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Foreword 

Almost every day many new materials are introduced into the dental practice. This fact requires 
deeper knowledge of material science. Faculty of Dentistry of Semmelweis University followed the 
international tendency when introduced „Physical Bases of Dental Material Science” subject. The 
task of this subject is to give general education in material science. It is also necessary to understand 
well the most important relationships that helps students to learn more easily other subjects later. 
Anyway else material science is not only important but a very interesting “game”. 

There is a serious problem: students, who start to learn this subject, has no enough deep knowledge 
in science mainly in physics. Editors try to give a more easily understandable text. It is impossible to 
learn anything without any base knowledge, so if somebody has no any previous study we propose to 
look for any textbook that contains the base physical or mathematical knowledge. 

We will be very grateful for every notices or critical comments: 

ferenc.tolgyesi@eok.sote.hu. 

There are different colored frames in the text. Meaning of the colors is: 

 

 

 

 

Good learning! 

Budapest, 31. 05. 2012.. Editors 

  

Other texts, examples which belong to the topics on the exam. Here are examples on values of the 
quantities. 

Curiosities which are not necessary to know on the exam. 

Most important concepts of the chapter. 

There is a collection of problems at the end of the textbook. Proposed problems to the given 
chapters are in this frame. The collection contains the results and there are a few complete 
solutions, too. 
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Chapter 1. Interactions between atoms and molecules, bonds 

The properties of the atoms and molecules and the interactions between them determine the 
characteristics of a matter. This chapter deals with the forces between atoms and molecules and the 
„so-called” primary and secondary bonds.  

What determines the type of the primary bond? 

Ionic, covalent and metallic bond are the primary bonds. The electronegativity of the atoms plays an 
important role in forming a bond. The definition of the electronegativity is: 

AIEN += , 

where I is the ionization energy (the smallest energy that is necessary to remove an electron from 
the atom), A is the electron affinity (the energy that is released capturing an electron – this energy is 
negative, according to the agreement, so to calculate the affinity we must take the absolute value). 
The usual unit is the eV (electronvolt), or we can use aJ (attojoule), or for one mol aJ/mol. 

 
Fig. 1.1 Electronegativity of the elements (according to Pauling). (www.ptable.com site is very 

informative, where not only the electronegativity but other characteristics of the elements may be 
found) 

There are different electronegativity scales in the literature. One of them is the most widely used 
Pauling’s scale. In Fig. 1.1 height of the columns shows the electronegativity of the elements. The 
electronegativity increases from left to right according to the more complete electron shell that is 
closer to the noble gas configuration in each period. In the columns the electrons are far from 
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the nucleus because the radius increases and the electronegativity decreases from up to down. We 
can summarize these in a sketchy, but understandable statement that from the left bottom corner 
(Fr) to the right top one (F) along any way the electronegativity increases. (The electronegativity of 
the noble gases nowadays is defined but previously not. We neglect it due to the less practical 
importance.) 

What is the role of the electronegativity in determination of the type of the bond? If two atoms have 
very different electronegativity the atom that has higher value is able to accept electron from the 
other. The previous one gets negative the latter positive charge and the electrostatic attraction 
results ionic bond (Fig. 1.2). 

 

Fig. 1.2 Formation of the strong (primary) bonds 

If the electronegativities are the same or the difference is small the outer electrons become common 
and the common electron orbitals –that produces a certain attraction between atoms – results the 
covalent or the metallic bond. We can say that atoms have a common electron cloud. Type of the 
bond depends on the average electronegativity of the partners. If it is big spreading of the „cloud” is 
not too large and we can speak about covalent bond. In opposite case the spreading may be very 
large involving billions of atoms. If electron cloud entirely delocalized, so spreads entirely in the 
crystal the metallic bond is formed. (We can say that this crystal is a ”huge” molecule.) 
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Fig. 1.3 Examples of the primary bonds (At the vertex of the triangle in the pure form at the other 
examples in mixed form.) 

On the base of the previous discussion we can place the different bonds into a coordinate system 
(Fig. 1.3) where the average electronegativity is on the horizontal axis and the difference of them is
 on the vertical one. The different chemical bonds may be found in a triangle area. The peak at the top 
and the area around it represent the ionic bond (large difference, e.g. CsF). Left peak and its 
environment represent the metallic bond (small difference and average, e.g. Cs). The last one on the 
right corresponds to the covalent bond (e.g. F2). Most chemicals are formed by the mixture of the 
different bonds according to the examples in the figure. 

Why is a bond formed? 

Of course there is no always bond between two atoms. The energy of the two atoms enough close to 
each other forming a system must be smaller than the sum of their own energy far and separated 
from each other. Figure 1.4 shows the typical total energy of the two atoms as the function of the 
distance between them. The energy decreases if they are closer to each other. After a certain 
minimum energy if the distance decreases more the energy increases rapidly. The optimal distance is 
where the energy of the system has minimum. Increasing the distance they attract each other trying 
to return to the minimum. Moving closer them they repulse each other. The energy curve on the 
figure is the sum of the two dashed ones which represent the attractive and repulsing force. 

The origin of the attraction may be electrostatic interaction between two ions with different 
charge or common electron orbitals (bonding orbitals). The repulsion may derive from the 
electrostatic force between nuclei being too close to each other or from the non-bonding orbitals 
produced by the electrons due to the Pauli’s principle. The equilibrium distance (r0) is the bond 
distance in the range of 0.1 nm. The depth of the energy minimum (E0) is the bond energy typically 
100-1000 kJ/mol. In this range an average covalent bond has higher and the ionic or metallic bond 
has lower value. 
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Fig. 1.4 Formation the bonds between atoms (molecules) 

An interesting and important property of the energy curve that in the neighborhood of the minimum 
the shape of the curve approximately parabolic as in the case of the spring as we learnt in the 
previous study. The parabolic energy function of the spring is the consequence of the linear force 
law. We expect similar linear force function in the case of atomic interaction too at least close to the 
equilibrium state. It becomes important later in the discussion of the deformation of the objects. In 
the case of the deformation like elongation the distance between atoms a little bit increases and how 
much forces arise inside the substance  the question that should be answered. 

In brief we must mention one question yet about the directionality of the bonds. The ionic and 
covalent bond results strong interaction to specific directions. There is no preferred direction in the 
case of metallic bond due to the delocalized electron cloud. 

Secondary bonds 

There will be attractive force among atoms and molecules if there are no common electron orbitals 
and no net electric charge but they have permanent or temporary electric dipole moment. The 
electric interaction between the properly positioned dipoles is the base of the secondary bonds like the 
van der Waals or H-bond. This force is much weaker than the previously discussed bonds so the 
energy range of them is about 0.2-50 kJ/mol. The H-bond is stronger. (Sufficiently large number of 
these bonds is able to produce very large cohesive strength among the particle of a body or among 
different bodies.) 

The types of the van der Waals interaction: orientation induction and dispersion. Orientation one is 
produced between two permanent dipoles with proper direction. In the case of the induction type a 
permanent dipole induces dipole moment in a neutral molecule due to the sharing charges having 
proper direction. The dispersion interaction is the weakest one. In this case there is no atom or 
molecule having permanent dipole but due to the fluctuations of the electron clouds results 
temporary dipoles. Temporary dipole produced on this way may induce a properly orientated dipole 
in the neighboring atom or molecule (Fig. 1.5)  
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Fig. 1.5 Formation of the dispersion van der Waals bond 

 

1-1. table Bond energy of some materials 

strength type material bond energy 
(kJ/mol) 

weak 
(secondary) 

van der Waals neon (Ne) 0.26 
argon (Ar) 7.7 

H-bond water (H2O) 23 

strong 
(primary) 

metallic mercury (Hg) 68 
aluminum (Al) 324 
tungsten (W) 849 

ionic NaCl 640 
MgO 1000 

covalent silicon (Si) 450 
carbon (C, diamond) 713 
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These interactions work in the macroscopic materials and result their consistency (gaseous, liquid or 
solid) depending on the strength of the motion of the particles –on the temperature of the body – 
that influences effectively these forces. 

Finally we emphasize again that the properties of the materials are determined by the properties of 
the particles –atoms, ions, molecules – and the characteristics of the interaction forces
ypes, number of them distribution on the direction, bond energy, the shape of the energy curve 
etc. – as we can see later in another chapters. 

 

 

 

 

 

 

 

 

 

 

 

Electronegativity (EN): the sum of the absolute value of the ionization energy and the electron 
affinity. The usual unit is the eV (electronvolt) but relative scales are used also without dimension 
like the most frequent Pauling-scale. 

Primary (strong) bond: they are the ionic, covalent and the metallic bond. 

Ionic bond: the bond between atoms having very different electronegativity. There are atoms 
providing electrons uptaking by other atoms. 

Covalent bond: produced between high electronegativity atoms. In this case atoms share a few 
electrons with each other. 

Metallic bond: occurs between low electronegativity atoms. All atoms in the material share 
electrons and these electrons move freely in the metal. 

Bond energy: the energy that is necessary to move two atoms very far from each other. The 
energy range of the strong bonds is 100-1000 kJ/mol, for weak bonds is 0.2-50 kJ/mol. 

Secondary (weak) bonds: van der Waals and the H-bond. 

Van der Waals bond: arises among atoms or molecules having with permanent or temporary 
dipole moment. Types: orientation, induction, dispersion. 

H-bond: the bond mediated by a H atom between two atoms having high electronegativity. 

Proposed problems: 1.3, 1.4, 1.6, 1.7 
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Chapter 2. Consistencies 

What determines the consistency of a material? 

Most of the materials under usual circumstances are in one of the three different – solid, fluid, 
gaseous – consistencies. The appropriate one depends on the circumstances mainly on the 
temperature and the strength of the bonds between atoms (molecules) (Fig. 2.1). Look at the 
neon! Due to the noble gas electron structure there is no common electron orbital and there is no 
electron exchange, so only very weak dispersion forces appear between them. That is why 
the motion of the atoms must be decreased strongly in order to form weak bonds. The 
consequence is: at room temperature the neon is gaseous and only at very low temperature about at 
77 °K (-196 °C) becomes fluid and about at 63 °K (-210 °C) is frozen. 

The water molecules are able to form stronger H-bonds and at 373 °K (100 °C) becomes fluid and at 
273 °K (0 C) solidifies. 

The metallic bond between the aluminum atoms is one order of magnitude stronger, so at room 
temperature when the atomic motion is not enough large they are in crystal structure. Increasing 
strongly the motions, warming up the crystal over 933 °K (660 °C) it melts and we must heat up to 
2792 °K (2519 °C) in order to boil it. 

Finally look at the diamond! There are very strong covalent bonds and the consequence is very high 
melting point 3823 °K (3550 °C) and boiling point 4300 °K (4027 °C). (The temperatures in this 
example are valid under normal circumstances at normal pressure.) The stable states of them at 
different circumstances (e.g. temperature, pressure etc.) are plotted in a so-called phase diagram. 
We deal with them later. 

 

Fig. 2.1 Melting- and boiling point of a few materials having different bond energy 

 

solid 
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What characterizes the different consistencies? (Fig. 2.2) 

Gases have no own volume and shape, they fill the whole space. Their properties have no 
directionality, so they are isotropic. These properties derive from the absence of any structure. 

The liquids have own volume but have no own shape. The own volume is the consequence of the 
bonds between the atoms or molecules that determines an average, close distance. 
These bonds produce a certain order inside the fluid. As the result of the relatively strong motions 
these bonds are not permanent they are ruptured and reformed so the whole structure is a dynamic 
one. The size of the ordered domains very small extends from a few one to a hundreds of bonds. It is 
called short range order. The ordered domains are movable so the fluid has no permanent shape and 
there are no shearing forces in equilibrium. Due to the non-orientated domains every direction are 
equal to each other so the fluid is also isotropic. 

 

Fig. 2.2 The inner strucure in different consistencies (e.g. water) 

Solids may be classified into two different groups: crystals or solids and amorphous solid bodies. 

The crystals have own shape and volume. This shape is frequently a regular geometric body bounded 
with planes (e.g. the cubic salt crystal). The strong bond produces a very large, even in a meter range, 
a well-defined ordered structure so-called crystal lattice. It is called long range order. Due to the 
ordered structure and directionality they are anisotropic substances. The properties of them depend 
on the direction of the observation. 
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The amorphous materials may be considered as frozen fluids. Their inner structure is similar to the 
fluids (e.g. glass). Motions are very slow and the dynamic structure and the fluidity of the body may 
be observed along a long time (e.g. tar). These materials are also isotropic due to the fluid-like inner 
structure. 

Quantities used to characterize the materials 

Next we refresh the knowledge of a few very simple and widely used quantities. 

Mole defines the amount of the materials in a certain body, usual unit is the mol. It is well-known 
that no. of the particles in one mole is 6.02x1023. This is the so-called Avogadro number: NA = 
6.02x1023/mol. It follows that the number of the particles in a body is: 

𝑁 = 𝜈 ∙ 𝑁A . 

The usual symbol of the mass is m (unit: kg) and the molar mass is M (unit: kg/mol). In the case of 
homogenous material: 

𝑚 = 𝜈 ∙ 𝑀 . 

The extension of the body in space is characterized by the volume V (m3). The density ρ characterizes 
the „massiveness” of the body and this is the ratio of the mass and the volume 

𝜌 = 𝑚
𝑉

 . 

Unit: kg/m3.  

 

Table 2-1. Density of a few materials(ρ) at 20°C 

material ρ  (g/cm3) 
enamel 2.2 
dentine 1.9 
water 0.9 
PMMA  
Poly(methyl 
methacrylate) 

≈ 1.2 

silicon ≈ 1.4 
ceramics 1.6-3.9 
porcelain 2.2-2.4 
glass 2.2-2.7 
gypsum 2.31-2.76 
Ni-Cr alloys ≈ 8 
Co-Cr alloys 8-9 
Pd-Ag alloys 10-12 
amalgam ≈ 12 
gold alloys 12-17 
gold 19.3 
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Instead of the density we can use the specific volume (v) the reciprocal of it. 

𝑣 = 𝑉
𝑚

 . 

This quantity characterizes how much volume is necessary for a unit mass. Unit is m3/kg. 

The temperature of a body is given in centigrade (°C) or in Kelvin (°K) that is the official SI unit. The 
conversion is the next: 

𝑇(K) = 𝑡(°C) + 273 . 

The symbol for the pressure in the gas or liquid is p and the unit is Pascal (Pa = N/m2). This is also the 
unit of the (mechanical) stress arising in the solids due to the deformation. 

 

 

 

 

 

 

 

 

Gas: material without inner structure and own volume and shape. 

Liquid: material with a short range and dynamic order but without own shape (fluidity). 

Crystal (solids): long range order and own shape characterize. 

Amorphous solid body: short range order and own volume, but without own shape (long term 
fluidity). 

Density (ρ): 𝜌 = 𝑚
𝑉

 where m the mass and V is the volume of the body (kg/m3) 

Specific volume (v): 𝑣 = 𝑉
𝑚

 where V is the volume m is the mass of the body (m3/kg) 

Proposed problems: 1.1, 1.2, 1.8, 1.9, 1.10, 1.11. 
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Chapter 3. Gaseous state 

Although gases play not too much role in dentistry but we deal with them shortly. The reason is the 

next: two important fields are easily explained in the case of gases. These two phenomena are the 

kinetic interpretation of the temperature and the Boltzmann-distribution. 

What characterizes gases? 

A substance is in gaseous state if the motion of the particles so strong that the attractive forces are 

not effective. For example the weak van der Waals forces appear between neon atoms, the bond 

energy is 0.26 kJ/mol, so it is enough to warm up this material above 77 K in order to break these 

bonds. Due to the H-bonds with 23 kJ/mol energy between water molecules motion is more intense 

and the water is in gaseous state above only 373 K. The aluminum with metal bond becomes gas 

above 2792 K and finally due to the covalent bonds the diamond above 4300 K. 

We can state that there is no bond between particles of the gas and they entirely disordered and fill 

the whole space. It has no own volume or shape. The properties are the same to all directions so the 

gas is isotropic substance 

In this conclusion we used the knowledge that the temperature is the measure of the particle 

motion. Is it true or not? If it is true what is the exact dependency? 

What is the temperature? 

The temperature is trivial for everybody if somebody takes a sip into a hot tea or after a sauna jumps 

into a cold water. How can we explain it on molecular level? We try to interpret the temperature of a 

gas. This is a very simple object – there is no internal structure, no any bonds only the particle motion 

is  so the temperature must be connection to the motion. It is not so easy to find the connection 

between them. We can express easily the pressure of the ideal gas on the wall. (Ideal gas: point-like 

and except the elastic collision there is no any interaction.) 

The pressure is the force on unit surface due to the collision of the particles to the wall. During the 

collision the particle exerts force and the collective force of many colliding particle may be measured 

as pressure. If the motion is faster they collide to the wall more frequently during unit time so the 

force increases and the pressure, too. On the other hand observing the gas we know that the 

pressure (p) of the ideal gas is proportional to the absolute temperature (T) in the case of the given 

volume (V) and amount (N): 

       , so     . 

This is the ideal gas law. It follows from this that the temperature must be connection to the intensity 

of the motion. The formula (derivation of this formula may be found in the frame): 

 

 
   

  
 

 
   , [3.1] 

where m0 is the mass of a particle, v is the velocity, k is the Boltzmann-constant and T the absolute 

temperature. The mil above the v2 means the average. The average kinetic energy is on the left side 
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of the equation and it is linearly proportional to the temperature. It means that the temperature is 

the average kinetic energy of the particle. This statement will be clarified and generalized. 

3 on the right side in [3.1] formula derives from the fact that the particles are able to move into all 3 

direction of the space (detailed deduction is in the frame). The energy for one degree of freedom is 

½kT. In a molecular system there are other possibilities than the translational motion e.g. rotation or 

vibration inside the molecule. According to the equipartition principle the energy for one degree of 

freedom is ½kT. We can generalize it to the fluids and solids. It may be said in general that the 

temperature is the energy for one degree of freedom. kT is called (unit is J) thermal energy the molar 

version is RT (unit is J/mol). 

The average kinetic energy is in the [3.1] formula while the particles of course have different and 

always changing velocity. How can we describe the distribution of the particle velocities? The answer 

is the Maxwell-Boltzmann distribution (Fig. 3.2). The velocity distribution of the N2 molecules can be 

seen in the figure. (The graph is a histogram really, that consists of very narrow columns. There are 

velocity intervals on the horizontal axis and the proportion of the molecules on the vertical axis but 

it can’t be seen in the graph due to the poor resolution). 

 

Fig. 3.2 Velocity distribution of the nitrogen gas at different temperatures (Maxwell-Boltzmann 

distribution) 
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An example 

Calculate the velocity of the molecules in the nitrogen gas! Suppose same velocities! Molar mass 

of the nitrogen (considering that the particles are N2 molecules) is 28 g/mol or 0.028 kg/mol. We 

can get the mass of one molecule if this value is divided by the Avogadro number. From [3.1]: 

𝑣   
 𝑘𝑇

𝑚0
  

 ∙ . 8∙  −23∙ 7 

 .  8/6.  ∙  23
 493 

m

s
 . 
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If somebody calculates the velocity of the N2 molecules in the nitrogen gas on the base of the [3.1] 

formula  provided that every molecule has the same velocity  the result is 493 m/s. It corresponds to 

the average velocity of the distribution at 0°C. It may be found a little bit right to the maximum due 

to the skewed curve. Increasing the temperature the distribution is shifted to the right and becomes 

wider. It is important that about the half of the particles has higher velocity so has higher kinetic 

energy than the average.  

How do molecules distribute in the atmosphere? (Fig. 3.3) 

Examine the distribution of the molecules, how the density and the pressure changes in the 

atmosphere. Later we can see the importance of this question. It is known that these quantities 

decrease, the problem is only the describing function. 

 

Fig. 3.3 Pressure change in the atmosphere as the function of altitude 

The distribution of the molecules is influenced by two effects: the gravity and the motion of them. 

Imagine the result if only one of them exists. All of the molecules were in a thin layer around the 

surface of the Earth without motion due to the gravity. Vice versa without gravity molecules fill the 

whole space. The result of the two contrary effects an exponential distribution that may be seen in 

Fig. 3.3. Firstly the pressure decreases quickly from p0 measured at h = 0 height. Later it becomes 

slow. (Ergo where the value is higher the changing is higher too and opposite the smaller the 

pressure, the less the change.) The equation is the next: 

     
 
 0  

   , [3.2] 

where m0 is the mass of the particle, g is the gravitational constant, h is the height, k is the 

Boltzmann constant and T is the temperature. (It is entirely correct only if the atmosphere is in 

thermal equilibrium, so the temperature is uniform.) 
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In the [3.2] formula the exponent is the ratio of two energy terms namely the energy of two opposite 

effects, the gravitational potential energy and the thermal energy of the motion. This ratio 

determines the speed of the curve decrease. At a certain temperature the curve of the heavier 

molecule decreases faster because the absolute value of the ratio is higher. At higher temperature 

the decreasing is slower due to the less absolute value of the ratio. 

This formula [3.2] is called as barometric formula and the importance of this for us that this is a 

special version of a general and important distribution namely the Boltzmann-distribution. 

Exponential function 

We meet the exponential function first here in this study, so we introduce it shortly. This is a 

frequent function in the science. Consider first two most frequently used functions: 𝑦  𝑒𝑥 and 

𝑦  𝑒 𝑥. e = 2.7182… is the Euler number. (It is not necessary that the base is e, may be 2 for 

example or any other positive number. See the left side of the Fig. 3.4. 

 

Fig. 3.4 Exponential functions 

They are the mirror image of each other so it is enough to characterize one of them. 

This function intersects the y-axis at 1 and on the left side more slowly (asymptotically) tends to 0, 

while it rises more and more steeply  to infinity on the right. The previous sentence contains a very 

important property: the slope of the curve is equal to the given value of the function in each 

point. (More exactly: the function and its derivate one are the same.) The larger the function 

value, the faster the change. This property is why it is so frequent in the nature. This is valid for 

many physical, chemical and biological phenomena when the change of a quantity is proportional 

to the initial value. The smaller the initial value, the smaller the change and the larger the initial 

vale, the larger the change. Cell division, population growth, chemical reactions, radioactive 

decay, radiation attenuation, etc. are such kind of processes under certain conditions. This is valid 

for the particle distribution in the atmosphere. 

The exponential function has other interesting property: multiplication of the y value is the same 

if x increases with the same value. This is why a doubling time or a half-time, half-value thickness 

etc. may be introduced to characterize the function. 

Very frequently it is not necessary to use the negative range on the x-axis because the beginning 

(e.g. beginning of the measurement) may be selected so that only positive values are. This is why 

practically only the right side is in the figures. For example only red part in Fig. 3.4 (and in Fig. 3.3) 

can be seen in the barometric formula. 

Two parameters are used to modify the base function. The a parameter is the y-intersection and 

the b value is the speed of the growth in the 𝑦  𝑎𝑒𝑏𝑥 function  

Chapter 3. Gaseous state 
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Boltzmann distribution 

The Boltzmann distribution describes the distribution of the particles between different energy 

levels in a force field in thermal equilibrium. 

 

Fig. 3.5 Some possible energy levels of the particles and their occupancy in a force field  

(Boltzmann distribution) 

Let 0 an arbitrary lower and i an upper energy level (Fig. 3.5). The energy difference is  = i – 0. 

No. of the particles on the levels are n0 and ni. According to the Boltzmann distribution: 

      
 
  

   , [3.3a] 

where k is the Boltzmann constant and T is the temperature of the system in thermal equilibrium. 

It is true for the exponent (Boltzmann factor): 

    
  

    , 

since the exponent is always negative due to its sign. 

  
  

 0
   , so       . 

 (Equality is possible only if  = 0 but it is not too important from practical viewpoint.) Upwards on 

the energy axis the occupancy of the energy levels exponentially decreases. (“Inverse” distribution 

so-called inverse population may be observed later in the case of the lasers, but there is no thermal 

equilibrium in that case.) The occupancy ratio of the energy levels is determined by the Boltzmann 

factor that is influenced by two energy components. One of them is  that characterizes the 

strength of the ordering force field and kT that indicates the intensity of the motions. 
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Energy values in the exponent of the [3.3a] expression are valid for one particle. One can use molar 

energy amounts instead of them: E = NA  (J/mol) and RT = NA k T (J/mol) where NA is the 

Avogadro number and R is the universal gas constant. So: 

      
 
  

   . [3.3b] 

Although the Boltzmann distribution is not valid for any particle and any force field but it may be 

used in the case of many phenomena or it is a good approximation in a given case e.g.: 

 Distribution of the molecules in the gravitational force field (barometric formula). The  is 

the potential energy difference in this case. 

 The distribution of the thermal defects in the crystals, like the no. of the vacancies, between 

two energy levels the free and bonded states.  is the energy that is necessary to produce a 

defect. 

 The saturation vapor pressure the distribution of the fluid molecules between the fluid and 

the steam.  is the energy that is necessary to leave the fluid. 

 No. of the unbounded H-bonds in the biological macromolecules. Here  is the bond 

energy. 

 The thermal electron emission of the metals so the distribution of the electrons between two 

states, the bond state in the metal and free state in the vacuum (e.g. in the hot cathode of 

the X-ray tube). 

 In chemistry, the law of mass action or the equilibrium constant of the chemical reactions so 

the distribution of the molecules between the energy states of the initial materials and the 

products. 
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Gas: material without inner structure, volume and shape. 

Temperature: the average kinetic energy for one degree of freedom (½kT). The no. of the 

degree of freedom is 3 in the case of ideal gas so 
 

 
𝑚 𝑣

  
 

 
𝑘𝑇 where m0 is the mass of 

one particle, v its velocity, k is the Boltzmann constant and T is the absolute temperature. 

