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SUMMARY: 

There are several ways to classify  materials technologies. By a characteristic aspect we distinguish 
chipping technologies and technologies without chipping (chipless forming). In another approach we 
can talk about shaping, binding and structure-modifying technologies. This curriculum surveys 
materials technologies corresponding to both classification principles. Devising a product includes also 
the elaboration and development of technologies destined for the chosen materials. In order to ensure 
the adequacy of technology,  preliminary designing  and modelling the production are required, 
dealing also with the part operations and their controlled parameters as well. In addition to viewing 
technologies mention is made of this respect, too. In the curriculum a systematizing communication of 
knowledge is preponderant, and as a consequence most of the figures have a decisive role in the 
transfer of information. 
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Technology (τεχνολογια) 

• Technology is a Greek word, it 

means "trade lore". It refers to 

certain order of certain operations 

witch leads to a predefined result..

• When we characterize a technology 

we can always ask the following 3 

questions : "What do we produce? 

From what do we produce? For what 

purpose do we produce?

• The answer given to the question: 

"How to do?" is the technology itself.

• Materials technology is a discipline 

which deals with the production of 

materials.

E.g. Pig-iron production:

From prepared ore->liquid pig-

iron...

Steel and Steel casting 

production …

 

The Technolgy is manifesting knowledge or competence based on the results of engineering 
science.Whenever we mention a technology we always have to hedge in "What do we produce?", 
"What is it made of?" and also "For what purpose?" The majority of material technologies do not 
produce a certain onsumer goods but makes a step in order to make the final complex product. Every 
technology is a strict order of operations and technologys themselves  can be put into certain orders. 
They are basen on each other. The end product of a technology is the material of an other. During 
this course the students will get to know all the processes needed to evolve a complex view of 
technologies. How do they built up what are they used for how do they built on each other. It's also 
important when we define a technology we always have to tell what is the initial product and what 
will we have at the end of that certain technology. When can we consider our product finished. The 
picture shows a procedure of pig-iron production. During this process they produce molten pig-iron 
of enriched ore. Pig-iron will be used predominantly for steel production. 
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From Stone Age to „Polymer Age”

BIOMATERIALS
vegetablle crop

skelton

animal integument

CERAMICS
oxide crystalline

amorphous

non-oxide monoatomic

compound

POLYMERS

natural based thermoplastic                

elastomer

artificial based thermosetting

METALS

ferro-alloys steels

cast irons

non-ferrous metal light metals

other metals

COMPOSITES

coatng, grainy, 

fiberous, layered

organic

inorganic

natural artificial

 

Even nowdays the development of a societies is determined by the materials they use, the used 
technologies, more precisely it is determined by the materials and the technologies they use to 
produce tools. The picture shows a possible partition of AMGs sorted by the date they were 
discovered by mankind. In relation to material technology we deal with solid materials witch are our 
household objects, tools or other equipment used at the households, in the industries or can be used 
in vehicles or to build houses. These are so called structural- or tool materials. They have different 
mechanical, thermal, electronic, magnetic, optical and acoustic in one word physical attributes. 
These attributes should make them suitable for certain uses. Other aggregates 
(liquid,aeriform,plasma) only interests us in the way they help us to produce the end 
products(e.g.:tools) . 
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The Ceramics

• Medium or high strength and 

heat resistance, good corrosion

resistance

• High rigidity, low formability, 

bad electric conductor

• The production of the raw 

material is made 

simultaneously with its 

shapingk
Carbon fibres

Glass processing

Technical 

ceramics

Cerramics accompanied us from the 

Stone Age till the age of 

nanotechnologies

 

Ceramics can’t be considered as a single AMG. According to nowdays perceptions every single mate-
rial whitch is not metalic or organic is cheramic. The properties of ceramics can be determined by 
their difference from from metalic and organic materials: Unlike metals their electric conductivity is 
propotional to the temperature. While organics built up by disceret moleculas the ceramics do not 
have discrete moleculas.  Ceramics consits of one ore two atom species connected by covalent- or 
ionic bounds or covalent-ionic bounds. Their structure is either crystalline or amorphous or mixed. 
Their use as structural- or tool material is easier if it consits  of more and more kovalent bounds 
compared to the number of ionic bounds. In the case of ceramics manufacturer- and processing 
technologies can not be separated. 
  The primary shaping and the production happens at the same time e.g.: brick stamping and firing, 
"powder metallurgy" ceramic production. Secondary shaping is only possible at glass. Glass plates 
and rods and tubes can be further shaped by "glass technical" methods. That’s why we should talk 
about the raw product paroducing technologies and processing technologies at the same time. 
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Why the metals?

A ship capeable of ice breaking. 

A tanker with 16000 tonns  

The distant view of an iron ore 

mine in Kiruna (Sweden)

(Source:LKAB prospektus)

• Good formability, good electric

and thermo conductance

• Their strength and tenacity is 

variable within a  wide range of  

values

• Can be produced from their

ore,  recyclable, not

opressing the nature

Mankind using metals 

for 50000 years

 

Metals -and the alloys made of them- and their specials behavior is rooted from two basic factors: 
plastic formability and good electric conductance. Their production starts from their ore. The 
production of the raw metal greatly differs from the processing technologies. Out of 92 elements in 
nature 69 is metalic. Their phisical and mechanical attributes greatly differs compared to each other 
just as the way they are used. As the basic component of structural- és toolmaterial we use quite a 
bit of  iron, copper, aluminum in smaller quantities: titanium, nickel, cobalt, and recently magnesium. 
Equipments operating at high temperature are made of : molybdenum, tantalum, tungsten or 
rhenium. From precious metals (gold, silver, platinum)  we produce jewelries, accessorites and coins. 
Iridium, tin, zinc and cadmium are used in coating technologies of steel. E.g.: the SI length etalon in 
paris is made of iridum. Other metals are used as alloys in base metals. 
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Conformation of steel production

Year

 

The steel productioin of the world in 2003 exceeded the psychological boundary of 1 billion tons. 
According to some  estimates for 2012 this number will be doubled. Iron based alloys are our most 
commonly used materials. Their use in echanical engineering is very common but they are used more 
and more in building industry. 
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The greatest steel manufacturer countries

1. China

2. India (2010)

3. Brazil

European order:

Russia, Ucraine, Sweden

 

China produces the greatest amount of steel in world followed by India. Barzil has been pushed back 
to the third place. The quantity of produced steels is propotional to the population of a country and 
with the growth of its industry. Highly developed countryes such as the USA and EU is lacking behing 
in the statistics because common steels and special purpose steels are measured in the same way. If 
we would rewrite this diagram measuring the value of produced steel compared to the number of 
citizens living in a country Austria and Sweden would be on the top. 
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The growth of aluminum production

The mass production of aluminum 

could only begun when we were able 

to produce enough electricity

 

According to historians mankind knows copper for 50000 years. We use iron for almost the same 
time. On the other hand aluminum and its alloys become popular only in World War II. They were 
used in airplane production. It was further enhanced with availability of more and more electricity 
witch is a requirement of aluminum mass production. Aluminum was also produced in the middle of 
the 19th century but only in very small quantities. They also say that Napoleon had aluminum cutlery 
set. 
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Where do they produce the most aluminum?

1. China

2. Russia

3. Canada

In europe the leader is Norway, 

but all developed countries 

produce considerable amount of 

aluminum.

 

Even today aluminum production is limited by the amount of available energy. This is prooven by the 
fact that developed europian countries leads in productin compared to the bigger countries rich in 
mineral. 
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Copper production

Copper production 

has been boosted 

by the 

improvement of 

electronic industry

Year

 

Because of its great conductance copper is the most commonly used material of  electronics. Copper 
is a well known and commonly used for 50000 years. 
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Where does it produced?

1. Chile

2. Peru

3. USA

In Europe it’s mainly produced 

in Russia and Poland

 

The ore of copper is much more rare than ore of iron or aluminum. E.g.: the copper production of 
Chile is ten times bigger than the one China has. 
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The yearly production of....

 

Have you ever been thinking about how huge amount  1 billion tons of Steel or 30 billion tons of 
aluminum is? Just imagine the following... If we wanted to pile up 1 billion tons of steel it would cov-
er Budapest from one end to the other and the pile would be one meter high. If we did the same 
thing with aluminum it would cover the area enclosed by tram line 6 and 61. Copper (produced in 
two years) would cover the area between BME, Bánki and Ferenciek tere. 
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Metals are recyclable

Forming

Ore

Sorting

Use

SolidificationMetallurgy

Collection Scrap metal

Metals are 100 percent 

recyclable. Because of this fact 

their waste is not harmless.

The attributes of the recycled 

metal are exactly the same as 

the attributes of the metal 

produced from ore.

The most commonly used 

metals are recycled in 30-50%.

Neither cheramics or polymers has this kind of 

recyclability.

 

Metals and their alloys have the ability to be 100% recycled. From their ore with metallurgical pro-
cesses we make molten metal then with certain technologies  (continuous casting) we solid it again. 
The solid metal is hot or cold formed (rod, tube…). After that different parts, tools etc. are made of 
them. Our tools and equipment after a certain amount of usage break or stop working. They become 
scrap metal. Then we collect the scarp metal, classify it and with metallurgic methods we produce 
melted metal from it again. The circulation then begins again. The parameters of the recycled metal 
can be the same as the original ones had if we use the correct technology. This kind of recycling is 
only possible with metals. 
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Polymers
• Good chemical resistance, 

small density, good formability

• Bad thermo- and electric

conductance, low application

temperatre

• The production of the

material and its shaping

happens at the same time

First human-made polymer 

has been patented in 1907

 

Polymers –natural or artificial- are built up from huge chain molecules. Usually the chains are built up 
from C atoms but artificial polymer chains sometimes built up from Si (called Silicones) or S (called 
Polysulfides). Inside the chains atoms are connected to each other by strong covalent bonds, on the 
other hand chains themselves are connected by weak Van der Waals bounds. Their parameters wide-
ly differ determined by their chemical structure. Generally they have good chemical resistance, low 
steadiness, low melting point, low density, bad thermo- and electric conductance. 
Though the production of the primary of polymers e.g.: polyethylene granules is a separated tech-
nology, the parameter determining additives are added to the polymer during the forming processes 
and this is the time when the final structure of the polymer is formed. For this reason we have to talk 
about the production of the primary of polymers and the production of polymers themselves. 
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The spread of polymers

Nowdays the growth 

of polymer production 

is the biggest among 

all the materials.

The diagramm 

comapers voumes. 

Since the density of 

polymers is about 10 

times lower than the 

steels, expressed in 

weight steel 

production is about 5 

times bigger than 

polymer production. 

 

Civilised word is unimaginable without polymers. Today they are indispensable. These artificial 
polymers consists of different additives and associatings. The secret of their succces is their 
versatility and their cheapness. For this reason surgeons make 125 billion non toxic, biologically 
degradable seams. The seam keeps the wound sterile while it heals then dissolves and disapperars 
without any clue and depletes from the body. Determined by their operation the seam can be 
flexibile cord or rigid monothread.  In life it’s not that simple. There are lots of things made of 
polymers in shops with very short life time e.g.: packings,ribbont. These things means serious threat 
for nature. We cant use this kind of waste as energy source because of their light weight. Ok, we can 
burn them which is a source of energy but their production needs even more energy. From what will 
we produce them after like 50 years. 
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Crude Oil production

One fifth of the 

produced oil is used by 

polymer production 

and the rest is used by 

power plants.  We only 

have enough crude oil 

for the next 50 years.

Billion barrels/day 1 barrel=169 

liters

 

The amount of currently known petroleum that can be produced economically is estimated to 
160000 billion tons. We use up to 3500 billion tons of petroleum yearly. It is easily counted that in 
the current economical and technological environment our petroleum stacks will last for 50 years.  
80 percent of the produced oil is used as fuel or used at power plants. The remaining 20 percent (200 
billion tons) is used for polymer production. 
The diagram shows the different oil trusts. The numbers displayed are shown in barrel/day dimen-
sion.  Converted into SI it says we produce 7 billions m3 oil daily. If we would store this amount of oil 
on the surface of Budapest its height would reach to 1 meters in a month. The black line shows the 
change in the price of oil counted with price of US Dollars in 2007. The values are shown till 2007 
since then the prices are high again. According to these facts we can enunciate that the „polymer 
age” will be shorter than stone age was. Development means that mankind finds new materials and 
resorces. 
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The life of polymers

energy Petroleum

use

monomers

Polymer 

containing junk

burning

polymers

Landfill

Polymers can only be partly recycled 

therefore most of  the polymer  

waste burned.

New directives are introduced about 

polymer waste burning. They 

determine how many percent of 

energy production should come from 

polymer burning.

It is not possible to make monomers 

from polymer waste and use them 

again as primary of polymer 

production.

The natural degradation of polymers 

is very long process. 

Petroleum

200 billion years

 

Its hard to estimate the quantity of plastic waste but with the increasing quantity of produced poly-
mers this number is getting bigger and bigger. The most obvious use of waste would be the recycling 
as primary for new polymers. The easiest way to get rid of waste is burning it. By doing so we would  
also produce energy. The combustion of polymers equals to the combustion of oils. Therefore in our 
days significant percentage of energy generation is from polymer burning. 
The other possible way of recycling is to recycle the waste and to produce new products. But it has 
two conditions. It presupposes selective waste collection and the selected waste must be classified 
by the types of polymers. 
The only possible way to recycle polymers is to produce the same structured product as it used to be. 
For this we have mechanical and partly thermal methods. The natural degradation of polymers is 
estimated to 100 billion of years. 
 
 

  



24  Materials technology 

www.tankonyvtar.hu  © Borossay, OE 

Composite materials

• They are built up knowingly  from 

different components . Their 

resultant attributes differ from their 

components’ attributes.

• They are made by the 

amalgamation of 

premanufactured components 

and their shaping also happens 

at this stage.

Fiber reinforcement

Layered 

structure

Particle solidification composite

 

Composites are structural- or toolmaterials, built up from two or more components with different 
chemical attributes, shape. The micro or macro components are insoluble to each other. We unite 
these different components to gain a new material with predefined attributes. None of the base ma-
terials had attributes like the final product has. Usually a base matrix is strengthened with granular, 
short fibered or long fibered materials. 
Dispersion strengthened composites: A group of special grain solidified composites in which the very 
fine particles are blacking the way of dislocations resulting a hard solidification attribute. 
Real grainy composites: a softer, more fluid matrix with a bigger amount of coarse, strengthening 
grain. These coarse grains does not block the way of dislocations so effectively. 
Fiber reinforced composites: high strength composites with softer, more ductile matrix with rigid 
fibers in it. The material of the fiber gives the toughness and the fibers provides the strength. 
Layered composites:  produced with numerous thin coatings, less thin layers of protection areas and 
overlays furthermore with bimetals and other multi layered materials. 
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Division of technologies

INDUSTRIAL

productive

breeding

mining

extractive

Ceramic industry: material > brick

sand > glass 

Primary Secondary

1. Primary producing technologies

milling: wheat > flour

textile industry: wool > yarn, etc…

AGRICULTURAL

petrolchemistry:   oil> gasoline

oil> material of                 

polymer

metallurgy:       ore > alloy

PROCESSING 

TECHNOLOGIES
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Diversion of Technologies

2. PROCESSING TECHNOLOGIES

• Cheramics – The production of the commodity 

happens in the same time with shaping

• Polymers – polymerisation, polyaddition, 

polycondensation happens during shaping

• Composite materials – the production of its 

components is made according to the 

components type

• Metallic – happens in several steps, cascading 

on each other.

Shaping technologies of 

metals

 

After a brick or glass is finished it can be built in into its final place. After all the ingredients of a pol-
ymer was mixed, shaped and heat treated the polymer is finished. The assembly of composites in 
most cases is a unique technology but their components are manufactured previously. Unlike poly-
mers or cheramics the alloy is in melted form when it’s  produced. In case of metals after the produc-
tion of melted alloy there are several further steps until it can be sold at the tinker.  We will deal with 
these steps later on. It will cover most of the curriculum. Every step will have its own influence on the 
final product. 
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Diversion of Technologies

Shaping technologies of metals

Primary shaping technologies

The melted alloys’

Solidification

Production of „fake” alloys (powder 

metallurgy)

Secondary shaping technologies

In solid form for general purposes:

Rod, plate, profile, tube production

Tertiary shaping technologies

In solid form for special purposes:

Concrete parts production

Metallurgic 

technologies

Mechanical 

Engineering 

technologies

 

Based on secondary commodities by certain technologies we produce semi- or  finished products. 
From these products the installation industry produces several different equipments. Most parts of 
machines,  equipments, buildings are secondary commodities or the processing technologies’ prod-
ucts. 
Since the processing industry requires semi finished tubes, rods, plates, tapes, wires when we talk 
about commodity production we have to include the primer and secunder shaping technologies also. 
Tertiary shaping methods will be detailed in other subjects. This current diversification is arbitrary.  
Primer shaping in context with metals means solidification (“what could anyone do with 150 tons of 
1600 C hot melted steel”), secondary shaping produces “general use” products (“ it can still be any-
thing”), tertiary shaping technologies produces the final parts useable for certain purposes. Over-
leaps are possible between these categories. 
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Diversion of Technologies

Metallic materials’ primary shaping technologies

From what? What?
For what
porpuse?

Block casting Melted alloy Chumps, blocks
Rolling, forging,      

remelting

Continuous
casting

Melted alloy Straples Rolling

Casting Melted alloy Figural objects
Finished 

components, 
Accessories

Powder 
metallurgy

Metal powders
Figural objects, 

extra quality  
chumps

Finished 
components

Rolling

 

The solidification of metals in the past was only made by chump moulding. In our days bigger quanti-
ties of metals are only made by continuous molding. Chumps masses from few hundred kilograms to 
50 tons. Chumps and blocks are similar in a way. They are both made with discontinuous technolo-
gies.  Blocks are used by smelterys later on while chumps are used as commodities for shaping tech-
nologies.  Implicitly the weigh of the blocks is much smaller than chumps’ to keep them portable by 
human power. 
With continuous molding they are producing straples („endless chumps”) with different cross-
sections. Their cross-section is rectangular if they are willing to make plates later on or it can be 
round or quadratic if it will be used as „long product”. In metallurgy we rather call it bloom or slab. 
Powder metallurgic products contains:  traditional small sintered components and also the material 
produced during isostatic stamping tool-steel production. The main differences between the two 
materials:  During the traditional powder metallurgic technologies they are mixing different powders 
to make the final product or material. In case of steels made by powder technology the powder is 
homogeneous, the stamped block can weigh up to 10 tons, it’s cylindrical and requires further tech-
nological steps to produce a concrete product. 
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Diversion of Technologies

Metallic materials’ secondary shaping technologies

From what? What? Fro what purpose?

Hot rolling Chump,  Straple Profiles
Cold-rolling, rod, 

wire-, tube 
production

Cold rolling
Melegen hengerelt 

szélestermékből
Tapes, plates, films

General purpose

Tube sinking
Hot-rolled „wide 

product”
Rods, wires

Pressing Chump, hot-rolled rod Profiles, tubes

Tube
production

Rolled products
Tubes (without  welting, 
length or spiral welted)

Forging
Chumps, hot-rolled 

„longproduct”
Components and pre 

products
Special purpose

 

This table is not aiming to show all the possible technologies but to show the variety of technologies.  
We should notice that most technologies are based on each other. There are a few terms witch re-
quires explanation: 
Wide products:  these products are the hot-rolled thick plates and wide tapes,  wide cold-rolled 
tapes, longitudinally splited and further rolled thin, thick, wide and narrow films. 
Long products:  hot-rolled rods, tubes and profiles. Products made by the reduction of cold-formed 
rods like drawn rods and profiles. 
Forged products: big sized formed parts , ill. forged rods,  turbine blades,  etc. Furthermore the prod-
ucts made by specially combined technologies e.g.:  the wheels of rails, steel gas-cylinders. The 
commodities of forged products are the chumps (can greatly differ in size), comminuted Long prod-
ucts and continuously molded long products and comminuted prerolled blooms. 
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Diversion of Technologies

Metallic materials’ tertiary shaping technologies

From what? What?
For what 
purpose?

Milling and plastic
shaping processes, 

separator and setting
technologies

Secondary 
shaped 

products

Finished 
components or 

their direct 
commodities  

Concrete aim

The concrete components must be able to handle 

its tusk and be producible.

Metallic materials’ structure changing 

technologies

 

Tertiary shaping technologies are mostly belong to specified subjecsts. These technologies uses the 
products of secondary shaping technologies as their commodities. If someone ordered material for 
turning or plastic forming he would choose from these products. During the choosing process he has 
to define the required quality, transporting form (its structure, will it be able to do its job at the end?  
Can it be used with the chosen technology? etc.) furthermore the geometry (rod, plate, tube, profile 
etc.) and its size/quantity. Eg.: 1.5 tons of C45 hot-rolled, anealed steel with 30 mm of diameter. In 
some cases the produced component is unable to work as it is required because of its structure. In 
these cases we can modify its structure after its production by heat treatment. 
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Diversion of Technologies

Structure altering technologies of metalic materials

From what? What?
For what 
purose?

Thermic, 
thermo-
chemical 

treatments, 
surface 

treatment

Useless parts because 
of their 

disadvantegous 
structure, or 
inadequate 

components for 
further technologies

Properly functional 
parts, or 

components 
suitable for further 

technologies 

For concrete 
usage

 

During heat treatments the metallic materials’ structure approaches to balanced state, or moving 
away from that. In the first case we gained a mellow, tractable material. In case of finished products 
in most cases the aim is to gain a material with bigger stregth and favorable toughness. For these 
thing we need the second case. According to the previous experiences we could mention quite a few 
examples but the most obvious is the cold-forming  witch strengthens the material.  
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Technology <-> properties

Material (properties)

• Chemical

composition

• Strcture

• Tension

Component (requirements)

Proper for its function

Proper Life-span

Economic production

TECHNOLOGY

Properties of a material can 

alter durning technological 

steps even if it wasn’t the 

aim of the given technology.

 

Structural materials’ properties are determined by their chemical consistence, structure and their 
tension. This fact has to be considered not only when we talk about the finished product. Parts of the 
finished product’ „does not know” what  they are supposed to do. But for external effects –
temperature, tension, speed of strains-  they respond with computable ways. During mechanical 
engineering technologies the materials are effected by certain effects (plastic shaping, joint technol-
ogies, cutting, milling etc...). These effects influences not only the geometrical shape of the materi-
al/part but also its properties like: structure, tension in some cases even its chemical composition. It 
means the properties of the materials can alter by even the simplest technological impact. The fin-
ished product will only be proper for its task if we take into consideration every single impact of 
technologies on the properties of materials. 
 
 

  



0. The general overview of Materials technologies 33 

© Borossay, OE www.tankonyvtar.hu  

Technology <-> properties

Steels during hot-shaping 

changes their structure 

therefore their properties 

changes as well.

The properties of a 

componet is basicly 

determined by the final 

temperature of shaping 

and the intensity of 

cooling. Furthermore the 

scale of the component 

also determines its 

properties, just as the 

spatial distribution of its 

deformation.

 

With the following simple examples you will see how important is it to know how can a technology 
effect the properties of a material. 
Hot-shaping is followed by dynamic recrystallization, the material is not stregthening. The final grain-
iness is determined by temperature and the intensity of cooling. In the case of orged components 
when they are piled up in stacks when finished their cooling intensity is different causing a variance 
in their properties. In case of bigger components their properties can be different at different parts 
of the product. Because of this forging is rarely the last technological step during the production. It is 
normally followed by some kind of heat treatment. In case of aluminum it’s a bit simpler because 
their properties will differ less likely but if it does we wont be able to repair it with only heat treat-
ment. 
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Technology <-> properties

During cold forming metals are 

strengthening and increasing 

their toughness.

During cold forming metals are 

strengthened

 

During cold forming metals are strengthened. The scale of strengthening is determined by the scale 
of shaping. Cold forming besides it is good way of shaping it’s also one of the strengthening technol-
ogies. Technologies are based on each other witch requires the knowledge of the raw materials 
properties. Cold forming technologies can only be precisely planned if we know the commodities’ 
properites well. 
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Technology <-> properties

During miling the attributes of 

the materials are changed..

On the place of chippings the 

component suffers cold 

shaping.

Naturally this cold shaping 

takes place on small areas, but 

in certain cases it can effect the 

further technologies it can even 

alter the finished products’ 

properties.

 

Most of the technical polymers (rods,plates,tubes) are heat treated during production to lower their 
inner stress them to make us able to measure their size and technical parameters the most precisely. 
Of course the product won’t be 100 percent tensionless but it’s the result of manufacturing and eco-
nomic optimization. 
According to our experiences with miling we put more and more tension into the material witch in-
fluences the size of the product and its properties. It can even make the component incompetent for 
its task. This kind of tension imput can be caused by several things: incorrect or blunt cutting tool, 
unnecessarily high miling speed and/or extreme heating. These mistakescan be treatened by heat 
treatments. 
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Technology <-> properties

During welding local meltation

is made, near the melted zone

the metal is flushed. 

During numbing, certain areas

of the material are cooling

with different intensity. 

Because of this the different

areas will have different

structure.

The planning of welding

technologies requires the

knowledge of the materials’ 

behavior.

 

During welding the area surrounding the joints is effected by heat.  Without the exact knowledge of 
metallurgic processes we can not estimate what properties of the material will change and how will it 
change. We also have to know what the original structure was. E.g: if we have to work with a materi-
al that was cold formed previously,  welding will cause recrystallization. Normally it causes rigidity. 
Because of this we can’t apply heat treatment successfully on metallic components without allotropic 
transformation.  
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Lets think it over once more…

1. What are the pros and cons of the materials (chermaics, metals, 

polymers)?

2. What does Material Technology deals with?

3. Basically what is the difference between the processing 

technologies of metals and other materials? 

4. With which group of materials can we vary the properties the 

most? 

 

Cheramics have high solidity and are good electric insulators. Metals can be shaped easily good elec-
tric- and thermal conductors. Polymers are easy to produce and can have great variety of properties. 
They are easily shaped and are good insulators. 
Metals can be recycled completely while polymers can only be partly recycled.  Components of a 
machinery are operating under stress. We expect them to do their task correctly and reach their ex-
pected life-span and to be produced economically. Most of the materials during their production 
changes its properties because of the applied technologies. Because of this we have to take into con-
sideration the interaction of technologies and the materials. In the case of metals we have numerous 
technologies which leads to big variety properties. 
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Metals are produced from ores

Ore

Enriched ore

Refined alloys

Solid metal

Raw metal

Physical, chemical ore enriching technologies, 

separation of useful and useless ores

Pyro- and hydrometallurgy, electrochemical 

processes,  extraction of metal from solutions

Metallurgic, electrochemical processes for 

reducing the amount of pollutants. Alloy 

production

Continuous or chump casting for hot-shaping 

processes,  chump casting for further molding  

processes

 

Metals are made from ores with different metallurgic processes. It is practical to separate the useful 
parts of the ore from the rest. The mined ore is the primary while enriched ore is the secondary 
commodity of metal production. The aim of metallurgy is to gain metals out of the metallic 
compounds found in the nature. In most cases it is reached with so called pyrometallurgic processes 
witch produces melted iron on high temperature with chemical ways. There are other technologies 
which firstly puts the metals into some kind of solution and later on they gain the metal out of this 
solution. This is called hydrometallurgy. Metals forming stabile oxide (e.g.: aluminum), the oxide is 
hard to reduce with traditional chemical processes so we use electrolysis. 
The raw metal usually contains pollutants (charbon, phosphor). In the next step we have to get rid of 
them or at least reduce their amount. In practice we mostly use some kind of alloy. Alloy production 
is done in melted form of the metal. 
The last step of metal/alloy production is the solidification. According to the further use of the given 
metal they are making hasps, blooms, chumps etc. 
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The ore

Minerals mined from the 

earth, which contains 

enough metal, to allow us to 

extract it economically

The most common minerals:

Refuse ore (useless 

part, silicates) which 

encloses the useful 

part

Solution of metals 

(useful part, oxides, 

sulphides, silicates) –

they are often called 

ores

Name of the mineral, useful material Useful parts

Iron magnetite Fe3O4, hematite Fe2O3 45…55%

Aluminum Bauxite Al2O3, or Al(OH)3 55…65%

Copper chalcopyrite CuFeS2, chalcozine Cu2S 25…70%

Silver Argentite Ag2S 1…2%

 

With the exception of precious metals the ore contains materials in compounds only, in the most 
stable way. Because of this the Al is in oxided form just as Fe and copper is is sulfided form. The 
mined „stone” can only be considered as ore if it contains enough amount of metal or their 
compounds to allow us to extract that economically. The metal content in percentage alone is not 
enough to decide if it will be cost effective to extract or not. It also depends on two things: what 
mineral is the metal in compound with and what is in the composition of the refuse ore. 
The mined product is is different sizes. Each of its pieces contains useful materials and refuse ores as 
well. The better we can  separate the refuse stone from the metals the more cost effective the 
production will be since the actuation and the heating of the useless stone would requires huge 
amount of energy. 
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Ore production

Extraction ready ore:

Most of the refuse ore and 

pollutants has been  

removed,

Properly lumpish

Mined stone: big amount 

of refused stone, 

pollutants, big difference 

in size

Graining 

Enriching

 

The ore enriching technologies produces concentrated ores for metal extracting technologies. The 
preparation of ores is not all about the enriching. It also means the adjustment of physical 
properties. The asperity, the ratio between the surface and volume etc. E.g.: grinding of coarse 
stones to gain finer smaller minerals, stones. In case of fibrous ores balling is the aim. For that we use 
briquetting technologies. The increasing of surface compared to the volume can be reached by 
„foaming”. 
At the preparation of ores we have to find the optimal asperity. If the pieces are too big (small 
specific surface), chemical processes will be too slow. If the peaces are too small they will block the 
way of gases during the processing technology. In practice the size of the pieces is cm (order of 
magnitude). At the production of lumpish ores the concentrate can also contain the excipient 
materials (flux, reducer). 
  
The ore preparing technologies in most cases also containing parts of the metal extracting processes 
also. E.g.: balling of oxided ores and their foaming.  
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Ore preparing technologies

Chemical way:
development method: conversion of insoluble compounds to soluble compound (in 

water)

aggregation: with the reduction of solubility the solute peels on the surface

calcining: reduction of water molecules- hydroxide -> oxide

roasting: extraction of materials with more oxygen affinity then metals

prereducation: reduction of oxydation with proper additives

Physical way:
screening: separation of liquid and solid phases

settling: separation of insoluble particles (specific weight)

flotation: separation of insoluble particles (areal tension)

magnetic separation: separation of particles by magnetic properties

Physical-chemical way:
briquetting: lumpish material production out of dusts

pelletization: optimization of the size of the pieces

The most common enriching techniques…

 

Ore praparation allways starts with the frittering of ores which means chopping and grinding.  
It is required sine if we decrease the size of the ore pieces our chance to find pieces with only useful 
content will increase. The properly lumpish material can be enhanced which means the further 
reduction of useless parts of the ores. 
At every process we have to know in which phase does the metal in currently and how can we 
separate that from the useless parts. The methods can have prerequirements like solubility (its 
temperature and its pH dependence),  magnetization, proper density, wetting ability etc. 
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Production of metal based alloys

Electric 

steelmaking 

process 

Raw iron 

production

Continuous 

or chump 

molding

Steel 

production in 

Converter

Deoxidation 

(bubbling 

through),

(vacuuming), 

alloying
Continuous 

molding

(Deoxidation, 

alloying)

Remet heating

Metallic 

waste

Enriched 

iron ore

Casting 

production 

Vaporization

Isostatic 

compression 

molding

Hot shaping (secondary 

shaping)

Ordinary Steel High-alloy steels

Chump 

molding 

 

Iron based alloys (steel, cast-iron) are made from iron ore with resmelted metallic waste. If we need 
more exigent alloy the role of the waste separation will be more and more important. Pig-iron the 
primary of steel and iron casting. Pig-iron is produced by reducative smelting from enhanced 
compound. The cheap ordinary steel are produced via highly productive converter technology from 
melted pig-iron and with usage of about 25-30 percent of metal based waste. Alloying is not an aim 
in this case but some basic components are added (C, Si , Mn) to keep in check the amount of 
pollutants (S, P). We can still add a small amount of alloying materials (Al, Ti, Nb, B). The more 
exigent steels are made of waste and foundry alloy in smaller electro furnaces. The precise alloying 
(tool steels), the depression of carbon content (corrosion resistant steels) makes the technology 
quite elaborate. These steels are cleaned from pollutants with special techniques and their 
microstructure is biased with special techniques also. 
Metallurgic processes are primary producing technologies and are always followed by a primary 
shaping technology (chump molding, continuous molding, cast moulding). The ones not used for cast 
production will be the primary of (hot rolling, forging) 
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Pig iron - preparation

To increase the Fe content and lower 

the SiO2 content we have to enrich 

the ore.. 

For congenial reducibility the burden 

has to be prereducated by roasting.

For optimal asperity and stregth the 

ore needs to be milled and the dusty 

components have to be pelleted

The asperity of coke can be biased 

by briquteting

The shreadding of slag-forming 

addition is made by comminution. 

Slag-forming addition can be the 

chalk or the dolomiteThe slags pH

has to be high enough to be able to 

conclude the sulfure but not to 

damage the furances walls.

Storage:

 

As we have reviewed the ore preparing techniques here we will talk about the preparation of iron 
ore in details. Typical processes are the production of pellet and the proper coke. Pellet is the 
optimal sized and optimally enriched ore. 
The different iron carriers like: ore, scale, air-borne dust, prereduced-, briquetted products etc are 
stored in horizontal layers. They are „sliced” vertically to gain the same composition. The most 
important requirement is the proper size and strength. The optimal size enables the proper 
movement of gas and liquid phases the optimal strength provides carrying capacity for the vault of 
the blast furnace.  
During smelting the iron ores’ gaunge content melts as well. This is the salag. The chemical content 
of the salag is important because with this can we influence the desulphurization and the optimal pH 
also spares the walls of the furnace. As slag-forming additions we can use chalk or dolomite. 
Theoreticaly we don’t need to add them at this stage because the pellet also contains them. (self-
fluxing ore) 
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The production of pig iron

The required heat is provided by the burning of coke, it reducates the iron, the 

CO genererated during the burning also reducaes the iron.

As salag-forming addition they use limestone. With the melted gaunge it               

it forms liquid salag. The salag solutes the containments better than the iron does 

so it has a cleaner role as well.

The heat of the blast-furnace gas is used to preheat the injected air.

 

The burdeon mainly contains iron is oxides form, with big amount of gaunge. The heat energy 
needed for reducing molding is supplied by the burning of coke and natural gas. The reduction of 
ferrous oxides is made directly by the carbon content of coke and indirectly by CO-gas arosen during 
burning. 
The following processes are going off during reducating molding: 
The reduction of ferrous oxide into iron. 
Meltation of the burden. Near the melted iron the gaunge produes scoria, it might needs salag-
forming additions. 
The melted iron solves the carbon, so pig iron is produced with carbon content of 4 %. 
Because of the difference in specific gravity the iron and the slag can be tapped separately. The 
tapped pig iron in melted form is used for steel production and in solid block form for founding 
processes. 
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Production of pig iron

For pig iron production 

we use blast furnace

• shaft furnace

• ~2000-4000 m3

volume

• welded steel sheat, 

fire-resistant walls, 

graphite walls at the 

bottom

• burden 

•Loading from the top

• hot air (~1000 °C) 

injection at the bottom

• tapping at the bottom 

(pig iron + salag)

• blast-furnace gas 

leaves at the top

The blast furnace...

Continuous 

operation, 50-

100t of pig 

iron/hour

 

The classical equipment of pig iron production is the blast furnace. The blast furnace is a huge shaft 
furnace with its volume of hundreds of cubic meter and its height is several storys. Its outer side is 
welded steel sheet, the inner side is fire-resistant masonry. 
Typical continuously operating equipment. After its initial start it operates for several years, after its 
usage it needs to be rebuilt from its bases. 
Because of this fact we will not mention the staring processes only the normal processes during its 
continuous operation. 
  
During operation the shaft is full of materials. The burden, coke and slag forming additions are 
periodically dosed into its throat. The melted pig iron, melted salag can be tapped at its bottom. At 
the tuyere level they pump in 1000C hot air. If the coke needed supply they can also pump in natural 
gases. 
Ferrosilicon with high Si content and ferromanganese with high manganese content can also be 
produced in the blast furnace from mixtures with high SiO2 and MnO for alloying materials in steel 
production. The ferrosilicon and ferromanganese are requisitioning the walls of the furnace highly so 
these two things are only produced in blast furnaces that is going to be stopped soon. 
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Production of pig iron

The engraving of the blast 

furnace and the distribution 

of heat

~2t iron ore

~500 kg coke

~100 kg  limestone

~1 t pig iron

~700 kg salag

+dust, BF gas

 

The hot air during its flowing upward burns some of the coke with this providing enough energy for 
reducing molding. Above the tuyere level the smouldering coke is in contact with the iron oxide, by 
this it directly reducates that. The CO2 produced this way  indirecly reduces the iron in the upper part 
of the furnace. 
 The inpumped air and the combustion products (N2 CO2 H2O, CO) are forming a mixture which dries 
and preheats the insert in the upper parts. The blast-furnace gas leaves the furnace at its top in 
tubes. The only combustible gas component is CO in the mixture so its heating value is quite low. It 
can only be used as a preheater for air that will be forced into the furnace later on. Over the tuyere 
level the iron and the slag are also melted. The free space needed for them is guaranteed by two 
things: 
Under the tuyere level the cross section of the furnace shapes a cone. Under the melted zone the 
coarse coke leaning to the walls is arching. 
Furthermore the furnace coke is high strength material, under the melted zone in the gaps of the 
material other materials can find a lots of free space. 
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Production of pig iron

Processes in the blast furnace

Loading (continuous)

Preheating of the burden by 

gases flowing upwards

Indirect reducation (CO 

reducates)

Direct reducation (C 

reducates)

Iron and slag melts

The iron soluts aprox. 4% 

carbon and other elements.

Tapping (dicontinuously)

 

In the blast furnace the reducation of the iron is done by two processes. 
Indirect reduction (not the carbon but the CO reducates) according to the following reaction: 
Fe2O3+3CO = 2FeO+3CO2 
FeO+CO = Fe + CO2 
Direct reduction (the carbon reducates) 
FeO + C= Fe + CO 
  
The temperature zone of indirect reduction is 700-1100 oC. With this process about 50% of the 
oxygen can be removed from the iron. Further reduction is made in the upper hotter zones by the C-
content of the coke. With these two processes the iron ores oxide content can fully be removed. 
  
The direct reduction of iron oxides also reducates the oxides of the gauge wich soluts in the 
reducated iron. These reduction processes: 
MnO + C = Mn + CO 
SiO2 + 2C = Si + 2CO 
P2O5 + 5C = 2P+5CO 
  
Abrest the reducating processes in the 1400-1500oC zone the reductated iron, gaunge and the slag 
starts to soften then it melts. The melted metal and the slag trickles through the coke and drops into 
a pool. 
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Production of pig iron

Steel-pig 

iron

3,5-4,5

0,4-1,0

max. 1,0

max. 0,04

0,1-0,25

C, %

Mn, %

Si, %

S, %

P, %

Foundry-

pig iron

3,5-4,0

max 1,0

1,5-3,0

max. 0,06

0,3-2,0

Tapping (in every two hour)

Salag

CaO:   38-40 %

SiO2:   36-38 %

MnO:     3-5 %

Al2O3:    5-8 %

Leaving gases

N2: 53-55 %

CO: 26 %

CO2: 14 %

Combustion heat ~4 MJ/Nm3

 

Tapping is made in every 2-3 hour. For this they make a hole on the bearing of the furnace. The metal 
and the slag are collected in a caldron under the furnace. The liquid pig iron is then transported to 
the steel making plant or they cast blocks from them. 
  
The liquid pig iron contains reducated iron and other reducated element coming from the gaunge 
(Mn, Si, P), solluted C and sulfur. 
Usually the pig iron contains the following element: 
C:    4,5-4,3 %,  Mn:  0,6-0,9 %, Si: 0,6-2,0 %, P: 0,06-0,1 %, S: 0,02-0,03 %. The foundry pi iron has 
high Si and low Mn content because at medium cooling rate it has to solidify grafitosan. The 
converter pig irons chemical content is not that strict because the further technologies are applied in 
liquid form. 
  
The liquid slag consits of the non reducated oxides of the gaunge and oxides of the slag forming 
additions (CaO, Al2O3, MgO). Its main components are the calcium silicates. It can be used at the 
building industry for cement production. Its chemical composition: 
CaO:   38-40 %, SiO2: 36-38 %, MnO: 3-5 %, Al2O3: 5-8 %, FeO: 0,1-0,3 %.  
  
The blast-furnace gas is mainly from the burning of C, decompositioned steam, decompositioned 
carbonates and from gases produced with the reducation processes. Chemical composition: 
CO: 26 %  CO2: 14 %, H2: 3-4 %  H2O: 1-3 % N2: 53-55 % CH4:0,5-0,6 % 
Calorific Value:MJ/Nm3. Its combustible component is the CO, it can be used as low calorific valued 
fuel.   
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Steel production

IV. Purifying processes: high purity, optimal grain sized steel 

production (vacuuming, scavening, remelting)

I. Production of raw steel: pollutants and the oxidation of carbon (converter, electric arc 

furnace)

II. Desoxidation, alloying: bandation of  useless oxigen, addition of alloying 

elements (ladle, induction furnace, blowing through (gas), vacuuming )

III. Solidification: for forging and rolling, production of chumps capeable of  

remelting(ingot casting, continuous casting)

Rimming Steel

Fully killed steel, Low alloy 

steel

High alloy Steel               

 

Steels are being used the most among all the structural- and tool materials. They are made from pig 
iron, junk iron and scrap-iron by oxidizing melting. 
The aim of oxidizing melting is to oxydate the the pig irons’ high carbon content and contaminants. 
The CO gets into the air while contaminant oxides will get in the slag. According to the way a given 
steel will be used its carbon contents can varray from 0.1% up to 2%  and its gas- and pollutant 
content can vary a lot as well. According to the requirements there are primer (steel production with: 
converter, arc light or production in electric induction furnace) seconder (e.g.: ladle metallurgy 
processes) and tertiary(e.g.: remelting) processes. 
The meting (steel producting) processes can be classified by two aspects: 
what provides the energy for the smeling 
what carries the oxygen needed for oxide making processes. 
During the primer processes the carbon content can be biased by two methods. Catching method: 
during oxidizing smelting they tap the steel when the carbon content reaches the required value. 
Recarbonisation: first the carbon content is lowered to 0.1-0.2% then they start to add high purity 
carbon carriers (pig iron, graphite, electrode, breakage etc...) to reach the required value. The first 
method is used at steels with low carbon content (common steels) and other is used in tool steel or 
other high carbon content steels’ production. 
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Steel production in converter

Oxigen is blown to the melted pig iron, 

the burning of carbon and pollutants 

provides the required heat

- A burden ~1/5…1/3rd can be solid

- 100…400t steel can be produced in 2…4 

hours

- ~3/4th of produced steel is made this way in 

the world

Oxigen blowing is beeing used (LD-

process) since 1952 (Linz-Donawitz)
Exhibited converter in Leoben  

Source: Kleine Zeitung, Graz

 

In case of converters the energy requirement of steel production is gained from the heat of the 
burning carbon and the pollutants. The oxygen needed for the process is is supplied by air blowing at 
classical methods and by oxygen blowing in case of up to date technologies. In our days most of steel 
productors use oxygen blowin technique. At converter steel production the aim is to reach high 
productivity. The process does not need added extra energy but by this  the amount of heat is 
limited, therefore there is no time for complex metallurgical operations. 
Converters with air blowing are only capeable to use liquid metals because the amount of energy is 
very limited. We only use them for oridinary steels. 
At converters with oxygen blowing we can add up to 30% waste or scrap metal. The smelted metal is 
poured on top of them. More pliabil process then the first one. We produce weakly alloyed or non 
alloyed steels with them. Combined with ladle-metallurgy processes quality requirements are 
satisable. 
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Steel production with converter

2Mn + O2 = 2MnO

Si + O2 = SiO2

4P + 5O2 = 2P2O5

2C + O2 = 2CO

slag

gas

Work schedule of the converter

C-content lowers, 

temperature increases!!!

 

Converters has a given schedule which consists of periods built on each other. The production starts 
with the maintenance of the furnace. They repair the fire-resistant lining and check other important 
parts. They add waste into the furnace from a prepared bowl with a cran. In the following step they 
dose slag-forming additions on top of the waste after that melted pig iron is poured on top of this 
pile. 
In the third period is the blowing period. A pre defined amount of oxygen is blown onto the furnaces’ 
metallic burdens. 
In steel production the most important reaction is the oxidation of C. It’s because of the cleaning 
effect of formed CO. The gas moves upwards it removes other gases (H and N) and inclusions. 
In the following step the chemical content and the temperature of the steel is being checked. If 
content and temperature was correct they move on into the tapping period. If it was not correct they 
make a new blowing and checking period. The time between two tapping periods called cycle time. 
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Steel production with converter,dosage

If we knew the 

composition and the 

temperature of the iron, 

the amount of 

mergeable burden and 

salag-forming additions 

can be calculated. 

The converter can be 

swinged.

First the burden is 

placed then they pour 

the pig iron on it and 

finally they add the 

salag forming additions.

 

The smelted pig irons’ physical and chemical temperature content is bigger than it is need for steel 
production so the rest is used in the merging of metallic waste. Because of this the burden of the 
steel production consists of  smelted pig iron and steel waste. To keep the balance the ration of the 
waste is predefined according to the wastes temperature and chemical composition. If the pig irons 
quality changes the quantity of burden needs to be changed as well. 
The direction of the metallic burden and waste is counted by computer programs based on the 
material- and heat balance calculation. The data input of these calculations are the chemical content 
of the pig iron and waste, the produced steels’ chemical composition and temperature. The program 
then counts the ratio between the waste and non waste content of the burden, the quantity of the 
required salag-forming additions and amount of the required oxygen is also counted. 
The producing process starts with the addition of metallic waste then the smelted pig iron is poured 
on top of that in the converter. It is followed by the salag-forming additions. Then they blow in  
oxygen onto the burden. 
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Steel production with converter, blowing

High temperature

high oxygen pressure,

vaporized melted iron

Big specific surface, intenise 

reactions

2Mn + O2 = 2MnO

Si + O2 = SiO2

4P + 5O2 = 2P2O5

2C + O2 = 2CO

Time of blowing 20…40 min

Period time 2…4 hour

 

The oxygen is blown into the converter with high speed and pressure. The speed of the blowing gas is 
750-850 m/s and its quantity is 400 Nm3/min. The oxygen gas has high energy level and by the 
crushing with the burden the energy is transfered into that. Because of the interaction a high speed 
flowing is generated in the melted steel. It’s fast enough to tear down slag- and steel drops from the 
burden. The drops get into the area of the furnace where gas- metal- and slag emulsion is generated. 
In the emulsion –because of the big touching surfaces- the speed of the chemical reactions is quite 
high so the oxidizing methods’ time requirements are very low. Because of the high speed of 
reactions the processes’ efficiency is quite good. At the points of the contact of the oxygen gas and 
the burden a 2200-2300 ºC hot zone is formed so called hot spot wich inducates further flowing and 
also results in the fast heat-up of the burden. The oxydes formed in the processes don’t sollut in the 
steel. They are getting into the slag and/or into the gases (e.g.: CO). 
The order of the oxidation of the elements is determined by their oxygen affinity and concentration. 
The oxidation of C is usually lags to other element, so at the end of the process practically the steel 
consists of iron and C. The speed of the oxidation is determined by the intensity of oxygen blowing. 
Parallel with the decrease of the C-content the melting point of the steel is increasing. That is why we 
need to increase the temperature of the steel with the decrease of the C-content. The increase of the 
steels temperature is influenced by the intensity of energy input.  The two speeds are concordant if 
the temperature of the melted steel is always above its melting point. The oxidation is finished if the 
C-content of the melted steel reaches the predefined value and its temperature is above its melting 
point with 50-80 oC. 
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Steel production with converter, tapping

During blowing the excess gas solluts in the steel, or rather forms 

iron-oxides and with the carbon solluted in the iron at high temperaure 

it keeps doing other reactions.  The metal bath is „boiling”. Above 

0,25% C-content it’s so intensive that we can’t pour the steel.

FeO + C = Fe + CO

If the required Carbon content 

was reached the blowing is 

finished and with the swinging 

of the converter the steel is 

poured into a ladle (tapping).

Low Carbon content steels’ 

production is finished at this 

stage.  We can start the 

solidification of the steel. 

(rimming steel)

 

The steel is tapped into a preheated (1000oC) ladle with fire-resistant casing. For the biasing of the 
final steel during tapping they dose ferro-alloys into it. According to the composition of the steel the 
ferro-alloys can be FeMn, FeSi, FeCr, FeV, FeNb, FeMo. 
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Steel production with converter,damping

Before pouring they add Mn, Si, Al 

content alloys (ferroalloy, metal 

powder) , they immobilise the 

oxygen. Most of the formed oxides 

gets into the slag , the rest will 

stay in the steel in form of 

inclusions.

Mn + FeO = Fe + MnO

Si + 2FeO = 2Fe + SiO2

2Al + 3FeO = 3Fe + Al2O3

Thank to the treatment the „boiling” 

finishes, the steel can be pored, 

during solidification inclusions will not 

be formed. (quiet steel)

 

Because of the oxygen gas blowing the pig irons accompanying elements (C, Mn, Si, P) are oxidating. 
The oxidizing processes are started by the oxidation of Si followed by the Mn and P. The melted irons 
C-content decreases in parallel with the oxidation of the element mentioned above. When the 
accompanying elements concentration is low the C keeps oxidating alone. During the process the 
oxidizing heat quantities keeps increasing the temperature of the burden. As a consequence of these 
things the metallic waste melts and reaches the tapping temperature. 
After the oxygen blowing the dezoxidation of the steel starts then the alloying materials are added te 
bias the chemical composition. At converter steel production the dezoxidation and the alloying 
happens during tapping with the added ferro-alloys.  
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Electric steel-production

Induction furnace

3-15 t volumetric capacity, 

For: soaking, alloying

Arc furnace

10-200 t volumetric capacity, minőségi 

for: steel production, alloying

Arbitary external energy input, 

oxidation with iron oxides or with 

oxigen blowing

Arbitary external energy input, no 

oxidation process

 

The energy requirement of electric steel production comes from electricity. Because of the external 
energy source the burden is usually solid steel waste or other ferrum carrying burden material. The 
elecrtricity is provided with electric arc or eddy current. We can than talk about elecric arc furnaces 
and electric induction furnaces. In case of electric arc furnaces the energy is provided by the Joule 
heat of the arc and the oxygen is provided by the addition of scrap metal, iron ore and with their 
blowing with oxygen. In case of Induction furnaces we don’t have time limits so we can actively form 
slag. By the changing of the slag we can reach high clarity. This is the way we produce tool steels and 
other high quality steels. 
At induction furnaces the energy needed for smelting is provided by the Joule heat produced in the 
burden, technically there are no metallurgic processes. We use this for resmelting(foundry), and for 
soaking (alloying). In induction furnaces the current of the water cooled primer coil produces eddy 
current in the burden which acts as a short circuited seconder coil. This Joule-heat smelts the burden. 
The time requirement of the smelting can be biased by the frequency of the current. In furnaces used 
for smelting the usual applied current is 1 kHz. 
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Electric steel-production

Graphite electrode,

U~100…500 V, I~20…600 kA 

Every furnace has its own 

transformer

One phased

Direct current 

flows through 

the burden 

across the two 

electrodes

Three phased

Alternating current flows 

between the electrodes 

through the burden

Efficiency 60-70%, 

smelting time 2-4 óra

 

In arc furnaces the applied current is high (20-600KA) and the voltage is low (60-500V). The electricity 
provided by the power plants is the opposite of this (low current, high voltage) so the arc furnaces’ 
always have huge transformers built in. From the seconder coil of the transformator the current is 
lead into the furnace through a graphite electrode. 
In the arc furnace for smelting we can use alternating and direc current as well. In case of alternating 
current the current is lead into the furnace through 3 electrodes while in direct current furnaces 
there is only one electrode. In three phase furnaces the current of the arc is short circuited with the 
burden. In one phase furnaces we need on more electrode at the bottom of the furnace to close the 
circuit. In metallurgic practice the steel production happens in three phase furnaces. The efficiency of 
the arc furnace depends on the parameters of the current which depends on the transformer. The 
smelting efficiency can be measured with the time needed for melting, which usually a couple of 
hours. The efficiency of a furnace is 60-70%. 
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Electric steel-production

Work scedule of the arc furnace

2Mn + O2 = 2Mno

Si + O2 = SiO2

4P + 5O2 = 2P2O5

2C + O2 = 2CO

slag

gas

inclusions

vacuum

Argon flushing 

goes up

Solluted gases

Basic processes

Further options

 

In electric arc furnaces to increase the carbon content of the metallic waste they add additional 
carbon carriers (coke, electrode fragment) . Its needed to make sure that C burns during the 
oxidation process (the steel wastes’ low carbon contented). The dosing of metallic waste is a 
mechanized process nowadays. After the dosing process the smelting of the waste can start with 
electric arc. After the whole portion of the waste is melted with iron-ore or oxygen gas they help the 
oxidation process.  
The process is the same as it was in the case of converters but the speed of the oxidation is much 
slower because of the low oxygen input (10 % of the converters speed). The lower oxidation speed is 
caused by the build-up of the furnace because in this case emulsion can’t be formed. 
After the oxidation -since the energy is supplied by electric arc- we have to provide a neutral poorly 
reductaing atmosphere so the dezoxidation and alloying is made in the so called „smoothening” 
process. 
To melt the alloying ferro-alloys we need energy. In the arc furnace during the smoothening period 
the energy is also supplied by electric arc. Because of this technical addition the arc furnace is mainly 
used for medium-alloy steel or high-alloy steel production. 
If needed during the tapping process alloying correction can be made. 
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Ladle metallurgic processes

 

The steel tapped from the furnaces can be further smoothened. For this they put the steel into 
ladles. These processes are called ladle metallurgic processes. During these processes the 
temperature of the steel decreases. By the ways of replacement of the energy we can make the 
following categories: 
 -processes made without external energy source, in these cases the energy is supplied by a 
higher tapping temperature. 
 -processes with external energy supply,  the replacement is gained from electric- or chemical 
energy. 
We have a big variety of ladle metallurgic processes. These technologies aim the improve of the 
steels properties. 
Ladle metallurgic processes: 
intergas flushing (Ar gas) 
vacuuming processes 
inclusion altreing processes with the dosage of C-contented dusts or wires 
vacuum-oxidating processes 
ladle furnaces for energy input and complex smoothening. 
The ladle metallurgic technologies are heading to the complex ladle metallurgy where along with the 
ladle furnace all the property altering technologies are aided. 
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Solidification of melted metal

Chump molding is the primer shaping 

technology of metals and alloys  that will be 

plastic hot shaped later on.  The alloy  is 

solidified in cast iron moulds.

Pig iron that will be smelted again is 

molded into portable and easily 

meltable blocks.

The usual cross-sections of chump 

molding, and their shrinkage cavity 

pipes

Block molding machine

 

In case of rolling technologies the rolling mill is designed for a certain chump size and shape, so the 
size of a chump is designed to be able to supply a certain rolling mill. The cross-section of long 
products is usually a square, the wide products’ cross-section is rectangular. The cylindrical chumps 
weighs 5-40 tons. 
Chumps used for forging, pipe production can greatly differ in size according to the product. It can be 
10-50 kg or even 10-50 tons. The smaller chump are made with circular cross-section while the bigger 
ones have polygonal(chance of fissures is lower). 
The shape of the metal moulds is made to be able to remove is easily from the solidified chump. 
The pig iron from the blast furnaces is transported in solid form to the foundry where they will be 
melted again. The sizes of the transported pig iron is designed to be portable and to be easily melted 
again. They shape blocks or plates. 
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Continuous casting

The most efficient way  of 

solidification.

On the walls of the water cooled 

crystallizer the surface of the 

metal solidifies immediately while 

the inner areas are still melted. 

The metal is pulled downwards 

slowly between cooling rollers.

The result is a continuously 

solidified strand with circular, 

rectangular or square cross 

section.

The strand is pliable and after 

chopping it can be rolled. 

 

The continuous casting is a primer shaping technology that solidifies the molten metal for hot plastic 
shaping technologies and can be used at special remelting technologies and also for rod- and tube 
pressing. 
The melted iron is poured into an air-cooled copper mould. The outer layer of the melted metal cools 
down in the mould and the inner layer solidifies in secondary cooling zone. The solidified product is 
cut during its progression. 
The main parts of the continuous caster are the following: 
-Pony ladle: it is placed between the steel caster and the crystallizer to be able to transport the 
melted steel between them. 
-crystallizer: intensively cools the steel coming from the pony ladle 
-secondary cooling zone: with rollers it leads the bars and straightens them while cooling them as 
well. 
-gauging rolls: they transport the bars. 
-Cutting equipment: cuts the bars into the required sizes, on vertical casting machines it also does 
the tipping of the cut bars.    
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Continuous casting

The structure of the 

strads cross-section

Tapping into the pony ladle and 

from there into the crystallizer, 
The chopping of the strand

 

At the beginning of casting a starter strand is put into the crystallizer from its bottom them the 
crystallizer is filled with melted steel. The starter strand is then pulled downward across the cooling 
zone. When it reaches the drawing rollers it is removed. The founding can be continued till there is 
enough  steel in the pony ladle. The pony ladle also operates as a puffer. It can be refilled with steel 
during the founding from the pouring ladle. 
For wide products  rectangular- while for  long products square cross-sectioned bars are produced. 
The exact sizes are determined by the rolling mills' requirements. Remelting technologies and rod- 
and tube compression molding are supplied with tube profiled   products. 
Because of the single-direction of cooling columnar crystals are dominant. Locally the columnar 
dendrites' growing speed can exceed the average value (e.g.: non constant secondary cooling ). At 
these points the growing dendrites' fronts can touch each other and by this they enclose some 
melted steel. The enclosed part crystallizes according to the pattern of the general chump molding. 
Since it is enclosed there is no way to get resupply from melts so local shrinkage cavities, voids and 
segregations are formed.    
 
 

  



1. Production of metallic  materials 65 

© Borossay, OE www.tankonyvtar.hu  

vacuum

spec. slag

1

1

4

3

2

5

5

1. Remelted rod (electrode)

2. Water cooled copper crystallizer

3. Base

4. Melted steel

5. Solid fine grained cleared steel

Remelting processes

Vacuum electric 

arc 

Electric slag

Slowly melts in dropps

Gas content lowering(vacuum)

Pollutant content 
lowers(collected by the slag)

Solidifies with smooth grains

 

After solidification further cleaning and quality improving can be  made by the tertiary processes. The 
chumps and billets are remelted in special equipments. The melt is in drop form, the gases are 
removed with vacuum while the pollutants are removed by active slag. 
At vacuum electric arc process the rod is used as an electrode. An electric arc is generated between 
the rod and a base plate. The arc is surrounded by vacuum. The electrode melts down in drops and 
solidifies on the base plate. The plate is surrounded with a water cooled copper crystallizer. The 
solidifying material fills the cross-section  of the crystallizer and by this it forms a remelted rod just 
like continuous molding does. The process results a smooth grain size because of the dropping. 
Furthermore when the drops fall across the vacuum with their big specific surface the gas removing 
is quite intensive (H2, N2). 
The electric slag technique is pretty much the same besides that there is no vacuum in this case and 
the melting is made with electric arc. Between the bed plate and the chump we want to melt there is 
a layer of  melted slag. The heat required for the melting process is gained from the Joule heat 
generated on the slag layer which acts as a resistant. The composition of the slag is set to be able to 
remove the pollutants from the steel. The steel drops moves through the slag. The specific surface is 
big because of the drop form so the cleaning can be intensive. The grain size will be smooth as well 
just as it was in the previous technique. 
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Powder Technology

melting

nozzling

Filling of 

capsules

welding

forging

rolling

HIP (Hot Isostatic Pressing)

1150 ºC, 1000 bar

 

Tools steels produced with traditional technologies consists of  coarse uneven carbides because of 
their slow solidification speed. Their wear resistance is good but are very brittle. The technology 
applied at Böhler-Uddeholm is the following: 
Carefully selected steel waste and alloying elements are melted in an induction furnace. If the 
chemical content is satisfying a magnetic mixing is done to gain even more homogeneous content. 
The melted metal is then vaporized with a nitrogen ray. By this a smooth grain sized dust is gained 
which is chemically homogeneous. It is filled into a thin-walled steel capsule with volume of 1 cubic 
meter. The capsule is then closed and welded. These closed capsules are hot die forged under the 
pressure of 1000bar and temperature of 1150 C.  As a result of the process a bond is made between 
the dusts grains in solid form. Practically a voidless and homogeneous material is gained. If the 
capsule was removed the cylindrical chump is gained which can be further hot shaped. The material 
gained with the previous processes is very fine grained and the alloying carbides are even 
distributed.  As a result the material is very ductile so long life-spanned tools can be produced.   
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Impact of up-to-date technologies

With the application of up-to-date technologies the tool steels’ wear 

resistance and toughness can also be improved.

 

Tools steels are very important for machinery industry, if we think about the cold- and hot shaping 
tools or the machining tools life span is always an important factor. The life span can be increased 
with better wear resistance and tenacity. In our days the solution is at hand  with the modern 
metallurgy processes. 
Remelting processes are used at tool steel production primarily. The fine grain size along with 
minimal gas- and pollutant content have drastic impact on the steels' tenacity. Even tougher steels 
can be produced using the dust technology.  The leader of tool steel market (Böhler-Uddeholm) 
marks its products with nicknames. Remelted products are marked with ISODUR, the vacuum 
remelted products are called: ISODISC, steels produced with both technologies are called: ISOBLOC 
and the products made with dust technology are called: MICROCLEAN. 
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Aluminum production

Bauxit

Timföld

Nyers alumínium

Tisztított alumínium, 

ötvözetek

Feldolgozó 

technológiák

1t bauxite -> 4-500kg alumina

 

The ore of aluminum is the bauxite. It contains aluminum as  Al2O3.  The Al2O3 can not be separated 
from other compounds neither with mechanical- or chemical processes. The reason is that the main 
physical properties (e.g.: density) are almost the same, the Al2O3  is quite stable, chemically resisting 
and insoluble. To gain Al2O3 we have to apply a  pulping process, precipitation and calcination.  
  
Pulping process: hot treatment with nátronlúg which forms sodium aluminite from the insoluble 
Al2O3. 
The gaunge (red mud) is removed from the compound with a drum filter. 
Precipitation: is made with the cooling of aluminum. The aluminum content condensates and can be 
filtered( Al(OH)3 ). The alkaline compound can be used again.  
Calcination: the dried Al(OH)3 is heated and by this is loses water and  Al2O3 is formed which is called 
alumina. It is the primary of aluminum production (melt electrolysis). The aluminum is pure, clean  
Al2O3.  
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Aluminum producion

1 – raw aluminum

2 - alumina + chrysolite

3- coal anode

4 – anod spike

5- anode currents 

connection

6 – connection of 

cathode

7 - pump

The melting ponit of the alumina is lowered by the adition of chrysolite from2000

°C-ról to 1000 °C. Low DC voltage(~5V), and high current(~100 kA) results the

degradation of Al2O3. The aluminum collects on the bed of the carbon lined tank,

the released oxygen burns the anode. 60-100 tanks are connected in series.

99,5% clarity can be achieved.

Production of raw 

aluminum from alumina

Schematic of the tank

1t alumina -> 500kg raw aluminum

 

The aluminum oxide is an excessively stable compound with high strength and melting point and is 
also insoluble. The production of electro-positive metal-like material is only possible with the 
expensive melt electrolysis. 
The melting point of alumina is lowered with chrysolite (around 80%) from 2000oC to 940oC. 
Electrolysis is made at 950-960oC in a developing tank with graphite lining. The anode will be graphite 
as well. As a result of the process Al will cluster at the bottom of the tank. The anode needs to be 
replaced from time to time because the extracting oxygen burns it. 
The tanks are operating constantly. The chrysolite only needs for melting so  rarely requires 
replacement. The alumina is dosed intermittently and the aluminum is tapped intermittently as well. 
The electrolysis requires DC with a current of 50-120 kA. The tanks are connected in series and there 
is 4-4.5V in each. To be able to work coast effectively 80-100 tanks are connected to each other.   
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Aluminum production

Clearing: 3 layered 

electrolysis

s

Solidification

Continuous moulding, 

chump moulding

Anode metal: raw Al + 30% Cu

Elektrolite: fluorides (Na,Ca, Ba) 

The layers are formed because 

of the different density.

99,999% clarity can be reached.

Alloying, clearing

Homogenizing,           

Ar flushing

Raw aluminum

Aluminum waste

Alloying 

materials

Processing technologies

1t aluminum – 15-20 MWh

 

The aluminum is homogenized in an electrically heated homogenizing furnace and then the 
aluminum is founded into a proper form.  
The high-purity metals and alloys are produced via different cleaning- and alloying processes. Three 
player electrolyte cleaning: a copper contenting aluminum is electrolised (~3,5 g/cm3), because of its 
density the slag (consists of fluorides, ~2,9 g/cm3) separates from the compound. The purified 
aluminum forms the third layer with the lowest density. Because of the differences in separation 
potentials the copper does not participates in the process, high-purity aluminum separates on the 
anode. 
The alloys are often produced from aluminum wastes, raw aluminum chumps and from aluminum 
containing alloying materials. In this case after the melting process a certain time is given to the 
aluminum to become homogeneous(holding) then it is bubbled through argon. It is then continuously 
casted to gain chumps for rolling or compression moulding.  
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Production of copper

Kalkopirit

CuFeS2

Matte smelting

Cu2S·FeS

Raw copper ~99%

High clarity 

copper, alloys

Processing 

technologies

Oxidation in drum converter :

3Cu2S + 3O2 = 6Cu + 3SO2

Grinding, flotation – separation of copper reach grains 

(copper concentrate)

Roasting – burning of sulfur and pollutantsa (copper has 

lower oxygen affinity than the pollutants have)

Melting to matte - FeS 

-> slag

Cleaning Processes

- Electrolyte clearing

- (Zone remelting)

 

Copper production is mainly done (85%) by pyrometallurgy and the rest is by hydrometallurgy.  
The aim of enriching is to gain higher copper concentration in product for further processes. For this 
the copper is grinded into smooth dust and by flotation the ore is separated from the gaunge. The 
ore is then mixed with water and foam forming additions. The pulp is bubbled through so the gaunge 
moves upwards in the foam so it is removable. The material gained with flotation is reach in copper 
(20%) and is so called copper concentrate. 
During roasting the dusts sulfur content is lowered to gain oxides or even sulfates from sulphides. 
Production of matte. The matte is the midproduct of copper: Cu2S FeS. The process is made by 
melting. The unnecessary iron and other elements are collected by the slag. The process is made in 
reverberatory furnace or rarely in electric- or shaft furnace. From the melt the copper is gained with 
oxidation because the oxygen affinity of sulfur is higher than the coppers. The process is done in 
recumbent drumconverter. There are processes with which copper can be directly gained from the 
copper concentrate. 
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Production of copper

Cleaning by fire
copper has higher 

oxygen affinity, 

pollutants burn out

Electrolyte Cleaning 

Anode: the copper  that needs to be cleaned (dissolves)

Cathode: pure copper (cathode copper, electrolyte copper)

Electrolyte: CuSO4 solluted in water (enriches with 

pollutanta)

 

Raw copper (98.5-99.5%) needs to be further cleaned to get rid of sulfur, oxygen and other 
pollutants. The oldest method for this is the refining. The technique is based on the fact that the 
pollutants has higher oxygen affinity so they simply burn out and leave the copper in gas form. The 
gained metal can further be cleaned with electrolysis. For this they cast special plates which can be 
used as anode in the electrolysis process. The plates are casted by a continuously moving casting 
machine.  
The process is made with soluble anode.  The anode is made of the copper that needs to be cleaned. 
The cleaned copper segregates on the cathode. As electrolyte water diluted copper-sulphate is used. 
The produced copper is called: cathode copper or electrolyte copper. 
Specially high copper content can be reached with zone remelting. The technology is based on the 
fact that metals has solubility limits in solid form while do not have it in melted form. The process is 
the following: a moving heating equipment moves along a solid copper chump. It melts the surface of 
the chump. The pollutants liquates in the melted areas. As the device moves on it brings the 
pollutants in the melted areas till it reaches the end of the chump. The last part is cut down from the 
chump. As a result a really clean copper is gained.(NOT the same process as the alumina electrolysis). 
The metal that needs to be cleaned operates as anode. By the proper electrolyte and current it 
solutes in the electrolyte with the pollutants and segregates in the anode without the pollutants. The 
pollutants stay in the electrolite. 
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Basic knowledge:

1. What processes required in general to make high quality, 

cleared, solidified metals from the mined ore that can be further 

processed later on?

2. Generally what chemical processes are going on when the ore 

is gained from the mined stone and during its cleaning 

process?

3. What is the result of the improvement of prymary producing 

technologies? 

4. Why LD-process is the best for high quantity steel production

5. Which processes are used for high quality steel producing?

6. What are the main principles used during the production of high 

clearity aluminum and copper?

 

For coast effective production the ore needs to be enriched. From the enriched metal raw metal is 
produced and from that we gain the cleared metal. The shape of the solidified metals is determined 
by the technology it will be used by later on. 
Metals in ionic form are positively charged, so the compounds in the ore needs to be reducated. 
Cleaning is the oxidation of pollutants. 
The raw materials produced with up-to-date technologies has higher tenacity and strength compared 
to older materials. 
By LD process a big amount of pig iron can be produced and by this 25-30% metal based waste can 
be recycled. 
High quality steels are made by ladle metallurgy processes ,remelting processes or by dust metallurgy 
processes. 
The cleaning of aluminum and copper is made with electrolysis.  
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Content

• Modeling of metal forming processes
– Analitical models

– FEM simulations

• Modeling of heat treatments
– Modeling of heating/cooling

– Modeling of transformations in metals

– Modeling of C curves

– Modeling of recrystallization

• Welding simulation
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Modeling of metal forming processes

• Methods of elementary plasticityElemi képlékenységtan módszerei 

– Slab analysis

• Upsetting under plane strain conditions

• Forming in tapered toolAlakítás kúpos csatornában

• Extusion using tools with nonlinear profile

• Sheet shell model

• Methods of technological plasticity

• Methods of energetics

• Upper bound, lwer bound, Johnson-Kudo methods

– Vizioplasztikus módszer

– Finite element method Végeselem módszer

– Exact solution Egzakt megoldás

– Csúszóvonal megoldás

 

Theren are several methods pretain to methods of elementary plasicity, which content simplified 
conditions, however they give adequalty exact solution for the practice.The models belong to 
technological plasticity and use the main formulas of continuum mechanics. 
The role of models are the following: 

1. Calculation of forming forces, power, work.  
2. Calculation of optimal tool geometry and tool velocity. 
3. Calculation of heat effect of friction 
4. Evaluation of distortion of specimen during and after forming. 
5. Evaluation a tool wear and tool life expentency. 
6. Optimization of cold working respect of forming machine. 
7. Optimization respect of economics. 
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Analitical models I. (Example)

Application of slab analysis: Forming in tapered tool
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Solution:

Application:

• Modeling of wire drawing

• Modeling of reducing

• Modeling of forward extrusion

Modeling of metal forming processes

 

The most widely used method of plasticity is the slab analysis.It allows evaluate the stresses in plastic 
zone.In view of the state of stress allows calculate the force required.The basics of the method is the 
following: select a very small volume from the specimen, and after that note down the force 
equlibrium equations.These equations constitue set of differential equations, wich can solve with 
approximation conditions. 
 
The approximation conditions are the following: 

1. The coordinate system of plastic deformation are principal plane of stress. 
2. Take notice of frictional stresses, but suppose, that the principal plane of stresses stay in 

original position during forming. 
3. The principal plane of stresses are not distorted. 
4. The stresses are the function only one coordinate. 
5. In the case of the forming ratio inhomogenity, replace the deformation streght with it s mean 

value.  
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Analitical models II. (EXAMPLE)

Application of slab analysis: Optimization of multi-step wire drawing

Analitical model Iteration steps Results

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0 1 2 3 4 5 6
Lépésszám

Alakváltozás 

lépésenként

Felső határ módszer

Átlagfeszültség módszer

Átlagértékek

Results:

• Deformation values 

in individual steps

• Tool geometry

• Deformation strength 

values

• Minimal spoilage

Modeling of metal forming processes

 

This is an application of slab analysis. The multi-step wire drawing optimized with numerical 
calculation and 20 iterations.In the case of a multi-step forming process, we design the steps with 
minimum blemish.In wire drawing blemish arise when plastic deformation occurs beyond the tool.It 
must reduce the drawing force: decrease the friction coefficient, or use optimal tool geometry.The 
drawing stress-deformation stress ratio must be equal in all steps, then the likelihood of spoilage is 
minimal.In the chart you can see the distribution of strain between steps. When we use this 
distribution, then the spoilage likelihood decrease to its minimal value. 
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iSv PPPPP  

Analitical models III.

Upper bound method

vvirt

P

Pvalós

vvalós

Basics:

• Velocity field

• Virtual velocity field

• Virtual power

Pv: absorbed power in plastic zone

PS: absorbed friction power

PГ: absorbed power in tear planes 

Pi: power of external forcesLower bound method
P

Pvalós

σvalós σ

• Stress field

• Possible static stress 

field

Basics:

Modeling of metal forming processes

 

There are two main group of methods of energetics. According to upper bound method the forming 
work computed with all of possible velocity field is equal or more than the forming work computed 
with real velocity field. 
The plastic deformation can be exist with only one velocity field. 
The velocity filed must satisfy the following conditions: 

1. Incompressibility 
2. Velocity field boundary condition 

According to lover bound method the forming work computed with all of possible stress field is equal 
or less than the forming work computed with real stress field.The upper bound method give a 
greather result as the real measurements, because of this the upper bound method is the better. 
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Modeling of metal forming processes
Analitical models III.

 

This software allows you to modeling several forming process. The processes are the following: 
upsetting, reducing, forward and backward extrusion, multi step wire drawing, multi step ironing, 
multi step deep drawing, etc. 
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FEM models I.

• With right mesh very exact

• Big computer capacity

• Important, when exact 

mass flow required

• By simply processes not 

necessary

Properties

• ANSYS

• Abacus

• Marc, Simufact

• Deform

• etc.