Thermal energy: kT (unit: J) for one particle and RT for one mole (unit: J/mol). 

Maxwell-Boltzmann distribution: describes the velocity distribution of the particles in a 
gas. It is skewed to the right. 

Barometric formula: an exponential function describing the distribution of the molecules 
in  the atmosphere. 

Boltzmann distribution: the distribution of the particles in a force field in  thermal 

equilibrium. 𝑛𝑖  𝑛 𝑒
 
 𝜀

𝑘𝑇  𝑛 𝑒
 
 𝐸

𝑅𝑇 where  the difference of the energy levels for one 

particle or E for one mole, n0 and ni no. of particles on the given levels, k is the 
Boltzmann constant and T is the temperature of the system in thermal equilibrium. 

Proposed problems: 1.13, 1.14, 1.16, 1.17, 1.19, 1.20 
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Chapter 4. Liquid state 

The water is the most important material and it is liquid (at least the determinant proportion of the 

water pool of the Earth). This property makes it suitable being a good environment for the life 

processes. The liquidity of different humors (saliva, blood, synovial fluid etc.) or some dental 

materials (e.g. impression, restorative before solidification) is an important property from the 

viewpoint of their functionality. 

What are the characteristic properties of liquids? 

A substance is in liquid state if the two different effects – bonds between particles and their motion 

intensity –approximately are the same. The attractive forces are stronger than in the gases but not so 

strong than in the solids. Material is in liquid state in an intermediate temperature range: Ne 63–77°K,

 water 273-373 °K, Al 933-2792 °K, diamond 3823-4300 °K. Bonds are formed between atoms, 

molecules but they are broken suddenly and reformed again. Small domains are developed and the 

range extends from a few to hundreds of bonds. There are disordered domains among the ordered 

ones. There is a continuous rearrangement in the material. The result is a dynamic, short-range 

order. The orientation of the domains is random and they move easily. The liquids has own volume 

but has no own shape. They are isotropic substances. 

 

Fig. 4.1 Ordered domains in water due to the H-bonds (short-range order) 

The well-marked property of them is the fluidity. During the flow internal friction, internal shearing 

forces appear inside the liquid (opposite to the resting state when there are no such forces). These 

phenomena may be characterized by means of viscosity. 

Viscosity 

The definition of the viscosity is simple in the case of laminar flow. This may be imagined as the slip 

of thin liquid layers. Laminar flow is characteristic at smaller velocity. In the case of very strong flow 

over a certain critical velocity turbulences appear and the flow becomes turbulent. 

Consider a laminar flow e.g. the situation presented in Fig. 4.2. 
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Fig. 4.2 Interpretation of the Newton’s friction law 

A thin liquid layer is poured on a fixed surface and put a light plate with A area over it and move the 

plate with constant speed. The question:  How much force is needed? The answer: as much as the 

friction force. How can we determine this force? There is a liquid layer that adheres to the plate and 

they move together with v velocity. The lowermost layer of the liquid adheres to the surface and 

doesn’t move. The velocity of the layers between the upper and lower one decreases linearly from 

zero to the velocity of the plate. This changing may be characterized by the so-called velocity 

gradient that is the changing of the velocity along unit distance. In this case the v = v – 0 and h is 

thickness of the liquid layer so the gradient is v/h. There are friction forces between the layers and 

in equilibrium they are equal to each other and equal to the moving force too. The moving force may 

be measured and the result indicates that it is proportional to the area of the plate, to the velocity 

and inversely proportional to the thickness of the layer. So the internal friction force (Ff) is: 

    
  

  
 . 

Introducing a proportionality coefficient the force is: 

     
  

  
  ,  [4.1a] 

where  is the proportionality coefficient the so-called viscosity. This formula is Newton’s friction 

law. Plotting the force as the function of the gradient the result is a straight-line and the slope is the 


.A, namely proportional to the viscosity. 

 

Fig. 4.3 Newton’s law for two fluids with different viscosity 
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The friction forces anyway else are parallel to the layer so they are shearing forces. Introducing the 

shearing stress – shear = Fshear/A – and the gv symbol for the velocity gradient, one can write a 

compact form of the Newton’s law: 

              .  [4.1b] 

 

Viscosity is a material property. Unit is the Pascal seconds (Pa∙s). (Sometimes instead of the viscosity 

the reciprocal value the so-called fluidity is used.) The viscosity depends on the properties of the 

molecules, bonds between them, the structure of the material and another factor first of all the 

temperature. 

 

Gradient 

The gradient of a physical quantity is the speed of its change along a certain direction. The 

temperature gradient shows us the changing the temperature in degree along 1 meter. (Fig. 4.4) 

 

Fig. 4.4 Interpretation of the temperature gradient 

Table 4-1.Viscosity of some fluids () 

material  (mPas) 

water 1 (20°C) 

artificial saliva 2–10 

glycerol 60 (20°C) 

methyl methacrylate 
monomer 

0.5 (25°C) 

ethylene glycol 
dimethacrylate 
monomer 

3.4 (25°C) 

zink phosphate 95 000 (25°C) 

zink oxide-eugenol 100 000 (37°C) 

silicone (before bond) 60 000–1 200 000 (37°C) 
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Viscosity of the fluids decreases with increasing temperature. At higher temperature the internal 

disorder of the fluid increases more and more bonds are broken and the ordered domains become 

smaller. The layers slip easier on each other and the viscosity decreases (Fig. 4.6). The breaking of the 

bonds may be described by the Boltzmann-distribution so an exponential curve may be used to 

characterize the temperature dependency of the viscosity. 

 

Fig. 4.6 Viscosity of some material as the function of the temperature 

Measurement of the viscosity 

Many different methods exist to measure the viscosity but only one of them will be mentioned 

here namely the rotational viscometer, in which case the situation is similar to that is mentioned 

when we introduced the Newton’s law. Two concentric cylinders are in this equipment and there 

is a thin liquid layer between them. One cylinder is fixed another is rotated and the torque or the 

force that is necessary to rotate is measured. If the layer is enough thin the velocity gradient 

between two cylinders is constant. Determining the gradient, the surface and the force one can 

calculate the viscosity using the equation [4.1a]. 

 

Fig. 4.5 The structure of the rotational viscometer 
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Most of the fluids have constant viscosity at constant temperature so plotting the [4.1a] equation the 

result is a straight-line. It is interesting that in the case of some fluids the viscosity is influenced by 

the strength of the flow and graph is not linear. On the base of this property the fluids may be 

classified as Newtonian and non-Newtonian ones (Fig. 4.7). Look at the exact definition of this 

property! 

The Newton’s law is valid for the Newtonian fluids namely the friction force is linearly proportional to 

the velocity gradient. It means that the viscosity is independent from the gradient. Such fluids are the 

water, alcohol and another simple fluid. 

In the case of non-Newtonian fluids the viscosity depends on the velocity gradient and the 

dependency is non-linear. If the viscosity decreases with increasing gradient the material is called 

pseudoplastic fluid. Such kind of the material is the saliva, the blood and the synovial fluid or the 

elastomer impression materials in the dental practice. The fluid is a dilatant one if the viscosity 

increases with increasing gradient. A starch solution is an example. 

In the definition above the dependency on the gradient is the important feature of the non-

Newtonian fluids. It is correct but perhaps not enough understandable. Try to replace the velocity 

gradient with another quantity in order to understand it. According to the [4.1a] equation e.g. the 

friction force, that is the shearing force between the slipping liquid layers, is proportional to the 

gradient. It is easy to imagine that the increasing forces may disassemble existing structures or 

opposite elongated molecules are ordered by these forces. These changes influence the fluidity of 

the liquid. 

We can say that the gradient is higher if the velocity differences are higher according to the Fig. 4.2. 

It is valid for a tube also. The differences are higher if the flow is stronger or faster. It means that the 

viscosity of a non-Newtonian fluid is influenced by the strength of the flow. This result proves that 

this statement in the introduction is correct. It means that if we stir a liquid slowly the fluidity is 

different than to do it faster. 

 

Fig. 4.7 Newtonian and non-Newtonian (dilatant or pseudoplastic) liquids 

The viscosity may change in time in the case of any fluid. Chemical and/or physical changing may 

result the changing of the internal structure of the material. The substance is called thixotropic if the 

viscosity decreases in time and rheopectic if it increases. (Do not confuse them with the 

pseudoplastic and dilatant properties! The viscosity of a pseudoplastic material doesn’t change in 
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time if the stirring speed is constant but in the case of thixotropy at constant stirring the viscosity 

decreases in time.) Tixotropic material e.g. certain distempers or fluoride gels in dentistry. 

Finally an interesting phenomenon: certain liquids become fluid only if the force is over a threshold 

value. They are called Bingham plastics. Such kind of substance is the toothpaste – small pressure is 

not enough to move it. 
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Something about the viscosity of the humors 

The humors are very complex liquids. Viscosity depends mainly on the composition but it is 

influenced by many other factors e.g. temperature, pH, shearing forces and the time. 

The viscosity of the blood primarily depends on the hematocrit value (volume fraction of the 

blood cells). Increasing hematocrit value results increasing viscosity. The physiological range is 

about 3 – 7 mPa∙s. The blood is a pseudoplastic fluid. The red blood cells prone to aggregate at 

slow flow when the shearing forces are smaller. The internal friction and so the viscosity is larger 

due to the aggregates. If the flow is faster the forces are higher and the aggregates are dissolved 

and the viscosity decreases. 

The saliva is more complex than the blood. It is important from the viewpoint of the protection of 

the teeth and the mucosal of the mouth, in the mastication, the ingestion and the speech. It 

contains many different substances but from the viewpoint of the viscosity a glycoprotein the 

mucus plays important role. The mucus content of the saliva varies in a wide range and the 

viscosity, too. Excitement, physical stress may increase strongly the viscosity that results difficulty 

in ingestion and speech. The saliva is also a pseudoplastic fluid. Fig. 4.8 shows the result of an 

experiment in which case the saliva of 12 healthy people was tested. 

 

Fig. 4.8 The pseudoplastic behavior of the saliva 

Pseudoplastic fluid is the synovial fluid and the semen too. 

The viscosity of these fluids may change in time when another factors are constant. The best 

example perhaps is the semen. The viscosity of the semen decreases relatively quickly so it is 

thixotropic material. 
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Liquid: a substance with short range and dynamic internal order, constant volume and no 
own shape. 

Viscosity: a property that characterizes the mechanical resistance of the material against 
the shearing forces produced by the flow. Unit is Pa∙s. 

Newton’s friction law: 𝜎         𝜂𝑔𝑣where shear is the shearing stress between the 

liquid layers,  is the viscosity and gv is the velocity gradient. 

Newtonian liquid: the viscosity is independent from the velocity gradient (from the 
shearing stress). 

Non-Newtonian fluid: viscosity depends on the velocity gradient (on the shearing stress). 

Pseudoplastic fluid: the viscosity decreases with increasing gradient. 

Dilatant fluid: viscosity increases with increasing gradient. 

Thixotropic fluid: viscosity decreases in time when the gradient is constant. 

Rheopectic fluid: viscosity increases in time when the gradient is constant. 

Proposed problems: 1.22, 1.23 
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Chapter 5. Solid state 

Most of the dental materials are solid. The dentine and the enamel are solid in the human body. 

Solids are divided into two groups: crystals and amorphous solid materials. We can find dental 
materials as an example for both types and such kind of materials in the human body, too. 

First time, we deal with crystals in detail and later with the amorphous substances. 

What characterizes the crystals? 

If the attractive forces between particles are deterministic compared to the motions of them the 
substance is a crystal. Atoms, molecules in the crystal are relatively close to each other and form a 
well-ordered crystal lattice. This order is macroscopic and extends a few meters (see large crystals in 
the nature) so structure is long-range ordered. Crystals have constant volume and own shape due 
this property. 

The crystal that has only one ordered domain is single crystal or monocrystalline solid (Fig.5.1). The 
size may be a very small nanocrystal or microcrystal but may be large even meters. Bonds in the 
crystal are frequently orientated. In this case the properties of a single crystal are different to 
different directions so they are anisotropic materials. 

Most of them are polycrystals in which many small single crystals consist of a large one (Fig. 5.1). 
These small crystals are called grains or „crystallites”. Practically there is a perfect order inside the 
grains but there are many defects between them. The orientation of the crystallites is random in 
general so these materials normally have isotropic property. According to the size of the grains they 
may be classified as microcrystal (1-100 µm) or nanocrystal materials (1-100 nm). 

 

Fig. 5.1 Single crystal and polycrystal (composition of many randomly orientated small single crystals) 

They may be grouped according to the dominant bonds: 

• atomic crystal (e.g. diamond, silicon) the covalent bond, 
• ionic crystal (e.g. NaCl, apatite) the ionic bond, 
• metallic crystal (e.g. copper, silver)  the metallci bond, 
• finally molecular crystal (e.g ice, protein crystals) the secondary bonds are dominant. 
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Many properties of the crystals (e.g. melting point, Young’s modulus, thermal expansion coefficient) 
are determined by the bonds, the magnitude of the bond energy and the shape of the energy curve 
(as we can see later in different chapters). 

The well-marked property of the single crystals is the nice, flat faced regular shape that is the 
consequence of the internal structure. 

Crystal lattice 

The periodicity is the characteristic property of the lattice – namely a spatial arrangement may be 
found. Repeating this we can build up the whole lattice. This arrangement is called unit cell (Fig. 5.2). 
(A given lattice may be built up from different unit cells but we show only one possibility.) 

 

Fig. 5.2 The unit cell of a cubic lattice from the whole crystal may be built up from this. 

All crystals may be built up from seven unit cells with different shape. On the base of this fact these 
materials are grouped into seven so-called lattice systems (Fig. 5.3): cubic, hexagonal, tetragonal, 
monoclinic, orthorhombic, rhombohedral, triclinic. The cubic may be simple, face-centered or body-
centered (Fig. 5.4). Materials used in dentistry have different lattice. Metals form cubic or hexagonal, 
the zircon tetragonal, the quartz rhombohedral, gypsum monoclinic and kaolin triclinic. Interesting 
examples: ice hexagonal (snowflake has hexagonal symmetry!), apatite also hexagonal, diamond 
cubic, graphite hexagonal or orthorhombic. 
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Fig. 5.3 Unit cells of the crystal systems 

 

Fig. 5.4 The unit cell of the two subtypes of the cubic lattice: a) body-centered and b) face-centered 

Polymorphism is the phenomenon when a substance is able to form different lattices. For example 
three different crystal lattices of the SiO2 (silicon dioxide) occurs in the nature and they have 
different names. The rhombohedral one is the quartz, the tetragonal is the cristobalite and the 
orthorhombic is the tridymite. If one element shows this property the name of the phenomenon is 
the allotropy. For example the carbon allotropes are the hexagonal graphite and the cubic diamond 
(Fig. 5.5). Other important and interesting structures of the carbon are the fullerenes (containing C60 
molecules) and the nanotubes (Fig. 5.6). 
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Fig. 5.5 The lattice of the diamond and the graphite (the allotropes of the carbon) 

  

 

Fig. 5.6 The structure of the C60 fullerene and the carbon nanotube. 

 

Shortly about carbon nanotubes 

The carbon nanotube is produced from a graphite layer: the layer is bended forming a cylinder 
and finally the ends are closed with a hemisphere of C60 molecule. The diameter is between 1 and 
100 nm but the length is significantly larger. Millions of carbon atoms may form a molecule. 

These nanotubes are very strong, the tensile strength is between 50 and 200 GPa. This is the 
strongest substance that is known but relatively flexible and light. The application in composites is 
very promising. 
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There are internal defects in the most regular and perfect crystals. They have different size and 
extends. Some of them are visible by eye, or may be observed in microscope only or invisible. 

 

Polymorphysm 

How is it possible to form different lattices when only one variant has minimal energy at a given 
environment? It is possible if the energy difference of different lattices is very small and all of 
them appear in the nature. It is possible also that one of them is favorable but if the 
circumstances are different, the change of the environment should result the transformation of 
the material. Sometimes this transformation is very slow or not allowed because the required 
motion isn’t allowed or very slow due to the circumstances (e.g. temperature). 

The polymorphism has practical relevance and we mention two interesting examples. 

Two polymorph forms of the tin (Sn) are known: so-called white tin (β-tin) with tetragonal lattice 
is stable between 13°C and 161°C, density is 7280 kg/m3. Below 13°C the tin is transformed into 
gray tin (α-tin) (special face-centered cubic lattice) the density significantly less 5750 kg/m3, so the 
tin expands during the transition. Although the transformation starts below 13°C but it is very 
slow. It becomes faster around -20°C. At this temperature the tin glance off the tinned dish due to 
the expansion. The metal things containing tin like organ pipe may molder. If an object converted 
into gray tin contacts to a white one the transition becomes faster. This phenomenon is the so-
called tin pest or tin diseases. (The story of Napoleon's defeat in Russian: the soldiers freezing in 
the Russian winter, their clothes falled apart as tin pest ate the buttons and that was the reason 
of the defeat.) 

Zircon (zirconium dioxide, ZrO2) is excellent and more popular dental material. The clear zircon 
has a disadvantage. The sintering process (high temperature treatment) – more exactly the 
cooling phase – leads to volume expansion of about 5% due to a tetragonal-monoclinic transition. 
The transition produces internal stress and many small narrow cracks inside the product. The 
produced zircon block may not be used in dentistry. This transition may be avoided adding a few 
percent of yttrium oxide (Y2O3) to the material and we can get a block with excellent mechanical 
(large hardness and strength) properties. 
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Apatite 

There are about 5-6 kg of apatite in an average human body. This compound contains calcium 
and phosphate (Ca5 (Po4)3X). The X may be many different atoms but in the body that is 
practically OH or a few fluorine (F). The crystal is a hexagonal ion lattice (Fig. 5.7). 

 
Fig. 5.7 Apatite crystal and the lattice 

(colors: green – Ca, blue – P, red – O, white (H)) 

Table 5-1. contains some physical properties of the hydroxyapatite (X = OH). 

Table 5–1. Some physical properties of the hydroxyapatite approximately 

molar mass 502 g/mol 
density 3.2 g/cm3 
refractive index 1.6 
color colorless/white/gray/yellow/yellow-

green 
hardness (Mohs) 5 
hardness (Vickers) 6 GPa 
compression strength 500 MPa 

 

Bones, dentine and enamel naturally contain apatite in the human body. Most of the inorganic 
material is apatite nanocrystal in these tissues, the remaining part is amorphous substance. Other 
important component of the bone and the dentine is a protein, the collagen. The collagen 
filaments form a reticulation and the apatite nanocrystals (length is about 20-60 nm, thickness is 
6 nm) are embedded in. These two substances produce the excellent mechanical properties 
(relatively large hardness, high strength and toughness and flexibility) of the bone and dentine. 
90% of the enamel is apatite crystal. The nanocrystals are ordered in the enamel prisms that have 
about 500-1000 nm length and the thickness is 30 nm (Fig. 5.8). The enamel is the hardest tissue 
of the human body due to the apatite. A part of the apatite is fluorine apatite in the enamel. This 
is more favorable due to the less solubility in acids compared to the hydroxyapatite. 

 
Fig. 5.8 Apatite crystals in the enamel prisms (electron microscopic image) 
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Crystal defects 

Defects may be produced during the crystallization, or later as the consequence of mechanical stress 
or stringer irradiation or simple manner due to the possible motions. The particles basically are 
immobile and only rotation and vibration are allowed but a particle that has larger energy than the 
average (see Maxwell-Boltzmann distribution) becomes free and start to move (the distance 
normally enough small) in the crystal so the diffusion is possible in these materials too. 

We can classify defects according their space extends: point, line (dislocations) and planar defects. 

The point defects (Fig. 5.9) may be thermal, that depends on the temperature, or substitutional 
defect which contains different particle. 

Vacancy is an empty lattice point. This may be produced in the crystallization or later when an atom 
becomes free and leaves the surface of the crystal and a neighboring atom enter the empty point, so 
the vacancy migrates inside the lattice. The Boltzmann distribution describes the number of particles 
on different energy levels (bonded and free state) so the number of vacancies or Schottky defects 
(ns) is equal to 

𝑛S = 𝑁𝑒−
𝜀S
𝑘𝑇 , [5.1] 

where N is the no. of atoms in the lattice points and εs is the energy to produce a vacancy (about 
equal to the bond energy). (This number is an equilibrium value only! This is the no. of vacancies at a 
certain temperature if the temperature is constant. If we cool the crystal quickly temporarily more 
defects will be in the material. Longer time is necessary to stabilize the new equilibrium.) 

Interstitial atom occupies a site in the lattice, where there is no atom originally. If the particle derives 
from a regular point and leaves a vacancy there, this pair (vacancy and interstitial atom) is the 
Frenkel-defect. Number of them may be calculated using an equation similar to the [5.1]. 

 

Fig 5.9 Different point defects in the lattice (red marked atoms are the foreign atoms) 

Foreign atoms (substitutional defect) may also get to the lattice during the crystallization but it is 
possible later by means of the diffusion, too. This particle may be in lattice point or as interstitial one. 
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The lattice is distorted a little bit around the defects as may be seen in Fig. 5.9. 

Dislocations may be edge or screw dislocations (Fig. 5.10). They are present in the lattice formation 
or later due to different mechanical stresses. These dislocations play important role in the plastic 
deformations of these materials. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.10 Types of dislocations. Edge dislocation a wedged plane, screw dislocation a slipping the 
planes along a helical. 

Planar defects are the relatively disordered regions of the boundary of two grains. 
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The lattice defects disrupt the order of the crystal but frequently result more favorite properties. The 
colorless aluminum oxide, doping with a few chromium ion becomes a magic red ruby. The very soft 
iron crystal will be significantly harder one (steel) if we add a small amount of carbon. Dislocations 
may be increased with cold working in the easily bending copper tube and it becomes more rigid. The 
electric conductivity of the semiconductor silicon crystal may be influenced doping with phosphor or 
boron atoms. 

What characterizes the amorphous solids? 

According to their names these materials mechanically solids but have no own shape in other words 
they are able to flow. How is it possible? In these materials the particles are not ordered into lattice 
the internal order is more similar to the fluids they have short-range order. The dynamics that 
characterizes the liquids is absent. They may be considered as frozen fluid with extremely large 
viscosity. Their flow is very slow and may be only observed during very long time. Such kinds of the 
material are the bitumen or the glass. If dish containing bitumen overbalances the flow of the 
material is visible during a few months at room temperature, but the glass requires centuries (see 
cathedral glass). 

The glass is an amorphous silicon dioxide (Fig. 5.11) actually that may form crystals. When becomes it 
glass? If the melt is cooled quickly and there is no time to form a lattice, so we freeze the liquid state.  

Other substances don’t crystallize at slow cooling anyway. They consist of large, complex molecules 
that are not able to find the right site during long time. 

The glass is the well-known example of the amorphous materials so this state sometimes is called as 
glass. 

 

Fig. 5.11 Comparison of the structure of the crystalline and amorphous (glass) SiO2. 
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Crystal (solid): long-range order, own volume and shape characterizes. 

Polycrystalline: consist of many small grains (crystallite). 

Single crystal: contains only one grain. 

Unit cell: the smallest spatial arrangement and repeating this the whole crystal may be 
built up. 

Polymorphism: more than one lattice is possible. 

Allotropy: polymorphism of an element. 

Point defect: zero-dimensional defect. Types: vacancy, interstitial atom and the Frenkel 
defect. 

Vacancy: empty site in the lattice. The no. of vacancies (ns) according to the equation 

depends on the temperature 𝑛S = 𝑁𝑒−
𝜀S
𝑘𝑘, where N the no. atom sin the crystal and εs the 

energy that is necessary to produce a vacancy. 

Interstitial atom: atom not in the regular site but between lattice points. 

Frenkel defect: a pair of a vacancy and interstitial atom. 

Dislocation: line defect, edge and screw dislocation. 

Amorphous solid material: short-range order, constant volume and no own shape 
characterizes. 

Glass: amorphous state. 

Proposed problems: 1.32, 1.33, 1.34, 1.35 
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Chapter 6. Phase, phase diagram, phase transition 

The structure and properties of a material aren’t sure if we know its state. The solid carbon may be 
diamond or graphite e.g. with different structure and properties. The solid SiO2 may be quartz, 
cristobalite, tridymite or amorphous glass. If we know the materials that consist of the body and 
know the proportion of them it isn’t sure that we know these proportions in each domains of it. To 
characterize better these details we introduce the phase concept. 

What is the phase? 

The phase is a homogenous part of the material from physical and chemical viewpoint, too. If an ice 
cube floats in the water there are two phases – they are same from chemical viewpoint, but the 
physical state and structure are different. If we pour oil to the water, they consist of two phases, too 
– both of them are fluid but chemically are different. Sugar and water are in one phase – although
two molecules are in the solution, but any domain chemically and physically are similar, fluid and the 
proportion of the molecules are same, so the distribution of the molecules is homogenous. If we drop 
a sugar cube into the saturated sugar solution that isn’t dissolved and consist of a different phase 
both physical (solid) and chemical (pure sugar) viewpoint. 

What determines the phase of a body in the given circumstances? That phase is the most probable 
that has the smallest energy more accurate the smallest Gibbs free energy (see Gibbs free energy in 
the frame). This is called stable phase. There are two explanations if a body may be in different 
phases in the given circumstances: 

1. The phases have the same Gibbs free energy and they are in equilibrium to each other (e.g. 
ice cube in water at 0°C) 

2. One of the phase is more favorable but the transition to the more stable phase is very slow 
so it may be observed temporarily (e.g. at normal condition the diamond is unstable but the 
transition to the graphite is extremely slow). 

 

The phase diagram helps us to know the phases. 

𝐺 = 𝐸 + 𝑝𝑝 − 𝑇𝑇 , 

The free energy 

The Gibbs free energy (G) is an energy-related quantity familiar to the internal energy and so-
called thermodynamic potential. It may be used to describe chemical reactions and phase 
transitions well. It is introduced according to the next equation in thermodynamics, chemistry: 

where E is the internal energy, p is the pressure, V is the volume, T is the temperature and S is the 
entropy of the system. Unit: J and molar version J/mol. 

In thermodynamics the spontaneous reactions take place to the direction of decreasing Gibbs 
free energy at constant pressure and temperature. It may derive from the decreasing internal 
energy or increasing entropy, increasing disorder of the system (the TS item must be subtracted). 
Many reactions, processes (e.g. mixing the alcohol and water, dissolution of a gas in water etc.) 
involves decreasing volume and it also may decrease the free energy. It is suitable to characterize 
what phase is stable at given pressure and temperature that has the smallest G. 
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What is the phase diagram? 

The phase diagram is the plot of the phases as the function of different variables (e.g. temperature, 
pressure, constitution). It shows us the domains of the variables where the phases are stable like a 
map. See next some examples from the simple to the more complex one! 

Fig. 6.1 is a very simple diagram that shows us different phases of the water at 1 bar pressure. In this 
case the variable is the temperature. 

 

Fig. 6.1 Univariate simple phase diagram (H2O). 

It isn’t too frequent but the pressure may change also. Taking into the consideration it we can get a 
two dimensional map-like phase diagram that describes the behavior of the water. 

 

Fig. 6.2 Bivariate phase diagram (p – T) of the water. (Axes are not equidistant!) 

The separator lines between phases are the so-called phase boundaries. These lines correspond to 
the temperature and pressure values at which two (or more) phases are in equilibrium. E.g. at 1 bar, 
0 °C the ice and the water, at 1 bar 100 °C water and the steam are in equilibrium. The temperature 
coordinate of the solid-liquid phase boundary is the melting point (or freezing point from the 
opposite direction) and of the liquid-gas boundary is the boiling point (or the condensation point). 

Examining this diagram these values are shifted the melting less the boiling point more if the 
pressure changes. Increasing the pressure the boiling point becomes higher. The larger pressure 
keeps in the condensed phase (less volume) the water molecules opposite to the steam that has 
larger volume. The melting point a little bit decreases due to a similar reason. The structure of the ice 
a little bit „airy” (it is not so usual because normally the solid state is more compact with higher 
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density!). That is the reason why it is more difficult to freeze the water at higher pressure. Opposite 
to this one decreasing the pressure the temperature range of the liquid phase is smaller and it 
disappears at 6 mbar. Below this pressure only solid and gas phase are stable. The three phases are 
in equilibrium at the so-called triple point. 

The phase diagram of the carbon dioxide (CO2) may be seen in the Fig. 6.3. This is similar to the 
previous one excepting that the melting point increases with increasing pressure. Another difference 
that the pressure-coordinate of the triple point is 5.1 bar and at normal atmospheric pressure and -
78°C the solid carbon dioxide changes directly to the gas phase through sublimation (this is the origin 
of the name of dry ice) 

 

Fig. 6.3 p-T phase diagram of the carbon dioxide. 

The phase diagram of the carbon tells us that the diamond is unstable at room temperature (at least 
theoretically!). It is stable above 10 kbar at this temperature. Such kind of extreme circumstances are 
necessary to produce it. The graphite is stable in normal environment and the diamond should be 
converted into graphite. Fortunately this transition is very slow. 
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Fig. 6.4 p-T diagram of the carbon. 

The temperature and the composition are the variables in next examples. 

Fig. 6.5 shows the phase diagram of the water and the sugar (C12H22O11 + H2O). Dissolving sugar into 
the water at 20°C we can increase the sugar content to 63%. This is the solubility (saturation point). 
Over this limit the added sugar doesn’t dissolve. The solubility increases with increasing temperature 
e.g. in water of 100 °C even 80% of sugar may be solved. On the left side of the phase boundary only 
one phase may be found the liquid homogenous sugar solution. On the right side however both 
liquid, saturated solution and the solid sugar are in equilibrium. 

 

Fig. 6.5 Phase diagram of the mixture of the sugar and the water. 

Finally see a most complicated phase diagram, the behavior of the salt water (NaCl +H2O). In Fig .6.6 
on the left side the salt content is 0% so there is the clear water that is frozen at 0°C. Adding salt to 
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the water at 10°C the concentration may be increased to 27% about (A point in the figure). The right 
branch of the curve C is the solubility curve that is similar to the same curve in the previous figure. 
This extends to the – 21 °C so till about 24% of salt content the solution isn’t frozen. What happens 
to a solution containing 27% of salt at 10 °C if we start to cool it? 3% of salt precipitates slowly and at 
-21 °C (B point) the solution is frozen. Two substances, salt and water are separated at frozen and 
salt and ice crystals may be found in the solid phase. Similar events may be observed if a 10% of a 
salt solution is cooled from 10 °C. Salt crystals precipitate reaching the -7 °C (C point) while the 
remaining solution becomes more concentrated and at -21 °C (D point) the whole system is frozen 
with separated ice and salt crystals. In the middle range of the diagram only one phase may be found 
(liquid homogenous salt solution) but two may be found in the remaining three domains. They are 
liquid salt solution with salt crystals on the right side, ice crystals on the left side and solid substance 
containing ice and salt crystals below. It may be understood on the base of the figure, how it is 
possible to unfreeze the ice at – 7°C adding salt (e.g. 10%) to it. (The yellow dashed arrow that shovs 
to the C point). 

 

Fig 6.6 Phase diagram of the mixture of the salt (NaCl) and the water (a part only) 

Such kind of the interesting phase diagram like the salt water is called eutectic diagram. We can meet 
these diagrams in the case of metallic and ceramic alloys. 

In the last part of this chapter we deal with the phase transition. 

Phase transitions 

Travelling through the phase boundary phase transition happens to the substance and the unstable 
phase in the new circumstances is transformed into a new stable one. This means dissolution 
changing the composition or boiling changing the temperature or the pressure e.g. Now we deal 
with the transitions due to the changing of the temperature only. 
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Travelling trough the phase boundary is called phase transition and we use Ttransition to sign this 
temperature. Specifically the solid-liquid transition is called melting or freezing (solidification, 
crystallization) and the appropriating temperature is the melting point (freezing, solidification, 
crystallization point) and we sign it by Tm. The liquid-gas transition is called boiling or condensation 
and the temperature is the boiling point (condensation point) and it is signed as Tb. Finally the solid-
gas transition is the sublimation or deposition and the temperature is sublimation or deposition point 
and the sign of it is the Ts. (Fig. 6.7) 

 

Fig. 6.7 Name of the phase transitions and the sign of the transition temperatures. 

The melting and boiling point are determined mainly by the bond energy of the atoms, molecules. 
The atomic crystals (e.g. diamond 3550 °C) and the ionic crystals (e.g. MgO 2800 °C) have the highest 
melting point. In the metallic crystals a little bit less (e.g. iron 1538 °C) and in the substance with 
secondary bonds are the smallest (e.g. ice 0 °C or neon -210 °C). 

At the phase boundary the Gibb's free energy of the two phases are the same. On the two sides of 
the boundary one of them has less energy. Fig. 6.8 presents the Gibb's free energy change as the 
function of the temperature. 
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Fig. 6.8 Gibb's free energy change of a material in temperature 



Untill the Tm point the energy of the solid phase is smallest but at that point due to the steeper 
decreasing of the liquid curve cuts the curve of the solid state and decreases below that. (Higher 
negative slope is due to the larger disorder, entropy of the fluid.) Above the Tb similar is valid for the 
curve of the gas-phase. Travelling through the phase boundary quickly, changing the temperature on 
a large scale, the Gibb's free energies are different more strongly and the driving force becomes 
higher. This speeds up the transition. 

The observation of the phase transition normally is not based on the measurement of the Gibbs free 
energy. Several well-observable properties of the substance change during the transition like the 
volume, or specific volume (v). On the base of the nature of the changing we can classify them as first 
or second order transition. (Fig. 6.9) 

 

Fig. 6.9 Classification of the phase transitions 

The specific volume (and many other properties) changes rapidly, this is a discontinuous change, 
during the first order transition. The transition of the polymorph types of the SiO2 and the melting of 
the quartz crystal (Fig. 6.10). Similar phenomenon is the melting of the ice but in this case the volume 
decreases (Fig. 6.11) 
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Fig. 6.10 First order transitions of the SiO2. 

 

Fig. 6.11 Melting of the ice (H2O). First order transition. 

During the second order transition the specific volume (and other many properties) changes 
gradually the changing is not discontinuous. Such kind of a process is the melting of the amorphous 
SiO2 or the glass formation of the melt (Fig. 6.12). (It isn’t entirely clear whether the glass formation 
is a phase transition or not. This process is called sometimes as pseudo second order one.) 
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Fig. 6.12 Glass formation of the SiO2 (second order transition). The first order transitions may be seen 
as alternatives. 

The glass formation is an alternative version of the crystallization in the case of several substances. It 
is an interesting and is not a well discovered and mysterious process. Many physicists think that the 
crystal is the stable structure and the amorphous glass phase is only unstable one. Though glass may 
be produced almost from every substance only the liquid must be frozen very quickly. During this 
frozen there is no time for the particles to find the appropriate more favorable crystal site and 
trapped in the more disordered one. The viscosity of the material increases over 1012 Pas due to the 
cooling. The more simple substances like metals may not be trapped easily and very rapid cooling is 
necessary. Materials containing more complex particles like the SiO2 it is easier. In the case of the 
long polymer molecules slow cooling may produce glass even the crystallization is harder or perhaps 
it is impossible. The temperature where the „frozen” of the fluid happens to is called glass transition 
temperature (Tg). It is not so easy to determine this temperature due to the continuous changing of 
the properties. On the other hand this value depends strongly on different factors like speed of the 
cooling, the fate of it and the observed properties. Anyway this temperature is always below the 
crystallization point: Tg < Tc. For example the SiO2 melt crystallizes at 1713 °C to crystobalite and 
about at 1200°C forms glass. 

Examine the phase transitions! What is the mechanism of them? 

The mechanism of the phase transition 

Exactly at the phase boundary the two phases are in equilibrium and they do not transform to each 
other. More or less overcooling or superheat is necessary for phase transition. Fig. 6.8 shows that 
larger overcooling or superheat produces larger instability and the Gibbs energy differences is also 
bigger and parallel the driving force increases. 

This is true for every phase transition but for simplicity speak about the frozen or crystallization. How 
do the particle find the appropriate crystal site in the melt? The method in this case also is the trial as 
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usual in the nature. During the random motion of the particles it is possible to form an ordered 
domain that is the so-called nucleus (Fig. 6.13). 

 

Fig. 6.13 Nucleus is the created crystalline domain in the liquid due to the random motions. 

This domain is unstable yet and breaks up easily but may be reformed elsewhere. If the size of the 
domain achieves a certain extent may become stable and start to increase. It is possible in different 
points of course. These nodes may be the crystallization points in the substance. There are two 
stages of the crystallization: nucleation and growth. See these processes in detail! 

1. During the nucleation in the formed small nucleus the atoms are in closer bonds and it is more 
favorable. The Gibb's free energy decrease is proportional to the number of the atoms, so to the volume. 
Considering a spherical nucleus it is proportional to the r3. At the same time a boundary between the 
solid and the liquid is created and this is unfavorable. The increase of the free energy in this case is 
proportional to the r2. The free energy change compared to the solution (∆G) is the sum of the two 
curves and is show in Fig. 6.14. According to this resultant curve initially the nucleation is unfavorable 
and only after a so-called critical radius (r*) start to decrease. 

 

Fig. 6.14 The energetics of the nucleation. (The dot line is the excess energy of the boundaries, the 
dashed line is the decrease of the crystallization and the solid line is the resultant.) 

46

Chapter 6. Phase, phase diagram, phase transition



Important question is the dependency of the nucleation frequency on the temperature. (Notice: the 
crystallization is the consequence of the cooling therefore we investigate the changing of the 
phenomena due to the temperature decrease.) 

There is an energy barrier to produce stable nucleus according to the Fig. 6.14. Decreasing the 
temperature this barrier decreases rapidly moreover the solid phase inside the nucleus has less and 
less energy thus the nucleation becomes more favorable. Finally we can say that the „driving force” 
of the nucleation increases enough quickly with decreasing temperature according to the solid red 
curve on the Fig. 6.15. This is only the driving force. In order to form a nucleus it is necessary that the 
atoms are enough mobile in the liquid phase because the atoms don’t form nucleus without motion. 

The diffusive motion of the atoms decreases enough quickly with decreasing temperature according 
to the black dashed line on Fig. 6.15 (see diffusion in the frame). 

These two phenomena together namely the product of the two curves results the actual frequency 
of the nucleation – this is the blue curve on Fig. 6.15. We can see that serious overcooling is 
necessary to produce significant frequency for example 200°C in the case of the silver and about 
300°C if the substance is the palladium. 

 

Fig. 6.15 Temperature dependency of the factors playing role in the nucleation and the frequency of 
this process. 
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If only the own atoms of the melt take place in the nucleation we speak about homogenous 
nucleation. Opposite to this one if it happens to the existing surface (e.g. on the wall of the dish, on 
the solid pollutant grains added to the melt) it is called heterogeneous nucleation. It is more 
favorable, so this is the dominant in the practice. There is not too large overcooling in this case as 
was mentioned previously. 

2. The growth of the stable nuclei requires the diffusive motion of the atoms, too that depends on 
the temperature according to the black dashed line in Fig. 6.15. 

Finally the speed of the nucleation is determined by these two processes, the frequency of the 
nucleation and the speed of the growth. The dependency of the crystallization is the product of the 
two curves again: the curve of the frequency of the nucleation (blue curve in Fig. 6.16) and the curve 
describing the diffusive motion of the atoms (black dashed line in Fig. 6.16). The result is the red 
curve in fig. 6.16. 

 

Fig. 6.16 Temperature dependency of the factors that play role in the crystallization and the speed of 
this process. 

𝐷 =
𝑘𝑇

6𝜋𝜋𝜋
 , 

𝐷 = 𝐷0𝑒−
Δ𝐸
𝑅𝑅  

Diffusion 

The diffusion is the process when atoms, molecules try to distribute equally in the volume 
(equalization of the concentration) through the molecular motion. The speed of the diffusion 
basically is determined by the concentration difference but more other factors influence it and 
they are summarized in the diffusion coefficient (D). If the particle has spherical shape: 

where T the temperature, η the viscosity and r the radius of the particle. Decreasing the 
temperature the diffusion coefficient decreases not only due to the temperature in the nominator 
but due to the increasing viscosity in the denominator! Finally, the dependency of the diffusion 
coefficient on the temperature is described by the next equation. This function appears as a black 
dashed line in Fig. 6.15. and in Fig. 6.16. 
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An interesting conclusion may be withdrawn from the Fig. 6.16. If we try to growth a single crystal than 
the whole process must be originated from one nucleus. It is possible if the rate of the nucleation is 
small and the growth is fast. This is the situation a little bit below the Tm, so a small overcooling is 
only necessary to growth a single crystal (T1 temperature of the Fig. 6.16). 

In the case of stronger overcooling – the main part of the temperature range of the red curve – the 
product is a polycrystalline. Inside this range at T2 temperature – where the nucleation is slow and 
the growth is fast – the polycrystalline contains a few but large grains, while at T3 – where the 
nucleation is fast and the growth is slow – this contains many small grains. The grain structure of an 
iron alloy (Fe-C) may be seen in Fig. 6.17. The rough grain structure was produced at 690°C while the 
fine grain at 540°C (the phase transition temperature is 727°C). The grain size influences several 
properties like electric and thermal conductivity, optical and mechanical ones. For example the fine 
grain structure is less plastic, the yield point and the strength is higher. 

 

Fig. 6.17 a) rough grain and (b) fine grain structure (iron alloy) 

Returning to the Fig. 6.16 if we are able to cool enough fast the melt below the red curve (Fig. 6.16  
T4 temperature) and to avoid the crystallization, the product is an amorphous glass. 
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Phase: chemically and physically a homogenous material. The stable phase has free 
energy minimum in the given circumstances. 

Phase diagram: provides the domains of the variables where the different phases are 
stable. These domains are separated by the phase boundaries where two phases are in 
equilibrium. 

Phase transition: transformation of an unstable phase to a stable one at a given 
circumstances. 

First order transition: a discontinuous change happens to the properties (e.g. specific 
volume) during the transition. 

Second order transition: continuous change in properties (e.g. specific volume). 

Glass formation: overcooling a liquid the viscosity increases several orders of magnitude 
and „freezing” the internal structure without forming a crystal structure. It takes place 
around glass formation point (Tg). It is a second order transition. 

Nucleation: formation the structure that characterizes the new phase in a very small 
domain of the material during the phase transition (e.g. crystallization). In the 
homogenous nucleation only the particles of the old phase take place. In the 
heterogeneous one it produces on the existing surfaces (e.g. the surface of the vessel). 

Proposed problems: – 
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Chapter 7. Surface phenomena 

Phenomena appearing on the surface of a body or at the boundary of two bodies play role in 
dentistry practice. For example, how does a brush material wet the enamel or how does a filling 
material adhere to the dentine? 

The attractive forces bretween atoms, molecules inside a body are called cohesive forces and the 
phenomenon is called cohesion (Fig. 7.1). The forces appearing between atoms, molecules on the 
contact surface of two different substances are called adhesive forces and the attraction between 
the two bodies is called adhesion. 

 

Fig. 7.1 Cohesive and adhesive forces. The resultant of the cohesive forces acting on the molecule on 
the surface is not zero. 

The adhesion is a phenomenon of a boundary, as it may be seen in the definition, but the cohesion is 
not. Sometimes this may produce a consequence that is also surface phenomenon. The position of 
an atom or molecule on the surface is an asymmetric one the cohesive forces acts from one side 
only. Deal with this phenomenon first! 

Surface energy (surface tension) 

Inside the body the attractive forces which act on a particle are the same from all directions and the 
resultant is zero and the particle is in equilibrium and its energy has minimum (Fig. 7.1). The situation 
is entirely different on the surface! The cohesive forces act only from inside the body. The resultant 
force is not zero and shows inside the body and try to diminish the surface so it is practically 
stretched. The energy of the particles is higher and an extra energy appears in the surface layer. It 
means that work is necessary to increase the surface. New particles must be taken to the surface 
from the inner region and they are in higher energy state. This is the base of the definition of the 
surface energy or surface tension (σ): 

𝜎 =
Δ𝐸
Δ𝐴

 , [7.1] 

where ∆E the energy that is necessary to increase the surface by ∆A. The unit of the surface energy is 
J/m2 that may be reduced to N/m. If the cohesive forces between particles are larger bigger energy is 
necessary to move the particles to the surface and the σ is higher, too. The surface energy is the 
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measure of the cohesion. We can say that the larger σ means that the particles like each other better 
and they turn away from the outer space. (Increasing this idea the surface energy, surface tension 
may be considered as the measure of the narcissism of the particles.) 

 

A few notices to this new quantity: 

When we didn’t draw forces from the direction of the gas in Fig. 7.1 we neglected small interactions 
that are possible between particles of the liquid and the gas. This is really very small due to the low 
density of the gas. In the exact definition of the surface energy the substance is in contact with 
vacuum. According to this definition the surface energy characterizes only the substance. In fact the 
air is in contact with the examined material and we use the values relative to the air and these values 
are in the Table 7-1. 

 

Narcissus’s story 

Narcissus was a beautiful young but a half-hearted and retractive man. When he rejected the love 
of the nymph Echo she wastes away, until she remained a voice. The other nymphs asked 
Aphrodite to revenge. She arranged that Narcissus felt in love with own portrait catching a 
glimpse of it in the water of a forest fount. He died due to the unsatisfied love. He turned into a 
yellow flower that is called daffodil or narcissus. This story becomes allegory of the pathological 
self-congratulation, turning on itself. 

Table 7–1. Surface energy of some materials (in air at 20°C) 

 material σ (mJ/m2) 

liquids 

saliva* ≈ 50 

blood ≈ 60 

alcohol  23 

paraffin 25 

oleic acid 32 

water 73 

mercury 484 

solids 

enamel ≈ 87 

dentine ≈ 92 

PTFE (teflon) 24 

paraffin 25 

PMMA  37 

 

*Water surface tension is large while the saliva has less value due to its 
surfactant materials. 
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The σ may be used in the case of liquids and solids. While the surface energy is more frequently used 
in the case of the solids as long as the surface tension is more frequent for liquid. (Anyway else the 
„specific surface energy” would be better instead of the „surface energy” because this name shows 
us that this is a quantity for unit surface.) 

The cohesive forces become weaker with increasing temperature and the attractive force that acts 
on the particles becomes less on the surface. The surface energy is smaller at higher temperature. 
The changing of the surface tension of the water may be seen in Fig. 7.2. 

 

Fig. 7.2 Temperature dependecy of the water surface tension 

There are a few, simple, well-observable consequences of this phenomenon. The spherical shape of a 
liquid drop is due to the surface tension (Fig. 7.3). It may be seen clearly only in the absence of 
different distorting external effects (e.g. supporting surface, or air resistance) for example if a drop 
levitates. The liquid try to take on the shape that has the smallest surface and it is the sphere if the 
volume is given. 

       

Fig. 7.3 Consequence of the surface tension – spherical shape of a water drop 

Another consequence is the motion of the water-spider on the surface of the water and easier 
objects e.g. smaller coin don’t merge into the water if they are on the surface (Fig. 7.4). The object 
put on the surface press in this increasing the surface. The liquid exerts resistance against this 
increase and this arising force is enough to keep the object on the surface. 
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Fig. 7.4 Consequence of the surface tension  water spider and the coin on the water surface 

Finally a spectacular consequence: if a soap film bubble is blown up with a straw and before the 
bubble parts from the straw the bubble disappears, pops back into the straw (Fig. 7.5). This 
phenomenon also proves the intention to the smallest surface. 

 (There is no similar, well-observable consequence of the surface energy in the case of solids. The 
shape is stable and due to the solid state it is not so surprising that the coin doesn’t merge.) 

 

Fig. 7.5 Surface tension produces pressure inside the soap film bubble and air efflux 

The surface energy characterizes the substance, showing the strength the stick between particles of 
the material. In reality a substance is in contact to another one and if that is not a gas we must take 
into the consideration the adhesion between them. 

Adhesion 

We can introduce a quantity similar to the surface energy to characterize the boundary between two 
materials. This quantity is the interfacial energy that the energy changes when the area of the 
boundary between two materials changes. (If we give the interfacial energy we must define the two 
substances.) 

If the interfacial energy is less than the surface energy of the two materials the system has less 
energy than they are separated. This means attraction between the two substances that ensures the 
less or more aggregation of them. 
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The aggregation of two different substances is the adhesion. (The adhesive forces keep the water 
drops on the spider-web in Fig.7.6.) There may be several reasons of these forces according to the 
usual classification there is mechanical, chemical, electrostatic and diffusive adhesion. 

 

Fig. 7.6 Water drops on a cobwebb – example for adhesion 

There is no any connection between mechanical adhesion and molecular forces! (We follow the usual 
way when we discuss it at the adhesion.) In this case hooks and loops are formed on the surface and 
they link to each other when the two surfaces are compressed. This is realized in the hook-and-loop 
fastener or velcro (Fig. 7.7). 

      

Fig. 7.7 Velcro – example for mechanical adhesion 

Chemical adhesion derives from the ionic, covalent or H-bonds and it means relatively strong link 
between the two surfaces. The adhesion of the silicon to the glass is such kind of phenomenon 
(aquarium glue). 

Dispersive adhesion is based on the van der Waals forces. They are weak but due to the large 
number of them the result is a good adhesion. (This kind of adherence is called adhesion in the 
narrow sense.) This is the most general type and may appear between any substances. For example 
this is the reason why the gecko is able to adhere to any wall and it is the  prototype of more 
adhesive plastics (see in the frame). 
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The electrostatic adhesion may appear if two surfaces have different charge. This is the reason of the 
adhesion of a plastic film to the dress after tearing or rubbing. 

Diffusive adhesion appears when two materials are able to merge at the joint by diffusion. This 
phenomenon may be observed in the case of the sintering of the ceramics or in the case of soldering. 

Apart from the mechanical and electrostatic adhesion it is true for every type that the surfaces must 
be very close to each other. In the case of solids due to the roughness of them it is only valid in a few 
points of the surface. The surface must be very smooth to increase the effective surface to prevail 
the molecular forces. There is a higher chance if one of the materials is elastic, flexible or very dense 
elastic filaments are on the surface (see gecko’s foot). The situation is different on the solid-liquid 
boundary where the fluid is able to flow into the slits and fill in the roughness. The realization of this 
depends on the wetting ability of fluid (see next part). The rapidity depends on the viscosity of the 
fluid. 

It is true for every type of the adhesion that the adhesive force is proportional to the area of the 
surface contact to each other. 

In dentistry there is a contact between liquid and solid like enamel very frequently. This is a special 
case of the adhesion. There is a serious question about the interfacial energies and how spread the 
liquid out on the enamel so the wetting of the fluid. 

Super adhesion (gecko’s footpads) 

The gecko easily runs about the flattest surface e.g. on the ceiling. It was mystery how this small 
animal is able to adhere to any substance. The experiments done at the beginning of 2000 years 
proved that the solution is van der Waals forces. There is millions of hairs on the footpad of the 
gecko. The length of them is about 100 µm (Fig. 7.8). 