FEM Systems:

Modeling of metal forming processes

 

This video show a FEM analysis of a forming process. The accuracy of the analysis depend mainly on 
the density of nodes. Increasing of node density is necessary, when the velocity os the deformation 
rate is increase. 
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FEM models II.

Modeling of metal forming processes

 

Up and left: rolling simulation 
Up and right: Modeling of blanking 
Bottom and right: profile rolling 
Bottom and left: modeling of strech drawing 
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Modeling of heat treatments
Heating/cooling models

Possibilities:

• With empirical equations

• Solve the differential equation of heat conduction

• Heat flow method

• Integral method

• Heat sources method

• Finite differences method

– Implicite

– Explicite

– Crank-Nicolson

• FEM methods

 

The first step by heat treatment models is generating heating/cooling models.There are several 
methots for this.The most exact is the FEM method, but they are the most complicated.The most 
simply methods are the empirical equations. The differential equation of heat conduction can solve 
analitically with incorrect boundary condition, but the numerical solution give a very good 
approximation. 
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Empirical equations

Estimation of heating/cooling curves

The temperature functin of time according to Newton’s law:

    k1k0 TtexpTTT 
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Cooling case:
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with wateer quenchant:

Where D is the diameter of specimen, P is the distance of interesting point frrom 

surface, Tk is the temperature of, Th is the temperature of 

Modeling of heat treatments

 

The Newton’s law give a good approximation for heating/cooling curves. According to this theory the 
specimen has after infinite time the temperature wich have the kemence.The temperatute of 
specimen increasing/decreasing wint an exponential function. 
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Modeling of heat treatments
Empirical equations

Estimation of cooling time

between 800 and 500°C

Estimation of constitutes 

with TTT curves

Estimation of cooling curve

Estimation of material 

properties(hardness, yield 

strength)

 

The  cooling parameter is the hundredth part of cooling time between 800 and 500°C.The end 
temperature of computation is 500°C because in most of steels the pearlite formation is finished at 
this termerature.The amount of constitues can evaluate from size of specimen and from cooling 
parameters. From this chart can we read the cooling time between 800 and 500°C. Then compare 
this cooling time with TTT-curves, and the result of comparison give us the amount of constituent. 
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Modeling of heat treatments
Explicite finite differences method
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Differential equation of heat conduction:

Differential equation in 1D (plate-

like specimen):
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T : temperature,

t : time, 

λ: heat conduction coefficient(W/(mK)),

ρ : density(kg/m3),

c specific heat capacity (J/(kg°C)), 

Divide the plate N equal part:

T0
TL

α0 αL

x0 x1 x2 XN-1 XN

.    .    .    .    .    .

Right side 

of plate

Left side 

of plate
T0, TL, :temperature 

of  in the left and 

right side

α 0, α L, :the heat 

transfer coefficient 

on the left and right 

side of plate, 

respectively

Δx

Xi: position coordinate

 

Solving of differential equation of heat conduction with differnt numerical methods is a 
very useful to estimate th heating/cooling curves of a specimen. 
In the course of explicite differences method we divide the plate to N qual part. At the boundary of 
parts can we calculate the temperature. The division may be 3 dimensional depend on the specimen 
geometry. Most of cases the 1 or 2 dimensional division give a good approximation. For this 
calculation necessary to known the material properies like heat conduction coefficient or density. 
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Explicite finite differences method
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inside the plate function of 
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Temperature at discrete time tn and position j:
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Approximation of first derivative with respect to time:

Approximation of first derivative with respect to position:

 

Th temperature of plate at time t and position x: T(x,t). The discrete value of this function at discrete 
time n and at discrete position j: Tj

n . The first and second derivatives in the differential equation can 
we approximate with finite differences. The approximation is better if the time interval and distance 
of discrete positions are smaller. 
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Approximation of scond derivative:

Th approximation of differential equation of heat conduction with finite differences: 

Temperature at time n+1:
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It is possible to calculate the temperature field inside the plate at time n+1 from 

temperature field at time n.

Explicite finite differences method

 

Approximate the second derivative of temperature respect to place, and substitute the first and 
second derivatives in the differential equation. It is noticeable that the temperature may be 
calculated at time n+1 inside the plate, if we known the temperature field at time n. The 
temperature at position j can we calculate from position j-1 and j+1. Now there is a problem with 
calculating the temperature at the boundary of plate. Then we must to use boundary conditions to 
calculate this temperatures. 
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Boundary conditions

Of first kind: the temperature is known on the sheet boundary

Then known:
1n

0T
 1n

NT
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Tt,LT
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and value of

The most widely used boundary condition of the third kind: 

Heat transfer equations:
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After substitution the temperature on the plate boundary: 
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With similar methods can generate an equation for the left side as well.

Explicite finite differences method

 

To boundary condition stand-up we must to known the properties of real heat transfer process. We 
can use the boundary condition of first kind if we know the temperature on the boundary of plate. In 
the reality this is very rare. Heating or cooling in a furnace we must to calculate with heat transfer 
equations. This is possible with boundary condition of third kind. Now we must to assume two new 
coordinates. One on the position -1 and one on the position N+1. At this positions the temperature is 
equal to the furnace temperature. If we use this simplification then possible to calculate the 
temperature on the boundary of plate. 
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Initial condition:

 xfT
0

j 

The initial condition is the temperature field at time t=0, it must known to start the 

algorithm.
There are several condition wich must to use for right computation, the most

important:
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The value of r in most cases is between 0.2..0.3.

From this the maximum time interval for given Δx and a :
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The method of explicite finite differences give a very good approximation for

practice. The 2 or 3 dimensional equation may be expressed simply on the basics

of 1D case.

Explicite finite differences method

 

The next step is to give the initial condition. The initial condition is the temperature field at time 0. 
This means, that at time 1 (after time interval Δt) it is possible to calculate the temperature field. 
Very important to select the right value of time step interval, wich limited with a and Δx.  
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Differences between boundary conditions of first and of third kind.

Explicite finite differences method

 

The left video presents the temperature field of plate heated in a furnace with firs-order boundary 
condition, while the right video with three order boundary condition. The first order boundary 
condition give a bad result, but the three order boundary condition give a good result. The first order 
boundary condition say that the temperature on the boundary of plate is equal to the temperature 
of the furnace. This is not true, because the temperature decrease near the surface of plate. There is 
heat transfer witr estimated coeffitients. The left side of charts is the left side of plate, and the right 
side of chart presents the right side of plate. 
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Modeling of transformations in materials
Modeling of transformations in metals and alloys is possible with time-temperature

parameters or with kinetic functions.

  0x,T,tF If the temperature is constans, then thn we assume isothermal kinetic function:

Pearlitic transformation, isothermal case:

T (°C)

t (s)

Beginning of transformation: 1% transformed volume

fraction

Transformation finish curve: transformed volume fraction

is 99%

Transformed

volume fraction:

total

dtransforme

V

V
X 

 

Models for transformation processes are empirical equations, time-temperatur parameters or kinetic 
functions.The amount of transformed fraction can expressed in the form: X=Vtransformed/Vtotal where 
Vtransformed and Vtotal is the transformed volume and total specimen volume, respectively.The beginning 
of transformation connected to 1% transformed fraction (because measurement reasons), while the 
finish of transformation connected to 99%transformed fraction. The broken line presents the 
maximum temperature of bainitic transformation, between this temperature (~500-550°C) and Ms 
temperature austenite transformed to bainet and not to pearlite. The bainitic transformation can be 
described as the pearlitic. 
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Modeling of pearlitic transformation, isothermal case

T (°C)

t (s)X (-)

t (s)

100%

99%

1%

Isotherm TTT curves

Estimate the isothermal 

kintic function

Isotherm transformation 

curves

Time required for 1% 

and 99% transformed 

fraction

Modeling of 

transformation

tk tv

T1

T2

Modeling of transformations in materials

 

Isothermal TTT-curves give two points of isothermal kinetic funcion.  If we know this two point, we 
can estimate the parameters of kinetic function. The parameters of kinetic function depend strongly 
on temperature. Now we must slect a kinetic function, and evaluate its parameters. 
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Modeling of pearlitic transformation, isothermal case:

The kinetic function is now the well known Avrami-equation:
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ahol:

x: transformed fraction

k: constans

n: Avrami exponent

t: time

Th time required for 1% and 99% transormation: tk and tv

Then 1% an 99% transformed fraction can be expressed in the form:
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Solve this equation for n and k:
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tkexp1x and in another form:

Modeling of transformations in materials

 

Thermally activated transformation processes often described with Avrami equations. This is a two-
parameter kinetic function. Tke first parameter called transformation rate constans (k) most of cases 
depend on the temperature according to Arrhenius equation. The second parameter, the Avrami 
exponent has a geometrical meaning, but most of expriments show that the value of these exponent 
is not corresponding with its theoretical value. The Avrami exponent in most of cases have 
temperature and volume fraction dependence. 
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Example for modeling of pearlitic transformation

T (°C)

t (s)

50CrMo4 isothermal transformation

diagram, choose T=580°C

tk tv

Modeling of transformations in materials

 

Tis figure shows the isothermal transformation curves for steel 50CrMo4. Choose from the chart a 
transformation temperature, for example 580°C. Then estimate the time for 1% and 99% 
transformed fraction. These values depend very strongly on the austenitising temperature and time 
(austenite grain size), chemical composition, initial properties of specimen.This means that the 
constans of kinetic function depend strongly on this parameters. 
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Time required for 1% and 99% transformed fraction: tk=395s and tv=16000s

From this the value of n and k:
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Modeling of transformations in materials

 

On the previous slide we were estimated the time required 1% and 99% transformed fraction. From 
these times now we can evaluate the Avrami parameters n and k. Then we plotted the transformed 
fraction of pearlitic transformation as a function of time. This simulation is true only at temperature 
580°C. At another temperatures the transformation can be calculated as this example. In fact, the 
isothermal transformation is very rare. It is important to choose the right kinetic function. For 
example for reversible and irreversible processes or diffusional or martensitic transformation we 
must choose different kinetic functions. 
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Modeling of transformation processes, non-isothermal case:

Start from the isothermal kinetic function:   0x,T,tF 

Take the derivative respect to time:  x,T,tf
dt

dx


Most cases the isothermal kinetic function can written as:

Take the derivative respect to time:

    0t,TKxF 

 
  t,TK

dt

d

dt

dx

dx

xdF


The transformation rate depend on the tmperature and transformed fraction. If the

temperature change according to function T=T(t), then:

      
1

0

t

t
01

dtt),t(TK
dt
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xFxF

From this the general kinetic funcion:
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Modeling of transformations in materials

 

The most of heat treatments becomes not in isothermal conditions. This means, that the isothermal 
kinetic function is not true. But the rate of process can expressed at arbitrary temperature and 
transformed fraction. By most of cases we can separate the variables, then the sum of two funcions 
give the kinetic function. F(x) is a function of transformed fraction, and K(T) is a function of 
temperature. If we know the transformed fraction and temperature at time t, then we can evaluate 
the transformed fraction at time t+dt, dt is infinitesimal. The series of numerical values of 
temperature can we calculate the transformed fraction. 
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Modeling of transformations, non-isothermal case

The transformation rate can often expressed with this differential equation:
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2
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a
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0 x1
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dt
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No. Differential equation
Solution with initial condition 
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Several kinetic function:

Modeling of transformations in materials

 

The table content kinetic functions for modeling thermally activated processes. No. 1 is the classical 
Avrami kinetic function, this is useful for modeling transformations in steels, recrystallization, 
precipitation. The second is the well known Austin-Rickett kinetic function, used for modeling of 
precipitation. The No. 3 is the Beck’s kinetic function, applicable to describe the grain coarsening. 
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Modeling of grain coarsening by austenitising

Evaluating of Ac3 temperature

3
33c cAA 

   

n
t

t

n
1

0

0

dtTkDtD















 

  nTktD 

where

• c=3…25, depend on the initial microstructure,

• β heating rate

Size of austenite grain size in isothermal case:

Kinetic differential equation:

from this the general kinetic function:

  n

1
1

DnTk
dt

dD




Modeling of transformations in materials

 

The amount of constituent after transformation of austenite depend strongly on austenite grain size. 
The austenite  grain size increase with a power function. The non-isothermal kinetic function can 
expressed if we take the derivative respect to time of isothermal kinetic function, and after that 
subtituting the time with a funcion of grain size. If we solving this differential equation, then the 
grain size may calculate in non-isothermal case as well. 
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Modeling of phase transformations of steels
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Isothermal case: bi: maximal amount of

constituent i

j: number of constituent

Y: total transformed fraction

   
i,3

i,2
i,1

a

i

a
i

a

ii,0i
i

x1

1
lnx1xaTk

dt

dx












Non-isothermal case:

T (°C)

800

20

550

T=800-βt,

t: time (s),

β:cooling rate

450

Ms

Y

xpearlite

xbainite

xmartensite

t (s) t (s)

Eutectoid steel phase transformation during continous cooling:

Modeling of transformations in materials

 

The total volume fraction is the sum of folume fractions of constituent. The amount of constituent 
can estimate to solve the diffrential quation of individual constituent. Charts show the 
transformation of an eutectoid steel after austenitisation. The simulation calculated with linear 
continous cooling curve with cooling rate β. The chart on the right side show the amount of 
constituents during transformation.The first time starts pearlite transformation after this bainite and 
martensite. 
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xmartensite

Kinetic treatment of martensitic transformation:

     TM011.0exp1xxx1x sbainitepearliteferritemartensite 

This is an approximation for Ms temperature:

Mo21Ni17Cr17Mn33C474561Ms 

ΔT= Ms-T (°C)

Rest austenite

where Ms the martensite start temperature, T is the temperature of cooling below Ms.

Modeling of phase transformations of steels

Modeling of transformations in materials

 

The amount of martnsite depend mainly on the cooling temperature below Ms. The amount of 
martensite can approximate with equation Koistinen-Marburger. The temperature Ms approximated 
from chemical composition. The amount of martensite is maximal, if the temprature of specimen 
decrease until Mf temperature. 
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Estimation of Hardness after continous transformation of autenite

isothermal transformation the hardness of constituent depend on temperature,

that’s called isothermal hardness.

The final hardness can estimated with th series of isothermal hardness. Hardness 

component for given Tk temperature:

martmartbbfpfp HVxHVxHVxHV 

  



j

1i
kikik )T(HV)T(xTHV

Isothermal case (Maynier):

where xfp, xb, xmart, HVfp, HVxb, Hvmart is the amount and hardness of ferrite+pearlite,

bainite and martensite at given temperature, respectively.

martmart HVxHVHV 

and the final hardness of specimen:

Modeling of transformations in materials

 

The hardness of constituent depend on the chemical composition and the temperature of formation. 
The hardness of a constituent at given temperature called isothermal hardness.The final hardness of 
specimen can approximated with a sum of isothermal hardness values. 
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Modeling of tempering

Modeling of tempering using time-temperature parameters

Tempering model

Time of tempering Temperature of tempering

Chemical composition, austenitising parameters, etc.

Effect of time and temperature

Time- temperature parameter (Hollomon-Jaffe):

  ktlgTP 

where T temperature of tempering, t time of tempering, k constant.

• Parameters of this type have not physical meaning, but approximate very good 

the experiments.

• Connect a time-temperature parameter and a mechanical properties.:

cPbPaHV
2



where HV is the Vickers hardness, a,b,c are constans.

Modeling of transformations in materials

 

The mechanical properties after tempering may be exactly adjusted using time temperature 
parameters. The two main parameter, wich affected tempering process is the temperature and time. 
Hollomon and Jaffe disovered a time-temperature parameter, wich consider the effect of tempering 
temperature and time as well. With this complex parameter it can be predicted the material 
properties during tempering. The time-temperature parameter connected to a material properties 
with a polinomial or power function. 
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Modeling of tempering

Time–temperature parameters

No. Time temperature parameter Calculating of hardness using 

time temperature parameter

1.

2

3.

4.

5.
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cPbPa
KHV

HVHV 2

edz

edz 




n

edz PAHVHV 

n

edz PAHVHV 

n

edz PAHVHV 

n

edz PAHVHV 

where A, Q, R, K, a, b, c, n are constans, HVedz hardness of martensite, HV is 

the hardness of tempered specimen.

Modeling of transformations in materials

 

The table contents several time-temperature parameters. Time-temperature parameters have not 
physical meaning. The temperature hat a greater effect to tempering process. Thiss appears in the 
equations as well: the parameter depend with an exponential function of temperature, or with 
logaritmic function of time. These parameters work in isothermal case. 
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Modeling of tempering during temperature change

Several time-temperature parameter may be usded for modeling tempering during 

continous heating/cooling.

No. Time temperature parameter Equation for hardness calculation

1.

2.

3.
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where A, Q, R, a, b, c, n are constans, HVedz hardness of martensite, HV is the 

hardness during tempering.

The theoretical basics are clarified korábban.

There are several time-temperature parameter, and an application for hardness 

esttiumation:

Modeling of transformations in materials

 

Time-temperature parameters may be used for non-isothermal tempering proceses as well. In this 
case, the non-isothermal equation can be expressed from the isothermal equation. 
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Tempering charts

P, time-temperature parameter

HV hardness

t, time of tempering, (h)

T, temperature of tempering (°C)

Modeling of transformations in materials

 

In the practice two types of tempering charts used. On the left side on the x-axis is the time-
temprature parameter, and on the y-axis is the hardness. The parameter P may be calculated from 
time-temperature history. 
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Modeling of recrystallization

The most frecvently used model is the Avrami kinetic function:   n
tkexp1x 

)tln(

  
x1

1lnln


n,k=const.

n,k=f(x) Local Avrami exponent and 

rate konstans

Apaptation of parameters by isothermal case:

The rate of process is depend on:

• the temperature

• the amount of deformation

• the deformation rate

• the initial grain size

• Stb.

Effect of this parameters appears in functions.:
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After repeating on several 

temperatures:
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functions are known

Modeling of transformations in materials

 

Recrystallization is a softening process, wich take place cold formed materials during heating. The 
kinetic differential equation depend on many parameters. The rate of process is very sensitive of the 
temperature change. A few grade change of temperature occurs very large differences in 
transformation rate. For this reason, the calculation of parameters need special experiments and 
mathematical procedures. 
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3

2
1

a
a

a

0 x1

1
lnx1xaTk

dt
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During temperature change: where a1, a2, a3, k(T) are constans,

can be predicted from isothermal or

from non-isothermal temperature

experiments

Modeling of recrystallization

Modeling of transformations in materials

 

Recrystallization process during temperature change can be modelled with several methods. The 
chart shows the temperature of a specimen and the transformed fraction during this temperature 
change. The transformed fraction can be connected with several material properties for example 
hardness or conductivity. Material properties can be adjusted during heat treating with exact 
models. 
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Modeling of welding
Initial parameters:

• Material properties

• Initial temperature

• Welding process parameters:

• welding direction

• welding velocity

• welding power

• dimensions of ellipsoid

• absorption coefficient

Fem grid of gap with lack of root fusion:

 

Figures show sveral input paramters for welding simulation. The most important parameter is the 
density of nodes. For validation of models necessary take experiments. The input parameters are 
matrial properties, initial and boundary conditions, welding parameters. 
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Hegesztés modellezése

 

This video show a welding simulation. Color codes present the temperature level of welded plate. 
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Hungarian-Englisch Dictionary

Átalakulás

Képlékenyalakító technológia 

Termikusan aktivált folyamat

Újrakristályosodás

Ferrit

Perlit

Bénit

Ausztenit

Martenzit

Izoterm kinetikafüggvény

Általánosított kinetikafüggvény

Transformation

Metal working process

Thermally activated process

Recrystallization

Ferrite

Pearlite

Bainite

Austenit

Martensite

Isothermal kinetic function

General kinetic function
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Questions

1. Which possibilities are for modeling a metal working process?

2. Mi jellemzi az egyes alakítástechnológiai modelleket?What are the main 

characteristics of models for metal working processes?

3. Milyen hevítési/hűtési modelleket ismer? What are the models for

heating/cooling of a specimen?

4. Mi a végesdifferencia módszerek (általános matematikai) alapgondolata? What

is the basics of finite differences methods.

5. Mit nevezünk izoterm átalakulásnak?Whad do you mean about isothermal

transformation?

6. Mit nevezünk izoterm kinetikafüggvénynek? What do you mean isothermal

kinetic function?

7. Hogyan lehetséges változó hőmérsékletű hőkezelések modellezése? Wich

possibilities are for modeling heat treatments during temperature change?

8. Mit nevezünk általánosított kinetikafüggvénynek? What do you mean about

general kinetic function?

9. What do you mean about time-temperature parameters?

10.Which are the initial parameters for welding simulation?
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• recrystallization zone,

• annealing,

• stress condition,
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summary

The modern machine industry applies contimally more wide-ranging the metal

working not only at manufacturing pre-products (for example forging) but at

producing finished products as for example body-elements, or other hollow bodies,

too. Because of this it is important that the engineering students should get

acquainted with the fundamentals, most important connections of this professional

domain.

This subject contains defining the fundamental ideas of metal working, the

plasticity, the interpretation of parameters and quantification of those. Within this it

clears the idea of plasticity and formability and the possibilities of its quantification.

Furthermore it touches upon clarifying the connections and ideas of deformation,

the forming strength and the forming resistance, which are needed to apply the

knowledge got in practice.

It analysis the effect of the forming rate, temperature and speed to the

structure and more important mechanical properties of the material formed.

The understanding and learning of the subject suppose the fundamental of

material knowledge material testing and strength theory basic knowledge's. The

deductions of complicated connections presented are disregarded, these can be

found in the technical literature in case of claim.
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4.1. The idea of plasticity of ductility

The plasticity is  such characteristic of materials by which it is possible that their 

shape changes permanently so that the bonding between atoms doesn’t break 

off, to the effect of external force the continuity, the mass of the material remain 

unchanged (fig. 3.1.) 

Considering that the plastic material can be readily-formed because of this the 

ductility is also used to name at this material characteristic.

The plasticity of metals and their alloys can be explained with their crystalline 

structure and with the lattice defects, with dislocations.

The plasticity - further on it is spoken about this characteristic of metals and their 

alloys – depends on the material condition that can be characterized by 

condition factors, these are: 

• the temperature,

• the stress condition and

• the speed of forming.

Figure 3. 1. The model of elastic 
deformation

- It can be seen on the 

tensile diagram, that the 

tough material gets 

permanent strain in case of 

stress exceeding the 

elastic limit

- This possibility is utilized 

when different geometric 

configurations are made by 

forming plastic deformation

Figure 3.2. General tensile diagram [4] 
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4.2. Numerical determination of plasticity

Manifold methods can be used to determine numerically the plasticity. However for 

comparison only identical material properties (A, Z) or parameters calculated 

from them are suitable. The data can be further made more accurate by the 

efficiency of the forming process given.

• From the elongation at rupture:   

• From the specific lateral contraction:

where: kf – the forming strength [N/m2],

A5 – elongation at rupture [%],

ηal – efficiency of forming [%],

• By deformation concerning the unit deforming work: 

where:

φ – the deformation rate [%],

W – the work needed to deformation [J],

It is to be noted that the factors determined (A, Z) characterizing the plasticity give 

exact value in case of forming in unaxial stress condition.

With factors calculated form kf ; φ and W data the deformation taking place in two-or 

three dimensional stress conditions also can be characterized.

The suitability concerning concrete forming process is established by so called 

technologic tests.

The suitability concerning for example the deep drawing can be determined by the 

Erichsen-test. 
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During bending test specimens with 

different cross-section are bended to 

determined angle around a given 

diameter compressive body or to get 

crack.

Backing up rolls or testing machine 

supplied with V-shape us well as 

bending roll are used for the test.

The bending test shows the 

endogenous inclusions, impurities as 

well as the machining cracks.

Bending test 

Figure 3.3. Bending test of metals [4]
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Erichsen cupping test 

Figure 3. 4. Erichsen ductility test machine [4]

During the Erichsen cupping test of 

sheets and trips the specimen is 

clamped between the draw die and 

the pressure ring.

The clamped specimen is deepened 

with a ball point punch as far as that, 

as far as to crack develops at the 

border of the cup to be visible by age.

The rate of the cup is the Erichsen cup 

number of the material in turns of 

number.
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The idea of plastic deformation

Plastic deformation is called that operation which begins when the internal stress 

rising from the effect of external force reaches the yield point (ReH ) or the yield 

point under load (Rp0,2 ) of the material and during it changes:

It changes:

• The workpiece shape,

• Its structure (fig. 3.5.)

• Its mechanical and technological 

characteristics (fig. 3.6.).

It remains unchanged :

• its mass, 

• its volume and 

• its continuity.

Figure 3.5. Structure change to the effect of plastic 

deformation

The material can be considered continuous as long as on its surface crack to be 

seen by eye doesn't appear!

Figure 3.6. The change of mechanical properties to the effect of cold, 

plastic deformation
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The idea, the rate of deformation

The numerical determination of the deformation produced by plastic forming 

defined in 3.1. chapter is needed to determine and to follow the changes of 

mechanical and structural characteristics. 

The prismatic body to the effect of F 

force during ideal deformation changed 

from a1, b1, h1 to a2, b2, h2 dimension. Its 

volume didn’t change, because of it :

Figure 3.7. Ideal deformation of the prismatic body

Where:

Principal deformations:

The sum of principal deformation can be 0 then if one of its member – in or case         

- value is negative.

There are applied calculating methods in the practice simpler still meet the claim of 

punctuality.

The amount of deformation can be determined:

• from the specific cross-section reduction: 

• from the relation of cross-section change:    

• from the relation of the change of one dimension characterizing the 

deformation:  

The relations have to be write down so that φ should be > 1.      

The idea, the rate of deformation
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The forming strength, the forming resistance

The forming strength is one of the most important parameter of the plastic 

deformation. It expresses that stress condition rising from the external force of 

which effect the plastic deformation begins of the given metal or alloy.

In case of uniaxial stress condition – for example in case of clear pull and 

distinct yield section – the upper (high) yield point of the material is considered the 

forming strength (kf = ReH). If the material hasn’t got distinct yield point then the 

conventional yield point measured under load is considered forming strength 

(kf = Rp0,2 ).

The three dimensional stress condition – this occurs in most cases in the 

practice – can also be characterized with a stress (σred), with the so called reduced 

stress which can be determined from the three principal stresses (σ1, σ2, σ3).

Thus the plastic deformation takes place then, if

In case of uniaxial stress condition (σ2=σ3=0):

the three dimensional stress condition can be simplified to two dimensional stress 

condition from the standpoint of determining the reduced stress – in case of need for 

example one of the principal stress (σ2) is not known -. Then the missing principal 

stress is replaced with the two other average and it is calculated with the following 

relation: 

Parameters influencing the forming strength:

• the chemical composition of the material,

• its temperature (T),

• the deformation rate (φ) as well as

• the speed of deformation (     ).  
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The forming resistance

Forming resistance (k) it is meant that value of pressure arising between the tool 

and workpiece then, when the permanent deformation begins, that is                     

.

The magnitude of the needed force for deformation can be determined in knowing 

the forming strength, the efficiency and the deformation rate :

[N/m2]

[N]
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The effects of rate, temperature and speed of 
deformation on the ductility 

Figure 3.8. The effect of temperature on the plasticity

The effect of mechanical working to the mechanical 
properties structure and grain dimension of material 

Figure 3.9. The change of grain size 

It is objective that after 

deformation the grain size 

should be as smaller as 

possible for the sake of 

toughness.

Because of this 

the greatest 

amount of 

deformation has to 

be the 

accomplished at 

the possible 

lowest 

temperature.
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The effect of the rate, temperature and speed of 
deformation on the ductility

The common effect of parameters influencing the forming strength can be 

described with the following relation:  

where:

T - is the forming temperature [oC] 

- is the forming strength [N/m2 ]

- is the modifying factor depending on the temperature

- is the modifying factor depending on the deformation rate

- is the modifying factor depending on the speed of deformation.

The modifying factors can be calculated according to the followings:

Where the a1;  a2; a3 as well as the m1;  m2; m3 are the so called thermodynamic 

factors depending on the material to be formed.
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• plasticity, ductility,

• deformation rate,

• forming strength,

• grain size change,

• recrystallization zone,

• annealing,

• stress condition,

English keywords
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Controlling questions:

1. Make it known the idea of plasticity and ductility!

2. What does it mean the deformation rate, and how is it determined? 

3. What is the forming strength and forming resistance?

4. How does change the grain size in the function of temperature?

5. What is it meant concerning the recrystallization zone?

6. What is the annealing or recrystallization and where has it got a role?

7. What is the three dimensional stress condition?
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Forging 

is the oldest known plastic forming process which forms the metal by impact or 

compression load at higher temperature than the softening temperature 

characterizing the metal.

Figure 4.1. Forging shop in the Middle Ages

Open die forging

Open die forging: if the forging is done between flat working surface, anvil and 

hammer, with the help of the simplest tool, by proper moving of the workpiece. 

Piece or small series produced forged parts are made from ingot (casting block) 

or from bloom with open die forging. Their weight can spread from some kilogram 

to 350 ton, too. 

Figure 4.3. Casting block for forgingFigure 4.2. The principle of forging
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Materials for forging 
The forgeability of steels depends first of all on the chemical composition and on 

the temperature. The pure iron can be forged best, each alloying element and 

impurities decrease the forgeability. The limit of forgeability is at 0,8 % carbon 

content.

The copper can be forged well. From the copper and zinc alloys the 57-62 % 

copper content alloys can be forged excellently. The copper-aluminium alloys, the 

brasses and the aluminium brasses also can be forged.

The aluminium and is alloys can be forged well. The requirement is to keep the 

exact forging temperature (at lower temperature they crack, at higher temperature 

harmful constitutional changes ensue.)

The forging temperature limits of steel are 800 – 1300  C. It has to aspire to do the 

greater part of forming at the possible highest temperature.

Based on practical data the forgeability of steels in the function of carbon content 

can be divided into three groups:

- unlimited forgeability up to 0,8% carbon content,

- limited forgeability between 0,8 - 1,3% carbon content,

- hardly forgeability between 1,3 - 1,7% carbon content.

Pressure cone rise 

The deformation during forging takes place along the pressure cones.

The forging can gain its end only if the pressure cones rise in the whole cross-

section of the workpiece, if the pressure cones close during forging (rotation!)

Figure 4.4. Deformations rising in the workpiece
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Mass of the forged part

The mass of the forged part is determined by calculations based on the dimensions 

of the forge-part drawing. The pad cast-off of the plain carbon steels is 20–25%, of 

the alloyed construction steels is 25–35%, of the high alloyed steels is around 50% 

of the casting-block mass.

The cast-off of the casting-block foot is 5–7% at plain carbon steels, 7–10% at 

alloyed steels. The melting loss depends on the heating method, on the furnace 

construction etc. 

It can be calculated with 2–3% at the first heating in free-flame furnace after all 

further heating with 1,5–2%. 

The light cast-off depends on the complexity of 

the forged part, but the piercing cast-off also 

belongs here. 

Its rate is given generally on the basis of forging 

workshop experience in percentage of the 

forged part.

Figure 4.5. Open die forging

Operations of open die forging

Figure 4.6. Fullering 

Figure 4.7. Upsetting 

Figure 4.8. Piercing 
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Figure 4.9. Chopping

Figure 4.11. Shouldering Figure 4.12. Joggling 

Figure 4.10. Double-sided 

chopping

Figure 4.13. Bending 

Figure 4.14. Torsion 
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Machines of open die forging

Many variations exist of the hammers suitable for open die forging.

One of possible divisions:

mechanic hammers:

spring hammers,

pneumatic (air-cushion) hammers,

steam-pneumatic hammers:

single-frame hammers,

double-frame hammers,

bridge-frame hammers.

Figure 4.15. Spring hammer (Ajax-hammer)

Figure 4.16. Pneumatic 

(air-cushion) hammer

Figure 4.17. Steam-pneumatic hammer



4. Hot forming technologies 137 

© Kári-Horváth, SZIE  www.tankonyvtar.hu  

Hydraulic forging presses

The forging presses with four columns 

are usually made with 5-400 MN 

pressing force. 

The main elements of the press: 

hydraulic pressure cylinder (roll) (1), 

piston (2), the upper (3) ram, the lower 

ram (5) with the lower tool, the pressure 

plate (6) with the upper tool, the columns 

and nuts (4), a well as the pullback 

mechanism (7-10). 

Figure 4.18. The structure of the single-

cylinder hydraulic press with four columns

Die forging

During die forging the impression to be in the two dies form the workpieces. The 

flash discharging out the die parting surface regulates the material flow in the die 

cavity. The workpiece has to be suitable for the technological characteristics of 

forging for example: in accordance with worked up parting surface, side sloping, 

rounding-off of edges, smallest wall-thickness. Undercut workpieces can’t be 

manufactured with such process.

The available accuracy to gage with die forging:

– in case of rough degree: IT16

– in case of normal degree: IT15

– in case of raised accuracy: IT14

– in case of special accuracy: IT12 – IT13.

Figure 4.19. Tool for die forging.

Its filling in simulation

Figure 4.20. The principle of die 

forging
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Technology of die forging

1. Chopping

Figure 4.21. Cases of chopping bars by shear-breaking

2. Heating

Figure 4.22. Sketch of induction heating

3. Pre-forming

Figure 4.23. Pre-forming of disc-shaped forged parts

4. Finish forming

Figure 4.24. Difference of the pre-and finished shape depending 

on the filling process
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5. Flashing

Figure 4.25. Sketch of flashing

6. Calibration

7. Heat treatment

8. Descaling

9. Quality control

Figure 4.26. Die forging operations
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Example: die-forging of a shaft

Figure 4.27. Finished part

Figure 4.28. Forged part

Figure 4.29. Multiple-impression die

• Pre-forming: stretch setting

• Pre-forging

• Finished shap, around the flash 

gutter

Figure 4.30. Forged connecting-rod
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Machines of die-forging

Figure 4.31. Hammers with two rams

Figure 4.32. Drop-hammers
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Horizontal upset forging machine

• with this process flash-free 

forming can be accomplished

• it is suitable to forge complicated 

shapes

• the dies are split

• the cold forming version of the 

process is also known

Chopping

Pre-forming with 

electric upsetting

Finishing process,

The flashed workpiece

Figure 4.33. Principle of horizontal 

upset forging

Figure 4.34. Example to horizontal 

upset forging

Figure 4.35. Choosing the technology in the function 

of number of pieces and production cost
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Geometric relations of rolling

Rolling: essentially is a stretching forging made to continuous by rotary movement

Figure 4.36. The principle of rolling

Figure 4.37. Open bar- and 

sheet rolling

Figure 4.38. Closed bar- and 

sheet rolling
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Rolling

Figure 4.39. Longitudinal rolling 

of sheet or band

Figure 4.41. Rolling trains

Figure 4.40. Longitudinal rolling of profile form 

(for example round section)

Figure 4.42. Working method of rolling
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Continuous casting and rolling

Economical, new process rolling bands immediately continuously from the cast 

thin slab band.

Figure 4.43. The continuous casting and rolling
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Figure 4.44. Direct (forward) extrusion

Figure 4.45. Indirect (backward) extrusion

Extruding versions

Figure 4.46. Basic tree of seamless pipe production processes
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Figure 4.47. Principle of pipe extruding

Figure 4.48. Pipe elongation on mandrel

Figure 4.49. Mannesmann-type piercing
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Figure 4.50. Pilger methods

Figure 4.51. Erhardt-type piercing

Figure 4.52. Erhardt-type pipe mandrel drawing
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Figure 4.53. Stiefel-type pipe rolling

Figure 4.54. Stiefel-type piercing
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1. Make known the changes of mechanical properties of metals to the effect of

plastic deformation!

2. Make known the fundamental idea, goal of forging and the subject-matter

learned on the forming of pressing cones!

3. Illustrate with the help of sketch the most important tools and operations of open-

die forging!

4. Make known with the help of sketch the pipe-production processes!

5. Make known the technology of die-forging!

6. Illustrate with the help of sketch the technology of bar- and sheet rolling!

Controlling questions:
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English keywords

̶ hammer,

̶ forgeable materials, 

̶ upsetting, 

̶ elongation,

̶ hammer of Ajax, 

̶ tilt-hammer,

̶ drop-hammer,

̶ rolling, extrude

̶ making of pipe
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Upsetting

Figure 5.1. The principle of upsetting
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Cold extrusion

The cold volume-forming: the pre-product to be processed is put into a more or less 

closed cavity and is under pressure from more sides. 

The workpiece material to the effect of pressure partly fills up the cavity partly flows 

out through the openings of the cavity.

Both the parts of material remaining in the cavity and the parts of material flown out 

constitute the part and parcel of the product -> waste doesn’t form. 

The shape- and dimensional accuracy of the workpiece are limited by the 

manufacturing accuracy of the tool playing leading part in the forming and by the 

tool rigidity. 

The physical hardening taking place during the deformation can be well utilized to 

increase the workpiece strength because of this from time to time the heat 

treatment of the workpiece for such reason can’t happen. (for example: hardening 

and tempering) 

Workable materials:

Tin, lead, copper, brass, aluminium and its alloys, silver, platinum. Among the steels 

only those which C-content are 0,25%.

Figure 5.2. Extrusion processes
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Direct extrusion: if the conditions of reducibility can’t be accomplished because of the

shape and dimensions of the workpiece then the cap has to be supported.

Figure 5.3. The finite element model 

of the direct extrusion

Figure 5.4. The principle of 

direct extrusion

Indirect extrusion: it is one of the most frequent version of mass producing hollow 

bodies with cylindrical and rectangular cross-section. Two main versions are used:

• producing thin-walled pans (Al- and its alloys, non- ferrous metals),

• producing thick- walled (mainly made of steel) extruded products.

Figure 5.5. Finite element model 

of indirect extrusion

Figure 5.6. The principle 

of indirect extrusion
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Combined extrusion

Figure 5.7. Direct- and 

indirect extrusion of cup

Figure 5.8. Direct 

extrusion 

of solid body, 

indirect extrusion of cup

Figure 5.9. Guiding column direct extrusion tool 

with changeable active elements
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Figure 5.10. Structure of indirect extrusion tool

Figure 5.11. Extruded parts
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Bar- and wire drawing

Figure 5.12. Bar drawing

Figure 5.13. Draw dies

Figure 5.14. Wire drawing

Figure 5.15. Rod drawing

Figure 5.16. Wire drawing

Figure 5.17. Draw bench Figure 5.18. Fine drawing machine
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Bending

Figure 5.19. The principle 

of bending

- without sheet separation,

- one or more bending axises,

- in optional angle and,

- shank-length.

Figure 5.20. Basic cases of bending

Figure 5.21. Simple and complex bendings 
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Stresses arising during bending, neutral line

Neutral line: where the compressive stress changes to tensile stress there stress
doesn’t rise, so this line keeps it original length after bending, too.

Figure 5.22. Stresses arising during bending 

It has to be known to determine the length

allowance and the dimensions of the tool.

Place of the neutral layer: 

Depends on: the bending radius, on the 

rounding-off of the bending punch 

It is supposed that the neutral line remains 

always in the middle during calculations:

In practice the bending rate is:    

The material can be bended only to that 

limit as long as the stress arising on the 

outer side of the bended cross-section 

doesn’t reach the tensile strength of the 

material.
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Springing at materials bended:

The rate of springback factor 
1

2




K

Figure 5.23. Determining the neutral layer
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Determining the initial sheet length

In case of bending with proper radius: the 

length allowance (L) is determined on 

that principle that the length of the 

neutral line doesn’t change.

321 llllL  [mm] 

  301
180

lsxrlL
o







Figure 5.24. Bending with proper radius 

In case of bending in angle (angled bending): the previous method can’t be applied 

instead of it has to be set out from the volume-equality

1VV 

sAV  111 sAV 

11 sAsA 

bssblsblsbL  2

21
4



  2

21
4

ssllsL 


sllL  785,021
[mm]

Figure 5.25. Bending in angle 
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The force-, work- and power demand of bending

The occuring deformation in the bended 

section of the sheet loaded with stress higher 

than the yield point is elastic in the 

surroundings of neutral layer, is permanent in 

the surroundings of exterior fibres. 

Because of this the bending force and work can 

be determined only approximately. 

The bending force increases in the initial elastic 

deformation section, it is nearly constant in the 

plastic section, then it is suddenly increasing in 

the ironing section, it becomes doubled, 

threefold, too.Figure 5.26. The change of 

bending force 

The bending force in case of U-shape bending:
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Bending tools

Figure 5.27. The structure of bending-tool 

Figure 5.28. Tool bending to V-shape

Types of bending-tools:

Simple, without guiding tools bending to V- and U-shape

More accurate, guided tools, generally making more bending at the same time,

Complex combined tools, making bending in more directions (swiveling rocker, 

swiveling chunk, wedge moving tools).
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Figure 5.29. Tool bending to U-shape 

Figure 5.30. Combined bending-tools 
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The principle of deep-drawing

Hollow body is formed => from disc 

shape flat sheet => with drawing-

compressing loads

The drawing can be:

- ironing drawing (wall thinning),

- drawing without changing the wall 

thickness.

Figure 5.31. The principle of deep-drawing 

Figure 5.32. The deep-drawing process
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Figure 5.33. The stress and deformation arising during deep-drawing
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Determining the circular blank at deep-drawing

It is supposed that the wall thickness is constant (s=s0), then the constancy of 

volume is also valid (V=V0), from this it is traced to the constancy of surface (A=A0).

The deep-drawing has got two basic cases:

- deep-drawing without ironing (wall thinning)

- ironing deep-drawing.

deep-drawing without ironing (A=A0)

21

1

AAAA
n

i

n 


hddD  42

Figure 5.34. Determining the circular

blank at deep-drawing

Different and different calculation is needed to deep-drawings with various shapes, 

tables contain these relations.

The correction of the circular blank: where: α- modifying factor 

(Fig. 5.35.)

 DDreal

Figure 5.35. Modifying factor of the initial disc diameter
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Ironing (wall thinning) deep-drawing (on the bases of constancy volume)

Disadvantage: the material elongation isn’t taken into account (approximate 

calculation)
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Determining the number of drawings:

Drawing factor: 

The drawing relation is the reciprocal value of the drawing factor:
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Figure 5.36. Re-drawing degrees 

Re-drawing

At deep-drawing the final shape can be formed by more drawings, the second, 

third, etc. drawings are called re-drawing.

Factors influencing the drawing degrees:

- the workpiece materials,

- the structure of the workpiece material,

- the workpiece shape,

- the sheet thickness,

- the material and lubrication of material,

- the size of the drawing clearance,

- the rounding-off of the drawing punch and drawing ring.

Figure 5.37. The 2. drawing 



5. Cold forming technologies 171 

© Kári-Horváth, SZIE  www.tankonyvtar.hu  

Determining the drawing force, drawing work and power

The rate of drawing force depends on:

- the drawing diameter,

- the drawing depth,

- sheet thickness.

It has an effect to the drawing force:

- the drawing shape,

- the blank holder pressure,

- the drawing speed,

- the rounding-off of the drawing edges,

- the drawing gap,

- the type of lubricant.

mD RdsnF   [N]Drawing force

Blank holder force
4

)( 2

1

2 
DDpFBh  [N]
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Determining the drawing work

1000

hFe
W T 

 [J], (FT = FD + FBh)

in case of without ironing (wall thinning):

in case of ironing: 2,1
1000





hF

W [J]

The power demand of deep-drawing:


nW
P


 [W]

Lubrication of the workpiece

it is important to choosing: - the shape of drawing

- the drawing speed

It has to be taken care at deep-drawing:

- before drawing the surface has to be cleaned,

- the lubricant layer should be uniform on the workpiece surface.

The appropriate strength of the lubricant is indispensable to higher drawing speed, 

which can be: 

• tallow, 

• rape oil, 

• mineral oil (to which chemical materials are mixed) 

The lubricants must form a sliding layer separating the tool and the workpiece

which because of the liquid friction reduces the frictional resistance of the surfaces 

sliding on each other.
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Annealing and pickling the pieces drawn

The workpiece is heat treated with the aim of normalizing and stress-relieving the 

material of eliminating the hardening (and the embrittlerment attending with it) 

arising during the drawing process between certain drawing stages.

The deep-drawable steel sheet is needed annealing after the third drawing, 

respectively after the second further-drawing,

if the sheet wasn’t excessively loaded by the previous drawings. 

The annealing time is about 5 min (f:=is the sheet material)

In order to avoid the cooling stresses it has to follow with great attention the slow 

cooling at drawn parts made of thin steel. 

At annealing the surface gets oxidized, oxide film layer develops on it. This can be 

removed only by pickling. 

After pickling the parts are flushed in cold then hot water and are dried in sawdust. 

There isn’t need generally to pickle the aluminium and light metal alloys, other 

processes are applied.

Figure 5.38. Deep-drawing with 

compressed air

Figure 5.39. Deep-drawing with punch
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Rubber-block drawing die
• Its advantages

there is no friction practically between the die and sheet, comparatively great 

forming

can be accomplished without bottom rupture , pots with flange and slope

bottom can be manufactured

configuration can also be pressed on the bottom with embossing

uniform wall thickness

scratch-free surface

• Its disadvantages

the rubber block can endure only to relatively short time, the great 

compression and great deformation needed at drawing deep parts

it is sufficient producing 100 – 10 000 pcs. (after that the rubber block has to 

be changed)

during the process it is needed to regulate exactly the pressure of the blank 

holder

Figure 5.40. Deep-drawing with punch

a) before drawing; b) after drawing

1:drawing frame; 2: rubber block; 

3:blank holder; 4: pressing rod; 

5: pressing plate; 6:drawing punch

HydroForm process

– only the drawing punch and the so called counter-

beam has to be made

– the membrane is made of polyurethane usually

– the service-life of this tool is longer substantially than 

the rubber-block tool

– extremely flexible production

– the liquid pressure is 10% of the forming strength of 

the sheet formed
Figure 5.41. The principle of 

the HydroForm processHydromechanic process

– only the drawing punch an the liquid container has to be made

– the membrane is removed compared with HydroForm process

– the sheet makes contact with the liquid directly

– the sealing between the sheet and the die is secured with plastic seals

– the liquid pressure has to be regulated in the function of punch penetration

Its advantages

– great drawing ratio,

– it is suitable forming workpieces with complicated geometry in one step
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Electromagnetic forming
• magnetic coil is connected around the workpiece to the capacitor bank at 

electromagnetic forming

• high current intensity develops at connecting the coil to the capacitor bank 
charged which generates magnetic field that induces directional voltage in the 
workpiece material 

• 350 – 500 MPa forming pressure can be reached

• it can be used only to materials with good electric conductivity

• it can be used favorably linking by plastic deformation workpieces with body of 
rotation

• by means of good regulability it is also suitable to form metal-ceramic bondings
without the danger of ceramic fracture

Figure 5.42. The principle of 

electromagnetic forming

Metal spinning

Figure 5.43. The principle of metal

spinning

Figure 5.44. The metal spinning
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Stretch forming

Figure 5.45. The principal of 

stretch forming

Figure 5.46. The equipment of stretch forming
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Figure 5.47. Continuous strip bending to profile

Figure 5.50. Bending with rotating rollsFigure 5.49. Joining of sheets (edge rolling)

Figure 5.48. Bending with swinging jaw

Specific bending processes
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1. Make known with the help of a sketch the reducing operation!

2. Illustrate with the help of a sketch what kind of extrusion operation do you know?

3. Illustrate with the help of a sketch the bar-drawing technology!

4. Illustrate with the help of a sketch the principle of bending!

5. How do you determine the length of allowance in case of bending tool?

6. Illustrate with the help of a sketch the operation of U-shape bending tool!

7. Illustrate the stress and deformation conditions arising during deep-drawing!

8. Make known with the help of a sketch the principle of metal spinning!

Controlling questions:
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summary

The machining and cutting are the determining processes of the part 

production. This gives the reason that it is diseased in a repartees chapter of the 

material technologies sphere of theme.

The fundamentals of mechanical cutting, the force needed to apply them, the 

work of the and power calculations can be found in the first part of the chapter –

which deals with the chip-free cut- . Is an example it is presented the more 

important steps of traditional oxyacetylene flame cutting the cut by laser by 

ultrasound and by water jet, too.

The machining (cutting) which is the basic operation of manufacturing parts 

generally accurse according to its importance in the chapter. The chapter also 

discusses the chip forming constituting the basic of the process, the methods to 

determine the speed, the force and power demand needed for optimal machining 

(cutting) further it touches upon the connection between the surface quality and 

machining tool, too.
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Cutting

During cutting metal parts are removed from the 

object with a suitable appliance. The object formed 

during the operation is the workpiece (Figure 6.1. 

and 6.2.). The cutting appliance which forms the 

material directly is the tool. The metal parts 

removed with the tool is called as chip.

6. 2.1. The idea of cutting

Figure 6.1. Free cutting

The result of cutting is the part suitable for the required parameters furthermore 

the material removed is the chip.

Figure 6.1. shows the free cutting process the Figure 6.2. shows the restrained 

cutting process. 
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6.2.2. The fundamental ideas of cutting

Figure 6.2. Restrained cutting

. 

Symbols of the Figure:

vc – cutting speed [m/min]

vf – feed speed [m/min]

ve- resultant speed [m/min]

d2- work diameter [mm]

d1- machined diameter [mm]

α – tool clearance

β – wedge angle

γ – tool rake

Figure 6.3. The feed explanation at turning and shaping 
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Figure 6. 4. The theoretical chip area and the real chip area

The real chip area taking place during restrained cutting (Figure 6.4.) is smaller 

than the theoretical. Always it is calculated with the theoretical chip area at 

technological calculations.

The chip area : or

The shape of the chip area can change depending on the tool shape and on the 

setting respectively (Figure 6.5.) but its size doesn’t. It has to be calculated with the 

average chip area in case of changing chip area (for example at milling).

Figure 6.5. The change of the shape of chip area
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The cutting tools
It is expedient to introduce on a tool with one regular major cutting edge, the general 

questions of cutting, so the form of tools, its elements.  

Figure 6.6. The setting-up of a tool 

with one major cutting edge

Figure 6.7. The edges and planes of 

a single-point tool on the cutting part

Angles of the single-point tools

Figure 6.8. The form and angles of a single-point tool used at free cutting 

Figure 6. 9. The form and angles of a single-point tool used at restrained cutting
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Angles of the single-point tool:

α – tool clearance,

β – wedge angle, 

γ – tool rake, 

κf – major cutting edge angle,

κ’r – minor cutting edge angle,

λ - cutting edge inclination,

εr – nose angle,

Figure 6.10. Restrained cutting of the single-point tool, top view  

Figure 6.11. Angles of the single-point tool in the orthogonal system
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Figure 6.12. Angles of the single-point tool in the coordinate angle system 
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6.2.3. A forgácsképződés  folyamata

Figure 6.13.  Chip formation at 

cutting tough material

During cutting the tool penetrating into the 
material (Figure 6.13.) at first forms the 
material to be removed elastically, then 
causing plastic deformation depending on the 
material quality removes the chip (Part of film). 
The material removal happens approximately 
plane, so called along shear plane in the form 
of shives. The forming chip isn’t 
homogeneous, but is a formation consisting of 
plates welded together.

Cutting brittle material

Figure 6.14.  Chip formation 

during cutting brittle material

During cutting brittle material (Figure 6.14.) the 
material removes in lumps from the workpiece, the 
shear plane can’t be detected. At chip removal thus 
the material undergoes deformation thus the real 
dimensions of the chip doesn’t agree with the 
theoretical dimensions. 
The quotient of the chip formed and the volume of 
the material before cutting is called chip volume 
factor. It is always greater than one, for example at 
brittle material ≥ 3, at entangled, meshed chip ≥ 90. 
It can be need for this value at designing tools and at 
handling the chip. The value of the shear angle 
influences the size of the surface sheared, its optimal 
value is 45 degree.

From the chip handling standpoint the very short and very long are equally 

unfavourable. The must favourable is the 10 – 20 mm long breaked chip.
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Formation of built-up edge

Figure 6.15. Formation of built-up 

edge 

The particles of workpiece stick on the face 

of the tool and front of the edge at cutting 

tough materials with average speed, from 

time to time they peel off then they form 

again. The tool geometry, and the quality of 

the machined surface change by this.
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Workpiece 
material

Workpiece Chip

steel ≈25 ≈75

cast iron ≈50 ≈50

aluminium ≈75 ≈25

Figure 6.16. Thermic phenomenons at cutting

The energy invested during cutting 

transforms to heat almost totally (~90 %). 

Figure 6.16. shows the places of rising 

quantity of heat and the possibilities of its 

dissipation. 

The quantity of heat risen dissipates among 

the tool, the workpiece and the chip. The rate 

of dissipation are determined by the heat 

conduction characteristics of participants in 

the process.

6.2.4. Thermic phenomenons at cutting

 

  



6. Interpretation and quantification of machining and cutting parameters 193 

© Pálinkás, SZIE www.tankonyvtar.hu  

6.2.5. Tool wear and life 

Figure 6.17. Wear of the single-point tool

Figure 6.17. shows the characteristic wear of 

the single-point tool. The face and flank of 

the cutting wedge are exposed to extremely 

high mechanical and thermal loads, 

therefore wear tracks take place. 

The rate of crater wear can be characterized with the crater depth (CD), with the 

distances from the edge of the crater border (CB) as well as of its deepest point 

(CDP). The R=CD/CDP rate is also used to qualify the worn condition.

The flank wear takes place on the flank and on the minor flank, it can be 

characterized with the width of wear track (WWT). Its allowed rate (~0,1 – 1,6 mm) 

depends on the machining method and on the tool material.  

The tool life (T) can be characterized generally with the cutting time between two 

sharpening – or edge change -. There are special cases when during T-time 

o the covered length (CT) of the cutting edge in the cutting direction

o the removed chip volume (VT) or 

o the number of machined parts (NT ) is used.

Among the cutting parameters the greatest effect to the tool life first of all the cutting 

speed, the feed and the depth of cut have got. 

According to F. W. Taylor:  

The original formula:   

The extended formula:

Tool life
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Choosing, determining the tool life

Figure 6.18. Determining the tool-life and the 

cutting speed based on the Taylor-straight line

It has to be aspired to the optimal value at 

choosing the tool-life, this is however 

different and different for each process. 

Because of it short tool life is chosen in case 

of cheap tool, of easily set machine-tool. 

It alters for example between 30 – 300 min. 

during cutting with high speed steel tools, 

depending on the machining is done on 

traditional lathe or multiple-spindle automatic 

machine. 

Choosing determining the tool-life

Figure 6.19. Choosing the tool-life in knowing the minimal operation cost 

and the tool-life belonging to the maximal productivity

In case of using sintered-carbide tip/insert tool if it has got brazed tip the tool-life is 

10 – 45 min. if it has got throwaway insert 5 – 30 min. is the tool-life. The suggested 

tool-life is still influenced substantially by the cutting method.

It can also be the standpoint of 

choosing the tool-life:

 the optimal cost (K),

 productivity (Q)
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6.2.6. Relativ movement of the workpiece and the tool

Figure 6.20. Cutting processes and their movement relations

Figure 6.21. Cutting processes and their movement relations(3)

Considering the shaping and slotting motion relations they are similar, the primary 

motion is the tool straight line motion, the workpiece makes the auxiliary motion to 

be perpendicular to this. The primary motion of shaping is horizontal, of the slotting 

is vertical.

The primary motion of broaching is axial, straight line displacement of the tool. The 

feed motion to be perpendicular to this is produced by the tool construction. The 

increasing dimensions of the cutting edges following successively guarantee the 

continuous cutting.
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6.2.7. Determining the cutting force and power
Knowing the cutting force (F) it can be done:

• to control the strength of the tool and of the machine-tool, of the rigidity 

respectively, 

• to determine the workpiece accuracy and

• the machine-tool power demand.

The cutting force components:

• main cutting force    - Fc

• axial component of cutting force - Ff

• tangential component of cutting force – Fp

Factors influencing the cutting force:

• the workpiece material,

• the tool material and its wear,

• the feed, the depth of cut, 

• and the relation of these,

• the cutting speed,

• the tool rake,

• the tool cutting edge angle 

• the cooling-lubrication. 

Figure 6.22. The cutting force and its 

components

Calculating the cutting force

Among the components of the cutting force the Fc is the greatest, this is taken into 

account at the strength and power calculations.

The Ff component is important concerning the power of feeding motor, the Fp

however has got an effect to the load of workpiece and tool.

Generally:

where: Ac - is the chip area [mm2]

kc - specific cutting resistance [N/mm2] 

depending on which process is concerned:

or
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Calculating the specific cutting resistance
Turning:

where:

kc1,1 – is the basic value of the specific main cutting force, the needed force to 

remove 1 mm2 area chip [N/mm2]

h - undeformed chip thickness  [mm]

Kγ - modifying factor, depending on the tool rake

Kv - modifying factor, depending on the cutting speed

Kk - modifying factor, depending on the tool cutting edge angle

Ks - modifying factor, depending on the tool material

Ka - modifying factor, depending on the tool wear

Drilling:

where:

Kelj - modifying factor depending on the process (1,15 drilling; 1,1 counterbore) 

Milling:

where:

have – average undeformed chip thickness [mm]   

where:

fz - feed per tooth [mm]

a - depth of cut [mm]

d - diameter of milling cutter [mm]

At face milling:

where:

b – width of cut [mm]

φ   - angle of cut arch

Calculating the specific cutting resistance

At plain milling:

Grinding:

where: hz - undeformed chip thickness per one grain [mm]

d

a
fh zave 

o

o

zave
d

bfh
 


360
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Figure 6.23. Average undeformed 

chip thickness at plain milling

Figure 6.24. Average undeformed 

chip thickness at face milling 

The cutting force

where:

ae – depth of cut [mm]

ap- width of cut [mm]

vc- grinding wheel speed [m/s]

vf- workpiece speed  [m/min]

Km – correction factor depending on 

the grain size 

Fp – deepening force [N]

Fc - cutting force [N]

Fp is important because of the 

dimension accuracy!

Figure 6.25. Cutting force at grinding

Cutting force during grinding: 
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Figure 6.26. Cutting force at drilling

where: 

d – drill diameter [mm]

f  - feed [mm/ford]

Fc - cutting force [N]

Ff - axial component of cutting force [N]

Cutting force at broaching

where: 

Fz- cutting force per one tooth [N]

h- undeformed chip thickness per one tooth [mm] 

b- tooth width [mm] 

L- length of machining [mm] 

t- tooth pitch [mm] 

Ψ- teeth cutting at the same time  

Figure 6.27. Cutting force at broaching
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Cutting power

The power demand can be calculated from the already previously calculated data.

Net power demand:

Gross power demand, which takes into account the system efficiency:

where:

- is the machine-tool efficiency

Drilling power demand:

where:

Mc – is the drilling moment demand [Nm]

n - is the drill number of revolution [1/min]

d - is the drill diameter [mm]

The drilling moment demand can be calculated from the following formula:
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6.2.6.  The quality and accuracy of surface cut

The quality of the surface cut can be characterized: 

• with the surface roughness (geometric quality),

• with the condition of the surface layer (material structure quality).

Under the surface roughness the dimension and shape of the microgeometric 

irregularity of the surface is meant.

Influencing factors:

• edge geometry of the tool,

• the workpiece material, 

• the cutting parameters, 

• the method of cooling-lubrication.

Figure 6. 28. Effect of the tool edge geometry

Simplified calculating method:  
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1. Make known the idea of cutting, the free- and restrained cutting!

2. Illustrate with the help of a sketch the edge angles of the single-point tool! 

3. Make known the idea of the built-up edge, the conditions of its forming!

4. Illustrate the connection between the cutting speed and the tool-life!

5. Explain the idea of the specific cutting resistance!

6. How do you determine the power demand of cutting?

Controlling questions:
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• The cutting processes are the most frequent machining methods in the 

manufacturing process of the part. 

• Well the accuracy to gage and surface quality on parts produced in the 

machine industry dimensions and quality can seldom replaced only by 

other process. 

• That process is meant on the classic cutting when chip is removed by 

mechanical method from the work piece by tool significantly harder than 

the work piece material.

• The numerical control NC, CNC-machines alternate the traditional 

machine tools continuously. The essence of cutting process, the 

principle and method of chip forming however didn’t change.

Present lecture provides a general survey from the traditional cutting 

processes..

Introduction

 
The producing process the so called manufacturing process of the product machine, instrument, 
equipment etc. –starts by manufacturing the pre-products of the parts and ends for example by 
painting. The cutting processes are the most frequent machining methods in the manufacturing 
process of the part. Though is often more expensive than for example a metal working operation it 
can’t be disregard after all, well the accuracy to gage and surface quality on parts produced in the 
machine industry dimensions and quality can seldom replaced only by other process. 
The machine manufacturer expert thus meets often such task during his/her work when he/she has 
to choose among the cutting processes in one phase, operation of the part’s production planning. 
That process is meant on the classic cutting when chip is removed by mechanical method from the 
work piece by tool significantly harder than the work piece material. 
The cutting basic operations (drilling, lathe work, slotting, shaping) were already known in ancient 
times, too. The development of tools then later the machine-tools developed for cutting (Figure 1.) is 
continuous it can be followed up nowadays, too. 
Nowadays, it can already be met such machining process also in practice which for example remove 
the unnecessary material concerning the function of the part by electric energy with other method-
for example using the arc discharge or by galvanic way-. Such material removing method is the 
electric spark machining or the electrochemical machining. 
The product is finished from parts made by cutting in most cases by applying the series of assembling 
processes. There is also a need for strictly speaking professional knowledge for example the material 
knowledge, the mechanical engineering technology, beside the measuring also further 
organizational, labor-safety, environment protection etc. knowledge, to that the product-the process 
designer respectively could join in the work. 
The rapid technical development experienced in the latter years didn’t avoid certain fields of 
mechanical engineering technology neither. The numerical control NC, CNC-machines alternate the 
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traditional machine tools continuously. The essence of cutting process, the principle and method of 
chip forming however didn’t change. 
The modern software provide substantial help based on earlier connections worked out for cutting 
and assembling technologies so determine the planning of technological process and the cutting 
data. 
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The WJMT-system

Figure 7.1.1. The WJMT-system elements

The markings of the Figure are the 

followings:

W - work piece

J1 - jig (clamping the work piece)

J2 - jig (tool guiding-plate jig)

J3 - jig (fixing the tool-drill chuck)

M - machine-tool (drilling machine)

T - tool (twist drill).

 
That closed force chair is meant on WJMT-system in the mechanical engineering technology which 
closing takes place through the Work piece-Jig-Machine-Tool elements. (Recently also spreads the 
WJMTC, the Work piece-Jig-Machine-Tool-Control naming referring to the modern CNC-techniques). 
As the elements mentioned above are the indispensable elements of some cutting task, so they can 
have an effect directly to the result of machining. If some element of the system get damaged 
manufacturing defect can happen easily. 
Because of this it is important to examine the elements of the WJMT-system respectively the effects 
the elements influence on each other, in order to keep the manufacturing and machining defects at 
the same time as lower as possible level. 
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Lathe work

Figure 7.1.2. Wood-turning lathe in the 

ancient times (www.faragosuli.hu)
Figure 7.1.3. Modern „clamped-tip” lathe 

tool during machining

Figure 7.1.4. Industrial lathe driven 

by belt drive (transmission) XIX. century

Figure 7.1.5. The „floating” clamping of the 

work piece in case of turning operation 

 
The lathes are machine-tools designed to machine bodies of rotation first of all, but in certain cases 
to machine surfaces with different shape from these. 
The primary cutting motion is identical with the rotary movement of the work piece. The tool makes 
the auxiliary motion (for example: f-feed motion). 
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The most frequent lathe work methods

a) and b) turning, c) facing, d) taper-turning, e) threading, f) spherical turning, 

g) contour turning, h) relieving, I) camshaft turning

Figure 7.1.6. Lathe work methods

 
Choosing, calculating the technological parameters: 
The most suitable type of tool has to be chosen depending on the shape of the work piece, on the 
operation to be done and on the technological fundamentals. 
The chip area has to be chosen to the possible largest at roughing. 
The allowable cutting force sets limit to its value, which depends: on the work piece, on the tool and 
on the machine-tool. 
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The structure of engine centre lathe (sketch)

Figure 7.1.7. Main- and auxiliary motions of the 

engine centre lathe (animation)
Figure 7.1.8.  The main parts and 

kinematic sketch of the lathe
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Lathe structure in the practice

Figure 7.1.9. The main and 

feed drive with the spindle

Figure 7.1.12. The tailstock

Figure 7.1.11. The apron with the tool post (www.thesurfacegrinder.com)

Figure 7.1.10. Engine

centre lathe
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Clamping methods and jigs on the lathe  

The work piece clamping on the lathes 
depends on its shape and dimensions 
(on the given l/d ratio)

It can be three kinds of the clamping of the 
work piece theoretically:

• clamping on one of its end 

• clamping on both ends, (clamping +
supporting) 

• clamping on both ends and support on 
the middle.

It is fundamental the centering at lathe work. 
(the position is determined of two 
medium planes that is of the rotation 
axis)

the face plate, the chuck and the collets are 
the most frequent attachments of 
centering on one end. 

Figure 7.1.13. The clamping rules of 

the work piece
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The face plate and the lathe chuck

Figure 7.1.14. The work piece placing 

on the face plate

Figure 7.1.15. Face plate 

with jaws

Figure 7.1.16. Three- and four-jaw chucks and their operation

 

Face plate 
-It is also suitable clamping not only body of rotation but clamping angled work pieces or work pieces 
with irregular shape, 
Work pieces with unequal mass distribution has to be balanced by counterweight. 
Its use requires time and is complicated, 
 It is used in piece-production in general 
The four jaws of the face plate can be adjusted from each other separately. The slots and notches on 
the face plate make possible to clamp work pieces with asymmetric cross-section. The clamping is 
done by terminal bars and bolts in such a case. Likewise these slots gguarantee the clamping of work 
pieces with unequal mass distribution. 
The chuck 
-It is suitable for most frequent clamping short, cylindrical pieces. 
Chucks with three-, four-, six jaws centralize automatically with helico-thread operation 
-The error of centralization is 0,06-0,12mm. 
Pneumatic or hydraulic clamping chucks are used in large-series and mass productions. 
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Lathe chuck systems

The most wide-spread

Cheapest 

Figure 7.1.17. Lathe chucks

 

The bevel gear in the chuck fender can be rotated with the rectangular wrench. The spiral disc (flat 
worm) connects to the small bevel gear of which one side is the large bevel gear, on its other side (on 
its active face) can be found the spiral thread with square thread section to be in plane. The thread 
ribs of 3 jaws connect into these thread ditches. There are ways on both sides of the jaws which fit 
into the ditches of chuck body, so they guarantee the radial guiding of the jaws. Beside the normal 
(Cushman) chuck other forms are also used. 
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Collets 

• They are used clamping mainly accurate, drawn to size bars (it is suitable for 

clamping tool, too)

• Their taper is generally 1:10.  

Figure 7.1.18. Collets with different aims Figure 7.1.19. Collet set

(hoffmann-group.com)

 

The part also named generally as collet in practice is most other as sockets formed specially, slitted 
along the generatrixes. Their ends are conical mostly however which are not self-locking. Their taper 
is generally 1:10. They are used to clamp mainly accurate rods drawn to size. With the help of them 
usually to h9 or to h11 degree of tolerance are drawn the diameter of the rods to be clamped. 
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Lathe centres

Figure 7.1.22. Application 

possibilities 

of the tailstock

Figure 7.1.20. 

Basic lathe centres

Figure 7.1.21. 

Special centres
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Clamping between centres 

- For clamping the work piece at both 

ends lathe centers (dead centre, half 

centre, evading centre, negative 

centre, rotating centre, driving centre, 

etc) are used.

- Centre hole has to be drilled into both 

ends of the work piece.

- Normal centre is clamped into the 

spindle, rotating centre is clamped into 

the tailstock.

- The centers are not suitable to the 

moment transmission because of it the 

work piece can be rotated by lathe dog. 

Figure 7.1.23. Moment transmission to the work 

piece clamped between two centers
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Lathe rests

- It is used to prevent the buckling of long, slender work pieces.

- The rest that can be fixed on the tailstock guide of the bed is called steady rest, 

that can be assembled to the saddle is called follower rest.

- The end of the supporting pins are made of bronze (sliding bearing) generally or 

roller bearing can be assembled to them, that they shouldn’t damage the already 

machined surface. 

Figure 7.1.24. The steady- (a) and the follower (b) rest
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Lathe work tools 

The lathe tool>>>>is a tool with one major cutting edge for power metal cutting

The materials of lathe tools:

- tool steel (v = 6-10 m/min), (it is used rarely)

- high speed steel (v = 20-40 m/min, Qkrit=600°C), it is also known „RAPID” name

(for example: old marking: R3, new marking : HS1811)

- sintered carbide (v = 100-300 m/min),

- ceramic (v = 100-3000 m/min), elbor-R, composite, diamond.

Lathe tool structures:

- solid,

- butt welded,

- brazed-tip (it is the most wide-spread)

- throwaway insert

Figure 7.1.25. „High speed steel” blocks available in commerce
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Various (brazed-tip) lathe tools 

1 straight-shank lathe tool, 2 bent, 3 front edge, 4 facing, 5 corner, 6 wide, 7 grooving, 8 open-

end boring, 9 end-cutting boring, 10 point lathe tool 

Figure 7.1.26. Types of lathe tools according to the machined surface
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High speed steel and brazed-tip lathe tools 

Figure 7.1.27. High speed steel and 

brazed-tip lathe tools (hoffmann-group.com)
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Clamped insert tools

Figure 7.1.28. Clamped inserts Figure 7.1.29. Tools with insert

Figure 7.1.30. Various clamped inserts 

for different depths of cut

(Sandvik Coromant)
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Clamping methods of clamped inserts

Figure 7.1.31. Traditional clamping methods of clamped inserts

Figure 7.1.32. Modern clamping methods of clamped inserts
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Tool system

Figure 7.1.33. Example for tool setup from tool system

(Walter tools)

 

The modular tool systems are well used for to create any cutting tools for normal/special 
applications. A lot of manufacturers give these in a widely range.  
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Lathe tool posts

Figure 7.1.34. Traditional 

(four-tool)

and changing bit tool post

Figure 7.1.35. The parts 

of the changing bit

Figure 7.1.36. Changing bit 

„Italian” tool post 

(hoffmann-group.com)
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Rough and finish lathe work of outside 
cylindrical surface

There are distinguished rough, semi-finish and finish lathe work, its methods: 

• usually there is roughing in one clamping, with one tool. (it can be applied multi-

tool process) (a)

• depth of cut distribution at thick allowance for machining. (b) 

• The work piece can be turned with facing-tool      at small stages. (perpendicular 

side surface to the rotating axis, less shape error because of the small radial 

component of the cutting force) (c).

090

Figure 7.1.37. Feed and depth of cut distributions at lathe work
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Lathe work of contour surfaces 

Figure 7.1.39. Outside taper-turning 

processes

Figure 7.1.38. Spherical surface 

lathe work with jig

 

The spherical turning is done with attachment developed for this goal or by contour tool generally. 
The process done with the spherical turning attachment can be seen in the figure. The operation is 
done by hand, the depth of cut changes continuously. In order to take care of the tool edge the 
surface is pre-roughed by a usual tool at first, then it is finished to size by a contour tool. However it 
has to be known that the face of the contour tool has to be in the plane going through on the 
rotation axis of the work piece, otherwise the sphere won’t be correct. 
Machining tapers 
The tapers to be machined can be outside and inside. The outside tapers are machined with turning 
and grinding in most cases. The methods of taper turning can be surveyed in the followings. 
Taper turning by notch edged tool: short, less accurate and smooth tapers with optional slope angle 
can be made with this method. The edge length of the tool has to be as long at least as the length of 
the taper generatrix. The tool edge can be adjusted with template or with adjustable angle meter. 
Machining processes of outride tapers can be seen in the figure: 
a) taper-turning by notch edged tool, b) taper-turning with putting aside the tailstock, if the length of 
the taper is equal with the work piece, c) taper turning with putting aside the tailstock if the paper is 
shorter than the total length of the work piece, d) taper-turning with turning-off the compound rest 
slide, e) taper-turning with taper-ruler.  
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Threading 

At threading only the lead screw is allowed to throw in, the feed shaft and the cross 

slide remain disengaged.

Figure 7.1.40. Theoretical 

sketch of threading and the 

structure of the split-nut
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Centre drilling

The centre drills can be put into two main groups: centre drill without guard cone (a) 

and centre drill with guard cone  (b).

The centre drill with guard cone makes also a shorter 120° -cone besides the 60°

cone. This 120° cone protects the hole from the damage, bounce of the outer rim of 

the 60° centering cone.

Figure 7.1.41. Centre drill without guard 

cone (a) and centre drill with guard cone (b)

Figure 7.1.42. Centre holes
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Special lathes 

Figure 7.1.43. Face-lathe (chuck lathe)

Figure 7.1.45. Face-lathe (vertical boring and 

turning machine)

Figure 7.1.44. Turret lathes

Figure 7.1.46. Relieving lathe

 

The face-lathes are suitable so machine parts with large diameter, they have got face-plate only. The 
face-lathe with horizontal spindle is called face/chuck lathe, with perpendicular spindle is called 
vertical boring and turning machine. 
The turret lathes are lathes assembled with special tool holder and with stop mechanism. 
The automatic lathes make all movements needed to chip removal automatically, the control 
mechanism guarantees the repetition of certain work-cycles. The automatic lathes can have got 
mechanical or numerical controls. 
The copying lathe is suitable to form complicated cross-sections with the help of template. 
The polygon lathe is suitable to produce so called surface systems with polygon profile being more 
modern than the keyed-, lock-, and rib joints. 
The crankshaft (grinder) lathe: the work piece clamping fixtures can be turned off from the rotation 
axis (cutting moving pins). 
The relieving lathe is suitable to machine the flank of milling tools first of all. A control disc 
guarantees the radial movement of the tool. The machined surface is an Archimedes spiral. 
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Shaping/planning, slotting

Figure 7.1.47. Slotting machine

Figure 7.1.48. The principle of slotting 

(www.sulinet.hu)
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Shaping/planning 

The shaping/planning and slotting are cuttings done 

with single-point tool, with straight line, 

reciprocating main movement and intermittent 

auxiliary movement (with feed). It is the common 

characteristic of shaping and slotting that it takes 

place by removing constant chip area. (Figure)

Figure 7.1.50. Chip removal at 

shaping/planning (slotting)

Figure 7.1.49. Shaping/planning and slotting tools Figure 7.1.51. Deformation of straight 

and of goose-neck tools

 

The cutting motion is done either by the work piece (planning) or by the tool (shaping). The feed 
motion also can be done by the work piece (shaping) or by the tool (planning). The tool cuts only 
during the cutting stroke. After the back motion before the cutting stroke the work piece or the tool 
more with the feed set. It is suitable to machine plain or surfaces put together from planes. It’s 
productivity is low, the tool is cheap the shaper/planer is sample. They are indispensible in piece-
production. The accuracy of shaping/planning at roughing is IT12, at finishing is IT9-10, the attainable 
average surface roughness is at roughing Ra =12,5-100µm, at finishing Ra =3,2-12,5µm.  
The figure shows the disadvantage of the straight shaping/planning tool opposing the radial tool. The 
deformation ensuing the effect of the cutting force increases in case of using straight tool but in case 
of using radial tool decreases the depth of cut and so the chip area, too. 
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Slotting  

Figure 7.1.52. Forming the work piece to slotting 

(guaranteeing the free run-out of the tool)

It is suitable machining grooves and other configurations in internal holes or on 

external surface of the work piece. It is similar with shaping. It is a low productivity, 

less accurate cutting process. The cutting main movement is parallel with the tool 

shank it is perpendicular generally. The tool does the main movement, the feed is 

done by the work piece clamped on the machine table.
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Planers/shapers

Figure 7.1.54. The parts of shapers

The type of the chosen machine depends 

on the workpiece size. The smaller 

workpieces can be machined with 

shapers, the bigger can be machined with 

planers.

Figure 7.1.53. Planer (double framed)

 

The planner: the tool makes the rectilinear/straight, reciprocating horizontal primary motion. They 
have got mechanical connecting rod or hydraulic structures (the idle motion is quicker than the 
cutting stroke). The connecting rod motion results changing, the hydraulic structure results constant 
cutting speed. 
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Operation of the shaper (animation, sketches)

Animation, main parts (it starts to click):

Figure 7.1.57. Kinematic sketch

Figure 7.1.56. The main parts 

of the shaper

Figure 7.1.55. The main motion 

of the shaper (animation)
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Slotting machines

Figure 7.1.58. Main parts of slotting machine

Theoretically it is a perpendicular set shaper. The tool does the reciprocated 

perpendicular main movement (cutting movement), the work piece does the double-

stroke feeding movement (auxiliary movement) in horizontal direction. The auxiliary 

movement can be: longitudinally- or transverse and circular movement, too.
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Operation of the slotting machine (animation, sketches)

Figure 7.1.61. Kinematic sketch

Figure 7.1.60.  Main parts of 

the slotting machine

Figure 7.1.59. Main movements of 

the slotting machine (animation)

Animation, main parts (it starts to click):
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Work piece clamping at shaping/planning and slotting 

Figure 7.1.64. Rotary table 

(shaping, slotting, drilling, milling)Figure 7.1.62. Clamping squares

Figure 7.1.623. Machine vises

In case of shaping/planning and slotting the work piece 

is clamped into machine vise which is fixed on the 

table with the help of Tee slots. In case of serial-

production using jigs is economical.

 

Clamping squares 
Among the clamping squares there are stationary (Figure 7.1.62.) and adjustable clamping squares. It 
can be machined surfaces perpendicular to each other with the help of the stationary version. It’s 
setting makes easier the fence fit into the Tee-slots of the table. The adjustable-type clamping 
squares cam be used to machine skew surfaces advantageously and can be adjusted between 0-90°. 
Machine vises 
Smaller work pieces can be clamped into machine vise assembled on the machine table. The machine 
vises (Figure 7.1.63.) are the most often used work piece clamping jigs. During their use the work 
piece is clamped between their jaws. One of the jaws is a fixed jaw built together with the vise body. 
The other can be moved according to the work piece dimensions on the vise slide-with the help of 
hand crank-. 
The two clamping surfaces of the hardened jaws is grinded parallel, so they are perpendicular to the 
bolster of vise, so its slide respectively. There is also a turntable variation of the machine vises (Figure 
7.1.63./b) which upper part can be turned on the base. The division of degrees to be on the vise 
makes possible the exact setting. 
Rotary table (shaping, slotting, drilling, milling) 
The rotary table (Figure 7.1.64.) is used at milling circle-symmetries surface sections or surfaces with 
prescribed angle position. The rotary table makes possible the rotation around vertical axis of the 
work piece clamped and to clamp the work piece at certain angle positions. The angles can be 
adjusted on the angle-scale or by the divided plate assembled to the rotating wheel at certain types. 
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Dividing/indexing head (shaping, slotting, drilling, milling)

It serves to rotate the work 

piece around horizontal axis to 

set its prescribed, accurate 

angle positions (for example: at 

milling gears, parts with multi-

cross section parts, spiral 

surfaces, etc).

Figure 7.1.65. Indexing attachments 

 

Rotation around horizontal axis or setting the prescribed, exact angle position of work pieces can be 
made with dividing/indexing head (for example milling gears, work pieces with polygon cross-section, 
spiral-surfaces, etc.) 
Indexing attachments are used in special cases (Figure 7.1.65.). 
The universal dividing/indexing head consists of two parts: the fixed- and the swing parts. This latter 
is assembled into the body with the dividing/indexing head spindle. The position of the swing part 
can be checked from the calibration and can be fixed in all positions. The position of the dividing 
head spindle  can also be vertical just like.  
The turning of the dividing head spindle in determined angle the „pitch” can be executed with the 
help of the immobile dividing plate of the crank of the turning shaft of the spur gears the worm and 
of the worm gear. 
Different rows of centre circles can be found on the dividing plate-along concentric circles-. The 
spring rod assembled into the handgrip of the crank can be connected to the arbitrary hole of these. 
For the same of this the handgrip of the crank can be connected to any row of circle in radial 
direction, too. 
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Drilling processes

Figure 7.1.66. The twist drill
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Drilling and counterboring

Figure 7.1.67. Drilling operations

Figure 7.1.68. Edge angles of 

the twist drill 

It is a cutting process to be suitable machining internal cylindrical surface in which 

both the workpiece and the tool can do the cutting movement and the feeding 

movement. It can be differentiated several types:

 

It can be done on several machine-tools (lathe, drilling machine, boring machine, etc.) The tool 
makes the cutting motion and also the feed motion on drilling machines, at lathe work the work 
piece rotates. 
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Located drilling machines

Figure 7.1.69. Bench drill

Figure 7.1.70. Drill press

Figure 7.1.71. Pedestal 

drilling machine
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Drilling machines and boring machines

Figure 7.1.72. Radial drilling machine Figure 7.1.73. Boring machines (horizontal)

Figure 7.1.74. Position boring machine
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Tool holders of the drilling machine

Figure 7.1.75. Morse taper and traditional 

(keyed) drilling chuck

Figure 7.1.77. HD 

(hydraulic, hydroplastic) 

chuck

Figure 7.1.76. Drilling 

chuck by hand (quick) 

clamping
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Milling  

Figure 7.1.78. 3D-al milling (www.normatool.hu)
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The milling in general, plain milling

The milling is a machining of flat or contour surface with defined multi edges cutting 

tool making rotary movement around its axis. 

Figure 7.1.79. Fundamental milling processes

Figure 7.1.80. Down and up plain milling

 

The milling tool is a body of revolution, regularly placed cutting edges have been formed on the case 
or active face of which. 
The milling tool makes the primary cutting motion however the work piece makes the feed auxiliary 
motion in general. 
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Tools of plain milling

Figure 7.1.82. Form milling cutters

−disc-type milling cutter (Fig. a.)

−angular milling cutter (Fig. b.)

−Tee-notch milling cutter (Fig. c.).  

Figure 7.1.81. Derivation 

of milling tool from the 

single-point tool

Figure 7.1.83. Edge angles of the milling cutter

 

The plain milling cutters are multi-edged tools with regular edge geometry. They can be derived from 
cylindrical body and from as many „lathe tool” placed on its surface as many teeth the milling cutter 
has got. Close-toothed milling cutters are applied to hard materials, scanty-toothed milling cutters 
are applied to softer materials. Light metals can be machined by entirely scanty-toothed milling 
cutter. 
Milling matches disc-type milling cutters are used (Figure 7.1.82./a) . There are cutting edges on both 
sides of the disc-type milling cutters (d=40-180mm). They can have got straight edge and bevel edge, 
they are solid and assembled (insert) constructions. The disc-type milling cutters with small diameter 
are made with shank. Such milling cutter is called Tee-notch milling cutter because of its shape 
(Figure 7.1.82./c). The form cutters are suitable to machine notches, guides, different tooth grooves. 
The rectangular milling cutters can be symmetric or asymmetric constructions. The milling saws and 
the rotary saws also (d=315-1250mm) can be considered as narrow disc-type milling cutters (d=25-
315mm).  
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Face milling 

Figure 7.1.84. Face milling

During face milling the tool does the main cutting movement, the work piece does 

the auxiliary movement. The axis of milling cutter is perpendicular to the machined 

surface.

 

Plain surfaces can be made by face milling. The achievable accuracy at roughing is IT10-12, the 
surface roughness is Ra=12,5-100 µm. At finishing the accuracy is IT8-9, the surface roughness is 
Ra=3,2-12,5µm. 
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The tools of face milling 

Figure 7.1.86. Edge geometry of the 

inserted-blade face milling cutter
Figure 7.1.85. Inserted-blade face milling cutter

Figure 7.1.89. Shank-type 

milling cutters

Figure 7.1.87. Face milling head 

with carbide-tips

Figure 7.1.88. Inserted-blade 

face milling head

 

The powerful face milling cutters-in order milling heads- have got tool bit or insert constructions. In 
order to make easier the survey only a single tool bit is drawn in the figure. The interpretation of tool 
planes and edge angles are similar with the descriptions of the single point tool. The face edges of 
the face milling cutters continue in the side edges. 
Figure 7.1.85.  shows a powerful, brazed construction hard metal tip tool. The section of a 
changeable insert face milling cutter can be seen in Figure 7.1.86. Figure 7.1.87. shows a milling head 
with eight inserted blades. Figure 7.1.89. shows some characteristic shank-type milling cutters. The 
fixing of blades are solved with wedge rectracted with screw. 
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Milling machines 

Their productivity is greater, their accuracy is better than the shapers/planers, and 

they are also suitable to produce more complicate configurations. Clamping and 

rotating the milling cutters (main movement) take place with the spindle specially 

formed. The position of the spindle can be horizontal and vertical. Usually the work 

piece does the auxiliary movement with the help of slide-systems. The auxiliary 

movements can be straight line or rotary movement.

The milling machines became specialized according to the tasks to be done (knee-

type, surface-, copying, thread- gear generating and special milling machines as 

well as milling units). Within these the machines can be grouped further.
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Universal milling machine 

Figure 7.1.90. Main parts of 

the universal milling machine
Figure 7.1.91. Kinematic sketch

The universal milling machine belongs to the group of knee-type milling machines. 

The spindle is horizontal. The arbor fixed into the spindle is supported by the arbor 

support. With adjustable position on the over arm. The spindle has usually got hole 

that the tool or the drawing bolt of the arbor should be interlaced. Its bearing 

support is usually roller but it can be plain, conical sliding bearing, too.
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Horizontal milling machine 
(animation, it starts to click)

Figure 7.1.92. Main movements of the horizontal milling machines (animation)
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Vertical milling machine 

Figure 7.1.93. Main parts of the 

vertical milling machine Figure 7.1.94. Kinematic sketch

The vertical milling machine belongs to the knee-type milling machines, too. Its 

structure practically corresponds to universal milling machine mounted with vertical 

milling head, but the milling head is by far rigid. The vertical milling machine hasn’t 

got compound rest, so its table can’t be turned.
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Vertical milling machine 
(animation, it starts to click)

Figure 7.1.95. Main movements of the vertical milling machine (animation)
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Clamping the tool and the work piece 

It is also very important task the exact determination of the position and rigid 

clamping of the work piece at milling. In case of serial-production milling jigs are 

used. In case of piece production the work piece is clamped directly onto the 

machine table with clamp irons. The surface of the table and its notches can be 

used to determining the position. 

Figure 7.1.96. Work piece clamping on the table of milling machine
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Clamping of plain milling cutters
The plain milling cutters are assembled to the arbor fitted with bearings at its both 

ends.

The moment transfer is done with the help of a key.

Figure 7.1.97. Bracket support of

the plain milling cutter

Figure 7.1.98. Shaft-type arbor in section

Figure 7.1.99. Main elements of the clamping of the plain milling cutter
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1 stub arbor, 2 face milling cutter, 3

clamping screw, 4 spacing collar, 5

rotary key, 6 spindle, 7 key, 8

drawbar 

1 milling cutter clamping head, 2 nut, 3 split bush, 4 milling cutter 

Clamping of face milling cutters

Figure 7.1.100. Clamping the milling 

head with drawing screw

Figure 7.1.101. Clamping the 

shank-type  milling cutter in collets

 

Two standpoints has to be taken into account at clamping the milling cutters: partly the run accuracy 
should be appropriate partly the moment transfer should be guaranteed. This is solved in case of 
face milling cutters with forming the sleep-or Morse taper of the hole of milling spindle and with 
applying the drawbar. 
The face milling cutters are clamped by arbor which makes possible the cutting of active faces. 
The lower power, smaller than 32 mm diameter milling cutters with cylindrical shank are clamped 
into clamping head. 
The moment transfer here happens with friction on the cylindrical surface, because or it the nut has 
to be tighten with great force. Drawbar is also used at Morse-taper spindle. 
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Typical milling machining I.

Figure 7.1.102. Typical milling machinings I. (www.mechlook.com)
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Typical milling machining II.

Figure 7.1.103. Typical milling machinings II. (www.mechlook.com)
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Broaching and drawing

Figure 7.1.104. Drawing machine and forms drawn (1904)(hu.wikipedia.org)
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Broaching 

The broaches are put into two main groups depending on the place of 

application of the driving force: drawing and push broaches. 

Figure 7.1.105. Drawing and pushing internal broaching

Figure 7.1.107. Drawing and pushing external broaching

Figure 7.1.106. Internal broaching in 

practice 

(www.dumont.com)

 

The economically attainable accuracy to gauge is IT9 at broaching plain surfaces. These cutting tools 
are called broaches. Which have got more edges with regular edge geometry, by which different 
shaped outside and inside surfaces of machine elements are machined. 
The broaches constructions are long rod or flat bar with large number transversal teeth. As it was 
mentioned before the broaches are suitable to machine inside and outside surfaces and based on 
this internal and external broaches are distinguished. The work piece has to be rough machined for 
the internal broaches. The rough-machining is a hole made with appropriate allowance generally, 
which has got circular cross-section. The broach makes straight motion considering the clamped 
work piece during broaching. The teeth of the broach remove in thin layer continuously the 
allowance from the work piece and from the machined surface gradually. 
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Broaching 

Figure 7.1.108. Main elements of internal broaching

(hu.wikipedia.org)

Figure 7.1.109. Examples form 

done by internal broaching

 

The broaching has got the following technical economical advantages: 
 high productivity, 
 high machining accuracy, 
 good surface quality, 
 long tool-life of the tools, 
 low operation cost of the tools, 
 minimal probability of producing waste, 
 and the possibility of employing trained workers 
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Figure 7.1.110. Broaching on CNC-machine 

(www.productionmachining.com)

Figure 7.1.111. Modern broaching machine 

(www.ohiobroach.com)

Broaching nowadays 
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Grinding and fine surface machining

Figure 7.1.112. External cylindrical grinding

 

The grinding serves for machining hard materials (for example steels, hardened castings) surfaces 
with hard layer (for example hard castings). High accuracy and fine surface roughness can be 
attributed by this method. In case of machining large, coherent surfaces its disadvantage is that its 
cutting output is low. 
The grinding is a finishing operation generally. However it can be the preceding, preparing operation 
of the fine surface machining (fine grinding, lapping, superfinishing), too. Before heat treatment 
during the rough-cutting calculating the warping hardening greater grinding allowance is needed. 
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Grinding methods
External cylindrical grinding

Cylindrical grinding of external cylindrical surface can be done with the following 

methods. Grinding with lateral feed with more cut, with small depth of cut.

Figure 7.1.113. Longitudinal and 

in feed cylindrical grinding

Internal cylindrical grinding

the internal grinding corresponds to the external cylindrical grinding from cutting 

standpoint. It is an important difference with the previous, that the hole size sets 

limit to the wheel dimensions.

Surface grinding

During surface grinding the small parts are clamped to the magnetic clamping 

plate. 

Figure 7.1.114. Grinding of formed surfaces

 

Cylindrical grinding 
The relatively very long, thin work pieces are machined according to this most general and most 
known grinding method. 
Only the rests with open frame are suitable for grinding. The work piece is supported only by two 
jaws in them and the grinding wheel grinds the surface in the rest, too. 
The grinding is done with lateral feed, with total dept of cut. 
It is a productive process but it is used only to grind relatively short, rigid work pieces. The grinding 
wheel is set to total depth of cut and the total allowance is grinded with traverse feed with one cut. 
The total allowance can be 0,1-0,4mm, too. 
The grinding in the direction of the depth of cut between centers is suitable for grinding short work 
pieces. 
At center less grinding the three-point locating element of the work piece placed between the 
grinding  wheel, and the guide-(control wheel respectively)- wheel as well as the supporting lath is 
itself the surface to be grinded. During grinding the locating element changes but it carries with itself 
the shape defects (ovality, lobbing, etc.) of the previous operation (lathe work) which the grinding 
can only correct partly. The unequal hardness of the material can also cause shape defect because 
the grinding wheel cuts better at certain places than elsewhere. 
The achievable accuracy to gauge by finish grinding is IT6-IT8. 
The grinding is accident risk operation in particular because of this keeping the labor safety 
instructions has to be checked continuously during grinding. 
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Internal cylindrical grinding 
At grinding with traverse feed the stroke-length of the machine has to be set so that the grinding 
wheel doesn’t leave the hole in end positions because then the two ends of the hole are enlarged 
because of the increased specific pressure. 
Accuracy to gauge IT6 can be achieved with grinding. 
Surface grinding 
Rough-grinding is used at machining cast-irons generally. The tool is usually a segmental grinding 
wheel with large diameter. Before finish grinding the accuracy of surface form-the accuracy of 
surface position respectively is guaranteed by finish milling or shaping. 
The accuracy to gauge that can be achieved economically is IT8-9 with finish grinding it is IT10-12 
with rough-grinding.  
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Clamping methods and jigs at grinding
At cylindrical grinding the work piece can be clamped into chuck, between centers 

(the drive is transferred by lathe dog) or it can be clamped into collets which is 

turned by a separate drive.

The work piece is clamped into chuck or collets at internal cylindrical grinding. In 

case of surface grinding the clamping plate (so called magnetic table (Figure 

7.1.116.)) operated with direct current electromagnets clamps to the table in most 

cases. These magnetic clamping plates guarantee quick clamping and at the same 

time more work pieces can be clamped. After grinding it could be needed to 

demagnetize the part.

Figure 7.1.116. Magnetic table to surface grinding
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Finishing  

The best accuracy and the best surface quality can be reached with finishing 

technologies in the mechanical engineering technology.

Fine turning

The fine turning is mostly done with sintered-carbide tip/insert tool or with industrial 

diamond, with high cutting speed, with small feed and depth of cut. The attainable 

accuracy can be IT5, the average surface roughness is   Ra=0,1 - 1,6 μm. 

Fine milling

The economical attainable accuracy is IT7 - IT8 with fine milling. The surface 

roughness is Ra=0,32 - 1,6 μm. The fine milling can be used generally at machining 

sliding surface (slide ways of machine-tools), to machine accurately fitting but not 

moving surfaces (cylinder-head). Fine milling is done in most cases with face 

milling, with face milling-head having one tip/insert and the tool is tilted 

corresponding to the advancing direction.

Fine boring

The 75% of the machining allowance is removed in the first step the remaining 

allowance is removed in the second step. Both steps of the fine boring has to be 

done in a single clamping. It can be reached is case of steel IT6 – IT7, in case of 

cast iron IT5.

 

The finishing processes were used mainly in bearing production, in the gauge production and in the 
car industry however it is already used nowadays in many fields where there is a need for high 
accuracy to gauge and high accuracy to shape. By using the finishing processes the parts moving on 
revolving and plain surfaces already will be more wear resistant by increasing the accuracy to gauge 
and surface quality to their service-life will be longer. 
The resistance against fatigue load and corrosion of the details also can be increased by finishing 
technologies. Finishing can be made with regular edged tool (fine turning, fine milling) as well as also 
with irregular edged tool (fine grinding, lapping, honing, superfinishing). 
Fine turning 
The surface roughness can be further reduced by increasing the cutting speed and by reducing the 
feed as well as with plentiful cooling. Smoother surfaces and higher accuracy can be achieved 
generally on non-ferrous metals than on steel or cast iron with the same cutting data. The work piece 
surface is prepared with half-finish or finish lathe work before this operation. 
Fine boring 
The fine boring guarantees the geometric shape of the hole with very high accuracy. Its preparing 
operation is the half-finish turning, the finish counter boring or the broaching in most cases. 
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Finishing  

Fine grinding

It is usually done on a surface which was machined 

with finish grinding. The reachable accuracy is: 

• on external cylindrical surface IT 5

• on flat surface IT 7

Lapping 

It is one of the oldest machining method to make 

surfaces with great accuracy and very good surface 

finish, the essence of the process is that such 

surface is applied as a tool which embodies the 

surface requiring lapping of the work piece. 

Figure 7.1.117. The principle of lapping

a) The beginning of the process, b) the end of the 

process, c) the operational principle of the 

lapping-machine

 

Fine grinding 
The surface roughness is Ra=0,8…0,32μm. The fine grinding differs from the finish grinding only in the 
quality of the finish grinding wheel and in the cutting data really. The binding material of the grinding 
wheel and in the cutting data really. The binding material of the grinding wheel is rubber or Bakelite 
generally, rarely is ceramic, the fineness of the grain is 32-35. The hardness of the grinding wheel is 
softer than M, its density is 4-5. 
Intensive cooling has to be guaranteed during this technology, the coolant must be clean, grain free 
because of these it has to be filtered carefully.  
Lapping 
The tool is made of cast-iron generally. The machining takes place so that fine grinding grains are 
carried between the surface to be machined and the tool surface with the help of liquid. These grains 
cut gradually those protruding parts of the surface that remained from the previous machining while 
the work piece and the tool more off compared with one another. This displacement that is the chip 
removing motion is regular, non repeating motion. There is no forced connection between the 
motion of the work piece and of the tool. 
Its field of application is there, where the accuracy to gauge and fineness to shape of the work piece 
can’t be achieved with other method. The achievable accuracy in mass production is IT4, at favorable 
conditions is IT2. The average surface roughness of the producible surface is Ra=0,07…0,014μm. The 
workability of the work piece requires appropriate structure and forming. The advantage of 
machined surface such ways that it is more corrosion resistant.  
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Figure 7.1.118. The honing tool (a) and its 

equipment (b)

Finishing  

Honing

Really all materials can be machined 

with this technology, but it has to keep in 

mind that the hardness of the material to 

be machined has got great influence 

onto the material removing power and 

onto choosing the tool material.

 

Honing 
The value of allowance to honing is 0,02-0,2mm generally. 
The length of the abrasive slicks is one and a half larger than the bore diameter usually. The stroke of 
the tool has to be set thus that the abrasive stick should overrun at the ends below and above of the 
hole with 1/2ݙ part of the stick length. The choosing the quality of the abrasive stick is based on the 
same principle as in the case of grinding. 
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Finishing  

Superfinishing 

The superfinishing is mainly used to fine-machining of external cylindrical and flat 

surface. The reachable surface roughness is Ra=0,04 μm and IT5 – IT6 (IT4) 

accuracy can be accomplished. 

Figure 7.1.119. The principle 

of superfinishing

 

Super finishing 
Surfaces with increased quality requirements can be made by this process that it removes only the 
protruding unevenness's, thus it is a process to improve the surface quality. Grinding is usually the 
roughing to super finishing. During machining if the unevenness's come to an end further removal of 
stock also comes so an end automatically. 
The super finishing is suitable to connect small shape deficiencies merely (for example waviness) but 
it can’t correct definitively neither taper nor ovality. 
The principle of the process can be in the figure. 
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Conclusions

Through near 70 foils of this lecture you have got an inside view into the cutting 

processes to be one of the most fundamental operation group maybe of the most 

wide-spread manufacturing technologies.

It was possible shortly to get acquainted with the fundamental cutting methods 

(lathe work, drilling, milling etc.), with the main characteristics, tools and equipment 

of these.

Naturally the knowledge attained here serves only a start to become absorbed 

further in the cutting more detailed.

It is important to cal attention also to that the cutting processes are perhaps the 

best developing technologies nowadays, let’s think to the possibilities offered by 

the CNC, CAD/CAM techniques but they get a part in the micro the nano and 

space technologies. Because of this the development of cutting has to be followed 

up continuously, in the field of newer and newer technologies and tool materials 

explicitly.

The 30 control questions to be at the end of the lecture provide help to decide to 

what extent was successful so attain the material of knowledge.

To find the further material of knowledge (for example on the internet) thus the 

important English-Hungarian keywords provide support to be found on the last foil.
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Controlling questions:
1. What is called to WJMT-system, make known its elements! 

2. List the main lathe work methods!

3. Make known with the help of a sketch the main elements of the engine lathe and the characteristic movements!

4. The clamping of the workpiece on the lathe depends mainly on what and how is it possible? 

5. In case of machining between two centres the moment how is transferred to the workpiece? 

6. List the lathe tool types according to machining!

7. What kind of insert clamping do you know in case of modern lathe tools?

8. What kind of methods did you know of clamping lathe tools, what do you know on tool system?

9. List the methods of taper turning, which spindle is used at threading?

10.To which workpiece machining is used the slotting? 

11.Compare the operation of shaping and slotting!

12. Illustrate with the help of sketch the main parts of shaper and its movements!

13. Illustrate with the help of sketch the main parts of slotting machine and its movements!

14. In case of shaping, slotting, drilling how do you clamp the workpiece, what do you mean on HD-chuck? 

15.List what kind of drilling operations, drilling machines and equipment did you know?

16.Compare the plain- and face milling operations (machined surface, tools)!

17. Illustrate with the help of sketch the main parts of the plain milling machine and its movements!

18. Illustrate with the help of sketch the main parts of the face milling machine and its movements!

19.How is it possible to clamp the workpiece and the tool on milling machine? 

20.List the characteristic milling machining!

21.Group the broaching processes on the bases of movements!

22.What kind of parts are machined at broaching? 

23.What kind of mode can be integrated the broaching between the operations of the CNC machining centres.

24.List what kind of finishing do you know! 

25.What kind of grinding operations did you know!

26.How is it possible to clamp the workpiece on surface- and on cylindrical grinding machine? 

27.What accuracy and surface roughness can be reached by fine-turning? 

28.What accuracy and surface roughness can be reached by fine-milling? 

29.What accuracy and surface roughness can be reached by fine boring and fine grinding? 

30.Compare the principles of lapping and superfinishing!
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English keywords

• cutting

• chuck

• turning/lathe work

• lathe

• thread cutting

• planing/shaping

• slotting

• milling

• down milling

• up milling

• end mill

• saft-type arbor

• dividing head/indexing head

• drilling

• drill

• drilling machine

• broaching

• grinding

• abrasive

• lapping

• honing

• superfinishing
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The fundamental ideas of cut

It is called cut when the interruption of the material contimity is done by shearing

stress.

It is distinguished: shearing cut, blanking and piercing.

It is called blank the outspread into plane pre-product of the generally spatial

workpiece to be made of one sheet.

The chopping is that operation when the sheet is cut to the approximate blank of

the workpiece with plate shears or with circle shears.

It is blanking if the piece cut from the blank is the finish product or it needs further

processing.

It is piercing if the piece cut from the blank is the scrap (however this „scrap” in

many cases can be the blank of another product).
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Chopping

Chopping: is the total separation of the material, on non closed line. This is carried 

out in most cases by shearing cut. This is such mechanical material separation 

without cutting, which is done by two cutting edges moving towards one another 

moving beside one another of two shearing tools. It is known the scrap-free and 

with scrap variations of the chopping. In the first case the cutting lines are the same 

on the two sides following one-another of the workpiece, because of it scrap 

doesn’t rise.

Figure 7.2.1. The sketch of material separation

Figure 7.2.2. Chopping of bars

Figure 7.2.3. The sketch of sheet chopping
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Figure 7.2.4. Sketch of the shears with skewed blades

Figure 7.2.5. Cut with circle shears

In case of cut with skewed blades the A-cross section sheared is smaller than at cut 

with parallel edges so the shear force would be smaller, too:

where: 

s : the thickness of the sheet to be sheared [mm]

F : the amount of the shear force [N]

ϕ : the cutting angle.

Two relations are known for the amount of work needed to cutting:

at parallel edge: where –c- is the correction factor (c = 0,5 – 0,8)

at skew edge:
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The part falling out 

from the tool is the 

useful workpiece: 

blanking.

The part falling out from the tool is the scrap, the remaining sheet is the useful 

workpiece: piercing.

Figure 7.2.6. Blanking

Figure 7.2.7. Piercing

Figure 7.2.8. Analyzing the force theory of the cut

The F shear force operates along the shearing line. The shearing length to the cut 

theoretically: l = l1+l2+…+ln = Σln

The defined A with sheet thickness = sl is the sheared surface, and the amount of 

shear force determined by the shear strength of the material: F =slτsh. 

The amount of real maximal force in the practice: Fmax =(1,1-1,3)slτsh.

The shear strength can be calculated from the tensile strength (Rm) of the material: 

τsh = 0,8Rm.
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The work demand of blanking: W = cFmaxs, [Nm]

where: c – is the correction factor (0,3-0,75)

The power demand: P = (fWn)/η, [kW]

where: f – is the correction factor (1,1-1,4)

η – efficiency.

Figure 7.2.9. Structure of the tool 

with guiding plate
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Figure 7.2.10. Tool with guiding 

column (bloc-tool)

1. Base plate (MSZ 3452).

2. Quenched cylindrical pin (MSZ14887-78)

3. Die (shear plate) (MSZ 3453)

4. Cheese head with full length threaded 

screw (MSZ 2449) 

5. Capstan-head screw (MSZ 2472)

6. Strip pressing plate

7. Cylindrical piercing punch (MSZ 3028-83).

8. Distance bush

9. Punch-fixing plate (MSZ 3453).

10.Pressing plate (MSZ 3453).

11. Cap screw

12. Belleville-spring (MSZ 5280-80).

13. Clamping pin (MSZ 3453-77).

14. Head plate (MSZ 3452).

15.Guide bush (MSZ 3468).

16. Blanking punch

17. Retracting pin (MSZ 3458).

18. Swinging guide-plate (MSZ 3452).

19. Depth stopping pin

20. Guide column (MSZ 3458).

21. Reinforcing plate

22. Material guiding lath

Figure 7.2.11. Stopping methods
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Strength calculation of the blanking-tool elements

At dimensioning it is expedient using as a base the MI 3438/1-74 proposal 

according to the following:

Punch: it has to be checked to buckling and to compression. It has to be chosen 

stepped punch for small size holes according to MSZ 3028-83, or it has to be 

guided in a bush the punch, maybe it has to be formed telescopic guiding. The MI 

3438/1-74.2. chapter contains the dimensioning of buckling and the proper punch 

shape, the setting-in.

Die (shear-plate): according to the technical literature it has to be dimensioned to 

bending. In reality its load is more complex because of the side forces and of 

stress-concentration places. The inclosuring dimensions of the standard die (shear 

plate) was determined based on the experiences (MSZ 3453-82), those can be 

used with guarantee. As a checking the descriptions can be used in the MI 3438/1-

74 directives.

Springs: it has to be designed with the strength theory formules known taking into 

account the needed and maximal forces, the spring rigidity and the space of the 

place to be at disposal.

Other tool elements: these has to be developed to that they should endure the 

dynamic loads without break during the tool expected service-life.
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Tolerance calculations of the die (shear plate) and punch
The task is that the dimensions and tolerances has to be determined that the 

dimensions of workpieces manufactured with these tools should be within the 

tolerances prescribed after the low-rate wear of the tool elements and the 

springback of the part, too.

The process of tolerance calculation

The tolerance ranges are set towards the material, so at holes the lower limit while 

at pins the upper limit is equal with the nominal dimension.

The dimension of the part blanked is determined by the die (shear plate), the 

dimension of the part pierced is determined by the punch. 

Discarding the elastic deformation after cut of the workpiece as well as taking into 

account that during operation of the tool – because of the wear – the punch 

dimension reduces, the die dimension however increases, so the tolerance ranges 

of the tool elements has to be set at piercing according to Figure „a”, at blanking 

according to Figure „b” concerning the tolerance range of the workpiece.

It has to be taken care at the tolerance ranges that as the tolerances refer to 

diameters at the clearance also appears the twofold (z) of the single clearance 

(u = z/2)!

Figure 7.2.12. The position of tolerance ranges

a) if the outer dimension of the workpiece has got tolerance

b) If the inner diameter of the workpiece has got tolerance
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Shaving

Such workpieces which cut surface has to be smooth, clean of burrs, perpendicular 

to the sheet plane and has to be made with strict dimension- and geometrical 

tolerance can’t be manufactured (only) with traditional blanking.

These increased quality requirements can be accomplished by shaving or fine 

blanking. 

The clearance to be applied is about tenth of the applied at traditional blanking. 

The shaving press tool has to be assembled to such forming machine that can 

guarantee the operation with accurate, coordinated regulated speed and force of 

the tapered collar, the counter-punch and the blanking punch.

Figure 7.2.13. Shaving
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Other cutting operations

Figure 7.2.16. Hand cutting (sawing)

Figure 7.2.17. Power cutting (sawing)

Figure 7.2.14. Clip
Figure 7.2.15. Round cutting
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Figure 7.2.18. Plasma cutting

a) The principle of plasma cutting

b) The appliances of plasma cutting

Thermal cutting

Oxygen cutting 

The cutting head (1) is assembled to the rolling carriage (2). The cutting oxygen gets 

to the cutting torch through the tap 3. The tap 4 serves regulating the pre-heating 

flame. 

The pre-heating flame is the mixture of some kind of burnable gas and oxygen 

(for example: acetylene + oxygen).

The conditions of oxygen cutting:

the metal should be burnable in oxygen

the ignition temperature of the metal should below its melting point

the melting point of the metal oxide should be lower than the metal melting point 

the combustion products should be high-fluid, should be easily removed, the 

metal caloricity (reaction heat) should be high, its thermal conductivity should be 

of little value .

Figure 7.2.19. The equipment of oxygen cutting
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Laser cutting

The laser beam meets locally the metal to be cut, the gas blasts the molten material

• first of all metals can be cut approximately to 25 mm

• assembled to robot cutting with optional shape can be accomplished

Figure 7.2.20. Laser cutting

The types of laser cutting:

• cut by oxygen:

the focused laser beam heats the material to be cut to the burning point. The 

high purity (3,5- number) oxygen accessory gas blown into the kerfs burns the 

material and blasts the risen slag. The burning process accelerates the cut. This 

technology is used to cut plain carbon steels especially.

• cut by high-pressure inert gas 

the focused laser beam meets the material to be cut. The molten material is 

blasts from the kerfs with 20 bar pressure, high purity (4,5- number) inert 

accessory gas (mostly nitrogen). This process is used for example to cut 

stainless steels, tool steels, aluminium, etc.. 

• sublimation cut:

The focused laser beam evaporates the material to be cut. Inert gas (nitrogen or 

argon) blasts the stream from the kerf. This method is used at those materials 

which hasn't got liquid phase, which don’t form molten material respectively. such 

are the paper, wood, certain plastics, textiles and the ceramic.
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Laser cutting

• it is a contact-free thermal cutting process, with the highest accuracy,

• in consequence of laser beam focused intensively the kerf is very narrow (0,1-

0,6 mm) and the deformation caused by the heat is minimal, 

• edge preparation is possible to 15 mm thickness, 

• comparing with flame cutting and plasma cutting after laser cutting further 

surface machining is not needed.

The advantages of laser cutting

• contact-free technology, parts with any complexity, small and large sizes can be 

cut alike. 

• these is no need for blanking die or die changing. 

• it is precise, the kerf is some tenth millimeter altogether. 

• because of the high energy-concentration the heat affected zone is narrow, the 

distortion is small. 

• the cutting is rapid, the cut surface is smooth, clean of flash. 

Figure 7.2.21. Laser cutting machine
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Abrasive water-jet cutting

High pressure water-jet (~3800 bar) cuts through the material, often abrasive 

material (for example: granite grist) is fed into the jet

• the sheet/plate is moved by the coordinate table in x and y directions

• by this process nearly all materials can be cut, steel plate up to 100 mm, too

Figure 7.2.22. Water-jet cutting machine

The water-jet cutting can be a useful alternative of the traditional thermal cuttings.

The abrasive materials charged into the water jet as a supplement make possible 

to cut wide-spread variations of metallic and non-metallic materials, as for example 

plain carbon steel, stainless steel, titanium, aluminium, stones, glass, ceramic, 

plastic and composites.

Because of the distributional density of the particles and small sizes in this line an 

extremely uniform and exact material removal takes place. This is itself the kerf.

In case of appropriate compression ratio and feed it can be reached the surface 

quality almost equal with grinding, too. During water jet cutting there is no flash 

forming and getting hit of the workpiece is minimal (25-40  C). Connecting the 

equipment to the ESAB cutting machine outstanding result can be reached.

To satisfy the process requirements with the ESAB machine developed by linear 

path guiding the possibilities guaranteed by the water jet can be utilized totally.

The servo. driven driving  make possible to reach 2,5-25000 mm/min cutting speed 

with abrasive material. The cutting speed using only water can be expanded to 

50000 mm/min. (http://www.esab.co.hu/)
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The greatest advantage of the water jet cutting is that the process itself is a cold 

cutting process and any material can be cut practically. Its greatest disadvantage is 

that it is a comparatively expensive technology

Its advantages

• During cutting harmful materials to environment don’t come into nonbeing, and 

harmful materials aren’t used respectively (because there is no coolants and 

lubricants, there are no releasing gases)

• Slag doesn’t form on the surface

• The cut able scale of material quality is very wide

• The thickness of cut able materials is single is 30 cm, is case of iron still it 

excesses the 10 cm, too.

• The material loss is minimal owing to the narrow kerf (0,03-1,6 mm)

• The cutting is rapid

• Complicated configurations can be produced

• There is no temperature because on the cutting surface, by that the internal 

characteristics of the material cut don’t change

Its disadvantages

Accuracy problems (the forming kerf is characteristic to the material composition, it 

hasn’t got smooth surface because of the abrasive effect to be material dependent)

Comparatively short service. life of the forming attachments

Water vapour forming

Spring king water and other materials during cutting

High noise level

Frequent compulsion service of the high-pressure pump

Abrasive kind accumulating from time to time in the tank, constituting the cutting 

table and other falling material pieces forming during cutting which has to be 

cleaned beside interrupting the machine .
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Ultrasound cutting
This technology can be used to cut materials that can’t be cut by the previous 

processes or can be cut with difficulty and it can be used to cut brittle with not 

enough small roughness machinable materials and to cut materials not conducting 

electricity (engineering ceramics, glasses, semi-conductors). The equipment used 

operate by the magnetostriction principle. The tool is fixed by soldering to the 

acoustic transformer behind the resonator made of ferromagnetic material. The 

acoustic transformer is applied to increase the amplitude of the mechanical 

vibration raised by the resonator. Its disadvantage is that the cross-section to be cut 

is thin relatively, the efficiency of the energy utilization neither is good (it is about 

40 %).

Figure 7.2.22. The structure of the 

ultrasound cutting equipment

The cutting head melts the material borders during ultrasonic cutting compared with 

the traditional technologies, by this means the material doesn’t get fibroins, it doesn’t 

require post-works. The bed best example in the cutting of synthetic materials used in 

the textile industry, too..

Its fixed of applications: 

• food industry

• textile industry

• animal food production

• packaging technology

Figure 7.2.24. Ultrasonic cutting equipment
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1. Make known the fundamental conceptions of cutting!

2. Illustrate with the help of sketch what kind of cutting operations do you know?

3. Illustrate with the help of sketch the difference between piercing and blanking!

4. Illustrate with the help of sketch the guiding elements of the tool!

5. What is the shaving?

6. What other cutting operations do you know?

Controlling questions:
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Electric-spark machining

The role of electric-spark machining determine its advantages in the metal 

mashing:

• whatever hard material with electric conductivity can be machined with high 

accuracy and to appropriate surface quality by a tool to be softer than the 

material,

• during electric-spark machining mechanical forces don’t rise which would 

distort the workpiece and the tool,

• flash doesn’t form.

The electric-spark machining is suitable:

• to produce accurate surfaces with intricate shape into hard (quenched) 

material (tool manufacturing)

• to make orifices, ruptures with small cross-section (part production-for 

example: diesel fuel-pumps, fuel injectors, gas-turbine cooling holes-parts 

used in nuclear engineering)

• to pare surfaces with shape (small-scale sheet-part manufacturing, tool 

repair)

• to chop very hard materials (laboratory works)

• to renew tool cavities without heat treatment with re-counter boring (tool 

repair).

The principle of electric-spark machining

During electric-spark machining discharging series are generated between two, tool 

electrodes immersed into insulator fluid (into dielectric fluid), and as a result of this 

on one of them (workpiece) develops the print (its negative) of the shape of the 

other tool electrode.

Figure 7.3.1. The principle of electric-spark machining

1 workpiece; 2 tool electrode; 3 control equipment; 

4 generator; 5 dielectric fluid
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The phases of material removal

Figure 7.3.2. The phases of material removal

The relation between the greatest roughness Rmax of the surface machined by 

electric-spark and the energy capacity of impulse:  

p

eWKR max

where:

K: material factor, We: is the impulse energy, p: is the exponent characterizing 

the material.

Electrode materials

Whatever metal with good electric conductivity is suitable for tool electrode. 

The most often used electrode materials:

• copper, electrolytic copper or pressed copper (for general use, for steel 

machining)

• brass, above all to wire electric-spark machining

• high density graphite, above all to steel rough machining (tungsten-copper)

• tungsten to drilling holes

• aluminium (silumin), to rough electric-spark machining of forging dies.



300  Materials technology 

www.tankonyvtar.hu  © Kári-Horváth, SZIE 

Dielectric fluid

The dielectric fluid is always some kind of dielectric medium, which:

• takes part in the process of electric-spark machining

• insulates the tool electrode from the workpiece

• insulates the parts under voltage from the environment, so it provides 

shelter form accident, too.

• removes the material particles formed during cutting

• stores and clears away the heat developed during electric-spark machining).

The most important requirements against the dielectric fluid:

• high dielectric strength also in high temperature

appropriate viscosity

great specific heat

good thermal conductivity

high flash point

weak gas absorbent and slag solution capacity

the vapor of the dielectric fluid should be

dangerous as, much as less to the health, finally

it doesn’t cause corrosion.

The most often used dielectric fluids:

• deionizationed water

• transformer oil

• petroleum

Flush-out

a) Mixed current flush-out with lifting the electrode; b) counterflow flush-out; 

c) direct-flow flush-out; d) sucking counterflow flush-out; e) sucking direct-flow flush-out

Figure 7.3.3. The sorts of flush-out



7.3 Other material parting processes 301 

© Kári-Horváth, SZIE www.tankonyvtar.hu  

Processes of electric-spark machining

Figure 7.3.4. Electric-spark machining 

with profile electrode 

Figure 7.3.5. Electric-spark machining 

with wire-electrode

W: workpiece, E: electrode, 

WS: wire spools, MB: machine body, 

D: dielectric medium

Figure 7.3.6. Electric-spark machining with rotary electrode

SG: spark gap, E: electrode, D: dielectrie medium, W: workpiece
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Electrochemical machining

Its principle: external voltage source is conducted through the electrolite then the

positive ions (cation) of the electrolite migrating to the negative pole (cathode) the

negative ions (anion) to the positive pole.

Two versions of the electrochemical machining are known:

metal part renewing with metal filling

metal partition.

Metal filling

The electroplating technique and chemical processes are used in case of smaller

corrosion.

Metal filling processes:

• hard porous chroming

• galvanic plating

• chemical copper plating.

Its advantages:

• they don’t cause constitutional change

• they don’t raise higher stress

• the thickness of the layer can be regulated well.

Galvanic metal partition

It can be accomplished with the electrolysis of aqueous solution of metallic salt. 

Here the electrolite is such salt solution containing metal ions by which metal the 

part is wished to coat.

The advantages of the electroplate:

• it sticks to the base metal well

• constant layer thickness

• non-porous coat develops.

Figure 7.3.7. The thickness of the metallic layer dependence upon 

the shape of the anode and of workpiece
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The energy of the supply devotes not only neutralizing the ions but also it has got

losses. This is usually characterized with the current-utilization factor.

f

t

Á
m

m


The components of galvanic baths:

• metallic salts, which cations segregate on the part

• conductor salts and conductor electrolytes which reduce the bath resistance

and can be used beside low voltage high current

• regulators of anodic polarization which are called polisher additives

• buffers regulating PH-values

• surface-active (detergent) materials, which reduce the surface tension.

Electrolytic grinding

The electrolytic grinding is the combination of the traditional grinding and the 

electrochemical material parting. Its most important field is the tool sharpening, it has 

got great importance at the sharpening tools to be sensitive to grinding in particular. 

Figure 7.3.8. Theoretical sketch of the electrolytic 

grinding

1. abrasive grain, 2. bonding material of the 

grinding wheel, 

3. the surface of the hard metal object

4. anodic film (the product of solution), 5. electrolyte
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Electrolytic grinding

During electrolytic grinding the workpiece is pressed with determined pressure to 

the metal wheel conducting electricity. A transporting pipe passes the electrolyte to 

the place of machining. 

Figure 7.3.9. Theoretical sketch of electrolytic grinding 

The task of the electrolyte:

• keeping the electrolysis

• corrosion protection

• producing a semi-conductor layer on the tool surface, which prevents the

spark

• to contribute the removal of detached particles

• the layer developed on the workpiece surface is removed mechanically.

Determining the detaching mass (md)  

where:

Ar: is the relative atomic mass of the workpiece material

I: is the by-passing current intensity

t: is the time of current flow

n: is the valence of the element.

96500




n

tIAr
md
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Factors determining the material parting power:

• voltage

• the material of the tool and workpiece

• the size of the surface to be machined

• the tool revolution

• the quantity of the by-passing electrolyte and the grinding pressure.

Figure 7.3.10. Improved shape wheel increasing

the effectiveness of electrolyte supply 

The peculiarity of the electrolyte:

• the metal parting takes place only on the anode,

• there is a direct connection between the amount of

material and the current intensity.

Voltage: 5-15 V

Current density:0,5-2 A/mm2

Clamping pressure: 2-12 daN/cm2

Grinding speed: 20-30 m/s
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EBM: Electron Beam Machining

The process of the electron beam machining:

- the electron beams are directed to the workpiece surface

- the impacted electrons get catched (braked)

- kinetic energy  HEAT ENERGY

- the beam penetrates into the material

- the material melts

-the fusion: evaporates

- steam bubbles at explosion get ejected

The depth of the electrons’ penetration depends:

- from the electron speed

- from the accelerating voltage 

- form the material density

Figure 7.3.11. Optical system

S: light source, I: collimator lens, II: focusing lens

Figure 7.3.12. The electron optic system

a: cathode, b: aperture, c: accelerating aperture

d: focusing electromagnetic coil, e: high voltage
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Figure 7.3.14. The structure of the electron beam machining equipment 

Electron gun

Electron tube with tungsten, tantal cathode emits electrons. It accelerates the 

electron beam to 200000 km/s speed which is the 66% of the light velocity then the 

electromagnetic lens focuses (10-200 μm) to the workpiece, so great current density 

1 MW/mm2 concentrates into small area.

Electromagnetic field: low (< 30 kV) and high voltage (> 100 kV) systems.

The most important requirements against the equipment:

• great power density on small surface

• energy transfer should take place in impulses

• the striking distance of electrons and the accelerating voltage should seat so 

the given task.

Application of electron beam machining:

• to polymerization

• to surface quenching

• to welding

• to remilting

• to drilling

• to cutting

• to milling

• to engraving.



308  Materials technology 

www.tankonyvtar.hu  © Kári-Horváth, SZIE 

Ultrasonic machining

Its principle:

The producing of ultrasound

vibrating sound source  MAGNETOSTRICTION

VIBRATION frequency: 

it doesn’t depend: on the stimulus mechanism

it depends: on the size of sound source

on the elastic characteristics of the vibrating medium

Figure 7.3.15. The principle of magnetostriction 

The advantages of magnetostriction:

its efficiency is good around in the usual 20 kHz range

it affords high power in wide scale

it is insensitive external influences (water, pressure, etc.) 

its service-life is long with proper cooling

it is comparatively simple, cheap.

The requirements against sound sources:

tunable

volume control

stability

good radiating capacity

appropriate frequency range

high power
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Figure 7.3.16. The operation principle 

of the concentrator (ultrasonic tool) 

Figure 7.3.17. Material parting with 

ultrasonic machining

C: tool, p: pressure, 

M: fluid for machining

W: workpiece, C: abrasive grains

Figure 7.3.18. Theoretical sketch of the ultrasonic machine

1: magnetostrictive vibrator, 2: ultrasonic tool, 3: tool surface, 4: cooling cap

5: counterweight, 6: machine frame, 7: workpiece, 8: pump

9: fluid container, 10: weight giving pressure
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More important technological characteristics of the ultrasonic machining:

the vibration speed, v m/s

frequency, f kHz

amplitude, A0 m

workpiece material,

pressure, p Pa

the size of the machined surface, Asz mm2

grain material,

grain size, d m

fluid,

grain concentration in the fluid, Vm mm3/min

feed speed, ve mm/min

tool wear, Vsz mm3/min

specific tool wear, =(Vsz/Vw)100%

the fluid circulating,

the depth of the hole, h mm

The rotary-milling ultrasonic machining combines the effect of rotary and vibrating 

movement erosion. 

The diamond tool-head doing 0-8000 revolution per minute moves with 20 [kHz] 

frequency during rotation 0,05 mm down and up and advances with constant feed.

The application field of ultrasonic machining:

it is used to machine very hard, brittle materials.

The workpiece needn’t conducting electricity it is also suitable to machine non-

metallic materials. The process can be utilized mostly in the precision mechanics in

manufacturing precision tools (blanking and casting die tools, draw dies, etc).

The properties of the material to be machined are very important in the machining

standpoint.

Machinable materials:

• glass

• semi-conductors

• jewel

• ceramic

• etc.

The surface quality machined with ultrasound depends:

• on the grain size

• on the physical-mechanical properties of the workpiece

• on the vibrating amplitude of the tool

• on the tool roughness

• on the fluid characteristics transporting grains.
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Plasma stream machining

Figure 7.3.19. The theoretical sketch of the plasmatron

The tungsten electrode in the plasma torch is the cathode and around it the water 

–cooled nozzle is the anode. 50 and some hundred voltage is connected on the 

system containing the tungsten electrode and the anode and there is a 100 A-

current flow. The very high temperature plasma stream flows out through the 

nozzle with 2 - 3 Mach speed and this plasma stream does the machining.
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Plasma cutting 
There is no oxidation at plasma cutting. 

The high-energy plasma concentrated only some tenth mm2 surface melts the 

material and the high-speed plasma stream removes the molten material from the 

kerf. 

The gas flowing speed

can be regulated in accordance with the plasma power and the diameter of 

focus spot

Contrary to oxygen cutting where metals are cut predominantly the plasma cutting 

is suitable for cutting other materials as for example Al2O3 and other ceramics, 

glass, quartz, etc.

It can be used favorably in the 

technology of steel construction to cut 

such forms which welding is also done 

with plasma technoloqy because of the 

smoothness and accuracy of the kerf 

wall.

Figure 7.3.20. Plasma cutting 
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The appliances of cutting: 

- Electrical source: the needed voltage is 50-400 V, the current 150-200 A with 

adjustable values. 

- Plasmatron. The material cathode is W or Mo, the anode is copper. It has to be 

supplied with water-cooling because of great thermal load. 

- Gas-supply system. The needed gases are conducted from cylinders through 

pressure reducing regulator into the torch inserted the control-system. 

- Cooling. It came up the necessity of cooling the anode (nozzle) previously. 

The mechanism of cutting is complicated, general technological specifications can 

be given with difficulty. In case of a cutting equipment with given product the 

manufacturer gives the expedient parameter values, these are advisable to keep. 

Not only cutting but drilling are possible with plasma stream. In this case the 

plasma stream (and the workpiece) are at standstill until it goes through on the 

whole thickness of the plate. It is an economical process as the operation time is 

some seconds. 
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Controlling questions:

1. Make known with the help of sketch the electric-spark machining!

2. What kind of fluid is used at electric-spark machining?

3. Present/demonstrate the types of electrochemical machining!

4. Make known with the help of sketch the structure of the electron beam

machining equipment!

5. Present/demonstrate the appliances of plasma cutting!
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NNS/NS technologies

• The development of materials science, measurement

and control techniques made it possible to manufacture

finished (NS - Net Shape) or nearly finished (NNS -

Near Net Shape) workpieces with former prefabrication

methods. This is determinative in the aspect of saving 

cost, energy, labour and material.
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The material and energy demand of part manufacturing 

Utilization of raw material Manufacturing process Energy demand of 1 kg of

product

90 Casting 0-38

95 Powder metallurgy 29

85 Cold or semi-hot working 41

75-80 Die forging 41-49

45-40 Cutting 66-82

100% Ü 0% 0 MJ Þ 100 MJ

Machining is indispensable due to the manufacturing precision demand of the

workpiece.

Ever more precise machining is being made necessary by the high technical

demands, nanotechnology is becoming common.

Machining
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The history of casting

• 3000-1500 BC Bronze Age (tin bronze)

• 224 BC Cholossus of Rhodes (32 m tall, bronze)

• 1252 Great Buddha, Japan (120 t , 9% tin-20% lead)

• 1400 (Ming) Great Bell (Beijing, China, 46 t, 120 dB-20 km)

• 1709 Cast iron bridge (Coalbrookdale, USA)

• 1586 Tsar cannon (40 t)

• 1735 Kreml bell (193 t)

• Áron Gábor, Ábrahám Ganz 

 

The oldest cast jewelry and arowheads were made 4000 BC. The biggest cast statue, the Sun Buddha 
of Nara, is in Japan, a Nara-i Nap Buddha, weigths 500 tons, is made of bronze and is more than 21 
meters high. The oldest casting artefacts in our homeland are findings dating bac to 1800 BC bronze 
age, arrowheads, spearheads, axes. About 4700 years old, early bronze age (antique) metal 
worksop’s remains were found in Jordan. Several hundred clay molds turned up. They were made for 
axes, pins and chisels. A sudden, powerful earthquake buried the working foundry, being insulated 
for several thousands of years by the earth. 
 Casting was handmade until the 1700s. Mainly, candle holders, cups, bowls, bathtub, statues and 
weapons were cast. The heaviest castings were bells, cannons and the various building ornaments. 
From the time of the industrial revolution, casting got used for manufacturing agricultural machinery, 
milling equipment, building engineering parts and other machine parts. Domestic casting industry 
started to develop after the concilation in 1867. 
Our first foundries were MÁVAG Öntöde (1868), a Diósgyőri Vasgyár Öntödéje (1884) és a Weiss 
Manfred Művek Csepeli Öntödéje (1895) (Note: öntöde means foundry). In these, production was 
performed at the highest standards of the age. The Ganz Öntöde at Buda also became world famous 
with its special shell castings. It shipped to every part of the world for the milling industry and the 
railways, but several fomus bulding’s column system were also made here, ie. the columns of the 
main hall of the former Indóház, recently Corvinus University.  
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The Cholossus of Rhodes
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Great BUDDHA

13.35m tall, 120 tons (Cu+9% Sn, 20% Pb)

 

The Great Buddha (1252-Kamakura age, Japan). Its curiosity is that  it is assembled from plates, it is 
hollow and its plates were mechanically fastened, then cast welded (with liquid metal). 
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Tsar bell (Kreml, Moscow)

 
The biggest bronze bell in the world, it weights 193 tons, it is 6,14 m tall and 6,6 m in diameter. It was 
made in 1733-35 by russian casting master Ivan Moritin and his son. 
Its material is 84% Cu, 13% Pb. It cracked in the fire in 1737, still being in the casing pit, when the 
water, used for putting out the fire, run over it. The piece, which can be seen beside it broke out, it 
weights 11.5 t. The outer surface of the bell is intricately ornamented, the life-size relief of tsar 
Alekszej Mihjlovics  and queen Anna Ivanovna can be seen among several others. 
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8

Tsar Cannon (Kreml, Moscow)

 

The classic of the XVI century’s russian casting craft, one of the most precious artefact of field 
engineering. It was made in 1586 by casting master Andrej Csohov. The tsar cannon is the tsar of 
cannons, not only tsar Fjodor Ivanovics’s cannon. The mouth diameter of the cannon is 90mm, the 
length of the bronze tube is 5,34 m, the tube’s wall thickness is 15 cm at the mouth , and 40 cm at 
the gunpowder chamber. The weight of the tube is 40 t.  
Its purpose was to defend the Szpasszkij-gate of the  and the bank of river Moscow. No trace of it 
firing was found. The hollow cannonballs weigh 1 ton, their wall thickness is 9 cm. Their inside was 
filled with gunpowder and was fired at the enemy with burning tinder. 
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9

Castings

1

5

4

3

2

6

 

1.-B&D Drilling shield (AlSi alloy), 2.-car cylinder head (OPEL), 3.- bust of Neumann János (BME statue 
park), 4.- Ganz Ábrahám bogie wheel mold (Öntödei Múzeum Budapest), 5.-Diesel engine block (Al 
and cast iron base) prducts of Csepel Művek (Öntödei Múzeum Budapest), 6.- Cast iron spiral 
stairscase (Öntödei Múzeum Budapest) 
Typical cast parts in our days are the main parts of car engines (engine block, crank shaft, cam shaft, 
cylinder, piston), a train wheels, water and gas valves, pump housings, pump rotors. The gas turbine 
housings and the gas turbine blades of aircrafts are also cast. The number of articles for personal use 
and fittings is tremendous from doorknobs to taps, bathtubs to coffee machines. The various casting 
technologies differ greatly from each other in costs, productivity, the mass, size, precision and 
surface finish of castable workpiece, the minimal wall thickness and later machineability. 
Casting processes are used for manufacturing both foundry intermediate products (rods, bulks, etc.) 
and machine parts. Today’s casting processes are typical NNS/NS (near net shape/net shape) 
technologies. Their cost effectiveness and productivity ensures the renaissance of this ancient 
technology . The machining due to the precision demands of the workpiece is indispenable. The 
rising technological demands make ever more precise shaping necessary, nanotechnology becomes 
common.  
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• The basic concept of casting is pouring the liquid metal into a mold

(hollow cavity), which fits the casting. The metal takes up the shape of 

the mold and can be extracted after solidification. Disposable and 

permanent molds are used.

• The classic material of the mold is clay bound sand – this is green sand

casting. The thixotropic clay covers the sand grains and binds them

together.  The arising gases can escape through the sand grains (this is 

also aided by air channels). Separable and non-separable molds are

known.

• The mold cavity is created by a pattern. The pattern can be disposable

(wax or polimer foam)  or reusable, which is removed before casting. 

The pattern is the positive copy of the workpiece modified with finishing

allowances, core prints, drafts and sometimes sprues.

• The penetration of the liquid metal into the cavities of the workpiece is 

prevented by cores.

• The liquid metal is transferred into the mold cavity by the gating

system.

 

Sand molding is the oldest, but still widely used casting technology today. Its variants differ mainly in 
the used methods and materials binding the sand. 
In green sand casting, the sand is mixed with clay and water (ie. Tipical molding material for 
aluminum castings is 10-15% clay and 5-9% moisture content). The moist clay ensures the sticking of 
quartz grains. The thixotropic characteristic of the clay ensures the good shapability then the good 
strength. The strength of the mold can be enhanced with drying. Coke sleet (3-5%) can also be added 
for gas absorption, mainly for iron casting, which demands higher temperature. The sand mold is 
parting (exceptions are ie. pit casting and some lost wax or foam casting processes). Molds form the 
outside shape, cores form the inner cavities of the casting The mold usually includes the sprue 
system used for delivering the molten metal and the core prints used for placing and securing the 
cores.  
Thixotropic characteristic: the material becomes more plastic with increased mechanical stress while 
its ductility also improves. It holds its shape when the mechanical effect ceases. (clay, for example is 
kneaded and trampled on by the ceramic workers before processing). 
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The creation of the pattern and the core

 The material of the pattern can be wood, metal or polimer. It is ideally
lightweight, wear-resistant, non-absorbent and dimensionally stable. 
The wooden patterns, made by pattern makers, are painted.

• The cores are made from better quality materials, sand and binding
agent, since the mechanical and heat stress is greater. It can be made 
either in core box (wood) or by machining. It is occasionally reinforced
by metal net or core rod.

• Usually both the pattern and the core are separable (parting plane). 

 

The dimensions of the pattern include the machining allowances and the casting allowances, the 
latter ensuring castable geometry. The extraction from the mold is made possible parly by the draft 
of the pattern (shaping draft) and partly by the knockdown of the pattern. The surfaces 
perpendicular to the parting plane ar made with 0,5-1° draft with automated sand molding and 1-3° 
draft with hand sand molding.  
The material of the pattern is glued, layered wood or hard plastic with unique and low series 
production and metal with high series production (Al-alloys, bronzes, cast iron). The edges of the 
pattern are made with fillet. The wooden patterns are made less absorbent with painting. 
During casting, the cores suffer higher stresses than the mold due to heat and the buoyancy of the 
liquid metal. 
 Green sand cores are made from core sand and by ramming into the core boksz. The green 
core sand contains both oil and binding agent. Thus, it has higher binding strength. Long, thin cores 
are reinforced with core rod. For the sake of air ventilation, paraffin string is put into the core, and 
coke sleek is mixed to the core sand for gas absorption.  
Sand cores are always dried out before casting in furnace at 180-230 o. 
When casting metals with higher melting point, the cavities of the finished molds and the cores are 
coated with parting compound for avoiding the burning on of the metal. The parting compound can 
be a mixture of graphite, sand, water and linseed oil, but silicate powder, suspended in denaturated 
spirit was also used (they are superseded due to enviornmental issues, water based ones are used). 
The coating inhibits the chemical reaction of the surface of the mold and the metal and the 
penetration of the metal (intruding amongst the sand grains). 
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Sand molding in a flask (moulding box)

Core

Core print

Sprue,

feeder

Pattern

Parting plane

Riser

Cope

Drag

Casting

Mould

 

The pattern making proceeds as follows: the pattern is placed on the molding plate which serves for 
shaping th mold cavity, the core print and the sprue system. A flask is placed around the pattern 
which is filled with molding sand. The desired density of the sand mold is acquired by hand ramming 
with low sizes and series and by squeezing, shaking and slinging, or by (constant or pulse) air-gas 
vacum squeezing for enhancing productivity with higher series. The density of the mold is decisive in 
the aspect of the quality of the casting. The mold must not have any chemical, nor physical reaction 
with the material of the casting, must be sufficiently string during casting, must lose its strength by 
the finish of the casting (easy shakeout), must be sufficiently gas permeable and must provide good 
surface for the casting. (The grain size of the mold is proportional to gas permeability and inversely 
proportional to the surface finish of the casting).  
 After making the drag, the mold is turned upside down and the cope flask is placed onto the 
drag flask. The patterns of the cope is placed in and the flask is filled with sand. The sand is 
alternatively rammed and supplied. Meanwhile, the core is made in the core boksz from sand or 
other, stronger material. The patterns  are extracted from the finished molds, the cores are placed in 
their places designated with core prints, then the halves are assembled with the pins on the flasks. 
The so assembled mold is loaded with weight or the halves are clamped together so the buoyabcy of 
the liquid metal can not separate them. 
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Casting with feeders and sprues

Runner Gate

Sprue

Pouring cup

RiserRiser

 

In the biggest cross-sections, risers (feeders) have to be applied to supply the shrinking metal. Thus, 
the piping or the undersized places can be avoided. The principle of calibrating the riser is to have 
longer total congealing time in the riser’s metal than in the fed casting region (the fed region remains 
liquid for the longest time, and is usually the thickest part of the casting).  
This function of the riser can be acquired by their weight, with heat insulation or with heating. The 
yield is determined by the weight of the casting/(weight of the casting+weight of the riser) ratio 
(usually 50% with steel casting and 80% with grey iron castings). In practice, around 20% of the riser’s 
weight is used to feed the casting. 
There are numerous practical and theoretical methods to size the riser, it is feasible to pick the first 
one from the book, then refine and check it by FEM simulation. 
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• The casting drawing differs by:

– Finish allowances

– Draft

– Technological allowances

from the finished product, the above mentioned being added to its
dimensions. Drafts, starting from the parting plane, are applied for
molding and casting (for the sake of the removal of both the pattern and 
the finished piece). The drift is more acute on the inner area and less 
acute on the outer one (the drift also depends on the surface roughness of 
the mold/pattern, and is less acute in case of metal patterns and molds).

Casting construction
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Allowances and drift

Explanation of molding drifts
a)-b) mean; c)-d) additional; e)-f) reduced molding drift and their supplying on the 

drawing
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Shrinkage
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The compensation of the shrinkage during congealment is the task of the feeser (riser), the solid 
state dimension change must be taken int account during pattern making. 
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Shrinkage of different iron, steel and metal alloys

Steel, non-alloy or  low-alloy 2,0 
Steel, alloyed, austenitic 2,5...3,0 
Gray iron 1,0
Ductile iron, cast state 0,8...1,0
Ductile iron, heat treated to ferrite-
pearlitic state

0,3

Ductile iron, heat treated to ferritic
state

0,0

Malleable iron, white* 1,0...2,0 

Malleable iron, black* 0,0...1,0

Malleable iron, pearlitic* 0,5...1,5
Tin bronze 1,5
Red alloy 1,5 
Brass 1,6...2,2 
Aluminium bronze 1,6...2,2 
Lead bronze, lead and tin bronze 1,5
Copper 1,8
Aluminium-silicon alloys 1,0...1.2 
Aluminium-magnesium alloys 1,0...1,5 
Magnesium alloys 1,0...1,4

*The given percentages are results of the sum the shrinkage of cooling and the
dimension gain of heat-treatment.
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Size dependence of shrinkage

Material and size of the casting Shrinkage %

Gray iron

Small sized 0,8…1,2

Medium sized 0,6…1

Large sized 0,4…0,8

Steel

Small sized 1,1…2,2

Medium sized 1,6…2,0

Large sized 1,4…1,8

Alloys of the 

copper

Small sized 1,4…1,6

Medium sized 1,0…1,4

Large sized 0,8…1,2

Alloy of the 

aluminium

Small sized 0,8…1,2

Medium sized 0,5…1

Large sized 0,3…0,8
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Gating systems

Design of the sprue

Recommended design of the 

gating system

A1 Cross-section

A2 
Cross-
section

Cuboid 
shaped 
pour cup

Downward
tapering
sprue

Sprue base

Tapering runner in 
the drag side

Gates in 
the cope 
side

Mold cavity 
in the cope 
side

 

The flow of the liquid metal during casting has to be controlled to be basically laminar in character. 
During cavity filling, the flow process can be determined by the Bernoully-equation and the volume 
continuity. The Bernoully-equation explains the conservation of energy during the flow of the liquid. 
If we apply the Bernoully-equation and the volume continuity to the cross-section of the liquid 
stream, we can determine the proportion of the lower and higher cross-sections. The practical sprue 
systems do not always follow the recommended ideal geometry. Instead of the cuboid shaped 
pouring cup, conical pouring cups are used at many places, which makes the inclusion of the slag, the 
oxidized metal surface and the air into sprue system. With current technology, the ceramic filters, 
placed in the pouring cup greatly enhance the quality of the casting (they filter foam and impurities). 
We do not make a great mistake if we substitute the prabolic geometri with a conical one, because 
the bigger cross-sections affect the flow in the sprue favourably due to flow loss. The flow of the 
liquid metal is more comlex than, for example of the room temperature water, since the viscosity of 
the molten metal changes significantly with the temperature. The oxidation of the metal also affects 
the flow, as well inclusion and slag content, its congealing characteristics, the extent of overheating, 
the casting speed and the interaction with the mold (heat exchange, effect of surface layer). 
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Gating system

• The dimensions of the gating system are determined by

the pouring time. During the pouring time, the liquid

metal must reach even the most distant point of the mold

cavity (before the metal congeals). This time is 

determined by heat conduction and heat capacity

conditions, it depends basically on the wall thickness of 

the casting, as well as the viscosity, specific heat and 

heat conduction of the poured material.

• Practical formulas and modern simulation programs

(VEM) can also be used for sizing.

 

The pouring time is needed for calculating the cross-section of the runners. The liquid metal has to fill 
the cavity during the pouring time without solidifying. There are practical formulas, theoretical 
solutions, nomograms, diagrams and computer analyses for determining the pouring time. The 
pouring time depends on the physical characteristics of the liquid metal and the cavity: mass, specific 
heat, heat capacity, specific surface, thermal conductivity, etc. The material and standard wall 
thickness of the casting. The reduced wall thickbess of the casting is the proportion of its volume and 
surface. 
Such an analysis shows that thin walled castings cannot be gravitationally poured (especially into 
dies). 
The pouring time of die casting is a split second. 
The pouring time can be determined by the time the molding material can withstand during mold 
filling. Modern molding sands desintegrate easily for teh sake of simplifying the cleaning process. 
Traditional dried clay molds allowed one minute pouring time, modern ones allow the thenth or half 
of it. 
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Pouring time (for traditional molding)

Pouring time (s)

Real wall thickness 
2xmm

 

The time required for cavity filling can be determined, for example, with S.I. Abcouwer’s formula: 
X(X+xo)=4*a1*t/(π*p2) , where: 

X is half the wall thickness of the flat casting 
xo is a correction factor 
a1 is the thermal conductivity of the metel (mm^2/s) 
t is the pouring time to be calculated 
p2 is the correction factor related to heat losses in case of permanent overheating and  
sand mold 
The formula gives sufficient results with 10-30mm wall thickness but not for thin walls. 

 
The formulas can also be summarized by diagrams. The one above is I.I. Abcouwer’s fomula in 
graphical form.  
 
  



338  Materials technology 

www.tankonyvtar.hu  © Németh, BME 

Elements of the sprue system

Casting

a) Pouring cup

b) Sprue

c) Runner

d) Ingates

e) Choke

a) Pouring cup

b) Sprue

c) Runners

d) Closed feeder head

Vertical sprue system

a) Pouring cup

b) Sprue

c) Runners

d) Vents

Casting
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Residual stresses

Stress buildup

Stress measurement

Stress elimination
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Stress buildup

• Restrained deformation (shrinkage, expansion)

– Great difference in wall thickness, uneven cooling

– Large casting size

– Hard inner core

– Acute changes in wall thickness

– Material charateristics (stress relieves in softer materials)

Hot cracks occur upon congelation up to 900°C, follows grain
boundaries and has oxidized surface.

Cold cracks (occur on cool piece, due to inner stress)
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The effect of raw material (ferrous alloys)

• Cast irons high in sulfur which cristallize with relatively 
hard dendritic primary structure has greater inner 
stresses than the relatively softer graphite bearing cast 
irons with globulitic grains.

• Fine pearlitic ductile irons cristallize with high inner 
stress and are prone to cracking. Ferritic ones are 
malleable, thus tend to degenerate stresses.

• The precipitating secondary graphite in ferritic gray iron 
grain structures (due to poor silicon alloying) are prone to 
cracking, especially in large wall thicknesses (cold 
cracks).

• High stresses can build up in steel castings due to their 
great shrinkage.
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The level of residual stresses

• With stress grid

• With microscopic x-ray expection:

– Measurement of lattice parameter (end reflection method)

– Offset and widening of scatter lines

• With stress relieving (opening up during cutting, with strain 

gage or hole drilling)

• With FEM simulation
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Stress grid

F1*Rm=m*F0 from which m residual stress can be calculated.

F1 is the size of the surface broken during sawing, Rm is the ultimate tensile 

strength.

 

The residual stress can be determined from the cast stress grid. The two terminal rods of the grid 
solidifes and cools down sooner due to their cross-section. Bending stress rises in the spreaders and 
pulling stress rises in the central pillar due to hampered shrinking. The level of pulling strass can be 
determined by the broken surface of the incised pillar. The ultimate tensile strength can be 
measured on the test piece machined from the central pillar. 
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Stress reduction

• Proper casting design (continous transition) 

• Proper design of sprue systems

• Heat-treating – avoiding high temperature differences after

temperature equalization

• Long period storing relaxation (machine beds)

• Stress-relief heat-treating (for ferrous alloys at 500-650 oC)

• Diffusion heating – recristallizing

• Vibrating, overloading. 