 
Fig. 7.8 Gecko’s foot with microscopic hairs and pads 

Every hair branches hundreds of microscopic pads with 1 µm length. When the gecko lay down 
the foot due to the elasticity of the hairs these millions of pads get closer to the surface than the 
range of the van der Waals forces. The sum of the small forces due to the large surface is able to 
keep not only the weight of the gecko but even a 100 kg load if all hairs were used at the same 
time. How is the gecko able take up its foot? It is impossible to remove all pads from the surface 
but it may be done in smaller parts after each other. 

The imitation of the gecko’s foot excellent adhesive film may be done and removing them there is 
no any remaining material on the surface. It also may be observed that to remove a large film is 
very hard but to pull down from one end is easier. 
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Wetting 

There is an observation that the shape of the water drop is different on different substances. It has 
quasi spherical shape on a material and spread out well on another one (Fig. 7.9). The water spreads 
out quite well on the surface of a metal or glass and hardly on the surface of the teflon. 

             

Fig. 7.9 Water drops on different materials (metal, glass, wax) 

The first question that arises: how can we characterize the shape of the drop? The second one: what 
influences the shape? The shape may be characterized by the contact angle (θ) (Fig. 7.10). 

 

Fig. 7.10 Determination of the contact angle (θ). Wet fluid 0 ≤ θ ≤ 90°, not weeing fluid folyadéknál 
90° ≤ θ ≤ 180° 

The possible range of the contact angle is between 0° (total spreading) and 180° (exact sphere). 
Smaller θ means better ability to wet the solid surface. On the base of an arbitrary but simple 
classification the liquid wets the material if the angle is between 0° and 90° if this angle is between 
90° and 180° this is a non-wetting fluid. The contact angle of the water on platinum e.g. about 5°, on 
glass 20°, on paraffin 108° and on the special treated teflon is nearly 180°. 

What influences the contact angle and thus the shape of the drop? It depends on how much is the 
cohesive force in the materials and how much forces arise at the boundary of the two substances. 
The shape will be that has the smallest total energy. From this we can derive a formula to calculate 
the contact angle (see derivation in the frame). 
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The result is the Young’s relation: 

cos𝜃 =
𝜎sz − 𝜎sz,f

𝜎f
 , [7.2] 

where σs and σl are the surface energy of the solid or liquid and σs,l is the interfacial energy of them. 

What kind of contact angle derives from the Young’s relation at different energies? Considering the 
right side of the [7.2] equation there are three different cases: 

1. if σsz,f· < σsz that results 0 < cosθ  and 0 < θ < 90°. This inequality means that the boundary of 
the solid and the liquid is more favorable than the bare solid material. The result is a good 
wetting. 

𝜎sz,f ∙ Δ𝐴 − 𝜎sz ∙ Δ𝐴 + 𝜎f ∙ Δ𝐴 ∙ cos𝜃 = 0 . 

cos𝜃 =
𝜎sz − 𝜎sz,f

𝜎f
 . 

Derivation of the Young’s equation 

The shape is more favorable if the system has the smallest total energy. This is the base point of 
the deduction. If we change the shape in this equilibrium state, the total energy doesn’t change 
practically. Theoretically compress the drop to spread better and the contact surface to the solid is 
a little bit larger. ∆A is the increase of the contact surface (the ring in Fig. 7.11). According to the 
larger surface the energy of the system increases by σs,l·∆A, where σs,l is the interfacial energy of 
the solid-liquid boundary. Opposite to this increase the surface of the solid (contact to the air) 
decreases and the energy decreases also by σs·∆A. Finally, the surface of the liquid (contact to the 
air) increases a little bit too due to the changing of the shape. The changing of the surface is 
∆A·cosθ  (belt shape in Fig. 7.11) that results σf·∆A·cosθ  extra energy. The changing of the total 
energy is the sum of these energies and we know being zero, so 

Simplifying and rearranging this we can get the so-called Young’s relation: 

 
Fig. 7.11 Derivation of the Young’s equation 
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2. if σsz,f· = σsz the 0 = cosθ  and θ = 90°. In this case the solid-liquid interface and the bare solid 
surface are similar to each other from energetic viewpoint. 

3. if σsz < σsz,f the cosθ < 0 and 90° < θ < 180°. In such cases the bare solid surface is more 
favorable and the liquid doesn’t wet the surface. 

The consequence of the wetting is that the water column is higher in narrow tubes (so-called 
capillary tubes) than in wider one (Fig. 7.12). The interpretation of the phenomenon is the next: the 
water relatively wets well the glass so the water-glass interface is more favorable then the pour 
water surface and the water tries to increase the contact surface.  The surface tension of the mercury 
is extremely large and doesn’t wet the glass so the boundary of them will be as small as possible that 
explains the depletion of the mercury column (Fig. 7.12). 

 

Fig. 7.12 Capillarity in the case of wetting and non-wetting fluid 

The biological importance of the capillarity may be observed in the water uptake of the plants. Other 
practical consequence is that the porous materials are able to soak up very high the water if the 
water wets them (Fig. 7.13). The carious part of the tooth is porous opposite to the intact enamel 
and these parts are able to soak in the water and the dissolved substances (e.g. sugar). 

 

Fig. 7.13 A porous material (brick) absorbs water on the base of capillarity 
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Cohesion: to stick together a body that is ensured by the attractive forces between 
atoms, molecules. 

Adhesion: aggregation of two different bodies. 

Surface energy (surface tension): 𝜎 = Δ𝐸
Δ𝐴

, where ∆E the energy that is necessary to 
increase the surface by ∆A. The unit is J/m2. (The substance contacts to the air.) 

Interfacial energy: the surface energy of the boundary of two different materials, the 
energy that is necessary to increase the boundary by unit. The unit is J/m2. 

Wetting: The spreading of a liquid drop on the solid surface. Wetting fluid spreads well 
and the contact angle is between 0 and 90°. The non-wetting one spreads hardly and the 
angle is between 90 and 180°. 

Proposed problems: 1.24, 1.25, 1.26, 1.27 
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Chapter 8. Methods of structural analysis 

In the previous chapters we learnt many features of the materials from the atomic size to the visible 
range. Fig. 8.1 is the summation of these features and a few typical extent range. 

 

Fig. 8.1 Typical size ranges of different material structures 

In this chapter we deal with the problem how can we know, explore the structure of the substances. 
We confined to the most important microscopic and diffraction methods used in the material 
science. 

Certain structural features may be seen even by eye for example large grains or macroscopic failures 
e.g. crack if the size is over the resolution of the human eye. This value is about 0.1 mm at the clear-
sight distance (about 25 cm). In this case we can see only the surface. If we try to insight the body 
than we must use a physical imaging technics like the conventional X-ray imaging or using gamma-ray 
(radiography) or ultrasound examination. 

There are several microscopic and diffraction methods to observe the structural features invisible by 
eye. 

Microscopic methods 

We deal with the light microscopes firstly and later with the electron microscopes finally with the 
scanning microscopes following the development of these methods. 

1. Light microscopes  

The theoretical structure and the image formation of a simple light microscope may be seen in 
Fig. 8.2. 
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Fig. 8.2 Strucure and image formation of a lightmicroscope 

The so-called intermediate image of the object, placed out the focal length of the objective but close 
to the focal point, is a magnified, reversed and real one. This real image is observed through the 
ocular. While the intermediate image is always inside the focal length of the ocular the final image is 
magnified, reversed and virtual. The magnification of the microscope (N) is the product of the 
magnification of the two lenses: 

𝑁 = 𝑁obj ∙ 𝑁oc = −
𝑑 ∙ 𝑎

𝑓obj ∙ 𝑓oc
 , 

where d is the tube length (the distance between the focal points of the two lenses), a is the clear-
sight distance (about 25 cm) and f is the focal length. Theoretically the magnification may be as high 
as possible according to the formula. Above about 500 we can increase the magnification but there is 
no more visible details in the visual field only the image is larger. The reason is the resolving power of 
the microscope. 

The resolving power (δ) of the light microscope is the distance between two object points when they 
may be seen separately in the visual field. According to the Abb’s principle the next equation results 
this distance: 
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𝛿 = 0.61
𝜆

𝑛 sin𝜔
= 0.61

𝜆
NA

 , [8.1] 

where λ the wavelength, n is the refractive index of the substance between the object and the 
objective (as usual air), ω is the half-aperture of the objective, NA is the name of the denominator 
the so-called numeric aperture. The resolution of the microscope is the reciprocal to this quantity. 

How can we increase the resolving power? There are two ways decreasing the wavelength or 
increasing the numerical aperture but each method has a certain limit. We can use an immersion 
liquid instead of the air to increase the numerical aperture but this increase is about 1.4 only. The 
wavelength may not be decreased below about 500 nm taking into the consideration the sensitivity 
curve of the human eye and the smallest resolved distance is about 200 nm. We can utilize this 
resolution if the magnification is 500 because 500x200 nm = 0.1 mm that is may be resolved by the 
human eye. If the magnification is higher larger image is produced but there are no new details only 
the observation may be easier. This extra magnification is the so-called empty magnification. 

The object observed in the microscope must be transparent more or less, so it must be enough thin. 
We can observe the surface of the substances ( e.g. metals, many ceramics, polymers) that are no 
transparent if the section is thin and we must use other illumination. The object is illuminated from 
up in the so-called metal microscope (Fig 8.3). (Of course other materials may be observed in this 
microscope but this method was developed for metals and this is the origin of the name.) 

 

Fig. 8.3 Top lighting to observe opaque objects (metal microscope) 

The surface must be prepared carefully in general in order to study the microstructure: the first step 
is a courser after a finer grinding while the surface becomes enough bare the final step is a chemical 
treatment (e.g. acid etching). There are different responses inside the grains and on the boundary of 
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the grains in a polycrystalline material. There are many defects at the boundaries the structure is 
looser and the atoms may be removed easier and the boundaries become better visible. (Fig. 8.4). 
We can use such kind of chemical treatment when the reaction of the grains with different size is 
different due to e.g. the composition or orientation (Fig. 8.5). 

 

Fig. 8.4 Increasing the visiblity of the grain boundaries in metal microscope 

   

Fig. 8.5 Better separation of polycrystalline grains in metal microscope 

If we intend to analyze structures with less size than the resolution of the light microscope we can 
use electron microscope. 
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2. Electron microscopes 

Electron beams are used in the electron microscope instead of the light rays. The wavelength of the 
electron beam (see text in the frame) is seriously shorter that of the light and the resolution is better 
and the useful magnification is larger. In addition to this one the wavelength may be controlled easily 
the change of the accelerating voltage (V): 

𝜆 =
ℎ

√2𝑒𝑚𝑒
 , [8.2] 

where h is the Planck constant, e is the elementary charge, m is the mass of the electron. Using 
appropriate high voltage e.g. the wavelength may be about 5 pm that is about 5 magnitudes shorter 
than that of the 500 nm light. Unfortunately the increase of the resolution is not so large. The 
numeric aperture of the electron lenses used in the microscope is worse compared to the optical 
lenses not higher than about 0.02. Therefore the equation [8.1] is valid for the electron microscopes 
and the increase is about only 3 magnitudes and the resolution is about 0.2 nm. This is allows even 
one million of magnification. 

 

It is possible to form image using trans-illumination (transmission microscope) or scanning (scanning 
microscope) methods in the electron microscope, too. (The different electron microscopes and the 

𝜆 =
ℎ
𝑚𝑚

 , 

𝜆 =
ℎ

√2𝑒𝑚𝑒
 . 

Wave nature of the electron beam 

At first Louis de Broglie assumed that the electron ray or any other particle radiation has a wave 
nature. Davisson and Germer proved this hypothesis in their diffraction experiment in 1923. The 
particle radiation is the so-called matter wave. De Broglie determined the equation to calculate 
the wavelength: 

where h is the Planck constant, mv is the momentum of the electrons, m is the mass and v is the 
velocity. Increasing the velocity of the electrons the wavelength becomes smaller. Electrons 
deliberated from the cathode by heat are accelerated by an electric field in the electron 
microscope. The work of the electric field on an electron is e⋅U, where e is the elementary charge. 
If we suppose that the initial velocity of the electrons is zero than the kinetic energy at the end of 
the acceleration is: 

1
2
𝑚𝑚2 = 𝑒𝑒, 

and expressing the velocity from this equation and written into the de Broglie’s equation we can 
get the wavelength of the electron ray at a certain accelerating voltage: 

 (In this case we suppose that the mass of the electron doesn’t change during the acceleration. 
This is not true because the velocity of the electrons so high in the electron microscope that the 
relativistic mass increase may not be neglected, but taking into the consideration this change is 
over the goal of this textbook. We can say that the equation [8.2] is only an estimation of the 
wavelength.) 
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other microscopes, mentioned later, are frequently named with an acronym and we provide them 
also.) 

Essentially the structure of the transmission electron microscope – TEM is similar to the common 
light microscope. We must replace of course the optical elements by the appropriate electro-optical 
ones. Instead of the light source an electron gun provides the electron beam. The electrons are 
deliberated from the hot cathode by thermal emission and another electrode the anode, more 
exactly the electric voltage between electrodes, is used to accelerate them.  Electrostatic or 
electromagnetic lenses are used to form an appropriate electron beam and image. The electron 
beam, travelling through the examined sample, is scattered on different details and this results the 
contrast. Visible image is produced on a fluorescent display, on a film or nowadays on an electron 
detector. This detector detects it and converts into the electric signal and this appears on the display 
of a computer. The sample must be enough thin in order to transmit the electron beam. On the other 
hand to ensure the good propagation of the electron beam the sample must be in vacuum. If the 
sample is not suitable for this it must be fixed. 

The scanning electron microscope – SEM (Fig. 8.6) is different from the TEM and in this case a thin 
well-focused electron beam is led on the surface of the sample using a controlling unit. This process 
is the scanning. The back-scattered electrons from the points of the surface are measured by a 
detector and we can construct an image. Instead of the back-scattered electrons we can observe the 
secondary electrons or the X-ray produced in the sample. Different information may be obtained 
using these alternative possibilities e.g. the composition of the surface. 

 

Fig. 8.6 Structure of the scanning electron microscope (SEM)  
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3. Scanning probe microscopes 

These microscopes are entirely different from the previous ones and there are several versions. We 
deal only with the most important two of the about 30 microscopes. 

The common feature of the scanning probe microscopes that not radiation is used to form image but 
a very sharp needle as probe is used to scan the surface. The probe must be really very sharp to test 
very small part of the surface, anyway else the resolution is bad. There is quasy only one atom at the 
tip of the best probes (Fig 8.7). The probe is moved over the sample very close to it. The interactions, 
forces between the atoms, molecules of the sample and the probe are used to form an image. The 
scanning tunneling microscope  and the atomic force microscope will be shown here. 

 

Fig. 8.7 Tip-like probe of a scanning probe mikroscope 

 

There is an electric voltage between the probe and the sample in the scanning tunneling microscope 
– STM. Although there is no direct contact but if the tip is enough close to the surface an electric 
current may be measured. If the tip is closer to the surface the current is larger. This current is the 
tunneling current because the electrons are able to leave the sample due to the quantum tunneling 
effect produce it and this is the origin of the name of this microscope. (The tunneling effect is a 
quantum mechanical effect because according to the classic physics there is no possibility to 
deliberate the electrons from the sample without extra energy.) Moving the probe at constant height 
over the sample the current varies according to the distance and this result the image. Alternative 

The tunneling effect 

The tunneling effect is a quantum mechanical process when the elementary particles are able to 
travel through barriers with a certain probability that is impossible on the bases of the law of the 
classic physics. A funny metaphor that a lion appears among the people out of the cage in a circus 
so nobody saw to climb over the cage and the cage is intact. Another example is that a person 
passes through a hill without climbing up and appears on the other side as walking through a 
tunnel without any tunnel. This is the origin of the name. This is not understandable in ordinary 
sense but it may happen. This may be observed when α-particles leave the nucleus against the 
energy barrier (α-decay) or deliberation of the electrons from metals without heat (cold electron 
emission). There is no enough energy in these cases to surmount the barrier but there is a small 
probability to leave it. This cold emission is the reason of the appearance of the electrons out of 
the sample. The number of the electrons is higher if the probe is closer the sample and this is the 
base of the contrast and the image formation. 
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methods: Using a feed-back mechanism the probe is moved up and down to keep the current 
constant and the image is formed on the base of the vertical motion of the tip. 

The probe may be found on a very weak leaf spring (cantilever) in the atomic force microscope – 
AFM (Fig. 8.8). If the probe is enough close to the surface atomic interactions, forces appear between 
atoms of the probe and the sample. If the cantilever is enough weak the deflection due to the forces 
may be observed. The fine movements of the spring may be magnified using a laser beam in order to 
measure easier. The light beam reflects back from the surface of the cantilever. The motion of the 
beam is detected by a special light detector and this is the base of the image formation. 

      

a)                                                                  b) 

Fig. 8.8 Structure of the atomic force microscope (AFM) (a), a real AFM and a typical AFM image (b) 

The material of the probe determines what kind of the interactions may be observed. Selecting an 
appropriate probe we can measure selectively the electrostatic forces (electrostatic force microscopy 
– EFM), chemical forces (chemical force microscopy – CFM) or magnetic forces (magnetic force 
microscopy – MFM). 

The great advantage of the scanning probe microscopes that varying the circumstances e.g. the 
material and the shape of the probe the samples may be tested from various viewpoints – as we 
mentioned about 30 different types of them exist. Several types may be used well in water medium 
and suitable for biological samples. 
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The resolution of the scanning probe microscopes is determined by the sharpness of the probe and 
the speed of the scanning. The so-called piezoelectric effect is a good solution for fine scanning. The 
stage is moved by piezoelectric crystals that change its size due to the applied voltage and this 
change is proportional to the voltage. A few voltages are enough for a one hundredth nm steps and 
the sample may be moved fine. 

The diffraction methods are another very important technics. 
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Diffraction methods 

The geometry of a crystal lattice may be explored using these methods. The crystal is 
transilluminated by a radiation if its wavelength is comparable to the periodicity of the lattice. The 
radiation is diffracted by the crystal (see description in the frame). The characteristic periodicity 
distances may be determined from the detected diffraction pattern and the geometric parameters of 
the crystal may be calculated from periodicity. There are more radiations that correspond to the 

Piezoelectricity, piezoelectric effect 

In special crystals electric voltage is produced if they are compressed (the greek „πιεση” means 
pressure). P. Curie discovered this phenomenon in 1889. A few special crystals (e.g. quartz, 
barium titanate) show this phenomenon if we press them from an appropriate direction. The 
charges are separated in the crystal due to the pressure and the consequence is the appearance 
of the positive and negative charges on the opposite surfaces (Fig. 8.11). An electric voltage,which 
depends on the rate of the deformation may be measured between surfaces. If the original 
thickness of the crystal is x and ∆x is the changing of the size due to the pressure than 

𝑒 = 𝛿 ∙ ∆𝑥, 

where δ the piezoelectric coefficient characterizing the substance (depends on the direction but 
we neglect it now). δ = 1012 V/m in the case of the quartz, so 0.01 nm deformation produces 10 V. 

   
Fig. 8.9 Production of piezoelectricity (direct piezoelectric effect) 

This phenomenon may be reversed so if voltage is applied to the crystal may be deformed – this is 
the inverse piezoelectric effect. 

 
Fig. 8.10 Inverse piezoelectric effect 

This latter may be used in the scanning probe microscopes for very fine movements of the 
sample. Reversing the previous calculation 10 V may result 0.01 nm of deformation and the 
movement of the sample or the sample holder fixed to the crystal is the same. 
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wavelength condition: e.g. X-ray, electron and neutron radiation. The X-ray is used very frequently in 
the material science analysis and we deal with this. The electron and neutron diffraction method are 
similar to this one. 

The crystal is trans-illuminated by a monochromatic X-ray (practically one wavelength) in this 
examination. In the laboratory of material science e.g. Cu-anode is used that produces 0.154 nm of 
wavelength. (Large institutes use synchrotron radiation that has more advantage: tunable 
wavelength, higher intensity.) 

X-ray beams are scattered on the atoms of the parallel lattice planes (Fig. 8.14a). The scattered 
beams interfere and amplify or attenuate each other depending on the direction this is the so-called 
Bragg-diffraction. Let the incident angle of the beam is θ! What is the situation when the rays 
scattered to θ angle amplify each other (Fig. 8.14a)? The condition of the amplification is the same 
phase. The incident rays are in phase as you can see in Fig. 8.14a but the ray scattering on the center 
plane must cover longer distance than the ray scattered on the plane above that. To ensure the same 
phase the path difference (∆) between two rays must be equal to the wavelength multiplied by an 
integer number (e.g. λ , 2λ or 3λ and so on): 

∆= 𝑛𝜆 (𝑛 = 1, 2, 3, … ) 

(The path difference is λ/2 when the beam, scattered on the middle plane, enters the crystal or 
leaves that and the sum is equal to λ.) On the other hand from the marked triangle  

where ∆ is the path difference and d is the distance between planes. Comparing the two equations 
the condition for the amplification is: 

2𝑑 sin𝜃 = 𝑛𝜆 , [8.3] 

where n a positive integer number. The equation [8.3] is the Bragg-equation. That rays, when n = 1 
are the first order diffracted (or scattered) ones this situation is shown in the figure and they are 
used in practice. 

 

Fig. 8.14 a) Derivation of the Bragg-equation, b) Production of a diffraction spectrum 

The incident angle (θ) of the beam is changed during the examination and the intensity of the 
scattered rays in the same angle is measured (Fig. 8.14b). (In order to ensure this condition the 
detector must be at 2θ angle.) The increasing intensity shows us when we arrive to the appropriate 
angle that corresponds to the equation [8.3] and n = 1. 
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Interference and diffraction 

The interference is the phenomenon when two or more wave meet and they amplify or attenuate 
each other depending on the meeting phase (Fig. 8.11). 

 
Fig. 8.11 Interference 

The diffraction is the manifest of the interference. The direction of the light rays is modified by 
the barriers, slits along the path of the light and we can observe light at that place on the screen 
where it is not expected if we suppose the straight line propagation of the light (Fig. 8.12 and 
8.13). This is a typical wave phenomenon and may be observed if the barriers, slits may be 
compared to the wavelength. The diffraction is the result of the scattered rays. 

 
Fig. 8.12 Diffraction through a hole 

 
8.13 ábra Laser light diffraction on a narrow hole or on a hair 

The diffraction may occur not only with the light but with other waves too. For example, the 
human speech with a meter wavelength may diffract passing through a door or window. The 
distance between atoms in a crystal is in the range of nm and about X-ray, electron or neutron 
radiation with same wavelength may be diffracted. On the base of the observed diffraction 
pattern the structure may be determined. 
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Determining this angle and knowing the wavelength the d may be calculated on the base of the 
Bragg-equation. Naturally in the case of a given crystal there may be diffraction on different parallel 
planes and so there may be maxima of the intensity at different angles (Fig. 8.15). From these 
maxima all characteristic periodicities and so the geometry of the crystal may be determined. 

 

Fig. 8.15 Lead X-ray diffraction spectrum 

The electron and neutron diffraction methods are a good supplementary of the X-ray diffraction. The 
electrons don’t enter too deep into the material and so surface layers, catalyzer, adsorption layers 
may be studied well using this method. While X-rays scatter on the electron cloud of the atom as 
long as the electron and neutron beams on the nuclei and result information from their position. The 
electrons scatter well on heavy nuclei but the neutrons on protons so the neutron diffraction may be 
used to examine materials which contain hydrogen.  

 

The resolution of the described methods is different. They may be used to examine different size 
ranges according to their resolution (Fig. 8.16). 

 

Fig. 8.16 Typical size ranges of the methods used to study different material structures 
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Resolution: the distance between two points that may be seen separately in the 

microscope (δ). According to the Abbe’s principle 𝛿 ≈ 𝜆
NA

 where λ is the wavelength of the 

used radiation, NA is the numeric aperture. 

Resolving power: reciprocal to the resolution. 

Light microscope: the object is illuminated by light and the transmitted (normal light 
microscope) or the reflected back (metal microscope) light is used to form a magnified 
image. The contrast derives from the different absorption or reflection of the light. 

Electron microscope: the object is illuminated by an electron beam and the transmitted 
(transmission electron microscope) or the back-scattered (scanning electron microscope) 
beam is used to form an image. The contrast derives from the different scattering of the 
electrons. 

Scanning probe microscope: a needle-like probe is used to scan the surface very close to 
it and the atomic interactions between the probe and the sample is measured and this 
information is used to form an image. 

Scanning tunneling microscope: a scanning probe microscope when the interaction 
between the probe and the sample is the tunneling current appearing between them. 

Atomic force microscope: a scanning probe microscope in which the used interactions 
between the probe and the sample are different atomic attractive and repulsive forces. 

Piezoelectricity: Compressing a piezoelectric crystal (or pull it) electric voltage appears 
between two planes. This voltage is proportional to the deformation so where the 
characteristic piezoelectric coefficient. This phenomenon may be reversed when applying 
electric voltage to the crystal and it is deformed. This is the inverse piezoelectric effect. 

X-ray diffraction: bending an X-ray beam on a crystal lattice. This phenomenon and the 
Bragg-equation may be used to determine the structure. 
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Proposed problems: 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.10, 2.12 
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Chapter 9. Material families 

Materials used in dentistry similar to the general classification of the structural substances may be 
grouped into four families: metals, ceramics, polymers, composites. In this chapter we describe these 
families in general and the detailed description may be found in the next chapters. 