Cavity filling, congealment, etc. FEM simulation
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Casting materials

Theoretically any material can be cast:

The conditions of the practically good castability:

– Low melting point

– Small congealment heat interval*

– Good fluidity (spiral test)

– Low reaction potential with the material of the mold

– Low shrinkage

– Eutectic alloys (and pure metals) are well castable

 

Not needed with some modern processes (casting during congelation) 
In a given alloy system (ie. Iron-iron carbide system), the best castable alloys are those which have 
chemical composition closest to eutectic. These have the lowest melting point and the smallest 
congelation heat interval (congelation heat interval is the difference between the solidus and 
liquidus temperatures) In this congelation heat interval, the metal is in a solid-liquid or so called 
pulpy state. The size of the congelation is inversely proportional to the cavity filling potential of the 
metal. The greater the congelation heat interval, the worse the metal flows and the worse its cavity 
filling potential is. The cavity filling potential is also affected by the surface oxide layer of the liquid 
metal and the solid inclusions. The oxide layer raises surface-tension and the inclusions raise 
viscosity, thus worsening the cavity filling potential of the liquid metal.  
The castability of a given alloy is also affected by the casting process. The construction of the sprue 
system, the material of the mold (heat conductance, surface roughness), the overheating 
temperature of the metal and the speed of pouring have primary effect on the cavity filling potetnial 
of the liquid metal. 
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Casting spiral

Pouring cup

Sprue

Spiral length indicating cavity 
filling potential

 

The cavity filling potenital can be measured primarily with the so called spiral mold. The slide shows 
test piece cast into such a mold. The cavity filling potetnial of can be characterized by the length of 
the spiral. 
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Casting materials

• Ferrous casting materials: steels, cast irons: grey iron, 

compacted graphite iron, ductile iron

• Malleable iron

• Lightweight metals: aluminium, magnesium

• Other non-ferrous: copper alloys: brass, bronze 
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Fe-Fe3C, Fe-C phase diagram

STEELS

Cast irons

 

Steel types do not have good casting characteristics. They have high melting point and congeal in a 
wide heat interval. As a result, liquid steel flows harder and has poorer cavity filling potential than 
liquid iron.  
During congelation, the shrinkage of steel is between 2,5-4% depending on chemical composition,  
which is many times more than grey cast iron. Steel casting requires greater experience both with 
designing the sprue system and with selecting the molding materials.  Due to its high melting point, 
oxidation of the liquid metal is significant and it can easily react with the material of the mold.  
Mainly the non-alloyed steel with 0,1-0,8 % carbon content  and alloyed steel types (corrosion 
resistant, wear resistant steel with high manganese content) are widespred for casting. 
The advantage of steel castings is their better weldability compared to grey cast iron, thus huge 
castings can be assembles with welding.  
G auxiliary marking beside the notation of steel 
Steel castings are mainly used for: machine beds, corrosion resistant fittings for the chemical 
industry, huga and high strength gears, tool bulks, alloyed steel track links and heavy construction 
machinery teeth high in manganese, railway wheel girdles, rolling mill rolls, paper mill rolls, machines 
for the chemical industry. 
Iron-arbon alloys higher than 2,11% in carbon are called cast iron. Cast irons solidify with different 
grain structures depending on the cooling rate. Rapidly cooled iron-carbon alloy grain structure is 
shown (iron-iron carbide metastable system, wall thickness under 10mm)Slowly cooled iron-carbon 
alloy grain structure is shown (iron-graphite stable system, wall thickness above 10mm). 
Iron types, having pearlite-ledeburite grain structure, cristallizing in metastable system are called 
white iron. These have white, cristalline fracture surface and have higher strength than gray irons 
with the same chemical composition, they are hard and abrasion resistant. The world famous 
producs of GANZ ÖNTÖDE were the die castings which had cementitic crust and graphitic core. The 
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technology was used for train wheels and mill grinding rolls.The hard crust was provided by the 
cooling rate and the aloying with antimony. 
Iron types where carbon exists as gaphite are called grey iron. These have grey fracture surface.  
The slowing of cooling rate promotes graphite forming. This occurs when iron carbid (or cementite) 
decomposes – into iron and graphite.  
The phases, forming during congealment are determined not only by the carbon content and the 
cooling rate, but also by other alloys of tha cast iron. Alloying elements promoting the forming of 
graphite are called graphite formers. Thes are, in the order of effect strength as follows: 
 cobalt (Co), phosphorous (P), copper (Cu), nickle (Ni), titan (Ti), silicon (Si), carbon (C), 
aluminium (Al). 
The graphite inhibition alloying elements promote cementite forming. A grafitképződést gátló 
ötvözőelemek elősegítik a cementitképződést. Alloying elements inhibiting the forming of graphite 
are , in the order of effect strength as follows:A cementitképző ötvözőelemek a hatás erősödésének 
sorrendjében a következők:  
 tunsten (W), manganese (Mn), molibden (Mo), sulphur (S), chromium (Cr), vanadium (V), magnesium (Mg), cerium (Ce). 
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The grain structure of cast iron

Improved MAUER diagram

Wall thickness: 30mm

Wall thickness: 10mm

White malleable iron

Black malleable iron

Key casting

Silicon content %

C
arb

o
n

 co
n

ten
t %

„Key” casting

Pearlitic cast iron

Ferritic cast iron

White iron

 

The chemical composition of cast iron can be characterised with the so called saturation degree (T): 
 If T > 1, the cast iron is called hipereutectic, where congelation starts with graphite 
precipitaion and ends with the forming of eutectic system. 
 If T = 1, cast iron must be called eutectic cast iron where congelation occurs only with the 
forming of eutectic system. 
 IF T < 1, cast iron is called hipoeutectic cast iron, where congelation starts with the 
precipitation of iron and ends with precipitation of eutectic system. The forming eutectic system is so 
called graphite eutectic system when cooling is slow, which is composed of alternating layers of 
graphite flakes and iron. In case of rapid cooling, an eutectic system, called ledeburit is formed, 
which consists of cementite flakes and iron layers inbetween.   
 In industrial practice, most important are hipoeutetic cast iron types, with saturation degree 
between T = 0,7-1.0. The chemical composition of a typical cast iron is as follows: 
C=2,5-3,5 %,  Si =1-3 %,  Mn= 0,5-1%, S =< 0,1 %, P=< 0,3 % 
Sulphur and phosphorous are impurities of cast iron. Their effect worsens the quality of cast iron, 
thus their amount must be restrained when specifying the chemical composition. Both impurities 
have high concentration tendencies, thus the local sulphur and phosphorous content can be several 
hundred times more than the average value. This high local sulphur and phosphorous content forms 
eutectic systems with low melting point, which causes hot cracks in castings. Phosphorous enhances 
castability with lowering the viscosity, sulphur worsens castability by raising viscosity. 
The grain structure of a cast iron with given chemical composition an be in the respect of cooling rate 
during congelation: 
        ferrite-graphite,              
        ferrite-pearlite-graphite              Cooling rate 
        pearlite-graphite                         increases 
        pearlite-graphite-ledeburite 
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        pearlite-ledeburite 
Carbon is in the form of cementite in pearlite and ledeburite. 
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Gray iron: low strength and brittleness

• The properties of cast irons
depend on the matrix and the
shape and amount of graphite

• Cast irons with smaller notches
are considerably tougher

 

Acél 

Gömbgrafitos öv. 

800 

Lemezgrafitos öv. 

350 

C, % 

350 

250 

Rm, MPa 

Rm=f amount of graphite, shape of graphite

Steel

Grey iron

White iron

 

The appropriate test pieces for grading the iron casting are the ones machined from the casting 
made from the same material as the original casting's, which are usually 30 mm in diameter. The 
properties of cast iron is decisively affected by the cooling rate, and in the same time, test pieces 
machined from the finished casting lead to definitive metarial characteristics. 
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The grain structure and the strength considerably
depend on the wall thickness

Sizing for the standard wall 
thickness

GREINER-KLINGENSTEIN diagram

III. Ferritic with graphite

IIb.Ferrit-pearlitic

II Pearlitic with graphite

IIa Pearlite-ledeburitic with graphite

I. Ledeburite-pearlitic

Wall thickness

Standard wall thickness

Rm

Wall thickness, mm
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The effect of size on the strength of gray iron

Approximate wall thickness of casting
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When measuring the mechanical properties of cast iron or generally the casting, it must be made 
clear in all cases whether the measurement data originate from test pieces made from separate 
casting, similar casting (cast beside the workpiece) or the casting itself. 
The above slide shows the strength values we can await at different wall thicknesses of the cast iron.  
Modern standards (MSZ EN) give the strength and hardness properties of cast iron in relation of wall 
thikness and nominal casting quality. 
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The properties and application of gray iron

• Gray iron has low strength and is 
completely brittle 

(A ≈ 0 % (0,8 – 0,3 %).

• EN-GJL-100 (EN-JL1010) 

• EN-GJL-150 (EN-JL1020) 

• EN-GLJ-200 (EN-JL1030)

• EN-GJL-250 (EN-JL1040) 

• EN-GJL-300 (EN-JL1050) 

• EN-GJL-350 (EN-JL1060) 

(max. 350 MPa can be reached)

• High compressive strenth

• Good sliding properties

• Good machineabilitiy

• Excellent damping properties

• Fields of application:

Machine frames, machine cases, 
brake discs,

crank cases

 

Characteristic properties of lamellar graphite (grey) cast iron: 
 - tolerant for sharp incisions, 
 - their compression strength is remarkably higher than for pulling strength, 
 - excellent dampening abilities the graphite lamellae and their border absorb mechanical 
resonance, 
 - good machineability (however, uncomfortable graphite powder forms during machining) 
 - good wear resistance and sliding properties, since self lubricating due to the graphite, 
 - cheap 
 - good heat conductance, 
 - rigid, not suitable for macroscopic plastic deformation at room temperature, 
 - better corrosion resistance than non-alloyed steel 
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Ductile iron

• With spheroidal graphite:

Strength increases

Ductility increases

• Inoculation occurs under (pressurized) bell 
(with Mg or Ce (cerium) TMg boiling = 1100 ºC , 
which means that several bars of vapor 
pressure is present at the temperature of the 
melt)

• The strength of ductile iron is less dependant 
on wall thickness than grey iron's.

 

Gömbrafitos öv. 

Lemezgrafitos öv. 

Rm 

Falvastagság 

Ductile iron

Grey iron

Wall thickness
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The structure of ductile iron

Gillemot diagram:

The spheroidal graphite + ferrite + pearlite

structure
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If globule forming material is added to the cast iron before casting, graphite cristallizes in the form of 
globules. Globule forming material is placed on the bottom of the crucible in the form of pre-alloy, 
cast iron is tapped onto this. The most frequently used globule forming material types are Fe-Cu-Mg 
and Fe-Ni-Mg alloys. Significant amount of the prealloy burns out before congealing, but 0,1-0,3% Mg 
content gets alloyed in the iron , which ensures the froming of globule shaped graphite crystals. 
The above slide shows the possible grain structures of cast iron depending on the magnesium and 
silicon. The research which forms the base of the diagram was conducted with the supervision of Dr. 
László Gillemot at the Materials Science and Technology Department in the 50's. The globule forming 
treatment is followed by injection of 0,2-0,4% iron-silicon alloy which have grain refining effect. 
 The development in the globule forming technology of ductile iron in the 60's made the 
providing of precise chemial composition possible. With this, formerly randomly occuring graphite 
distribution manufacture could be provided. Before that, low magnesium ductile iron formed so 
called „vermiculite” graphite shape instead of complete globules. This can be characterized by 
graphite globules forming close to each other in a „worm-like” manner, which resulted in properties 
somewhere between grey iron and ductile iron. 
 The vermicular cast iron is used mainly on areas where the strength of grey iron is insufficient and 
ductile iron is not suitable in the aspect of casting. They have practically the same utilization area as 
black and pearlitic tempered castings. Gear houses, gears, chainwheels, clutch forks, brake discs, 
cylinder heads, crank houses are made from graphite bearing cast iron. 
  



358  Materials technology 

www.tankonyvtar.hu  © Németh, BME 

The properties and application of ductile iron

• EN-GJS-350-22U-LT   (EN-JS1019) A = 22 %, 10J at -40 °C

– RT also without variant and guaranteed impact strength (EN-JS1032) 

– RT at +20 °C is 15 J (EN-JS1029) 

• EN-GJS-400-18U-LT (EN-JS1049)

– RT also without variant and guaranteed impact strength

• EN-GJS-450-10U (EN-JS1132) EN-GJS-500-7U (EN-JS1182)

• EN-GJS-600-3U   (EN-JS1092) EN-GJS-700-2U (EN-JS1102)

• EN-GJS-800-2U    (EN-JS1112)EN-GJS-900-2U A = 2 %

• Mechanical elements undergoing dinamical stress, machine parts car parts and 
crank shafts are also made of ductile iron.

• Manufacture of elements undergoing inner pressure (water pipes, brake cilinders, 
hidraulic elements)

 

The properties of ductile iron stand for a transition between steel's and grey iron's. It can be cast 
better than steel and have better mechanical properties than grey iron. 
Its plastic deformation ability is the main great advantage of ductile iron compared to grey iron. In 
the same time, the heat conducting and dampening ability is worse than grey iron's and their 
manufacturing cost is also higher. 
Its main use are fittings, camshafts, gears, arbours and high strength machine parts.  
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Malleable irons

• The starting material is 

white iron (ledeburite-

pearlitic grain structure)

• The iron carbide is 

decomposed by heat-

treatment, resulting in a 

modified graphite form
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Tempering (white malleable iron)

• Heat treating:

– In oxidising medium (ie. iron ore)

– In neutral medium

• The carbon, which is diffused out 
from the iron carbide due to heat
treatment, is either burnt out or
separated

 

980 – 1050 ºC 

A3 

A1 

t 

T 

24 – 96 h 

In oxidising medium

White malleable iron: EN-GJMW-350-4U;  EN-GJMW-380-12U

EN-GLMW-450-7U  Rm = 450MPa, A = 7 %

Well weldable

 

Malleable iron is produced from white cast iron with heat treating. Whit iron is manufactured with 3-
10mm wall thickness with C=3%, Si=1% content. Three different malleable iron types exist depending 
on heat treatment: 
 - white malleable irons, 
 - black malleable irons, 
 - pearlitic malleable irons. 
White malleable irons 
Castings is put in oxidising atmosphere  (CO/CO2=2.2) or wrapped into iron ore + oxide scale and is 
heated to 930-1050°C for 40-80 hours depending on wall thickness. During the heating (tempering), 
the iron carbide decomposes and takos on the form seen in figure 7.30.Due to the oxidising 
atmosphere, carbon constantly burns out and carbon content decreases due to the diffusion trying to 
even out the carbon content. For the end of the heating time, all the carbon content burns out and 
decreases from the starting C=3% to C=0,1%. This results in a ferritic grain structure which is similar 
to low carbon steels, but has coarser grain structure.  
White malleable irons unite the good cavity filling potential of cast iron and the weldability of steel. 
They are mainly used for intricate, thin walled castings and fitings. 
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Malleable irons II.

In neutral medium

 

Lassú hűtés 980 – 1050 ºC 

A3 

A1 

t 

T 

1 – 50 h 

Ferritic black malleable iron:

The graphite is in the form of temper

carbon. In this case, the pearlite is also

decomposed into ferrite and temper

carbon.    EN-GJMB-350-10U

 

Lassú hűtés 980 – 1050 ºC 

A3 

A1 

t 

T 

1 – 50 h 

If pearlite is not decomposed

Pearlitic malleable iron:

Result is pearlite and temper carbon.

EN-GJMP-450-6U; EN-GJMP-700-2U

Low cooling
Low cooling

 

Black malleable iron is poured as white iron, then heated in neatural medium according to the 
temperature-time diagram on the slide. During the heating (tempering), the iron carbide 
decomposes in the pearlitic+ledeburitic grain structure of the white iron and takes on the nodular 
temper carbon form. The grain consits of ferrite and temper carbon. 
Black malleable iron is tougher than grey iron and has higher strength. Black malleable irons 
according to MSZ EN 1562 are as follows: 
 
 Designation      Mechanical properties 
 EN-GJMB-300-6 (Töfk. 300-06)  min. 300 MPa ultimate tensile strength, 
 measured on 12 or 15 mm diameter test piece,  A3=min. 6 % specific elongation (measured on 3d 
length) 
 EN-GJMB-350-10   min. 350 MPa ultimate tensile strength,, 
 measured on 12 or 15 mm diameter test piece,  A3=min. 6 % specific elongation (measured on 3d 
length) 
Applied for small, intricate machine parts (i.e. Clutches, gears), where grey iron cannot be applied 
due to dinamic stress. 
Pearlitic malleable irons: 
Pearlitic malleable iron can be produced by heat treatmet from white iron without decomposing 
pearlite. It is similar to black malleable iron, but their structure is composed of 
ferrite+pearlite+temper carbon. It is tougher and stronger than grey iron, their yield strenght can 
reach 700 MPa. 
Pearlitic malleable iron is mainly used for manufacturing gears and transmitter shafts. 
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Nonferrous castings

• Nonferrous metals are popular casting materials due to their low melting
point (Titan has high one)

Their specific strength is good

sűrűség

g/cm3 

folyási határ

MPa

Folyási
határ/sűrűség

A kúszás

hőmérséklete °C

Litium 0,53

Mg és ötvözetei 1,7 70-270 40-160 150-250

Be 1,82 100-700 50-380 250

Al és ötvözetei 2,7 25-650 9-240 150-250

Ti és ötvözetei 4,5 170-1300 38-300 400-600

(Cu és ötvözetei) 8,94 60-1400

(Szerkezeti acélok) 7,9 180-1600 25-200 400-600

Lithium

Mg and their alloys

Al and their alloys

Ti and their alloys
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(Structural steels)

Specific 

weight, g/cm^3
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Yield stregth/spec. 
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Among lighteight nonferrous metals, lithium (Li) is only used for alloying for structural material, 
mainly due to its rarity and price. The use in nuclear powerplants of berillium (Be) is the most 
important due to its low neutron absorption. The reactive agent of powerplants is cased by berillium 
tubes which holds its mechanical properties and do not get rigid by the intens radioctivity. Only 
aluminium (Al), magnesium (Mg) and titan (Ti) and their alloys are used as structural material. If 
average steel or iron alloys' cost is compared to theirs, aluminium alloys have 3,5-10, magnesium 
alloys have 10-12, titan alloys have 22-24 times the cost. This explains why are the latter two much 
less used in th industry than aluminium. 
Material is selected based on its specific stregth when designing vehicles, aircrafts, rockets and 
spacecrafts. (Specific strength is the ratio of the strength and the specific weight) The higher the 
specific strength of a material, the lighter the structural part is. 
It can be seen that lightweight alloys reach or even surpass the specific strength of heat treated 
steels'. Their specific strength is several times more than cast irons'. This is the reason why more and 
more castings are made from lightweight alloys instead of cast iron or steel. Lightweight alloys are 
widespread in atomotive indutry, among household achines, hand tools, office machines, informatic 
appliances, and everywhere, where light weight is an advantage. 
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CAST ALUMINIUM ALLOYS I.

 Pure aluminium is well castable

• ( Al - Cu, Al - Mg are difficult to cast ) 

• Al-Si ( Si = 10 - 12 % ) „szilumin”

» Rm = 220 MPa with sand casting

» Rm = 260 MPa with metal mold

Low melting point Al-Si-Cu

Lowest shrinkage Al-Si-Mg 

Good corrosion resistivity Al - Si - Cu- Ni heat 

resistant

Bad machineability

 

Non alloyed aluminium is 99,5% pure. This is used for casting. It has relatively low strength, which 
also depends on the casting process. Die casting causes a signifiant strength growth compared to 
sand casting. 
The strength of sand cast aluminium can move between wide limits, depending on the wall thickness 
of the casting. The smaller the wall thickness is, the sooner the metal congeals and the higher its 
Strength gets. 
Cast foundry aluminium is excellently corrosion resistant, a good heat and electric conductor, and 
well castable. It can be welded with Argon shielding gas processes (AWI and AFI). Well polishable and 
has excellent reflective properties. Non-toxic, which makes its use in food industry and in the 
household possible. Its special property is that it withstands the severing effect of neutron radiation, 
which is an important aspect in nuclear power plants. 
The strength of foundry aluminum can be raised with alloying by not changing the well castable 
properties. The best pourable alloys are the near eutectic ones. 
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The alloying of cast aluminium

Main alloying elements: Si, Cu, Mg, Zn, Li

 

Non alloyed aluminium is 99,5% pure. This is used for casting. It has relatively low strength, which 
also depends on the casting process. Die casting causes a signifiant strength growth compared to 
sand casting. 
The strength of sand cast aluminium can move between wide limits, depending on the wall thickness 
of the casting. The smaller the wall thickness is, the sooner the metal congeals and the higher its 
Strength gets. 
Cast foundry aluminium is excellently corrosion resistant, a good heat and electric conductor, and 
well castable. It can be welded with Argon shielding gas processes (AWI and AFI). Well polishable and 
has excellent reflective properties. Non-toxic, which makes its use in food industry and in the 
household possible. Its special property is that it withstands the severing effect of neutron radiation, 
which is an important aspect in nuclear power plants. 
The strength of foundry aluminum can be raised with alloying by not changing the well castable 
properties. The best pourable alloys are the near eutectic ones. 
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CAST ALUMINIUM ALLOYS II.

Al-Zn alloys

– 7 … 12 % Zn good castability

– Becomes age hardening if alloyed with Mg 

– If Zn > 12 % Rm up to 550 MPa can be reached

– Age hardening after welding

Al –Li alloys are the strongest
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Die casting of Al alloys

bearing

housing

Elektroengine

hausing

brakecylinder pistons
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Aluminium alloy castings

Manufacture of 

castings

Advantages (+) and disadvantages (-) of casting processes

Die castingSand casting Permanent mold casting

+ Weldability

+ Strength, malleability

+ Cold workability

- Wall thickness

- Tolerances

- Cycle time

- Costs

+ Weldability

+ Strength, malleability

+ Cold workability

+ Tolerances

- Wall thickness

- Cycle time

- Costs

+ Wall thickness

+ Cycle time

+ Costs

+ Tolerances

- Weldability

- Strength, malleability

- Cold workability

Melt Casting process Machining Heat treatment
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Magnesium, as die casting material

• Fewer Mg alloys exist than aluminium alloys

• Most common alloying elements: Al, Zn, Si, Mn

• AZ91 is the most widespread Mg alloy

• A6 (AM60) is a popular, tough casting alloy

 

The castable alloys of magnesium cam into use in industrial scal after World War II, mainly in aviation 
and space flight. As an affect of the oil crisis in 1973, the lightweight magnesium alloys were included 
to the materials of car manufacturing for the sake of decreasing the vehicle's weight, thus reducing 
fuel consumption. 
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The casting technology of Mg 

• With cold chamber and hot chamber machines

• Cycle time can last up to 1,5 times the aluminum's (200-

400 injections per hour), which greatly decreases tooling

costs

• Mg is less reactive with iron and steel and does not have

a tendency to stick to the die, like Al

• Castings can be more easily ejected even from sligthly

drafted dies than Al castings

• Thus machining can often be skipped

 

The greates t drawback of castable magnesium is its proneness for hot cracks during casting. They 
are sand cast, die cast and gravity die cast. 
Mainly Mg-Al-Zn-Mn alloys are used, which are well castable, but can be used only under 100°C. 
Their weldability also pauses a problem. 
 Magnesium-zirconium-rare earth metals (thorium, yttrium) have better casting and welding 
characteristics, but are sensitive to oxidization, thus shall be cast under shielding gas. 
 Magnesium-zink-yttrium-neodinium-zirconium are the strongest alloys, are heat-treatable*, 
they are used for space flight. These alloys can be used up to 200°C, are resistant to corrosion, wihch 
is greatly affected by the amount of impurities (Ni, Fe, Mn, Cu). Mainly gear houses of helicopters, 
aircrafts and spacecrafts are made of magnesium alloys, but compressor house castings, spacecraft 
structural parts, wheel rims, grills, pedals and lamp casings are also fabricated from it. Many intricate 
computer and instrument parts are also magnesium castings. 
*(Translator's note: heat-treateble nonferrous alloys are the ones which can be strengthened by 
ageing.) 
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• Die lifetime is longer (Al die: 150000 castings ~ Mg die: 

300000-500000 castings)

• Best mechanical properties at 2-4 mm wall thickness, 

but 0.8, 0.9 mm can also be cast

• Can be manufactured with strict dimension tolerance

• Shrinkage is even and well predictable

• Dimension stability is excellent

• Also used for bearing surface due to good sliding

properties (COF: 0.36 ; thermal conductance: 154 

W/mK)

• Good dampening and noise reduction (good energy

absorption) 
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Titan 

• Not actually light

• α-titan is tightly stacked hexagonal

• Outstanding strength/weight ratio

• Corrosion resistant

• Biocompatible (implants)

• Not „temperature sensible”

• Poor workability and machineability

• Strongly oxidating, desoxidant, carbide former
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The properties of titan alloys

Ötvözet -t ípus Ötvözők Állapo
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Mo15

Mo15-Zr5

1180

1020

800-

900

1250

1220

900-1000

6

8

10-12

a+ b

Al6-V4

Al8-Mo4

Al4-Mn4

Al5-Cr2

Al2,5-V16

Al5-Fe1,5-Cr1,5-Mo1,2

n

n

n

n

n

n

1050

1000

 980

 980

1050

1300

1300

1200

1120

1100

1200

1350

13

8

10

12

7

9

Megjegyzés:  l-lágyítot t ,  n -nem esítet t

Alloy type Alloying elements State

Pure titan

 

The use of cast titan alloys has been gradually increasing from the 60's. Today, it is the basic material 
of gas turbine houses in civilian and military aviation, and critical parts of aircrafts and rockets. They 
are mainly used for their high specific strength and not their thrift in these places. Aircrafts, 
spacecrafts and rockets are all so called performance oriented engineering constructions, where the 
benefits of lighter weight can counter the greater costs. 
 Due to their good corrosion resistance, titan alloys are widspread in the chemical industry: 
pump houses, impellers, compressor houses, valves, taps are made from it. Artifical human joints are 
also made from them for the same (hip and knee joints). A rammed moulding is in use with titan 
casting similar to sand casting, but here graphite granule is used. Water and organic binding agent is 
mixed to the graphite, the mold is dried and burnt out after moulding (in 870°C and vacuum). 
Investment casting is also used for titan alloy casting. 
Titan alloys are cast with electric arc furnaces or electron beam furnaces. Figure 7.35 shows the set 
up of an electric arc funace. 
Both the water cooled crucible (50-1000 kg capacitiy), and the mold is placed in tha same vaccum 
chamber. The process starts by melting a consumable titan alloy electrode into the cruible, then the 
melt is poured into the mold by tilting the crucible. Cooling of the cast melt is hasted by pumping in 
argon gas. The device is highly automated, the melting process, the moving of the crucible and the 
electrode is computer controlled. The mold holding table can be rotated, thus centrifugal cating is 
also available. 
90% of titanum alloy is made of the Ti-6% Al-4% V alloy. Further alloys are developed for added 
strength, hot strength and toughness at low temperatures. 
 Titan alloy castings are gradually replacing the formerly used forged titan parts. Form the 70's 
,hot isostatic pressing (HIP) became common which raised the quality of titan castings to the level of 
forgings with eliminating porpsities.  



8. The conceptual system of casting 373 

© Németh, BME www.tankonyvtar.hu  

Copper and its alloys

• Copper: face centered cubic (FCC), well workable, soft, 

good thermal and electric conductor, corrosion resistant

• Copper alloys: brasses (Cu-Zn alloys)

Bronzes: Tin bronze (phosphorous 

bronze)

Lead bronze

Alumium bronze

Chrome bronze
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56

Brass types

Castable

alloys

 

Castabel brasses 
Copper-zinc (Cu-Zn) alloys are called brass. The best castable brasses have 33-40% zinc content. They 
can be cast both into sand mold and die. Itricate, thin walled brass castings can also be made with die 
casting. Brasses are further alloyed for several reasons:  
 - strenghtening: Mn, Te, Al, Si, Sn, 
 - grain refining: Fe, 
 - suitability for machining: Pb, 
 - corrosion resistance and seawater resistance: Sn, 
 - castability: Si. 
Cast brass products: high pressure fittings, valves, taps, wormgears, gears, ship screws, ship 
equipment. 
Brass is prone to corrosion failure especially at low temperatures due to high remanent stress. 
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Casting of brass

Mixer of bathtub (permanent molding, sand core)
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Tin bronze

α

 

Originally, only copper-tin (Cu-Sn) alloys were called bronze. As time passed, all copper alloys were 
caled bronze, except brass, that is why the main alloying element is always highlighted (tin bornze, 
aluminium bronze, silicon bronze, etc.) On the slide, the copper tin phase diagrams can be seen. 
Several phases and compounds can be present in the grain structure of tin bronze depending on the 
tin content.  
 Tin bronzes contain usually 10-14% tin. Their gos abrasion resistance is provided by the hard -
phase embedded in the -phase. Unfortunately, the congelation heat interval of tin bronzes is wide, 
that is why their castability is poor despite their low shrinkage (<1%). Their further drawback is that 
castings ar prone to porosity. Their caharacteristics is sigificantly enhanced by the effect of 
phosphorous alloying (1% P) which is the consequence of a ++Cu3P ternary eutectic system. This 
phosphorous alloyed tin bronze is called phosphorous bronze. 
Due to their excellent friction and abrasion characteristics, tin bronze is used for plain bearing 
surfaces and worm gears.  
If tin bronzes are alloyed with zinc (2-5%Zn), the congeltaion interval decreases, their castability 
improves and and their their proneness for porosity decreases. These bronzes are called red alloys. 
Read alloys are suitable for intricate castings. 
Red alloys are used for machine and tool parts, fittings (up to 5 bar pressure) steam pipe fittings (up 
to 250°C temperature), pump houses, valves, taps. 
Bronze containing 20-24% tin with hard δ phase are mainly suiteble for pouring bells. Bronze 
containing 70-80% tin are the rigid, tinkling sounded ringing bronze. 
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Bronze types lI: Lead bronze

 

Lead bronz is a typical bearin bronze. Lead is not solubel in copper at room temperature, it solidifies 
in tiny drops. It can protect the construcion from overload by melting. 
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Properties of bronze types

Ötvözet
Rp0,2

MPa

Rm

MPa

A5

%

Felhasználás

CuSn2

CuSn4

CuSn6

CuSn8

230

250

300

320

350

400-450

60

52

60

55

Szalag, huzal, cső, érem .

CuSn10

CuSn12

CuSn8Zn5

180

200

200-350

250-350

200-250

3-10

3-10

4-10

Öntészet i ötvözetek, arm aturák,

gép- és csapágy bronzok,

csigakerekek. Vörösötvözet .

CuAl5 Ö

S

CuAl10          

Ö

S

CuAl10Fe3Mn

Ö

CuAl10Fe4Ni4

Ö

300

420

450

550-650

600

650

50

60

30

10

12

10

Szalag, huzal, cső.

Öntvények, sajtolt  term ékek.

CuSi3

CuSi1Ni3

250

600

20

12

Korrózióálló, hegeszthető.

CuPb3

CuPb25Sn5

CuPb12Sn10

60

180

200

4

6-8

8

Csapágyötvözetek

CuCr1

CuCr1Zn

CuCo1,5Ag1Be0,

4

350

400

705

17

8

Nagyszilárdságú vezetékanyagok

CuBe2NiTi 900-

1000

1110-

1350

2,5 Igen nagy szilárdságú szalag,

lem ez, öntvény. Nem  szikrázik.

Strips, wires, pipes, coins

Foundry alloys, armatures, machine and 

bearing bronze types, wormgears, red alloy

Strips, wires, pipes,

castings, pressed products

Corrosion resistant, weldable

Bearing alloys

High strength wire materials

High strength strips, sheets, castings, does 

not spark.

Alloy type Application

 

Ö means cast, S means squeezed state in the chart. 
Aluminium bronze congeals in a narrow interval and is not prone to concentration. Its shrinkage is 
significant during congelation and cooling, thus proper sprue system is important, sufficient feeders 
have to be constructed to supply molten metal. Aliminum content above 8% drastically increases the 
srength of the alloy, but its toughness and malleability decreases in the same time.The cahng in 
characteristics is caused by the introduction of a rigid phase, which in the same time includes 
excellent sliding and abrasion characteristics. The strenth and heat resistance of aluminium bronzes 
is increased by alloying iron, nickel, and manganese. Aluminum bronzes containing 10 % aluminium 
are commonly used for bearings, gears, stuffing boxes, piston rings, screws, fittings for water and 
steam pipes, castings for steam turbines and pumps and maritime accessories. 
Silicon bronzes are minly used as a substitue for tin bronzes due to their cost. Their castability is 
poorer, but their weldability is good, their sliding, abrasion and corrosion resistive characteristics are 
excellent. They are most freqently alloyed with 3% Si. They are used for fittings for food industry, 
parts for sewage works and smoke filters. 
Berillium bronze has excellent specific values with its high strength, low specific weight and good 
wear resistance. It is poisonous, thu working with it (both in liquid and solid state) requires special 
attention. It is widespread where magnetizing and spark forming is not acceptable. 
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Casting zinc alloys (Zn-Al)
Primarily alloyed with Al Cu and Mg when used as structural material

Castable mat. Castable mat.

 

Zinc is a low melting pont, hexagonal, rigid metal. Zinc alloys are prone to intercristalline corrosion 
and produce aging phenomena.  
It is well castable both in sand mold and in dies, the most common alloy used for die casting 
containng aluminium. Aluminium decreases castability and mechanical values under 2,5%, 5% of it 
makes the casting rigid. Aluminium free zinc alloys stick to the dies. 
The casting temperature of die casting zinc alloys is 400-430°C (most beneficial). Thin walled, 
intricate castings can be made with die casting, it is a popular material for manufacturing cheap 
products (often inappropriately applied from tehcnical aspect), and the die lifetime is also longer. 
Mechanical a corrosive characteristics sensitive to impurities is decreased even by small amount of 
impurities (ie. Pb, Sn), Mg is an important additive (0,04%), it decreases intercristalline corrosion. 
  



380  Materials technology 

www.tankonyvtar.hu  © Németh, BME 

Control questions

1. Characterize the casting alloys.

2. Explain the following phrases and give their purpose: mold, pattern, sprue, 

parting plane, pouring cup, core, core print, core box, sprue system

3. Give the main requirements of mold materials. 

4. Design the molding of a short, thick pipe with flange

5. Explain the principles of casting and pattern making based on the finished 

product.

6. Give the purpose of the sprue and the opportunities of its effect enhancement.

7. Draft a typical sprue system.

8. Characterize the castability of Al alloys.

9. Characterize the castable copper alloys.

10. Characterize the castable magnesium alloys.

11. Characterize the castable zinc alloys.

12. Characterize the castable iron alloys.
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Kulcsszavak
• Öntés

• Öntőforma

• Mag

• Minta

• Formázási ferdeség

• Beömlőrendszer

• Beömlőtölcsér

• Tápfej

• Elosztó

• Megvágás

• Felső forma

• Alsó forma

• Homokforma

• Zsugorodás

Keywords
• Casting

• Mold/Mould

• Mold core

• Pattern

• Draft

• Sprue/Gating system

• Sprue

• Feeder head, riser

• Runner

• Gate

• Cope

• Drag

• Sand mould

• Shrinkage
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Tartalomjegyzék

–Az öntészet története, 
szerepe a gépgyártásban

–Alapfogalmak a nyers 
homokformázásnál

–Beömlőrendszerek

–Öntészeti zsugorodás

–Formázási ferdeség

–Öntészeti ötvözetek

Vasalapú (öntöttvasak, 
acélöntvények)

Színes és könnyűfémek 
(sárgaréz, bronzok, cink, 
alumínium, titán, 
magnézium)

Summary

-The history of casting and its role
in manufacturing

- Basic concepts of green sand
molding

- Sprue systems

- Shrinkage of castings

- Draft

- Castable alloys:

-Ferrous (cast iron, cast steel)

-Nonferrous (Brass, bronze, zinc, 
aluminium, titan, magnesium)
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9. Casting processes
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2

Sand Molding With Flask

Pouring cup (Pouring 
basin)

Sprue 
(Downgate)

Flask

Cope

Parting plane

Drag

Closed riser

RunnerMold cavity

Open riser 
(feeder)

Air channel

Core

Core 
print

Molding sand

Molding sand

 

The advantage of green sand molding is that the molding sand is easily regenerated, reworked. The 
reused sand is often utilized as filling medium while the sand to be in contact with the pattern (later 
with the metal) is fresh sand. The most widespread method of green sand molding (with clay as 
binding agent) is box sand molding. Some huge sized, tall products are made by so called pit molding, 
but box sand molding is common for machine industry parts. 
A distinct technology in sand molding is bell casting. (for further information about this interesting 
technology, visit  the Öntödei Múzeum (Budapest, Bem József st., old Ganz Öntöde.) 
The pattern is made based on the workpiece (workpiece dimension +machining allowance+draft + 
shrinking -pattern narrowing+technological allowances+core print+sprue system/the patterns of 
uneven wall thicknesses are made crooked due to the expected warpage). The pattern and the core 
are usually partable according to the parting plane. With lost pattern processes (ie. with foam), draft 
can be reduced according to the pattern's manufacturing demands. The pattern differs from the 
casting mainly by the core prints, which shape the slots for the cores into the mold. 
The stress of the cores is higher, their material is of better quality than the mold's, they define the 
cavities of the casting. The advantage of sand cores is that, loosing their integrity after casting, they 
are easily extracted from the casting (they „flow out”). This advantage is used also in die casting. The 
die is made of metal, the core of sand. 
The velocity (pressure) of the liquid metal is defined by the height of the sprue. The height of the 
sprue is often raised by a separately made pouring basin without added sand or flask height. The 
shaping of the basin is in a fashion that promotes slag-free pouring. The metal runs from the sprue to 
the runner made on the parting plane. Then it reaches the mold cavity through the ingates. The air in 
front of the liquid metal, just as the gases formed during casting exit through the sand grains and the 
air channels. The rapid volume decrease during congelation is compensated by the liquid in the riser. 
The closed or even heated sprues are more efficient.  
Sprue=Riser  
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The Dimensions
of the Sprue System

Theoretically, the dimensons of the sprue system

can be calculated with the rheological properties of 

the melt in mind. The calculation is difficult due to

the constantly changing properties during filling

(viscosity, density, wall friction, nucleation).

Recently, simulation (FEM) programs are used to

follow the process, which can be used to conduct

complete rheological, thermoengineering and 

mechanical analyses.

On the right side of the slide, the possibility of

calibrating the sprue system is shown by a simple

calculation diagram.

As base data, the pouring time determines the

product of the starting cross-section and velocity.

Calculating the sprue system of 
an aluminium casting's mold
cavity at 250 mm/s flow velocity. 
(In the lower cross-section of the
sprue)
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The Operational Steps of Hand Sand Molding I

1

65

43

2

Finished casting

Core prints

Runner

Drag pattern
Pattern plate

Core boxes

Core print

Cope pattern
Pattern plate

Green core halves Cope (before molding)

Feeders
Sprue

 

Sand molding is shown by the above figure. Molding is done by placing the pattern on a molding 
plate, which is for shaping the mold cavity, the core print and the sprue system. A flask is put 
aropund the pattern and is filled with sand. The integrity of the mold is ensured by hand ramming 
with low series and by pressing, shaking, slinging or air-gas vacuum pressing for greater 
productability. The density of the mold is decisive from the aspect of casting quality. The material of 
the mold should not have any phisical or chemical reaction with the material of the casting, should 
have appropriate strength during casting which shuld be lost until the end of congelation (easy 
ejection), should be well permeable for gases and should provide good surface quality (gas 
permeability rises, surface finish decreases in proportion with grain size). 
 After completing the drag, it is flipped and the cope flask is placed on it. The pattern is placed 
in it, then it is filled with sand. The sand is compacted, new sand is added then it is compacted again. 
Meanwhile, the cores are made with core boxes or some other method.  
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The Operational Steps of Hand Sand Molding II

7 8

10
9

11 12

13

Cope after molding Core halves after assembly

Drag before molding
(With pattern inserted) Drag after molding

Positioning pin

Drag with core inserted
Drag and cope assembled for 
casting
(With core inserted)

Casting after knockout (before cutting off the 
feeders and the sprue)

 

The patterns are taken out from the mold, the cores are inserted to the positions marked with core 
prints, then the halves are put together with the positioning pins. The so assembled mold is then 
loaded with weight or forced together so the uplift of the liquid metal cannot separate the halves. 
Before casting huge sized products, it is desirable to dry the surface of the sand mold. This improves 

the strength of the mold. Both surface and wholly dried sand molds are in use for casting. 
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Typical Green Sand Composition (Mass %)

• Base material – binding agent - additives

• Quartz sand 87-91%

• Bentonite 7-8%

• Coal dust 4-5 %

• Moisture 3-7%

 

The most common raw material of foundry molding material is quartz sand which forms by the 
weathering of silicon dioxide mineral. 
The binding agent of the molding mixture becomes solid from liquid or gel state, it binds the mixed 
in material into a monolithic mass. The binding agent is most freqently categorized by the mechanics 
of the binding or the chemistry of solidification. Silicates (mostly aluminium-hidrosilicates) are clay 
(with nominal grain size is under 0,2mm, containing most importantly kaolinite, montmorillonite and 
talc), bentonite and cement. One component of clay is montmorillonite (Al2O3.4SiO2.H2O.nH2O), a  
layer silicate. Different amount of water can be bound between the layers. A thin layer or binding 
film forms from the finely dispersed bentonite due to its fine lamellar structure. Portlandcement and 
aluminatecement are used for foundry sand mold mixtures. 
Water glass solution is also used as the binding agent of sand molds. Water glass is a salt of silica with 
sodium or potassium. Water glass solidifies with carbon dioxide. 
Many different materials are used as binding agent, for example oil extracted from seeds or 
industrial byproducts such as molasses. 
Synthetic resins will be discussed later due to their importance, where heat or chemically setting 
polimers are used. 
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Heat Expansion of Molding Sands

Quartz

Magnesite

Chromium-magnesite

Chromite

Fireclay, rich in 
aluminium-oxide

Fireclay

 

 If the weight (size) of the casting is heavy, the heat resistance of quartz sand (quartz 
recristallizes at ca. 600°C, significantly increasing its specific weight) is not sufficient during the long 

congelation. Chrome-magnesite sand or fireclay mixture is used for these molds to avoid local 
bleeding. 
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Molding

• By hand (ramming in layers)

• Automatic: squeezing,

jolting,

slinging,

pulsing, 

vacuuming, air-gas squeezing
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Sand Molding With Binding Agent

In case of bigger, more intricate shapes

• Dried sand mold

• Vegatable oils

• Water-glass (+CO2)

• Synthetic resin: thermosetting (HOT BOX)

chemically bonding (COLD BOX)

• Shell molding

• Cement binding
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More Precise Casting Manufacturing Methods

• COLD/HOT box

• Shell molding

• Investment casting (lost wax process)

• Permanent mold casting

• Die casting: 

Low pressure hot chamber

High pressure hot chamber

High pressure cold chamber

Semisolid metal casting (in congealation heat gap)
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Water-Glass Bound Molds

 

 The strength, precision and dimension holding ability of the sand mold can be improved with 
several chemical bindings. These result in the exclusion of ramming (compacting) in the same time. 
Carbon dioxide – with water glass binding, 4 – 8 % water glass (Na2 SiO3) is mixed to the sand. The 
flasks are filled with this sand, the solidification of the mold is done with blowing carbon dioxide 
instead of ramming (1-2 min). The bind would set in 20-30 minute with only the atmosphere's carbon 
content. Water glass reacts with carbon dioxide on the surface of the sand grains and creates a 
strong silica gel (SiO2) mesh. This silica gel mesh strongly binds the sand grains together and  
provides 1-10 MPa compression strength. The fast solidification and the proper strength of the mold 
ensures that the mold can be taken out of the flask, (the mold is self-supporting). Great productivity 
can be provided, the molds are often built on a common sprue in several levels based on the 
material's strength. Unfortunately the mold strengthens further at high temperatures, that is why 
cleaning is more dificult than with green sand casting. 
 The carbon-dioxide-water glass binded sand is used both for mold and core making, its use is 
declining. 
Its drawback is that the sand is difficultly and expensively regenerable. 
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Synthetic Resin Bound Processes

• Ca. 2 % synthetic resin is added to the sand, then the 
bind is acquired through heat or chemicals 
(accelerators). In automatic molding processes, both the 
mixing of the sand and the moving of the flask are 
automated. Three synthetic resins are widely used for 
sand molding: furan resin, phenol resin (cold box), 
carbamide resin (hot box).

 

Furan resins: synthesized with furfurolalcohol and phosphorous acid. Increasing phosphorous acid 
content decreases the binding temperature (from 250-300°C to room temperature). Furan resins 
setting at room temperature are mixed to the sand right before molding. Thus the setting of the 
mixture outside the box can be avoided. 
Phenol resins: here polycyanate is used as an activator and triethilamine is used as a catalizator. The 
mold sets in a few seconds due to these materials. This is the so called COLD BOX process. The 
catalizator is added to the sand with rapid mixer right before adding the sand to the flasks. 
Carbamide resins: They are used with ammonium salts. The sand mixture sets with heat, thus 
molding is followed by several minutes of furnace heating. They are used with metal patterns. 
Binding is followed by an unpleasant smell This is the so called HOT BOX method. 
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Cold box core

 

Resin bound sand is used for most of the automated core making processes for the core blowing or 
core squeezing machines.These machines get the sand into the core box in fluidised state and the 
mixture is set with heat or chemically. Usually more than one are fabricated in the same time with 
highly automated equipment. Series production in our days are made in such a fashion. 
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The Precision of Chemically Bound (Cold box) Process
(Rough Data)

Size  (mm) Tolerance
(mm)from to

7 5 ± 0 .3 5
7 6 1 8 0 ± 0 .5 0

1 8 1 2 3 0 ± 0 .6 0
2 3 1 305 ± 0 .7 0
306 406 ± 0 .9 0
407 5 1 0 ± 1 .2 0
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Cast Crank Houses

Hot box core for the water 

chamber

 

Man motor blocks (for Ikarus buses) from grey iron in the foundry of Csepel Művek. These blocks 
were made in mass production with world standard production lines including sand preparators and 
duplex (cupola-induction) furnaces. The 100000th crank house was delivered in 1976. 
As a result of constant manufacture development, synthetic resin bound shell cores were applied at 
the cylinder cavities and hot-box cores in the water space. The wall thickness of the wall space was 4-
6mm which made exceptionally precise manufacturing necessary with such a dimension. 
The standard of the foundry is characterized by that aluminum diesel motorblocks were fabricated 
here in the 60's, which were introduced only in recent years for manufacturing truck motorblocks 
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Flow Chart of a Crank House Casting
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The patterns and the flasks are made in the pattern maker workshop. The material of the patterns is 
metal due to the high series number.  
From here they proceed to the core maker (synthetic resin bound cores) and to the molding area. 
Both for the core making and for the molding, the sand comes from the sand-preparing works. 
Molding occurs in the molding area. Cores are made in the core maker shop and then shipped to the 
molding facility.  
 The finished molds and cores are assembledand then shipped to the pouring workshop, The 
mold surfaces are faced for improving casting surface finish, the cores are treated with dipping.THe 
liquid metal is transferred in crucibles from the furnaces. The crucibles are usually moved with 
cranes. The molds are poured one by one until the crucible is depleted. The filled molds are moved to 
the knockout workshop after full solidification, where they are shaken apart. 
The empty flasks are taken back to the molding area, and the raw castings to the cleaning workshop, 
and the used sand is taken back to the sand preparing facility. Here the used sand is regenerated 
then mixed to the molding sand. In the cleaing workshop, the sprue system is cut off the raw 
castings, and flashes are grinded down. Rough surface flaws are also removed by grinding. Then the 
castings are cleaned with sand or steel granules before they move on to quality inspetion.  
 Quality inspection is partially done by non-destructive testing (x-ray, ultrasound, magnetic 
inspection), and partiallly by visual inspection of the surface. The faulty castings are either repairable 
(ie. with welding or iron kit), or not. In the latter case, they get back to the foundry where they are 
melted in. Good castings are heat treated (usually softening, stress relieving them), then finished 
(machining of certain base planes, painting, packing). The number of automated processes in a 
foundry is gradually rising (molding, core making, sand delivering, flask moving). 
The application of robots is also increasing, mainly for the cleaning of the castings, which process is 
noisy and bad for health. (silicosis , joint problems due to shock.)  
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Shell Molding I. (Swinging Pot)

Low allowance, ribbing, excellent dimension reproductivity, 

good surface finish, precision

 

Shell molding (Croning-process) is a flask-free molding process. It needs small amount of sand for 
making the 15-20 mm thick shell. Shell molding is mainly used for intricate, thin walled castings with 
tight tolerances. Due to greater precision, metal usage is lower and machining costs are lower than 
with green sand casting. Precoated sand is used, where sand grains are evenly coated with a mixture 
of phenol formaldehyde resin and hexamethylenetethramine. Different sand types are made with 6-
14% binding agent.  
 Shell molding happens in two steps. During the first tsep, the precoated sand is poured o a 
200-300°C metal pattern and keep it there for 20-30 seconds. Dutring this time, the binding agent 
softens and forms a shell which sticks on the metal pattern. In the second step, the excess sand is 
removed and the metal pattern with the shell is put into a 400-500°C furnace for 3-4 minutes. The 
shell polimerizes during this time and becomes hard and holds its shape. Then the pattern is 
removed from the mold, the mold is assembled and embedded into sand or steel globules. Relatively 
much and expensive binding agent is needed by this process. The more the amount of binding agent 
is, the higher the shell strength and the less the curing time will be at the same temperature. 
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Shell Molding (Contour Plate)

Shell mold

Contour plate

Sand
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With tilting shell molding, the outer contour of the is irregular, the binding of sand grains is unsure.  
For the sake of the regular outer surface of the mold, a so called contour plate is used , here the 
space between the contour plate and the pattern is filled with sand. (0,35-0,7 MPa pressure), thus 
the shell shape is regular, with even wall thickness. 
  



9. Casting processes 401 

© Németh, BME www.tankonyvtar.hu  

More Precise Casting Manufacturing Processes

• Investment casting (lost wax process)

• Gravity die casting

• Die casting: 

– Low pressure hot chamber

– High pressure hot chamber

– High pressure cold chamber

– Semisolid metal casting, sqeeze casting (in congealation heat 

gap)/semisolid forming
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Investment Casting I
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One of the oldest casting processes (Egypt, China). The molten metal is poured into one non divided 
mold. The processes of investment casting are shown on two slides. The material of the pattern is 
wax (oil derivative), or easily burning plastic. The patterns are made in the so called master mold 
with squeeze casting. Master molds are complicated metal assemblies, whose manufacture is 
expensive and takes much time. The patterns made in the master mold are assembled with a huge, 
common sprue (clustering). The material of the sprue is also wax or plastic. After clustering, the 
patterns are molded. This happens by multiple investment dipping and drying. Molding materials are 
made by different recipies. A common investment material is ie. fine silicate powder suspended in 
the mixture of ethilsilicae (SiO4 (C2H5)4), muriatic acid, spirits and distilled water. The silicate 
powder can be quartz (SiO2), aluminium oxide (Al2O3) or zirkon oxide (ZrO2), occasionally the 
combination of these. Finer powder is used for the first 4-5 cycles to keep surfac finish fine. This layer 
is thickened to 1-15mm, then comes the coarser emulsion. This gives a 5-8 mm thickness. Then 
comes drying in room temperature, then the extraction of wax or plastic (melting out in steam at 
200°C or burning out at 200-300°C). 
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Investment Casting II
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The so created hollow crust shape is fired at 800-1000°C for 10-12 hours. This is needed due to the 
allothropic transformation of SiO2, not to crack the mold during a later transformation (quartz SiO2 
transforms into tridimite SiO2 at 870°C). Heating and pouring occurs with sand or steel grain support 
with non-self-supporting molds. Casting can be normal or centrifugal. A special rotating device is 
used in the latter case. 
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• The advantages of investment casting compared to sand 
molding processes are as follows:

• - any shape can be cast, 
• - difficult to cast metals with high melting point are possible 

to cast
(investment casting by centrifugal casting), 

• - castings with tighter tolerances can be manufactured, 
• - castings with finer surface finish can be made.

• The disadvantages of investment casting:
• - can be applied only at relatively small casting weight,

• - expensive process, investment casting is 700-1500 %, shell 
casting is 250-300 % compared to the 100 % cost of green 
sand casting.
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The Application Field of Investment Casting

• intricate, precise castings (jewelry, statues, computers, instruments, 

weapons and other precision parts),

• highly alloyed materials (heat and corrosion resistant, etc, materials, 

ie. tools, turbine blades), 

• expensive metals (gold, silver, platina, tungsten, chromium, 

molybdenium, cobalt, nickel and their alloys), 

• applicable only at middle and high series production, where the

higher costs of casting manufacture is counterbalanced by the lower

cost of machining the castings.
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All-Ceramic Mold Casting (Shaw Process)
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A heat resistant silicate mold is formed around the pattern with all ceramic molding. The molding 
material is a thick liquid, which is poured onto the patterm. 
The mixture is a suspension of zirconium silicate (ZrSiO4), alumina, various silicate powders and 
binding material. It dries quickly and the green mold is similiar to vulcanized rubber. The mold is 
taken off of the pattern and fired with a gas torch (which forms a fine crack mesh on the surface), 
then it is fired in a furnace at ca. 1000°C for 1-5 hours.  Here the mold gets its final haracteristics, 
which are first of all high heat resistance, good dimension holding and fine surface finish. The mold 
halves are then clamped together and poured. The process is mainly used for manufacturing intricate 
steel tools, ie. for closed die forging, injection moulding, squeeze casting, casting tools for glass 
industry, ceramic manufacturing, sqeezing and pressing tools. 
It can be utilized in the energy industry for making much more huge turbine blades than with 
investment molding. 
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Die Casting

• Dies are reusable metal molds. Three types of die casting 

exist: 

• - gravity die casting,

• - die casting.

• - squeeze casting

The casting solidifes quickly on the wall of the die, thus 

becomes fine-grained. It has excellent strength with thin-

walls, but obtaines porosity with thick walls in thick cross 

sections .

 

The stress of the dies is defined by the alternating heating and cooling, which causes heat fatigue. 
This shows up as distinct, mesh-like cracks on the surface which is penetrated by the metal, making 
the ejecting complicated and causing casting flaws. 
This failure is typical for the cores, since heat effect is greater here (the heat cannot leave), and the 
core and die is cooled for assembly. 
The material of the dies can be grey iron, low carbon tool steel, or hot work tool steel for long life 
pressurized dies (with Cr-Ni-V-Mo-W alloying). 
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The design of the die

Even die wall around the casting Air channels on the die

 

Gravity dies and cores are made by machining. The desirable wall thickness of the dies depends on 
the material of the casting: with aluminium, the wall thickness is 25 times the casting's, with zinc and 
copper alloys, the wall thickness is 1,2-3 times the casting's. The wall thickness of magnesium casting 
dies is usually 12-15 mm. Local cooling and heating is built into dies for intricate and uneven castings 
to realize controlled cristallizing.  
The sprue system of gravity dies is the so called free flowing system, which means that the cross 
section of the sprue is constantly increasing. 1-3 mm vents are formed in the die cavity to draw out 
air.  
Die made castings are ideally designed with decreasing wall thickness starting from the ingate. This is 
the way to avoid misrun and to achieve constant feeding of the shrinking metal. The dimensions of 
the casting must be machined into the die modified with shrinkage values. Walls must have 0,5-2 
degrees draft for proper ejection. Dies must be cleaned before every casting and the cavity and cores 
must be coated with facing. This reduces wear on the surfaces, controls heat extraction, and avoids 
the sticking of the casting (all in all, facing prolongs the lifetime of the die). 
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• The advantages and disadvantages of gravity die casting compared
to sand casting are as follows:

• - more precise dimensions (smaller casting weight, less machining
cost)

• - better surface finish,

• - higher productivity,

• - higher casting strength (fine-grained castings due to rapid cooling)

• The casting of ferrous alloys is limited 

• Due to higher mold and core costs, gravity die casting is only
economical at sufficiently high series number. The knockout of the
core is difficult to solve with intricate castings, assembled, multi-part 
cores have to be made.
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Die Casting (High Pressure, Hot Chamber)
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The development of die casting started in the early 1900's. Today, its variants are widespread  for 
manufacturing car carburetors, electric motors, office appliance parts, computer parts, home 
appliance parts, hand tools and toys. The weight interval of the castings ranges from 100g to ca. 
50kg. These processes are mainly used for low melting point metals and alloys. In some occasions, 
cast iron or bronze are also processed with die casting. 
The common characteristics of die casting processes is that they are applied to casting machines and 
multi-part dies. The casting machine opens and closes the die, automatically feeds the molten metal, 
then injects it to the die cavity with 0,1-700 bar (depending on the process, but usually 700 bar). The 
casting machine closes the dies during casting with significant force (0,25-30 MN). The ejecting and 
transferring of the cast pieces can also be automated. A casting machine can cast 20-18000 pcs. per 
hour, depending on the casting's size, shape and material. 
A high pressure hot chamber casting machine can be seen in the slide. The machine consits of a 
resistance heated crucible, a cylinder and piston submerged into the melt, an arced channel for 
transmitting the liquid metal (namely the „gooseneck”), and the die moving mechanism. With the 
piston in the upper position, the liquid metal flows into the cylinder. Then the piston pushes the 
metal into the die cavity with 1,5-35 MPa pressure. The appliable pressure depends on the material, 
wall thickness and shape of the casting. 
After solidification, the die halves are opened, the casting is ejected, the cavity is coated, and the die 
halves are closed again. 
The process is productive. With tiny castings, ie. zipper teeth the productivity is up to 18000 pcs. per 
hour. The cylinder and the piston is constanly in the molten metal. Their material can be cast iron, 
corrosion resistant steel, or nitrided hot work tool steel. Their size is gradually getting smaller, the 
piston and the cylinder must be regularly changed. When casting aluminium, the molten aluminium 
constantly dissolves iron and gets contaminated, with ca. 2% iron content. 
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High pressure hot chamber casting is mainly used for casting tin, lead, magnesium, and aluminium 
alloys. 
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Die Casting (High Pressure, Cold Chamber)

 

The slide shows the draft of high pressure cold chamber casting machine. This casting machine does 
not consists of melting device. The molten metal is transferred to the cylinder by an automatic ladle. 
The piston injects the liquid metal with 20-750 bar pressure. The pressure and closing force of 
various machine defines the dimensions of the fabricable casting and the minimum wall thickness. 
Exceptionally intricate casting can be made with complex dies consisting of several cores. The 
ejection of the cores and the opening of the dies is automatically controlled. Robots are occasionally 
used for casting liftout.  
Castings manufactured with high pressure cold chamber process usually need machining only on the 
fitted surfaces, they can be practically cast to finished dimensions. 
Development in high pressure cold chamber process tends to the direction of rising die closing force 
and the pressure on the liquid metal. 
With this, the surface of the casting can be enlarged and minimal wall thickness can be reduced. This 
would mean an advantage against sheetmetal working technologies, with the fabrication of casings, 
instrument bases and boxes. 
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Die Casting (Low Pressure, Hot Chamber)
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The slide shows a draft of a low pressure hot chamber casting machine. Its main parts are the electric 
furnace in the pressure vessel and the die manipulating device above the vessel.  
The die halves are closed during casting and the vessel is put under pressure with 0,1-5 MPa air or 
inert gas (argon, helium). The liquid metal flows through a heated pipe into the die cavity by the 
effect of pressure and solidifies in the die cavity. Pressure is applied until the finish of congelation. 
Then pressure is disabled and the liquid metal flows back from the pipe into the crucible and the 
solid casting can be ejected from the dies. The die cavitiy is lubricated/cooled with facing then  the 
die is closed for the next cycle. 
The material of the die can be cast iron or hot work tool steel. (Even high strength sand mold can be 
used due to low stress). The die has built in cooling channel with intense water cooling. 
Low pressure hot chamber casting is suitable for casting relatively huge parts with simple geometry. 
Recently wholo motorblocks are made by this method from aluminium alloy. 
Low pressure hot chamber casting is especially suitable for infiltraion casting of composite materials. 
Besides particle or rowing strengthened composites, it is useful for infiltrating ceramic skeleton 
structures with metal. 
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Die Casting (0,1-750 MPa)

• The advantages of die casting compared to sand casting:

• precise dimensions (low machining need, the workpiece can be cast
near to finish)

• low material usage (minimal sprue system)

• intricate, thin walled castings can be cast

• fine surface finish (Ra=1,6-6,3 m),

• holes with small diameter can be cast, 

• several steel inserts (screws, nuts, fittings) can be built in the
casting, which can significantly enhance productivity,

• arbitrary surface texture can be developed on the casting (wood, 
textile or leather effect can be optained with metals)

• the mechanical properties can be further improved compared to
gravity die casting. 
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Sqeeze Casting
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This process was developed in the 60's, which works with congelation of liquid metals under high 
pressure. The molten metal is poured into the open lower die then the upper die is sqeezed against it 
while the molten metal takes up the shape of the die cavity and goes under significant pressure. This 
method unites the casting and the forging. It is common due to its relative simplicity and 
productivity, because there is no need for the complicated sprue system. The exclusion of the sprue 
system signifiantly reduces the cost of the dies. Squeeze casting is used for nonferrous fittings (brass 
faucets) and in automotive industry, especially for aluminium car rims.  
More intricate geometry can be produced than with forging or pressing. The mechanical properties 
are better than with casting without sqeezing. The dendrite branches become cracked as an effect of 
deformation, a finer grain structure forms. 
The slightly different technological solutions are named differently, ie. tixo casting for aluminium 
alloyed motorblocks, cylinder heads, crank houses. The slide shows a sqeeze casting process 
developed in the MIT in the 70's. 
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Thixocasting

1

2

 

Squeeze casting is done in half liquid (pulp) state. The dendrite branches crack due to mechanical 
stress and the material becomes more viscious.The process can be applied to injection molding 
machines with magnesium. (THIXOMOLDING)  
 1. Laptop /notebook 
Component appliers: Laptop/Notebook components; Toshiba, Matsushita Electric, Mitsubishi 
Electric, Sharp, Panasonic Gateway and NEC. 
Size: 18 mm min. thickness x 330 mm x 254 mm 
Characteristic dimension: very thin wall: 0.70 mm 
Weight: not given 
Alloy: AZ91D 
Mass production: Yes 
Thixo applier: Japanese Licensees 
Surface finish: Decorative/Protecter 
 2. DIGITAL CAMERA CASE  
APPLIERS: Digital Still Camera Housing, Fujix DS-300 Fuji Film. 
Size: (50mm) x (137mm) x (165mm) 
Characteristic dimension: (1 mm) wall thickness 
Weight: not given 
Alloy: AZ91D  (Mg-Al-Zn) 
Mass production: igen 
Thixo applier: MG Precision- Japan 
Surface finish: Decorative/Protecter  
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34

Centrifugal Casting

CrucibleDie

 

Mainly for production of rotationally symmetrycal products. Water pipes from cast iron, lined with 
cement. Bushes, plain bearing linings, bimetallic tubes. 
Casting is done into die. 
The quality of he casting is typically better close to the outer surface, there is more inclusion, slag 
and porosity close to the inside surface. 
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Sand Molded Sliding Valve (1895)
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Mass Limitation of Casting Processes

  Process/Mass (kg) 0.01 0.1 1 10 100 1000 10000 100000 

  

1 Green sand mold  ---- -------- -------- -------- -----   

2 Surface dry sand molding  ----- -------- -------- -------- ---------   

3 Dry sand molding      --------- ------- Ra=100

4  Chrome-magnesite mixture      --------- ------------  

5 Fireclay mixture      --------- ------------  

6  Waterglass+CO2 sand mold     ----- -------- -----  Ra50-80 

7 Resin bound sand mold   (Cold-

Box, Hot-Box pr.) 

  
-------- -------- -------- 

  Ra15-25 

8  Shell molding   -------- --------    Ra10-25 

9  Investment casting ------- -------- -------- ----    Ra10 

10  Ceramic molding   -------- --------    Ra10 

 Die casting(Al, Mg, Cu)  

11  Gravitational die casting   -------- -------- --------    Ra10-50 

12  Die casting (pressurized) ------- -------- -------- --------    Ra1.6-10 
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Comparing casting processes

Characteristics/

Casting

processes

Sand mold Gravity die
Pressurized

die
Centrifugal Investment

Applicable

alloys
Any Al-, Cu-, Zn- based alloys Any

Min. wall

thickness

(mm)

3-6,

2-4 with shell
1-3 1-2 10 0.8-1.5

Mechanical

properties
acceptable good very good the best good

Surface finish acceptable good very good acceptable very good

Forming

freedom
good good very good poor very good

Relative cost

at low series
the lowest high very high average high

Relative cost

at high series
average low the lowest high high

Precision

(d100 mm) 

poor

±1 mm

good

±0.2 mm

very good

±0.02-0.2 mm
acceptable

very good,

±0.05

The flexibility

of change
the best poor the poorest good good
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Casting defects 1 (flash forming)

 

The mold does not close properly in the parting plane and at the cores. 
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Casting defects 2 (hot crack)

 

Pulling stress rises in the spokes due to improper design of the casting. 
It can be avoided with S-shaped or angularly attached spokes. 
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Casting defects 3 (cold crack)

 

The core inhibits shrinkage during cooling, a crack forms. 
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Casting defects 4 (pinhol porosity)

 

Material piling up and improper feeding. 
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Casting defects 5 (misrun)

 

Low casting temperature, improper ingate design, or remanent air in the die. 
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Questions

• Characterize casting technologies based on the material, 

precision, intricacy and surface finish of the casting.

• Characterize the bound sand molding processes.

• Give the technological steps of investment casting.

• Compare die casting and investment casting.

• Characterize shell molding.

• Give the net diagram and operational sequence of casting a huge

sized crank house.

• Give the technological steps and characteristics of sand molding, 

gravity die casting, ceramic molding, shell molding, and squeeze

casting.

• Characterize casting processes in semisolid state

• Characterize at least three casting defects
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Kulcsszavak
– Szekrényes homokformázás

– Kötőanyag

– Vízüveg

– Kvarc

– Precíziós öntés

– Precíziós öntőforma

– Héjforma

– Fémforma

– Centrifugál öntés

– Nyomásos öntés

– Hidegkamrás

– Melegkamrás nyomásos öntés

– Öntési hiba

– Melegrepedés

– Fánc

– Porozitás

Keywords
– Sand molding with flask

– Bonding agent

– Water glass

– Silica

– Precision/investment casting

(lost wax process)

– Investment mould

– Shell mould

– Metal (permanent) mold

– Rotating/centrifugal moulding

– Pressure die casting

– Cold chamber die casting

– Hot chamber die casting

– Foundry/casting defect/flaw

– Hot crack

– Flash

– Pin hole
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Tartalomjegyzék
– Szekrényes homokformázás

– Kötőanyagos 
homokformázás

– Héjformázás

– Precíziós öntés

– Keramikus formázás

– Kokillaöntés

– Nyomásos öntés

– Kisnyomású melegkamrás

– Nagynyomású 
melegkamrás

– Nagynyomású hidegkamrás

– Sajtolóöntés

– Öntészeti módszerek 
összehasonlítása

– Öntvényhibák

Summary
– Sand molding with flask

– Bonding sand molding

– Shell molding

– Precision investment casting

(lost vax process)

– Ceramic mold

– Metal/permanent mould

– Die casting

– Die Casting (Low Pressure, Hot 
Chamber)

– Die Casting (High Pressure, Hot 
Chamber,

– Die Casting (High Pressure, Cold
Chamber) 

– Sqeeze Casting

– Comparing casting processes

– Foundry/casting defect/flaw
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The Concept of Powder Metallurgy

With PM technologies, the powder as starting material is 
pressed into shap with or without additives then cohesion is
established between the powder grains with heat treatment
while the voids between the grains shrink.*

Volume usually decreases during heat treatment. The process
is often called firing with ceramics, but no actual firing
happens. The term sintering is also widespread (ie. sintered
bronze, sintered bearing, etc.). The temperatureof heat
treating is the recristallization temperature 0,3-0,7 times the
melting point in K).

 

* In some PM technologies, where porous products, such as filters are to be made, the aim can be to 
grow the pores and decrease their numbers. 
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Powder metallurgy is a „precise” manufacturing process

PM is one of the most dinamically developing mass production

technology and processing method for special materials. 

(high productivity, good yield, low energy consumption, can

process both metals and ceramics). Typical Near-Net–

Shape/NNS technology. Capable of producing finished or

nearly finished products (usually only fine machining is 

needed).

 

Powder metallurgy is capable of producing both finished or intermedieate products. It has many 
applications where the characteristics of sintered products cannot be fulfilled by any other method 
or only with much more complication. The functional advantages of PM are utilized with self 
lubricating bearings, while technological/economical advantages are utilized with other machinery or 
construction components. Making a distinction between mechanical and economical characteristics 
is not an easy task. 
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The History of Powder Metallurgy I

• Tools (sickle, hack) made of iron bloom were found in Egypt dating back 
to 3000 BC.

• Incas pressed platinum grains into jewelry in 1200

• In 1826, Russia, high temperature sintering was applied for producing
platinum objects*

• 1830: various metals are sintered in Europe

• 1870: a pattern is handed in the USA for sintering plain bearing
materials

• 1900: fabrication of porous metal filters in the USA

Manufacture of tungsten filaments from mixture of tungsten powder and 3% 
nickel under the melting point of nickel (Tungsten filament lamps were
developed in the Egyesült Izzó at Újpest in 1903)

• 1920: common application of self lubricating plain bearings in the USA

• 1925: Hard metal as machining tool in Germany - VÍDIA (WC+Co)

• 1940: Development of iron powder metallurgy technologies in central
Europe

 

*this is considered as the beginning of modern, indutsrial PM in several literatures 
**It is woth mentioning that the development in iron PM (Győr, Budaörs) was partially caused by the 
absence of copper stocks (in the German armaments industry)  
PM is the most dynamicalli developing branch of metal and ceramic tool manufacture (the amount of 
manufacture grows by 7-10% annually). In the same time, PM is an ancient technology, the oldest 
metal and ceramic processing technology. Even the primitive civilizations realized that metal 
powders and small pieces can be united into bulks with heating and forging below melting point. 
During early iron age, 6000 BC., when iron culd not be melted, iron objects were produced by 
reducing the ore with carbon into small blooms and hammering those together (by forge welding). 
The famous iron pile of Delhi is also worth mentioning which was made in the IVth century by indian 
smithes with this method (the pile weighs 6,6t and is 400mm in diameter and more than 7m tall). 
Machining processes were revolutionized by VÍDIA (via diamont), or hard as diamond, as patterned. 
The WC-Co pseudoalloy multiplied the output of chipping tools. First it was used as inserts in tools. 
Nowadays solid milling and boring tools are made from it, which can be even provided with cooling 
channels. 
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The History of Powder Metallurgy II

• 1950: Farbication of plastic deformed PM products (USA)

• 1970:  Hot isostatic pressing, superplastic deforming of PM tool steels and super
alloys

• 1980: Fabrication of rapid cooled alloys, high level of chemical-physical
homogenity even in primary grain structure, ensures special usage values, ie. 
ASP high speed steels

• 1986: Powder forging (Ford winch), 60% of the winches are powder forged

• 1988: Application of injection molding in PM. Processing plastic filler-lubricating
agent and metal powder on tradition injection molding machines

• 1990: Applying so called „nanotechnology” (powders with 10-9 m grain size), 
new possibilities

• Laser sintering

• Spreading of sol-gel technologies. Sinter brazing.
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The Characteristics of Powder Metallurgy I

- unmatched microstructural characteristics can be provided

- low material and manufacturing loss

- every step of the manufacturing process can be automated

- alloys and pseudo-alloys are fabricable which cannot be made any other way

- suitable for producing and processing high purity metals

- good precision (IT7 can be achieved with calibration, precision is lower in the
direction of pressing)

- better physical, mechanical and other characteristics (magnetic, heat, corrosion, 
etc.) unavailable with other methods can be achieved korrózió, stb.)

- homogenous or inhomogenous materials can be achieved per request

- possibility for porous materials, such as filters or self lubricating bearings

- good surface finish

- significant machining cost can be spared

- materials with high melting pont, ie. Tungsten, molybdenum, tantalum can also
be processed

- the material need not be melted again
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The Characteristics of Powder Metallurgy II.

- the formed waste is usually reusable

- wide variety of alloy series can be produced from a low number of 
powder classes (usually not utilized, alloy powder is used)

- products made from high performabce ceramics

- Manufacturing of metal and ceramic alloys

- Posibility if mechanical alloying

Drawbacks

– Relateively high material and investment cost. One main direction of 
development is to drastically reduve these. PM today is a mass
production technology, 50-100 thousand is the critical series number for
general products where the aim is reducing the machining work.

– With the exception of special methods (ie. hot isostatic pressing), it is 
only suitable for producing small and average sized products

– Some powders are explosive and poisonous
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Powder Metallurgy Motor Parts

A modern motor interior: ast lightweight alloy house (Al inside, Mg outside), PM 

winch, composite piston, camshaft with PM cams, PM valve seat, PM belt discs...

 

Utilization of the advantages of PM technology: 
1. The shaping of the cams of the camshaft, even from hard metal or HSS 
2. Valve seat from heat resistant alloy 
3. The crankshaft is made by forging. It needs machining only on the fitted surfaces, it does not need 
balancing. 
4. Piston cast from particle reonforced composite or made with PM (higher silicon content, fine grain 
size, ceramic particles for abrasion resistance, alloying for heat resistance) 
5. Pulley, practically finished with PM. 
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25-30 

kg/car

Automotive parts

 

The typical application fields of PM is household appliances and hand machines as well as 
automotive industry (huge production run). 
In today's cars, PM products are componensts of small driving motors, the bearings, the cranks, the 
piston of the air conditioner's compressor. 
The usage is also significant with cash registers, computer preipheries, multimedia devices and 
photographic devices. The usage of PM is increasing for making corrosion resistant prosthesises and 
PM ceramic and composite products. 
 Some examples from general fields of use. 
Iron powder is applied in case of low densitiy (porosity is usually greater than 30%) to fabricate 
filters. Filters made of corrosion resistant steel can filter as small as 10 nm particles, the temperature 
limit of the application is 450°C. Metal filters can be easily cleaned. Oil impregnated self lubricating 
bearings are made of 25-30% porous material, the 18-25% porous material is used for sliding and 
guiding parts (shock-absorber pistons, etc.). Ofice machines, parts for textile industry and locks have 
7-18% porosity. Denser materials are soft magnets, automotive and other parts undergoing dynamic 
stress. 
Bronze is used for bearings and electrical contacts. Aluminium alloys are used for structural parts as 
well as bearing material and special piston alloy. 
The typical manufacturing technology of soft and hard magnets is powder metallurgy. 
The use of hard metal as tool material is buoyantly spreading even in the field of cold working, and is 
also the base material of powder metallurgy's compacting tools providing long service time. 

  



438  Materials technology 

www.tankonyvtar.hu  © Németh, BME 

Toothed Belt Discs and Chainwheels

 

The teeth are sinterd to final shape. 
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Powder Metallurgy Cutting Tools

 

Milling, boring,  and turning tools. Their material is hard metal (WC, TaC + Co pseudoalloy). 
The adequate toughness is provided by the fine grain size. The lifetime is prolonged with TiC, TiN, etc. 
coatings. 
Furthermore, mining and stone working tools are also made from hard metal. 
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Powder Forged Parts

 

The density of hot worked PM parts is practically 100%. They are free of porosity, their strength, 
toughness and fatigue limit is high and they have the rest of PM's manufacturing advantages (good 
material yield, NNS manufacturing, etc.). 
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Powder Metallurgy Aluminium Products

 

PM is usually used only for aluminium alloys with special composition or demands (rapidly cooled, 
oversaturated powders/fine grain structure, particle strengthened composites, high mechanical or 
heat stress, etc.). Drive train elements, pistons, winches, pump components are made from it. 
The first dispersion strengthened aluminium was manufactured in Switzerland during World War II 
using PM technology, with severely oxidising the surface of the powder grains. This oxide layer 
cracked during compaction, strengthening the material with its even distribution. The aluminium 
metal parts connected during sintering. Dispersion hardened alloys – in contrast of precipitation 
hardened ones – are stable, and do not decompose to heat. 
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Ceramics

 

Making wear, heat and corrosion resistant machine parts from modern, „heavy-duty” ceramics by 
PM technologies. 
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Ceramic Roller Bearings

Materials:

SiN

SiC

Al2O3

SiAlON

 

These bearings can be characterized by abrasion and chemical resistance, and the insensibility 
against stray current. 
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The Main Steps of Classic Powder Metallurgy
Technology

• Powder production

• Preparation of the powder: classification, annealing, mixing, 
additive adding (ie. for reducing friction), granulation*

• Powder mixture pressing and consolidation

• Heat treatment of the pressed product (sintering)

• (The latter two are repeated with some technologies)

• Additional (posterior) processes: calibrating, embossing, surface
treatments, heat treatment, impregnation, corrosion protection, 
etc.