Metals 

Almost four of the five of the elements are metals and they and their alloys play very important role 
in the technics and in the human civilization. The reason of this importance is not only the 
occurrence but they have a lot of useful properties. 

The metallic bond is dominant in the metals, but the bond may be intermediate between the metallic 
and covalent or the metallic and the ionic in special cases (see chapter 1. Fig. 1.3). 

Most of the metals have crystalline structure and very frequently this is a hexagonal or cubic lattice. 
Same atoms fill well the space in these lattices and this is why the density is relatively large. Metallic 
single crystal is rare most of them are polycrystalline one. It is enough hard to produce amorphous, 
so-called metal glass because the metals may be crystallized easier. 

The properties of the metals may be changed easily by alloying (mixing metals) and alloys are used 
mainly in practice. To produce metals or alloys melting is used frequently. 

         

Fig. 9.1 Golden crown and a bit excessive use of metal 

We can find a lot of metals and metal alloys in the dentistry practice (Fig. 9.1): gold, titanium, 
amalgam (alloy of Hg-Ag-Sn-Cu-zn), alloys of precious metals (e.g. Au-Pd, Au-Pd-Ag, Pd-Ag), different 
steels, nickel-titanium alloy etc. The disadvantage of them from dental viewpoint is the good 
conductivity and the metal color. 

Ceramics 

The ceramics are the compounds of the metallic and non-metallic elements. For example the SiO2, 
CaO, Al2O3, NaCl, Ki or Si3N4, SiC, WC are ceramics. 

The average electronegativity of the metals is much less that of the non-metallic elements but there 
are differences in both groups. If the difference of the electronegativity is large between the metallic 
and non-metallic elements the ionic bond is the dominant (e.g. CsF) if it is small than the covalent bond is 
formed (e.g. SiO2 or SiC). Very frequently the intermediate ionic-covalent bond is produced (see 
chapter 1. Fig. 1.3). They have a high melting point due to the strong bonds. 
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Crystals are frequent in ceramics mainly polycrystalline crystals and ceramics frequently have 
amorphous or glass structure. 

The production of the ceramics may be melting, but due to the high melting point, it is not too 
frequent. The usual method is the burning or the sintering. (The sintering is the high temperature 
treatment of the powder-like materials but below the melting point.) 

 

Fig. 9.2 Zirconium-dioxide (shortly zircon) bridge 

For example, ceramics used in dental applications are the titanium-oxide in the toothpaste, the 
porcelain, zirconium-dioxide (Fig. 9.2). 

Polymers 

Natural polymers like leather, wool, silk are used for thousand years and nowadays synthetic 
polymers are used in every field of the life and in dentistry too very frequently. 

The polymer molecule is a chain-like molecule and consists of many monomers. The molecules are 
not the same in a polymer so only statistical, average description is possible. The material of the 
monomers is normally liquid.  Progresses the polymerization the material solidifies. 

There is covalent bond between monomers in the polymer chain. Covalent bond may be between 
chains but more frequently the weaker, secondary bonds are dominant. The crystalline domains 
normally alternate with amorphous ones so the polymers normally are semi-crystalline substances. 

 

Fig. 9.3 Acrylate based denture 

Dentures, fillings or cement is made ofpolymers, frequently acrylates in the dental practice (e.g. 
Plexiglas Fig. 9.3). 

Composites 
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The nature utilizes composites for a long time. Several biological substances like bones are 
composites which consist of many different materials combining the positive properties. Following 
the nature we use a lot of composites e.g. glass-fiber reinforced plastic in a lot of technical fields. The 
significance of them increases in dentistry too. The composite consists of different materials, phases. 
The aim of this composition is to combine the beneficial properties of the different substances e.g. 
the lightness (low density) and flexibility with the strength and hardness. 

           

Fig. 9.4 Preparation of a composite filling 

The composite consists of different phases and shows partly the characteristic properties of these 
phases. The phases normally are different chemically and have a well-defined boundary. Composite 
may be e.g. combination of polymer-ceramics, polymer-metal, metal-ceramics or polymer-polymer 
etc. The interaction at the boundaries may play role besides the material of the components. 

These substances may be used as fillings, glue or cement in dentistry (Fig. 9.4). 

 

 

 

 

 

Material families: Main types are the metals, ceramics, polymers and composites. 

Metal: substance with metallic bond. 

Ceramics: compound of metallic and non-metallic elements. 

Polymer: chain-like macromolecules which consist of monomers (structural units) . 

Composite: substance consists of chemically different phases and shows partly the properties of 
each phase. 
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Chapter 10. Structure of metals, metal alloys 

Four-fifths of the elements are metals and they and their alloys play very important role in the 
human civilization and technics. Not only the frequent occurrence is the reason but they have many 
positive properties. This causes frequent application in dentistry like filling material, dental bridge, 
implants and braces.  The diversity of them is the first „good” property and we can find easily an 
appropriate metal for a certain purpose. Most of the metals are easily formed but have relatively 
large strength and stiffness. Another advantage it is easy to change the properties to the required 
direction alloying them. 

The metals may be classified on the base of different viewpoint: 

• According to the density below 5 g/cm3 it is a light metal above this value we speak about 
heavy metal. The lightest metal is the lithium (Li, 0.54 g/cm3), the most heavy is the iridium 
(Ir, 22.7 g/cm3). 

• According to the plasticity (ductility) there are plastic metals like the gold (Au), the silver (Ag), 
platinum (Pt), lead (Pb) or the cupper (Cu) and there are more brittle ones like chromium (Cr) 
or the molybdenum (Mo). This property may be different in the case of different allotrope 
structures (see „Allotropy of the metals” frame) and depends strongly on the temperature. 

• There are metals with high (Ta, W, Re, Os, Ir) or low (Pb, Sn, In, Ga) melting point. Excepting 
mercury every metal are solid at room temperature (20 °C). 

• Finally on the base of the resistance against corrosion there are precious metals (Ru, Rh, Pd, 
Ag, Os, Ir, Pt, Au) and non-precious metals. 

Properties depend on the structure of course: type and strength of the bond, amorphous or 
crystalline one, the type of the lattice if it is a crystalline metal, size, shape, orientation of the grains, 
lattice defects etc. 

Structure of metals 

Metallic bond is dominant in the metals but sometimes this is an intermediate type between 
metallic and covalent or ionic one. The metallic bond forms the white tin at room temperature but in 
the grey one that is stable at lower temperature there is a lattice similar to the diamond and the 
bond is covalent partly (so the grey one doesn’t conduct the current well and moreover 
semiconductor than conductor.) Sometimes so-called metal compound is formed with strict 
stoichiometry in the metal alloys and the metallic bond is shifted to the direction of covalent or ionic 
one. For example the metallic bond is in the gold and the copper alloy basically. The electronegativity 
of the gold (2.4) and the copper (1.9) is enough different so the product is AuCu3 in a certain ratio 
and the bond is partly ionic. The amalgam is a multicomponent alloy and the silver (Ag) and the tin 
(Sn) play important role. The electronegativity of them are similar and enough high (Ag: 1.9, Sn: 1.8) 
so there is a metallic-covalent bond in the Ag3Sn metal compound. 

Most of the metals have crystalline structure, very frequently it is hexagonal or cubic lattice. Why 
are they the most frequent lattices? The first reason the metallic bond that has no direction another 
a pure metal consists of same atoms. These same atoms („balls”) must be ordered without any 
directionality at the crystallization of the melted metal. How can we start this task? Firstly we put 
some balls on the surface as close to each other as possible. The tight fit results the hexagonal 
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arrangement of the A-layer in Fig. 10.1. Now we put the next layer. It is trivial to put these balls into 
the hollow of the first layer (B-layer in Fig. 10.1) and this produces the same hexagonal structure. 
Next is the third layer. There are two possibilities. We can repeat the first layer and we can get a tight 
fitted hexagonal structure again (the upper layer in Fig.10.1). Repeating these two layers we can get 
a lattice characterizing by ABAB and so on, where A and B are the symbol of the different layers. 
Another possibility may be seen in the middle of the figure. In this case the balls are put into the 
hollows are arranged according a third structure and this corresponds to an ABCABC formula. 
Observing this arrangement from other direction (E-layer in the figure) we can discover the cubic 
lattices specially the face-centered one (EFE layers). To give a better wiev, the last line of the figure is 
shown again after rotation. 

The space filling is very good and the atomic packing factor is about 74% in both cases. Titanium (Ti), 
cadmium (Cd), cobalt (Co), zinc (Zn) is crystallized in the tight fitted hexagonal lattice. The silver (Ag), 
gold (Au), platinum (Pt), aluminum (Al), copper (Cu) or nickel (Ni) is the example of the face-centered 
cubic crystal. The atomic packing factor of the body-centered cubic lattice, e.g. iron (Fe) or chromium 
(Cr), is not much worst (68%). 

 

Fig. 10.1 Formation of a tight fitted hexagonal and face centered cubic lattice 

According to the reasons mentioned above – the pure metal, that consists of same atoms and they 
may be in any lattice point – the metals (and most of the alloys) are able to crystalline easier and 
faster. It is enough hard to produce single crystal or glass from them. Polycrystalline material may be 
produced easily during the solidification. Applying very fast cooling – in the case of more complex 
alloys relatively slow is enough – and avoiding the crystallization if it is possible it becomes an 
overcooled liquid and freezes into a glass-like state. Amorphous metal glasses have different 
properties than the usual crystalline ones in any respects (see „Metal glasses” in frame). 
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Allotropy of metals 

There are allotrope forms of metals that are stable or metastable structures at different 
temperature ranges, too. For example, the stable forms of the iron: body-centered cubic crystal 
at room temperature (so-called ferrite), the face-centered cubic lattice between 910 °C and 1390 °C
 (austenite phase). The stable form of the tin is the white one with tetragonal lattice system at 
room temperature as was mentioned in the chapter 5. At low temperature (below 13 °C) the gray 
tin is stable with cubic lattices similar to the diamond. 
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The crystalline metals are almost polycrystalline materials which contain grains with different size or 
in the case of alloys with different composition (Fig. 10.2). This structure, which may be observed in 
metal or electron microscope, is called microstructure. It is homogenous if the grains are the same 
or very similar considering the size and the constitution. If they are different we speak about 
heterogeneous one (Fig. 10.3). 

 

Fig. 10.2 Microstructure of a metal (gold) in metal microscope 

Metal glasses (amorphous metals) 

It is almost impossible to produce metal glass from pure metal due to the fast crystallization. The 
first metal glass was made in the 60-s from Au-Si alloy that has lower rate of crystallization but it 
must be cooled very quickly (one million Kelvin per second). Only very thin (less than a µm) film, 
wire was possible to produce. Slowing down the crystallization was the key to solve this problem. 
More components, more different size of the atoms leads to the smaller viscosity and slower 
diffusion and crystallization. Thicker and larger metal glass pieces may be produced because 
slower cooling is enough. In 90-s it was possible to produce a few cm of pieces with 1 K/s cooling 
rate – that is the usual rate in metallurgy. The first commercial metal glass was a Zr-Ti-Cu-Ni-Be 
alloy e.g. 

The properties of the metal glasses are different from the crystalline one. They are less plastic, 
more elastic, stronger (higher strength) and the electric conductivity is smaller. 

There are more possible application of the metal glasses in medical practice. They are tried to use 
as screws, plates to fix the broken bones but it is not necessary to remove them due to the 
absorption. A metal glass made form a certain Mg-Zn-Ca alloy is biocompatible and has very good 
absorption ability. 
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a)  b)  

Fig. 10.3 Homogenous (a) and heterogeneous (b) microstructure 

The alloys are used more frequently in dentistry instead of pure metals and we deal with the alloys. 

Metal alloys 

Metals are alloyed with metals (e.g. Ag-Sn) but with non-metals, too (e.g. Fe-C). The good properties 
of the components are combined by alloying them. For example the resistance of the iron against the 
corrosion may be improved adding chromium (Fe-Cr), or the hardness and the abrasion resistance of 
the gold also increases if we add copper to it (Au-Cu). Another example from dentistry: the adhesion 
between the precious metal alloy (e.g. Au-Pt-Pd) and the ceramics may be increased in dental crown 
if we facilitate the production of an oxide layer on the surface of the alloy. In this case we decrease 
the resistance to the corrosion if we add a few metal prone to corrosion e.g. iron (Fe) or indium (In). 

Alloy containing two components are called binary, three components is ternary, with four 
quaternary alloys etc.  

The ratio of the components is given in mass or mole percent. 

Definition of the mass percent is in the case of two components: 

𝑐𝑚,1 =
𝑚1

𝑚1 + 𝑚2
∙ 100 , 

where m1 and m2 the mass of the components. This is a simple ratio without unit but frequently 
%(m/m) is written at the end as unit. 

Definition of the mole percent is in the case of two components: 

𝑐𝜈,1 =
𝜈1

𝜈1 + 𝜈2
∙ 100 , 

where ν1 and ν2 are the amount of the two components in mole. It has no unit also but we will use 
%(ν/ν) symbol as unit. Both quantities may be extended for more components (see „ General 
definition of the mass and mole percent” in the frame). 
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These ratios may be very different sometimes (see „ An example of the difference of the mass and 
mole percent” in the frame) so it must be given clearly which is used. The mass percent is more 
frequent in practice but the mole percent is more characteristic for the properties (e.g. biological 
properties) of the alloys. See the „Conversion between mass and mole percent” part in the frame. 

 

 

The natural way, that produces metal alloy if the components are melted, they are mixed in the 
required composition and finally are cooled to solidify. If the solubility of the components is good this 

𝑐𝑚,𝑖 =
𝑚𝑖
∑𝑚𝑖

∙ 100 , 

𝑐𝜈,𝑖 =
𝜈𝑖
∑ 𝜈𝑖

∙ 100 , 

General definition of the mass and mole percent 

The definition of both quantities may be generalized to more components. 

The mass percent of i-th component: 

where mi the mass of i-th components and the sum the total mass is in the denominator. 

Similarly the mole percent of i-th component: 

where νi is the amount of i-th component in mole and the denominator is the total moles. 

An example of the difference of the mass and mole percent 

The mass percent is the next in an alloy of Ni-Cr-Mo-Be: 80, 10, 8, 2. Percent of the toxic beryllium 
is 2% (m/m). If there is a possible contact between the object made from this alloy and the 
human body the mole percent may be important. This is close to 12% (ν/ν) in this alloy! 

𝜈1 =
𝑚1

𝑀1
 és 𝜈2 =

𝑚2

𝑀2
 , 

𝑐𝜈,1 =
𝜈1

𝜈1 + 𝜈2
∙ 100 =

𝑚1
𝑀1

𝑚1
𝑀1

+ 𝑚2
𝑀2

∙ 100 =
𝑚1 ∙ 𝑀2

𝑚1 ∙ 𝑀2 + 𝑚2 ∙ 𝑀1
∙ 100 . 

𝑐𝜈,1 =
𝑐𝑚,1 ∙ 𝑀2

𝑐𝑚,1 ∙ 𝑀2 + 𝑐𝑚,2 ∙ 𝑀1
∙ 100 . 

𝑐𝑚,1 =
𝑚1

𝑚1 + 𝑚2
∙ 100 =

𝜈1 ∙ 𝑀1

𝜈1 ∙ 𝑀1 + 𝜈2 ∙ 𝑀2
∙ 100 =

𝑐𝜈,1 ∙ 𝑀1

𝑐𝜈,1 ∙ 𝑀1 + 𝑐𝜈,2 ∙ 𝑀2
∙ 100 . 

Conversion between mass and mole percent 

Let the mass of the components m1 and m2 and the molar mass M1 and M2 in a binary alloy. The 
moles of the components are 

so the mole percent of the first component is 

In the last transformation we utilize the rule that the ratio doesn’t change if we multiply both the 
nominator and the denominator by the same value. Finally divided them by m1+m2: 

Changing indices we can get the appropriate formula for the second component. 

The same deduction results the conversion for the opposite direction: 
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is a solid solution if not than we speak about eutectic or peritectic alloy. First time, we discuss longer 
the production and the phase diagram of the solid solution and later we speak shortly about the 
eutectic one about a binary system for simplicity. 

Solid solution is formed if the components are solved well in each other in solid phase too. This may 
be expected if the atomic size and the electronegativity are similar. Same lattice system and same 
valence mean more advantage. Such kind of the alloys is the Au-Pt, Au-Pd, Au-Ag, Au-Cu, Au-Ni, Pt-
Pd, Pd-Ag, Cu-Ni e.g. For example there is no good solubility in the case of the Ag and Cu. The 
relevant properties of these metals may be seen in Table 10-1. The alloy may be a substitutional one 
if these conditions are satisfied when the atoms are in the right point of the lattice. 

The good solubility is also possible if the size of the atoms is very different. In this case the smaller 
atom is able to fill the voids between lattice points and an interstitial solid solution is produced. The 
number of these atoms are limited because the space between lattice points is enough small and the 
impurity atoms result the distortion of the lattice. The material with larger atoms is called solvent the 
other solute or doping material. H, B, C and N atoms are able to appear in these positions e.g. in a Fe-
C alloy or as H impurity in the titanium. 

 

According to the Table 10-1. the silver (Ag) and the palladium (Pd) fulfill the condition of the good 
solubility and we show the phase diagram of a substitutional solid solution on this example that is 
used as Ag-Pd alloy in dental crown (Fig. 10.4). Before we deal with the diagram in detail we would 
like to remind that the diagram is valid for equilibrium state and shows only the stable phases at a 
certain circumstances but do not show the metastable ones and changing the circumstances the 
transition to the new stable phase may be very slow. 

Table 10-1. Important properties of a few metals from teh viewpoint of good solubility 

metal atomic diameter (nm) lattice elektronegativity 

Ag 0.2888 fcc 1.9 

Au 0.2882 fcc 2.4 

Pt 0.2775 fcc 2.2 

Pd 0.2750 fcc 2.2 

Cu 0.2556 fcc 1.9 

Ni 0.25 fcc 1.8 
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Fig. 10.4 Phase diagram of a solid solution (Ag-Pd) 

The horizontal axis of the Fig. 10.4 is the mass percent of the Pd so the beginning point represents 
pure silver while the endpoint is pure palladium. Pure materials have well-defined melting point that 
is 962°C for silver and 1555°C for palladium. The alloy has no definite melting point instead of this it 
has melting range (solidification range from the opposite direction). For example, the alloy that 
contains 20%(m/m) of palladium melts between 1150°C and 1075°C (or solidifies). The upper 
temperature is called liquidus point the lower one is the solidus point. These points consist of the 
liquidus and solidus lines in the figure. Over the liquidus line the alloy is a liquid and the distribution 
of the two components is homogenous and has one phase. Below the solidus line the situation is 
same because the substance is in solid (crystalline) phase and chemically homogenous. Between two 
lines there are two phases together – the substance is a mixture of liquid and solid grains where the 
composition of the liquid and solid grains is different. 

Observe the conditions between two lines containing two phases in detail. Cross the range at 20% 
(m/m) of Pd and cool it very slowly e.g. from 1200°C temperature! Use the Fig. 10.5 that contains the 
magnified selected range and the microstructure of the alloy at the different points with the 
characteristic concentration of the palladium. We use always the mass percent later and it is given as 
%. 
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Fig. 10.5 A piece of the phase diagram shown in Fig. 10.4 

Analysis starts at A point where the whole substance is liquid and homogenous. 

Cooling it we reach the liquidus line at 1150°C. This is the beginning point of the solidification (B 
point in the figure). This value is below the melting point of the pure Pd but over the melting point of 
the pure Ag so the first grains – of course this is not pure Pd – contain more Pd than 20%. The real 
concentration may be determined if a horizontal line originating from the B point cuts the solidus 
line. The coordinate on the horizontal axis of this intersection results the concentration of the Pd that 
is 29% in this example. (The concentration of the Ag is 71% of course.) 

Cooling more the melt – while more and more parts solidify – the C point is reached. The first 
question is how much part of the substance is solidified (or remains melt). To determine this we 
draw a horizontal line through the C point and connect the liquidus and solidus lines with it. The C 
point is closer to the solidus line so the bigger part of the substance is solid. To get more exact 
answer we determine the ratio of the sections on the left and the right side of the C point. Let he 
length of the section between the liquidus line and the C point is l the other one is s. s/(l + s) portion 
of the substance is liquid – in this example it is about 33.3% – and l/(l + s) portion is solid – about 
66.7%. The concentration of the Pd in solid phase is over 20% but only 23% at this temperature. How 
is it possible that the portion of the Pd in grains decreases to the 23% opposite to the 29% at the 
beginning of the crystallization? Progress the crystallization more and more Ag precipitate on grains 
and continuous rearrangement, homogenizations takes place slowly due to the diffusion. It requires 
long time of course but if you remember the phase diagram shown in Fig 10.4 and 10.5 is valid only 
for equilibrium state and because the cooling is very slow there is enough time for the 
rearrangement.  Although the Pd/Ag ratio is different at every temperature but the grains are 
homogenous. If the mass percent of the Pd is over 20% in the solid phase it must be lower in the 
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melt. This value may be determined by the intersection of the horizontals line passing through the C 
point and the liquidus line – it is about 14% in our example. 

After further cooling we can reach to the solidus line (D point in the figure) and the temperature is 
the solidus point (1075°C). The solidification is finished at this point. The concentration of the Pd is 
about 11% in the last grains. The solidified alloy (E point of the figure) contains same grains the 
distribution of the components is homogenous and mass ratio is 20:80 everywhere. 

In practice, there is no equilibrium and there is no time for homogenization inside the grains very 
frequently. The higher concentration of the Pd remains inside the grains that decreases going out 
from the center. The solidified alloy has no homogenous microstructure and the concentration of the 
Pd is 29% in the nucleus of the grains but may be much lower at the boundaries. (This value is below 
the 11% that is the percent at the end of the crystallization in equilibrium because more Pd frozen in 
the nucleus of the grains and there is less at the end due to the fast cooling.) This phenomenon is 
termed segregation and the microstructure is cored structure (Fig. 10.6). This heterogeneous 
microstructure results different properties than the homogenous one. To produce homogenous alloy 
to ensure its properties the practical solution is to keep the solidified alloy at higher temperature 
(but below the solidus point of course) while the diffusion results homogenous distribution. It is 
called homogenization. 

 

Fig. 10.6 Segregated microstructure produced by non-equilibrium process (fast cooling) 

If the two components are insoluble in each other the result is eutectic alloy. (Other possibility is the 
peritectic one but we don’t deal with this.) The name origins from the Greek „ευτεκτοσ” that means 
easy melting. Such kind of the alloys melt at lower temperature than the pure components (Tm,A or 
Tm,B) especially at a certain so-called eutectic ratio as it may be seen in the typical phase diagram of 
the Fig. 10.7. (For example the Wood’s metal that is a Bi-Pb-Cd-Sn alloy melts at 68°C but every 
component has higher melting point than 230°C.) 
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Fig. 10.7 A typical eutectic phase diagram 

The most interesting point of an eutectic phase diagram is the E point. At this ratio the alloy is called 
eutectic and has a definite and low melting point (eutectic temperature – TE). The solid eutectic has 
heterogeneous microstructure containing very fine A and B grains (Fig. 10.8 where A = Pb and B = 
Sn). There is no definite melting point at different ratios but similar to the solid solution it melts (or 
solidifies) between the liquidus and solidus points. 

For example, if we cool the melt marked by c1 in Fig. 10.7 below the liquidus line it starts to crystallize 
and the A grains appear. Progresses the process these grains increase and the ratio of the B 
component increases in the melt. Reaching the solidus line the crystallization is finished. The result: 
large A grains and small A and B ones. 

Follow the cooling of the melt marked by c2 in Fig. 10.7! Similar processes may happen but the B 
component precipitate first and the solid alloy consists of large B grains and small A and B grains (Fig. 
10.8b where A = Pb and B = Sn). 

However the microstructure is heterogeneous always. The phase diagram consists of one single 
phase and three two-phase domains. Such kind of the alloy is the Ag-Cu, Pb-Sn, Al-Zn or the Ag-Sn 
found in the amalgam in dentistry. It is interesting that the salt water (H2O +NaCl) mentioned in the 
chapter 6. has also an eutectic type phase diagram. 

We note that the total insolubility is rare. There is a certain ability for solution and the result is the 
combination of the solid solution and eutectic features like in the case of the Ag-Cu alloy =Fig. 10.9). 
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Fig. 10.8 Microstructure of Pb-Sn alloy, A eutectic, B more Sn (light fields) 

 

Fig. 10.9 Phase diagram of Ag-Cu alloy – basically eutectic phase diagram with solid solution domains 
on both sides 

See „The effect of alloying on the mechanical properties (an example)” in the frame about the 
importance of the alloying. 
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The effect of alloying on the mechanical properties (an example) 

The copper and the nickel are soluble in each other according to the data in Table 10-1. so the Cu-
Ni alloy is a solid solution. The tensile strength of the alloy may be significantly over that of the 
components. The strength of the alloy containing 60%(m/m) Ni e.g. about has about 20% higher 
value the pure Ni and about 90% higher than the pure copper. 

 
Fig. 10.10 Tensile strength of a Cu-Ni alloy in different composition 
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Metal: material with metallic bond. 

Metal glass: amorphous, non-crystalline metal. 

Microstructure: grain of the polycrystalline metal. The microstructure is homogenous if the 
composition and the size of the grains are same. Heterogeneous if there is a difference in the size 
or composition. 

Mass percent: characterizes the composition more exactly the mass ratio of the alloy, for the i-th 
components 𝑐𝑚,1 = 𝑚1

𝑚1+𝑚2
∙ 100 , where mi the mass of the i-th component and the denominator 

is the total mass. 