 

Powders are granulated for easier handling (better flowability). 
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17

„Loose” , filling 

volume

(2,6-3,1) x Vfinal

The Flow Chart of 
Traditional Powder
Metallurgy process

ff

Occasionally

repeated

pressing, 

sintering

Green piece

Additional operations

 

1. The prepared powders are homogenized (mixed). The parameters of the mixing (time, rpm, 
etc.) must be specified to make the powder homogenous and not to segregate the mixture. 
The most importatn additives are for lubrication. 

2. The die cavity is usually filled by automatic mechanisms. 
3. Pressing can be realized with multi-operational dies. 
4. The pressed (green) product is ejected. Good handling and transferability is important. It is 

harder than chalk, but can be chipped. 
5. In the first phase of heat treatment, the additions exit the piece. Sintering occurs at elevated 

temperature. 
6. Calibrating enhances the precision of the workpiece. Coining counts in this category, which 

should be conducted in green state. 
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Production of Metal Powders I

Mechanical milling: mainly for brittle materials and alloys (hammer mills, 
attrition mills, ball mills, chipping, etc.)

Characteristic size is 20-400 μm, irregular shape, gritty surface – good
green strength („felts together”)

Aluminium pigment production. Mechanical alloying at micron scale
(surface diffusion occurs with during milling).

Vaporization from liquid metal: with gas, steam or water jet, or with high
speed rotating disc, etc.

Typical size is 20-400 μm, regular shape, fine surface, (poorer green
strength)

Rapid chilling: from oversaturated solutions (piston alloy, HSS, etc.), fine
grain structure

 

The material properties, grain size, geometry and surface state of the powders are decisive from the 
aspect of the properties of the finished product. The characteristcs of the powders are defined by 
their manufacturing process. 
Powders are often a byproduct of some other manufacturing methods, but their use can only be 
realized by sufficient preparation. 
Metals with low mleting points are spreyed with gas, water or on a rapidly rotating wheel.  
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Production of Metal Powders II

• Chemical process: ie. from oxides by reduction oxidokból 

redukálással, 

Typical size: 0,1-10 μm

Ie. tungsten from tungsten oxide (with hydrogen) or reduced with WC

• Electrolyzis (cathode metal) Cu, Ag, Fe

• Other methods: precipitation from steam,  with plasma, 

etc.

FINE POWDER IS HIGHLY EXPLOSIVE!!!! (Al, flour, sugar) 

– huge specific surface.

 

In many cases, metal powders can be produced from their compounds with oxide reduction or 
carbonyl process. Tungsten titan, tantalum, cobalt, or iron from good quality ore can be produced by 
oxide reduction. The reducing agent is carbon or hydrogen. 
Iron, cobalt, and nickel can be produced from their carbonyl compunds, the result is etxtra pure 
metal powder of 0.1-10 µm grain size. 
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Typical powder shape and surface

Bloom iron powder with 0,08% C

Iron powder with 0,01% C. 0,85 Mo vaporized with water
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Grain size of powders, powder mixtures

Grain size is characterizd with the so called sieve mesh (number of holes on a given length).

Sieve mesh and mesh size according to US pattern is contained in the following cahrt:

Mesh 25 30 35 40 50 80 100 140 200 230 270 325 400

Mesh size 710 600 500 355 300 180 150 106 75 63 53 45 38

Very fine grained powder (µm) is determined differently ie. by gravitational processes or by electron

miroscopy.

For better filling and better sintering, powder mixture is used, where 

powders with different grain size are used.

 

The compactability of powders is basicly affected by the state of their surface, the quality their grain 
structure, and the occasional cold work. 
The prepared powders are mixed with lubricants in order to reduce wall and inner friction. The 
application of these materials can considerably enhance the density of the product and the lifetime 
of the dies. 
Although a great advantage of PM metallurgy could be the free combination of base metals, vendors 
sell alloy powders in high quality and selection. 
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Classification of Powders
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Alloying elements reduce the compressibility of powders. The most disadvantageous impurity is 
nitrogen, followed by sulphure, phosphorous, and oxigen. Higher than  0.1-0.15% carbon content 
also reduces compressbility. 
Basicly, powders can be defined by their compressability, but it is not the only criteria. 
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Issues of Powders (Explosive and Health)

• Highly explosive

zirconium, magnesium, aluminium, lithium, sodium

• Generally explosive

tin, zink, iron, silicon, manganese, copper

• Slightly explosive

Molybdenium, cobalt,  lead

The health damaging effect of powders is also significant

(especially ie. Beryllium), this must be seriously taken

into account with the technological planning!!!
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Pressing of Powders

Punch

Filling gage

Die

Stripper

Counterpunch

Filling
Pressing Ejection

 

The aim of compaction is forming metallic connetion betwen the powder grains. The compacting tool 
is basically  similar to cold working tools. 
The required amount (the filling volume is 2.6-3.1 times more than the final volume, since volume 
filling ability of the powder is poor due to arching tendency) is fed to the prestressed die (made of 
tool steel or hard metal). The filled powder is usually pressed vertically or from two sides with 
suitable machine force to provide sufficient density. Then the punch is retracted and the 
counterpunch ejects the compacted workpiece. The strength of the so created („green”) product is 
low, its density is 70-95% of the solid metal's. (Nearly full density can be achieved by sintering or 
follow-up forging.) The density depends not only on the quality of the powder but also on the friction 
conditions and the shape. The deforming pressure rises steeply with the height of the workpiece and 
exponentially with the friction coefficient due to friction on the die wall and among the powder 
grains. That is why the height and cross-section-wall surface ratio of the workpiece is limited. 
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Density of Green pieces I

Alumínium ρelméleti=2,6 g/cm3

Réz  ρelméleti=8,86 g/cm3

Vas (porlasztott)  ρelméleti=7.86 g/cm3

Réz  ρelméleti=8,86 g/cm3

Vas (porlasztott)  ρelméleti=7.86 g/cm3

Alumínium ρtheoretical=2,6 g/cm3

Copper  ρtheoretical=8,86 g/cm3

Iron (vaporized)  ρtheoretical=7.86 g/cm3

Iron (bloom)  ρtheoretical=7.86 g/cm3
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Density of Compacted (green) Pieces II

Fig. 1

Fig. 2

Compaction pressure

 

The change in green density in function of compaction pressure depends not only on material 
characteristics (deformation strenght) but also on technological parameters (friction, grain size, 
compaction speed) fig. 1. 
The connection between compaction pressure and green density with distinct materials during 
powder compaction is shown in fig. 2. (where D is the relative density, the ratio of green density and 
the density of a solid object of the same material.) 
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Density Distribution in the Green Piece

Density of a two side compacted piece Density distributin of a compacted cylinder

(material: steel powder)

Pressing of leaped product

 

Compaction pressure is uneven throughout the volume due to friction between powder grains and 
on the die wall. That is why the density of the green piece is uneven. Isostatic pressings provide more 
even density. (HIP, CIP, hot isostatic and cold isostatic pressing processes). 
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1st class

4th class3rd class

2nd class

Classification of PM Products

 

Metal Powder Industries  Federation's classification system (USA) is often used when classifying PM 
products. This sorts the products into 4 classes. The classification is based mainly on the number of 
steps levels the product contains. 
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Pressing of Multilevel (4th class) Product

Compacted (green)

pieceFilling cavity, powder filling

Core rod
ejection 1st lower punch

1st punch
2nd punch

Die, die cavity

 

The moving of the 4 punches is done separately and aligned to provide even density.  
Ejectors may be needed for some workpieces. 
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Further Forming Processes

Hydrostatic forming processes:

CIP (Cold Isostatic Pressing)

HIP (Hot Isostatic Pressing)

Milling

Extrusion

Hot pressing

Powder forging

Injection molding
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Sintering

The aim of sintering is to create a diffusion contact or adhesion connection 

among the powder grains while the material recrystallizes. The density 

consequentially rises, the density, strength and elongation, the electrial 

and magnetic properties can be adjusted, the volume of the workpiece 

decreases. The average fillet radius of voids increases.

Beside beneficial void shrinkage, the unfavorable grain coarsening also 

appears. This is the critical aspect of synchronizing sintering time and 

temperature. With the addition of grain growth inhibitors,  grain 

coarsening can be decreased or avoided.
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Forming of Connection Between Dust particles

 

The binding can be explained by the following superstition. The cold deformation around the 
connecting surfaces was high enough to induce recristallization at elevated temperatures. This 
proceeds until it consumes the original grain boundaries and converts the gaps into pores and later 
closes them entirely. 
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The Procedure of Sintering

Starting State Reordering Neck forming

Neck widening New grain boundaries Growth of grain boundaries

Grain growth, non coherent pores

Pores cease to exist
Grain growth
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Diffusion Binding

Fig. 1

Fig. 2

Fig. 3

 

Difficultly sinterable ceramics and metals are mixed with additives which form a liquid or glass like 
phase among the powder grains. The rate of diffusion is faster in this phase, thus the time and 
temperature of sintering is significantly reduced and grain growth is inhibited (W-Co pseudoalloys, 
SiC, Al2O3 ceramics, etc.) 
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Fig. 1

Fig. 2

Sintering:

Shiealding atmosphere:

CO2,  H2, Ar, N …

Temp: 450-3200oC

Time: 15-90 perc

Constantly Operating Sintering Furnaces

Belt conveyor furnace

Roller-hearth furnace

Pusher furnace

Walking-beam furnace

Drive Preheat burn-off 
zone

DriveSintering  zone Slow cool zone Water cooling zone

 

Due to the mass production characteristics of PM, sintering usually takes place in constantly 
operating furnaces. In the first stage, the lubricant exits the piece, in the sintering stage, the 
sufficient atmosphere is set. The final stage makes the controlled cooling possible. 
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Periodically operating sintering furnaces

Lifting eye

Furnace bell

Heating elements

Retort

Transporter car

Bell type furnace
Lifting type furnace

Working area

Heating elements

Retort

 

Periodically operated furnaces are used for sintering at elevated temperatures, or with special 
atmosphere or with huge workipece sizes.  
Vacuum furnaces are usually plated with tubular cover, temperatures up to 2700°C can be reached in 
them. 
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Costs

• Material 15-25 %

• Compacting 20-30 %

• Sintering 20-30%

• Additional processes 10-20%

• Tool cost 10-20%

• Critical series number: ca. 10 000-50000 pcs. 
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Fabrication of Ceramic Parts

Usually by PM (rarely by casting-SiO2 glasses with additives)

• By slip casting

Casting slip process

Casting under pressure

Injection molding

Centrifugal casting

• By powder compacting

+Sintering (sintering-firing)
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The Sintering Tempearature of Some Ceramic
Products

• tiles, bricks 700-900 oC

• clinkers 1150-1250 oC

• glazed tiles, industrial stoneware 900-1300 oC

• porcelain >1300 oC

• WC-Co 1350-1450 oC

• AI2O3 1400-1900 oC

• Si3N4 1700-1850 oC
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WC+TiC 
solid 
solution

Wet milling in ball mill

Reduction of cobalt 
oxide

Sieve

Machining

Drying

Presintering

Sieve

Compacting

Evaluation

The draft of hard metal production

Powder metallurgy of ceramics/hard metals

Sieve

Filtering

 

Presintering is often used for producing hard metals and ceramics, with time and temperature that 
makes the product suitable for machining. The workpiece in this state is still machinable, ie. the edge 
angles can be formed on hard metal inserts. After final sintering, the workpiece can only be 
machined by diamond. 
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The Effect of Manufacturing Process on Fatigue
of Metals

Ű

ű

 

The fatigue limit of cold or hot worked product is advantegous in the direction of deformation (like in 
this case), and significantly worse in the other one. The characteristics of PM products are less 
dependent from the direction, they are homogenous. The fatigue llimit of a PM product is 40% 
higher than that of the forged one in cross direction. 
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Control Questions

1. Outline the processes of classical powder metallurgy technology.

2. Explein the following terms and names:

sintering, green piece, relative density, grain size, filling volume, pore, 
neck forming, arching.

3. Give the classification aspects of PM products.

4. Outline the tools and process of compacting a flanged bush.

5. Characterize the advantages of PM technology and the advantages
and disadvantages of its products.

6. Give a compacting method which provides a more even density.

7. Characterize the manufacturing processes, the quality and the
preparing methods of powders.

8. Analyze the effect of sintering parameters.

9. Analyze the atomic movements and their effect during sintering.

10. Characterize the equipment of sintering.

11. Outline the process of PM hard metal manufacturing.

12. Give some typical PM products and characterize them.

13. Compare the fatigue limits of PM, cast and forged products.
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Kulcsszavak

– Porkohászat

– Porok gyártása folyadékból

– Porok égése és robbanása

– Porok sajtolása

– Porok sajtolhatósága

– Nyers (sajtolt) termék

– Több szintű
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472  Materials technology 

www.tankonyvtar.hu  © Németh, BME 

Tartalomjegyzék

– Az porkohászat története, 

szerepe a gépgyártásban

– A klasszikus porkohászat 

alapfogalmai 

– Porgyártás, porok tulajdonságai

– Porsajtolás, a paraméterek 

hatása 

– Zsugorítás anyagszerkezeti 

alapjai

– Kerámiák porkohászata

– Keményfém porkohászata

– A porkohászati termék 

tulajdonságai

Summary

- The history of PM and its role in

manufacturing

- The nomenclature of traditional

PM

- Manufacturing and properties of 

powders

- Powder pressing, the effects of 

parameters

- The theoretical basics of sintering

- PM of ceramics

- PM of hard metal

- The properties of PM products

 

 

 



© Németh, BME www.tankonyvtar.hu  

Materials technology

11. Powder Metallurgy Technologies

Budapesti Műszaki és 
Gazdaságtudományi Egyetem Szent István Egyetem Óbudai Egyetem Typotex Kiadó TÁMOP-4.1.2-08/A/KMR-0029

Author: dr Árpád Németh
arpinem@eik.bme.hu

 

Literature: 
 Artinger I, - Csikós G. - Krállics Gy. - Németh Á. - Palotás B.: Fémek és kerámiák technológiája 

Műegyetemi Kiadó, Budapest 2006 

 ASM Metals Handbook: Powder Metallurgy,  USA, Ohio, 1988 

 Kalpakjian: Manufacturing Engineering and Technology, Addison-Wesley Publishing Company 
(2006) 

 W. Niebel - A. Draper – R. A. Wysk: Modern manufacturing Process Engineering McGraw-Hill 
Publishing Company 1989. 

 Welesz R.: Vasporkohászat (Vaskohászati enciklopédia) Akadémiai kiadó Budapest, 1963 

 Balsin M. J.: Porkohászat Nehézipari Könyvkiadó Budapest, 1953 

 Lindberg, Roy A.: Processes and materials of manufacture, Allyn and Bacon, USA, Newton, 
Massachusetts, 1977 

 Hirschhorn: Introduction to POWDER METALLURGY American Powder Metallurgy Institute, 
USA New York, 1963 

 Höganas Handbook for Sintered Components – Production os Sintered Components, 2004 

 Höganas Handbook for Sintered Components – Design and Mechanical Properties, 2004 

 Höganas Handbook for Sintered Components – Material and Powder properties, 2004  
  



474  Materials technology 

www.tankonyvtar.hu  © Németh, BME 

Powder Metallurgy Technologies

PM technologies are applied if:

Special characteristics unavailable with other technologies must be 

provided (ie. Porosity, homogenity)

High melting point materials are to be processed without melting them, 

with high purity (W, Ta, ceramics)

Economical aspects: low energy demand, low material loss, NNS/NS 

technologies (part manufacturing)

(Naturally only when fulfilling manufacturability)
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Application Fields of PM Technologies

 

A given part's distinct manufacturing processes are applied according to their characteristics, 
advantages, disadvantages and limits. The advantage of PM is that it is able to produce precise parts 
in great series with little or no material loss and relatively low costs (parts made with modern 
manufacturing process need only fine machining, grinding and fitting). Of course, certain limitations 
must be taken into account considering the shape of the part. The part cannot have cross-directional 
holes, undercuts, thon or high walls, etc. with traditional methods. In most cases, these geometries 
can be avoided and traditional geometries can be developed.  When designing a structural part made 
of metal powder, the following aspects should be taken into consideration: 
Is the production run sufficiently big for the technology to be economical?  
The shape and dimension tolerances of the piece to be manufactured must be inspected and 
modifications must be suggested if needed. 
It must be verified whether the desired physical properties can be fulfilled within the boundaries of 
PM process.  
It must be calculated how economical it is compared to the other manufacturing processes. 
It is exceptionally rare that all the above aspect get a positive response with a certain part. Most of 
the time, compromises must be as with any other manufacturing processes. 
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Application Field of Main PM Technologies 
(part manufacturing)

Characteristics
Classic

powder

metallurgy

PM by

injection

molding

Hot isostatic

pressing
Powder forging

Material

Steel,

Corrosion
resistant steel,

brass, copper,

ceramics

Steel, Corrosion
resistant steel,

ceramics

Super alloys,

Titan, Corrosion
resistant steel,

Tool steel,

Ceramics

Steel

Production run >5000 >5000 1-1000 >10,000

Weight (kg) <2,5 <0,1 max (300 g) 2-2500 <2,5

Piece complexity Good Excellent Very good Good

Dimension

tolerance
Excellent Good Poor Very good

Cost Excellent Good Poor Very good

Output Excellent Good Poor Excellent

Density Average Good Excellent Excellent
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The Process of Powder Metallurgy technology*

• Powder production

• Powder preparation, classification, mixing

• Shaping the powder mixture (ie. Slurry casting, compcting)

• Heat treatment, strenghening the atomic connection between powder 

grains (shrinking=sintering=firing)

• Additional processes (calibrating, impregnating)

(The individual processes are distinguished by the technological realization 

of step 3 and 4)

 

Although many processes are applied in PM which more or less deviate from the above mentioned, 
powder production, powder mixture making, shaping the mixture (green state) connection of 
powder grains/sintering, and posterior additional processes are always included. In traditional PM, 

each step is realized separately, while in modern technologies some steps are integrated or left 
out. 
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Quality of Powders*

Shape, size and distribution of 

grains

Arrangement of surface

Hardness of surface

Density of material

Density of grains

Volume of portion

The proportion of constituents

Electrostatic characteristics

Flowing ability

Sieve series for 

determining the 

ditribution of grain size

 

The manufacturing of powders is discussed only in such a detail that define the manufacturing 
process and the cahacteristcs of the final product.  
These characteristics basicly define the behaviour of the powder during later technological steps.  
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Grain Size, Distribution and Surface Characteristics of 
Powders

• The grain size of powders can be determined by

sieving, microscopical (light and electron microscopy) 

measurements, elutriation, fluttering, etc.

• A sieve can be made of mesh or bore plate (usually

above 45 µm grain size), or photo etched plate (for fine

grains).

 

Powders are classified by sieve series. The elements of the series are characterized by the size of 
their mesh (EN, DIN) or the number of meshes on a given length (ASTM). The figure shows the size 
deterimnation of of a complex grain. 
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Characterization of Powders Based on Their
Ditributon of Size

 

The grain size of powders is characterized by the average grain size and the extent of the grain size 
range. The sieve series is suitable for this. The specimen, taken from the powder is classified with 
different mesh sizes and the percentage of powder on a given mesh is determined by weight 
measuring, this is called a fraction. 
The conditions of the sieving (time, direction, frequency) are bound by standards. 
The data of sieving the characteristics of sold powders and the powder mixtures are given by the 
powder manufacturers and sellers. 
Very fine powders are granulated, mainly to improve the flowability of powders during filling. The 
grains are placed loosely in the granulated unit, they connect weakly. 
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Measuring the Nominal/Apparent Density and 
Viscosity of Powders

 

The nominal/apparent density can be consiedered as a basic technologial characteristic of powders, 
which is measured among standard conditions. With this density, the filling properties of different 
powders can be compared. It should be noted that in production line, the the filling volume depends 
on the geometry of the cavity, the resonances, or even for example from the moisture content. 
The resonance compacted density of powders (tap density), the loose density and the friction cone 
angle are also measured.  
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The Impact of Grain Shape on Nominal Density

 

The grain shapes depend on the manufacturing process and affect the nominal density, as can be 
seen in the above slide. 
The diagram above shows well that grain shape affects the nominal density (the flake-like geometry 
greatly decreases, the globular one increases density when increasing the fone fraction). 
(The above diagram was recorded with three different powder shapes where smaller than 45 µm (-
325 mesh) powder was added to bigger than 45 µm (+325 mesh) powder. 
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Nominal Density of Powders with Typical
Material, Grain Size and Manufacturing Process

Material Average diameter, µm
Nominal density ,

g/cm3

Aluminium

Vaporized

5.8 0.62

6,8 1.09

60% above 45 µm 1.22

75% above 45 µm 1.25

Copper
Electrolytic 90% under 45  µm 1.5-1.75

Vaporized
70% under 45 µm 4.9-5.1

50-60%. under 45 µm 4.9-5.5

Tungsten

Reduced from oxide

1.20 2.16

6.85 4.40

26.00 10.2

Material
Averegae diameter,

µm
Nominal density,

g/cm3

Corrosion resistant steel 

Vaporized,
globular

Under 45 µm 4.3

53-45 4.5

75-53 4.4

100-150 4.5

Iron

Reduced 6 0 , 9 7

Carbonyl 7 5.40

Reduced 51 2.19

Electrolytic
53 2.05

63 2,56

Reduced 68 3.03

Electrolytic 78 3.32

 

The above data is for informal purpose only. It pictures well that the volume of the powder is several 
times more than the solid material's. 
The necessary volume of the filling cavity can be determined from this. 
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Microsopical Picture of Distinct Powder Shapes

a) Angular

b) Dendritic

c) Acicular

d) Flake-like

e) Nodular

f) Granular

g) Globular

 

Needle-like 
 a) Angular 
 b) Dendritic 
 c) Acicular 
 d) Flake-like 
 e) Nodular 
 f) Granular 
 g) Globular 
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Explosion Danger of Aluminium Powder

 

Specific surface is an important characteristic of powders. This is usually given for 1g of material. The 
specific surface determines the reactive ability of powders, ie. explosive tendency or sintering ability.  
For example, the 25µm iron powder's specific surface is  0,03 m2/g, while the 10 nm ceraminc 
powder's specific surface is 260 m2/g.  
The huge specific surface leads to the speeding up of hemical reactions (oxidisation: flour explosion, 
sugar explosion, aluminum powder explosion). 
Aluminium powder explosion occured also in Hungary (during the manufacture of aluminium 
pigment). Aluminium pigment is used by the paint industry ie. for achieving metal shine. 
Pyrotechnic industry also uses huge amounts of metal powder. 
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Powder Mixing

• Pwders are classified for making the suitable powder

mixture, the mechanically milled powders may be 

annealed, friction on tool wall and among powder grains

is reduced by additives.

• Powder is applied from several fractions (grain sizes) to

reduce the size of pores.

• The applied powder mixtures consist of elemental

powders or alloys, maybe both.

• The mixing of powder, and the homogenous composition

is a necessary condition of manufacturing good quality

product.

• The mixing of powders is done in mixing mills.

 

The prepared powders are mixed with friction reducing agents to reduce inner and wall friction. An 
important demand from these materials to be removable from the compacted product. The 
application of these additivesm the density of the product can be improved with the same 
compacting pressure. The lifetime of the cdie also increases. The most fequent lubricants are wax 
(zinc-stearate), oil, glycerin, parrafin, camphor, or graphite. Numerous special artifical additives are 
developed for this special purpose. The ratio of the lubricant is 0.5-1.5 w% (many methods were 
developed to determine the precise amount lubricant, an important aspect being for it to completely 
cover the powder grains). 
The mixing parameters are usually determined by practical means. The optimal rotation speed and 
mixing time must be adhered. The mixture is not homogenous in the beginning, but overmixing can 
segregate some components by size, density, etc. 
With modern injection molding PM, the ratio of the polimer is 30-40%. The production and granuling 
of this powder mixture is carried out by special manufacturing methods. 
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Mixing and Mechanical Alloying

a) Welding of powder grains

b) Cracking of powder grains

Milling ball 1

Milling ball 2

Mechanikusan ötvözött szuperötvözet porkohászata

 

Mechanical alloying can be realized in a dry, high-energy ball mill, it can produce alloys and 
dispersion strengthened material in a well controllable way. 
Mechanical alloying was first used for producing superalloys and dispersion strengthening with 
oxides. Dispersion strengthening (unlike precipitation strengthening) is effective also at high 
temperature. 
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Shaping by Compaction

Though loose powder also cosolidate by the effect of heat treatment

and new powder metallurgy methods were born especially for

nanopowders, compatcting and sintering is still a defining PM 

process.

The green state, established by compacting provides the necessary

shape and gives sufficient strength form transporting. It significantly

decreases the size of pores. 

The build and material of the compacting tool, the mechanical basics

of compacting, the tool stresses and pressing machines are similar

to the ones utilized in plastic deforming technologies.

The pressing machines – especeially the ones suitable for produong

multi step products – are plurally operated by NC, CNC controls

through mechanisms. (Multiple active upper and lower punches, 

strippers or sometimes moving dies).
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The Comapcting Cycle

Cavity filling

Compacting

Ejection

Green piece

Punch

Counterpunch

(Also an ejector)Die

Filling frame

Powder mixture

Filling cavity

 

The above slide hows the two sided compaction of a simple, single level product. The cycle is 
processed on automated machines in mass production. 
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Cavity Filling

Filling usually happens to a defined
volume (volume filling)

The solidity of the poured powder is 
uncertain (see: loose density, 
nominal density, apparent-shaking
density)

The volume of the loose powder is 
several times the the compacted's 
(up to 3-6 times). It is greater with
fine, flake-like powders.

The amount of fed powder rises the
scatter in the compactaing direction.

The filling is defined by the flowing
characteristics of the powder.

Arching of the powder in the

die cavity, bridge forming

 

In most cases, the powder falls or flows into the mold cavity from the filling frame by  gravitational 
force. The returning filling frame draws down the powder on the surface of the mold. The volume of 
the filling cavity can be set by positioning the counterpunch. 
The powder filling is uneven if the powder flows through tight crevices. The practce is that if the 
smallest diameter of the cavity is only five times that of the powder grains, the filling will be uneven. 
As a result, products with thinner walls than 1 mm can be produced only from very fine powder 
(bridge forming phenomenon). 
In case of cavities with parts consisting of different geometries and depth, the filling will be different 
due to the different rheological behaviour of the powder. It can happen that the filling density is 
different in the upper and lower part of tight cavities. 
In case of bushes with thin walls, the thin section between the casing and the spike can be filled 
easier if the spike is pulled down to the lower position in the beginning of the filling process. When 
the cavity is filled, the spike is raised to its original position, pushing out the excess powder into the 
filling device. 
Different filling methods produce different filling density. In order to compensate the differences in 
filling density, filling depth must be set in advance in each part. This is to avoid negative effects in 
green strength and tolerances, and in sinterig. In order to achieve good homogenity, the width must 
be at least the sixth of the height. 
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Compaction

The density of the product

compacted in the die cavity is 

uneven due to inner and wall

friction. The reduction of friction

enhances homogenity.

The bind forming among the powder

grains is promoted by the relative

movement of the grains, 

especially by shearing

movement.

The effect of friction can be reduced

by two sided compation and the

free or restrained moving of the

die. 

The reduction of pressure in relation

to height/diameter
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Reducing Axial Pressure

Matrica 

(alakítóüreg)

A tengelyirányú nyomás:

Matrica 

(alakítóüreg)

A tengelyirányú nyomás:

Punch

Die 

(die cavity)

Axial pressure:

 

Significant part of the compaction force is consumed by friction. In a given powder, the necessary 
components for providing homogenous density are: 

The use of lubrican for reducing wall friction 
The application of huge compacting force (the density change of the powder is small at huge 
compacting forces) 
Small L/D ratio 
The use of floating die 
Pressing from two sides  
Preliminary solidification 

The homogenous density of the green piece is important due to avoid uneven shrinkage and 
distortion during sintering. Without it, precise manufacturing is not possible. 
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The Behaviour of Powder Grains During Compaction
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Density Change of Various Materials During Compaction

2. Vas (porlasztott)  ρelméleti=7.86 g/cm3

1. Vas (vasszivacs)  ρelméleti=7.86 g/cm3

2. Vas (porlasztott)  ρelméleti=7.86 g/cm3

4. Aluminium ρtheoretical=2,6 g/cm3

3. Copper  ρtheoretical=8,86 g/cm3

1

4

3

2

2. Iron (vaporized)  ρtheoreticali=7.86 g/cm3

1. Iron (bloom)  ρtheoretical=7.86 g/cm3

 

Density compared to theoretical density. 
The above slide shows well the density change of several powder types  duirng pressing. 
Iron based PM products are usually pressed with 650-800 MPa or higher. 
The pressure depends on the forming characteristics and forming strength of the powder grain, the 
friction, forming speed, and on the characteristics of the powder (annealed or not, grain geometry, 
grain size, surface conditions). 
The green piece made from mechanically produced powder has lower density but higher strength 
(the grains connecting) than the green piece made of globular powder. 
The pressing curves of the powders/powder mixtures are given by the powder manufacturers.  
Modern FEM simulation programmes are able to simulate the deformation of porous materials 
(metal and ceramic powders, foams, etc.), and their shift, deformation, strain and temperature fields. 
  



11. Powder Metallurgy Technologies 495 

© Németh, BME www.tankonyvtar.hu  

Green Strength and Green Density

 

Green strength is measured on standardized, cuboid test pieces with bending test.  
Green strength determines the vulnerability and movability of the green workpiece. 
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Materials of Compaction Tools

The tool components: 

The mechanical stress on the punch, 
counterpunch, die, stripper is similar to the cold 
work. *

Applied tool materials:

Cold work tool steels (at low production run) (ie. ledeburitic 

Cr steel)

High speed steels (up to ca. 500 thousand pcs.)

Hard metals (above 500 thousand pcs., or at high stress)

 

The abrasive wear is usually higher, since the elastic defomation between the punch and the die 
increases the gap where fine powder enters. It wears down the surfaces during both pressing and 
ejection, and increases pressing and especially ejecting force. 
Prestress is applied to improve the load bearing capacity and to reduce elastic deformation. The 
sizing concept of prestressing is similar to calculating with thick walled pipes.  
Surface coatings (CVD, PVD coatings ie. TiC, TiN) significantly reduce friction and wear. 
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The Extraction of the Compacted Piece
(Ejection)

Crack forming 

upon ejection

Crack forming due to 

springback

Ejection forc-ejection way 

function

 

The low strength green piece must be ejected, or stripped in case of bush-like pieces. The ejection or 
stripping force is determined by the elastic deformation of the workpiece and the tool, and the 
friction conditions. The development of the ejection forc is shown in the right diagram. In the 
beginning, the force reaches its maximum (traction), then starts to decrease (friction). The starting 
ejection force can exceed the pressing force in case of long, thin bushings.  
This has two effects. The lower part of the piece recompacts due to the high ejection force, and the 
long, thin counterpunch can break or deform. If the wall of the cavity is worn or not adequately 
lubricated, cold welding can occur, which significantly increases ejection force. The result is the so 
called stick-slip, which gives a typical creaking noise.  
Cracks can develop on the green piece during ejection for the following reasons: 
1. Springback. The mechanical press can transmit the greatest force on its lower dead point. When 
the mechanism is past the dead pont, bith the punch and the counterpunch springs back. If their 
length is different (ie. When manufacturing stepped objects), their axial springback will be different, 
which can cause cracks in the workpiece before ejection. Different heights in the workpiece can 
cause the same result. 
Such cracks are harmful especially in flanged bushings, because they are difficult to notice and 
cannot be repaired during sintering. To avid this, all the powder must be put under pressure with 
reduced axial force durin ejection. 
2. During ejection. As soon as the pressed piece leaves the cavity, the part which is no longer put 
under radial load swells. In this transient phase, shearing stress forms, which can cause horizontal 
cracks in the workpiece. 
In order to avoid these stresses, the upper part of the cavity mnust be conical and its edge must be 
filleted (unfortunately, this can press the grains into the surface of the die during pressing). 
The cup shaped pieces are especially prone to crack forming during ejection if they consist of a 
thicker wall and a thinner flange. The dampening pistions of cars have this tipical shape.  
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In order to avid cracks during ejection in a complicated shape, all the tools must be fully controlled. 
After ejection, the piece must be extracted from the pressing tools without damage. In the most 
simple case, this is realized by the posder filling mechanism. This pushes the piece onto a slide which 
leads to an intermedieate puffer. This can also be realized by robots. 
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Shape Design of Compacted PM products I

Wrong
Right

Wrong
WrongRight

Right

 

Undercuts, uneven wall thicknesses, crossing holes are to be avoided. 
Chamfers, fillets, parting planes cannot intersect in an acute angle. 
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Shape Design of Compacted PM products II

Wrong Right Wrong Right

 

Avoid thin, sharp protrusions, apply holes instead of snap-ins. Avoid thin walls and acute changes. 
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Other Compacting Methods

BlastingRolling

 

Practically every forming process is suitable for PM's shaping process as long as the powder grains 
can be brought close enough.  
The applications, where the shearing movement of powder grains are realized, are especially 
suitable. 

 Rolling is especially suitable for sheet or rod type product manufacture with high 
productivity, relative shift of grains and deformation pressure. Multilayered sheets can be 
manufactured, it is often used for the production of plain bearing linings. 

 Blasting is also suitable for compacting as a special process, the pressure wave of the blast 
can produce extremely high pressure. 
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Extruding

 

Extrusion technologies (even backward extrusion) is suitable for compaction both in hot and cold 
variant with its high pressure and beneficial material flow. 

 Combined with high speed deforming, friction can be significantly reduced and the 
homogenity can be improved. 

The technology holds many possibilities for manufacturing experimental pieces. 
The starting state can be: 

1. Powder 
2. Presqueezed and sintered or hot pressed cake. 
3. Canned (closed, preformed or raw, maybe degassed powder), formed with hot or cold 

extrusion. The technology is suitable for squeezing powders with highly abrasive 
characteristics (aluminium alloys high in silicon or composites), since the tooling is not in 
direct contact with the powder. Cans made from low-strength, soft materials also makes a 
suitable lubricant. 
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SIntering-Shrinking-Firing

• Its aim is to unite the powder grains

• Heat treating at high temperatura and under

special atmosphere, a long process

• Outcome: density and strength rises (porosity

decreases) a homogenous structure forms.

 

Since pressed parts do not have the necessary strength, sintering is needed, when it si heated under 
the melting pont of its main component (Trecr=a*Tmelt , where a=0,3 with pure metals, and 0,7 with 
alloys). 
Sintering process is affected by the following components: 
Sintering time and temperature 
The geomtry of the powder grains 
The composition of the powder mixture 
The density of the pressed piece 
The composition of the applied shielding gas in the furnace 
Sintering time and temperature 
In order to achieve the best bond between the grains, high sintering temperature and long sintering 
time is needed. This leads to an opposition: short sintering time is needed for greater productivity. 
This proposes high sintering temperature, which is not economical. 
In iron PM, usually 15-60 minute sintering time and 1120-1150 [°C] temperature is applied. 
The geometry of powder grains 
With given sintering conditions, fine grain and porosty accelerates the sintering process. This again 
leads to an opposition: fine powders are usually harder to compact and are more prone to shrinking. 
Commercial iron grains are usually smaller than 150 micron. 
The composition of the mixture 
Powders are mixed to achieve certain phisical properties and to control the dimension changes 
during the sintering process. If the mixture consists of two or more metals (ie. Iron, nickel 
molibdenium), then the alloying elements are evenly dissolved among the grains during the bonding 
process. But alloying is slow at the sintering temperature (iron and carbon being an exception), thus 
fully homogenous alloy cannot be achieved. 



504  Materials technology 

www.tankonyvtar.hu  © Németh, BME 

If the mixture contains a component which melts during the sintering process, (ie. Copper in iron 
powder), both the alloying and the bonding process accelerates. 
The density of the green piece 
The higher the density of the green piece is, the better the bond between the powder grains and the 
more efficient the alloying process will be. The process is enhanced by the lattice defects in powder 
grains, which is caused by the formation during the sintering process. 
The shielding gas in the  furnace 
The shielding gas has numerous, apparently opposing asks during the sintering process. On one hand, 
it protecs the workpiece from oxidation and lowers possibel remanent oxidation; on the other hand, 
it prevents them from decarburization, as well as from carburization. 
It is hard to choose the proper shielding gas. The following ones are most common in iron PM: 
Reducing-decarbuizing: hydrogen + decomposed ammonia (75% H2, 25% N2) 
Reducing, carbonizing: endogas ( 32% H2, 23% CO, 0-0,2% CO2, 0-0,5 % CH4, és a többi N2) 
Neutral: nitrogen (N2), hydrogen addition is possibel if needed, mostly for removing remanent oxides 
or methane or propane for supplying lost carbon. 
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The Mechanism of Sintering

• The two main states from the
aspect of the void among the
similar powder grains:

• 1, Early stage, when local 
binds form among the grains
(neck forming), without volume
change

• 2, Late stage, when the pores
shrink and become globular

NECK FORMING

Pore change

 

In addition to pore change, the diffusion of alloying elements also occurs. In iron PM, interstitial 
alloys, such as carbon, which is added as graphite lubricant, diffuse rapidly. Substitutional alloys like 
nickel or copper diffuse much slower. 
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The Effect of Time and Temperature on Sintering

Vezetőképesség

Iron powder forgingTheoretical diagram

 

The relevant properties of the final product increase with the indcrease of density, with some 
exceptions (porous parts: filters, self lubricating bushes...) Dinamica load bearing parts can only be 
manufactured with technologies providing high density.  
The effectiveness of the sintering process is judged by physical properties of the finished piece. This 
is connected to also the machining costs. That is why in PM, it is principal to achieve optimal strength 
and dimension stability with the lowest sintering temperature and shortest sintering time possible. 
The diagram shows that final strength and elongation increases rapidly in the first minutes, then the 
speed decreases (it is noteable that the density slowly increases during the whole sintering process). 
Final strength and elongation increases to sufficient levels at 650 and 750 [°C]. From here, their value 
increases nearly exponentially until they reach an average maximum at about 900 [°C]. Above 910 
[°C], where iron transforms into austenitic state, final strength and elongation drops and then starts 
to increase again, but much slower than before. 
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The Density of Sintered Product

Azonos 

hőmérséklet
Azonos 

hőmérséklet
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Sintering in temporary liquid phase *

• With low melting point additive (ie. Fe+Cu in iron 

powder forging)

• Az alapfémmel alacsony olvadáspontú eutektikumot 

képező adalékkal

• With additive chemically reactive with the base metal 

(pl. SiC silicon carbide ceramics: Fe, Al, Cr, Ca, Li, Ni, 

Al-Fe, Zr-B, Si+B+C additive) 

 

*Glass phase can be mentioned in case of ceramics (ie. aluminium oxide, Al2O3) The sintering 
temperature can be reduced with several hundred degree celsius with  SiO2-MgO adding or: 

Ceramic type  Sinter promoting additive with other ceramics  
SiC   BaO, B4C, AlN, Y2O3, BeO 
Al2O3    SiO2. CaO, Cr2O3 MgO, ZrO2, Y2O

3, NiO, SiC 
Si3N4    MgO, Y2O3, Al2O3, La2O3, BeO, ZrO2, AlN 
AlN   CaO, Y2O3, CaF2, AlF3 ) 

---------------------------------------------------------------------------------- 

Forming liquid phase 
1. In this case, the piece to be sintered consists of several mixtures. If one of the component 

melts at the sintering temperature, the forming liquid phase is sucked in by the capillar 
effect, which creates maximal coherency among the two phases. 

1. If the original amount of the liquid phase is smaller than the soluble amount, the liquid phase 
disappears. In this case, the volume of the compacted piece swells, because the liquid phase 
leaves huge pores behind. Furthermore, the „frame” of the solid phase also swells according 
to the amount of the liquid phase. 

2. If the temperature of the liquid phase is above the eutectic system forming temperature, 
sintering happens through the liquid eutectic system (this is also called as activated 
sintering). 

3. A temporary liquid eutectic system forms on the surface of the two materials by diffusion. 
With further alloying, compound of the two materials form). 
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Volume Change During Liquid Phase Sintering

Solution of th additive in the 

base material

 

Most of the commercial iron powder contains some copper alloying, to be able to utilize the 
advantages of the temporary liquid phase. Copper addition to iron powder causes unwanted 
dimension increase. 
Graphite, however, can counter this dimension increase. Furthermore, graphite increases the carbon 
content of iron, which increases its strength. In iron PM, liquid copper penetrates the iron lattice 
easily, because, the energy level between iron and liquid copper is lower than on the iron powder 
grains. 
If pure iron powder is substituted by pearlitic iron powder, the liquid copper penetrates the iron 
between the ferrite and cementite lamellae. As a conclusion, the rigid starting skeleton of the solid 
phase locally collapses and the volume of the green piece decreases. 
This explains the smaller shrinkage or swelling as as result of adding copper to the iron powder 
mixture and why can this be countered by carbon addition. 
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Sintering with eutectic-formation additive

 

The special case of sintering, where intermediate liquid state is present, is often called activated 
sintering. In this case, a small amount of metal or metal compound is added to the base powder. 
Although, the melting point of these additions is above the sintering temperature, they make an 
eutectic system with the base metal. These added metal compounds are alse called activators. 
During sintering, atoms diffuse from the activator into the grains of the base metal. This proceeds 
until the surface of the base metal completely melts. The surface melting would promote neck 
forming which causes the liquid phase to disappear. This sintering method is mainly used for 
sintering hard metals. 
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Reaction Bound Sintering

 

The sintering of some materials (especially with ceramics, ie. SiC) proceeds difficultly. It is realizable 
at lower temperature with additives, by chemical reactions among the components. 
It should be noted that the characteristics Reaction Bonding (=RB) do not reach those made with 
more expansive methods (ie. HIP). 
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Characteristics of PM Si3N4 ceramics

Manufacturing process
Density

g/cm3
l

W/mK

E

GPa

Bending stregth

MPa  

Reaction bound 2,4 7-14 175 200 1,5

Cold comopacted sintered 3,1 22 245 415 4,3

CIP 3,1 25 300 750 4,8-7

HIP 3,18 27 330 1200 5-8

SiAlON 3,2 22 300 950 6-8
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Tyipical Sintering Time and Temperature of 
Metals

Sintering

Material Temperature

(°C)

Time 

(min) 

Shielding atmosphere

Irona alloys 900-1200 30-90 hidrogen, CO. nitrogen

Copper alloys 700-870 15-25 hidrogen, vacuum

Aluminium alloys 580-620 30-45 nitrogen

Tungsten 3200 15-40 hidrogen, vacuum

Copper 840-900 30-45 hidrogen, CO, nitrogen, argon

Nickel 1000-1150 30-45 hidrogen, CO, nitrogen, argon
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Sintered Plain Bearings

  

 

The classical application field of PM products is the production of plain bearings. 
The properties of sintered bushings are: 
Constant presence of lubricant film 
Silent operation 
Low friction 
Low maintenace 
High precision 
Bearings are made of copper-carbon, bronze-carbon and iron based materials. The porous structure 
also serves as a lubricant reservoir. 
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Laser Sintering

- Additive technology

- The object is built up layer by

layer

- The surface is built point by point

- The starting material is powder

- Shielding atmosphere is needed

to avoid oxidation

- The number of usable materials is 

infinite. Anything which can be 

melted can be sintered

Theoretical draft of a laser sintering
device

1 – CO2 laser, 2 – focusing lens, 

3 – mirror, 4 – unsintered powder, 

5 – model, 6 – spreader roll, 

7 – base plate, 8 – feeder tanks

 

Laser sintering can be considered a special sintering process today. It provides the possibility of rapid 
prototyping. There is no bonding agent or need for sintering or infiltrating . The grain size is 20-50 
μm, the tolerance of the part is about the two-two and a half time of this. There is no need for 
machining, the density is 95-100%. Nitrogen atmosphere must be provided during the process. 
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Continous Sintering Furnace for Iron Powder
Metallurgy

1st section 2nd section 3rd section 4th section

 

 
The operational stages of the sintering furnace: 

1, Burning stage where lubricants burn out from the green piece between 250 and 700 [°C] 
2, Hot zone: sintering of iron powder grains between 1120-1150 [°C] 
3, The so called carbon setback zone, where pieces get back their surface carbon content at 
ca. 800 – 900 [°C] 
4, Cooling zone, where sintered pieces cool to ca.250- 150 [°C] before reaching the outside  
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Iron PM Products

The sintering densty depends mainly on compaction density, 
which depends on compaction pressure. Greater than
650 MPa compation pressure is rare in practice, since it
overloads the forming tools. Products in mass production
can take on 7,1 – 7,2 g/cm3  density with the accepted
600-650 Mpa compaction pressure.

7,5 – 7,6 g/cm3 density values can be achieved with
presintering then recompacting and final sintering. Higher
(7,7 – 7,8 g/cm3 ) values can be achieved only with hot 
forging, precompaction and presintering.

Lower compaction pressue and higehr porosity is set for filters
and bearings (30-70% porosity).
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Production of High Density Iron PM Products

 

The density and mechanical properties of PM products can be improved by hot pressing. The 
temperature of hot pressing is  150-200 oC, and it is done in preheated dies. The load bearing 
capacity of the die does not decrease significantly, ca. 0,2 g/cm3 density gain can be achieved. 
Copper impregnation is also in use for increasing density and properties. 
Repeating the two most important steps of PM also increases density. 
Powder Forging (PF) provides the greatest, up to 100% density among all processes. 
(Isostatic pressing and injection molding processes are intentionally not mentioned here which are 
used only for heavily alloyed steels due to their cost.) 
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Hot Pressing
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Continous Sintering and Pressing of Corrosion
Resistant Steel

 

*The t/cm2 unit although not standard, is used even today in PM factories. 
1 t/cm2= 98,1 (~100) MPa 
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Cold Isostatic Pressing

a.) Filling powder into the

elastic mold

b.) Plasing the mold into the

pressure vessel

c.) Pressing (Cold Isostatic)

d.) Taking out the green piece

 

Cold Isostatic Pressing=CIP meant a leap in PM technologies.  By it, intricate and huge metal and 
ceramic parts can be manufactured. The elastic, ie. rubber „die” transmits the liquid or gas pressure. 
The applied pressure is 100-600 (1000) MPa. 
Rubber tooling is used with dry cold isostatic pressing without intermediate liquid. The rubber is 
usually pressed with segmented steel tooling. 
Isostatic pressure compacts the piece from every direction which results in more homogenous 
density than with rigid tooling even with two directional compaction. The powder mixture contains 
lubricant, similar to traditional compacting. 
Cold isostatic pressing is used both for final or intermediate forming. If necessary, the green piece 
can be machined. Sintering is done with the above mentioned processes. 
  



522  Materials technology 

www.tankonyvtar.hu  © Németh, BME 

The Effect of Cold Isostatic Pressing
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Hot Isostatic Pressing

• Preparation of the
powder

• Canning (vaccuming, 
welding shut)

• Placing the can into the
press*

• Filling with colg argon

• Heating (the pressure of 
argon rises)

• Cooling, emptying Nyomás

1000 bar

„Can”

The Cylinder of HIP Press

 

Hot Isostatic Pressing=HIP may be even more important regarding heavyly alloyed steels then CIP.  
HIP machines can reach temperatures up to 2000°C and pressures up to 100 (experimental devices 
1000) MPa pressure. HIP process is also siutable for eliminating porosity in castings.  PM (small and 
large) HSS tools, titan airplane wing profiles, ceramic and ceramic composite parts are manufactured. 
The ASP (ASEA Stora Process) is made with rapid chilled, metal powder is put into containers and 
welded shut with electron beam under vacuum. The container is presqueezed with 400-800 MPa. HIP 
is conducted on special devices at 1150°C witha rgon at 100 MPa. The resulting bulk is fine grained, 
has homogenous carbide distribution, is forgeable, 99,9% solid and has higher bending strength than 
traditional HSS, its edge holding abilities not being worse. 
The so manufactured 1,5 ton bulk has homogenous and isothropic mechanical properties. In our 
days, these tool steels spread rapidly due to their better hardness and toughness, often being rivals 
to hard metals. 
Intricate structure elements (turbine blade, gears, etc.) are also manufactured this way. The green 
products are often presqeezed with cold isostatic pressing. Steel or ceramic inserts are used for tools 
for manufacturing finished products. 
HIP process is also suitable for eliminating the porosity of castings.  
A video can be viewed on the following link: 
http://www.mpif.org/AboutMPIF/HIP_video.asp?linkid=34 
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The Parameters of Hot Isostatic Pressing for 100% 
Density Achievement

Material
Pressur
e MPa

Temperature
oC

Time
hour

4 µm carbonyl iron 200 805 1

75 µm iron bloom 98 1000 1

70 µm low alloy steel 150 800 1

190 µm maraging steel 210 1200 3

100 µm austenititic corrosion
resistant steel

160 1150 3

120 µm martensitic corrosion
resistant steel

150 1150 3

65 µm Fe-10Al-5Si magnetic steel 200 1000 1

80 µm tool steel 100 1100 1

165 µm iron superalloy 69 1200 3
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Producing Powder Metallurgy Tool Steel*

Vaporized grains

Melting

Vaporizing

Capsule 

filling Welding

Rolling

Forging

Pressed products

Forged products

Rod steels

 

*It should be noted that the manufacture of hard metals (as one of the most important tool 
materials) is different from the above mentioned. 
Powder metallurgy technologies, with their advantagepous properties is a characteristic tool material 
manufacturing technology of today (super alloys and heat resistant alloys high in Ni and Co are also 
in this category). Fine grained, HSS with homogenous carbide distribution can be obtained in bulk, 
rod and profile shapes. 
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Powder Forging

Feeding the 

powder

Preform 

pressing

Ejection

To the preheating 

furnace

The fully solid part

Hot forging

Fast transportation

Heating in 

controlled 

atmosphere

 

Powder foging provides practically 100% density and good, homogeous mechanical properties. 
The application of powder forged parts is rapidly spreading. With the combination of traditional PM 
and hot forging, parts with excellent fatigue characteristics can be produced which only need 
machining on fitted surfaces. 
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Powder Forging of a Car Winch

The Steps of the Technology

The Equipment of the Technology

Vaporizing
Pressing

Ejection

EjectionInserting the 

pressed piece

Forging

Pressing

Cooling in 

nitrogen or oil

Evaluation Sintering 

furnace

Heating 

inductor

Automated 

stock moving
Forging

 

The fatigue limit of winches made by powder forging is 20-40% more than traditional ones', their 
precision, surface finish and material distribution is much better. Today, 60% of the winches are 
made this way. 
It makes the reduction in weight and thus the cost of manufacturing of parts possible. Altough the 
manufacturing itself is expensive, the total cost of the part is reduced due to the limited machning 
need. 
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Forging of a Heat Resistant model Motor

 

Rapid chilled  AlSi26Ni5 heat resistant aluminum winches for model plane motor made from 
aluminium alloy powder at the BME Materials Sciene and Technology Department. Made with HIP. 
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Injection Molding

1. Metal/ceramic powder mixing with 

polimer additives (~40 %)

2. Pellet making

3. Injection molding (~on traditional 

plastic injection molding machine)

green state

4. Partial dissolving of 

additives(brown state)

5. Burning out additives, 

presintering

6. Sintering

2.

 

In 1987 firm DEGUSSA installed a production line for Metal Injection Molding (MIM) very fine 
powders. Today, the majority of polimer additives (up to 80-90%) is dissolved from the green product 
(brown product). This is followed by sintering. In practice, the efficient production run is above 
100000 pcs. 
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Injection Molded Products

Intricate form, heavily alloyed heat

resistant steel base material

 

The remanent carbon from the additives can cause a problem. Due to the good heat conducting 
ability of the metal powder-plimer mixture, it can chill rapidli in the mold, limiting the maximum flowi 
length in 100 mm. 
In the same time, the outstanding advantage of the process is that intrcate parts can be molded from 
a great number of metal powders, even from hard metals, usually without any machnining need. 
Precision is good despite volume shrinkage, better than die casting according to ISO. 
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Examples for PM injection Molding for The 
Design of Product

 

The shrinkage of the injection molded product is big, thus significant dimension changes and stress 
can occur. 
Material obstruction must be avoided, even wall thickness must be provided. 
Load bearing capacity must be improved by ribbing and not by adding wall thickness. 
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Control Questions

1. Compare traditional and injection molding PM technologies.

2. Give technological possibilities for increasing product density.

3. Which technological parameters affect the characteristics of the 
product?

4. Characterize powder forging and the quality if the finished product.

5. Characterize the advantages and disadvantages of cold isostatic 
pressing technology and its finished product.

6. Characterize the advantages and disadvantages of cold isostatic 
pressing technology and its finished product. Give technological 
possibilities for increasing product density.

7. Define the effect and limits of compacting.

8. Give sintering methods and characterize them.

10. What parameters can you recall for improving sintering?

11.Outline the technological apects of PM product design.

13. Compare the various PM technologies (production run, precision, 
cost, product characteristics).
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Materials technology
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Iron-carbon alloy cooling from molten phase

Heat treatment
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TTT-diagrams

TTT-diagrams of the eutectoide steel

TTT-diagrams of the hypoeutectoide  steel in 

case of isothermal cooling

TTT-diagrams of the hyperutectoide  steel in 

case of isothermal cooling

TTT-diagrams of the hypoeutectoide  steel in 

case of continuous cooling

TTT-diagrams of the hypereutectoide  steel 

in case of continuous cooling

TTT-diagrams of the eutectoide steel
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TTT-diagrams of the hypoeutectoide steel in case of 
isothermal cooling

Ferrite precipitation precedes in case of isothermal cooling.

TTT-diagrams of the hyperutectoide steel in case of 
isothermal cooling

Cementite precipitation the austenite – pearlite transformation
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TTT-diagrams of the hypoeutectoide steel in case of 
continuous cooling

TTT-diagrams of the hypereutectoide steel in case of 
continuous cooling
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Heat treatment processes

Compensating 

heat treatments

Annealing

heat treatments

Hardness raising

heat treatments

Toughness raising

heat treatments

Case alloying

heat treatments

Normalizing

Recrystallization

Diffusion heat treatment

Stress relieving

Full annealing

Normalizing annealing

Isothermal annealing

Austenic annealing

Simple hardening

Combined hardening

Graduated hardening

Sub-zero treatment

Isothermal hardening

Patenting

Harding and tempering

Carbonizing

Nitriding

Cyaniding

Carbunitriding

Colorizing

SilicnizingArtificial ageing

Chromizing
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Task: Heat treating driving gear shaft

Quantification of heat treatment parameters

The prescribed case thickness according to shop drawing 1±0,1 mm, hardness

60±1 HRC. The series : 2300 pcs.

Quantification of heat treatment 

parameters

Quantification of heat treatment parameters

The material of the part : 

15CrNiMo6. The pre-product of the 

part is rolled and it had got a 

normalizing heat treatment still in 

the roll-mill. So for the sake of 

machinability already there is no 

need to separate heat treatment. 

The part was already machined 

earlier with cutting and in this 

chapter the heat treatment is carried 

out for sake of reaching the 

hardness according to the 

prescriptions.
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Operation plan for heat treatment

During planning the operations of heat treatment it is needed to know the mass 

of the part at determining the heating time as well as the characteristic 

dimension of the part. The mass of the part is usually given in the shop 

drawing, if there isn’t given then determined from it’s volume knowing it’s 

density.

The operation plan of the heat treatment:

• carburizing

• hardening ( core hardening, case hardening)

• tempering ( stress relieving)

• hardness testing

There are essentially possibilities for the heat treatment of the part, in one case 

such heat treatment is chosen when only see surfaces of the part is heated to the 

hardening temperature, so only the case will be hardened. This process can’t be 

applied in this case, because the low carbon content of the prescribed material 

makes impossible the hardening. Because of this the solution is so diffuse 

carbon particles into the surface so such depth what case depth is required 

to reach.
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The part has so be divided into early calculated elemental parts and the of the 

elemental parts right sign sum gives the whole volume (the volume of larger 

seizures and keyways has to be detail from the heat treatment standpoint 

approximate value is also sufficient surely correction factors are used anyway 

based on experiences.

Calculating the mass of the part

V= V1 + V2 + V3 + V4 + V5 + V6 + V7

VM











3

31085,7
m

kg


The mass of the part
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The first operation of the case-hardening is the carburizing, before which the part 

has to be degreased carefully so avoid the forming of carbon lean ( poor ) spots. 

The carburizing is done by gas carbonaceous material in order so each the proper 

case depth. Is not the whole part has to be carburized because of this the surface 

to be not carburized has to be covered with protective coating. The protective 

coating can be special paste, anti-carburizing paint, or the surface to be protected 

is coated by galvanic method which is worked off later.

915oC so reach the prescribed 1mm on the teeth.

Carburizing

At present the rolling surface of the gears has to be made and wear-resistant in 

1 mm depth on the workpiece surface. The low carbon content of the material in 

this case makes impossible the hardening. Because of this the solution is so 

diffuse carbon atoms into the surface in the required depth.

Heating time (theating).

The characteristic dimension of the part (Chcl): 78 mm

( The characteristic dimension is that dimension of the part by which the needed 

heating time can be calculated. It is the diameter of that cross-section which 

gets warm with the most difficulty. In this case the diameter of the dedendum 

circle is chosen). The heating time can be determined as a product of specific 

heating time so be found in the Tables of heat treating rules, of characteristic 

dimension and of the modifying factor.

Soaking time:

The part has to be soaked at a given temperature during carburizing that the 

carbon atoms should have got time so  in the prescribed depth.

Carburizing
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The amount of the heat (n):

The mass of the workpiece is M. The available heat treatment furnace for example 

pit furnace, which heating power is W, the specific maximum charge is Mc. The 

mass of the suspension device used to carburizing is Msd.

Carburizing

M

MtMc
n

sdhevating 




The amount of the heat that can be set in the heating furnace can be 

calculated from the heating power and from the mass of the workpiece.

During calculations the geometric dimensions of the furnace has to be taken 

into account, too.

The workpiece put into bridle can be lifted into the pit furnace with crane.

The cooling method:

The heats in proper carburized case according to requirements are set in the 

cooling pit together with the suspension device and with air are cooled so room 

temperature.

 

  



546  Materials technology 

www.tankonyvtar.hu  © Szakál, SZIE 

For the sake of avoiding the grain growth of the carburized parts double 

hardening has to be applied. The workpieces are hardened from the appropriate 

temperatures first of the core carbon content then of the case carbon content. 

Salt-bath hardening is applied because the rolling surfaces of teeth don’t require 

further machining after hardening.

Hardening

The temperature of hardening

The temperature of hardening can be determined on the basic of tables.

The heating time of hardening

The heating is done in two steps. In the first step the workpiece is pre-heated to 

500oC in order to avoid the hot cracking as well as by this it can be guaranteed 

the vapour – and liquid-free workpiece or else plunged it into salt-bath it would be 

splash and that can be dangerous. The workpiece is heated to the hardening 

temperature . The basic time of heating (tbh) needed to reach the temperature of 

hardening is 60 min in the function of characteristic dimension taking into account 

the pt furnace.

This time has to be increased by 30% because of the alloyed material, by 20% 

because of the heating of electric furnace, by 40% because of the location in the 

furnace.

The method of cooling:

The cooling takes place in a quenching sub, in oil.

Hardening

Tempering ( stress relieving)

Too high internal stress and surface hardness rise because

of the carbon content of the workpiece and of the

hardening process, because of this it is needed the low

tempering.

Suspension device
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Heat treatment operation instruction

The operation instruction of tempering

Heat treatment operation instruction

The operation instruction of hardening
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Heat treatment operation instruction

The operation instruction of carburizing
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The practice of heat treatment

The heating eguipment
(Requirement are the constant, adjustable heat transfer, suitable atmosphere)

Standoiuts of chuosing heat treatment equipment:

Standpoints of grouping heating equipment:

• according to energy source,

• according of the heat transfer method,

• according of the from of the furnance,

• according of the operation method.

• the heat treatment technology,

• the availabe energy,

• the method of the heat transfer,

• the dimention and number of workpieces,

• the number of operation.

The practice of heat treatment

The heating eguipment
(Requirement are the constant, adjustable heat transfer, suitable atmosphere)

Standoiuts of chuosing heat treatment equipment:

Standpoints of grouping heating equipment:

• according to energy source,

• according of the heat transfer method,

• according of the from of the furnance,

• according of the operation method.

• the heat treatment technology,

• the availabe energy,

• the method of the heat transfer,

• the dimention and number of workpieces,

• the number of operation.

Continuous furnances:

Batch furnances:

Conveyor furnance

Rolling and pusher-típe furnance

Rotary furnance

Drum-type furnance

Box furnances

Pit furnances

Top hat furnances

Tank furnances
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The practice of heat treatment

The heating eguipment
(Requirement are the constant, adjustable heat transfer, suitable atmosphere)

Standoiuts of chuosing heat treatment equipment:

Standpoints of grouping heating equipment:

• according to energy source,

• according of the heat transfer method,

• according of the from of the furnance,

• according of the operation method.

• the heat treatment technology,

• the availabe energy,

• the method of the heat transfer,

• the dimention and number of workpieces,

• the number of operation.

Pit furnance

Box furnance

Top hat furnance

Tank furnance

Conveyor furnance

The practice of heat treatment

A hőkezelő berendezés kiválasztásának szempontjai:

Hevítőberendezések csoportosítása:

• energiaforrás szerint,

•  hőátadás módja szerint,

•  kemence kialakítása szerint,

•  üzemeltetés módja szerint,

• hőkezelési technológia,

• a rendelkezésre álló energiahordozó,

• a hőátadás módja,

• a munkadarabok mérete és száma,

• az üzemeltetés módja,

Aknás kemence

Kamrás kemence

Harangkemence

Tégelykemence

Alagútkemence

A hevítés berendezései
(Követelmény az egyenletes, szabályozható hőátadás, megfelelő atmoszféra)
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The practice of heat treatment

Pit furnace

The practice of heat treatment

Box furnace
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The practice of heat treatment

Top hat furnace

The practice of heat treatment

Tank furnace
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The practice of heat treatment

Conveyor furnace
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The practice of heat treatment

The heating eguipment
(Requirement are the constant, adjustable heat transfer, suitable atmosphere)

Standpoints of choosing heat treatment equipment:

Standpoints of grouping heating equipment :

• according to energy source,

• according of the heat transfer method,

• according of the from of the furnance,

• according of the operation method.

• the heat treatment technology,

• the availabe energy,

• the method of the heat transfer,

• the dimention and number of workpieces,

• the number of operation.

Direct heat transfer

Indirect heat transfer

The practice of heat treatment

The heating eguipment
(Requirement are the constant, adjustable heat transfer, suitable atmosphere)

Standpoints of choosing heat treatment equipment:

Standpoints of grouping heating equipment :

• according to energy source,

• according of the heat transfer method,

• according of the from of the furnance,

• according of the operation method.

• the heat treatment technology,

• the availabe energy,

• the method of the heat transfer,

• the dimention and number of workpieces,

• the number of operation.

Electric heating

Gas heating

Heating with oil burner

Furnance with solid carburant
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Keywords

heat treating, austente, pearlite, ferrite, bainite, martensite, annealing, tempering, 

recistalization, grain growth,   
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Controlling questions

• What is heat treatment?

• What is a TTT diagram? What types does it have?

• Can you please explain TTT-diagrams of the hypoeutectoide steel in 

case of isothermal cooling?

• Can you please explain TTT-diagrams of the hypereutectoide steel in 

case of isothermal cooling?

• Can you please explain TTT-diagrams of the hypoeutectoide steel in 

case of continuous cooling?

• Can you please explain TTT-diagrams of the hypereutectoide steel in 

case of continuous cooling?

• How can you arrange heat treatment equipments in groups?
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treatment

Budapesti Műszaki és 
Gazdaságtudományi Egyetem Szent István Egyetem Óbudai Egyetem Typotex Kiadó TÁMOP-4.1.2-08/A/KMR-0029

Author: Dr. Zoltán Szakál
szakal.zoltan@gek.szie.hu
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Heat treatment processes

Compensating 

heat treatments

Snnealing

heat treatments

Hardness raising

heat treatments

Toughness raising

heat treatments

Case alhoging

heat treatments

Normalizing

Recrystallization

Diffusion heat treatment

Stress relieving

Full annealing

Normalizing annealing

Isothermal annealing

Austenic annealing

Simple hardening

Combined hardening

Graduated hardening

Sub-zero treatment

Isothermal hardening

Patenting

Harding and tempering

Carbonizing

Nitriding

Cyaniding

Carbunitriding

Colorizing

SilicnizingArtificial ageing

Chromizing
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Compensating heat treatments

Normalizing

Recrystallization

Diffusion heat treatmant

Stress relieving

The aim of the compensating heat treatments is to compensate the 

inhomogeneities occurring in the steal to the whole cross-section. 

Depending on that the heat treatment process guarantees what 

compensation the following processes were developed:

The compensating heat treatment processes are carried out generally on the 

basic material, semi-finished product already.

Compensating heat treatments

The aim of the process is so improve the overheated, 

for example welded steals, coarse, unequigranular 

structure. The improvement of overheated steels by 

normalizing is called regeneration.

Normalizing

Recrystallization

Diffusion heat treatmant

Stress relieving
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The crystallines of cold drawn rods, low carbon steels 

elongate, deform to the effect of processing and stress 

remains in them. To the effect of this the strength increases, 

the hardness grows but the toughness decreases, the 

formability deteriorates. The embristlement

the grain deformation caused by the cold forming, can be 

eliminated with recrystallization.

Normalizing

Recrystallization

Diffusion heat treatmant

Stress relieving

Compensating heat treatments

The different parts of steels crystallize not at the same 

time in the molding so their chemical composition will be 

different. The impurities of iron alloys can form enrichment 

in the steel to be harmful to the strength properties, during 

heat treatment they can cause cracks. The enrichments 

can be reduced or eliminated with diffusion heat treatment.

Normalizing

Recrystallization

Diffusion heat treatmant

Stress relieving

Compensating heat treatments
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The reduction by heat treatment of stress caused 

by the casting, the hot-and cold forming, the 

machining and the planishing is called stress 

relieving.

The internal stresses of the steel can be reduced 

by stress reliving heating that it’s strength, it’s 

structure don’t change.

Normalizing

Recrystallization

Diffusion heat treatmant

Stress relieving

Compensating heat treatments
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Full annealing

Normalizing annealing

Isothermal annealing

Austenitic annealing

The annealing are carried out in order to make easily workable the steels. 

The cementite lamellas of the pearlite are transformed into grains with 

heat treatment to the effect of the surface tension caused by the heat.

The types of annealing processe:

Annealing heat treatments

The cementite lamellas are transformed to cementite 

spheres, grains with annealing heating. 

( The annealed structure is called spheroidite.) the 

cementite spheres invested in the soft ferrite in the 

globular pearlite practically roll out from before the edge of 

tool, so they exert smaller resistance as the cementite 

lamellas. This structure shows smaller resistance at plastic 

deformation, too.

Annealing heat treatments

Full annealing

Normalizing annealing

Isothermal annealing

Austenitic annealing
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It is used at hypoeutectoide steels. Cooling slowly 

the heated steel the austenite transforms into 

granular pearlite. After this the alloy is cooled so 

room temperature in the furnace or with air.

Annealing heat treatments

Full annealing

Normalizing annealing

Isothermal annealing

Austenitic annealing

The steels heat treated with isothermal 

annealing are suitable for machining by low 

cutting speed, for example for tooth cutting, rib 

milling for broaching.

Annealing heat treatments

Full annealing

Normalizing annealing

Isothermal annealing

Austenitic annealing
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Comparatively softest, best machinable condition of 

highly alloyed steels, of stainless-and heat resistant 

steels, of wear resistant and high manganese 

alloyed steels can be reached with austenitic 

annealing. The stainless steels resist the chemical 

effects best in this condition.

Annealing heat treatments

Full annealing

Normalizing annealing

Isothermal annealing

Austenitic annealing
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Simple hardening

Combined hardening

Sub-zero treatment

Graduated hardening

The aim of the hardness raising heat treatments is generally so from the 

wear resistant, martensitic structure, maybe to help the precipitation of a 

hard intermetallic compound. 

Heat treatments belonging to this group are: 

Artifical ageing

Hardness raising heat treatments
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That heat treatment is called hardening (quenching) 

during which the steels with higher carbon content 

than 0,3% are heated over the GSK-curves with 30-

50oC, then after transforming into austenite are cooled 

by a speed higher than the critical cooling speed in 

order to get hard, martensitic structure.

Hardness raising heat treatments

Simple hardening

Combined hardening

Sub-zero treatment

Graduated hardening

Artifical ageing

 

The transforming into martensite (hardening) can be carried out to the whole cross-section of the 
part or concerning only to the case. 
  
Hard case can be produced, while the care remains tough if only the case is heatd to the hardening 
temperature for example with oxy-acetylen flame, by inductive method, or by clipping into salt-bath 
then applying quick cooling. 
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This method is used at water quenching steels if it is susceptible 

to cracking because of the chemical content or of the large 

dimensions of the workpiece. First water cooling is applied at the 

combined hardening till avoiding the nose-point of the C-curve, 

then the cooling is finished in oil. In front of the nose-point the 

steel is tough enough, the part doesn’t crack during hardening, 

after already cooling in oil slower pearlite doesn’t form however. 

So the steel can be hardened without crack.

Hardness raising heat treatments

Simple hardening

Combined hardening

Sub-zero treatment

Graduated hardening

Artifical ageing
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The surface of the part cools sooner in case of 

workpieces with larger cliameters or with greater 

thickness than care so stresses arise in the during quick 

cooling. Because before martensite forming (Ms) it is 

waited till the temperature of the case and the core 

compensate then the process is finished with quick 

cooling. Maybe a low tempering is applied to avoid the 

harmful stresses.

Hardness raising heat treatments

Simple hardening

Combined hardening

Sub-zero treatment

Graduated hardening

Artifical ageing

log time

tempering

case

core

te
m

p
e
ra

tu
re

Ms

Mf

Ms

 

So the hardened steel is more tough beside the same hardness, the danger of cracking is less. It is 
less susceptible to distortion, weather out better the dynamic impact loads.
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Its aim is the remained in the steel, yet not transformed 

so called rest-austenite transformation into martensite. 

The rest-austenite reduces the steel hardness. It is true 

the transformation would take place after some time 

also of itself, but this at workpieces truly machined for 

example gages, fuel supply elements  are not allowed 

as the transformation causes volume gain.

Hardness raising heat treatments

Simple hardening

Combined hardening

Sub-zero treatment

Graduated hardening

Artifical ageing

It is named ageing that characteristic of the low-

carbon steels what after longer time period without 

every deliberate intervention, effect their hardness 

increase, their toughness, elongation reduce. If this 

phenomenon arises during use the at ambient 

natural ageing of the steel.

Hardness raising heat treatments

Simple hardening

Combined hardening

Sub-zero treatment

Graduated hardening

Artifical ageing
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Isothermal hardening

Patenting

Hardening and tempering

The toughness has got a close connection with the structure, with the 

dimension of the crystalines. The alloy is the more tough it structure and it 

texture are the more fine and the more homogeneus. During toughness 

raising heat treatment process fine lamellar pearlite, bainite are formed. 

the following processes belong to this group of heat treatment:

Toughness raising heat treatments

The hardening and sempering is a complex process. It 

consist a hardening and following it a high tempering. Its aim 

is to guarantee the high toughness beside the high strength. 

During simpering the fine acicular martensite formed by 

hardening is transformed into fine granular pearlite 

(spherosoidite).

Toughness raising heat treatments

Isothermal hardening

Patenting

Hardening and tempering
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The hardness of the steel heat treated by this is near to the 

hardened steel, but its toughness is much higher, because if 

this it is much less susceptible to crack, to distortion. It is 

suitable excellently to heat treating springs, stamp-dies and 

cutting tools, blades knives. The structure will be bainite.

Toughness raising heat treatments

Isothermal hardening

Patenting

Hardening and tempering

This heat treatment is similar with the isothermal hardening, 

it follows its principle. Here also the supercooled austenite 

transforms into bainite. The process is suitable to make 

tough long, thin products, wires and metal strips.

Toughness raising heat treatments

Isothermal hardening

Patenting

Hardening and tempering
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Carburizing 

Nitriding

Cyaniding

Karbonitriding

Carborizing

Sikiconizing

Such heat treatment is called case alloying when carbon or other 

alloying elements are diffused into certain shickness case of steel part 

made of low-carbon or low alloy steels. The aim of the process is that 

depending on the alloying element the care should be hard, wear-

resistant, corrosion resistant, heat resistant.

Several case alloying processes have been developed:

Chromizing

Case alloying heat treatments
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Carbon can be diffused into the surface of steel parts having 

less than 0,2% carbon content during which the carbon is 

soluble in the of steel. The process is called carburizing. The 

thickness of the carburized case is 0,1-2 mm generally, its 

carbon content optimum is around 0,8%, but it can’t exceed 

the 1%.

Case alloying heat treatments

Carburizing 

Nitriding

Cyaniding

Karbonitriding

Carborizing

Sikiconizing

Chromizing

 

The aim of the process is that the non-hardenable steal case is made hardenable to the required 
depth. Only the case will be hardened of the whole part. So the case will be hard, wear-resistant 
while the core remains soft. 
The carburizing and the following hardening is called case-hardening. 
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During nitriding nitrogen atoms are introduced to the steel case by 

diffusion. To the effect of alloying the hardness, the fatigue strength, 

the corrosion resistance of the case increases. The nitrogen atoms 

form iron nitride intermetallic compoused with the iron in the case 

and as a result of this the case will be hard and wear-resistant. 