Mole percent: characterizes the composition more exactly the mole ratio of the alloy, for the i-th 
components 𝑐𝜈,1 = 𝜈1

𝜈1+𝜈2
∙ 100 , where νi the mole of the i-th component and the denominator is 

the total moles of the components. 

Solid solution: an alloy when the components are soluble in each other. 

Eutectic alloy: an alloy if the components are not soluble in each other. The eutectic is an alloy 
with a certain composition that has definite melting point lower than the melting point of the 
components. The melting point of the eutectic is called eutectic (or invariant) point. 

Proposed problems: 3.1, 3.2, 3.3, 3.4, 3.5, 3.10, 3.12 and 3.13. 
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Chapter 11. Structure of ceramics 

Ceramics – like glasses, earthenware, porcelain – play important role in the development of the 
human civilization too if this importance not so large than in the case of metals. The beneficial 
properties of them from dental viewpoint are the optical properties that are similar to the enamel, 
large hardness and stiffness. However the fragility and small toughness are disadvantaged in many 
applications. There is a remarkable development to increase the toughness in the last decades. 

The up-to-date definition: ceramics are the compounds of metallic and non-metallic elements. 
Ceramics for example is the SiO2, CaO, Al2O3, ZrO2, NaCl, KI or Si3N4 but the SiC and the WC, too. The 
composition formulated above involves several important consequences. 

The first consequence is the type of the chemical bond. The average electronegativity of the metals 
much less that of the non-metallic elements although there are differences in both groups. If this 
difference between the metallic and non-metallic components is large than the ionic bond is 
dominant (e.g. CsF) if small than the covalent bond is (e.g. SiO2 or SiC). Very frequently mixed ionic-
covalent bond is formed. They have usually very large melting point due to the strong bonds. 

 

Other consequence is the hard crystallization of them. There are three circumstances playing role:  

1. The orientation of the covalent bond. The atoms must be at a certain directions in the lattice.  
2. The non-metallic anions normally very large comparing to the metallic cations in the ionic 

ceramics.  
3. The whole crystal, its domains and single cells must be neutral electrically in ionic crystals. 

Why do these requirements result slower crystallization? 

First of all there are about same atoms in the melt in the case of the pure metals and many alloys. 
However these atoms are very different in ceramics. The viscosity of the melt is high in ceramics and 
the motion of the particles the diffusion that is necessary to the growing of crystal is slower. On the 
other hand in the metals and in many alloys any atom may occupy any position. This is not true for 

Table 11-1. The ionic nature of the bond in a few ceramics 

ceramics difference in 
electronegativity 

the ionic 
nature (%) 

cesium-fluoride (CsF) 3.3 95 < 
calcium-fluoride (CaF2) 3 89 
magnesium-oxide (MgO) 2.3 73 
sodium-cloride (NaCl) 2.1 67 
aluminum-oxide (Al2O3) 2 63 
silicon-dioxide (SiO2) 1.7 51 
silicon-nitride (Si3N4) 1.2 30 
zink-sulphide (ZnS) 0.9 18 
silicon-carbide (SiC) 0.7 12 
silicon-boride (SiB4) 0.2 1 
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ceramics where the difference in size, the orientated covalent bond, the electro neutrality 
determines greatly which atoms may be in a certain point. This requires longer time to build up the 
lattice. The consequence is the slower crystallization and easier formation of glass. 

The crystalline – mainly polycrystalline – and amorphous, glass structure are frequent in ceramics. It 
may be concluded from the previous paragraph that opposite tot eh metals where a few simple 
lattice (cubic, hexagonal) are dominant, there are several lattices sometimes in very complex form. In 
ionic ceramics the smaller metallic cations occupy the hollows among the larger tight fitted anions. 
The diamond-like crystal is formed in the case of the covalently bond ceramics. 

Lattice defects mentioned in the „Solid state” chapter may be found in ceramics too. The electro 
neutrality principle means limitation. The vacancy due to the absence of an anion must be paired 
with an absence of a cation. The two virtually positive and negative vacancies attract to each other 
and migrate together in the crystal. Foreign ions may integrate into the lattice taking into the 
consideration the electro neutrality and they may happen in pair also. This is why the diffusion of the 
defects is slow in ceramics. 

Most of the ceramics used in practice are multicomponent one so alloy. Similar compounds form 
solid solutions (e.g. MgO-FeO or Al2O3-Cr2O3) with typical phase diagram the different ones form 
eutectic type alloys (e.g. Al2O3-SiO2 or ZrO2-CaO). 

The method to produce ceramics may be melting method but due to the high melting point it is not 
too frequent. The usual method is the burning or sintering in the case of technical or dental ceramics. 
First of all fine powder is necessary that is compacted, shaped and finally warmed up to high 
temperature (but usually below the melting point) this process is the sintering (Fig. 11.1). The 
compacted grains due to the high temperature and the diffusion of the particles integrate (diffusive 
adhesion). There may be small caves, pores inside the sintered substance. The numberof the pores 
depends on the compression and on the temperature. The porosity of the product influences its 
mechanical properties. 

 

Fig. 11.1 Steps of the ceramics production (method used in powder metallurgy or sintering) 

The liquid-phase sintering is one type of sintering when there is an additional component with much 
lower melting point than the main component. The sintering temperature is over the lower melting 
point and the additional component melts. There is a liquid layer around grains of the main 
component that facilitates the diffusion between the solid grains. 

It is relatively easy and cheap to produce polycrystalline structure with fine grains in some ceramics. 
The method is the next: first we produce as usual amorphous glass with relatively fast cooling from 
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the melt and after it is kept at high temperature (but below Tg of course). The substance slowly 
recrystallizes and converts into a polycrystalline one with fine grains. This substance is the so-called 
glass-ceramics. The recrystallization may be accelerated by adding nucleation agents (e.g. TiO2, ZrO2). 
There are many good properties of the glass-ceramics: relatively large strength, small thermal 
expansion coefficient and its consequence is a good thermal shock resistance. 

Ceramics used in dental applications are the titanium-dioxide in the tooth-paste, dental cement, 
porcelain, zircon. The porcelain belongs to the silicates the zircon is an oxide ceramics and now we 
deal with these types in detail. 

Silicates, porcelain 

The silicates are the compounds of the silicon and oxygen the most common material of the Earth’s 
crust. The much diversified lattice structure of them may be built up from a tetrahedron shaped 
SiO4

4- single cell (Fig. 11.2). (This arbitrary cell has four negative charges.) 

 

Fig. 11.2 Base unit of silicates, SiO4
4- 

The most simple silicate is the silica (SiO2) that may be built up from the tetrahedron units so every 
oxygen atom belongs to two neighboring tetrahedron. Finally the material electrically neutral and the 
Si:O ratio is 1:2. If the location of the units is ordered and repeated regularly the result is a crystal 
lattice. There are three polymorphs that are stable at different temperature ranges: the trigonal 
quartz, orthorhombic tridimite and the tetragonal cristobalite (Fig. 11.3). The crystal lattice of the last 
one is shown in Gig. 11.4. 
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Fig. 11.3 Phase transitions and polymorphs of the SiO2 

 

According to the figure the lattice of the crystobalite is enough loose, the space filling is enough low. 
The situation is same in the case of the other polymorphs of the silica so the density of them is 
enough low about 2.3-2.6 g/cm3. 

We can avoid the crystallization if we cool the melt of the SiO2 enough quickly and the overcooled 
liquid glassiness at about 1200°C (Fig. 11.5). The atomic packing factor is worth in the amorphous 
structure and the density of the glass a little bit lower 2.2 g/cm3. 
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Fig. 11.4 Tetragonal lattice of the crystobalite (SiO2) 
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Fig. 11.5 Crystallization and the glass as the alternative process of the SiO2 

Kaolinite (Al2(Si2O5)(OH)4) belongs to the layered silicate minerals and a raw material of the 
porcelain. In the kaolinite crystal (Fig. 11.6) a (Si2O5)2- negatively charged layer and the neighbor 
Al2(OH)4

2+ positive layer consists of a neutral bilayer and the crystal is built up from these. (The 
distance between the layers is bigger in order to see better them in Fig. 11.6.) While the layers inside 
the bilayer are bounded by a strong ionic-covalent bond, weak van der Walls bond is only between 
the bilayers. 

 

Fig. 11.6 The layer structure of the kaolinite (Al2(Si2O5)(OH)4) 
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The raw material of the porcelain is the kaolin that contains mainly kaolinite crystals. Quartz and 
feldspar (mineral belonging to the aluminum-silicates e.g. sodium-feldspar Na2O·Al2O3·6Si2O) are 
mixed to the kaolin in different ratio. The ratio about is: ½ kaolin, ¼ quartz, ¼ feldspar. The substance 
is milled fine mixed with water and shaped, finally it is firing. Sometimes the product is coated a 
material with a little bit different composition and fired again. Water is removed the components 
(e.g. Na2O) with low melting points melt and solidified as a glass during the cooling and firing. The 
product is a complicated polycrystalline amorphous material with glass domains (or reversing the 
definition: amorphous glass type material with crystal grains having various size and composition). 

 

Oxide ceramics 

The oxide ceramics are the oxides of the metals according to their name. The high melting point, 
hardness, the good electric conductivity and the thermal insulation has advantage in technical 
practice. Fragility (small toughness) is disadvantage but the development in this field is enough rapid 
nowadays. The biocompability and optical properties of them is also very beneficial in dental 
practice. Mainly the zirconium-dioxide (ZrO2) and the aluminum-oxide (Al2O3) are used more 
frequently to make crowns, bridges and implants. The ZrO2 is shown here. 

Zirconium-dioxide (ZrO2) is the so-called zircon. It is made of zircon sand that contains of course 
several other substances. Purification is necessary to remove them (except the hafnium-oxide that is 
chemically very similar to the zircon but the percent of it is small usually below 0.1%). 

Dental porcelain 

Porcelain is used in dentistry from the beginning of the 19. century. The dental practice became 
different from the usual one soon because the normal porcelain is opaque (not transparent) and 
not so translucent than the enamel. Kaolin results its opacity, so the dental porcelain doesn’t 
contain it. The main component of the porcelain used in dentistry is the feldspar and less quartz 
and it is frequently not a real porcelain. The composition of typical dental porcelain is shown in 
Table 11-2. taking into the consideration the ratio of the materials in the used feldspar (sodium-
feldspar – Na2O·Al2O3·6Si2O, potassium-feldspar –K2O·Al2O3·6Si2O) 

Table 11-2. The composition of the dental porcelain 

material %(m/m) 
silicon-dioxide (SiO2) 63 
aluminum-oxide (Al2O3) 17 
boron-oxide (B2O3) 7 
potassium-oxide (K2O) 7 
sodium-oxide (Na2O) 4 
other 2 

This mixture is used as a fine powder and treated by heat. The feldspar melts at the applied 
temperature but the quartz doesn’t yet, so this process is a liquid phase sintering. The other 
material in the last row of the table may be metal oxide that influences the color of the product 
e.g. titanium-oxide results a yellow-brown and the cobalt-oxide a bluish color. 
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The polymorphs of the zircon may be seen in Fig. 11.7. It is important than the tetragonal-monoclinic 
phase transition at 1170°C results about 5% increase in volume during the cooling. 

 

Fig. 11.7 Polymorphs and phase transition temperatures of the zirconia 

The zircon block (Fig. 11.8), used to form e.g. bridges, implants in different applications, are made of 
purified zircon sand compacting and sintering at 1500°C it. After sintering at 1500°C during the 
cooling there is a volume increase in the zircon block due to the phase transition. This results large 
stress inside the block and millions of cracks appear and the mechanical strength of the product will 
be very small and may not be used in dentistry. Fortunately there is a good solution of this problem 
alloying with magnesium-oxide (MgO) or yttrium-oxide (Y2O3). 

 

Fig. 11.8 Zircon block produced for dental applications, bridge and implant 

Adding a few percent of yttrium-oxide (Y2O3) to the zircon we can get a ceramic alloy in that the 
phase transition is very slow and don’t occur during the usual cooling time. This stabilize the 
tetragonal phase at room temperature when theoretically it is metastable and the monoclinic one is 
only stable but the transition so slow that doesn’t play any role. Of course, if there is no transition 
there are no cracks in the block. This product is the yttrium stabilized zirconia. It has excellent 
mechanical properties (very high toughness among ceramics) and applied more frequently in dental 
practice. It is interesting that the tetragonal-monoclinic phase transition may play a role in the good 
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toughness (see the guide about the so-called „self-healing” mechanism of the zircon in the frame).

 

 

Self-healing mechanism of the zircon 

The property of the zircon that expands in the tetragonal-monoclinic phase transition and so it is 
impossible to produce highly strength block without cracks may be advantage in other cases. 

For example the yttrium stabilized crystal has tetragonal lattice after cooling it due to the absence 
of the phase transition. This structure is not stable at room temperature but the transition is very 
slow. Large mechanical load, internal stress is able to accelerate the transition. Such kind of the 
induced phase transition may play in the environment of a crack due to the strong mechanical 
impact. The cracks increase the internal stress especially around the tip of them. If it is over a 
certain value the phase transition takes place and results an increase in volume (Fig. 11.9). This 
increase quasi compresses the crack and blocks its propagation and prevents the material against 
the fracture. 

 
Fig. 11.9 Tetragonal-monoclinic transition at the tip of a crack induced by the stress 

This is the way that an originally harmful phase transition becomes a useful mechanism that 
prevents the zircon block or the dental bridge made of zircon from the failure. This is so good that 
is used to increase the toughness of other ceramics. For example adding 10-20% of ZrO2 to the 
Al2O3 the fragility of the aluminum-oxide significantly decreases. These ceramics are called 
transformation toughened ceramics. 
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Single atom ceramics – the carbon 

The carbon is able to form amorphous solid and has crystalline ones. Allotropes are for example 
the graphite, the cubic diamond, the fullerenes and the nano tubes. The carbon may not be 
classified as a metal, ceramics, or polymers really. Normally it is mentioned in ceramics.  

Strong covalent bond holds together the carbon atoms so the melting point is very high and one 
of the hardest material. This property is utilized in the diamond dental drill. It has surprising good 
thermal conductivity despite of non-metallic property and a bad electric conductance. It is 
transparent in the visible range and its refractive index is very high. 

The carbon atoms are ordered into parallel layers in the graphite. There is covalent bond and 
hexagonal structure inside the layers but there is only weak van der Waals bond between the 
layers. The layers are able to slip on each other and so the graphite is a good lubricant. It is a good 
thermal and relatively good electric conductor. 

Fullerenes are substances consisting of C60 molecules. These units are ordered into face-centered 
cubic crystals. 

The carbon nanotube is made of a single graphite layer. A cylinder is formed from the layer and 
ends are closed by a hemisphere of a C60 unit. The diameter of the tube is between 1 and 100 nm 
the length may be even thousands of times larger. Millions of carbon atoms may consist of one 
tube. These tubes are very strong their tensile strength is between 50 and 200 Mpa. They are the 
strongest but relatively flexible, light materials. Application in the composites seems to be very 
promising. 

Ceramics: compound of metallic and non-metallic elements. 

Silicate: compound of silicon (Si) and oxygen (O). Silicon dioxide, kaolin, feldspars and the 
porcelain are silicates for example. 

Oxide ceramics: Oxides of metals. Zircon dioxide (zirconia) and the aluminum oxide are 
oxide-ceramic. 

Glass-ceramics: this fine grained polycrystalline ceramics is made of amorphous material 
using so-called „controlled crystallization”. 

Proposed problems: 3.14, 3.16, 3.18, 3.19. 
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Chapter 12. Structure of polymers 

Natural polymers like leather, wool, silk are used thousands of the years and nowadays synthetic 
polymers are applied several fields of the life for example in dentistry too. The human body contains 
a lot of natural polymers e.g. proteins. 

These substances, mainly acrylates are used in dentistry as materials for denture, filling or cement of 
the mold. Their advantage is that they may be handled easily, proper from aesthetic viewpoint and 
cheap. 

There are silicon based polymers but most of them are carbon based material. The atoms to build up 
a polymer are mainly the oxygen and the hydrogen beside the carbon so the density of them is 
smallest among the substances in average. 

 

A polymer molecule is a chain-like macromolecule made from base units so-called monomers. A 
monomer of a few polymers may be seen in Fig. 12.1. If the monomers are the same the molecule is 
called homopolymer if not is called hetero-polymers or copolymer. 

During the polymerization the monomers are bonded to each other with covalent bond. The degree 
of polymerization gives the number of the monomers building up a molecule. This determines the 
mass of the molecule, too. We use this quantity to characterize the product (it is not so easy to study 
one molecule). Normally a polymer product contains molecules with different length and mass. The 
degree of polymerization is defined statistically as an average. We must investigate the distribution 
of the molecular mass. 

Polydimethylsiloxane 

The polydimethylsiloxane is a silicon based polymer and the monomer is shown in Fig. 12.1. (R is a 
methyl group.) 

 
Fig. 12.1 Monomer of the polydimethylsiloxane 

The density is 0.965 g/cm3, transparent and viscoelastic material. It is a chemically inert and non-
toxic material. We may meet this substance in several fields of the life for example in lubricants, 
glues but in cosmetics (e.g. shampoo, cold cream) and foods (E900 as antifoam component). This 
is used in medicine in contact lenses and breast or other implants. 
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Fig. 12.2 Monomers of a few polymers with its application 

Typical molecular mass distribution of a polymer product is shown in Fig. 12.3. The curve is a 
continuous one but it ’d be better to plot as the series of  narrow bars (see the frame „Example for 
the distribution…”) but the bars so fine that the lines overlap. The distribution is measured in practice 
on that way that according to the accuracy of the measuring method the horizontal axis is divided 
into molar classes. Let middle of the i-th class is Mi! (For example a class may be an interval between 
100 and 102 g/mol and the middle is 101 g/mol.) The proportion of the molecules in a class is 
determined and this proportion is shown in Fig. 12.3. The proportion may be given as the fraction of 
the no. of molecules or the mass. The number fraction is the proportion of the no. of molecules in a 
certain class: ni/n, where ni the no. of the molecules in the class while n is the total number. The mass 
fraction is the proportion of the mass in a certain class: mi/m where mi the summed mass of the 
molecules in that class and m is the total mass of the product. According to these fractions we can 
define two different average masses. 
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Fig. 12.3 Typical molecular mass distribution of a polymer product 

Number average molecular weight (𝑀�𝑛): 

𝑀�𝑛 =
𝑛1𝑀1 + 𝑛2𝑀2 +⋯+ 𝑛𝑖𝑀𝑖 +⋯+ 𝑛𝑘𝑀𝑘

𝑛1 + 𝑛2 + ⋯+ 𝑛𝑖 + ⋯+ 𝑛𝑘
=
∑ 𝑛𝑖𝑀𝑖
𝑘
𝑖=1

∑ 𝑛𝑖𝑘
𝑖=1

 . 

According to the formula we must sum the products of the class middle and the number of the 
molecules in the given class and finally divide by the total number of the molecules. (This is really a 
weighted average namely weighted by the number fractions.) 

Using this average we can define the degree of polymerization: 

degree of polymerization =  
𝑀�𝑛

𝑀monomer
 , 

where Mmonomer is the molar mass of a monomer. 

The weight average molecular weight (𝑀�𝑚): 

𝑀�𝑚 =
𝑚1𝑀1 +𝑚2𝑀2 + ⋯+𝑚𝑖𝑀𝑖 + ⋯+ 𝑚𝑘𝑀𝑘

𝑚1 + 𝑚2 + ⋯+ 𝑚𝑖 +⋯+ 𝑚𝑘
=
∑ 𝑚𝑖𝑀𝑖
𝑘
𝑖=1

∑ 𝑚𝑖
𝑘
𝑖=1

 . 

According to the formula we must sum the products of the class middle and the total mass of the 
molecules in the given class and finally divide by the mass of the polymer material. (This is really a 
weighted average namely weighted by the mass fractions.) 

In a typical distribution shown in Fig. 12.3 the weight average is always higher than the number 
average: 𝑀�𝑛 ≤ 𝑀�𝑚. Equality is possible only if all molecules have the same mass. The more different 
molecules the more wider distribution and the more bigger difference between two averages. They 
may be used to characterize the width of the distribution. 

104

Chapter 12. Structure of polymers



The polydispersity index of a polymer preparation is given with this formula: 

polydispersity index =  
𝑀�𝑚
𝑀�𝑛

 

If all molecules are the same this ratio is 1. Such kind population is monodisperse. 

To explain this we show a simple example in the frame „Example for distribution of polymer 
molecules…”. 
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𝑀�𝑛 =
∑ 𝑛𝑖𝑀𝑖
𝑘
𝑖=1

∑ 𝑛𝑖𝑘
𝑖=1

 =
4 ∙ 10 + 7 ∙ 20 + 5 ∙ 30 + 3 ∙ 40 + 1 ∙ 50

4 + 7 + 5 + 3 + 1
= 25 g/mol. 

𝑀�𝑚 =
∑ 𝑚𝑖𝑀𝑖
𝑘
𝑖=1

∑ 𝑚𝑖
𝑘
𝑖=1

 =
40 ∙ 10 + 140 ∙ 20 + 150 ∙ 30 + 120 ∙ 40 + 50 ∙ 50

40 + 140 + 150 + 120 + 50
= 30 g/mol. 

degree of polimerization =  
𝑀�𝑛

𝑀monomer
=

25
5

= 5  ,   polydispersity index =  
𝑀�𝑚
𝑀�𝑛

=
30
25

= 1.2 . 

An example of the distribution of the polymer molecules and the different molar mass 

Consist of the preparation n = 20 molecules and their molar mass may be five different values 
(Table 1. column). The other columns show the number (ni) or the proportion of the 20 molecule 
with different molar mass or how much is the mass (mi) in the classes and the proportion 
comparing to the total mass. 

molar mass, 
Mi (g/mol) 

ni 
 

no. fraction ni/n 
(proportion) 

mi = ni·Mi 
(g/mol)* 

mass fraction mi/m 

M1 = 10 n1 = 4 4/20 = 0.20 = 20% m1 = 4·10 = 40 40/500 = 0.08 = 8% 
M2 = 20 n2 = 7 7/20 = 0.35 = 35% m2 = 7·20 = 140 140/500 = 0.28 = 28% 
M3 = 30 n3 = 5 5/20 = 0.25 = 25% m3 = 5·30 = 150 150/500 = 0.30 = 30% 
M4 = 40 n4 = 3 3/20 = 0.15 = 15% m4 = 3·40 = 120 120/500 = 0.24 = 24% 
M5 = 50 n5 = 1 1/20 = 0.05 = 5% m5 = 1·50 = 50 50/500 = 0.10 = 10% 
total n = 20 1 = 100% m = 500 1 = 100% 

 

* to simplify the table the total mass is given as g/mol instead of g. 
Using values in the column 1. and 2. the number average molecular weight: 

Using the values in the column 1. and 4 the mass average molecular weight: 

We can plot the distribution according to the number or mass fractions (Fig. 12.4). The different 
averages may be seen also. 

 

Fig. 12.4 Distribution of polymer molecues and average molar masses 

Finally we suppose that the monomer has 5 g/mol mass and calculate the degree of 
polymerization and the polydispersity index: 
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The degree of polymerization, the average molar mass and the polydispersity index influence 
strongly the mechanical and other properties of the preparation. 

The material consist of monomers is liquid normally. Progress the polymerization the viscosity 
increases and the substance solidifies. The viscous property remembering the fluid retains frequently 
(see in chapter 18. dealing with viscoelasticity). The polymerization involves the shrinkage, the 
volume decrease that is a disadvantage phenomenon in dentistry mainly using the material as filling 
one. 

The monomers are bonded to each other by covalent bond in the polymer chain. There is a 
possibility to connect the chains by covalent bond but the weaker secondary bonds are dominant. 
The consequence is the relatively low melting point less rigid and softer materials in average. 

The polymers may be classified according to the covalent bond (Fig. 12.5). There are linear, 
branching, crosslinked and network types. Branches and cross-links influence the properties of the 
polymer, too.  

 

Fig. 12.5 Polymer types 

Polymers may be classified on the base of physical property related to the heating. Thermoplastic 
polymers become soften after heating are mainly the linear and the branching ones. Elastomers with 
very large elasticity are mainly the slightly network polymers. Thermosetting polymers, which 
become harden after heating, are strongly network ones.  

The chain-like molecules produced in the polymerization may be spontaneously arranged and space 
ordered periodic crystal structures may be formed (Fig. 12.6). The more large and complex the 
molecule the more complicated the arrangement and the more rare a crystalline polymer product. 
Usually crystal and amorphous domains are alternate and we say that the material is a semi-
crystalline polymer. 
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Fig. 12.6 Crystalline and amorphous domains (polyethylene) 

The fraction of the crystalline part is characterized by the degree of crystallinity: 

degree of crystallinity =  
𝑚c
𝑚

 (∙ 100%) , 

where mc the mass of the crystalline part and m is the total mass. 

The properties of a polymer depend on the degree of crystallinity so it is an important parameter in 
the practice. It may be determined easily if we measure the density. The density of the crystalline 
polymer is different from the amorphous one namely higher. If we know the appropriate value of the 
crystalline and amorphous polymer measuring the actual density of the preparation the degree of 
crystallinity may be calculated (see „Determination of the degree …” in the frame). 

 

Warming up a polymer product the crystalline parts, as usual in the case of other crystals, melt at a 
certain temperature. The amorphous domains according to the behavior of the glasses around the 
glass transition temperature gradually become soften. These changing appear parallel in the semi-
crystalline polymer. 

𝑚
𝜚

=
𝑚𝑐

𝜚c
+
𝑚a

𝜚a
 . 

1
𝜚

=
𝑥
𝜚c

+
1 − 𝑥
𝜚a

 . 

𝑥 =
𝜚𝑐(𝜚 − 𝜚a)
𝜚(𝜚𝑐 − 𝜚a)

 . 

Determination the degree of crystallinity from density measurement 

Let the degree of crystallinity of a polymer is x, the total mass is m, the volume is V and the 
density is ρ. The mass of the crystalline fraction is mc, the volume is Vc, the density is ρc. Similarly 
the mass of the amorphous part is ma, the volume is Va and the density is ρa. The total mass of 
course is m = mc + ma = x.m + (1-x).m and suppose that the total volume is V = Vc + Va as a good 
approximation. The last equation is the next using the mass and density values: 

Dividing by m the whole equation and using the degree of crystallinity 

Express x from the equation: 
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Acrylates 

From the last mid-century the dentist have been used artificial polymers mainly acrylates. They 
are the derivatives of the acrylic acid (CH2=CHCOOH) or the meth acrylic acid ((CH2=C(CH3)COOH). 
The most important is the (PMMA). The monomer is the methyl methacrylate that is a 
transparent liquid at room temperature and the molar weight is 100 g/mol. The polymerization 
may be initiated by light, heat or chemical agent. The polymerization, the degree of 
polymerization depends on the temperature, the mode of the initialization, the type and 
concentration of the chemical agent etc. The shrinkage of the pure methyl methacrylate during 
the polymerization is very large about 20%! 

The poly(methyl methacrylate) (acrylic glass) is practically transparent in the visible range (to 250 
nm) and some properties are listed in the Table 11-1. Properties depend on the degree of 
crystallinity. The PMMA is a linear polymer and prone to form crystal domains. It is a thermoplast 
and becomes soften around 125 °C. Above this temperature the polymer starts to degrade into 
monomers. The PMMA is soluble in organic acids like acetone or chloroform. 

Table 11-1. Some properties of PMMA 

density about 1.2 g/cm3 
Young's modulus about 2.4 GPa 
tensile strength about 60 MPa 
hardness (Vickers) about 0.2 GPa 

 
The methyl methacrylate is not suitable as filling material due to the large shrinkage. Different 
methacrylate derivatives and their composites with less shrinkage are used. Such kind of a 
derivative is the triethyleneglycol dimethacrylate (TEGDMA) and the urethane dimethacrylate 
(UDMA) (Fig. 12.7). 

 

Fig. 12.7 The triethyleneglycol dimethacrylate (TEGDMA) and the urethane dimethacrylate 
(UDMA) 
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Polymer: a long, chain-like macromolecule that is built up from monomers. Homopolymer 
consists of same and copolymer consists of different monomers. 

Degree of polymerization: no. of monomers in an average polymer molecule the ratio of the no. 

average molecular weight of the polymer molecules and the molar mass of a monomer: 𝑀�𝑛
𝑀monomer

 ,. 

Polydispersity index: shows how wide the mass distribution of the molecules in a polymer 
product. It is the ratio of the weight average and the no. average molar weights. The product is 
monodisperse if this index is 1. 

Degree of crystallinity: the ratio of the total mass of the crystalline domains and total mass of the 
product. 

Proposed problems: 3.21, 3.23, 3.24, 3.25. 
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Chapter 13. Structure of the composites 

A lot of composites may be found in the nature. For example, bones or dentine consist of two 
substances, excepting the water, a protein (polymer), the collagen and hydroxyapatite (ceramics). 
Nowadays following the nature we apply several composites in many fields of the life e.g. glass-fiber-
reinforced plastic material. Their importance increases in dentistry too (see: particle-reinforced 
composite filling material). Composites consist of different materials more exactly different phases. 
(There are composites which consist of a same material with different structure e.g. carbon 
nanotube reinforced carbon.) Blending together different materials or phases result a combination of 
the advantageous properties. (This is why we must use a few mechanical properties that may be 
defined exactly later in different chapters. Nevertheless everybody has an idea about the stiffness or 
hardness and so we hope that this chapter will be understandable without the exact definitions.) 

Composites consist of different phases that show something from the properties of all phase. These 
phases usually differ chemically form each other and have a definite boundary. 

Very frequently, there are only two phases and one of them is the matrix that is a continuous phase 
and supports the other one that is called as reinforcement or disperse phase. The properties of the 
composites depend on the properties of the components, their ratio, the geometry of the 
reinforcement (shape, size, distribution, orientation) and the quality of the boundary. 

They may be grouped on the base of the matrix material and we can speak about the polymeric, 
metallic or ceramic matrix composites. On the base of the morphology there are three groups: 
particle-, fiber-reinforced and layered ceramics. 

 

Fig. 13.1 Types of the composites: a) particle-reinforced, b) fiber-reinforced, c) layered 

In the practice the main group is the fiber-reinforced composites and we deal with them first and 
after with the particle-reinforced one shortly. 

Fiber-reinforced composites 

The aim of the fiber reinforcement is to improve the mechanical properties in order to get stiffer, 
stronger and maybe tougher material while it remains relatively light. It is important in many 
application to have a certain mechanical stability and as less mass as possible. 
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The matrix of the fiber-reinforced composites is most frequently polymer, sometimes metal and rare 
ceramics. Polymers are usually elastic and sometimes plastic materials but not too strong. The fiber 
used to strengthen is stiffer and stronger. This sustains the load in the case of a mechanical stress. 
The role of the matrix is to support the fibers, to ensure the transmission of the fibers and the 
protection of the usually fragile and vulnerable fibers. There must be good adhesion between two 
materials at the boundary for a good transmission. It is very important. (For example the carbon 
nanotube-reinforced aluminum may be applied in several cases due to its lightness but the aluminum 
melt doesn’t wet the carbon. A good solution to cover the surface of the carbon tubes by nickel or 
tantalum first.) 

Varying the geometry, the arrangement or the amount of the fibers the properties of the product 
may be influenced. According to the arrangement and geometry we can speak about continuous 
longitudinal, short orientated or short random aligned fibers. The ratio of the diameter and the 
length of the fibers is an important geometric factor in the case of the short ones. Extreme case if the 
fibers are small and narrow single crystals so-called „whiskers” the diameter of them is less 50 than 
mm usually. The resulted strength is very good but they are very expensive materials. Increasing 
volume fraction of the fibers is also favorable from the viewpoint of the reinforcement. 

The matrix of the fiber-reinforced composites may be several polymers e.g. the application of 
polyesters or polyepoxides are enough frequent. The fiber is made from glass, more frequently 
carbon (nowadays carbon nanotube) or polymer (e.g. aramid or Kevlar) (Fig. 13.2). The similar 
thermal volume expansion of the components is an important aspect at the selection of the fiber 
material. If the expansion is very different very high internal strength arises at the boundary of the 
two materials that may prevent the good adhesion and destroy the transmission. 

                      

Fig. 13.2 Glass fiber-reinforced composite (printed circuit board) and a crash helmet made of carbon 
fiber-reinforced composite 

More often different fibers are used in a composite they are the so-called hybrid composites. 

Particle-reinforced (or grain-reinforced) composites 

The disperse phase consists of smaller or larger grains in the particle-reinforced composites and the 
particle axes are same so the size is similar to all directions. According to the grain size they may be 
classified as large- and small-particle composites. There is an essential difference between two 
categories. 

The boundary between matrix and grains or the interactions arising there may be described 
macroscopically in the large-particle composites. (More exactly it may not be handled on atomic or 
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molecular level.) The material of the particles is stiffer, harder usually than the matrix. These grains 
influence the deformation of the matrix and takes over a part of the load in mechanical stress. The 
stiffness of the composite is between the stiffness of the two materials. The homogenous 
distribution is important. Such kind of the composite is the well-known concrete that is a mixture of 
the gravel, grain of sand and cement. The so-called carbides, ceramic grains in metallic matrix belong 
to this group, too. The ceramic grains are very hard tungsten carbide (WC) or titanium carbide (TiC) 
and their size I 1 µm usually and the matrix is cobalt or nickel (Fig. 13.3). (For example they are used 
as special cutting edge of tools and knives). They are used as diamond coating dental drill or blade in 
dentistry (Fig. 13.4).  

 

Fig. 13.3 Electron microscopic image of titanium carbide (TiC) grains in a large-particle composite 

          

Fig. 13.4 Dental drill or blade made from diamond coating composite 

If the size of the grains is below 0.1 µm we speak about fine-grain composite. The interaction of the 
grain and the matrix must be handled on atomic and molecular level only. The movement of the 
dislocations is impossible due the grains which decrease the plasticity, increase the strength and the 
hardness. 

If the size of the grains (at least in one direction) is less than 100 nm we speak about a 
nanocomposite. This is an interesting field of the material science nowadays. The fiber-reinforced 
composite may be a nanocomposite because for example the diameter of a carbon nanotube 
mentioned before is about 1 nm only (the length is much more about 1-5 µm). There is research on 
the possible application of nanocomposite in dentistry. 

See the „Dental composites” in the frame about the composition and structure of the composites 
used in dentistry. 
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Dental composites 

Silicates were the possible dentures with the same color as the natural teeth in the first part of 
the 20. century. They were replaced by the acrylates in the 50s e.g. poly(methyl methacrylate) 
because the fillings made from silicates were eroded enough quickly in the mouth. The problem 
of the acrylates is the similar fast abrasion, the large shrinkage during the polymerization that 
decreases the adhesion between the filling and the dentin. The large thermal expansion is also 
not a good property. From the 60s addition of different substances e.g. quartz grains have been 
used to solve these problems. This is the first case when composites were used in dentistry as 
filling material, glue or cement etc. The lifetime of the composite fillings is same to the amalgam 
nowadays. 

 
Fig. 13.5 Composite filling in practice 

Modern dental composites are particle-, perhaps short fiber-reinforced composites where the 
matrix is a network polymer and the material of the disperse phase is an amorphous or crystalline 
ceramics or polymer and the boundary of the two phases is strengthened by silane. 

The matrix polymer is frequently strong network polymer of the triethyleneglycol dimethacrylate 
(TEGDMA) or urethane dimethacrylate (UDMA). The density of these polymers is about five times 
higher than the methyl methacrylate and so the polymerization space is relatively less and the 
shrinkage during the polymerization is also smaller. It is also advantage that there is a possibility 
the cross-links between chains that makes the polymer stronger. 

The grains are usually finely milled glass and quartz, hard polymers or heavy metal containing 
glass particles (to ensure the right opacity in X-ray transillumination). There are pigments (to get 
the right color) and UV absorbing materials (to prevent the matrix) in the composites. The size of 
the grains are very different extends from about 0.04 µm to 100 µm. The tendency is to apply 
finer particles. 

There are hybrid composites in dental practice that contain grains of different materials usually 
colloidal silicon dioxide and metal containing glass particles. An electron microscopic image of a 
hybrid composite may be seen in Fig.13.2. The size of the grains is about 0.4-1 µm. 

 

Fig. 13.6 Polished surface of a dental hybrid composite in electron microscope 
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Composite: material that consists of different phases which are not the same chemically in 
general and it shows something from the properties of the different phases. 

Matrix: one of the phases that is continuous and involves the other phase. 

Disperse phase: the phase of a composite that is dispersed in the matrix as grains or fibers. 

Hybrid composite: a composite in which case different phases are dispersed in the matrix. 

Proposed problems: 3.27 
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Chapter 14. Mechanical properties – introduction 

The mechanical properties like e.g. stiffness, elasticity, toughness, hardness are the most important 
considering the different properties of the materials in dentistry. This chapter is an introduction to 
the discussion of these properties and we meet such kind of base concepts like types of deformations 
and the stress-strain diagram. There are several mechanical properties and they are reviewed in the 
next four chapters. 

Mechanical properties of an object may be important when a mechanical stress, force is applied on 
it. The consequence is always more or less deformation (changing its shape). According to the 
direction and point of application there are different mechanical stresses or deformations. 

Types of the mechanical stresses (deformations) (Fig. 14.1) 

Simple deformation is the tension, compression and the shearing. Complex deformation is the 
bending when a part of the body is elongated another one is compressed. Torsion may be derived 
from the shearing. 

 

Fig. 14.1 Types of the mechanical stresses (deformations) 

The tooth or the denture is exposed to compression in mastication but the shearing forces are also 
frequent. Bending stress may appear in the case of dental bridge. This is the most frequent 
deformation of the braces. Shearing stress arises when the dentist removes the sticker braces using a 
force along the surface of the tooth. Torsion is not too frequent but it may appear in the case of 
braces. Clear tensile stress is also rare but a bite into a chewing-gum or a sticky candy may result so 
large tensile forces at opening the mouth that is able to remove the dental crown. Tensile stress 
arises in each bending, too.  
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The material mechanical properties may be characterized if we examine the relation between the 
mechanical stress and the deformation. This may be seen in a stress-strain diagram. 

Stress-strain diagram and its ranges (Fig. 14.2) 

The stress-strain diagram shows how much force, load is necessary to produce a certain 
deformation. This definition is general but doesn’t enough exact to determine what quantities are 
used in the diagram. We can see later that different quantities may be used to characterize the load 
and to describe the different deformations. First determine the possible ranges of the diagram! 

 

Fig. 14.2 Typical stress-strain diagram and its ranges 

Every deformation is reversible until a certain limit. In this case after decreasing the load and 
removing it the body is able to recover the original shape. This is the so-called elastic behavior and 
the range where it is true is the elastic range. In this case the load curve (the arrow showing load 
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increase in the figure) and the recovering curve (arrow to the opposite direction) usually are the 
same. (Note: there are materials when the two curves are not the same but the recovering curve 
return to the origin. This phenomenon is called hysteresis and this may be observed in the case of a 
rubber thread. We discuss this phenomenon later in the chapter that deals with the viscoelasticity.) 

In the main part of the elastic range the rate of the deformation is proportional to the load. 
Practically this is the so-called Hook’s law discussed later and corresponds to the linear part of the 
curve. This part is the proportional range. 

If the stress is larger the object has an irreversible change of its shape. The load and the recovering 
curve are not the same and the curve doesn’t return to the origin so the object is not able to recover 
its original shape and the change is definitive. This phenomenon is the plastic behavior and the 
appropriate range is the plastic range. The end of this behavior is the fracture that means the end of 
the integrity of the object. 

 

 

 

 

 

 

 

 

 

 

 

 

The stress-strain diagram is able to show the force on teeth produced by the braces in orthodontics. 
(See „Stress-strain diagram in orthodontics” in the frame.) 

The ranges of the stress-strain diagram may be different in the case of various materials. The elastic 
range is dominant if the material is an elastic one (e.g. rubber, steel spring) or the plastic range if the 
substances is plastic (e.g. gold, plasticine). There is no plastic range practically in the case of the 
brittle materials (e.g. glass, porcelain, enamel). After a short elastic section the fracture appears 
immediately. 
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Fig. 14.3 Stress-strain diagram of a metal (brass) in tension 

Typical stress-strain diagrams of the different material families may be seen in Fig. 14.3 (metals),  
Fig. 14.4 (ceramics), Fig. 14.5 (polymers) as an example at tension stress. (In these figures the strain is  
the relative elongation and the stress is proportional to the force and they will be defined exactly later). 
Metals have a serious plastic range normally and highly deformable. This plastic property is absent in 
ceramics and the short straight-line section is finished at the fracture. (Compare the values on the X 
axis in the two graphs!) However the stress that results fracture is not so significantly different. The 
polymers are able to show various behaviors according to the Fig. 14.5. The A curve shows the 
behavior of a brittle polymer (e.g. acrylic glass) while the B and the C curve are characteristic for a 
plastic (e.g. PVC) and a very elastic so-called elastomer (e.g. rubber) ones. It may be stated generally 
that the polymers are more deformable than the metals or the ceramics and normally break in 
smaller stress, they are weaker materials. 

Stress-strain diagram in orthodontics 

The brace is activated at the application so the dentist deforms it and stores energy in the device. 
This energy is utilized later when the braces produces force, torque on the teeth and dislocates 
them. 

The force, that produces varying degree of deformation is shown in the diagram used to 
characterize dental braces. The deformation of the device exerts force against the external effect 
and it is same than the external one (assuming a slow deformation via several equilibrium states). 
The activated brace applied to the teeth try to recover its original shape and exerts force on the 
teeth too. The loading curve shows the force that is necessary to deform the brace and the 
unloading curve shows the force exerted on teeth. 

The loading and the unloading curve usually are the same in the elastic range but the hysteresis 
observed in the behavior of a rubber thread means that larger force is necessary to deform the 
object that is produced during the recover. These two curves are entirely different in every 
material in the plastic range. 
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Fig. 14.4 Stress-strain diagram of a few ceramics in tension 

 

Fig. 14.5 Stress-strain diagram a few polymers in tension 

The behavior of an object in mechanical stress and the shape of the diagram are determined manly 
by its material and its structure (e.g. amorphous or crystalline) but it is influenced by several other 
factors: 

1. Type of stress. (For example the behavior of ceramics is different in the case of tension or 
elongation.) 

2. The shape, size commonly the geometry of the object. (It is more difficult to bend a thicker 
rod than a thin.) 

3. The run-time of the stress. (For example the glass is broken into pieces using a hammer 
but a bullet launched by a gun produces a small hole only.) 
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4. Temperature. (Some metals are very plastic and tough at room temperature but become 
more brittle cooling them.) 

These conditions must be presented in the stress-strain diagram. 

In order to decrease the dependency on geometry such kind of the quantities are in the diagram that 
are valid for unit length and cross-section. On the other hand standard probes are used in the 
mechanical tests. 

The diagrams are made usually using a relatively slow and gradual stress – ensure the equilibrium 
states as possible. 

If there is no any temperature value the diagram normally is valid for room temperature. 

 

 

 

 

 

 

Proposed problems: – 

Plastic range: that range when the deformation is irreversible. 

Proportional range: that part of the elastic range when the stress and the deformation are 
proportional to each other. 

Elastic range: the range of a stress strain diagram where the deformation is reversible. 

Stress-strain diagram: A graph to show how much stress is necessary to get a certain 
deformation. 
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Chapter 15. Mechanical properties – elastic behavior 

The stress-strain diagram, introduced in the chapter 14., shows the deformations of the materials 
due to different loads at various mechanical stresses. There are basically two ranges in the diagram: 
the elastic and the plastic range. We deal with the elastic behavior in this chapter. 

The elastic deformation is always reversible. In this case the body recovers entirely its original shape 
after decreasing and removing the load (Fig. 15.1). In the main part of this range the deformation is 
proportional to the load. This part is called proportional range. 

 

Fig. 15.1 General load diagram and its ranges 

To discuss the elastic range in detail we start at the proportional range in the case of different 
stresses. 

The proportional range and its characteristic quantities 

1. Tension 

The behavior of a material is usually tested in tensile stress. The schematic of a testing apparatus is 
shown in Fig. 15.2. Standard specimen is used because the elongation depends on both the material 
and its geometry. 

Gradually elongating a material we can measure the changing of the length and the tensile force (F) 
exerted perpendicular to the cross-section. According to the observation longer body may be 
elongated better using the same force so – to ensure the independency on the length – the changing 
of the shape is characterized by the strain(ε) instead of the absolute one(∆l): 

𝜀 =
Δ𝑙
𝑙0

 , [15.1] 
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Fig. 15.2 Apparatus used to test materials 

where l0 is the original length. This quantity has no unit and may be given in percentage. For example 
if the elongation is 1.5 cm of a rubber thread having 3 cm original length than 
ε = 1.5 cm/3 cm = 0.5 = 50%. 

According to the observation the thicker body requires higher force and this force is proportional to 
the cross-section (A0). We introduce a new quantity, the stress (Fig. 15.3) that is the tensile stress in 
this case (later we use frequently the stress only): 

𝜎 =
𝐹
𝐴0

 .         [15.2] 

The unit of the stress is Pascal (Pa): 1 Pa = 1 N/m2.  

 

Fig. 15.3 Figure to define the tensile stress (σ) 

According to the measurements: 

𝜎~𝜀 . 
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Introducing a proportionality coefficient we can get the so-called Hook’s law: 

𝜎 = 𝐸𝜀 .         [15.3] 

 

The proportionality coefficient E is the so-called Young’s modulus or tensile modulus. It is 
independent of the body geometry and characteristic for the material and shows how much stress is 
necessary to get a unit relative elongation. If the Young’s modulus is higher stress is necessary  
(Fig. 14.5) so the E characterize better the resistance of the body against the elongation and so the 
stiffness of the material. Later this quantity is frequently mentioned as stiffness. Young’s modulus is 
the slope of the straight-line in the Fig. 15.4 that is simple σ/ε ratio according to the equation [15.3]. 
(We can calculate this quantity as ∆σ/∆ε, this may be seen if the figure, that is more general and 
takes into the consideration the nonlinear tensile diagram, too.) 

 

Fig. 15.4 Tensile diagram of two different stiffness (E) materials 

To characterize the elasticity of the materials the reciprocal of the E may be used because if the 1/E 
is higher so the E is less, less force is necessary and it is easier to elongate the material. According to 
the equation [15.3] – because ε has no unit – the unit of the E is same to σ that is Pascal. 

Engineering system (nominal values) 

During the tension the body becomes narrower the cross-section decreases. If we don’t take into 
the consideration this phenomenon when we calculate the stress and we use the original (A0) 
value always, as it given in the equation [15.2], not the real (or physical) stress but a nominal or 
engineering is the result. To determine the real stress we should always measure the cross-
section that is not easy. 

The strain defined in [15.1] is also a nominal or engineering value only and not the real one. 

The engineering system uses the nominal values. The practical arguments to use them are: it is 
easier to determine them, the planning uses the original values and the materials may be 
compared to each other if we use always the nominal values in the stress-strain diagrams. 
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The stiffness of a few dental materials may be seen in Table 15-1. To compare them a question 
arises: why the stiffness of metals and ceramics are higher than the polymers? The reason is the 
process in the material during elastic deformation. 

There is no dramatic change in the structure of the materials during elastic deformation only the 
distance among the atoms, molecules increases slightly. It was discussed in the chapter 1. in 
connection to the Fig. 1.4 that increasing distance results net attractive forces that try to move back 
the particles. How large are these forces and what is the dependency on the distance (finally on the 
deformation of the body)? Remember the Fig. 1.4 and utilize a similarity! 

Table 15-1 Stiffness (Young’s modulus) of some materials  

material E (GPa) 

dentine ≈ 15 

enamel ≈ 100 

silicon rubber ≈ 0.0003 

PMMA 
(poly(methylmetacrylate)) 

2.4-3.8 

amalgam 50-60 

glass 60-90 

porcelain 60-110 

gold 79 

gold alloys 75-110 

Pd-Ag alloys 100-120 

titanium 110 

titanium alloys 105-120 

Co-Cr alloys 120-220 

Ni-Cr alloys 140-190 

zircon (Yttrium stabilized)  200  

steel 200-230 

aluminum oxide 350-410 
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Fig. 15.5 Material structural interpretation of Young’s modulus 
a) Parabolic energy curve of the spring 

b) Linear force law of the spring (force is the slope of the curve in each points) 
c) Energy curve of atomic interactions (parabolic approximation close to r0) 

d) Energy curve between atoms (linear approximation around r0) 

The Fig. 15.5c is the earlier Fig. 1.4. The energy curve may be approximated by a parabola around the 
equilibrium distance r0. The energy curve of a spring is similar to this one (a part in the figure). This is 
the base of the model of the elastic deformation. We can imagine the movements of the atoms 
during the deformation as they were connected to each other by a tiny spring with r0 length. 

Look at the parabolic energy curve of the spring (a part of the figure) and determine the relation 
between the curve and the force. It is well-known that the parabolic energy curve derives from the 
linear force law of the spring (b part of the figure – the force arising in the spring is proportional to 
the changing of the length). The linear force law may be derived from the energy curve if we take the 
slope of the tangent in each point. The slope is negative at the beginning later it decreases to the 
zero at the bottom of the valley, after it becomes positive and increases. This corresponds to the 
change of the force. The same method may be used in the case of atomic forces (solid curve 
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in figure d). This force curve is non-linear but may be approximated by a straight-line around r0 that is 
similar to the parabolic approximation of the energy curve. According to the spring model a linear law 
describes the forces between atoms in enough small deformations. Therefore the macroscopic law 
must be linear too as the Hook’s law. 

The slope of the linear force law is the so-called spring constant (D). It depends on the thickness of 
the parabolic energy curve: narrower curve steeper force function and higher spring constant. The 
slope of the force function is proportional to the stiffness of the material (Young’s modulus) close to 
the r0. This is the interpretation of the Young’s modulus on the base of the structure. Young’s 
modulus is related to the thickness of the energy valley, too. 

 

Fig. 15.6 Relationship between Young’s modulus and the bond energy 

The energy curve, that characterizes the atomic interactions of two materials, is shown in Fig. 15.6. 
The energy valley is deeper and narrower close to r0. The bond is stronger on the left side of the 
figure. The result is higher slope of the force curve and higher Young’s modulus around the 
equilibrium distance. Young’s modulus shows close relations to the depth of the valley, to the bond 
energy. (Considering the spring model a stronger spring is a good model of a strong bond.) Therefore 
not surprising that metals (strong metal bond), and ceramics (ionic/covalent bond) have high 
stiffness. This value is less in the case of polymers due to the weaker bonds. 
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Young’s modulus decreases usually with increasing temperature (Fig. 15.7). This is the conclusion of 
the energy curve shown in Fig. 15.5d. Materials expand if the temperature increases in general and 
the atoms are far from each other a little bit. If the distance is higher than r0 the slope of the force 
curve and so the Young’s modulus is less. 