Farther in a thinner but much harder iron nitricide intermetallic 

compound is formed.

Case alloying heat treatments

Carburizing 

Nitriding

Cyaniding

Karbonitriding

Carborizing

Sikiconizing

Chromizing

 
The nitriding stee can be nitriding (C% 2,25-0,4%; allonged with Al, Cr)  
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These processes are the common applications of 

carburizing and nitriding. The steel is alloyed at the same 

time with carbon and nitrogen. The part is heated in an 

agent giving down carbon and nitrogen. At cyaniching the 

carburizing is the dominant process.

Case alloying heat treatments

Carburizing 

Nitriding

Cyaniding

Karbonitriding

Carborizing

Sikiconizing

Chromizing

During chroming the Chromium atoms are diffused 

into the case of low-carbon steels in agent giving 

down chromium atoms or in gas-state containing 

chromium has got better corrosion resistance and it 

becomes harder and will be more heat resistant.

Case alloying heat treatments

Carburizing 

Nitriding

Cyaniding

Karbonitriding

Carborizing

Sikiconizing

Chromizing
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Siliconizing means alloying the surface of low-carbon 

steels with silicon (Si). Its aim is to increase the acid 

resistance of the steel. The process can be 

guaranteed only with 11% Si content, which results 

only acid resistance partly.

Case alloying heat treatments

Carburizing 

Nitriding

Cyaniding

Karbonitriding

Carborizing

Sikiconizing

Chromizing
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Keywords

heat treating, austente, pearlite, ferrite, bainite, martensite, annealing, tempering, 

recistalization, grain growth,   
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Controlling questions

• What is heat treatment?

• Demonstrate the compensating heat treatment processes. What kind of heat 

treatments do belong to this group, what is the purpose of each of them, how to 

execute them? 

• Demonstrate the annealing heat treatment processes. What kind of heat 

treatments do belong to this group, what is the purpose of each of them, how to 

execute them?

• Demonstrate the hardness increasing heat treatment processes. What kind of 

heat treatments do belong to this group, what is the purpose of each of them, 

how to execute them?

• Demonstrate the toughness increasing heat treatment processes. What kind of 

heat treatments do belong to this group, what is the purpose of each of them, 

how to execute them?

• Demonstrate the case alloying heat treatment processes. What kind of heat 

treatments do belong to this group, what is the purpose of each of them, how to 

execute them?

• What is case hardening? When is it applied? What types does it have?
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14. The interpretation of the surface treatment 
parameters and concretizing him

(The bases of surface treatments )

Budapesti Műszaki és 
Gazdaságtudományi Egyetem Szent István Egyetem Óbudai Egyetem Typotex Kiadó TÁMOP-4.1.2-08/A/KMR-0029

Author: Dr. Gyula Bagyinszki
(bagyinszki.gyula@bgk.uni-obuda.hu)

 
The curriculum also deals with the various forms of damage, which lead to a treatment, with some 
important characteristics of material surfaces, with methods of surface preparation, as well as with 
the material testing performed in order to determine the layer quality. 
The aim of this curriculum is to offer theoretical and practical knowledge for planning, designing and 
material selection for spare parts, tools and constructions. The book also offers information on 
technology planning of production and repair, particularly with respect to the tasks of the engineer 
education in mechanical engineering. 
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SURFACE TREATMENT

• The curriculum gives an overview of the surface technologies, 
but it is not exhaustive.

• It focuses on applications in mechanical engineering.

• The curriculum presents not only the heat treatment methods
(surface hardening, thermo-mechanical and thermo-chemical 
treatments, PVD, CVD, surface remelting), but also processes such 
as deformation (surface solidification with cold deformation), 
fusion welding (surface remelting, surface alloying, remelting
welding), physical-chemical processes (surface coating).

 
The curriculum gives an overview of the surface technologies, but it is not exhaustive. 
It focuses on applications in mechanical engineering. 
The curriculum presents not only the heat treatment methods (surface hardening, thermo-
mechanical and thermo-chemical treatments, PVD, CVD, surface remelting), but also processes such 
as deformation (surface solidification with cold deformation), fusion welding (surface remelting, 
surface alloying, remelting welding), physical-chemical processes (surface coating). 
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THE APPLICATION VIEWPOINTS
OF SURFACE TREATMENTS 

In industrial practice, the application of material and energy-saving 
technologies – which are more environmental friendly – have an 
increasingly important role. These technologies relate to the 
minimal volume of the workpieces, based to the machining 
process, operating loads and specific conditions required.

This conception correspond in general, the surface treatments.

Without other requirements or regulations, surface layers can be 
applied on easily to be processed, cheap materials (body), in order 
to improve the damage resistance (abrasion, tempering, corrosion, 
scaling and fatigue resistance), layers which are often decorative 
surface layers adapting the base material (body) to the 
requirements without major construction or properties changes.

 

In industrial practice, the application of material and energy-saving technologies – which are more 
environmental friendly – have an increasingly important role. These technologies relate to the 
minimal volume of the workpieces, based to the machining process, operating loads and specific 
conditions required. 
This conception correspond in general, the surface treatments. 
Without other requirements or regulations, surface layers can be applied on easily to be processed, 
cheap materials (body), in order to improve the damage resistance (abrasion, tempering, corrosion, 
scaling and fatigue resistance), layers which are often decorative surface layers adapting the base 
material (body) to the requirements without major construction or properties changes. 
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Surface loads

 

A structure or component can be affected by a wide variety of service environments that may 
include: 

 temperature extremes; 

 temperature fluctuation; 

 alkalinity; 

 acidity; 

 pressure; 

 oxygen content; 

 flammability; 

 flame impingement; 

 humidity (wet/dry cycles); 

 galvanic differences; 

 moisture; 

 liquid metal; 

 flow/flow rate; 

 erosion; 

 cavitation; 

 hydrogen content; 

 biological agents. 
The type and magnitude of applied loading are crucial aspects of materials selection. 
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While considering potential materials with other requisite properties, the following general loading 
types must be addressed: 

 constant, sustained loading; 

 cyclic, repetitive loading; 

 capid, shock loading; 

 clow loading; 

 distributed loading; 

 concentrated loading; 

 variable loading. 
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The damage forms of components and tools

fatigue crack brittle fracture

wear stress corrosion

 

The damage processes occurring in the course of the short operation may not be determining in the 
case of one single product, these his prevention fundamental planning one, production, operation 
and check (state supervision) task. 
The longer operation (lasting usage) his row occuring damage accumulation processes can be 
affected for the material of the product whole one's (did not localize) or a part range of his 
(localized), while the safe one is an operation his viewpoint originally correctly chosen material 
characteristics can be changed. 
On this - often inescapable - it may be damage accumulation with the testing of processes materials 
suffering a damage-resistant (opposite a damage his resistance) to judge, to rank, concerned from 
the materials prepared components so-called remaining-lifetime (his remaining period of duty) to 
respect what a lot are with actual index-numbers which cannot be characterize in a case, but the 
(usually numerous) it is possible to set up limit values, criteria with the help of influencing factors, to 
grant planning, production and operation viewpoints. 
The really fair one suffering a damage-resistant features not model (test body-) from experiments, 
but operating (product) it is possible to gain it from testings, in an actual case. 
The surface treatment as the most important, frequentest areas of surface technology modifying a 
material structure of application the wear resistance, concerned it closely related tempering resistant 
and they take aim at the correction of the corrosion resistant, that is the wear and corrosion 
processes are influenced, it is slowed down.  
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Wear

 

The manufacturing and surface treatment (or regeneration) technology is important factor among 
possibilities of wear reduction, besides optimum construction planning, correct material-selection 
and careful operation. 
Most part of surface treatment technologies, inclusive of surface treatments by high power density 
energy sources, make to increase of wear resistance possible. 
The abrasion (wear) testing methods are intricate, expensive, instrument - and time demand and 
their results are often brought to connection with features of test set and less characterize the 
tribological system. 
On the basis of hardness tests, which practicable on simple specimens, are possible to characterize 
well the relative wear (abrasion) resistance of surface treatments layers also. 
These give a base to compare with other layers and materials. 
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Wear mechanisms

 

The wear take a prominent part among lifetime - determining failures of machine - units and tools. 
For example the main damage processes of forming dies well illustrate this also. 
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Tempering

Hardness-change (of various tool materials) as a function of temperature
(hot hardness).

The wide range in each group of materials results from the variety of tool 
compositions and treatments available for that group.

 

Hardness of various tool materials as a function of temperature (hot hardness). 
The wide range in each group of materials results from the variety of tool compositions and 
treatments available for that group. 
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Corrosion

Corrosion is the deterioration of a material by 
a reaction with its environment.

All corrosion reactions are electrochemical in
nature and depend on the operation of 
electrochemical cells at the metal surface.

This mechanism is discussed in the first
section, “Galvanic Corrosion.”

Galvanic corrosion applies even to generalized
uniform chemical attack —described in the
section “Uniform Corrosion”— in which the
anodes and cathodes of the cells are
numerous, small, and close together.

 

Corrosion is the deterioration of a material by a reaction with its environment. 
All corrosion reactions are electrochemical in nature and depend on the operation of electrochemical 
cells at the metal surface. 
This mechanism is discussed in the first section, “Galvanic Corrosion.” 
Galvanic corrosion applies even to generalized uniform chemical attack —described in the section 
“Uniform Corrosion”— in which the anodes and cathodes of the cells are numerous, small, and close 
together. 
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Corrosion mechanisms

 

While corrosion can take many forms, it is most generally defined as a chemical or electrochemical 
reaction between a material and its environment that produces a deterioration (change) of the 
material and its properties. 
Organizing the forms of corrosion has the advantage that corrosion processes with similar 
mechanisms can be considered together. Categorization of the forms of corrosion has existed in 
various schemes for many years. 
A broad view would separate corrosion into two categories: corrosion that is not influenced by any 
other process and corrosion that is influenced by another process, such as the presence of stresses or 
erosion. 
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Mechanical fatigue Fatigue failure of engineering 
components and structures 
results from progressive
fracture caused by cyclic or 
fluctuating loads.
The magnitude of each 
individual load event is too 
small to cause complete 
fracture of the undamaged 
component, but the cumulative 
action of numerous load cycles, 
often numbering in the
hundreds of thousands and 
millions, results in initiation and 
gradual propagation of a crack 
or cracks.
Complete fracture ensues when 
the crack reaches critical size.
Fatigue is an important 
potential cause of mechanical 
failure, as most engineering 
components or structures are 
or can be subjected to varying 
loads during their lifetime.

Typical S-N curves for two metals.
Note that, unlike steel, aluminum does not 

have an endurance limit.

 

Fatigue failure of engineering components and structures results from progressive fracture caused by 
cyclic or fluctuating loads. 
The magnitude of each individual load event is too small to cause complete fracture of the 
undamaged component, but the cumulative action of numerous load cycles, often numbering in the 
hundreds of thousands and millions, results in initiation and gradual propagation of a crack or cracks. 
Complete fracture ensues when the crack reaches critical size. 
Fatigue is an important potential cause of mechanical failure, as most engineering components or 
structures are or can be subjected to varying loads during their lifetime. 
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Thermal fatigue

Thermal fatigue refers to the process of 
fatigue damage under simultaneous
changes in temperature and 
mechanical strain.
Fatigue damage at high temperatures 
develops as a result of inelastic 
deformation where the strains are 
nonrecoverable. Therefore, fatigue
damage is complex, as it may
accumulate over a range of 
temperatures and strains under both 
steady-state and/or transient 
conditions.
Thermal fatigue is also often a low-
cycle fatigue issue, because relatively 
infrequent transients (compared to 
steady-state exposures) can contribute 
to the accumulation of fatigue damage 
in various kinds of equipment, such as 
jet engines, land-based turbines for 
power generation, pressure vessels and 
hot work tools.

Thermal fatigue cracks on 

surface of hot work tool

 

Thermal fatigue refers to the process of fatigue damage under simultaneous changes in temperature 
and mechanical strain. 
Fatigue damage at high temperatures develops as a result of inelastic deformation where the strains 
are nonrecoverable. Therefore, fatigue damage is complex, as it may accumulate over a range of 
temperatures and strains under both steady-state and/or transient conditions. 
Thermal fatigue is also often a low-cycle fatigue issue, because relatively infrequent transients 
(compared to steady-state exposures) can contribute to the accumulation of fatigue damage in 
various kinds of equipment, such as jet engines, land-based turbines for power generation, pressure 
vessels and hot work tools. 
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The figure presents the systematization of the surface treatment process. 

 
 
 

  

The systematization of surface treatmentsThe systematization of surface treatments
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Surface treatment examples for various metals

 

The figure shows surface treatment examples for various metals. 
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Forming hardening, as the base of surface streghtening

The figure shows the true stress-true-strain curve in 
tension. Note that, unlike in an engineering stress-strain 
curve, the slope is always positive, and the slope 
decreases with increasing strain. Although stress and 
strain are proportional in the elastic range, the total 
curve can be approximated by the power expression 
shows. On this curve, Y is the yield stress and Yf is the 
flow stress.

The figure shows the 
effect of the strain -

hardening exponent, n, 
on the shape of true-

stress-true-strain 
curves. When n = 1, the 

material is elastic, and 
when n = 0, it is rigid 
and perfectly plastic.

 

The strain-hardening exponent, also called the work-hardening exponent, is a measure of how 
rapidly the metal becomes stronger and harder as it is strained (worked). This exponent is typically 
obtained from the true stresstrue strain curve of the metal (often derived from engineering stress-
engineering strain curves) and is expressed as a power law: 

σ = K·εn 
where σ is the true stress, K is the strength coefficient, ε is the true strain, and n is the strain-
hardening exponent. 
At room temperature, in case of cold forming for magnitude of K typically ranges from about 200 
MPa for soft aluminum to about 2000 MPa for superalloys; it decreases as the temperature 
increases. Depending on the metal and its condition, the values of n typically range from 0.05 to 0.5. 
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Allotropic transformation, 
as the base of the surface hardening

The figure is shows a CCT 
(continuous cooling
transformation) diagram for
steel.
Ferrite, pearlite, and bainite
regions are indicated as well as
the Ms (Martensite start) 
temperature.
The Ms temperature is not
constant when martensite
formation is preceded by
bainite formation, but typically
decreases with longer times.

 

The selective hardening of steel surfaces is typically achieved by localized heating and quenching, 
without any chemical modification of the surface. 
Surface hardening produces thin surface zones that are heated and cooled very rapidly, resulting in 
very fine martensitic microstructures, even in steels with relatively low hardenability. High hardness 
and good wear resistance with less distortion result from this process. 
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Grain refinement, as the base of surface remelting
The microstructures of metals and alloys are determined by composition, 
solidification processes, and thermomechanical treatment. Therefore, these 
process variables determine the response of metals and alloys to laboratory and 
service environments. Because of the relationships between structure and 
properties, metallographic characterization is used in materials specification.
The surface melting delineates process parameters that typically affect the
material to depths from 0.5 to 5 mm and result in metallurgical structures similar
to welded structures. The parameters designated rapid surface melting affect a 
surface layer only 0.02 to 0.6 mm thick, but result in quench rates to 107 K/s and 
therefore allow for the production of novel metallurgical structures, fine-grained
microstructure and higher R strenght:

G001,0
d

k
RΔRRR 00 

R0 and k material constant, d average grain size, G shear modulus

 

The microstructures of metals and alloys are determined by composition, solidification processes, 
and thermomechanical treatment. Therefore, these process variables determine the response of 
metals and alloys to laboratory and service environments. Because of the relationships between 
structure and properties, metallographic characterization is used in materials specification. 
The surface melting delineates process parameters that typically affect the material to depths from 
0.5 to 5 mm and result in metallurgical structures similar to welded structures. The parameters 
designated rapid surface melting affect a surface layer only 0.02 to 0.6 mm thick, but result in quench 
rates to 107 K/s and therefore allow for the production of novel metallurgical structures, fine-grained 
microstructure and higher R strenght. 
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Applicable energy forms to the surface treatments

 

The figure shows the applicable energy forms to the surface treatments. 
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Adaptability of energy sources used to 
surface treatments

 

The figure shows the adaptability of energy sources used to surface treatments (the black fields is 
sign the practical, and the grey fields is sign the theoretical cases). 
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High energy density heating sources

 

The stress of constructional and tool materials within the workpiece shows significant deviations. The 
biggest mechanical- and thermal stress rises in sorroundings ot contact region, therefore reasonable 
to change the properties locally. The adjusment of local characteristics we need to create conditions 
of heterogen structure, with development of different phase-transformings, with adjusment of 
different chemical composition. 
The perspective area for local treatments are - which are increase abrasion resistance, tempering 
resistance (tool life) of working surface of products - the high-power-density (>102 W/mm2) energy-
sources (plasma, electron-beam, laser) treatment. 
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Concept of high energy density

High energy density (high power density):

p ≥ 102 W/mm2 = 104 W/cm2 = 108 W/m2;

Ultra (or extreme) high energy density:

p ≥ 104 W/mm2 = 106 W/cm2 = 1010 W/m2

laser beam

electron beam

plasma arc

welding arc

gas flame

 

Power density is defined as the incident power per unit area. 
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High energy density
surface technologies

 

The left figure is summarizes the ultra high energy density - plasma, electron beam, laser - surface 
treatments, with Hungarian names. 
The right figure compares the laser and the electron beam surface hardening, surface remelting, 
surface melting on (cladding) and surface alloying. 
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The setting parameters of technological heat
sources wich can be focused

q [J/mm] specific heat input

p [W/mm2] power density

th [s] effect time period

e [J/mm2] surface energy density

e’ [J/mm3] volume

energy density

e* [J/mm2√s] weighted

energy density

Weighted energy density

 

The setting parameters of technological heat sources wich can be focused: 

 the beam power: P [W = J/s], 

 the typical size of focused material zone affected by beam or surface focus patch size: df 
[mm], 

 the relative velocity of the workpiece and the beam compared to each other: vr [mm/s]. 
The capital energetical or energy density features can be calculated from setting parameters: 

 specific heat input: q [J/mm]; 

 power density: p [W/mm2]; 

 effect time period. th [s]; 

 surface energy density: e [J/mm2]; 

 volume energy density: e’ [J/mm3]; 

 weighted energy density: e* [J/mm2·s1/2]. 
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q specific heat input; p power density; th effect time period;

e surface energy density; e’ volume energy density;

e* weighted energy density
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The capital energetical or energy density features can be calculated from setting parameters: 

 specific heat input: q [J/mm]; 

 power density: p [W/mm2]; 

 effect time period. th [s]; 

 surface energy density: e [J/mm2]; 

 volume energy density: e’ [J/mm3]; 

 weighted energy density: e* [J/mm2·s1/2]. 
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The technological features of high energy 
density processing

material quality

Parameters

energy input

parameters

beam quality

parameters

base material direct heat input beam concentrating

„necessary"
 chemical composition

(C, Öi, Ce, Öe)

 power

(nominal, maximum)

 focus path

(size, shape factor)

base-

parameters
 heat physics features

(, a, L; Top, (Ts, Tl); Trekr, A1, A3)

 effective value

(efficacy, absorption coefficient)

 work distance, focus position

(focus current, defocus)

 geometrical features

(shape, sizes, surface topography)

 mode of operation

(continuous, periodic)

 beam profile, mudus structure

(energy distribution, polarisation)

 initial state

(grain size, microstructure)

 relative speed

(moving beam, moving workpiece)

 environmental medium and pressure

(vacuum, shield gas)

filler material indirect heat input beam deflection

"possible"
 composition

(alloying, pollutes)

 total preheating

(onto a whole workpiece; T0, method)

 start position

(beginner position, static beam positioning) 

assistant-

parameters
 fineness

(grain size, size distribution)

 local preheating

(onto a next layer lane; T0*)

 path shape

(dinamic beam moving)

 carrying up method

(before treatment, during treatment)

 local postheating

(onto a previous layer lane; lane overlap)

 amplitude

(dinamic beam moving)

 layer geometry

(thickness, pore)

 total postheating

(onto a whole workpiece; T0, method)

 frequency, cycle time

(dinamic beam moving)

 

The sucessful execution of these treatments have a three-part technological condition- and 
parameter-system: 

 suitable base imterial and previously sprayable or continuously feedable applied material 
during the treatment (this isn't needed in ceae of surface remelting); 

 choose of speciflc heat-input (beam-power) which is suitable for material-pair and the layer 
geometry; with preheating, which is reducing the danger of cold-cracking; 

 adjusting of beam-quality parameters, which are concentrate and positione the beam-power. 
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The well automatizeable electron beam and laser surface treatment 

have the best efficiency more important characteristics as follows:

• the electron beam and laser beam is fastly switch on-otf, precisely positionable
without inertness on given place and depth (on tracking of complicate
geometries), but in case of electron beam the high power density only be 
guaranteed in vacuum;

• very high temperature (melting and evaporation) is avaiable on given place: 
between the extreme fastly heated layer - which is small to compared with the
gross volume of workpiece - and the cold tool body; in according to the very high
temperature-gradient the solidification and cooling rate vill be high; the critical
temperatures will change;

• bigger mass of workpiece staying in cold, elastic state, bepause the heating is 
concentrateable on small volume, the power is precisely adjustable (only the
surface can be heated): smaller heat-affected zones and distortions, smaller
dimensional changes, but the surfaces vill be slightly serrated, so refining is 
necessary;

• because of vacuum or shielding gas oxidfree surface without burn off of alloying
elements can be achieved, but the dimensions of vacuum chamber determine the
treatable workpieces in case of electron beam.

 

The well automatizeable electron beam and laser surface treatment have the best efficiency more 
important characteristics as follows: 

 the electron beam is fastly switch on-otf, precisely positionable without inertness on given 
place and depth (on tracking of complicate geometries), but in case of electron beam the 
high power density only be guaranteed in vacuum; 

 very high temperature (melting and evaporation) is avaiable on given place: between the 
extreme fastly heated layer - which is small to compared with the gross volume of workpiece 
- and the cold tool body; in according to the very high temperature-gradient the solidification 
and cooling rate vill be high; the critical temperatures will change; 

 bigger mass of workpiece staying in cold, elastic state, bepause the heating is 
concentrateable on small volume, the power is precisely adjustable (only the surface can be 
heated): smaller heat-affected zones and distortions, smaller dimensional changes, but the 
surfaces vill be slightly serrated, so refining is necessary; 

 because of vacuum oxidfree surface without burn off of alloying elements can be achieved, 
but the dimensions of vacuum chamber determine the treatable workpieces in case of 
electron beam. 
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Laser

ENERGY INPUT BY ELEKTRONICS DISCHARGE

TOTALLY 

REFLEC-

TING 

MIRROR

PARTLY 

PERME-

ABLE 

MIRROR
LASER 

GAS

LASER-

BEAM

In the industrial practice many times used lasers:
• the 10,6 m wavelength CO2- (CO2+N2+He) lasers
• and the 1,06 m wavelength Nd:YAG = (Nd3+:Y3Al5O12) lasers.

 

"Laser" is an acronym for "light amplification by stimulated emission of radiation." The coherent 
nature of the laser beam allows it to be focused to a small spot, leading to high energy densities. 
The availability of high-power continuous-wave (CW) carbon dioxide (CO2) and neodymium-doped 
yttrium aluminum garnet (Nd:YAG) lasers and the limitations of current welding and surface 
technology have promoted interest in deeppenetration welding and surface treatment in the past 20 
years using these devices. 
In laser treatment a focussed beam of monochromatic light (the laser beam) is focussed on the 
surface, creating a plasma, and local melting. Shielding gas is blown through a nozzle in the laser unit 
to protect the layer. The equipment is expensive, though not quite as costly as that for electron-
beam welding. High volume or critical treating conditions are required to justify the necessary 
investment. Because laser treatment does not require a vacuum chamber, it has taken over many 
applications from e-beam welding, particularly in the micro-electronics field. 
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Laser material technologies

The high-power laser beam is:
• monochromatic,
• coherent,
• little divergence
optical radiation.

The absorptivity of the material surface is very important. The absorption during the initial
transient period is dependent on wavelength and surface conditions. There are several
techniques to enhance the initial absorption. They include nonmetallic absorbing coatings, 
preheating, surface roughening, periodic surface structure or induced grating structure, and 
the application of an electric field of the correct sign.

 

Lasers can be used as a clean, controllable heat source for surface treatment and welding. The laser 
beam scans the surface of a component to cause a phase change for localised heat treatment, or to 
melt it for localised structure-change. 
There are three classes of laser surface engineering: surface transformation hardening, surface 
shocking, and surface melting and glazing. Each requires a particular set of process conditions, 
detailed below.  All allow local treatment of selected areas of the surface. 
Laser surface strenghtening uses a laser beam to produce a tiny localised pressure pulse that does 
the same thing as the shot, but does it better. A 20 ns pulsed laser is focussed, with an energy density 
of about 2 MJ/m2, on the surface of the metal component, coated with a dark absorbing pigment, 
and with an overlay of transparent material like water. The laser light passes through the water and 
is absorbed by the dark pigment. The interaction creates a pressure shock wave of about 1000 MPa 
that deforms the surface locally, creating the compressive stressed skin. The water layer acts like a lid 
on a pot to help contain the shock. 
Laser surface strenghtening is now used to extent the surface life of critical metal parts, from engine 
fan blades to hip joints, claiming a factor of 3…5 in life over conventional peening treatment. The 
process also holds the promise of lighter, stronger products of entirely new design. 
The absorptivity of the material surface is very important. The absorption during the initial transient 
period is dependent on wavelength and surface conditions. There are several techniques to enhance 
the initial absorption. They include nonmetallic absorbing coatings, preheating, surface roughening, 
periodic surface structure or induced grating structure, and the application of an electric field of the 
correct sign. 
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Electron beam material technologies

The energy distribution of electron beam which
come up against a workpiece:

• bigger than 70 % proportion generates heat in 
the material;

• smaller than 30 % proportion reverberates from 
the surface;

• smaller than 1% energy part turns into X-ray 
radiation.

Main technological
parameters of electron
beam technologies:

• beam current,
• accelerating voltage,
• focus current,
• relative treatment velocity,
• chamber pressure,
• work distance.

 

In electron beam welding, surfacing is produced by the heat of a focused beam high velocity 
electrons. The kinetic energy of the electrons is converted into heat when it hits the workpiece, 
which has to be contained in a vacuum chamber, and it must be a conductor. The process is more 
energy-efficient than laser-beam treatment, allowing higher power densities. 
Most electron beam welding is done in a vacuum environment where the maximum ambient 
pressure is less than 0.13 Pa. Maintenance of this degree of vacuum is important because of the 
effect that ambient pressure has on both the beam and the surface layer produced, as discussed 
below. 
Under ambient high-vacuum conditions, the frequency of collisions between beam electrons and 
residual gas molecules is extremely low, and any dispersion (i.e., beam-broadening effect) that would 
result from such scattering collisions is minimal. However, because the frequency of scattering 
collisions increases with the density of gas molecules present, this effect becomes greater as the 
surrounding environment pressure is increased. Only at ambient pressure values below 0.13 Pa is the 
effect of scattering insignificant enough that the beam can be held in sharp focus over distances of 
several feet (depending on the particular characteristics of the electron gun and electron optics being 
employed) to achieve maximum effectiveness in producing relatively deep, narrow welds. 
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Technological parameters of electron beam
surface treatment

 

The sucessful execution of electron beam surface treatments have a three-part technological 
condition- and parameter-system: 

 suitable base imterial and previously sprayable or continuously feedable applied material 
during the treatment (this isn't needed in ceae of surface remelting); 

 choose of speciflc heat-input (beam-power) which is suitable for material-pair and the layer 
geometry; with preheating, which is reducing the danger of cold-cracking; 

 adjusting of beam-quality parameters, which are concentrate and positione the beam-power. 
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Technological plasma

Two types of plasma arc surface treatment 

processes:

(a) transferred and

(b) and nontransferred.

 

Plasma technology can be defined as a gas-shielded arc surfacing process where the coalescence of 
metals is achieved via the heat transferred by an arc that is created between a tungsten electrode 
and a workpiece. The arc is constricted by a copper alloy nozzle orifice to form a highly collimated arc 
column. The plasma is formed through the ionization of a portion of the plasma (orifice) gas. 
Once the equipment is set up and the surfacing sequence is initiated, the plasma and shielding gases 
are switched on. A pilot arc is then struck between a tungsten alloy electrode and the copper alloy 
nozzle within the torch (nontransferred arc mode), usually by applying a high-frequency open-circuit 
voltage. When the torch is brought in close proximity to the workpiece or when the selected 
surfacing current is initiated, the arc is transferred from the electrode to the workpiece through the 
orifice in the copper alloy nozzle (transferred arc mode), at which point a surface layer is formed. 
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PLASMA AND SHIELDING GAS COMPOSITIONS 

 

The design and current rating of surfacing torches are based on argon plasma gas. Argon provides 
effective shielding, being heavier than air, and is cheaper than helium. Shielding gas selection is 
based on the type of base metal (figure). 
Helium and argon-helium mixtures can be used as shielding gases to increase the thermal 
conductivity of the gas and, hence, the heating effect on the surface layer. Helium results in wider 
layer pools than argon, because it produces a higher arc voltage. 
Hydrogen additions to argon shielding gas tends to promote slightly narrower layer pools through arc 
constriction and achieves a very clean layer pool appearance, because it is a reducing gas. Although 
helium and hydrogen can be added to argon in the shielding gas to give higher heat input, the use of 
gases with higher heat contents in the plasma gas can result in torch overheating and potential 
damage. 
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The features of material surfaces to be handled;
macro- and microstructure of surfaces 

The ideal surface:
• is always clear and free from strange atoms;
• its structure and composition is equal to the structure and composition of one 

of the grid planes of the ideal block material;
• is arises along the given Miller index grid plane of the ideal block material by

way of cutting with a geometry plane.

 

The ideal surface: 

 is always clear and free from strange atoms; 

 his structure and composition is equal to the structure and composition of one of the grid 
planes of the ideal block material; 

 is arises along the given Miller index grid plane of the ideal block material by way of cutting 
with a geometry plane. 
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Worked real surface
and its macro- respectively its microscopic mistakes

(roughnesses, structural differences, composition
differences)

 

The figures shows schematic illustrations of the cross-section of the surface structure of metals. 
The thickness of the individual layers depends on processing conditions and the environment. 
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Surface waviness and roughness

 

The figure shows the standard terminology and symbols used to describe surface finish. The 
quantities are given in µm. 
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Surface Roughnesses

 

The figure shows the range of surface roughnesses obtained in various machining processes.  Note 
the wide range within each group, especially in turning and boring. 
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The preparation of surfaces to a treatment

Surface cleaning, setting of roughness and activation of the 
surface:

• removal of oxide, scale layers and corrosion traces:
–with mechanical methods: grain scattering, grain blowing, 

revolving drum wear, grinding, polishing, brush, scrabbling, 
polishing, a high-pressure jet etc.;

–with chemistry or electrochemical and thermal methods: 
acid or alkaline pickling, salt melt treatment, flame 
treatment etc.

• removal of grease, oil and paint respectively lacquer residues:
–with thermal methods: with gas jet, in a furnace etc.;
–with chemistry and physical methods: with special integral 

solvents, alkaline solutions, steam beam etc.
• non-destructive (NDT) crack testing of the cleared surface.

 

In selecting a metal cleaning process, many factors must be considered, including: 

 the nature of the soil to be removed, 

 the substrate to be cleaned (i.e., ferrous, nonferrous, etc.), 

 the importance of the condition of the surface to the end use of the part, 

 the degree of cleanliness required, 

 the existing capabilities of available facilities, 

 the environmental impact of the cleaning process, 

 cost considerations, 

 the total surface area to be cleaned, 

 effects of previous processes, 

 rust inhibition requirements, 

 materials handling factors, 

 surface requirements of subsequent operations, such as phosphate conversion coating, 
painting, or plating. 
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Removal oxide and scale

Mechanical methods:
• surface preparation made with granules:

– set strongly (embedded) with granules: disk polishing, band polishing;
– with granules knit loosely: polishing and mirroring with buffer pastes 

(polishing);
– with buffer granules not loosely, -with powders, -with suspensions: or liquid

beam pressure air sand-, corundum-, steel grain blowing; flinging wheel
granule scattering.

• pouring preparation with a webbing additive or without it:
– dry or wet wear (to each other beating his hitter effect);
– slipping polishing in a rotating drum, a vibrator, a spin dryer.

Thermal methods:
• flame oxide exemption, which based on the thermal expansion difference of 

the base material and the oxide layer.
Chemistry methods:
• acid (H2SO4, HCl, H3PO4, HNO3, HF; acid mix) pickling;
• combined (oxid-exempting and degreasing) alkaline (NaOH) treatment;
• treatment in salt melt.
Electrochemical methods:
• cathode treatment made in acid or alkaline pickle solution; 
• electrochemical polishing pickling (elektropolishing).

 

Oxide scale must be completely removed from hot-worked or hot-rolled steel before subsequent 
processing is initiated, in order to prevent wear on dies and rolls and avoid surface defects in the 
final product. This oxide scale originates during the hot working or hot rolling of steel, when the 
surface of the metal reacts with oxygen in the air to form oxides of iron, or mill scale. 
Pickling is the most common of several processes used to remove the scale from steel surfaces. The 
term pickling refers to the chemical removal of scale by immersion in an aqueous acid solution. The 
process originated in the late 1700s, when sheets of steel were descaled by immersion in vats of 
vinegar. Wide variations are possible in the type, strength, and temperature of the acid solutions 
used, depending on time constraints (batch vs. continuous operations), as well as the thickness, 
composition, and physical nature (cracks) of the scale. Pickling is applicable for many types of 
forgings and castings, for merchant bar, blooms, billets, sheet, strip, wire, and for tubing. 
Abrasive blasting, an abrasive-cutting operation, differs from peening, which deforms a surface but 
does not cut it. In abrasive blasting a high velocity stream of hard angular particles is projected onto 
the workpiece by compressed air. The particles act like the grit in a grindstone, gouging tiny grooves 
in the surface and removing material in the process. The stream can be dry (e.g. sand blasting) or wet 
(abrasive particles suspended in a fluid). The process has two main functions. The first is to scour and 
clean, removing rust, scale and other contamination, leaving the surface ready for painting or plating. 
The second is aesthetic: to create a matt, decorative finish on metal, glass or plastic.  
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Removal of oil and grease
(with activation or passivating)

Chemistry methods:
• alkaline cleaning;
• acid cleaning;
• solvent cleaning.
Electrochemical methods:
Electrolytic cleaning is a modification of alkaline cleaning in 
which an electrical current is imposed on the part to produce 
vigorous gassing on the surface to promote the release of 
soils. Electrocleaning can be either anodic or cathodic
cleaning. Anodic cleaning is also called "reverse cleaning," 
and cathodic cleaning is called "direct cleaning." The release
of oxygen gas under anodic cleaning or hydrogen gas under 
cathodic cleaning in the form of tiny bubbles from the work
surface greatly facilitates lifting and removing surface soils.

 

Common shop oils and greases, such as unpigmented drawing lubricants, rust-preventive oils, and 
quenching and lubricating oils, can be effectively removed by several different cleaners. Selection of 
the cleaning process depends on production flow as well as on the required degree of cleanness, 
available equipment, and cost. For example, steel parts in a clean and dry condition will rust within a 
few hours in a humid atmosphere. Thus, parts that are thoroughly clean and dry must go to the next 
operation immediately, be placed in hold tanks, or be treated with rust preventatives or water 
displacing oils. If rust preventatives are used, the parts will probably require another cleaning before 
further processing. Accordingly, a cleaner that leaves a temporary rust-preventive film might be 
preferred. 
Alkaline cleaning is a commonly used method for removing a wide variety of soils from the surface of 
metals. Soils removed by alkaline cleaning include oils, grease, waxes, metallic fines, and dirt. 
Alkaline cleaners are applied by either spray or immersion facilities and are usually followed by a 
warm water rinse. A properly cleaned metal surface optimizes the performance of a coating that is 
subsequently applied by conversion coating, electroplating, painting, or other operations. The main 
chemical methods of soil removal by an alkaline cleaner are saponification, displacement, 
emulsification and dispersion, and metal oxide dissolution. 
Acid cleaning is a process in which a solution of a mineral acid, organic acid, or acid salt, in 
combination with a wetting agent and detergent, is used to remove oxide, shop soil, oil, grease, and 
other contaminants from metal surfaces, with or without the application of heat. The distinction 
between acid cleaning and acid pickling is a matter of degree, and some overlapping in the use of 
these terms occurs. Acid pickling is a more severe treatment for the removal of scale from 
semifinished mill products, forgings, or castings, whereas acid cleaning generally refers to the use of 
acid solutions for final or near-final preparation of metal surfaces before plating, painting, or storage. 
Solvent cleaning is a surface preparation process that is especially adept at removing organic 
compounds such as grease or oil from the surface of a metal. Most organic compounds are easily 
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solubilized by organic solvent and removed from the workpieces. In some cases, solvent cleaning 
before other surface preparations can extend the life of cleaning operations and reduce costs. In 
other cases, solvent cleaning prepares workpieces for the next operation, such as assembly, painting, 
inspection, further machining, or packaging. Before plating, solvent cleaning is usually followed by an 
alkaline wash or another similar process that provides a hydrophilic surface. Solvent cleaning can also 
be used to remove water from electroplated parts, a common procedure in the jewelry industry. 
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The hardness based layer qualification scheme of 
surface treatments

 

The simply and fastly executeable microscope and hardness tests (may be complemented with 
classical and spektroscopical analysis) of treated surface allow making qualification, comparison and 
selection of the best employment given technology possible. 
If there are certain conditions (HV30 > 600, F > Fkrit, surface polishing with diamond paste), the stamps 
of Vickers-hardness test - which are the main information source of qualification respect-system - 
give a possibility for evaluation hardness which is characterize the safety against to abrasíon and for 
fracture thoughness (KIc) which is characterize the safety against to failure. 
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Author: Dr. Bagyinszki Gyula
(bagyinszki.gyula@bgk.uni-obuda.hu)

 

The curriculum gives an overview of the surface technologies, but it is not exhaustive. 
It focuses on applications in mechanical engineering. 
The curriculum presents not only the heat treatment methods (surface hardening, thermo-
mechanical and thermo-chemical treatments, PVD, CVD, surface remelting), but also processes such 
as deformation (surface solidification with cold deformation), fusion welding (surface remelting, 
surface alloying, remelting welding), physical-chemical processes (surface coating). 
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Surface strenghtening

Shot peening surface strenghtening
•dshot = 0,5…3 mm; t = 2…14 min; Ra = 25…50 μm;
•gravitational, pneumatic (air beam: v = 30…50 m/s), 
mechanical (paddle wheel: v = 70…150 m/s).

In shot peening, the compressively stressed skin is created by
the high-velocity impact of many small spherical balls, striking
the surface like many tiny ball-hammers. The balls, made of 
hard steel (light ball bearings) or of ceramic, are impelled by air 
through a nozzle or wheel. As each individual shot particle
strikes the surface, it produces a tiny dent; the plastic flow 
spreads the surface, so that - when the shot bounces back and 
the surface recovers to its original shape, the skin is in
compression. Shot peening improves resistance to fatigue, 
wear and galvanic corrosion. Because of this, springs and 
transmission components of most automobiles are shot
peened for longer life, as are aircraft structural components. 

Cold form hardening and residual compressive 
stress characterizes the surface strenghtening
procedures, whereby the endurance limit, the 
wear resistance is increased, the roughness is 
reduced.

 

Ductile materials are prone to fatigue failure. Fatigue cracks start at surfaces, particularly in parts 
loaded in bending or those carrying rolling-bearing contacts. Hammering or peening the surface 
creates a thin (about 0,25 mm) surface skin that carries compressive internal stresses that oppose 
crack nucleation. 
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Hitter body surface strenghtening

vtool = 15…40 m/s; f = 0,04…0,16 mm/rev.; dhb = 7…10 mm;
proportion spindle oil - petroleum lubricant mix 

Hardness- or
strenght-increasing
depends on

• the material of the 
workpiece;

• the shape and size
of the hitter body 
(bullet, roll);

• the number of the 
hitter bodies;

• the velocity of the 
hitter bodies;

• the overlap of the 
tool;

• the peripheral 
speed of the 
workpiece (30÷90 
m/min);

• the number of the 
catches (2 ...3).

 

Hardness- or strenght-increasing depend on 
• the material of the workpiece; 
• the shape and size of the hitter body (bullet, roll); 
• the number of the hitter bodies; 
• the velocity of the hitter bodies; 
• the overlap of the tool; 
• the peripheral speed of the workpiece (30÷90 m/min); 
• the number of the catches (2 ...3).  
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Striker head surface strenghtening

The procedure based on striking
effect of mechanically, 
pneumatically or
electromechanically oscillated 
striker head.

Areas of applications:
• treatment of big module cog-

wheels (increase of endurance
limit and hardness);

• after treatment of welded joints;
• treatment of cast iron;
• treatment of crankshafts.

 

The procedure based on striking effect of mechanically, pneumatically or electromechanically 
oscillated striker head. 
Areas of applications: 

• treatment of big module cog-wheels (increase of endurance limit and hardness); 
• after treatment of welded joints; 
• treatment of cast iron; 
• treatment of crankshafts. 
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Burnishing surface
strenghtening

The sliding - harder at the workpiece -
tool reduces the surface roughness 
and increases surface hardness of 
workpiece.

Technological parameters:
• vouter = 25…200 m/min;
• vinner = 2…7 m/min;
• f = 0,02…0,2 mm/rev.;
• mineral oil + petroleum lubricant.
The measure of the overlap (0,05…0,35 

mm) depends on:
• the material of the workpiece;
• the size of the bore;
• the previous shaping methods;
• the initial roughness;
• the elastic characteristics of tool.

 

The sliding - harder at the workpiece - tool reduces the surface roughness and increases surface 
hardness of workpiece. 
Technological parameters: 

• vouter = 25…200 m/min; 
• vinner = 2…7 m/min; 
• f = 0,02…0,2 mm/rev.; 
• mineral oil + petroleum lubricant. 

The measure of the overlap (0,05…0,35 mm) depends on: 
• the material of the workpiece; 
• the size of the bore; 
• the previous shaping methods; 
• the initial roughness; 
• the elastic characteristics of tool. 
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Roller surface strenghtening

Tool diameter: d [mm] 20...200 
Tool bend radius: R [mm] 0,5...200 
Rolling force: F [N] 200...200000 
Feed: f [mm/rev.] 0,2...2 
Surface roughness: Ra [μm] 0,01…1 

 

Roller surface strenghtening of the fillet of a stepped shaft to induce compressive surface residual 
stresses for improved fatigue life. 
The lubricant is the mix of transformer oil and olein acid (95:5). 
The results of the treatment: hardness increases, roughness decreases, endurance limit is growing. 
The surface roughness which can be achieved depends on 

• the rolling force; 
• the shape and the bend radius of the roller; 
• the rate of the feeding; 
• the number of the catches.  
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Thermal cycle of surface hardening

The constitutional diagram (phase diagram) concerns slow heating and 
slow cooling, on the other hand the surface hardening with fast heating 
and fast cooling, does not come true between balance relations.

 

The energy transfer mechanism to the workpiece surface with respect to location and time 
determines the time-dependent spatial thermal profile in the workpiece and, therefore, both 
austenitizing and martensite formation in the material is quite extensive. Two important cases of the 
transferred areal energy and its effects on the thermal profile in the outer layer of the workpiece. 
The energy flow densities were chosen so that the surface is kept just below the melting 
temperature. With a time-invariant energy flow density, the surface temperature varies directly with 
the square root of the action time and attains the allowable ultimate temperature only at the end of 
the transfer duration. With an adequate degressive energy flow density, the surface can be kept at 
the permissible temperature throughout the energy transfer duration.  
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Periodic flame hardening
In flame hardening, heat is applied
instead by means of one or more high-
temperature gas burners, followed, as
before, by rapid cooling. Both processes
are versatile and can be applied to
workpieces that cannot readily be
furnace treated or case hardened in the
normal way.
Flame hardening allow selective
hardening of particular areas of the
workpiece and give a surface layer with
a hardness that is lower than that of 
diffusion-based processes like
carburising and nitriding, but the depth
is greater. The hardened surface layer
carries internal stresses that can lead to
micro cracking if the process conditions
are incorrect. 

Rotating periodic hardening
a) heating; b) cooling

1 burner head; 2 workpieces; 
3 cooling head

 

In flame hardening, heat is applied instead by means of one or more high-temperature gas burners, 
followed, as before, by rapid cooling. Both processes are versatile and can be applied to workpieces 
that cannot readily be furnace treated or case hardened in the normal way. 
Flame hardening allow selective hardening of particular areas of the workpiece and give a surface 
layer with a hardness that is lower than that of diffusion-based processes like carburising and 
nitriding, but the depth is greater. The hardened surface layer carries internal stresses that can lead 
to micro cracking if the process conditions are incorrect.  
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Continouos flame hardening

The rate of travel of the flame head
over the surface is mainly governed
by the heating capacity of the head, 
the depth of case required, the
composition and shape of the work, 
and the type of quench used. Speeds
ranging from 0,8…5 mm/s are typical
with oxyacetylene heating heads. 
Ordinarily, water at ambient
temperatures is used as a quenchant, 
although air is sometimes used when
a less-severe quench is indicated; 
under special conditions (particularly
for quenching alloy steels), warm or
hot water or a polymer-base synthetic
quenchant may be employed. One turn continuous flame hardening and the 

with him roaming softstripe 
1 burner head; 2 cooling heads; 3 workpieces

Feeding hardening

 

The equipment needed for flame hardening by the progressive method consists of one or more flame 
heads and a quenching means mounted on a movable carriage that runs on a track at a regulated 
speed (flame-cutting machines are adaptable to this type of flame hardening). Workpieces mounted 
on a turntable or in a lathe can be hardened readily by the progressive method; either the flame 
head or the workpiece may move. There is no practical limit on the length of parts that can be 
hardened by this method, because it is easy to lengthen the track over which the flame head travels. 
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Induction 
hardening

A high frequency (up to 50 kHz) 
electromagnetic field induces
eddy-currents in the surface of 
the workpiece; these currents
heat the surface into the
austenitic phase-region, from
which it is rapidly cooled from a 
gas or liquid jet, giving a
martensitic surface layer. The 
depth of hardening depends on
the frequency of the
electromagnetic field.

 

Induction hardening allows the surface of carbon steels to be hardened with minimum distortion or 
oxidation. 
Induction hardening allow selective hardening of particular areas of the workpiece and give a surface 
layer with a hardness that is lower than that of diffusion-based processes like carburising and 
nitriding, but the depth is greater. The hardened surface layer carries internal stresses that can lead 
to micro cracking if the process conditions are incorrect. 
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Induction hardening processes

Sufficient quenchant flow must be maintained to cool the part or section being quenched. 
Because induction heating systems are themselves compact, quenching systems are
frequently designed smaller than they should be. To avoid this,
the capacity of the pumping system should be at least three or four times the flow rate
needed for proper quenching, and the quenching flow rate should be adjusted so that
quenchant does not boil off once the part leaves the quench-ring location. Furthermore, if
part rotation is used during heating and quenching, its rate must be kept low enough to
avoid excessive quenchant from being thrown off.

 
In addition to the coil-and-quench-ring arrangements mentioned above, more basic arrangements 
for quenching induction hardened parts. These arrangements are briefly described as follows: 
• Heat in coil; manually lift part out of coil; submerge part in tank of agitated quench medium. 

Used where limited production does not warrant the cost of an automated quench. 
• Heat and quench in one position; quench by means of integral quench chamber in inductor. 

Called single-shot method. 
• Heat in coil with part stationary; quench ring moves in place. Single-shot adaptation of scanning 

method. 
• Part is hydraulically lowered into quench tank after single-shot heating. Quench medium is 

agitated by submerged spray ring or propeller. 
• Vertical or horizontal scanning with integral spray quench. Single-turn inductor. Used for shallow 

hardening. 
• Vertical or horizontal scanning with multiturn coil and separate multirow quench ring. Used for 

deep-case or through hardening. 
• Coil scans and heats workpiece; self-quench or compressed air quench. Used in special 

applications with high-hardenability steels. 
• Horizontal cam-fed parts are pushed through coil, then dropped onto submerged quench 

conveyor. 
• Vertical scanning with single-turn inductor in combination with integral dual quench: one 

quench ring for scan hardening, the second for stationary quenching when the scanning travel 
stops. Used for parts having a diameter or a flange section too large to travel through the 
inductor, wherein it is desired to harden up to the shoulder or flange. 

• Vertical scanning with single-turn inductor with integral spray quench and submerged quench in 
tank. 

• Split inductor and integral split quench ring. Used for hardening crankshaft bearing surfaces.  
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Laser hardening

In surface transformation hardening (limited to
carbon and alloy steels) the beam heats a spot 
on the surface to a temperature above that for
the transmission to austenite. As the beam
moves on, the hotspot is quenched by
conduction of heat into the massive, cold
interior of the component, transforming a thin
surface layer to martensite.

 

In surface transformation hardening (limited to carbon and alloy steels) the beam heats a spot on the 
surface to a temperature above that for the transmission to austenite. As the beam moves on, the 
hotspot is quenched by conduction of heat into the massive, cold interior of the component, 
transforming a thin surface layer to martensite. Single, separated tracks give a surface with good 
wear resistance - the alternating the hard and soft bands contribute to this. Overlapping tracks give a 
more uniform hardening of the entire surface. 
Laser shock hardening uses a pulsed, high energy beam to violently vaporise a minute amount of 
surface material, creating a shock wave that locally deforms the underlying solid, while hardening it 
like shock peening. 
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Surface remelting,
as treatment resulting a fine-grained microstructure RGT ⋅=

 

Laser surface remelting involves the use of a high intensity beam to scan the surface, protected by a 
shielded gas atmosphere. Rapid melting and subsequent rapid quenching of the molten metal 
produces a track with a refined and homogenised microstructure. 
Laser glazing is a remelting process carried out at a high processing speed such as the cooling rates 
between 10000 and 1000000 ºC/s can be achieved. At this cooling rate, metallic glass formation is 
possible if the alloy composition has a high glass-forming tendency. 
Usage of the electron beam surface remelting for forming tools is - which have a very large working 
surface considering cutting part of the tools and which aren’t substituteable with interchangeable tip 
-results significant increasing of tool life by increasing of hardness and tempering resistance. 
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Electron beam surface remelting
The segment of a treated knot:

The shape of zone created by surface remelting in 
smaller and bigger magnification:

 

The well automatizeable electron beam treatment have the best efficiency more important 
characteristics as follows: 

• very high temperature (melting) is avaiable on given place: between the extreme fastly 
heated layer - which is small to compared with the gross volume of workpiece - and the cold 
tool body; in according to the very high temperature-gradient the solidification and cooling 
rate vill be high; 

• bigger mass of workpiece staying in cold, elastic state, bepause the heating is 
concentrateable on small volume, the power is precisely adjustable (only the surface can be 
heated): smaller heat-affected zones and distortions, smaller dimensional changes; 

• because of vacuum oxidfree surface without burn off of alloying elements can be achieved. 
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Remelting welding

 

An oxyacetylene weld is produced by heating with a flame obtained from the combustion of oxygen 
and acetylene. Three types of flames can be obtained: reducing, neutral and oxidizing flames. The 
neutral one (equal proportions of oxygen and acetylene) is the most widely used. The reducing flame 
has excess acetylene and is used in welding Monel metal, nickel, certain alloy steels and non-ferrous 
metals. An oxidizing flame (with excess oxygen) is used for welding brass and bronze. 
Tungsten inert-gas (TIG) welding is a heavy-duty welding process is the cleanest and most precise, 
but also the most expensive. The tungsten electrode is not consumed because of its extremely high 
melting temperature. TIG welding works well and can be used manually, but is easily automated. 
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Remelting welding with TIG (141) process
Rapid melting and 
subsequent rapid 
quenching of the molten
metal produces a track
with a modified and 
homogenised
microstructure. 

 

Rapid melting and subsequent rapid quenching of the molten metal produces a track with a modified 
and homogenised microstructure.  
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Adhesive bond coating
Organic epoxies and epoxy-phenolics are thermosetting adhesives
with high tensile strengths (up to 45 MPa) and low peel strengths
(1,8 kg/mm), resistant to solvents, acids, bases and salts. Nylon-
epoxies have the highest strengths and are used primarily to bond
aluminium, magnesium and steel. Epoxy-phenolics retain their
strength up to 150…250 °C and are used to bond metals, glass and
phenolic resins. Most are two-part systems, curing at temperatures
between 20…175 °C, depending on grade. They are used in
relatively small quantities because of price: but, with imide-based
adhesives, they dominate the high-performance adhesives markets. 
Inorganic adhesives extend the domain of application of adhesives
towards very high temperatures (up to 1500…2000 ºC). They are
products of soluble silicate or ceramic base. They are available
either in solid form (cures under heat) or solution form (cures at
room temperature). The major disadvantages of inorganic
adhesives are that their mechanical behaviour is very poor (shear, 
tension and peeling) and they are brittle.

 

Organic epoxies and epoxy-phenolics are thermosetting adhesives with high tensile strengths (up to 
45 MPa) and low peel strengths (1,8 kg/mm), resistant to solvents, acids, bases and salts. Nylon-
epoxies have the highest strengths and are used primarily to bond aluminium, magnesium and steel. 
Epoxy-phenolics retain their strength up to 150…250 °C and are used to bond metals, glass and 
phenolic resins. Most are two-part systems, curing at temperatures between 20…175 °C, depending 
on grade. They are used in relatively small quantities because of price: but, with imide-based 
adhesives, they dominate the high-performance adhesives markets. 
Polyesters are two-part adhesives giving strong bonds used primarily to repair polyester-matrix GFRP 
and CFRP structures, ABS, concrete and occasionally metals.  Polyesters are cheaper than epoxies, of 
comparable strength and solvent resistant. 
Typical cure conditions: minutes to hours at room temperature with clamps and pressure. 
Polyvinyl-phenolic adhesives (blends of polyvinyl formaldehyde with phenolic resin) are cheap, 
durable structural adhesives.  Nitrile-phenolic and neoprene phenolics (blends of nitrile or neoprene 
elastomers with phenolic resin) are cheap, have good impact resistance and strength and resist 
water and corrosive chemicals. They are used to bond metals and polymers including PE and PP. 
Applications include automotive brakes and airframe components. Typical cure conditions: up to 12 
hours at 120…150 ºC. 
Inorganic adhesives extend the domain of application of adhesives towards very high temperatures 
(up to 1500…2000 ºC). They are products of soluble silicate or ceramic base. They are available either 
in solid form (cures under heat) or solution form (cures at room temperature). The major 
disadvantages of inorganic adhesives are that their mechanical behaviour is very poor (shear, tension 
and peeling) and they are brittle. 
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Coating with plastics

Fluidised-bed coating

Polymer electrosatic spray

 
Polymer electrostatic powder spray is an efficient, widely used method of applying decorative and 
protective finishes to metallic or conducting components. The powder is a mixture of finely ground 
pigment and resin that is sprayed through a negatively charged nozzle onto a surface to be coated. 
The charged powder particles adhere to the surface of the electrically grounded component. The 
charge difference attracts the powder to the component at places where the powder layer (which is 
insulating) is thinnest, building up an uniform layer and minimising powder loss. The component is 
subsequently heated to fuse the layer into a smooth coating in a curing oven. The result is an 
uniform, durable coating of high quality and attractive finish. 
Electrostatic spray gives good 'wrap around' without workpiece re-positioning. Process can be easily 
automated, and can create thin films (50 µm), with good edge cover. Thick films can be applied in a 
single application, and the coating toughness is generally better that the liquid-based counterparts. 
Masking is easier than with other processes. Powder coating are available in a wide variety of glosses 
and textures that are packaged as "ready to use" coatings. 
In polymer fluidised-bed coating the workpiece, heated to 200…400 ºC, is immersed for 1 to 10 
seconds in a tank containing coating powder, fluidised by a stream of air at 0,1…0,5 bar. The hot 
workpiece melts the particles, which adhere to it, forming a thick coating with excellent adhesion. In 
electrostatic fluidised-bed coating the bed is similar but the air stream is electrically charged as it 
enters the bed. The ionised air charges the particles as they move upward, forming a cloud of 
charged particles. The grounded workpiece is covered by the charged particles as it enters the 
chamber. No preheating of the workpiece is required but a subsequent hot-curing is necessary. The 
process is particularly suitable for coating small objects with simple geometries. 
Thick films can be applied in a single application, and the coating toughness is as good as or superior 
to liquid counterparts. Powder coating are available in a wide variety of glosses and textures that are 
packaged as "ready to use" coatings. Powder contamination (other colours, incompatible resin types, 
or other foreign material) is devastating to film appearance and properties. Colour post-modification 
is not possible with powder coating as in tinting of liquid paints. Powder coating applications are 
those that will sustain the processing temperatures required for polymer melting, curing, and film 
formation.  
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Painting, lacquering
The paints:
•their binding agent:

– natural binding agent,
– synthetic resin binding agent,
– natural and synthetic resin binding agent;

•their drying and hardening:
– on air (20±5 ºC) drying,
– on a low temperature (60-80 ºC) hardening,
– on a medium temperature (120-180 ºC) hardening,
– on a high temperature (180-300 ºC) hardening;

 

Water-based paints are synthetic resins and pigments, plus coalescing agents, that are kept dispersed 
in water by surfactants. They dry by evaporation of the water; the coalescing agents cause the 
particles of resin to fuse together (coalesce) as the water evaporates to form a continuous coating. 
Waterborne paints are displacing those based on solvents because their volatile organic compound 
content is much lower, thereby reducing volatile organic compound emissions and air pollution. 
Waterborne paints are based on acrylic emulsions, urethane dispersion, polyvinyl acetate or epoxy 
dispersions. Acrylic emulsions are used in exterior applications where their non-yellowing 
characteristics, as well as excellent weatherability, are oustanding. Water-born urethanes are suited 
to uses where good flexibility and toughness are important, such as leather and plastic coatings, but 
their major drawback is their high cost. Polyvinyl acetate and epoxies give good weathering 
resistance. Waterborne paints must be protected from freezing and applied at a minimum 
temperature of 10 ºC. Humidity temperature control is critical for the drying time. A heat cure is 
sometimes necessary. Pigments must be compatible with water. Metallic particles are usually coated 
before being mixed into the paint to prevent chemical reaction with water. Waterborne paints take 
longer to dry than many organic solvent based paints, and give a surface finish that is less good. 
In solvent-based painting, a pigment and a bonding agent, dispersed in an organic solvent, is painted 
or sparayed onto the surface of the object to be painted. New developments now give formulations 
that dry in seconds, have fade-resistant colours, soft "feel", exciting visual effects, more powerful 
protective qualities, and miuch more - though the most difficult is that of providing environmental 
friendliness. Conventional organic-solvent based paints involve toxic solvents, and for that reason 
they are under threat. 
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Painting

electrophoretic and autophoretic painting

paint spraying

 

In electrophoretic painting the workpiece forms the cathode in an electrolytic cell. The anode is inert 
-- usually graphite or stainless steel, and the electrolyte is aqueous solution in which the lacquer is 
emulsified. An alkaline environment builds up at the cathode, causing the lacquer to coagulate. The 
charged coagulate particles are dragged by the field onto the surface of the workpiece where they 
form a strongly bonded, film. The film is relatively thin (13…15 μm), but gives good corrosion 
resistance, particularly if annealed at 150…230 ºC after deposition. Other layers of paint are applied 
on top. The principle can be compared with electroplating, and is widely used in the automobile 
industry. 
The process largely used to give uniform undercoats on large, complex parts. It lends itself to large 
volume production of products coated with the same colour, for instance electro-deposition of a 
white paint on window and door frames. The paint layer is distributed evenly over the surface, even 
in those areas which would otherwise be inaccessible. The main disadvantage the requirement of a 
single, uniform colour. 
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Enameling
The components of the enamels:
• suffix materials implying retilate derivational elements: quartz, kaolin etc.
• transitional (glass derivational suffix) materials implying elements: Al2O3, TiO2 etc.
• modifier (melting temperature, elasticity, brightness regulator, concerning the heat 

expansion coefficient his basis metal increasing) materials: Na2CO3, CaCO3, Li2CO3, BaCO3
etc.

• oxidative (integral soiling carbon dioxide and water moulder, concerning them removing) 
materials: NaNO3, KNO3, MnO2 etc.

• bonder (between enamel - basis metal) materials: CoO, Co3O4, NiO, Ni2O3, MoO3 etc.
• bleach (take from transparent to opaque) materials: Na3AlF6, Na2SiF6, CaF2, SnO2, Sb2O3, 

TiO2 etc.
• colour bodies: CdS (yellow), Cr2O3 (green), Fe2O3 (brown) …

 

The more capital operations of the enameling: 
• surface preparation, 
• acid pickling, 
• neutralisation, 
• enamel mud carrying up with dipping, spraying or with an other method, 
• drying on 60-120 °C, 
• burning on 550-900 °C. 
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Electroless (autocatalyst) plating

less noble basis 
metal

more noble in-
volving metal

handler inorganic salt + 
additive

Fe Cu, Sn, Ni, Ag CuSO4, SnCl2, NiHCl, AgNO3

Cu Sn, Ag SnCl2, AgNO3

Al Zn ZnO + NaOH 

Cu-Zn (brass) Ni, Hg, Ag, Au NiCl2, K[Hg(CN)2], AgNO3, 
AuCl3 

Zn Ag, Au, Ni, Cu AgCN, AuCl3, NiSO4, CuSO4

In auto-catalyst or electroless plating, no 
external current is used. Metal is deposited
on a catalytic surface of the workpiece by the
action of a chemical reducing agent present
in a metallic salt solution. In the case of 
electro-less plating of nickel (the most 
significant commercial application of the
process), the salt is nickel chloride and the
reducing agent is sodium hypophosphate. 
Once started the reaction can continue (auto-
catalyst, contrary to immersion plating) and 
there is no theoretical limit to the thickness
of the coating.
Electro-less plating is used when it is either
not possible or impractical to use normal
electroplating (because of physical factors or
special properties needed). For example, 
electro-less plating should be specified if
dimensional accuracy of the part is critical. 
The processes gives a very uniform coating, 
with good corrosion resistance.

 

In auto-catalyst or electroless plating, no external current is used. Metal is deposited on a catalytic 
surface of the workpiece by the action of a chemical reducing agent present in a metallic salt 
solution. In the case of electro-less plating of nickel (the most significant commercial application of 
the process), the salt is nickel chloride and the reducing agent is sodium hypophosphate. Once 
started the reaction can continue (auto-catalyst, contrary to immersion plating) and there is no 
theoretical limit to the thickness of the coating. 
Electro-less plating is used when it is either not possible or impractical to use normal electroplating 
(because of physical factors or special properties needed). For example, electro-less plating should 
be specified if dimensional accuracy of the part is critical. The processes gives a very uniform coating, 
with good corrosion resistance. 
 
 
 

  

http://www.tankonyvtar.hu/


15. The technologies of the surface treatment 643 

© Bagyinszki, OE  www.tankonyvtar.hu 

Electro-plating
(galvanization)

Metal coating process wherein a 
thin metallic coat is deposited on
the workpiece by means of an 
ionized electrolytic solution. The 
workpiece (cathode) and the
metallizing source material (anode)
are submerged in the solution
where a direct electrical current
causes the metallic ions to migrate
from the source material to the
workpiece. The workpiece and 
source metal are suspended in the
ionised electrolytic solution by
insulated rods. Thorough surface
cleaning precedes the plating
operation.
Plating is carried out for many
reasons: corrosion resistance, 
improved appearance, wear
resistance, higher electrical
conductivity, better electrical
contact, greater surface
smoothness and better light
reflectance.

 

Metal coating process wherein a thin metallic coat is deposited on the workpiece by means of an 
ionized electrolytic solution. The workpiece (cathode) and the metallizing source material (anode) 
are submerged in the solution where a direct electrical current causes the metallic ions to migrate 
from the source material to the workpiece. The workpiece and source metal are suspended in the 
ionised electrolytic solution by insulated rods. Thorough surface cleaning precedes the plating 
operation. 
Plating is carried out for many reasons: corrosion resistance, improved appearance, wear resistance, 
higher electrical conductivity, better electrical contact, greater surface smoothness and better light 
reflectance. 
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Thermal spraying

Schematic illustrations of thermal 
spray operations:
(a) Thermal wire spray.
(b) Thermal metal-powder spray.
(c) Plasma spray.

 

Thermal spraying is a generic term for a group of processes in which metallic, ceramic, cermet, and 
some polymeric materials in the form of powder, wire, or rod are fed to a torch or gun with which 
they are heated to near or somewhat above their melting point. The resulting molten or nearly 
molten droplets of material are accelerated in a gas stream and projected against the surface to be 
coated (i.e., the substrate). On impact, the droplets flow into thin lamellar particles adhering to the 
surface, overlapping and interlocking as they solidify. The total coating thickness is usually generated 
in multiple passes of the coating device. 
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The features of thermal spraying procedures

Name Energy carrier 
medium 

Available 
temperature 

[°C] 

The kind of a 
material which 
can be spray

The form of a 
material which 
can be spray

Particle 
velocity [m/s] 

Spraying 
power [kg/h] 

Wire flame 
spraying

C2H2, C2H4,
C3H8, H2, +O2

≤3160 metal wire ≤200 6…8

Powder
flame spraying

C2H2, C2H4,
C3H8, H2, +O2

≤3160 all material powder ≤50 3…6
(ceramic: 1…2)

High velocity
flame spraying

C2H2, C2H4,
C3H8, H2, +O2

≤3160 all material powder ≤550 4…8
(ceramic: 2…4)

Polymer flame
spraying

C2H2,
C3H8, +O2

≤3160, but CO2
cooling is needed polymer granule ≤30 2…4

Arc spraying electrical 
current ≈4000

material 
conducting 
electrically

wire ≈150…300 8…20…50

Plasma 
spraying

Ar, He, H2, N2,
electrical current

≤20000 all material powder ≤450 4…8

Laser spraying CO2, He, N2, Ar,
electrical current ≤10000 all material powder >1 1…2

Explosive 
spraying

C2H2+O2, 
electrical spark >3160 all material powder ≤600 3…6

 

A major advantage of the thermal spray processes is the extremely wide variety of materials that can 
be used to make a coating. Virtually any material that melts without decomposing can be used. 
A second major advantage is the ability of most of the thermal spray processes to apply a coating to a 
substrate without significantly heating it. Thus, materials with very high melting points can be 
applied to finally machined, fully heat-treated parts without changing the properties of the part and 
without thermal distortion of the part. 
A third advantage is the ability, in most cases, to strip and recoat worn or damaged coatings without 
changing the properties or dimensions of the part. 
A major disadvantage is the line-of-sight nature of these deposition processes. They can only coat 
what the torch or gun can "see." Of course, there are also size limitations prohibiting the coating of 
small, deep cavities into which a torch or gun will not fit. 
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The features of metals and ceramics can be used for the making of sprayed coatings

The name of material Chemical symbol, 
formula Melting point [°C] Density [kg/m3] 

Surface mass density 
0,1 mm of layer thicknessl

[g/m3]

Iron and steel
Copper

Zinc
Tin

Lead
Yellow brass

Bronze
Aluminium

Wolfram
Quartz

Titanium oxide
Aluminium oxide

Chromium carbide
Mg-Al-spinell

Silicon carbide
(karborundum)

Chromium oxide
Zirconium silicate
Beryllium oxide
Zirconium oxide
Wolfram carbide
Magnesium oxide
Titanium carbide

Fe
Cu
Zn
Sn
Pb

CuZn
CuSn

Al
W

SiO2
TiO2
Al2O3
Cr3C2

MgO.Al2O3
SiC

Cr2O3
ZrO2.SiO2 (ZrSiO4)

BeO
ZrO2

W2C, WC
MgO
TiC 

1250…1528
1083
407
232
327

1050
1000…1050

658
3370
1477
1775
2050
2060
2115
2250

2275
2500
2580
2690
2700
2800
3250 

7860
8930
7130
7280
11340

2700
19100
2650
3840
3900
6720
3600
3190

5210
4690
2990
5800
17330
3490
4880 

780
780
700
740
1140
870
890
270

–
–
–
–
–
–
–

–
–
–
–
–
–
–

 

One of the most important uses of thermal spray coatings is for wear resistance. They are used to 
resist virtually all forms of wear, including abrasive, erosive, and adhesive, in virtually every type of 
industry. The materials used range from soft metals to hard metal alloys to carbide-based cermets to 
oxides. Generally, the wear resistance of the coatings increases with their density and cohesive 
strength, so the higher-velocity coatings such as particularly detonation gun coatings provide the 
greatest wear resistance for a given composition. 
Other thermal spray coatings are used for their corrosion resistance, often coupled with their wear 
resistance, but the inherent porosity of the coatings must be taken into account and the coatings 
sealed, either by using an epoxy or other infiltrant or by sintering, as in the case of the M-Cr-Al-Y 
coatings. 
Plasma spray coatings, and to a more limited extent other thermal spray coatings, are used as 
thermal barriers. In particular, partially stabilized zirconia coatings are used on gas-turbine 
combustors, shrouds, and vanes and on internal combustion cylinders and valves to improve 
efficiency and reduce metal temperatures or cooling requirements. In other applications they may be 
used to dissipate heat as either surface conductors or thermal emitters. 
Because of their unique lamellar microstructure and porosity, the thermal conductivity of thermal 
spray coatings is usually anisotropic and significantly less than that of their wrought or sintered 
counterparts. 
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The applications of metals and ceramics which can be used for the making of sprayed coatings

Area of 
application Component Coating material

Aeroplane 
production

the surface of high-pressure compressor shovels,
the surface of turbine shovels, blowpipe

burner head pantry

Cr3C2, NiCr
CoCrAlY, NiCrAlY, CrNiAl

Al2O3+TiO2
Textile machine 

production
thread conductor forks,

tearing rolls, synthetic fibre manufacturer equipments
Al2O3+TiO2

Cr

Machine 
industry

plain bearings
piston rings

the surface of diesel engine pistons
the lining of a cylinder head, precombustion chamber

machine tool slip surfaces
the gaskets of pumps

Mo, AlBz
Mo

ZrO2+Al2O3
ZrO2+Y2O3

FeCr13, Cr2O3
Al2O3, Cr2O3

Chemical 
machine 

production

valves, gate valves, slip surfaces
pump impellers

the protection of chemical reactors

Al2O3
Al2O3

Al2O3, Cr2O3

Metallurgy the masonry of a foundryman forelock, melting furnaces
the surface of roll

Al2O3
WC+Co+NiCr

Paper 
industry the surface of roll Al2O3+TiO2

 

The applications of thermal spray coatings are extremely varied, but the largest categories of use are 
to enhance the wear and/or corrosion resistance of a surface. Other applications include their use for 
dimensional restoration, as thermal barriers, as thermal conductors, as electrical conductors or 
resistors, for electromagnetic shielding, and to enhance or retard radiation. They are used in virtually 
every industry, including aerospace, agricultural implements, automotive, primary metals, mining, 
paper, oil and gas production, chemicals and plastics, and biomedical. 
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Flame spraying
In polymer flame spraying, a thermoplastic
polymer in powder form (80…200 µm) is fed 
from a hopper into a gas-air flame, which melts
the powder and propels it onto the surface to
be coated. The process is versatile, can be 
mechanised or operated manually, and can
build up coatings as thick as 1 mm. A wide
range of thermoplastic powders can be used, 
and the process is cheap. The disadvantages: 
line-of-sight deposition, and surface finish that
is inferior to other processes.
In wire flame spraying, a continuous wire or
rod is fed into an oxyacetylene flame, which
melts it and disperses it into droplets 10…100 
microns in diameter. The gas stream
accelerates them to 90…25 m/s and propels
them towards the surface at a distance
100…250 mm from the gun. The molten
particles strike the surface and flow into thin, 
flat droplets that overlap, interlock and bond
as they solidify. Multiple passes allow thick
coatings to be built up.

Polymer flame 
powder spraying

 

In powder flame spraying, powder is fed from a reservoir into an air stream where it is carried to the 
melt zone. Here, the air mixes with a combustible gas (acetylene, propane, Mapp gas or oxygen-
hydrogen) and ignites, melting the powder and accelarating them to about 90 m/s. When the 
droplets strike the surface to be coated, they flow into thin disks which interlock and bond as they 
solidify. The process can create coatings of metals, ceramics or polymers. 
Flame-spray-and fuse is a modification of the powder spray method. Here, the spray materials are 
self-fluxing and fusible, allowing the quality of the coating to be increased by a post spray heat 
treatment in a furnace, by induction heating or by a gas-air flame. 
The High Velocity Oxygen Fuel thermal spray process is basically the same as the powder pray 
process except that it has been developed to produce extremely high spray velocity. Coatings 
produced by High Velocity Oxygen Fuel are very dense and strong and can be very thick. 
 
 
 

  

http://www.tankonyvtar.hu/


15. The technologies of the surface treatment 649 

© Bagyinszki, OE  www.tankonyvtar.hu 

Electric wire arc spraying
In electric wire arc spraying, a pair of 
continuous wires are fed together.
The wires are connected to a power
source so that an arc forms when they
touch, causing them to melt.
A stream of compressed air or gas
atomises the molten metal, 
accelerates the droplets to 100…200 
m/s and propels them to the surface
to be coated.
Heer, they impinge and spread to
interlock and bond, giving a 
continuous coating.
Arc-sprayed coatings are denser and 
stronger than the equivalent
combustion sprayed coating, but it is 
limited to materials that are available
as electrically conducting wires.

Application Part Coating metal
Atmospheric corrosion 

prevention

container, tower, 
bridge, column, 

chassis
Al, Zn

Underwater corrosion 
prevention

lock construction, 
hulk Zn, Al

Protection against heat 
corrosion

boiler fitting, 
furnace component Al

The corrosion 
prevention of machine 

parts

axis,
cylinder

INOX steel, Mo, 
monel-metal

The surface treatment 
of chemical industry 

machines

container, reactor 
component

Ti, Ta (Ar-shield 
gas in a pantry)

 

In electric wire arc spraying, a pair of continuous wires are fed together. The wires are connected to a 
power source so that an arc forms when they touch, causing them to melt. A stream of compressed 
air or gas atomises the molten metal, accelerates the droplets to 100…200 m/s and propels them to 
the surface to be coated. Heer, they impinge and spread to interlock and bond, giving a continuous 
coating. Arc-sprayed coatings are denser and stronger than the equivalent combustion sprayed 
coating, but it is limited to materials that are available as electrically conducting wires. 
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Plasma-arc spraying

Plasma arc spraying is the most flexible of all
the thermal spray processes.
The gun temperature is sufficient to melt any
solid, so the range of coatings it can create -
metallic, ceramic and polymeric - is very large.
The coating material is fed in a gas stream into
a plasma generated by an electric arc.
The arc strips electrons from the gas - argon, 
nitrogen, hydrogen or a mixture of these -
creating a cloud of ionized gas.
When the plasma leaves the gun the ions
recombine with electrons, releasing enough
energy to form a gas at 6000…15000 ºC (as
hot as the surface of the sun), causing the gas
to reexpand rapidly.
The flame melts the powder, and the
expansion accelerates the liquid droplets to
about 300 m/s, splatting them onto the
surface to be coated.
There the droplets solidify and bond. The 
resulting coatings are denser and have better
adhesion than other thermal spray processes.

 

Plasma arc spraying is the most flexible of all the thermal spray processes. The gun temperature is 
sufficient to melt any solid, so the range of coatings it can create - metallic, ceramic and polymeric - 
is very large. The coating material is fed in a gas stream into a plasma generated by an electric arc. 
The arc strips electrons from the gas - argon, nitrogen, hydrogen or a mixture of these - creating a 
cloud of ionized gas. 
When the plasma leaves the gun the ions recombine with electrons, releasing enough energy to form 
a gas at 6000…15000 ºC (as hot as the surface of the sun), causing the gas to reexpand rapidly. The 
flame melts the powder, and the expansion accelerates the liquid droplets to about 300 m/s, 
splatting them onto the surface to be coated. There the droplets solidify and bond. The resulting 
coatings are denser and have better adhesion than other thermal spray processes. 
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Explosive or detonation spraying

Virtually all metallic, ceramic, and cermet materials can be 
deposited using detonation spraying. Explosive spraying  coatings 
are used extensively for wear and corrosion resistance as well as for 
many other types of applications. They are frequently specified for 
the most demanding applications, but often can be also the most
economical choice because of their long life.

 

In the explosive spraying, shown schematically in Figure, a mixture of oxygen and acetylene, along 
with a pulse of powder, is introduced into a barrel and detonated using a spark. The high-
temperature, high-pressure detonation wave moving down the barrel heats the powder particles to 
their melting points or above and accelerates them to a velocity of about 750 m/s. 
By changing the fuel gas and some other parameters, the Super D-Gun process achieves velocities of 
about 1000 m/s. This is a cyclic process, and after each detonation the barrel is purged with nitrogen 
and the process is repeated at up to about 10 times per second. Instead of a continuous swath of 
coating as in the other thermal spray processes, a circle of coating about 25 mm in diameter and a 
few micrometers thick is deposited with each detonation. 
A uniform coating thickness on the part is achieved by precisely overlapping the circles of coating in 
many layers. Typical coating thicknesses are in the range of 0,05…0,50 mm, but thinner and much 
thicker coatings can be used. 
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Plating processes

 

Roll plating is the application of a thick coating (generally 1 mm or more) to a substrate in order to 
give a surface layer with desired properties. In roll plating, the parent sheet is co-rolled between two 
plating sheets. The deformation creates a new clean surface which bonds the plating sheets to the 
plate - large deformations are required to ensure a strong bond. Bonding can be prevented locally by 
depositing a parting agent such as graphite or ceramic in a predetermined pattern. Inflation by 
pressurised air or fluid then expands channels where the pattern lay, giving parts used for evaporator 
plates and refrigerator cooling panels. 
In explosive plating, deformation of the interface is achieved by placing the sheets or plates at an 
angle to each other, with an explosive mat on top. When this is detonated, the plating is bonded to 
the underlying plate by forming interlocking whirls or vortexes at the interface. 
Explosive plating, uses a high explosive to bond two metal surfaces. A protective material such as 
rubber can be placed over the upper metal plate to prevent damage to the surface. Oxides and films 
present on the surface of metals are broken up by the high pressure or dissolved in the molten 
region, giving a strong bond. Advantages include simplicity, speed, the close thickness tolerance that 
can be maintained and the ability to unite dissimilar metals. 
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Vapour
depositions

•Physical type
(PVD, Physical 
Vapour 
Deposition),

•Chemical type
(CVD, Chemical 
Vapour 
Deposition).

 

The CVD process can be defined as the deposition of a solid on a heated surface via a chemical 
reaction from the vapor or gas phase. It belongs to the class of vapor-transport processes that are 
atomistic in nature, that is, the deposition species are atoms or molecules, or a combination thereof. 
Other vapor-transport processes include the physical vapor deposition (PVD) techniques. Unlike CVD 
processes, the PVD processes do not rely on a chemical reaction in the gas phase to form the product 
that will be deposited. 
Chemical vapour deposition (CVD) is a versatile process that can be used to deposit layers of nearly 
any metal, as well as nonmetallic elements, such as carbon and silicon (Ref 1). Compounds such as 
carbides, nitrides, oxides, intermetallics, and many others also can be deposited. This technology has 
become very important in these applications: 

• Semiconductor and other electronic component manufacturing processes, 
• Coatings on tools, bearings, and other wear-resistant parts, 
• Optical, opto-electronic, and corrosion-resisting products, 
• Monolithic parts, ultrafine powders, and high-strength fibers. 
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Recommended PVD and CVD coatings
in the function of the application

Application Good Better Best
Piercing TiN TiCN

CVD TiC/TiN MoSTTM

Blanking TiN CVD TiC/TiN TiCN

Fine Blanking TiN TiCN MoSTTM

Drawing,

Flanging,

Forming,

Extrusion

CrN

CVD TiC/TiN

or

TiCN

CVD TiC

or

MoSTTM

Cold Heading
/

Impact Extrusion 
TiN CVD TiC/TiN MoSTTM

 

The primary proposals applications of CVD and PVD coatings (table). 
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PVD-processes

plating

sputtering

sputtering

 

In PVD plating, a thin coating of metal - usually aluminium - is deposited from a vapour onto the 
object to be coated.  The vapour is created in a vacuum chamber by direct heating or electron beam 
heating of the metal, from which it condenses onto the cold workpiece, much like steam from a hot 
bath condensing on a bathroom mirror. 
In PVD metallising there is no potential difference between bath and workpiece. In ion plating the 
vapour is ionised and accelerated by an electric field (the workpiece is the cathode, and the 
metallising source material is the anode). 
In sputtering, argon ions are accelerated by the electric field onto a metal target, ejecting ions onto 
the component surface. By introducing a reactive gas, compounds can be formed (Ti sputtering in an 
atmosphere of N2, which gives a coating of hard TiN, for instance). 
Clean surfaces are essential. Aluminium, copper, nickel, zirconium and other metals can be 
deposited. The process can be applied to plastics, metals, ceramics or glass. 
In sputtering, a vapour of metal is created by bombarding a target (the coating material) with ions, 
accelarated by a potential difference of 100…10000 Volts. The power source is applied between the 
target (the cathode) and inert anodes, creating a glow discharge. Within the discharge, gas atoms are 
ionized and accelarated towards the target where they knock out atoms of the target material, which 
condense on all cool surfaces that are in line-of-sight of the target. Almost any metal or compound 
that doesn't decompose chemically can be sputtered, making this a very flexible (though expensive) 
process. Targets can be changed during the process, allowing multilayers to be built up. 
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CVD-processes

 

In chemical vapour deposition (CVD), a reactant gas is fed to the processing chamber where it 
decomposes at the surface of a heated workpiece liberating one material for either absorption by or 
accumulation on the workpiece. 
The process is often used to improve wear and corrosion resistance (e.g. of cutting tools), but also 
can be used to produce final products such as turbine blades and ceramic disks (for tap valves). 
In CVD processing, a reactant gas mixture comes in contact with the surfaces to be coated, where it 
decomposes, depositing a dense pure layer of a metal or compound. The deposit can be formed by a 
reaction between precursor gases in the vapor phase or by a reaction between a constituent of the 
vapor phase and the surface of the substrate. 
In a variation of conventional CVD, called Moderate temperature CVD (MTCVD), metal organic 
precursors are used (hence, it is also referred to as metal organic MOCVD). As they decompose at 
relatively lower temperature, the reaction temperature is typically in the range of 450…850 ºC. The 
chemical reactions in the vapor phase can be activated by the creation of a plasma in the gas phase 
or by shining a laser beam into the gas mixture. These techniques are called Plasma-assisted (or 
plasma-enhanced) CVD (PACVD or PECVD) and laser CVD (LCVD). They permit depostion at very low 
temperature. 
Coatings formed with PCVD are typically amorphous because their formation is no longer dependent 
upon equilibrium thermodynamics constraints. 
Laser CVD can be thermal (pyrolitic) or photochemical (photolytic). 
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Ion implantation Ion implantation is processing
at the single-atom level. It
allows the creation of a very
thin layer on a component by
shooting ions (positively
charged atoms) at its surface. 
The ions penetrate the surface
a fraction of a micron creating
an artificial alloy layer. The 
choice of implanted atom is 
very wide - almost any element
can be used.
Ion implantation increases the
hardness and wear resistance
of surfaces, reduces friction, 
creates a compressive surface
layer that enhances fatigue
resistance, and increases
corrosion resistance.

 

In focused beam ion implantation ions are first created in a plasma (an electric discharge), 
accelerated by dropping them through a large electric potential difference, focused (like the electron 
beam in a TV tube) with a magnetic lens, and scanned (like the TV beam) to raster over the surface of 
the component, which can be rotated at the same time. 
In ion-beam assisted coating, an additional electron gun in the specimen chamber evaporates a 
target, exactly as in PVD coating. The evaporated atoms condense onto the component where the 
ion beam strikes them, forcing them into the surface (thus giving good bonding) and altering the 
surface structure to give very small grains (giving better mechanical properties and allowing control 
of surface stress). 
Plasma surface ion implantation is a simpler process, not requiring a focused beam. The component 
to be treated is placed in the same vacuum chamber as the plasma source, so that it sits in the 
plasma itself. The component is attached to a pulsed, negative, high voltage source, causing ions 
from the plasma to be accelerated towards it such that they penetrate, forming an implanted layer. 
 
 
 

  

http://www.tankonyvtar.hu/


658  Materials technology 

www.tankonyvtar.hu  © Bagyinszki, OE 

Industrial applications of ion implantation:
• increase of the lifetime of printed circuit drills use in the electronics industry,
• increase of the edge durability of tools with a WC basis,
• increasing of resistance of surfaces exposed to abrasive wear,
• increase of corrosion resistant,
• combination of the ion radiation and other technologies.

Application Material Lifetime improvement
Al the press tool of a tipsy box D2 tool steel 3-fold

The cutting tool of synthetic rubber WC + 6% Co 12-fold
Thread-cutter M2 high speed steel 5-fold

Precision puncher WC + 15% Co 2-fold
Knuckle prosthesis Ti(6AI)4V 100-fold

Dentist's drill WC + Co 2-fold
Cutting tools WC + Co 3…4-fold

Plastic presser tool P20 tool steel 4-fold

Wear resistance repaired with nitrogen implantation

 

The process is cold, so the surface layer is created without any damage to the properties of the 
interior. Almost any material can be implanted, including most metals, ceramics, and polymers. 
Focused-beam systems are expensive, but they offer great control of chemistry and precision of 
targeting: they are used, for example to implant titanium and cobalt-chrome orthopaedic prosthesis 
to improve wear resistance. Plasma surface iron implantation is cheaper, and is used to increase 
wear resistance of cutting tools and drill bits, bearings and gears. 
 
 
 

  

http://www.tankonyvtar.hu/


15. The technologies of the surface treatment 659 

© Bagyinszki, OE  www.tankonyvtar.hu 

Passi-
vating

Aluminium is a reactive metal, yet in everyday objects it does not corrode or discolour. That 
is because of a thin oxide film - Al2O3 - that forms spontaneously on its surface, and this film, 
though invisible, is highly protective. The film can be thickened and its structure controlled 
by the process of anodising. The process is electrolytic; the electrolyte, typically, is dilute 
(15%) sulphuric acid. Anodising is most generally applied to aluminium, but magnesium, 
titanium, zirconium and zinc can all be treated in this way.
The oxide formed by anodising is hard, abrasion resistant and resists corrosion well. The 
film-surface is micro-porous, allowing it to absorb dyes, giving metallic reflectivity with an 
attractive gold, viridian, azure or rose-coloured sheen; and it can be patterned. The process 
is cheap, an imparts both corrosion and wear resistance to the surface.

 

Aluminium is a reactive metal, yet in everyday objects it does not corrode or discolour. That is 
because of a thin oxide film - Al2O3 - that forms spontaneously on its surface, and this film, though 
invisible, is highly protective. The film can be thickened and its structure controlled by the process of 
anodising. The process is electrolytic; the electrolyte, typically, is dilute (15%) sulphuric acid. 
Anodising is most generally applied to aluminium, but magnesium, titanium, zirconium and zinc can 
all be treated in this way. 
The oxide formed by anodising is hard, abrasion resistant and resists corrosion well. The film-surface 
is micro-porous, allowing it to absorb dyes, giving metallic reflectivity with an attractive gold, viridian, 
azure or rose-coloured sheen; and it can be patterned. The process is cheap, an imparts both 
corrosion and wear resistance to the surface. 
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Chromating and 
phosphating Chromating are surface-coating 

processes that enhance the 
corrosion resistance of metals and 
involve soaking the component in a 
heated bath based on chromic 
acids. The acid reacts with the 
surface, dissolving some of the 
surface metal and depositing a thin 
protective layer of complex 
chromium compounds. It is 
essential that the surfaces are clean 
before treatment.
Chromating is applied to steel and is 
used as a post-treatment for 
cadmium, zinc and aluminium 
coatings. Chromated surfaces have 
an attractive gold, olive or black 
colour, depending on the film 
thickness and composition. The 
process are cheap to apply.

Chromating

 

Phosphating are surface-coating processes that enhance the corrosion resistance of metals and 
involve soaking the component in a heated bath based on phosphoric acids. The acid reacts with the 
surface, dissolving some of the surface metal and depositing a thin protective layer of complex 
phosphorous compounds. It is essential that the surfaces are clean before treatment. Phosphating 
gives a porous coating of zinc or magnesium phosphate, and is generally applied to steel structures. 
Zinc phosphate holds oil well ang gives a base to which paints adhere well. Manganese phosphate is 
used primarily on friction and bearing surfaces to reduce wear. The process are cheap to apply. 
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Thermochemical treatments

 

Surface hardening by diffusion involves the chemical modification of a surface. The basic process 
used is thermochemical because some heat is needed to enhance the diffusion of hardening species 
into the surface and subsurface regions of a part. The depth of diffusion exhibits a time-temperature 
dependence. 
Methods of hardening by diffusion include several variations of hardening species (such as carbon, 
nitrogen, or boron) and of the process method used to handle and transport the hardening species to 
the surface of the part. Process methods for exposure involve the handling of hardening species in 
forms such as gas, liquid, or ions. These process variations naturally produce differences in typical 
case depth and hardness. 
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Carburizing of steels

 

In carburizing, additional carbon is diffused into the surface of a low-carbon steel to give a high-
carbon surface layer. When this is quenched, the layer transforms to a hard, brittle, martensite, 
which can subsequently be tempered to obtain the required balance of hardness and toughness. 
There are three broad classes of carburizing equipment; all require temperatures of about 900 ºC. 
The first uses a powder pack that releases carbon monoxide (CO); this decomposes on the surface of 
the steel to give atomic carbon and CO2. It is best for small parts. 
The second uses a fused salt bath containing sodium cyanide (NaCN > 25%), barium chloride, sodium 
chloride and accelerators; it is very versatile and has a low capital cost. 
The last uses gas - methane, butane or pentane - as the source of carbon in a special muffle furnace 
that allows the gas to flow freely round the parts to be carburised; it lends itself to large-quantity 
production. 
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Heat treatments of 
carburized steels

a) Direct hardening from the
carburizing temperature;

b) Onetime hardening from the 
hardening temperature of the 
core;

c) Anneling, onetime hardening after 
machining from the hardening
temperature of the core;

d) Isothermal annealing connected 
onetime hardening;

e) Double hardening: „core
hardening” + „surface hardening”.

 

Carburizing is the addition of carbon to the surface of low-carbon steels at temperatures (generally 
between 850 and 950 °C) at which austenite, with its high solubility for carbon, is the stable crystal 
structure. Hardening is accomplished when the high-carbon surface layer is quenched to form 
martensite so that a high-carbon martensitic case with good wear and fatigue resistance is 
superimposed on a tough, low-carbon steel core. Of the various diffusion methods, gas carburization 
is the most widely used, followed by gas nitriding and carbonitriding. 
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Plasma nitriding

Nitriding is a surface-hardening heat treatment that introduces
nitrogen into the surface of steel at a temperature range 500 to
550 °C, while it is in the ferritic condition. Thus, nitriding is 
similar to carburizing in that surface composition is altered but
different in that nitrogen is added into ferrite instead of 
austenite. Because nitriding does not involve heating into the
austenite phase field and a subsequent quench to form
martensite, nitriding can be accomplished with a minimum of 
distortion and with excellent dimensional control.

Nitriding and carbonitriding

 

In nitriding, nitrogen is introduced into the surface of a steel component by heating it in a fused salt 
bath containing nitrogen-baring salts (typically, sodium cyanide, NaCN) or in a gas stream containing 
cracked ammonia (NH3). Steels suitable for nitriding contain aluminium, vanadium, tungsten or 
molybdenum; these form stable nitride precipitates that harden the surface to a depth of about 500 
μm. The temperature (495…565 ºC) is lower than that for carburizing, giving less distortion, and the 
surface does not require later heat treatment (as carburizing does /to acquire its hardness/). 
Nitriding gives a high surface hardness, retained to high temperatures, increased wear resistance, 
improved fatigue life, and enhanced corrosion resistance. 
Nitrided steels are generally medium-carbon (quenched and tempered) steels that contain strong 
nitride-forming elements such as aluminum, chromium, vanadium, and molybdenum. The most 
significant hardening is achieved with a class of alloy steels (nitralloy type) that contain about 1% Al. 
When these steels are nitrided, the aluminum forms AIN particles, which strain the ferrite lattice and 
create strengthening dislocations. Titanium and chromium are also used to enhance case hardness, 
although case depth decreases as alloy content increases. The microstructure also influences 
nitridability because ferrite favors the diffusion of nitrogen and because a low carbide content favors 
both diffusion and case hardness. Usually alloy steels in the heat-treated (quenched and tempered) 
state are used for nitriding. 
Carbonitriding is a variant of gas carburizing in which ammonia (NH3) is added to the carburizing gas. 
Nitrogen, released from the ammonia, and carbon from the carburizing gas, diffuse into the 
component at the same time, precipitating nitrides as well as increasing the surface carbon content. 
It generally requires a lower temperature and shorter time than plain carburizing. The process 
produces a thinner layer, but one that retains its hardness to higher temperatures. 
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Nitrogen has partial solubility in iron. It can form a solid solution with ferrite at nitrogen contents up 
to about 6%. At about 6% N, a compound called gamma prime (γ'), with a composition of Fe4N, is 
formed. 
At nitrogen contents greater than 8%, the equilibrium reaction product is ε compound, Fe3N. Nitrided 
cases are stratified. 
The outermost surface can be all γ' and, if this is the case, it is referred to as the white layer (it etches 
white in metallographic preparation). Such a surface layer is undesirable: It is very hard but is so 
brittle that it may spall in use. Usually it is removed; special nitriding processes are used to reduce 
this layer or make it less brittle. 
The zone of the case is hardened by the formation of the Fe3N compound, and below this layer there 
is some solid solution strengthening from the nitrogen in solid solution. 
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boriding
chromizing

sherardizingaluminizing

 

Boriding is a high-temperature CVD process whereby boron atoms diffuse from a vapour at 900 ºC 
into the base metal of the component (usually steel), giving an exceptionally hard surface layer. The 
layer, typically 100 μm deep, imparts excellent wear cavitation and erosion resistance, a low 
coefficient to friction, and good high temperature corrosion temperature up to 600 ºC. Boriding gives 
a uniform coating even when the component has a complex shape. It is possible to boride less costly 
steels to give a product that out performs more expensive, untreated steels. Welding is still possible 
and masking before treated leaves untreated areas for later machining. The process is economic for 
small and large parts. 
Chromizing is a surface treatment at elevated temperature, generally carried out in a pack, vapour or 
plasma, in which an alloy is formed by the inward diffusion of chromium into the base metal. Pack 
chromizing uses a powder bed at 900…1150 ºC containing a chromium-rich powder mixture. In 
plasma chromizing, a glow discharge (typically a DC voltage of 1000 V at 35 Amps) in a vacuum 
furnace creates a chromium rich vapour.  The component is held in the furnace at 1050 ºC for 400 
minutes, during which the chromium diffuses into the sample giving a chromized surface layer which 
carries high residual compressive stress (about 2000 MPa). 
Aluminizing, or aluminium diffusion, is an economical process for giving corrosion protection to 
steels, stainless steels and nickel alloy components that must operate in high temperature gases. 
There are several variants of the process. In one, the component is immersed in an Al-Fe powder 
mixture at about 1200 ºC; in another, an aluminium halide (fluoride, chloride or bromide) is used as 
an activator.  In all cases aluminium vapour is formed, which diffuses into the surface of the 
component forming a layer of the intermetallic compound iron aluminide or (on nickel-based alloys) 
nickel aluminide. The coating is uniform, even when the shape is complex. 
Sherardizing is a diffusion process in which articles are heated in the presence of zinc dust. The 
process is normally carried out in a slowly rotating closed container at temperatures ranging from 
320…500 ºC. The resultant zinc/iron alloyed coating is subsequently zinc phosphated or chromated, 
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resulting in a clean, passivated, matt grey surface. The coating closely follows the contours of the 
base material and uniform coatings are produced on articles, including those of intricate shapes. 
Sherardizing gives corrosion resistence, particularly in fresh and salt water. It implants a pleasant 
patina to the surface and its corrosion resistance make it attractive for aesthetic reasons. It can be 
applied to: carbon steels, low alloy steels, sintered steels, malleable grey iron and cast iron. 
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Surface melting-on or cladding

 

Surface melting-on or cladding is the application of a thick coating (generally above 1 mm), which 
melts or bonds by diffusion or cold welding to the substrate. In laser and plasma-arc cladding, the 
coating material is fed as a powder in a gas stream into the laser beam or plasma-arc, where it melts 
and bonds to the surface of the part to be coated. Both methods produce dense, metallurgically 
bonded coatings with minimal effect on the underlying surface. 
Laser and plasma-arc coatings are used to give corrosion resistance, particularly from hot gases (as in 
gas turbines), to give abrasion and wear resistance and to create thermal barrier coatings. Both 
processes can also be used to restore and repare worn surfaces. 
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Hot-dip coating

Hot dipping is a process for coating a metal, mainly ferrous metals, 
with low melting point metals usually zinc and its alloys. The 
component is first degreased in a caustic bath, then pickled (to
remove rust and scale) in a sulphuric acid bath, immersed (dipped) 
in the liquid metal and, after lifting out, it is cooled in a cold air 
stream. The molten metal alloys with the surface of the
component, forming a continuous thin coating.

 

The process is very versatile and can be applied to components of any shape, and sizes up to 30 m x 2 
m x 4 m. The cost is comparable with that of painting, but the protection offered by galvanizing is 
much greater, because if the coating is scratched it is the zinc not the underlying steel that corrodes 
("galvanic protection"). Properly galvanised steel will survive outdoors for 30…40 years without 
further treatment. 
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Surface alloying
The surface alloying with 
high energy density heat
sources (laser, electron 
beam) is such a surface
remelting with composition
modification.
Usage of the laser and 
electron beam surface
alloying for forming tools is -
which have a very large
working surface considering
cutting part of the tools and 
which aren’t substituteable
with interchangeable tip -
results significant increasing
of tool life by increasing of 
hardness and tempering
resistance.

 

The surface alloying with high energy density heat sources (laser, electron beam) is such a surface 
remelting with composition modification. 
Usage of the laser and electron beam surface alloying for forming tools is - which have a very large 
working surface considering cutting part of the tools and which aren’t substituteable with 
interchangeable tip -results significant increasing of tool life by increasing of hardness and tempering 
resistance. 
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Build-up welding
Build-up welding, as applied to welding
technology, refers to the deposition of a filler
metal on a base metal (substrate) to impart
some desired property to the surface that is not
intrinsic to the underlying base metal. Hardfacing
is a form of surfacing that is applied for the
purpose of reducing wear, abrasion, impact, 
erosion, galling, or cavitation. Hardfacing alloys
may be deposited by oxyfuel welding, various arc 
welding methods.
The term build-up refers to the addition of weld
metal to a base metal surface for the restoration
of the component to the required dimensions. 
Build-up alloys are generally not designed to
resist wear, but to return the worn part back to, 
or near, its original dimensions or to provide
adequate support for subsequent layers of true
hardfacing materials.

 

Build-up welding, as applied to welding technology, refers to the deposition of a filler metal on a base 
metal (substrate) to impart some desired property to the surface that is not intrinsic to the 
underlying base metal. Hardfacing is a form of surfacing that is applied for the purpose of reducing 
wear, abrasion, impact, erosion, galling, or cavitation. Hardfacing alloys may be deposited by oxyfuel 
welding, various arc welding methods. 
The term build-up refers to the addition of weld metal to a base metal surface for the restoration of 
the component to the required dimensions. Build-up alloys are generally not designed to resist wear, 
but to return the worn part back to, or near, its original dimensions or to provide adequate support 
for subsequent layers of true hardfacing materials. 
Manual metal arc (MMA) welding is the most important general purpose welding and surfacing 
method using low cost equipment. In it, an electric arc is established between a flux-coated 
consumable rod (an electrode) and the component. The flux coating decomposes to give a gas shield; 
the slag that forms over the weld-pool prevents the metal from oxidizing. Appropriate choice of 
metal and flux allow the process to be used for a wide variety of applications, though they are almost 
exclusively limited to ferrous alloys. 
In submerged arc welding, an arc is struck between the workpiece and the bare metal consumable 
electrode. Shielding is provided by a blanket of granular flux which is deposited over the area to be 
welded. After the weld pool solidifies the unfused flux is removed, screened, and recycled. Both the 
electrode wire and the flux are continually fed during the process. The process is capable of high 
welding speeds and deposition rates. It produces high quality welds on thick workpieces and can be 
semi or fully automated. 
Gas metal arc (MIG) welding is a heavy-duty welding processes. The electrode here is a bare wire, 
with no flux. The flux is replaced by a stream of inert gas, which surrounds the arc formed between 
the consumable wire electrode and the component; the wire is advanced from a coil as the electrode 
is consumed. The real advantages over torch welding are that there is no flux or slag, giving a cleaner 
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weld - and that it can be automated. But there is a penalty: because the process needs gas, it is more 
expensive and less portable. None the less, MIG is considered to be the most versatile of all arc 
welding processes, allowing the welding of most ferrous and non-ferrous alloys in a wide range of 
thicknesses and all welding positions. 
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Joint types between two parts 

Figure 1.

 
The components can be joined together in a variety of methods. The type of joint can be temporary 
(or non-permanent) or permanent. Temporary joints can be assembled and dismantled as often as is 
required without damage to the parts being joined or the joining device (e.g. bolts or nuts). 
Permanent joints cannot be dismantled after assembly without damage of the joint device. 
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Definitions

Welding
The process of joining together two pieces of metal so that bonding accompanied by 

appreciable interatomic penetration takes place at their original boundary surfaces. 

The boundaries more or less disappear at the weld, and integrating crystals develop 

across them. Welding is carried out by the use of heat or pressure or both and with or 

without added metal.

Welded joint
The joining of two or more metallic components by introducing fused metal 

(welding rod) into a fillet between the components or by raising the temperature 

of their surfaces or edges to the fusion temperature and applying pressure 

(welding using pressure).
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Definitions

Fusion welding
Welding involving localized melting without the application of external force in which 

the fusion surfaces have to be melted. Filler metal may or may not be added.

Welding with pressure
Welding in which sufficient external force is applied to cause more or less plastic 

deformation of both the contact surfaces, generally without the addition of filler metal. 

The faying surfaces may be heated to permit or facilitate joining..

Faying surface
A surface of one component that is intended to be in contact with a surface of another 

component to form a joint.

 
MSZ EN ISO 17659:2004 „Welding - Multilingual terms for welded joints with illustrations (ISO 
17659:2002)” Date: 2004-12-01 
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Base material: the material  to be welded, brazed, soldered or cut, and any material 

to which a thermal sprayed coating or surfacing weld is applied.

Weld: a localized coalescence of materials produced either by heating the materials 

to suitable temperatures, with or without the application or pressure, or by the 

application of pressure alone, and with or without the use of filler material.

Weld bead: a weld deposit resulting from a pass.

Weldment: an assembly whose component parts are joined by welding.

Heat affected zone (HAZ): that part 

of the base metal which has not 

been melted, but whose mechanical 

properties or microstructure have 

been already altered by the heat of 

welding, brazing, soldering, or 

cutting.

Definitions

Figure 2.

Fusion zone. The area of base metal melted as determined on the cross section 

of a weld.

Filler material
The material to be added in making a welded joint. When welding metallic materials, 

the filler material can be:

 Covered electrode

 Carbon electrode

 Composite electrode (coated filled-tubular)

 Welding rod

 Filled welding rod

 Plain wire

 Flux cored wire

 Metal cored wire

 Plain strip electrode

 Flux cored strip electrode

 Welding ring

 Welding foil

 Welding flux

 Activating flux

 Hardfacing flux

 Shielding gas

 Backing gas

Definitions
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Molten weld pool

The liquid state of a weld prior to solidification as weld metal.

When filler metal is applied, the weld metal chemical composition is 

determined by the composition of the base metal, the filler metal and by the 

dilution ratio (). The dilution ratio is the ratio of the amount of the base metal 

melted to the total amount of the weld metal.

The dilution ratio is 100 % for welding without filler metal. When welding a: 

root pass,  = 30 %; fill pass,  = 5-15 %; cover pass,  = 5-10 %; deep 

penetration weld,  = 65-90 %.

Definitions

Figure 3.

Weld penetration, penetration depth, depth of fusion 

Weld penetration is the distance that the fusion line extends below the 

surface of the material being welded. It can be complete, incomplete or 

partial.

Penetration depth is the distance from the top surface of the specimen to the 

bottom tip of the weld bead.

Fusion line

The boundary between the weld metal and the HAZ.

Definitions

Figure 4.
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Pass

A single progression of a welding or surfacing operation along a joint, weld deposit or 

substrate. The result of a pass is a weld bead, layer, or spray deposit. The weld can 

be single-pass or multi-pass. A pass can be deposited to the root, the fill or the cap 

(or cover) layers.

Weld bead. A weld deposit resulting from a pass. Stringer bead is a type of weld 

bead made without appreciable weaving motion. Weave bead is a type of weld bead 

made with transverse oscillation.

Layer 

The layer is a stratum of weld metal or surfacing material; it may consist of one or 

more weld beads laid side by side. There are single-layer or multi-layer welds; the 

latter contains root, fill and / or cap layer. The cascade sequence is a combined 

longitudinal and build-up sequence during which weld beads are deposited in 

overlapping layers.

Definitions

Definitions: passes and layers

Figure 5.
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Root

Root of joint; that portion of a joint to be welded where the members approach 

closest to each other. In cross section the root of the joint may be

either a point, a line or an area. Root of weld; the points, as shown in cross

section, at which the back of the weld intersects the base metal surfaces (marked 

with „e” in Fig. 2).

Root pass, fill passes, cap (or cover) passes (at root side or face side)

When welding a multi-pass weld, this is the first pass deposited to the root of joint. 

The fill passes are deposited between the root pass and cover passes. The cover 

passes are in the last deposited cover layer.

Definitions

Figure 6.
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Types of joint

Butt joint: Type of joint where the parts lie in the same plane and abut against one 

another.

Parallel joint: Type of joint where the parts lie parallel to each other, e.g. in 

explosive cladding.

Lap joint: Type of joint where the parts lie parallel to each other and overlap each 

other.

T-joint: Type of joint where the parts meet each other at right angles, forming a T-

shape.

Cruciform joint: Type of joint where two parts lying in the same plane each meet, at 

right angles, a third part lying between them, forming a double T-shape.

Angle joint: Type of joint where one part meets the other at an acute angle.

Corner joint: Type of joint where two parts meet at their edges at an angle greater 

than 30° to each other.

Edge joint: Type of joint where two parts meet at their edges at an angle of 0 to 30°.

Multiple joint: Type of joint where three or more parts meet at any required angles 

to each other.

Cross joint: Type of joint where two parts (mainly: wires) lie crossing over each 

other.

 
MSZ EN ISO 17659:2004 „Welding - Multilingual terms for welded joints with illustrations (ISO 
17659:2002)” Date: 2004-12-01 
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Joint types

Figure 7.

Figure 8.

Joint types
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Figure 9.

Joint preparation for butt joints

Square

butt weld Single bevel

butt weld

with backing

Single V-butt

weld Single

U-butt weld

 
MSZ EN ISO 17659:2004 „Welding - Multilingual terms for welded joints with illustrations (ISO 
17659:2002)” Date: 2004-12-01 



684  Materials technology 

www.tankonyvtar.hu  © Dobránszky, BME 

Joint preparation for T-joints

Figure 10.

Fillet weld (T-joint)

Double bevel T-butt weld

 
MSZ EN ISO 17659:2004 „Welding - Multilingual terms for welded joints with illustrations (ISO 
17659:2002)” Date: 2004-12-01 
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Joint preparation for processes

Figure 11.

 
Examples: joint preparation for different welding procedures and single-bevel welds. 
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Figure 12.

Joint preparation for processes

 
Examples: joint preparation for different welding procedures and double-bevel welds. 
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Figure 13.

Joint preparation butt weld between plates 
with raised edges

 
MSZ EN ISO 17659:2004 „Welding - Multilingual terms for welded joints with illustrations (ISO 
17659:2002)” Date: 2004-12-01 
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Nomenclature of fusion welds

Figure 14.

Single V-butt weld

Fillet weld

 
MSZ EN ISO 17659:2004 „Welding - Multilingual terms for welded joints with illustrations (ISO 
17659:2002)” Date: 2004-12-01 
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Examples of butt welds

Figure 15.

 
MSZ EN ISO 17659:2004 „Welding - Multilingual terms for welded joints with illustrations (ISO 
17659:2002)” Date: 2004-12-01 
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Classification of welding processes

1. Destination

Joint welding

Hard facing

Repair welding

2. Mechanism of joint formation

Pressure welding

Fusion welding

3. Execution

Manual

Partially mechanized

Mechanized

Automatized

Robotic

4. Energy carrier

I. Solid boy

II. Liquid

III. Gas

IV. Electrical discharge

V. Radiation

VI. Movement of a mass

VII. Electric current

VIII. Other

 
The current standard: MSZ EN 14610:2005; „Welding and allied processes. Definitions of metal 
welding processes” 
This standard defines what is the welding of metals:  
„Metal welding is an operation which unifies metals by means of heat or pressure or both, in such a 
way that there is continuity in the nature of metals which have been joined.” 
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Metal welding processes

Welding with pressure

I. Energy carrier is a solid body

Heated element welding

Heated wedge welding

Heated nozzle welding

Nail head welding

II. Energy carrier is a liquid

Flow welding with pressure

III. Energy carrier is a gas

Oxy-fuel gas welding with pressure 

(47)

IV. Energy carrier is an electric discharge

Magnetically impelled arc butt welding (185)

Percussion welding (77)

Drawn-arc stud welding with ceramic ferrule 

or shielding gas (783)

Capacitor discharge drawn-arc stud welding 

(785)

Capacitor discharge stud welding with tip 

ignition (786)

V. Energy carrier is a radiation 

(no process known)

 
Welding with pressure is a welding operation in which sufficient external force is applied to cause a 
greater or lesser degree of plastic deformation of both the faying surfaces generally without the 
addition of filler metals. 
Fusion welding is a welding operation without application of external force in which the faying 
surfaces have to be molten; usually but not necessary molten filler metal is added. 
The metal welding processes generally but not necessary have a process code that is in parentheses. 
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Welding with pressure

VI. Energy carrier: movement of a mass

Cold welding with pressure (48)

Cold upset welding

Cold pressure extrusion welding

Shock welding

Explosive welding (441)

Magnetic impulse welding

Friction welding (42)

Forge welding (43)

Ultrasonic welding (41)

Friction stir welding

VII. Energy carrier: electric current

Spot welding (21)

Seam welding (22)

Projection welding (23)

Resistance butt welding (25)

Flash welding (24)

High-frequency resistance welding (291)

Induction welding (74)

Resistance stud welding (782)

VIII. Energy carrier: unspecified

Diffusion welding (45)

Roll welding

Roll cladding

Metal welding processes

 
Friction welding variants are: continuous drive friction welding, inertia friction welding, orbital 
friction welding, radial friction welding. 
Ultrasonic welding have a variant: ultrasonic hot welding, in which the anvil is heated separately 
during the welding operation. 
Resistance welding (2) 
Spot welding variants: indirect spot welding (211), direct spot welding (212). 
Seam welding variants: lap seam welding (221), mash seam welding (222), seam welding with strip 
(226), foil butt seam welding (225). 
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Fusion welding processes

I. Energy carrier is a solid body

(no process known)

II. Energy carrier is a liquid

Flow welding

Aluminothermic welding (71)

III. Energy carrier is a gas

Gas welding (3)

IV. Energy carrier is an electric discharge

Manual metal arc welding (111)

Tubular cored arc welding without shielding 

gas (114)

Submerged arc welding (12)

Gas shielded metal arc welding (13)

Gas shielded welding with non-consumable 

electrode (14)

Plasma arc welding (15)

Electrogas welding (73)

Metal welding processes

 
Gas welding variants: welding oxy-acetylene welding (311), oxy-propane welding (312), oxy-hydrogen 
welding (313). 
Gravity welding with covered electrode (112). 
Submerged arc welding processes: submerged arc welding with one wire electrode (121), submerged 
arc welding with strip electrode (122), submerged arc welding with multiple wire electrode (123), 
submerged arc welding with metallic powder addition (124), submerged arc welding with tubular 
cored electrode (125). 
Variants of (13): metal inert gas - MIG - welding (131), metal active gas - MAG - welding (135), tubular 
(flux)cored metal arc welding with active gas shield (136), tubular (flux)cored metal arc welding with 
inert gas shield (137). 
Variants of (14): tungsten inert gas (TIG) welding (141), tungsten active gas (TAG) welding (142). 
Variants of (15): plasma arc welding with transferred arc, plasma arc welding with non-transferred 
arc, plasma arc welding with semi-transferred arc, plasma-MIG welding (151), powder plasma arc 
welding (152). 
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Fusion welding processes

V. Energy carrier is a radiation 

Laser welding (52)

Electron beam welding (51)

VI. Energy carrier: movement of a mass

(no process known)

VII. Energy carrier: electric current

Electroslag welding (72)

VIII. Energy carrier: unspecified

Hybrid welding

Metal welding processes

 
Variants of (52): solid state laser welding (521), gas laser welding (522). 
Variants of (51): electron beam welding in vacuum (511), electron beam welding in atmosphere 
(512). 
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The welded joint

In spot-welded joint we can separate the following zones:

A: nugget (heated over the fusion temperature)

B: closing zone (high plasticity)

C: austenitised zone (in carbon steels)

D: recrystallised zone

E: base metals

Figure 16.

Main zones of a butt-welded joint:
• weld metal (I.),

• melted and mixed zone (I.a.),

• melted, unmixed zone (I.b.),

• epitaxially solidified zone (I.c.),

• partially melted zone (II.),

• heat affected zone, HAZ (III.),

• phase transformation zone (III.a.),

• recrystallised zone (III.b.),

• base metal (IV.).

Figure 17.

The welded joint
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Welding positions

Standard: MSZ CEN/TR 14633:2004 „Welding. Working positions. 

Comparasion of current international, European and US designations”

Two method by standards: a) ANSI, AWS, ASME IX, b) EN ISO 6947

Butt-welded joints ANSI EN
Flat position 1G PA

Horizontal position 2G PC

Vertical up position 3G PF

Vertical down position 3G PG

Overhead position 4G PE

Vertical up position (pipe fixed) 5G PF

Vertical down position (pipe fixed) 5G PG

Inclined position (pipe fixed), welding upwards 6G H-L045

Inclined position (pipe fixed), welding downwards 6G J-L045
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Figure 18.

Welding positions: butt welds

Figure 19.

Welding positions: fillet welds
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Symbols of welding positions

The manufacturer's data sheets for welding materials commonly used 

pictograms for the indication of position welding ability.

Figure 20.
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Welding of passes for multipass fillet welds

Figure 21.
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Volume type welding defects

A few characteristic (volume type) welding defects, presented in a butt weld.

Figure 22.

 
The detailed presentation of the welding defects does not the subject of this chapter. 
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Welding consumables

The main types of welding consumables in function of welding processes:

Welding

process

Welding consumable

111 Covered electrode, filled tube electrode

114 Self shielding flux cored wire and strip

12 Flux, wire, strip (plain and flux cored)

13, 73 Plain wire, flux cored wire: basic, rutile, metal cored

14, 15 Welding rod, plain wire

3 Welding rod 

71 Termite powder, termite steel

52 Plain wire

72 Slag welding electrode, powder, wire (plain or flux cored)

 
There are 41 force standard in 2011.  
For example:  
MSZ EN 760:2000 V „Welding consumables. Fluxes for submerged arc welding. Classification” Date: 
2001-09-01 
MSZ EN ISO 17633:2011 „Welding consumables. Tubular cored electrodes and rods for gas shielded 
and non-gas shielded metal arc welding of stainless and heat-resisting steels. Classification (ISO 
17633:2010)” Date: 2011-04-01 
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Welding consumables

Figure 23.
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Packaging of welding consumables

Figure 24.

 
Rutile and low-hydrogen covered (stick) electrodes are packed in cardboard packs with polyethylene 
shrink wrapping which are then packed in outer boxes made of corrugated board in units of 3 or 6. 
Stainless electrodes are packed in polyethylene boxes with a resealable lid. Stainless and low-
hydrogen electrodes are also available in vacuum pack. Low-alloyed electrodes are only available in 
vacuum pack. 
When the diameter is less than Ø3.2 mm, small packs are also available. Vacuum pack completely 
protects the electrodes from moisture. The quality guaranty is 5 years maximum. 
Tig rods are available in packs made of corrugated board. TIG welding rods are packed into a paper or 
plastic boxes of 5 kg, excluding Al- and Ti-alloy consumables that are packed to boxes of 2.5 kg. 
Welding strip electrodes are normally supplied in 30 kg coils and a frequent dimension is 60×0.5 mm. 
However other widths such as 30 or 90 mm or larger coil weights are also available on request. 
Copper-coated MIG welding wires are spooled on B300 type wire basket spools (MSZ EN ISO 544), 
but the premium class wires (e.g. copper-less wires) on BS300 type (MSZ EN ISO 544) spools that 
works without adapter. On the spools the common wire quantity is: 6, 7, 15, 16 and 18 kg. 
MIG wire containing barrels are a bulk pack for 100, 141, 200, 250 or 475 kg of solid or flux-cored 
welding wire, depending on diameter and material. Outstanding for welding robots and other 
mechanised welding stations. The wire is straight and comes out of the gun without twisting or 
warping 
Submerged arc wires are on Eurospool of 25 and 30 kg, but they are available in spools of 100, 800, 
900 and 1000 kg or in barrel of 100-475 kg.  
Submerged arc welding fluxes are normally supplied in paper bags of 25 kg each. An inner bag of 
polyethene provides extra protection from moisture pick-up from the surrounding atmosphere. Flux 
can also be supplied in steel buckets of 25 kg. This packaging type is more sturdy and thus more 
suitable when demanding handling conditions are involved. The metal lid can be re-closed and thus 
keep the moisture away from the flux. 
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The barrel is a new packaging alternative for SAW fluxes. The steel barrel contains about 250 kg, 
depending on the volume weight of the flux. This large packaging for flux offers more rational 
handling for bulk users. The barrel is environmentally-compatible and reduces waste. 
Big bags make it easier for bulk users to handle flux. Fluxes are now available in 500-1000 kg bags. 
The bags offer six-fold security in terms of weight and has base dimensions of 75 × 75 cm. The height 
is 70-110 cm. The sack is made of coated fabric and has an emptying unit in the base, which is 
opened to a diameter of 20 cm using a rope. The bag can be used again. 
  



16. Welding parameters 705 

© Dobránszky, BME www.tankonyvtar.hu  

Approbation of welding consumables

ABS American Bureau of Shipping

BV Bureau Veritas

CCS China Classification Society

CE EN EN 13479

CO Vereinigung voor Controle of Langebied Controlas

CWB Canadian Welding Bureau

DNV Det Norske Veritas 

GL Germanischer Lloyd

KR Korean Register of Shipping

LRS Lloyd’s Register of Shipping

NKK Nippon Kaiji Kyokai

PRS Polski Rejestr Statkovy

RINA Registro Italiano Navale

RS Russian Maritime Register of Schipping

Sepros Certificat vidnopovidnosti ‘Sepros’ Institutu Elektrosvarki imeni E. O. Patona

TÜV Technischer Űberwachungs Verein

Certifications and approbations are very important quality assurance 

guaranties for welding consumables and other welding related products. 

The most important approbations are the following: 

 
MSZ EN 13479:2005 
Hegesztőanyagok. A fémek ömlesztőhegesztésére használt hozaganyagok és fedőporok általános 
termékszabványa  
Welding consumables. General product standard for filler metals and fluxes for fusion welding of 
metallic materials 
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Properties of welding consumables

I Welding current (A)

U Arc tension (V)

d×L Electrode diameter × electrode length

W Shielding gas consumption (L/min)

N kg weld metal / kg electrode

S Electrode efficiency, kg weld metal / kg electrode *100 (%)

B Number of electrodes / kg weld metal

v Wire feeding speed (m/min)

H kg weld metal / hour arc time (kg/h)

x Electrode stick out (mm)

T Burn-off time for one electrode, 90% of maximum current (s)

DR Deposition rate (kg weld metal / hour)

 
The use of welding consumables listed here are the most commonly used features. Accurately 
determined as a welding procedure specifications. The markings are usually arbitrary and can vary by 
manufacturer or by country. The specified application technology, some special features for more. 
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Welding current

The welding current is a fundamental welding parameter. The value of the 

welding current depends strongly on the welding process, the materials to be 

welded and the plate thickness. Some simple examples: 

Welding process Suitable welding current 

111 40 – 400 A

114 120 – 400 A

12x 200 – 2000 A

13x, 73 120 – 500 A

14x 10 – 400 A

15x (0.1 – ) 2 – 300 A

78 50– 600 A

2xx 100 – 50 000 A

Welding current for arc welding

Figure 25.
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Choosing the welding current

To determine the proper welding current it should be consider the welding 

process, parent metals and effective plate thickness. Welding handbooks 

contain the suitable values.

Regarding the manual metal arc welding of carbon steels the welding 

current is related mainly to the electrode diameter. The electrode diameter is 

the diameter of the core wire, which goes from 1,0 mm to 8,0 mm. Examples 

can be seen in the Table.

Diameter, mm 1.6 2.0 2.5 3.25 4 5 6.3

Current, A 25-30 40-50 60-80 100-150 140-180 180-300 280-450

Choosing the welding current

Plain wires

Diameter Welding current

0.8 mm 60–180 A

0.9 mm 70–250 A

1.0 mm 90–280 A

1.2 mm 120–350 A

Flux cored wires

Diameter Position Welding current

1.2 mm PA 200–300 A

1.2 mm PF 150–250 A

1.6 mm PA 300–400 A

1.6 mm PF 180–250 A

Metal cored wires

Diameter Position Welding current

1.2 mm PA 150–350 A

1.6 mm PA 300–500 A

 



16. Welding parameters 709 

© Dobránszky, BME www.tankonyvtar.hu  

Arc tension

The arc tension is a fundamental welding parameter. The value of the arc 

tension depends strongly on the welding process, the materials to be welded, 

the protective gas and the arc length. Some simple examples:

Hegesztési eljárás Jellemző hegesztési feszültség

111 40 V

112 15 – 35V

12x 25 – 40 V

13x, 73 15 – 35 V

14x 10 – 20 V

15x 40 – 50 V

78 30– 40 V

2xx 100 – 50 000 A

Arc tension

The arc tension increases the width of weld bead at submerged arc welding.

Figure 26.
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Welding speed

Too low Suitable Too high

The welding speed is a key parameter which determination requires to 

consider a lot of  point of view to list of them would be completely useless 

in the absence of knowledge of the bases of welding procedure 

specification. Therefore, only the effect of the welding speed to the

welding penetration will be illustrated.

Figure 27.

Diameter of welding consumables

Covered electrodes; core wire, mm
1.0–1.25–1.6–2.0–2.5–3.0–3.15–3.20–3.25–3.5–4.0–4.5–5.0–5.6–6.0–7.0–8.0

Tubular electrodes; external diameter, mm
6.0 – 8.0 – 12.0 – 15 – 20.0

Plain wires for MIG welding, mm
0.15–0.3–0.5–0.6–0.8–0.9–1.0–1.1–1.2–1.3–1.4–1.6–1.7–1.8–2.0–2.4–2.8–3

Plain wires for submerged arc welding, mm
1.0–1.2–1.6–2.0–2.4–2.5–3.0–3.2–4.0–5.0–6.0

Flux cored wires; external diameter, mm 
0.9–1.0–1.1–1.2–1.3–1.4–1.6–1.7–1.8–2.0–2.4–2.8–3.0–4.0

TIG and gas welding rods; external diameter, mm 
0.15–0.3–0.5–0.8–1.0–1.2–1.6–2.0–2.4–2.6–3.2–4.0–5.0–6.4–8.0
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Heat input

The heat input (Q) is a very important welding parameter.

310



v

IU
kQ

Q Heat input (kJ/mm)

k Thermal efficiency

U Arc tension (V)

I Welding current (A)

v Welding speed (mm/s)

Process k

111 0.8

114 0.8

12 1.0

131 0.8

135 0.8

137 0.8

141 0.6

15 0.6

There are some experimentally based propositions, it should be determine by 

welding tests and proper examinations.

 
MSZ EN 1011-1:2009 
„Hegesztés. Ajánlások fémek hegesztéséhez. 1. rész: Általános irányelvek ívhegesztéshez” 
„Welding. Recommendations for welding of metallic materials. Part 1: General guidance for arc 
welding” 
In the 42nd page of the standard „MSZ EN 1011-2:2001 Welding. Recommendations for welding of 
metallic materials. Part 2: Arc welding of ferritic steels” there are k=0.85 for both of process 111 and 
135. 
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Deposition rate

The deposition rate is the weight (kg) of weld metal per hour. It is determined 

generally by welding for one minute.

Electrode

diameter

mm

Cross

section

mm2

Welding

current

A

Current

density

A/mm2

Deposition

rate

kg/h

Covered electrode

E7024

4.0 12.57 235 18.7 3.0

Plain wire

ER70S-6

1.2 1.130 235 287.5 3.3

Cored wire

E71T-1

1.2 0.625 235 376 3.8

Meta cored wire

E70C-6M

1.2 0.625 300 480 5.2

 



16. Welding parameters 713 

© Dobránszky, BME www.tankonyvtar.hu  

Figure 28.

Deposition rate

 
Welding processes: 
111 Manual metal arc welding  
121 Submerged arc welding with one wire 
122 Submerged arc welding with strip 
123 Submerged arc welding with multiple wire 
135 MAG welding with plain wire 
137 MAG welding with flux cored wire 
151 Plasma arc welding 
72 Electroslag welding 
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Deposition efficiency of covered electrodes

For an covered electrode to be tested, one test plate of carbon steel shall be 

welded. Five electrodes shall be used on the test plate. The total mass of five 

electrodes and the mass of five core wires, obtained by carefully removing the 

covering from another five electrodes of the same batch, should be measured. 

The welding current shall be equal to about 90 % of the maximum value of the 

range for PA position indicated by the manufacturer.

The arcing time shall be measured. After each run, the test plate may be cooled in 

water, but the test plate shall be dry before welding is resumed. The slag and 

spatter adhering to the test plate shall be carefully removed before depositing 

subsequent runs. The interpass temperature shall not exceed 100 “C.

After completion of welding, the test plate shall be cooled to room temperature 

and, after removal of any slag and spatter adhering to the test plate, it shall be

weighed. The total mass of the deposit can be determined from the difference with 

the original mass of the plate.

If an electrode coating contains iron, the mass of the deposited metal can be 

higher than that of core wire, consequently the efficiency can be run up to 240 %.

 
MSZ EN 22401:1995 „Bevont elektródák. A kihozatal és a leolvadási tényező meghatározása (ISO 
2401:1972)” 
„Covered electrodes. Determination of the efficiency, metal recovery and deposition coefficient (ISO 
2401:1972)”  
RN = Nominal electrode efficiency 
RE = Effective electrode efficiency 
RG = Overall weld metal recovery 
RD = Deposition efficiency  



16. Welding parameters 715 

© Dobránszky, BME www.tankonyvtar.hu  

Deposition efficiency of covered electrodes

There are 4 efficiency parameters for the covered electrodes

RN = Nominal electrode efficiency is the ratio of the mass of weld metal deposited 

under standard conditions to the mass of nominal diameter core wire consumed 

for a given electrode.

RE = Effective electrode efficiency is the ratio of the mass of weld metal deposited 

under standard conditions to the actual mass of core wire consumed.

RG = Overall weld metal recovery is the ratio of the mass of weld metal deposited 

under standard conditions to the total mass of a given electrode tested.

RD = Deposition efficiency is the ratio of the mass of weld metal deposited under 

standard conditions to the total mass of a given electrode consumed, exclusive 

of stub ends.

Deposition coefficient of covered electrodes

Deposition coefficient (D) is the mass of weld metal deposited under 

standard conditions per ampere minute for a given electrode.

Its dimension: 

 min/ Ag
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Calculation of consumable requirements

Figure 29.

 



16. Welding parameters 717 

© Dobránszky, BME www.tankonyvtar.hu  

Process efficiency factors

Process Metal transfer Proc. efficiency

111 54–77%

121 100%

141 100%

311 100%

135 Short circuit 92%

135 Spray arc 95%

135 Pulsed arc 98%

136 Rutile flux cored 85%

136 Basic flux cored 88%

136 Metal cored 92–95%

114 Self-shielding wire 82%

 
The given values are available for process 135 and 136, applying Ar + 25% CO2 as shielding gas. 
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Tartalom

Ez a fejezet a következő fő 

témaköröket ismerteti:

• Definíciók

• A hegesztett kötések és az 

élelőkészítés típusai

• A hegesztési eljárások 

rendszere

• Hegesztési helyzetek, 

varratfelépítés

• A hegesztőanyagok fajtái és 

alkalmazástechnikai jellemzői

• A hegesztési hőbevitel

• A bevont elektródák kihozatali 

jellemzői

• A hegesztési eljárások 

kihozatali jellemzői

Summary

This chapter presents the following 

tasks:

• Definitions

• Types of welded joints

• Classification of welding 

processes

• Welding positions and layers

• Types of welding consumables 

and their application 

characteristics

• Welding heat input

• Efficiency factors of the 

covered electrodes

• Efficiency of welding processes
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Content

The electric arc

Welding consumables for arc welding processes

Manual metal arc welding

Aluminothermic welding

Gas welding

The on-line textbook contains a lot of short video which present the 

presented and many other welding processes.
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Welding processes

This chapter presents only a few welding processes and their main 

characteristics and applications. More detailed characterisation can be find 

in the welding handbooks.

Fortunately, that in the welding science there are more high-quality last-

years composed handbooks in Hungarian language that are proposed to 

study by author.

Szunyogh László (ed): Hegesztés és rokon technológiák kézikönyv. GTE Budapest 

2007.

Gáti József (szerkesztő): Hegesztési zsebkönyv. Cokom Kft. Miskolc, 2003.

Bagyinszky Gyula, Bitay Enikő: Hegesztéstechnika I–II. EME, Kolozsvár, 2010.
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The electric arc

Influencing factors for ignition and stability of the electric arc are:
– potential difference between the anode and cathode
– electron emission of material
– cathode shape
– suitably low ionisation energy pf gas atoms in the arc column.

• suitable arc ignition potential for cathode drop
• gas atoms that form positive ions
• continuous high temperature of the cathode
• suitably high welding current 
• emission enhancing materials in the coating.

Electric arc influencing factors at the welding:

• material, shape and size of electrodes

• nature of gas in the arc column

• current type, polarity, arc tension

• arc length.

Main expressions related to the the electric arc are the followings:
– anode
– cathode
– arc column
– potential, potential difference
– arc tension
– anode area, cathode area
– anode drop, cathode drop
– atoms, ions, electrons
– electron velocity, electron emission
– arc characteristic curve, power source characteristic curve
– work point
– neutral tension
– short circuit current
– arc length
– arc stability

The electric arc
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Schema of the electric arc

i+ = positive ion Ox = oxygen atom
i– = negative ion G = gas atom
e– = electron 

Electron velocity  100–200 m/s

Ion velocity  1 m/s

Figure 1.
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Characteristics of the electric arc

Characteristic of the electric arc: U = f(L)

Characteristic of the machine: U = f(I)

Work point, M  UM and IM.

Required for a stable arc: Arc length < LMAX

Neutral tension > U0 MIN

Limited short circuit current (IRZ)

Figure 2.
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Most used welding consumables

All welding consumables have a standardised marking, which is 

related to the type of consumable and process.

Mark Type

E Covered electrodes

G Plain wires for MIG / MAG welding

T Flux cored wires

S Submerged arc wires and strips

SA Submerged arc fluxes

O Gas welding rods
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Classification of covered electrodes

…

Two main parts: core wire and coating.

Classification by mechanical properties of the weld metal

Non alloyed fine grain steel electrodes:

Class „A”: by yield point, elongation and Charpy impact energy of 47 J .

Class „B”: by tensile stress and Charpy impact energy of 27 J.

Classification by chemical composition

Classes are based mainly on the Mo-, Mn- and Ni-content.

Classification by position welding ability
5 classes exist

Classification by diffusible hydrogen content
3 classes: H  5, H  10, H  15 mL / 100 g metal

 

MSZ EN ISO 2560:2010 „Hegesztőanyagok. Bevont elektródák ötvözetlen és finomszemcsés acélok 
kézi ívhegesztéséhez. Osztályba sorolás (ISO 2560:2009)” 
Welding consumables. Covered electrodes for manual metal arc welding of non-alloy and fine grain 
steels. Classification (ISO 2560:2009)  
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Covered electrodes

Classification by character of the coating

A Acid

B Basic

C Cellulose

R Rutile

S Other

RA Rutile-acid

RB Rutile-basic

RC Rutile-cellulose

RR Rutile, high efficiency

…

This classification concerns only to the electrodes classified by yield point + Charpy

energy of 47 J. The other classification shows 17 classes by electrode coating; the 

main classes are seen here.

Example: ISO 2560-A-E 46 3 1Ni B 5 3 H5

Figure 3.

 
  



730  Materials technology 

www.tankonyvtar.hu  © Dobránszky, BME 

Characteristics of electrode coatings

Components of the coating:

slag and forming protective gas, deoxidant, ionising 

components, joining addition, alloying elements.

A Acid: iron-oxides, ferro-manganese. Fine drops form, nice surface aspect, poor 

position welding features, high risk of hot cracking.

B Basic: it contains many CaCO3, CaF2, TiO2, SiO2. Excellent toughness. With 

special additions it is very suitable in PG position as well.

C Cellulose: it contains many organic materials, intensively burning arc, excellent in 

PG position.

R Rutile: fusion in gross drops, poor position welding features, but good in PG.

RA Rutile-acid: high TiO2 content, high strength, unsuitable in PG.

RB Rutile-basic: in PG position is unsuitable .

RC Rutile-cellulose: suitable for PG position as well.

RR High efficiency: thick rutile coating. Good arc re-ignition, nice surface.

Electrode coatings can be different in their special 

characteristics, for example:

a) colour

b) flexibility

c) moisture resistance

d) reduced fume generation

Characteristics of electrode coatings
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Classification of MIG  MAG welding wires:

Classification by mechanical properties of the weld metal

Non alloyed fine grain steel electrodes:

Class „A”: by yield point, elongation and Charpy impact energy of 47 J .

Class „B”: by tensile stress and Charpy impact energy of 27 J.

Classification by chemical composition

Classes are based mainly on the Si, Ti, Al, Mo, Mn and Ni-content.

Classification by shielding gas
There are three classes: M, A and C.

Example: ISO 14341-A-G 46 5 M G3Si1

Characteristics of plain wires

 

MSZ EN ISO 14341:2011 „Hegesztőanyagok. Hegesztőhuzalok és hegesztési ömledékek ötvözetlen és 
finomszemcsés acélok fogyóelektródás, védőgázos ívhegesztéséhez. Osztályba sorolás (ISO 
14341:2010)” 
Welding consumables. Wire electrodes and weld deposits for gas shielded metal arc welding of non 
alloy and fine grain steels. Classification (ISO 14341:2010)  
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Coating of welding wires

Plain wires are produced with more surface treatment; there can be coated 

or uncoated. The role of the coating are the increasing of electrical contact, 

decreasing the friction and protecting against the corrosion.

Only the non alloy and low-alloy steel wires can be coated.

The nature of coating strongly influences the wear of contact tube, wire 

guiding spiral and wire feeding rolls.

1. Most used coating type is the galvanic copper coating in thickness of 2-3 

microns. 

2. Few years ago, Air Liquide developed the bronze coating that have very 

good sliding properties comparing with copper coating.

3. Coating-less wires are exist long time ago, but the number of really 

powerful solution for coating-less wire are strongly limited. The AristoRod

wire of Esab are the best actually.

In the Textbook you can see an example that presents the wire surfaces.
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Flux cored wires

Marking of flux cored wires

Symbol for the flux cored wires used in MIG/MAG welding is the letter T.

Standardised classification and marking of the flux cored wires are very 

similar to that of plain wires: by the mechanical properties of the weld 

metal or by the chemical composition.

But there exist special points of view, for example the ability for position 

welding, the gas-less welding possibility and the hydrogen content of the 

weld metal.

 

MSZ EN ISO 17632:2008  „Hegesztőanyagok. Töltött hegesztőhuzalok ötvözetlen és finomszemcsés 
acélok fogyóelektródás, védőgázos és védőgáz nélküli ívhegesztéséhez. Osztályba sorolás (ISO 
17632:2004)” 
Welding consumables. Tubular cored electrodes for gas shielded and non-gas shielded metal arc 
welding of non-alloy and fine grain steels. Classification (ISO 17632:2004) 
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Figure 4.

Construction of flux cored wires

- Open / closed (seamless)

- Coated / uncoated

- Monotube / multitube

Flux cored wires
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Symbol for the flux cored wires used in MIG/MAG welding is the letter T.

Classification of flux cored MIG / MAG wires by the flux type
Symbol for type of electrode core are indicated in Table below:

Symbol Type of electrode core Technique Gas

R Rutile, slow-freezing slag Single- or multi-run Necessary

P Rutile, fast-freezing slag Single- or multi-run Necessary

B Basic Single- or multi-run Necessary

M Metal powder Single- or multi-run Necessary

V Rutile or basic / fluoride Single-run Not necess.

W Basic / fluoride, slow-freezing slag Single- or multi-run Not necess.

Y Basic / fluoride, fast-freezing slag Single- or multi-run Not necess.

Z Other types

Flux cored wires

 

MSZ EN ISO 17632:2008  „Hegesztőanyagok. Töltött hegesztőhuzalok ötvözetlen és finomszemcsés 
acélok fogyóelektródás, védőgázos és védőgáz nélküli ívhegesztéséhez. Osztályba sorolás (ISO 
17632:2004)” 
Welding consumables. Tubular cored electrodes for gas shielded and non-gas shielded metal arc 
welding of non-alloy and fine grain steels. Classification (ISO 17632:2004) 
 
The above mentioned marking system concerns only the non alloy steel flux cored wires. Regarding 
low-alloy steels, high strength steels or stainless steels there are other standards; regarding stainless 
steels the concerning standard is: MSZ EN ISO 17633:2011  „Hegesztőanyagok. Porbeles elektródák 
és pálcák korrózióálló és hőálló acélok védőgázos vagy védőgáz nélküli ívhegesztéséhez. Osztályba 
sorolás (ISO 17633:2010)” 
Welding consumables. Tubular cored electrodes and rods for gas shielded and non-gas shielded 
metal arc welding of stainless and heat-resisting steels. Classification (ISO 17633:2010) 
In this standard the markings B, P, R, M and Z means the same as for non alloy steel tubular 
electrodes, but the self-shielding FCW-s are marked uniformly by „U”. 
As such, wire rod and also has a distinctive mark, consequently the symbols for type of tubular cored 
electrode and rod are: 

 F = Flux cored electrodes 

 M = Metal cored electrodes  

 R = Flux cored rods for gas tungsten arc welding 
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Welding features of the flux cored wires

R Spray arc, slight sputtering, continuous slag. 

Base shielding gas: CO2. Ar+CO2 reduce the sputtering.

P Quickly solidifying slag  good for position welding. Mainly for low 

diameter wires.

B Fine drop fusion, slightly convex seam, mainly for PA and PC position, 

with CO2 or Ar+CO2 gas. Excellent weld metal toughness.

M Fine drop fusion, very thin slag layer, high efficiency, risk of the lack of 

fusion. Using with Ar+CO2 gas, in PA and PC positions. In other positions 

it should be welded with short arc or pulsed arc.

In the marking system that use the tensile strength AND the Charpy impact 

energy of 27 J, the marks are the following: T1, T4, T5, T7, T8, T11, T15. 

This classification consider the current type and the polarity as well.

Flux cored wires

Example: ISO 17632-A – T46 3 1Ni B M 1 H5

 

ISO 17632 --- ISO specification number 
A --- It indicates classification by yield strength and 47 J impact energy requirement 
T --- This letter means that this consumable is a flux cored wire used in MIG/MAG welding. 
46 --- This value represents the tensile properties: Rp0,2 > 460 MPa 
3 --- It indicates toughness of 47 J at -30°C 
1Ni --- Chemical composition of weld metal 
B --- Type of electrode core 
M --- Class of shielding gas concerning MSZ EN ISO 14175:2008 
1 --- Represents welding position 
H5 --- Characterises the hydrogen content of weld metal in ppm 
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Welding gases 

The standard MSZ EN ISO 14175:2008 classifies gases:

R reducing gas mixtures Ar+H2

I inert Ar, He, Ar+He

M1 oxidising mixtures Ar+CO2+O2+H2

M2 oxidising mixtures Ar+CO2+O2

M3 oxidising mixtures Ar+CO2+O2

C highly oxidising CO2, CO2+O2

O oxygen O2

N low reactive, containing nitrogen Ar, N2, N2+H2, 

Ar+N2+H2

Z other

 

MSZ EN ISO 14175:2008  „Hegesztőanyagok. Gázok és gázkeverékek ömlesztőhegesztéshez és rokon 
eljárásokhoz (ISO 14175:2008)” 
Welding consumables. Gases and gas mixtures for fusion welding and allied processes (ISO 
14175:2008)  
 
The former welding gas standard does not valid (MSZ EN 439:1998 Welding consumables. Shielding 
gases for arc welding and cutting)! 
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Welding consumables of submerged arc welding
(SAW)

The process mark is: S

Classification by the mechanical properties

Welding consumables for submerged arc welding of non alloy and fine grain 

steels are classified by the mechanical properties of weld metals carried out 

by different wire + flux combinations in systems:

Class „A”: by yield point, elongation and Charpy impact energy of 47 J.

Class „B”: by tensile stress and Charpy impact energy of 27 J.

Classification by the aptitude for welding multi-run technique

By this point of view there exist consumables, which are suitable for „multi-run” 

or „two-run”.

Classification by chemical composition

Classes separate plain and cored wires.

 
MSZ EN ISO 14171:2011  „Hegesztőanyagok. Tömör huzalelektródák, porbeles elektródák és 
elektróda/fedőpor kombinációk ötvözetlen és finomszemcsés acélok fedett ívű hegesztéséhez. 
Osztályba sorolás (ISO 14171:2010)” 
Welding consumables. Solid wire electrodes, tubular cored electrodes and electrode/flux 
combinations for submerged arc welding of non alloy and fine grain steels. Classification (ISO 
14171:2010) 
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Fluxes for submerged arc welding

Symbols by 

production 

method:

Fused  F

Agglomerated  A

Mixed  M

Flux types

their composition

and symbol

Symbol Designation Main components

MS Manganese-silicate MnO, SiO2, CaO

CS Calcium-silicate CaO, MgO, SiO2

ZS Zirconium-silicate ZrO2, SiO2, MnO

RS Rutile-silicate TiO2, SiO2

AR Aluminate-rutile Al2O3, TiO2

AB Aluminate-basic Al2O3, CaO, MgO, CaF2

AS Aluminate-silicate Al2O3, SiO2, CaF2, ZrO2

AF Aluminate-fluoride-basic Al2O3, CaF2

FB Fluoride-basic CaO, MgO, CaF2 , MnO

Z Other

 

Table contains symbols of the standard: MSZ EN 760:2000 „Hegesztőanyagok. Fedőporok fedett ívű 
hegesztéshez. Osztályba sorolás”; 
Welding consumables. Fluxes for submerged arc welding. Classification 
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Classification of SAW fluxes 

Classification by application:
Class 1. Fluxes for non alloy and low-alloy steels

Class 2. Fluxes for Cr-, Cr-Ni alloyed steels and Ni-alloys

Class 3. Fluxes for hardfacing applications

Classification by type of electric current:
DC Fluxes for welding with direct current

AC Fluxes for welding with alternative current

Classification by hydrogen content of weld metal:
H5 H-content  5 mL / 100 g weld metal

H10 H-content  10 mL / 100 g weld metal

H15 H-content  15 mL / 100 g weld metal
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Classification by metallurgical behaviour:
9 classes show that the flux causes pick-up or burn-out of alloying elements

Burn-out Burn-out more than 0,1% alloying element (Mn, Si)

Unchanged The change is less than 0,1%

Pick-up Pick-up more than 0,1% alloying element (Mn,Si)

Other properties: 

a) current-carrying capacity
This feature is not indicated in the flux designation, but this is tested in 

standard conditions.

b) the particle size
This feature is not indicated in the flux designation, but this is tested in 

standard conditions, but shall be used in the marking of packaging units.

Classification of SAW fluxes 

 

Example:  
Welding flux EN760 S F CS 1 67 AC H15 
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Classification by basicity index:

Basic B > 1

Acid B < 1

Neutral B = 1

In the literature, there are many basicity index, but the most 

used is Boniszewski’s basicity index:

Classification of SAW fluxes 

 
 22322

2222

ZrOTiOOAl0,5SiO

MnO)FeO0,5CaFOKONaLiOBaOSrOMgOCaO
B
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In this process the electric arc is generated between a coated consumable 

electrode and the work piece. The coating and the metallic core-wire is 

melted by heat of the arc and is deposited to the weld pool as molten 

drops. When the electrode coating melts, it forms:

a) protective gas shield around the arc and the weld pool

b) slag on the surface of the weld pool.

Slag and gas shield protect the weld pool from the atmosphere and rapid 

cooling. The slag should be removed after each layer.

Manual Metal Arc welding is still a widely used joining and hardfacing 

process. Due to the low cost of the equipment and the ease of 

transporting the equipment, the MMA welding is ideally suited to repair 

work.

What are the benefits of MMA welding? Flexibility, low cost of power 

source, mobility, suitable for repairs, large variety of consumables.

Manual metal arc (MMA) welding

Manual metal arc (MMA) welding

Figure 5.
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Installation of a MMA welding work-place.

Manual metal arc (MMA) welding

Figure 6.
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Power sources:

Coated electrodes can be operated with AC and DC power supplies. Not 

all DC electrodes can be operated on AC power sources, however AC 

electrodes may be used on either AC or DC.

Power sources for MMA welding

Figure 7.

Welding generator or alternator: 

It converts mechanical energy into electrical. Independent power supplies usually 

driven by an engine. The output of the generator is direct current.

Advantages: good arc ignition and stability, suitable for all type electrodes.

Disadvantages: many wear parts, sensitivity to flying powder, very noisy, 

efficiency is 50-60%.

Welding transformer: 
Advantages: no wear parts, low cost in service, efficiency is 80-90 %. 

Disadvantages: only AC output.

Welding inverter
At first it rectify the AC power to DC; then switch (invert) the DC power into a step-

down transformer to produce the desired current. The switching frequency is typically 

10 kHz or higher. Because of the high switching frequency, it drastically reduce the 

dimensions of the step-down transformer. The inverter-based welding machines are 

more efficient and have much better control than older types of welding machines..

Power sources for MMA welding
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A kit of accessories for MMA welding: electrode holders, earth clamps, 

cables and connectors, already assembled.

The kits choice depends of several criteria:

- Plugs of 9 mm diameter correspond to a cable cross-section between 16 mm2 

and 25 mm2.

- Plugs of 13 mm diameter correspond to a cable cross-section between 35 

mm2 and 50 mm2 (max 90 mm2).

Figure 8.

Manual metal arc (MMA) welding
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The electrodes are composed by the core wire and circumferentially 

pressed coating. The characteristics of the electrodes in the previous 

chapter are explained. The coating have a significant role in the following 

processes:

arc ignition,

arc stability,

protective gas forming, 

metal deposition,

slag formation,

deoxidation,

alloying, 

slag removing.

Figure 9.

Electrode holders

Manual metal arc (MMA) welding

 

 

The choice of an electrode holder follows several criteria. 
In Europe it is mandatory that the supplier conforms to the European standards on these products, 
for Health and Safety reasons. The CE marking confirms conformity of the product to these 
standards. 
 
Selection criteria - the maximum electrode diameter required, that in turn dictates the maximum 
amperage and subsequently the size of the welding cable. Once the above criteria are established 
the remaining choice 
is one of personal preference.  
 
Types of electrode holder are the following 
Screw type: Very secure grip of the electrode that gives the possibility of twisting the electrode once 
tightened. 
Lever type: Secure grip of the electrode between the jaws with pre defined angles for the electrode 
position, easy butt ejection.  
Lever type closed head electrode holders 
Hobby electrode holders 
Light duty electrode holders 
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How to apply covered electrodes?

Manual metal arc (MMA) welding

Figure 10.
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Welding accessories

Figure 11.
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The aluminothermic reaction is based on the highly exothermic reduction 
reaction of the iron-oxide by aluminium. The reaction produce Al2O3 thus 
liberating the iron from the oxide and generating heat sufficient to raise 
the temperature to approx 2100-2500°C so that both metal and alumina 
are in liquid form. With the reaction complete the steel separates from the 
less dense Al2O3, which floats to the top of the moulds as a slag. 
Description of the reaction is:
Fe2O3 + 2Al = Fe + Al2O3 + 760 kJ. 
This exothermic reaction produce high heat energy, therefore a large 
volume of filler metal can also melting without an outside power source. 
Aluminothermic welding is used as a butt weld to join heavy sections. A 
gap is opened between the sections, refractory moulds are placed 
around the gap and the moulds are sealed by a suitable luting medium. A 
crucible holding the charge is placed and the moulds are preheated. 
Barium peroxide ignitor strip starts the reaction.

Aluminothermic welding

The principle of the process

Once the reaction is complete the crucible automatically releases the 

superheated liquid into the moulds. The moulds are designed to give 

sufficient internal volume for the metal only, the slag flows out into heavy 

receptacles and the weld is allowed to set. When the weld has cooled to 

approximately 1100°C the runners and risers can be sheared and the 

weld left to cool to a permissible grinding temperature.

After removing the mould it should be cutting the burr still in its hot state, 

then grinding.

Key applications include railway lines, tram rails butt joints for high 

diameter electric cables.

Tapping, post-weld treatments, applications

Aluminothermic welding
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Welding mould Ignition and reaction Tapping

Figure 12.

Aluminothermic welding

 

The approximate time required for various operation for execution of aluminothermic welding  of a 
cca. 60 kg section in situ under traffic block are listed below: 
1. Cleaning: 15-20 minutes 
2. Setting, fixing the mould and luting: 10 minutes 
3. Pre-heating: 10-12 minutes 
4. Reaction time, burner removal, tapping and crucible stand removal: 3-4 minutes 
5. Waiting for mould cooling: 6-8 minutes 
6. Trimming of weld: 3-4 minutes 
7. First train passing time: 30 minutes 
8. Total time: 80-90 minutes 
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GrindingChipping and trimming

Figure 13.

Aluminothermic welding
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The gas welding is a welding process in which the parent materials have 

to be welded using a heat source of a flame of a combustible gas and a 

combustion gas. The metal is melted by the heat of the flame. On can 

add to the joint a welding rod, but this is not necessary.

Gas welding

Figure 14.

 

The number of concerning standards that are valid in 2011 is 21. Some of these: 
MSZ EN 13622:2002 „Gázhegesztő berendezések. Fogalommeghatározások. Gázhegesztő 
berendezésekre használatos szakkifejezések” 
Gas welding equipment. Terminology. Terms used for gas welding equipment  
 
MSZ EN ISO 5172:2006 „Gázhegesztő berendezések. Gázhegesztő, lángvágó és hevítőpisztolyok. 
Követelmények és vizsgálatok (ISO 5172:2006) 
Gas welding equipment. Blowpipes for gas welding, heating and cutting. Specifications and tests (ISO 
5172:2006)  
 
MSZ EN 1256:2006 „Gázhegesztő berendezések. A gázhegesztéshez, lángvágáshoz és rokon 
eljárásaikhoz alkalmazott tömlővégek követelményei” 
Gas welding equipment. Specification for hose assemblies for equipment for welding, cutting and 
allied processes 
 
MSZ EN 1327:1999 „Gázhegesztő eszközök. Hőre lágyuló műanyag tömlők hegesztéshez és rokon 
eljárásokhoz” 
Gas welding equipment. Thermoplastic hoses for welding and allied processes  
 
MSZ EN 560:2005 „Gázhegesztő eszközök. A hegesztéshez, vágáshoz és rokon eljárásokhoz használt 
tömlőcsatlakozások” 
Gas welding equipment. Hose connections for equipment for welding, cutting and allied processes  
 
MSZ EN 730-1:2003 Gázhegesztő berendezések. Biztonsági eszközök. 1. rész: Lángfogóval együtt 
Gas welding equipment. Safety devices. Part 1: Incorporating a flame (flashback) arrestor   
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Oxygen is used 

always as an oxidizer 

gas for welding.

For brazing, propane 

or PB is used with air 

as oxidiser gas. 

The combustible gas 

can be acetylene, 

propane, PB mixture, 

fuel gas, hydrogen.

Gas welding

Figure 15.
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Flame types

Acetilén : oxigén

2 : 1
Figure 16.

Temperature distribution in acetylene flame

Figure 17.

Flame types
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Accessories of the gas welding

Blue # yellow colour cylinders

Pressure regulator

Figure 18.

Accessories of the gas welding

Colour code of hoses Standardized colours

Color Ø (mm) Gas

Blue 6.3 and 10 Oxygen

Red 6.3 and 10 Acetylene

Orange 6.3 és 10 Propane

Black 6.3 Fuel gas & other

Hoses with flashback arrestors

Figure 19.
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Welding torches

For gas welding

For thermal 

spraying

Figure 20.

On the left:
Quick, shallow penetration

Welding directions

Figure 21.

On the right:
Deep penetration
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Tartalom

Ez a fejezet a következő fő 

témaköröket ismerteti:

• A hegesztési eljárások

• A villamos ív

• A főbb hegesztőanyagok: 

bevont elektródák, tömör 

huzalok, porbeles huzalok, 

hegesztési gázok, fedőporok

• Bevont elektródás kézi 

ívhegesztés

• Termithegesztés

• Gázhegesztés

Summary

This chapter presents the following 

tasks:

• Welding processes

• Electric arc

• Welding consumables: covered 

electrodes, plain wires, flux 

cored wires, welding gases, 

welding fluxes

• Manual metal arc welding

• Termite welding

• Gas welding
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Joint types between two parts 

Figure 1.

 

The components can be joined together in a variety of methods. The type of joint can be temporary 
(or non-permanent) or permanent. Temporary joints can be assembled and dismantled as often as is 
required without damage to the parts being joined or the joining device (e.g. bolts or nuts). 
Permanent joints cannot be dismantled after assembly without damage of the joint device. 
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Soldering: definition

Soldering is a joining operation whereby the solder - that is 

a molten filler metal or alloy - will wet and flow across the 

surfaces of the joint to form a strong metallurgical bond 

between the solder and the pieces being joined. If the 

fusion temperature of the filler metal is higher than 450°C 

the operation is called brazing. 

 
  



764  Materials technology 

www.tankonyvtar.hu  © Dobránszky, BME 

Requirements for a successful joints

a) The solder must have a lower melting range than that of the parent metals. It 

should be a difference of at least 50 C.

b) The solder must be metallurgically compatible with the parent metal.

c) The molten solder must wet the surfaces. The wetting is characterized by the

contact angle. A non-wetting condition occurs when the liquid completely forms 

individual droplets: the contact angle is 180 . If the contact angle is less than 90 , 

then wetting occurs; the liquid spread over the surface.

d) The melt of the solder is drawn into the joint gap by the capillary force, which is a 

function of the surface tension, the density of the melt, the contact angle and the 

geometry of the joint gap, called clearance; the joint gap should be 0.01-0.1 mm. 

e) The flow rate of solder depends on its viscosity. The viscosity, surface tension 

and contact angle will all decrease as the temperature is increased above the 

liquidus temperature of the solder.

f) The surface roughness influences beneficially the spread and flow of the molten 

solder, because the local contact angle is reduced; the fine channels enhance

the capillary attraction. Grinded joint surfaces give a better filled joint than that of 

polished.
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Solderability

The solderability of metals is determined by a simple dip test, in which a 

visual control is carried out for spreading and wetting. The solderability of 

noble metals and copper is evaluated generally by their electrical and 

thermal conductivity; these metals and alloys are generally excellently 

solderable, because they have not surface oxide layer or the layer is easily 

removable by solders. The low chemical activity fluxes are suitable for 

assuring appropriate wetting on the surface of noble metals and copper.

Aluminium alloys, stainless steels and refractory alloys are hardly 

solderable. This problem can be solve using a well solderable metal coating. 

Coatings make well solderable the ceramics too. The solderability of coated 

metals and ceramics depends on the coating metal and its solubility at the 

working temperature of the solder. Solderability enhancing metal coatings 

can be produce by hot dipping or galvanizing. The non-metallic coatings 

(paint, varnish) deteriorate the solderability. 
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Contact angle

Contact angle θ > 90° Contact angle θ = 90° Contact angle θ < 90°

Young-equation:

Young–Dupré-equation :

Figure 2.

 
The wetting is estimated by the value of contact angle: θ.  
We have a perfectly flat solid surface and a drop of liquid resting on the mechanical and 
thermodynamic equilibrium; the Young's equation determines the contact angle on the base of the 
equilibrium of the horizontal forces and the surface tensions of the ternary phase (solid - liquide - 
gas) system. 
Surface tension is a key parameter for choosing the appropriate solder. It is necerrary that the 
contact angle will be θ << 90° for obtaining a good soldered joint. Generally, the solderability of a 
material is better than the contact angle is smaller at the same soldering conditions.  
At the same time the Young–Dupré equation mean that the contact angle is resistance parameter of 

the soldered joint, because they together with the liquid’s contact angle σLV (often marked as ) 
directly influences the adhesion work (Wa): lower θ generally általában correlated higher Wa.
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Soldering

The traditional filler materials of soldering are the Pb-Sn alloys, which have 

fallen out of favour because of the Pb-caused environmental problems. 

Therefore Pb-Sn solders cannot be used for potable applications, but they

can be use for making joints in heating systems were the joints will not 

come into contact with tubes for drinking water. For potable applications 

non-toxic solders have to be used. However, not potable applications -

printed circuit boards (PCB), washing machines, television sets, computers 

- now used lead-free solders. Nowadays it is the responsibility of the 

manufacturer to ensure that such goods do not cause environmental harm; 

the simples way to exclude harm occurs is to only use lead-free solders in 

their manufacturing system.
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Pb-Sn solders

Pb% Sn% Sb% Tf °C Properties, applications

37 63 183 Free-running solder for electronic parts

40 60 183–188

60 40 183–234

50 50 183–216

90 10 268–301

95 5Ag 304–365

34,4 65 0,6 183–185 Sb increase the hardness

39,5 60 0,5 183–188 So called Tinman’s solder: for tin-smith’s work

49,5 50 0,5 183–212 Generally used in coppersmith, sheet-metal work

59,6 40 0,4 183–234 Blow-pipe solder; supplied also in strip form

69,7 30 0,3 183–255 Plumber’s solder, wide melting range, can be pasty

58 40 2 185–231

42 34 24Bi 100–146

32 50 18Cd 145

93,5 5 1,5Ag 296–301

36 62 2Ag 177–189

48,5 50 1,5Cu Copper decreasing the pitting of soldering bits.

 

The molten solder should be adhere on the surface of parent metals (adhesion) that is helped by 
reaction between the melt end the surface layer and by formation of intermetallic phases. The 
intermetallic layer forms by reaction between the parent metal and the tin in case of copper, brass 
and carbon steel. 
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Sn-Pb phase diagram

Figure 3.

 

  



770  Materials technology 

www.tankonyvtar.hu  © Dobránszky, BME 

Sn-Cu and Cu-Pb phase diagram

Figure 4.
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Fe-Sn phase diagram

Figure 5.
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Stages of soldering process

1. Cleaning the surfaces

2. Tinning the surface(s) of the parent metal

3. Added molten solder flowing between the heated parent metal surfaces

4. The molten solder flows between the surfaces and fusing with the tinned surfaces

5. Solidification of the solder

Figure 6.

 

 

Higher Sn-content increases the penetration of the solder to the joint clearance. All Pb-Sn solders 
contain antimony (Sb), which have a precipitation hardening effect. 
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Surface of the parent metal

It is very important that the joint surfaces of the parent metals are clean; otherwise it 

is impossible to tin them. The surfaces should be free from dirt, grease, oil, paint, 

oxides and other chemicals. The Figure shows the general conditions of a metal 

surfaces. Any of the mentioned surface depositions form barrier between the solder 

and the parent metal.

Figure 7.
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Surface cleaning methods

Mechanical cleaning
• Sandblasting

• Rubbing with emery cloth

• Scraping

• Scouring with wool wire

Chemical cleaning
• Solvent; swabbing, degreasing with ethanol or carbon tetrachloride

• Hot alkaline solutions

• Soap-less alkaline detergents

• Pickling in acid solutions

 

Pay attention to small pits which collect dirt, oxides and other pollutions. If these are not effectively 
removed, the soldering flux will ineffective in such areas. Sandblasting can remove all of them. Metal 
surfaces should be bright and free from stains. The highly polished surface is not useful. 
Galvanized steel and other coated metal do not require mechanical cleaning, but it is very important 
to remove any oil or grease onto the surfaces. Trichlorethylene is effective for removing most oils 
and greases in common use. Degreasing using alkilne detergent is effective in removing all traces of 
oil or grease. 20 vol-% hydrochloric acid solution remove the rust from degreased surface of carbon 
steel. 
After all kind of chemical cleaning, the parts have to be soldered should be rinsed in distilled water 
and perfectly dried. 
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Soldering fluxes: role

Metals generally and very quickly acquire a thin oxide layer after cleaning. 

Increasing temperature accelerates the formation of oxide films. This effect must be 

prevented, otherwise a sound soldered joint will not be achieved. Prevention of the 

oxide film formation is assured by the application of a suitable soldering flux

immediately after cleaning.

Main requirements of the soldering flux are the following:
1. Must be liquid at soldering temperatures.

2. Must cover the joint area for preventing oxidation.

3. Must dissolve all residual oxide film (only for active fluxes).

4. Must be readily displaced by the molten solder.

5. Should not leave any corrosive residue.

 

  



776  Materials technology 

www.tankonyvtar.hu  © Dobránszky, BME 

Soldering fluxes: functions

Figure 8.

 

 

If the molten solder creates a continuous film on the surface - instead of rolling over it - we say: the 
solder wet the surface. Figure represents the working stages of flux and molten solder. 

1. Molten flux covers oxidized metal surface. 
2. Boiling flux removes the oxide. 
3. Bare metal surface is in contact with molten flux. 
4. Molten solder displacing molten flux. 
5. Tin that is one component of the solder, reacting with the bare parent metal to form 

intermetallics. 
6. Solder is solidify. 
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Soldering fluxes: main types

Passive (non-corrosive) fluxes

Active fluxes

There are two main types:

a) Fluxes, which yield only when heated; these are non-

corrosive and even protective

b) Acids: these are corrosive

 

The most-used well-known passive fluxes are resins. They are used for applications where it is 
impossible to remove any corrosive residue after completing the operation, for example electrical 
circuit boards. Passive fluxes cannot remove the residual oxide film; they only prevent the oxide layer 
reformation during the soldering process. This means that the chemical cleaning and mechanical 
scouring of the joint areas have very high importance. 
Active fluxes, for example so-called Baker’s fluid - that is acidified zinc chloride solution - quickly 
dissolve oxide films and prevent their from reformation. The solution also etch the metal surfaces of 
the parent metals, which ensures good wetting conditions. Active fluxes leave a strong corrosive 
residue that has to be washed off immediately after soldering. 
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Soldering paste

Soldering fluxes are produced also in paste form. There are a lot of paste-

forming ingredients; these include Vaseline, tallow, lanolin and glycerine.

Methanol is used to digest resin. Resin paste is used as the flux in single 

and multi-cored solders.

Vaseline is the main paste-forming ingredient; it is mixed with a solution of 

zinc chloride, ammonium chloride and water.

The main advantage of soldering paste is that they remain between the 

joint surfaces.
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Soldering fluxes

Non-corrosive fluxes

Resin: it is extracted from the pine trees, and applied mainly for electrical 

applications.

Tallow: it is extensively used for joining lead parts and for motor-vehicle 

repair work.

Olive oil: it is a useful flux for soldering pewter.

Corrosive fluxes

Zinc chloride (ZnCl2):it is suitable for mild steel, brass, copper and tinplate.

Ammonium chloride (NH4Cl): this is used as a soldering flux when soldering

cast iron, brass or copper.

Hydrochloric acid (HCl): it is extremely corrosive; it is used when soldering 

zinc alloys and galvanized steel. 

Phosphoric acid (H3PO4): this is an effective flux for soldering carbon steel, 

copper and brass; it leave glassy residue.

HCl + ZnCl2: the equal ratio mixture provide an extremely active flux for 

soldering stainless steels; this flux have a dangerous, irritant fumes.

ZnCl2 + 10 % NH4Cl: this solution has a lower operating temperature than 

ZnCl2 (262°C), and is more suitable for lower melting point solders.
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Heat sources for soldering

A number of heat sources are used in soldering processes:

• Dip soldering

• Furnace soldering

• Hot-plate soldering

• Induction soldering

• Infrared soldering, focused light soldering

• Iron soldering

• Laser soldering

• Resistance soldering

• Torch (or flame / blowpipe) soldering

• Ultrasonic (or friction) soldering

• Wave soldering
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Dip soldering

Dip soldering is a process where the workpieces are immersed in a bath of 

molten solder. This is an automated process used extensively in the 

electronics assembly industry.

Characteristics of the process

– Uses a bath of molten solder.

– The process works at relatively low temperature.

– Immersion time is between 2 - 12 seconds.

– It can be successfully automated.

– It is used extensively in the electronics assembly industry

Dip soldering is well suitable for sheet metalwork where the joint 

clearances have generally close tolerances. The part being soldered 

should be preheated to ensure the perfect dry surfaces for preventing an 

explosion. Copper is not solderable by dip soldering, because the tin in the 

solder will dissolve the copper.
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Furnace soldering

Basically, the heating methods have a few disadvantages: 

• certain degree of skill is required by the operator,

• temperature control and reproducibility is difficult.

From the point of view of automation manufacturers tend to look to furnace 

soldering as an answer to these problems. 

The reduction in skill factor, labour costs and finishing costs greatly 

improves efficiency and productivity. Furnaces may either be a batch type 

furnace or, preferably, a continuous belt furnace. The other great 

advantage is that oxidation of the parts is prevented by a protective gas 

atmosphere within the furnace chamber. The atmospheres generally used 

are cracked ammonia, endogas, forming gas  (80-90% nitrogen and 20-

10% hydrogen). Soldering in these atmospheres gives bright, oxide-free 

surfaces, eliminating the need for post-soldering cleaning and polishing. 

Larger pieces and the joints will require more time in the heating chamber. 

 

Heating is slow because heating by radiation. Continuous ovens with conveyor chain through the 
heating zone are preferable for soldering. A variant of this process is used in mass soldering by 
infrared reflow.  



18. Soldering 783 

© Dobránszky, BME www.tankonyvtar.hu  

Hot-plate soldering

The cleaned and fluxed components are joined with solder paste, pre-

placed solder fail or fine solder wire placed between the joint surfaces. The 

assemblies are placed on a heated plate that heating them up to the 

soldering temperature.

Figure 9.

 

The components are jigged and solder is applied by hand or preplaced using solder preforms or 
paste. When assembly is removed from the hotplate for cooling, it must be avoid vibrations whilst 
the solder is still partially liquid. The slowness of this process can cause some oxidation of the 
surfaces before the melting of solder. The technique is able to automation. The temperature of the 
hotplate can be used as the maximum temperature permissible for the total assembly. A cooling 
plate can be used to increase the solidification rate of the solder. 
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Induction heating

The cleaned and fluxed components are placed within a water-cooled coil 

of copper tube which is connected to a source of high-frequency alternating 

current. Eddy currents are induced in the components being joined, raising 

them to the correct soldering temperature within a few seconds. This 

heating method is contact-free, the heat-transfer is extremely fast and it 

have little maintenance requirements. The inductor must be adapted to the 

individual workpiece. It needs much experience and some experimental 

work to find the optimum shape.

Figure 10.

 
For induction-soldering systems the following components are necessary: 
Inductor 
Solid-state high-frequency power unit 
Cooling system 
Process control with operator panel 
Solder wire feeding unit (if necessary) 
Custom made fixtures for the workpieces 
Infrared temperature sensor (if necessary) 
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Infrared soldering

Passing the components through a tunnel fitted with infrared emitters. The 

heat input in a pure infrared oven depends on many parameters: 

temperature of the emitters, the wavelength distribution of the radiation, the 

reflectivity and the absorption of the parts, the solder paste.

At the infrared soldering the temperature of the heat source is considerably 

higher than the temperature which the soldered joints are intended, and 

can in fact be allowed, to reach.

http://www.circuitspecialists.com/images/CSI720.jpghttp://www.zhongkeweilai.com/upload/11/2009112516255190839.jpg

Figure 11.
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Iron soldering

It is widely used for light sheet metalwork; thin galvanized steel, brass and 

copper. It consists of a copper tip, a steel shank and a wooden handle. The 

tip made of copper because of his heat capacity, thermal conductivity and 

good wettability by molten solder, but it can have some functional coating: 

nickel and chromium. The most usual method of heating the tip of the 

soldering iron are the gas-fired soldering stove and the electrically heated 

soldering iron.

Figure 12.
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Laser soldering

Using laser beam in soldering process is a relatively new technology. Laser 

allows to solder point you couldn't solder with conventional systems, and 

without any contact. Main application for laser: CMOS sensors, small 

connectors, micro-speakers, CMS-s. Thank to a solder wire feeding, on can 

control and insure high precision and repeatability. The typical laser power 

output is 20-50 W. A CCD camera incorporated on the vertical axis onto 

which laser is irradiate shoots an image of the target point.

Figure 13.

 

Steps of the laser soldering process 
1. Laser beam comes and heat the part. 
2. Solder feeding which is spread around the part, thanks to the energy provided by laser. 
3. Solder is solidifying, the soldering process is over. 

Thera are so-called donut-type lens for laser: this kind of shape for laser can use all the energy of the 
laser, by avoiding the center of the heated zone. Issue in laser soldering when the laser reaches the 
center of the zone, then the energy goes to the connector (metallic part), generally in dark colors 
(the metallic connector may burn). Using the donut-type lens, the laser does reach the desired zone, 
but not the connectors.  
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Resistance soldering

In this process a low-voltage electric current is passed through the cleaned 

and fluxed components being joined. Due to the relatively high resistance at 

the contact and the large current being passed through them, the joint 

quickly reaches the correct soldering temperature.

Figure 14.

 

Advantages of resistance soldering are the following: 

 Instantaneous heating confines to solder connection. 

 Much more faster than soldering with traditional soldering irons. 

 An extremely fast cooling reduces the risk of overheating failures. 

 Electrodes last 2-3 times longer than traditional soldering iron tips. 

 Resistance soldering systems are easily customized to particular applications. 

 Footswitch leave free the operator’s hands. 

 Handpieces are considerably lighter than a soldering iron: this is ergonomic, reduces 
operator’s fatigue. 

 Savings on power consumption costs. 
A number of difficult soldering applications, for example heatsink problems, are solved with the 
concentrated and controlled heat that resistance soldering systems provide. 
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Torch soldering (flame soldering)

This method uses a gas torch for heating. It is a quick heating for large 

parts but is accompanied by scaling and drossing. In some cases reducing 

flames may be applied which produced by the partial combustion of some 

hydrocarbon gases. 

Solder is then applied by touching the stick at one end of the seam or at 

one point of the joint, and caused to flow along the joint by continued 

application of the flame. For soldering a base on a pewter tankard, the 

assembly may be mounted on a turntable which is made to rotate slowly. 

Parts should be supported until the joint has solidified. 

Figure 15.

 

You can see an animation: 
http://www.easy2diy.com/cm/easy/diy_ht_3d_index.asp?page_id=35749917  
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Hot gas soldering

This process employs a fine jet of hot gas, usually nitrogen, to attach 

components. It is also widely used for repair and rework of electronic 

assemblies as the heat can be localised over a specific small area. In gas 

soldering, the two parameters that can be used to control the heat input are 

the gas flow rate and the heater coil power in the gas head.

The nozzle gas temperature range is 150-700°C and the gas flow can be 

either continuous or pulsed. So-called soldering pencils have been 

developed to provide low-temperature high-capacity heating for soldering of 

fine pitch assemblies.

Figure 16.
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Wave soldering

Wave soldering of PCB-s was developed in 1956. The principle of pumping 

molten solder upwards through a nozzle and passing the fluxed underside 

of a PCB through the crest of the resulting wave, proved to be a useful and 

comparatively simpler method for soldering all the joints on a board in one 

operation. This made possible the economical mass-soldering of PCB-s. 

With all the joints are on a plane, unobstructed surface, the molten solder 

can readily reach and fill every joint and, with the smallest distance 

between joints at 2.5 mm, bridging is easy to avoid. The early introduction 

of solder masks made clean soldering and visual inspection still easier. 

Figure 17.

 

When the wave soldering is the soldering process, these tasks are carried out in three distinct and 
consecutive stages: the fluxer applies an even, thin coat of flux solution to the joints on the 
underside of the board. Second stage is the preheating that raises the temperature of the board to 
80-110°C and removes the bulk of the solvent from the flux coating. Finally, the molten solder - 
named as solderwave - jets, and at the same time the rest of the required soldering heat. Generally, 
the  wave soldering machines are still constructed as monobloc systems. The wave soldering process 
can be realised under protective gas, mainly under nitrogen. 
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Types of soldered joints

Butt joints T-joints Lap joints Fillet joints

Figure 18.
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Types of soldered joints

Figure 19.

 

The strength of the soldered joint, that realizes a joint between two components, based entirely on 
adhesion. The soldered  joints are strongest at room temperature but their mechanical strength 
decreases quickly as the temperature increases. The strength of a soldered joint is influenced by 3 
main factors: 

1. The strength of the solder itself; this is determined by the Sn/Pb ratio in the solder. Surplus 
solder (thicker joint) does not increase the strength to the joint. 

2. The strength of the adhesion bond between the solder and the parent metal (the surface of 
which is tinned). Poor joint can be caused booth by too thin or by too thick a solder film. The 

optimum thickness of the solder film is 75‑80 microns. 
3. The design of the joint. If a very strong soldered joint is required, the joint edges should be 

interlocked before soldering, as the Figures show. A soldered joint is strongest in shear 
(50 MPa) and weakest in tension (0,5 MPa). This means that a simple butt joint is never not 
recommended to use.  
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Lead-free soldering

The reason of using lead-free solders is that no contamination of the joint 

zone by lead. This is very important because of the drinking water 

legislation. 

It must be consider that the Pb-Sn solders do no show any embrittlement by 

decreasing temperature, but the lead-free solders have a pronounced 

ductile-to-brittle transition, at which temperature they lose their pliability and 

become very brittle. 

By using Pb-Sn solders corrosion is never a problem since the joint is 

protected by the stable lead-oxide film that forms in air. Sn-base lead-free 

solders form a tin oxide film, but this is easily eroded and/or mechanically 

damaged. The Sn-content is also subject to galvanic corrosion in the 

presence of chemical solutions that form an electrolyte.

In Europe, in 2006:

the WEEE and the RoHS directives

they took effect.

Figure 20.

 

RoHS = 2002/95/EC directive, Restriction of Certain Hazardous Substances 
WEEE = 2002/96/EC directive, Waste Electrical and Electronic Equipment 
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Lead-free solder alloys 

The most applied and lead-free solders are:

1. Sn-Cu alloys; their melting range is at 227-230°C. There are some 

difficulties in getting it to wet and flow as freely as a traditional Pb-Sn

solder. 

2. Sn-Ag alloys; their melting range is at 210-220°C. The melting 

temperature depends on Ag-content. Because of the silver this alloy has 

superior wetting and free-flowing properties. There are more expensive 

than the Sn-Cu solders, but more easily used with well known fluxes and 

heat sources. If only small quantities are required, than it is a suitable 

substituting alloy for Pb-Sn solders. 
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Sn-Ag phase diagram

Figure 21.
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Lead-free soldering alloys

Two-component alloys

Sn0,3Cu – Sn0,5Cu – Sn0,7Cu – Sn1Cu – Sn3Cu

Sn1Ag – Sn2Ag – Sn3Ag – Sn3,5Ag

Sn15Zn (for aluminium alloys)

95Sn5Sb – 42Sn58Bi

Three-component alloys

Sn0,7Cu0,3Ag – Sn34Cu0,5Ag – Sn4Cu3Ag

Sn3,2Ag0,8Cu – Sn3,5Ag0,7Cu – Sn3,6Ag1Cu – Sn3,8Ag0,7Cu –

Sn4,7Ag1,7Cu

Multi-component alloys

Sn + Cu, Ag, Sb, In
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Properties of soldering alloys

Testing of mechanical properties: tensile test, creep test, shear test, low-

cycle fatigue test, thermal fatigue test.

There are many method for determine mechanical properties; for example 

tensile strength:

ITRI,

NCMS,

Zhao,

Kim,

Auburn University,

Madeni,

Kanchanomai,

Yu,

Xiao.

 

Conditions of ITRI method: 
Casting temperature: liquidus + 50°C. 
Casting tool temperature: liquidus + 10°C. 
Cooling: water jet from the bottom end (uniaxial heat conduction). 
Specimen: cross section is 40 mm2, gauge length is 25 mm, made by machining. 
Testing tem,perature: 20°C and 100°C. 
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Properties of soldering alloys

Wettability test: Sobczak method, Yu method, etc.

Contact angle measurement at temperature liquidus + 10°C.

Generally obtained results: 21–59° wetting angle.

Figure 22.
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Properies of Sn3,8Ag0,7Cu solder

Melting temperature, Tm (solidus / liquidus): 217 / 220°C. Working 

temperature: 238–248°C.

Contact angle (wetting angle): 42°.

Hardness: 15–26HB (depends on heat treatment conditions).

Electrical conductivity: 13% IACS.

Electrical resistivity: 13 μΩ.cm.

Tensile strength at 20°C: 48 MPa.

Shear strength at 20°C: 27 MPa, at 100°C 17 MPa.

Creep resistance: 1000 h / 20°C = 13 MPa, 100°C = 5 MPa.

 

IACS = International Annealed Copper Standard 
The IACS is the generally used unit for characterizing the conductivity of a nonmagnetic material. 



18. Soldering 801 

© Dobránszky, BME www.tankonyvtar.hu  

Tartalom

A fejezet a következő fő témaköröket 

mutatja be:

• Definíciók: kötéstípusok, 

lágyforrasztás, forraszthatóság

• Fázisdiagramok: Pb-Sn, Sn-Fe, 

Sn-Cu, Sn-Ag

• Felületelőkészítés, tisztítás

• Peremszög, nedvesítés

• Ólomtartalmú és ólommentes 

lágyforraszok

• Folyasztószerek és paszták

• A lágyforrasztás hevítési módjai

• A lágyforrasztási eljárások 

jellemzői

• A lágyforrasz ötvözetek 

tulajdonságai

This chapter presents the following 

tasks:

• Definitions: joint types, 

soldering, solderability

• Phase diagrams: Pb-Sn, Sn-Fe, 

Sn-Cu, Sn-Ag

• Surface conditions, cleaning

• Contact angle

• Soldering alloys: Pb-containing 

and lead-free solders

• Soldering fluxes and pastes

• Heating methods for soldering

• Main characteristics of soldering 

methods

• Properties of soldering alloys

Summary
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Kérdések

1. Mi a forraszthatóság 

definíciója?

2. Melyek az ólomtartalmú 

hagyományos forraszok fő 

típusai?

3. Melyek az ólommentes 

forraszok fő típusai?

4. Ismertesse a lágyforrasztásra 

használt hevítési módokat!

Questions

1. What is the solderability?

2. What kind of lead-containing 

solders are used?

3. What are the most applied 

lead-free soldering alloys?

4. What are the generally used 

heating methods for soldering?
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Joint types

Figure 1.

 

The components can be joined together in a variety of methods. The type of joint can be temporary 
(or non-permanent) or permanent. Temporary joints can be assembled and dismantled as often as is 
required without damage to the parts being joined or the joining device (e.g. bolts or nuts). 
Permanent joints cannot be dismantled after assembly without damage of the joint device. 
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Brazing: definition

The soldering and the brazing are such joining processes, whereby the 

molten filler metal wet and flow across the surfaces of the joint to form a 

strong and ductile metallurgical bond between the filler and the pieces to be 

joined.

When the fusion temperature of the filler metal is higher than 450°C, the 

process is called brazing, else it called soldering. The brazing filler metal 

have much higher tensile properties than that of solders. Brazing can be 

defined as a process in which the molten filler is drawn by capillary 

attraction into the gap (joint clearance) that is formed between the surfaces 

of the parts being joined.
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Requirements for successful joints

a) The solder must have a lower melting range than that of the parent metals. It 

should be a difference of at least 50 C.

b) The solder must be metallurgically compatible with the parent metal.

c) The molten solder must wet the surfaces. The wetting is characterized by the

contact angle. A non-wetting condition occurs when the liquid completely forms 

individual droplets: the contact angle is 180 . If the contact angle is less than 90 , 

then wetting occurs; the liquid spread over the surface.

d) The melt of the solder is drawn into the joint gap by the capillary force, which is a 

function of the surface tension, the density of the melt, the contact angle and the 

geometry of the joint gap, called clearance; the joint gap should be 0.01-0.1 mm. 

e) The flow rate of solder depends on its viscosity. The viscosity, surface tension 

and contact angle will all decrease as the temperature is increased above the 

liquidus temperature of the solder.

f) The surface roughness influences beneficially the spread and flow of the molten 

solder, because the local contact angle is reduced; the fine channels enhance

the capillary attraction. Grinded joint surfaces give a better filled joint than that of 

polished.

 

  



19. Brazing 809 

© Dobránszky, BME www.tankonyvtar.hu  

Brazeability of materials

Brazeability is a functional (technological) property of metallic and ceramic 

materials have to be brazed for a given brazing process, under defined 

conditions, imposed into a specific suitably designed product, and to 

adequately perform in the desired service.

Brazeability incorporate also the wettability, which is discussed in the 15th 

chapter of this book.

 

Advantages of the brazing: 

- Thin parts can be joined having strong joint. 

- The preplaced parts that contains many joints can be joined in one step. 

- Large surface joints can be made. 

- Low distortions, no overheating of the parts, no phase transformation and / or fusion in base 
metals. 

- Heterogeneous joints can be carried out: steel +aluminium, Al+Ti, Al+Mg stb. 

- The joining and the heat treatment carried out in ine step. 

- Optimum heat conduction of the parts. 
Excellent automation possibility. 
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Brazing principles

A suitable brazed joint needs the following conditions:

1. Choosing a suitable brazing filler alloy that have an appreciably lower 

melting range than that of the parent metals being joined.

2. Extraordinary cleanliness of the surfaces being joined.

3. Remove completely the oxide layer from the surfaces of the parent 

metal and the filler by using a suitable brazing flux.

4. Complete wetting of the joint surfaces by the molten brazing filler.
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Capillary attraction

Figure 2.

 

It is one of the most important characteristics of the brazing that the molten filler is drawn into the 
gap (joint clearance) by capillary attraction. 



812  Materials technology 

www.tankonyvtar.hu  © Dobránszky, BME 

Steps of brazing 

The brazing process is composed 6 steps:

1. Choosing the appropriate joint type.

2. Choosing the suitable brazing filler alloy.

3. Full cleaning, degreasing of the surfaces being joined.

4. Fluxing for remove oxide layer of the surfaces being joined.

5. Heating the the parts and adding the brazing filler.

6. Cooling the joint and removing corrosive residues.

 
It must be consider the following conditions: 

1. Joint gap, thermal expansion, overlap = 3 × plate thickness. 
2. Parent metals, service conditions, heating method, work temperature, cost. 
3. Degreasing, pickling. 
4. Flux activity temperature range, corrosion property of the flux residues. 
5. Temperature control, evenness of the heating. 
6. Avoiding thermal shock. 
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Materials suitable for brazing

Cu and Cu-alloys

Carbon steels

Highly alloyed steels, stainless steels, tool steels

Malleable and wrought cast iron

Ni-alloys

Aluminium and certain Al-alloys

Dissimilar joints can be brazed: 

copper + brass, 

copper + carbon steel, 

brass  + carbon steel, 

cast iron + carbon steel, 

carbon steel + stainless steel
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Main groups of brazing filler alloys

Figure 3.

 

Brazing filler alloys are generally such eutectic alloys, which base component is one of the following 
elements: Al, Ag, Cu, Pd and Ni. There are two- three- and multi-component brazing filler alloys. The 
most applied brazing filler alloys are: Cu-Zn, Cu-P, Cu-Ag-Zn alloys. The brazing filler alloys are 
essentially dissimilar in composition to the parent metal being joined. Cu-base fillers are frequently 
used for flux-free, furnace-brazing of carbon steel components; furnace having a protective or 
reducing atmosphere. 
The brazing fillers can be obtained as powder, wire, paste or foil. 
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Ag-base brazing fillers

Ag-brazed joints are strong and ductile. Work temperatures are low. When 

using Ag-alloys, the productivity is increased and the post-brazing cleaning 

processes can be eliminated. Because of the high cost of Ag-alloys, they 

are used mainly for brazing of small parts.

Brazing fluxes upon borax or boric acid are unsuitable for use: these fluxes 

are not sufficiently fluid at the relatively low working temperatures that 

required for silver brazing.

Potassium fluoroborate containing fluxes should be used up to 760°C that 

are completely active and molten at 580°C.

A suitable flux is molten at a temperature at least 50°C lower than the 

melting point of the brazing filler, and retains his activity at a temperature at 

least 50°C higher than the melting point of the filler. The manufacturers 

provide the suitable flux.

Cadmium containing brazing fillers; they are available in stick electrode, 

covered electrode, plain wire and preformed shape forms.

EN 1044 Ag % Cu % Zn % Cd % Melting,  C Rm MPa A5 %

AG306 30 28 21 21 575-690 400 30

AG304 40 19 21 20 575-63 420 30

AG302 45 15 16 24 550 450 30

AG301 50 15,5 16,5 18 625-645 450 35

Ag-base brazing fillers
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Ag-base brazing fillers

Ag % Cu % Zn % Si % Melting,  C EN 1044

34 36 27 3 630-730 AG106

38 31 28,8 2.2 660-700 AG106

40 30 28 2 650-710 AG105

45 27 25 3 640-680 AG104

56 22,5 16,5 5 620-655 AG104

Cadmium-free brazing fillers; they are available in stick electrode, covered 

electrode, plain wire and preformed shape forms.

 

There are other Ag-based brazing fillers for special purpose; sluggish flow Ag-Cu-In alloys, 
ammonium-resistant Ag-Mn alloys, seawater-resistant Ag-Cu-Sn alloys that are very good for furnace 
brazing. 
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Ag-base, Pd-containing fillers

The Pd-containing brazing fillers are generally Ag-base alloys, only one type 

is Pd-base.

Pd % Ag % Cu % Ni % Melting, °C EN 1044

60 - - 40 1237-1237 PD201

5 68.5 26.5 - 807-810 PD106

10 67.5 22.5 - 834-840 PD104

10 58.5 31.5 - 824-850 PD105

15 65 20 - 856-880 PD103

20 52 28 - 876-900 PD102

25 54 21 - 901-850 PD101

5 95 - - 970-1010 PD204

18 - 82 - 1080-1090 PD203

30 70 - - 1150-1225 -

 

If yield limit at elevated temperature and  or heat resistance are required, some brazing filler types 
are suitable to 700°C. 
Pd minimises the grain boundary erosion (molten metal caused grain boundary dissolution) and the 
stress corrosion cracks. It not contains easily evaporating components, therefore it is suitable for 
vacuum applications. 
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Au-base brazing fillers

The Au-base brazing fillers can be Cu-alloyed and Ni-alloyed.

Au % Cu % Ni % Other Melting, °C EN 1044

60 20 - 20 Ag 835-845 -

80 19 - 1 Fe 908-910 AU101

62.5 37.5 - - 930-940 AU102

82 - 18 - 950-950 AU105

50 50 - - 955-970 -

75 - 25 - 950-990 AU106

37.5 62.5 - - 980-998 AU103

35 65 - - 970-1005 -

30 70 - - 996-1018 AU104

35 62 3 - 1000-1030 -

70 - - 30 Ag 1030-1040 -

 
The Au-Cu brazing alloys are applied for electronic and aerospace applications. This alloy remains 
resistant at elevated temperatures and ductile also in extreme conditions. The diffusion layer is very 
thin, it is useful for brazing thin-walled parts. Ni-alloyed brazing fillers have excellent corrosion 
resistance. 
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Ni-base brazing fillers

The multi-component, Ni-base fillers can be Fe- and B-less, or Fe- and B-

containing.

The two-component fillers are Si- or P-alloyed.

Cr % Fe % B % Other Melting, °C EN 1044

14 4.5 3.1 4.5 Si, 0.7 C 980-1060 NI101

14 4.5 3.1 4.5 Si 980-1070 NI1A1

7 3.0 3.1 4.5 Si 970-1000 NI102

- 0.5 3.1 4.5 Si 980-1040 NI103

- 1.5 1.8 3.5 Si 980-1070 NI104

19 - - 10.1 Si 1080-1135 NI105

- - - 11 P 875 NI106

14 - - 10.1 P 890 NI107

 

Thermal and heat resistance, corrosion resistance dedicate these alloys for nuclear and aerospace 
applications. 
The desired joint clearance should be always keep; this is generally not higher than 0.10 mm. 
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Cu-Zn and Cu-Ni brazing fillers

The Cu-base fillers can be classified as copper, brasses, nickel-bronzes and 

tin-bronzes.

Cu % Zn % Mn % Ni % Other Melting, °C EN 1044

60 Bal. - - 0.2 Si 875-895 CU301

48 42 - 10 - 920-980 CU305

97 - - 3 0.03 B 1081-1101 CU105

86.5 - 11 2.5 - 965-995

57.5 38.5 2 - 2 Co 890-930

86 10 - - 4 Co 980-1030

 

Brass brazing fillers are applied mainly for joining carbide tip to the steel shaft of cutting tools, and 
for brazing cast iron and galvanized steel. 
Th Ni-containing brasses have particularly high strength. 
The Mn-alloyed brazing filler is suitable for joining a piece with very wide joint clearance, up to 0.75 
mm. The strength of joint is 400-480 MPa that is decreased by the Zn-content. 
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Cu and Cu-Sn brazing fillers

The Cu-base fillers can be classified as copper, brasses, nickel-bronzes 

and tin-bronzes.

Cu % Ni % Sn % Other Melting, °C EN 1044

99.9 - - - 1083 CU101

99.95 - - - 1083 CU102

99 - - - 1083 CU103

97 3 - 0.03 B 1081-1101 CU105

86.5 2.5 - 11 Mn 965-995

93.5 - 6.25 0.25 P 882-1027 CU201

87.8 - 12 0,2 P 825-990 CU202

96 - 4 950-1060

99 - - 1 Ag 1070-1080 CU106

 

There are largely applied in the automotive industry. As brazing ring, insert, tape and paste they can 
assure a high productivity furnace brazing. 
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Cu-P brazing fillers

P % Ag % Other Melting, °C

CP101 6.6-7.5 17.0-19.0 - 645-650

CP102 4.7-5.3 14.5-15.5 - 645-800

CP103 7.0-7.6 5.5-6.5 0.1 Ni 645-725

CP104 5.7-6.3 4.5-5.5 - 645-815

CP105 5.9-6.7 1.5-2.5 - 645-825

CP201 7.5-8.1 - - 710-770

CP202 6.6-7.4 - - 710-820

CP203 5.9-6.5 - - 710-890

CP301 5.6-6.4 - 2.0 Sb 690-825

CP302 6.4-7.2 - 7.0 Sb 650-700

 
The main advantages of the P-containing brazing fillers that generally they can work without added 
flux, because the phosphorous reacts with oxides, and the product of this rection behaves as flux. 
When brazing copper, added flux is required. These alloys are applied in the manufacturing of 
refrigerator machines and in the hot water systems. The joint strength is 350-450 MPa.  
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Soldering and brazing of Al-alloys

Alloy Soldering Brazing Note

1000 Yes Yes

2000 No Possible Decreasing of the strength

3000 Yes Yes

4000 Hardly Using special filler

5000 Hardly Yes Mg > 0,6 %: not proposed

6000 Yes Yes Hardenable after joining

7000 No Possible Decreasing of the strength

Al-Si alloys have low solidus temperature, therefore only low melting 

range filler alloys can be applied: AlSi10Cu4 (4145) and AlSi10Zn10Cu4 

(4245), solidus temperature of which are 520 C and  515 C respectively.
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Brazeability of Al-alloys

Alloy Melting range

°C

Working 

temperature

Brazeability

1050A 646–657 595–615 Excellent

3003 643–654 595–615 Excellent

3103 640–655 595–615 Excellent

3004 629–654 580–605 Good

5005A 630–650 580–605 Poor

5052 593–649 570–595 Poor

5056A 575–630 Bad

6061 593–652 565–585 Good

6063 616–652 565–585 Excellent

6951 616–654 565–585 Excellent

2017A 512–650 - Impossible

7075 480–640 - Impossible

 

  



19. Brazing 825 

© Dobránszky, BME www.tankonyvtar.hu  

Brazing fillers for Al-alloys

Al-Si alloys

Al-Si-Cu

Al-Si-Cu-Sn-Cd

Al-Si-Zn-Cu

Al-Si-Mg

Al-Si-Mg-Bi

Al-Cu-Zn-Fe-Si

Zn-Al alloys

Figure 4.

 

 

Al-12Si (4047 and BAlSi-4), melting: 577°C, working: 582-694°C 
Al-8,5Si (4044), olvadási melting : 577-602°C, working: 593-613°C 
Al-7,5Si (4343 and BAlSi-2), melting : 577-591°C, working: 593-621°C 
Al-10Si (4045 and BAlSi-5), melting : 577-591°C, working: 587-604°C 
Al-10Si-4Cu (4145 and BAlSi-3), melting : 521-585°C, working: 571-604°C 
Al-10Si-10Zn-4Cu (4245), melting : 516-560°C, working: 549-571°C 
Al-10Si-1,5Mg (4004 and BAlSi-7), melting : 554-569°C, working: 588-604°C 
Al-10Si-1,5Mg-Bi (X4104), melting : 554-569°C, working: 588-604°C 
Al-12Si-1,5Mg (BAlSi-8), melting : 559-579°C, working: 582-604°C 
Zn-2Al, melting : 440-460°C 
Zn-15Al, melting : 420-450°C 
 
Fluxes 
FL 10 (Cl-containing, hygroscopic) 

 at > 500°C it works well 

 AlMg3 also brazeable 

 flux residue is very corrosive 

 high environmental pollution when aspiration 

 
FL 20 (Cl-free, non-corrosive) 

 no need of washing, no dangerous washing water, no environmental risk 

 allow filling of wider gap 
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 no damage of furnace 

 much lower protective gas consumption 

 it works at 570°C 

 its residue is visible on the surface 

 a bit lower effeciency as FL10 
the wettability of Al-Mg alloys up to 0.9% Mg 
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Selfbrazing sheet materials

Brazing alloy Si-content Solidus / liquidus

4343 7,5% 575 / 615°C

4045 10% 575 / 590°C

4047 12% 575 / 585°C

4004 10% 555 / 590°C

4104 10% 555 / 590°C

Core alloy Melting range Core alloy Melting range

3003 640 / 655°C 6060 615 / 655°C

3004 630 / 655°C 6061 575 / 650°C

3005 632 / 655°C 6063 590 / 650°C

3105 635 / 655°C 6951 615 / 654°C

 

The selfbrazing sheets are brazed by furnace brazing or dip brazing. For brazing these sheets not 
need to add brazing filler, because these multilayered sheets have at least one outer layer which 
assure the selfbrazing. 
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Application of selfbrazing sheets

Figure 5.
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Brazing fluxes

General purpose brazing fluxes:

They work at 550-800°C and are washable in hot water.

Special purpose brazing fluxes:

For Al-alloys and stainless steels. They work at 550-800°C and are 

washable in hot water.

Boron-modified brazing fluxes:

They work at 550-800°C and are washable in hot water.

Medium temperature brazing fluxes:

They work at 600-900°C, and are washable only with NaOH.

Medium temperature brazing fluxes:

They work at 750-1300°C. Not washable, remove by grinding.

 

Delivery as powders or paste. They are often placed as a coating of covered electrodes. 

 Boric acid (H3BO3), watersoluble, it starts working at 900°C. 

 Borax (Na2B4O7), soluble in hot water or glycerol. 

 Phosphoric acid (H3PO4). 

 Ammonium hydrophosphate, potassium hydrophosphate, it melts at 810°C, sodium-
ammonium hydrophosphate. 

 Sodium bicarbonate (NaHCO3), it melts at 850°C. 

 K2CO3 it melts at 897°C. 

 SiO2 (as addition). 

 Sodium silicete, waterglass (Na2SiO3), it melts at 1088°C. 

 NaCl (801°C), KCl (770°C), LiCl (614°C), CaCl2 (770°C), BaCl2 (960°C), CeCl2 (882°C), CdCl2 
(568°C), CuCl2 (630°C). 

 NaF (992°C), KF (857°C), KHF2, K2SiF6, KBF4 (530°C). 

 Brazing fluxes are applied generally in mixtures. 



830  Materials technology 

www.tankonyvtar.hu  © Dobránszky, BME 

Brazing methods

Diffusion brazing

Electron beam brazing

Resistance brazing

Induction brazing

Infrared brazing

Electric arc (not consumable electrode) brazing

Furnace brazing

Torch brazing (flame brazing)

Laser beam brazing

Dip brazing

 

  



19. Brazing 831 

© Dobránszky, BME www.tankonyvtar.hu  

Diffusion brazing

The brazing filler decrease the melting temperature of the interface layer by 

diffusion solution.

Figure 6.

 

a) A brazing filler of low melting point material „B” as an interlayer is placed between two parts of 
materials „A”. 
b) The two parts are pressed. 
c) Heating to the working temperature, the interlayer „B” is melted. The working temperature should 
be higher than the melting point of interlayer „B” but lower than that of parent metals „A” being 
brased. 
d) Material „A” starts to dissolve in the melt of interlayer „B”; this results the quantity of the melt. 
e) The diffusion of atoms „B” into the diffusion layer of „A” decrease the B-content in melt. As the 
metal „B” reduces the melting point of the interlayer, the melt gradually resolidifies. 
f) The melt resolidify completely only when cooled, but the concentration changes occurring during 
brazing allow resolidification of the joint while holding at a constant temperature. This is known as 
isothermal solidification. 
g) After completing the isothermal solidification, atoms „B” continue to diffuse. 
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Electron beam brazing (EBB)

It is applied only for special applications of small parts. The working 

space is high-vacuum because this flux is not required. The beam is 

largely defocused for heating but not melting.

However, EBB is dedicated as a promising joining method for the robotic 

assembly of the large truss structures in space. 

Ag- and Al-Mg brazing fillers are used:

82Ag-9Pd-9Ga working temp.: 845–880°C

Al-5.3Si-0.8Fe-0.2Ti working temp.: 574–632°C

Al-5Mg-0.25Si-0.2Ti working temp.: 571–635

Al-6.3Cu-0.2Si-0.3Mn-0.2Ti working temp.: 543–643°C)
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Electric resistance brazing

The required heat is generated by the electric current passing through the 

joint surfaces. A most important advantage of resistance brazing is that no 

expensive jigs are required, since the electrodes themselves hold the parts

being brazed in the desired position.

When direct heating is applied, the parts are placed between the electrodes, 

however at indirect heating the electrodes are not placed oppositely; the

current pass through only one component of the assembly, and the heat 

conduction heats the other part. This method finds its greatest use where a 

small component has to be brazed onto a much larger component.

Figure 7.
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Induction brazing

The assembly of the parts to be brazed is placed in the magnetic field of an 

medium frequency inductor solenoid. The heat is generated within the joint 

material itself. The brazing filler and brazing flux is pre-placed to the 

desired place. Induction heating is widely used for silver soldering.

Figure 8.
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Electric arc brazing

This is a less used brazing method at which the required heat required is 

obtained from an electric arc. Twin carbon arc brazing is a variant of arc 

brazing where the arc is generated between two carbon electrodes.

Manual TIG brazing or automatic TIG brazing is very similar to the TIG 

welding; usually a continuous arc is applied. Flat and vertical down 

positions should be preferred.

Figure 9.
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Furnace brazing

Furnace brazing is used when the components can be pre-assembled to 

hold them in position during the brazing. The brazing filler and flux can be 

pre-placed. Furnace brazing is used with controlled atmospheres too. 

There are electrically heated for assuring the cleanliness and precise

control both of the temperature and the atmosphere. 

Two types of furnace used are:

1. Batch-type furnaces with air or a controlled atmosphere.

2. Conveyor-type furnaces with a controlled atmosphere. 

Atmosphere furnaces are used for brazing such assemblies that can be 

protected by a suitable flux or for joints to be braze with phosphorus 

containing brazing filler. Atmosphere brazing and P-containing brazing 

fillers are not suitable for joining pure copper components.
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Torch brazing (flame brazing)

This is the most used brazing process. The flame is produced by a torch 

with an oxygen-fuel gas mixture or an air-fuel gas mixture. The flame must 

not be used to melt the filler material as this will result in a failed joint. The 

flame is used to heating the parent metals being joined up to the brazing 

temperature so the filler material is melted by contact with the parent metal. 

A wide variety of gas mixtures are used for torch brazing. In decreasing 

order of flame temperature these are: oxy-acetylene, oxy-propane, 

compressed air-natural gas, naturally aspirated air with natural gas or 

bottled gas (propane or butane). 

Figure 10.
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Laser beam brazing

Applications: 

- small parts with high precision joints, 

- reducing heat input; replacing furnace and induction brazing,

- aerospatial and medical devices.

Continuous gas lasers and pulsed mode solid state lasers are equally

used. 

More beam in tandem layout can be heating the brazing zone.

 

Disadvantages of the laser beam brazing: 

- It needs complicated positioning system which have high cost. 

- Very quick cooling can be cause desreasing of the ductility. 

- Molten metal embrittlement - otherwise: grain boundary erosion - can be form because of 
the quick heating-coolng process caused thermal stresses. 

- Asymmetric heating and cooling; it is useful applying more beam, but this is expensive. 
 
Example for brazing stainless steel tube of 0.5 mm wall thickness: 

 Nd:YAG laser source 

 Shielding gas is Ar or Ar + 6% H2 

 Joint clearance: 0.15 mm. 

 Laser power (average laser power): 75 W 

 Pulse length: 7.2 ms 

 Repetition rate: 50 pps (pulse per second) 

 Beam diameter: 10 mm (at plane mirror), or 3 mm (at cone) 

 Illumination time: 30 s (at plane mirror), 80–100 s (at cone) 
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Laser beam braze welding

Figure 11.

Application: 

- Joints of large, thin plates.

- Auto bodies.

- Galvanized steel thin plates.

Pulsed solid state lasers, diode-pumped

lasers and fiber lasers can be used also

in robotized systems.

Laser power: 1-3 kW.

Brazing filler

can be added

as cold wire

or hot wire. 
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Figure 12.

Dip brazing

Application: heat exchangers, coolers.

Two main types are known:

1. Molten-filler-metal dip brazing

2. Flux-bath dip brazing

(see the Figure)

 

Molten-filler-metal dip brazing: 
The components to be brazed are assembled and submerged into a bath of molten filler metal 
containing graphite crucible that is heated externally. Flux is floated on the surface of the molten 
filler metal to exclude the air. This method is applied for brazing carbon steel and cast iron parts 
using a traditional copper / zinc brazing alloy. 
 
Flux-bath dip brazing (salt-bath dip brazing): 
This method has been developed for the brazing of aluminium parts. Molten salt is heated electrically 
by carbon electrodes immersed in the salts. This process enables a more rapid heating to the brazing 
temperature than the furnace brazing in controlled-atmosphere.  
Parts to be brazed must be dry, since an explosion may occur because of the immesion of wet 
surfaces.  
 
Aluminium brazing sheet is often used for tubes, headers and plates (0.25–1.6 mm) or as clad fins 
(0.08–0.10 mm) in all-aluminium brazed aluminium heat exchangers. Aluminium brazing sheet is 
produced by roll-bonding to clad a core alloy ingot on one side or both sides with a low melting Al-Si 
alloy.  
Examples: 
Core alloy: Al-Mn and Al-Mg-Si alloys, e.g. 3003, 3005, 3105. 
Brazing layer: Al-Si alloys, e.g. 4343, 4045, 4047, 4104; thickness: 5-15% of whole plate 
Waterside layer: Al-Zn alloys, e.g. 7072. 
See a video: http://www.hydro.com/en/Subsites/Hydro-Aluminium-Precision-Tubing/HVACR/Why-
Aluminium-in-HVACR/Brazed-heat-exchanger/ 
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Selfbrazing sheets

Phase transformations in the brazing process.

Before brazing After brazing

α-Al

Si

Al6(Mn, Fe)

Al-Mn-Si

Al-Mn-Fe-Si

Al-Si eutecticFigure 13.

 

The core is alloy 3003, the brazing layer is alloy 4045. 
At 590°C diffusion take place, and after cooling a new microstructure is obtained. 
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Types of brazed joints

Figure 14.

 

The strength of the joint depends mainly on the parent metals, the quality of the brazing work, the 
choosed joint type anf the joint clearance. 
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Types of brazed joints

Types of joint for plates

Figure 15.

 
The joint types are similar to that of solderring. 
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Rules for joint preparation

Good Bad Good Bad

Figure 16.
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Braze welding or MIG brazing

The consumable electrode, inert gas shielded brazing (MIG brazing) works

the same way as MIG welding. The difference is that the applied copper-

base wire have a much lower melting point.

Examples of the application:  

Thin plates, thin walled tubes, galvanized steel parts, alumínium-coated

steel plates and tubes, dissimilar joints of steel + alumínium, steel + copper.

Figure 17.
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Properties of consumables:

Shielding gas
Argon

Ar + 1% O2

Ar + 2,0-2,5% CO2

Ar + 2% N2

Ar + 2% H2

Ar + 30% He

Plate thickness (mm) 1 1.5 2 3

Arc tension (V9 14.0 14.3 14.5 17

Welding surrent (A) 55 72 90 118

Wire feeding speed (m/min) 2.3 3.4 4.5 6.0

Parameters for galvanised steel plates

Wire dia.: 1,0 mm, gas: argon, 12 L/perc, joint type: 

lap joint:, welding speed: 60 cm/min

Material Code Composition Melting range

Si-bronze SG-CuSi3 Cu + 3% Si 910-1025°C

Sn-bronze SG-CuSn6 Cu + 6% Sn 910-1040°C

Al-bronze SG-CuAl8 Cu + 8% Al 1030-1040°C

Figure 18.

Braze welding or MIG-brazing

 

Shielding gases influence the arc stability, the porosity (pure argon is undesirable), the efficiency of 
heat input, the joint waviness and the flow properties of the brazing filler. 
 
CuSn1 (MSZ EN 14640: S Cu 1898 or 2.1211): Brazing Cu-aloyss and galvanized steel plates. 
Tensile strength: 200–240 MPa, elongation, A5 = 30%. 
 
CuSi3Mn1 (S Cu 6560, 2.1461): for Zn-coated and Al-coated carbon steel plates. 
Tensile strength: 350 MPa, yield point: 120 MPa, elongation 30%. 
 
CuSi2Mn1 (S Cu 6511, 2.1522): for galvanised steels, un- and low-alloyed steels, cast iron, Cu and Cu-
alloys. 
Tensile strength: 285 MPa, yield point: 140 MPa, elongation 40%. 
 
CuSn6P (S Cu 5180, 2.1022): for Cu-alloys, bronzes, phosphorous bronzes, brasses, galvanized steels, 
cast irons. 
Tensile strength: 260 MPa, elongation: 40%. 
 
CuAl8 (S Cu 6100, 2.0921): for Al-coated steel plates, joints of dissimilar metals between Al-bronze, 
copper, brass and carbon steel. It is particularly good for galvanized steels in the automotive 
industry.  
 Tensile strength: 380–450 MPa, elongation: 45%. 
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CuAl5Ni2 (S Cu 6061): for brass, copper alloys, ferritic and austenitic stainless steels, carbon steel, Al-
coated steel, galvanized steel, gray cast iron. The root run should be brazed by pulsed arc. 
Tensile strength: 360–450 MPa, elongation: 45%. 
 
CuAl8Ni2 (S Cu 6327, 2.0922): for Al-bronze, copper alloys, carbon steel to aluminium dissimilar joint, 
Al-coated and Zn-coated steel. It have a good resistance to the seawater. 
Tensile strength: 530 – 590 MPa, yield point: 290 MPa, elongation: 30%, Charpy impact strength: 70 
J. 
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Joint preparation for braze welding

Requirements for joint clearance for inert gas braze welding

Figure 19.
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Braze welding MIG-brazing

Figure 20.

 

Low sputtering, no porosity, the backside zinc-coating is not failed, low distortions. 
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Tartalom

Ez a fejezet a következő fő 

témaköröket ismerteti:

• Definíciók: kötéstípusok, 

keményforrasztás

• A kapillárishatás szerepe

• A keményforrasztás 

forraszanyagai és 

folyasztószerei

• Az alumíniumötvözetek 

keményforrasztása

• A keményforrasztás 

eljárásváltozatai

• Az önforrasztó lemezek 

alkalmazása

• A keményforrsztás 

kötéstípusai

• A védőgázos ívforrasztás

Summary

This chapter presents the following 

tasks:

• Definitions: joint types, brazing, 

brazeability

• Capillary attraction

• Brazing filler alloys

• Brazing of aluminium alloys

• Heating methods for brazing

• Selfbrazing sheets

• Types of brazed joints

• Braze welding
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forrasztás.
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Kérdések

1. Mit értünk egy anyag 

keményforraszthatóságán?

2. Melyek a rézalapú 

keményforraszok?

3. Melyek az alumíniumötvözetek 

keményforrasztására használt 

fontosabb folyasztószerek?

4. Melyek a lézersugaras 

keményforrasztás előnyei és 

hátrányai?

5. Milyen gyártmányok jelentik a 

védőgázos ívforrasztás fő 

alkalmazási területét?

Questions

1. What is the braseability?

2. What kind of copper-base 

brazing fillers are used?

3. What are the most applied 

brazing fluxes for aluminium 

brazing?

4. What are the advantages of 

laser beam brazing?

5. What are the most important 

applications of MIG brazing?
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1. Introduction

The adhesive bonding to add two surfaces together by a bond material

between the surfaces.

The adhesive are non-metals material who can add the solid surface pieces by
adhesion.

Adhesive bonding process:

1. Applying adhesive to one or each surfaces.

2. Fitting, the surfaces of the materials you want to connect into each

other.

3. Solidification

 
Adhesive bonding is used to fasten two surfaces together, usually producing a smooth bond.  This 
joining technique involves glues, epoxies, or various plastic agents that bond by evaporation of a 
solvent or by curing a bonding agent with heat, pressure, or time.  Historically, glues have produced 
relatively weak bonds.  However, the recent use of plastic-based agents such as the new “super-
glues” that self-cure with heat has allowed adhesion with a strength approaching that of the bonded 
materials themselves.  As a result, gluing has replaced other joining methods in many applications—
especially where the bond is not exposed to prolonged heat or weathering.  
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Adhesive bonding materials

Adhesive material: a non-metal subtance that unites or bonds surface

together.

 
An adhesive, or glue, is a mixture in a liquid or semi-liquid state that adheres or bonds items 
together. Adhesives may come from either natural or synthetic sources. The types of materials that 
can be bonded are vast but they are especially useful for bonding thin materials.  
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Adhesives are liquids or solids

Liquid:

• Solution

• Suspention

• Emulsion

• Liquid prepolymer

Solid:

• Powder

• Granulate

• Foli

 
The solid adhesives before the usage we need to do liquid. 
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Bonding process

Physical

• Drying

• Cooling

Chemical

• Polymerisation

• Polycondenzation

• Polyaddition

Physical and chemical bonding in same time.
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By the temperature of bonding:

Cold,

Hot.

By the solubility :

Soluble (by water or solvent)

Non-soluble (only destruction)
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Kinds of bonded:

• Metal

• Plastic

• Paper, wood

• Glace stb.

• General household adhesives
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Physical adhesion

 
In case of the bonded surface we can find adhesion and cohesion layer too. 
Cohesion: the intermolecular attraction between like-molecules. 
Adhesion: union of surface, normally separate, by the formation of new tissue resulting from an 
inflammatory process.  
After the adhesion bond process we have to find between the surfaces and adhesive some atomic 
chemical bonds. 
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Theory of the bonding process
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Kind of surfaces

 
In the bonded layer we can fing adhesive and cohesive layers. If the surface preparing is well the 
adhesive forces is bigger in the layer than the cohesive forces. The breaking start always in the 
cohesive layer. 
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Kinds of adhesion and adhesion force

 
The specific adhesion independent on the surface roughness. It depend on the materials – the kinds 
molecules of the surface. 
The specific adhesion mean the force between the molecules what buld some secondary bonds (f.ex. 
van der Waals forces).  
Sometimes we can find primary bonds too in the bonding, and also we can find some H-bonds. 
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The surface wetting ability

Drop test for determination the wetting power.

 
Surface preparation is very important before the procedure.  
The surface is able to do an adhesive bonding if the low viscosity water can exude that mean the 
wetting powe is great. The 3 different kinds of the wetting power can show the Figure. 
A, big angle, bad wetting power 
B, middle angle, better wetting power 
C, small angle, good wetting power 
The contact angle can be know by the drop test. 
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The stress distribution in the adhesive layer

The stress of the front bond is different in case of the two

side. 

Glue layer

 
In case of torsional stress the stress distribution is equal by the non-adhesive bonded sample stress 
distribution. 
In case of bending stress, and tension-pression stress the stress distribution is different in the 
different side, and depend of the Poisson number of the adhesive and the bonded materials. 
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The stress peak in the adhesive layer surface

Stress in case of the pressed or tensioned (by F

force) bond

where A the bonded cross section surface

Mh bending moment

And where the K moment of resistance

Stress peak:

 
The bondig modify the tension stress distribution. 
This behavior was tested by Mylonas, who made the curve (show by the figure). 
This curve show the stress peak as function of the adhesive layer l/d. 
In the real life the layer is very thin (about 0,05…0,2 mm) but the l/d is very big.  
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The stress in case of overlapping bond

Calculation by the equal force

theory :

 
The most important force in this event the shearing. 



870  Material science 

www.tankonyvtar.hu  © Halász, OE 

a, Simple overlapping

b, Double overlapping

c, edge clipping overlapping

d, one plane clipping overlapping

e, tensile overlapping tube

f, torsioned overlapping tube

Kinds of Overlapping bonds

 



20-21. The adhesive bonding process and parameters 871 

© Halász, OE www.tankonyvtar.hu  

Chemical bonds

Primary bonds:

Ionic bond

Covalent bond 

Metallic bond

Secondery bonds:

H-bond

Dipol-dipol, Van dert Waals bonds
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Calculation of the adhesive bond 
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Correction:

Material f1
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Determination of the F2 slit

 
In case this process the layer weight is about 03-0,05. The shearing stress depend on the surface 
roughness. 
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Effect of the surface roughness f3:

 
The surface roughness effect is very impontant in case this calculation. 
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Effect of the surface and the stress direction (f4,f5)

In case of this calculation we can see the f4 correction number

function on the joint surface and the b/d quotient.
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Effect of the stress f6 and temperature f7
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Effect of the solidification f8
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Exercise in case anaerob adhesive bond

Adatok:

Used material: S235JR signe steel (axe and hub)

The maximal moment: Mmax=2,5 Nm

Joint: H7/f7
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Moment determination:

The selected adhesive is correct.
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Controlling questions

1. What is the adhesive bonding process?

2. What is the difference between the adhesion and cohesion?

3. What kinds of the secondary bonds can we find in the adhesive bonds?

4. What kind of the primary bonds can we find in the adhesive bonds?

5. What kind of the adhesive materials do you know?

6. Define the adhesive bonding process!
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A fejezettel kapcsolatos fontosabb 
angol - magyar kifejezések

Ragasztó- Glue

Nedvesítés- Wetting

Zsugorodás- Shrinkage

Hűtés- Cooling

Vetemedés- Warpage

Rugalmassági modulus- Elastic modulus

Viszkozitási tényező- Coefficient of viscosity
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1. Introduction

POLYMERS

-Synthetics: polyethylene, polyvinyl chloride, polytetrafluoroethylene, etc. 

-Natural: wood, paper, leather, bone, natural elastic

Special property of polymers:

•Chemical resistance

•Using by small range of temperature

•Low heat and electric conductivity

•Easy processing

The polymers are the compounds who has relatively large number of chemical  and 

structural characteristics (monomer or mer) composed by covalent bonds. We can 

find natural polymers (those derives from plants and animals) and synthetics 

polymers. The properties of polymers are intricately related to the structural 

elements of the material.

 

  



22-23. Polimer synthesis and processing, parameters and calculations 887 

© Kovács-Coskun, OE www.tankonyvtar.hu  

Polymerization: it is simply the process by which monomer unit are joined over 

and over, to generate each of the constituent giant molecules. Most generally, 

the raw materials for synthetic polymers are derived from coal and petroleum

products, which are composed of molecules having low molecular weight. (PE, 

PVC, PS, PMMA)  

Polimer technology:

Condensation polymerization: this is the formation of polymers by stepwise

in intermolecular chemical reactions that normally involve more than one

monomer species; there is usually a small molecular weight by-product such as

water, which is eliminated.(PA, PET) 
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Addition polymerization: Three distinct stages (initiation, propagation, and 

termination) are involves in addition polymerization. During the initiation step, an 

active center capable of propagation is formed by a reaction between an initiator

(or catalyst) species ans the monomer unit. The process has alredy been

demontrated for PUR as fallows:
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Degree of polymerization (n) which represents the average number of mer units

in a chain. Degree of polymerization are possible, as fallows:

Molecular structures

Linear polymers: Linear polymers are those in which the mer units are joined

together end to end in single chains, as represented schematically in Fig. a) where

each circle represents a mer unit.  ex. PE, PVC, PMMA, etc.

Branched polymers: (Fig. b)

m

M
n

n
=

 

Degree of polymerization=average molecular weight of polimer / molecular weight of repeat unit 
(mer) 
 
Where (Mn) is the the weight-average molecular weights as defined above, while (m) is the mer 
molecular weight. 
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Crossliked polymers: In crosslinked polymers, adjacent linear chains are joined 

one to another at various positions by covalent bonds, as represented in Fig. c.

Many of rubber elastic materials are crosslinked; in rubbers, this is called

vulcanization.

Network polymers: Trifunctional mer units, having three active covalent bonds, 

from three-dimensional networks (Fig. d) and are termed network polymers. These 

materials have distinctive mechanical and thermal properties, epoxies, phenol-

formaldehyde, etc.

Molecular configurations: For polymers having more than one side atom or

group of atoms bonded to the main chain, the regularity and symmetry of the

side group arrangement can significantly influence the properties. Consider the

mer (monomer) unit:

Syndiotactic configuration: the R groups alternate side of the chain:
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Isotactic configuration: all the R groups are situated one the same side of 

the chain as fallows:

Atactic configuration: R groups are in random positioning
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1. Question
Determine the degree of polymerization in case of 200g/mol PE!

Result

molgm /28=1*4+12*2=

In case of PE C2H4

C molecular weight 12 g/mol

H molecular weight 1 g/mol

Mer molecular weight:

857,7142=
/28

/200000
==

molg

molg

m

M
n

n

The degree of polymeritation is the fallows:
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Polymer types
Typical thermosetting Polymers

 

Phenolics the most commonly used thermosets, are often used as adhesives, coatings, laminates and 
molded components for electrical or motor application. 
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Thermosetting polymers often begin as linear chains. Depending on the

type of repeat units ans the degree of polymerization, the initial

polymer may be either a solid or a liquid resin, in some cases, a two-

or three-part liquid resin is used (as in the case of the two tubes of

epoxy glue thet we often use). 
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Typical thermoplastics

Polyethylene (PE), polyvinil chloride (PVC)

polypropylene (PP), polystyrene (PS),
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Polyacryonitrile (PAN), 
polymethyl metacrylate (PMMA)

Polychlorotrifluoethylene, Teflon (PTFE)
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The stress-strain curve for typichal
thermoplastic polymer

 

The mechanical behavior is closely tied to the manner in which the polymer chains move relative to 
one another under load. Deformation is more complicated in thermoplastics. The deformation 
process depends in both time and the rate at wich the load applied.  
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Typical elastomers (rubbers)

 

The typical elastomers, wich are amophous polymers, do not easily crystallize during processing. 
They have a low glass temperature, and chains can easily be deformed elastically when a force is 
applied. 
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Polymer Procesing

Injection molding

Extrusion

Blow molding

Casting

Compression molding

Snipping

Calendaring

Thermoforming

 

  



22-23. Polimer synthesis and processing, parameters and calculations 901 

© Kovács-Coskun, OE www.tankonyvtar.hu  

Typical forming processes for thermosetting 
polymers

 

a) compression molding, b) transfer molding 
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Typical forming for thermoplastic

 

Typical forming processed for thermoplastic, extrusion, blow molding, injection molding, 
thermoforming, calendaring and spinning 
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Extrusion

 

The extrusion process is simply injection molding of viscous thermoplastic throught an open-ended 
die, similar to the extrusion of metals. A mechanical screw or auger propels throught a chamber the 
pelletized material, which successively compacted, melted and formed into a continuous charge of 
viscous fluid.  
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Extrusion
Performance and the work point
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http://www.whatisplastic.com/?p=47

 

The word extrusion has its roots from Greek which means push out. The extrusion process is in 
essence a continuous stream of material being push through a shaping tool so that whatever comes 
out take the shape of that shaping tool.  
Plastic materials in the form of granules and pallets are fed into the hopper which falls onto the 
extrusion screw. The screw which turns inside the heated barrel conveys the plastics towards the die. 
The plastic material is melted using external heat source and heat generated by fiction within the 
barrel. The screw moves the molten plastic until it exits through a hole at the end of the barrel which 
has a die attached to it. The die imparts a shape onto the molten plastic which is immediately cooled 
in a water tank to solidify the plastic. Auxiliary equipment like a Caterpillar Roller is used to pull the 
part way from the extruder in a continuous flow. A final equipment is installed at the end of the line 
to either cut-off the parts at a specific length or to wind-up (coil) the parts into rolls. 
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Injection molding process

Condition: p, v, T

• Polymers specific volume:

• Spencer and Gilmore equation:

 

Polymers specific volume (v ) depend on the next conditions: 
(hydrostatic) pressure (p)  
temperature (T )  
This rule was write firstly by Spencer and Gilmore (1950) 
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Questions:

1) What is the polymers?

2) How many different polymerization process do you know?

3) What is the polymerization and what kind of products it made by the

polymerization process?

4) What is the condensation polymerization and what kind of products it made by

the condensation polymerization process?

5) What is the addition polymerization and what kind of products it made by the

addition polymerization process?

6) What is the degree of the polimerisation, how can you determine it?
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