 

Fig. 15.7 Temperature dependency of the Young’s modulus in the case of some metals 

Elongating a body to a certain direction it becomes usually narrower to the transverse direction (Fig. 
15.8). According to the measurements the relative change of the sizes are proportional to each 
other: 

∆𝑑
𝑑

= −𝜇
Δ𝑙
𝑙

 , [15.4] 

where d is the original diameter of the body, ∆d is the change of this diameter, l is the original length 
and ∆l its change. The negative sign is necessary because increasing length results decreasing 
diameter in general. The µ has no unit and it is the so-called Poisson’s ratio. This is a positive number 
and its maximum is 0.5 but it is between 0.3 and 0.4 for the most materials. 

 

Fig. 15.8 Figure to interpret the Poisson’s ratio 

There are materials with a special structure in which case the Poisson’s ratio is negative so elongating 
them they swell. They are the auxetic materials (see „Auxetic materials” in the frame). 
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Young’s modulus and the Poisson’s ratio are characteristic for a material. In practice we normally 
deal with bodies and their behavior is influenced by the size and the geometry. We must transform 
equation [15.3] in order to take into the consideration this fact. Replace the strength [15.2] and the 
strain [15.1] according to their definitions: 

𝐹
𝐴0

= 𝐸
Δ𝑙
𝑙0

 . 

After a rearrangement: 

𝐹 = 𝐸
𝐴0
𝑙0
Δ𝑙 .      [15.5] 

This linear relationship may be called as Hook’s law more exactly its form for bodies. According to the 
equation [15.5] the required force increases if the body is thicker (higher cross-section) and shorter. 
Introduce the body stiffness more exactly stiffness against tension that is the force necessary for 
unit elongation (F/∆l) 

𝐷 = 𝐸
𝐴0
𝑙0

 ,      [15.6] 

so the stiffness of a body is doubled if the cross-section is doubled or cut in half if the length 
increases by two. The body elasticity is reciprocal to the stiffness so the dependency of this quantity 
on the geometric parameters is entirely opposite. 

2. Compression 

The behavior of materials is tested in compression stress too. It may be sad shortly that every 
quantity, relation discussed above may be used only sign is opposite. The compressive stress 
(pressure) and the strain have negative sign. The Hook’s law and equation [15.4] are valid. 

3. Shearing 

A shearing force parallel to the surface affects the body in the case of shearing stress (Fig. 15.9). The 
shearing stress (σshearing) is defined as the ration of the force and the area. The changing of the shape 
is characterized by the γ angle. There is proportionality between the deformation and the stress in 
this case, too: 

Auxetic materials 

These materials have special structure and the Poisson’s ratio is negative. If we elongate them 
instead of the narrowing to the transverse direction they swell, their volume increases. There are 
many auxetic materials nowadays most of them polymer (e.g. polytetrafluoroethylene or a 
polyethylene with high molecular weight). 

They are used not only in protective clothing (e.g. bulletproof vest), sportswear but there are 
different medical applications. For example, bandage made from an auxetic material inhibits the 
swelling of a wound or if it swells then due to its expansion the anti-inflammatory substances 
closed into the pores of the bandage are released and able to exhausts. 
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𝜎shearing = 𝐺𝛾 , [15.5] 

where G is the shear modulus and may be calculated from the Young’s modulus and the Poisson’s 
ratio: 

𝐺 =
𝐸

2(1 + 𝜇)  .       [15.6] 

 

Fig. 15.9 Quantities to describe the shearing 

4. Torsion 

The torsion may be derived from the shearing and this deformation may be described by E and µ. A 
torque (M) is necessary to produce torsion (Fig. 15.10). The deformation may be characterized by the 
angle of the torsion φ (in radian). The Hook’s law for torsion in the case of a rounded body: 

𝑀 = 𝐺
𝑟4𝜋
2𝑙

𝜙 , [15.7] 

where G is the shear modulus, r is the radius of the body and l is the length. 

 

Fig. 15.10 Quantities to describe the torsion 

5. Bending 

Bending a body, tension and on the other side compression appears (Fig. 15.11). The maximum 
deformation are on the upper and lower part of the body and it is less inside. There is a (neutral) 
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surface where there is no any deformation. This part of the body is not deformed and doesn’t take 
part to sustain the mechanical stress. 

 

Fig. 15.11 Bending is the combination of tension and compression 

There are different methods to bend a body. Three point flexural test is shown in Fig. 15.11. The 
exact description of this test is not too easy, so we discuss shortly a more simple other method. 

A simple proportionality is true in a deflection seen in Fig. 15.12. The force, that deflects the body 
with l length is given 

𝐹 = 3𝐸
Θ
𝑙3
𝑠        [15.8] 

by a linear function. The Θ quantity, the moment of inertia of plane area (or secondary moment  
of area) depends on the cross-section, the shape and the size of the body as it shown in Fig. 15.13. 

 

Fig. 15.12 Deflection of a rod 
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Fig. 15.13 Secondary moment of area in the case of different cross-sections 

The body stiffness in deflection (the force to deflect it by unit distance, D = F/s): 

𝐷 = 3𝐸
Θ
𝑙3

  .      [15.9] 

The geometry of the body is more important in bending than at tension or compression. If the b 
thickness of the cuboid body shown in the figure is doubled the stiffness eight-fold (23 = 8)! If the 
length is doubled the stiffness decreased by eight. Circular cross-over matter even more strongly to 
be relevant to the thickness. Doubling the cross-section the stiffness is 16-fold! Different formulas 
are valid for various cross sections but the strong dependency of the stiffness on the thickness and 
the length is always true. 

 

Reviewing the formulas, has been described previously there are only two material characteristics 
the Young’s modulus and the Poisson’s ratio. Every deformation of a homogenous, isotropic matter 
may be described by them and by the geometric data of course. There are however a few, typical 
properties to characterize the elastic behavior but over the proportionality range. 

Other characteristics of the elastic range 

The proportional range fills almost the entire elastic range at most of the material However, some 
materials such as polymers may differ significantly in the two ranges. The Young’s modulus may be 
used in elastic range over the proportional part introducing the so-called tangential Young’s modulus 
(see: „Tangential Young’s modulus” in the frame). 

The end of the elastic range on the vertical axis is the elastic limit on the other axis is the elastic 
strain recovery. Even this deformation is reversible. The body is able to recover its original shape. 
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The elastic limit is a stress, the elastic strain recovery is a strain value frequently given as a percent 
(Fig. 15.15). 

 

Fig. 15.15 Some characteristic quantities of the elastic range 

𝐸 =
Δ𝜎
Δ𝜀

 

Tangential Young’s modulus 

Some materials (e.g. several polymers) show a small proportional range in the stress-strain 
diagram. The Young’s modulus may be used in the elastic range, where the curve is not linear. Fit 
a tangent to the curve (Fig. 15.14) and the slope of the straight line is the so-called tangential 
Young’s modulus. It is calculated using next formula: 

 

Fig. 15.14 Interpretation of the tangential Young’s modulus 
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Finally, suppose the next question: How much work is necessary for a certain degree of deformation? 
The area under the curve is the work done during tension similar to the force-elongation diagram of 
a spring (Fig. 15.15). This work is the resilience if the area is the whole elastic range. The used symbol 
is the wr. Using a linear approximation in the whole range the 

𝑤r =
1
2
𝜎r ∙ 𝜀r =

1
2𝐸

𝜎r
2 .        [15.10] 

The relationship (and the Fig. 15.15 also) shows that less rigid, more flexible (E) material is able to 
store more energy if the elastic limit (σr) is the same. The unit is Pa = N/m2 = Nm/m3 = J/m3 according 
to the equation [15.10]. So wr is the work done on the material per unit volume. If a given body size 
of stored elastic energy, we are interested in, then the resilience is also multiplied by the volume of 
the body. 

 

As previously discussed, the elastic deformation does not require a large rearrangement of the 
constituent atoms. Smaller increase or decrease in distance are only possible, otherwise the atoms 
would remain largely in place. Therefore the quantities of the elastic range, mainly the Young’s 
modulus and the Poisson’s ratio practically do not depend on the presence of crystal defects. 
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Elastic range: the range of the stress-strain diagram where the deformation is reversible. 

Proportional range: that part of the diagram where the stress and the strain are proportional to 
each other. 

Mechanical stress (σ): force on unit surface (𝜎 = 𝐹
𝐴0

). It is called as tensile stress in tension, 

compressive stress in compression, shearing stress in shearing. Unit is: Pa. 

Hooke’s law: linear relationship between the deformation and the load. In tension 𝜎 = 𝐸𝜀 (σ the 

tension stress and ε is the strain). For body 𝐹 = 𝐸 𝐴0
𝑙0
Δ𝑙 (F is the force, A0 is the original cross-

section, l0 is the original length, ∆l is the elongation). 

Young’s modulus (material stiffness): the coefficient in the Hooke’s law that characterizes the 
material, its unit is Pa. It shows how much tensile stress is necessary for a unit strain. 

Body stiffness: the force that is necessary to produce unit deformation. In tension the stiffness 

against the tension (D): 𝐷 = 𝐸 𝐴0
𝑙0

, where E is the material stiffness, A0 is the cross-section, l0 is the 

original length. 

Poisson’s ratio: the ratio of the relative elongation to certain and to the transversal directions. 

Elastic limit: limit of the elastic range on the load axis. This is a tensile stress value (σe) in tension. 

Elastic recovery: limit of the elastic range on the strain axis namely the maximum strain that is 
reversible. 

Resilience: work done on the material per unit volume till the elastic limit. 

Proposed problems: 4.1, 4.3, 4.4, 4.5, 4.6, 4.9, 4.11, 4.16, 4.17, 4.18, 4.21, 4.22, 4.23, 4.24. 

135

Chapter 15. Mechanical properties – elastic behavior



Chapter 16. Mechanical properties — plastic behavior 

Deformation of the materials caused by different loads in mechanical stress is shown in the load 
diagram introduced in Chapter 14. There are basically two ranges: the elastic and the plastic range 
(Fig. 16.1). We deal with the plastic behavior in this chapter. 

 

Fig. 16.1 A tensile diagram and its ranges 

Plastic deformation appears in higher stress and the body has irreversible change. The load and the 
recovery curve are not the same and the later doesn’t return to the origin. There is a permanent 
deformation (Fig. 16.2). The end of this range is the fracture, the disintegration of the body. 

 

Fig. 16.2 Comparison of elastic and plastic deformations 

Characteristic quantities of the plastic range 

We introduce these quantities using a tension load diagram because the bodies are tested mainly in 
tension. 

It is not so easy to define the elastic limit discussed in the previous chapter. To measure the point 
when just there is no permanent deformation is too hard. This is why the so-called yield limit used in 
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practice. This is a fixed, arbitrary stress value belonging to the 0.1 % of permanent deformation. 
(Fig. 16.3). 

 

Fig. 16.3 Determination of the yield limit, the strength and the plasticity 

Further elongation of the material results larger and larger permanent deformation while it breaks 
apart. The stress value belonging to the disruption (or more general the fracture taking into the 
consideration other deformations) is the strength. It is the tensile strength if the stress is a tension 
or compressive stress if it is a compression etc. (see: „Strength measurements” in the frame). 

 

The strength, that belongs to different stresses are not necessary to be the same (see Table 16.1)! 
For example the tensile strength of the ceramics typically is much smaller than the compressive 
strength value while they are practically are the same in the case of metals. The material having 
larger strength is called stronger while the others are the weaker ones. 

Strength measurements 

The tension strength may be measured with the apparatus shown in Fig. 15.2. The compression 
strength is measured in the so-called diametral compressive test and the bending strength is 
determined most frequently in the 3-point bending test (Fig. 16.4). 

 

Fig. 16.4 Diametral compressive and 3-point bending tests 
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The strain, that belongs to two remarkable stress values (the yield limit and the stress) are indicated 
with εy and εs. (Fig. 16.3). The difference of these values is the ductility. In the case of the 
compression the similar quantity is the compressibility while it is the flexibility if the phenomenon is 
the bending. Plasticity is the common name. Metals usually have large while ceramics have small 
plasticity. 

The material is a brittle one if both the strain recovery (elasticity) and the plasticity are small thus its 
elongation to fracture is also small. There is no exact limit. This may be e.g. εs = 0.05 (5%) according 
to the agreement. The brittleness is opposite to the plasticity and the elasticity. It is a little bit 
exaggerated but we can say that the brittle material cracks without any deformation (Fig. 16.5). 

The material is elastic if the strain at fracture is longer than 5% and the elastic range is the dominant 
in the diagram. It is also characteristic that the elastic recovery is larger than the plasticity. If the 
strain at fracture is large (>5%) and the plastic range is the dominant so the plasticity is larger than 
the strain recovery the material is a plastic one. (Fig. 16.5). 

Table 16-1. Tensile and compressive strength of some materials 

material σtensile (MPa) σcomp. (MPa) 

enamel ≈ 10 ≈ 400 

dentine ≈ 110 ≈ 300 

ceramics 5-400 20-5000 

porcelain ≈ 25 ≈ 300 

polyethylene (high density) ≈ 30  

amalgam 30-55 200-450 

PMMA  ≈ 50 ≈ 80 

glass ≈ 50-70 ≈ 700 

gold 108  

aluminum oxide ≈ 170 ≈ 2100 

zirconium dioxide ≈ 250 ≈ 2500 

gold alloys 300-900  

Pd-Ag alloys 400-700  

Ni-Cr alloys 400-900  

Co-Cr alloys 600-800  

Ti alloys 900-1100  

carbon-fiber (61%)  
reinforced epoxy 

≈ 1700  
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Fig. 16.5 Definition of brittleness and comparison of different materials 

Finally we can introduce a similar quantity than the resilience defined in the previous chapter. This is 
the toughness the work that is necessary to break the material per unit volume. Graphically this is 
the area under the curve at fracture (Fig. 16.6). 

 

Fig. 16.6 Determination of the toughness 

Strength and toughness don’t go together definitely. There are two materials with same strength but 
one of them is tougher due to the larger plasticity in Fig. 16.7. (For example a ceramics may be strong 
but brittle or a metal is strong and plastic.) 
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Fig. 16.7 Materials with same strength but significantly different toughness 

Materials with large strength and plasticity or strain recovery are toughest. The fracture is at large 
values on both axes in the diagram. Such materials may be found among the metals and composites. 
If a material is strength but not elastic and really brittle that is not tough (see many ceramics). The 
toughness is also small when the plasticity or the elasticity is large but it is too weak. We can find 
such materials mainly among the polymers. 

After discussing the properties assigned to the plastic range of the stress-strain diagram we deal with 
the mechanism of the plastic deformation. 

What is the mechanism of the plastic deformation on atomic level? 

Plastic deformation requires significant rearrangement inside the material than the elastic one to a 
lesser degree, to say nothing of the fracture. How can we image this kind of the deformation? 
Considering the shearing stress in Fig. 16.8 all bonds must be dissolved to produce a larger slip along 
the plane. Calculating the required force from the bond energy the result is extremely high. 
According to the experiment the force is much smaller. The interpretation of the difference is a tricky 
mechanism in which case it is not necessary to break all bond at the same time. This mechanism may 
be observed in a lot of situations. For example the motion of the caterpillar, this is the method to 
push along a carpet or the motion of the gecko. In the case of a crystal a dislocation is produced and 
moves away (Fig. 16.9). In this case the bonds along an edge are broken only and so on. The required 
force is much smaller than that derives from the theoretical calculation. 

 

Fig. 16.8 Plastic deformation in shearing 
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Fig. 16.9 Mechanism of the plastic deformation shown if the previous figure –dislocation motion and 
caterpillar as its model 

The slip shown in Fig. 16.9 is possible only along certain plains. It depends on the geometry of the 
crystal. This slip takes places to different directions in a polycrystalline metal depending on the 
orientations of the grains (Fig. 16.10). 

 

Fig. 16.10 Slip along the lattice planes in diffrently orientated grains (copper) 

Dislocation motion is the general mechanism of the plastic deformation not only in shearing but in 
other types also. The irreversible elongation of a wire is also due to the slip of the crystal planes (Fig. 
16.11). 
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Fig. 16.11 Strain due to the slip along certain plaines( zinc single crystal) 

The mechanism of the plastic deformation described above has more consequences. This strongly 
depends on the type of the crystal e.g. single or polycrystalline and influenced by the size of the 
grains in the latter case. The slip is stopped at the boundary of a grain because the orientations 
usually are different (Fig. 16.12). This is why a single crystal is more plastic. The smaller grains the less 
plasticity. The yield limit increases due to the harder beginning of the plastic deformation (Fig. 16.13). 

 

Fig. 16.12 Stop of the dislocation motion at grain boundary 
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Fig. 16.13 Increase of the yield limit due to the grain size decrease (Cu-Zn alloy) 

The slip of the crystal planes plays role in the mechanism of the fracture discussed later so the 
strength is higher if the grains are smaller. On the base of this mechanism we can interpret the 
importance the right temperature in crystallization of the metals. The right temperature decreases 
the size of the grains and so the plasticity decreases and the strength increases. 

The possibility of the dislocation motion strongly depends on the number of the defects. For example 
an interstitial or a foreign atom that distorts the lattice or dislocations with different orientation stop 
the slip. It is general that the plastic behavior and its properties like the yield limit, plasticity, strength 
and toughness are very sensitive to the different crystal defects. This fact is the base of the cold-work 
or the alloying (see the frame: „Increasing the strength of the metals”).  

The brittleness of the ceramics is the consequence of this mechanism, too. They are more complex 
materials than the metals. More atoms or ions consist of them and frequently the size of the 
particles is very different. There may be orientated covalent or ionic bond between them. In the 
latter case there is a new condition the electro neutrality that must be true during the motions, too. 
The motions are more limited and the dislocation motion is almost impossible. Practically there is no 
plastic range in the diagram and the ceramics are brittle materials. The strength may be large similar 
to the metals but the toughness, the area under the curve, is small due to the limited deformation 
ability (see Fig 14.4 in chapter 14.) 

These are not valid for the plastic deformation of the amorphous solids. They are practically a frozen 
liquids and the plastic deformation takes place as a flow that may be very slow. 
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Increasing the strength of the metals 

We describe three methods shortly which have been used for a long time. 

 The first is the grain size decreasing that is mentioned above. If the metal is crystallized at 
lower temperature the grain size is smaller. The plasticity decreases, the yield limit and the 
strength increase due to the small grains. 

 Cold-work (forging at room temperature e.g.) increases the number of the defects mainly the 
number of the dislocations. This decreases the mobility of the dislocations and results the 
same effect than the grain size decreasing. Plasticity decreases, yield limit and the strength 
increase. All changes may be seen well in the diagram of Fig. 16.14. (Same effect may be 
observed bending a soft brass tube. The increasing dislocations in the bended part make the 
tube stiffen and bending back the tube at the same place requires larger force.) 

 

Fig. 16.14 Effect of the cold work on a tensile giagram of a metal (steel) 

 The third method is well-known for a long time that is the alloying. Foreign atoms result 
distortion of the lattice which decreases the mobility of the dislocations and results the same 
effect than the previous ones (Fig. 16.15). 

   

Fig. 16.15 Yield limit, plasticity and the tensile strength of Cu-Ni alloy as the function of the nickel 
concentration 
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We have finished the discussion of the properties found in the diagram. There is another property 
that is important in the dental practice, the hardness. 

An additional mechanical property: the hardness 

Everybody has an idea which is the harder material or softer one. If we rub two bodies to each other 
the softer will wear better. The harder material is able to scratch the softer one. If we bite a small but 
hard sand (quartz) grains that may result the damage of the softer enamel (this is mainly apatite). 
Comparing the material on this way a hardness scale, the so-called Mohs-scale was set up. The scale 
has 10 arbitrary degrees, the 1 is the softest and the standard is the talcum the hardest is the 10 like 
the diamond (see the frame: „Mosh-scale). 

 

There are a lot of methods to measure the hardness of the materials e.g. the Rockwell-, the Brinell-, 
the Vickers-, the Koop-, the Barcol- and the Shore-test. We explain only the Brinell-, Vickers- and the 
Knoop-test. They are used more frequently in dentistry. 

Mohs-scale 

Friedric Mohs a German mineralogist set up this scale in 1812. and it is used nowadays too. In Fig. 
16.16 we can see typical materials of the scale and the conversion of the categorical Mohs-scale 
to a modern hardness scale. This demonstrates the fact that the categories of the Mohs-scale 
don’t show well the real hardness ratios. 

 

Fig. 16.16 Etalons of the Mosh-scale and their comparison to a hardness scale used nowadays. 
(Values of the Brinell scale is the frequently used kg/mm2.) 
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Fig. 16.17 Most important hardness tests 

The common feature of them is pressing a very hard and small tip into the tested material with a 
given force (Fig. 16.17). The force must be so high that a permanent deformation, an indentation 
may be produced in the test material. The harder material the smaller indentation. The surface of the 
indentation is measured (in a microscope usually) and hardness is calculated as the ratio of the 
applied force and this surface: 

H =
𝐹
𝐴

 . 

The unit according to the definition is N/m2 or Pascal like the unit of the pressure. The H is not a real 
pressure because the force is not perpendicular to the surface. The Pa as unit is used very frequently 
despite this fact. The kg/mm2 is also frequent although the kg is not a force unit. It is easier to 
imagine the meaning of this unit. (Conversion: 1 kg/mm2 ≈ 10 MPa.) 

Two letters are used to symbolize the hardness. The first one is the H (hardness number) the second 
characterizes the test: Brinell-test – HB, Vickers-test – HV and Koop-test – HK. 

Harder material results less cross-section of the indentation and larger hardness number. 

The difference between tests is the material and the shape of the probe. Very hard steel or tungsten 
carbide ball is used in the Brinell-test and various shapes of diamonds are used in the other two. This 
is why the hardness numbers deriving from different tests may not be compared to each other 
without any conversion! (There is a possibility to convert them but the best solution to use the same 
method and these numbers may be compared to each other.) 

The test result is not exactly clear because it depends on the magnitude of the applied force and the 
duration. The correct way is to give the conditions of the measurements and not only the hardness 
number. (The Table 16-2. in the frame doesn’t contain these conditions partly due to the lack of the 
information.) 
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Despite of the problems mentioned above the hardness test is the most frequently used method. 
The reason is the next: 

1. They are simple and cheap. No need for specially prepared specimen and the equipment is 
simple, too. 

2. They are non-destructive tests. It is not necessary to break the tested body. There is only a 
small indentation after the test. 

3. Other mechanical properties may be estimated well from the measured hardness value. 

There is a correlation between the hardness and previously defined other mechanical properties. We 
can find the quantity showing the best correlation on the next way. Pushing the tip into the material 
there is a big stress around this because the force is concentrated on a small surface. As the tip 
moves forward and the surface increases the tension decreases. If the tension is below the yield limit 
further pushing results only elastic deformation. Removing the tip the elastic deformation changes 
back and the area of the indentation is not visible. The size of the indentation records the moment 
when the tension is equal to the yield limit. 

Table 16-2. Hardness values (Vickers HV and Knoop HK) of some materials 

material HV (MPa) HK (MPa) 

dentine ≈ 600 ≈ 700 

enamel ≈ 3400 3400-4000 

gold  60-70 

acrylate ≈ 200 ≈ 200 

gold alloys 600-2500 ≈ 2000 

amalgam ≈ 1000  

Pd-Ag alloys 1400-1900  

Ni-Cr alloys 3000-4000 2000-3500 

Co-Cr alloys ≈ 4000 3000-4500 

glass  ≈ 5000 

porcelain 4500-7000 ≈ 6000 
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Fig. 16.18 Relationship between the hardness and strength of some materials 

 

 

 

 

 

 

 

Plastic range: the domain of the stress-strain diagram where the deformation is irreversible. 

Yield limit (σy): the stress value when there is 0.1% of irreversible deformation in the material. 

Strength (σs): the stress value belonging to the disruption or fracture. There is tension, 
compression, bending strength etc. depending on the kind of the stress. 

Plasticity: the width of the plastic range on the horizontal axis of the diagram. It is the difference 
between two strain values in the case of the tension diagram. 

Brittleness: the opposite of elasticity and plasticity. 

Brittle, elastic or plastic material: The brittle material is if the strain at break is less than 5%. 
Elastic one is if the strain at break is over 5% and the strain recovery is larger than the plasticity. 
Plastic material is if the strain at break is over 5% and the strain recovery is smaller than the 
plasticity.  
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Toughness: The work done on unit volume of the material during the deformation at fracture. 

Hardness: such property of the material that characterizes the resistance of it against the plastic 
deformation during mechanical interaction with a harder material. 

Proposed problems: 4.26, 4.27, 4.29, 4.30, 4.34. 
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Chapter 17. Mechanical properties – fracture 

It is very unpleasant if a denture, a bridge or implant is broken. The fracture occurs if the stress 
reaches or exceeds the strength in a material. This is due to planning or making up mistake, selecting 
bad material or perhaps material defects. It is also possible of course that much greater load appears 
upon the body that was predicted. Many circumstances influence the propensity for the fracture of 
the material: time course of the load, the temperature, the chemical environment, the past of the 
material namely the previous mechanical stresses. It is also possible that the body breaks at much 
smaller stress than the strength due to these circumstances. These are the main questions in this 
chapter. 

How does the fracture occur? 

Before to answer this question first we should look at the "Where does it begin?" question. The right 
answer is: at the “weak link” namely where the cohesive forces are smaller e.g. at the grain 
boundaries or other points where the structure is very disordered and the bond forces are weaker. A 
microscopic crack, much thinner than a hair, is enough. Not to mention if this crack is in the material 
originally. The cracks increase the stress. The stress increases around the cracks (Fig. 17.1). This is 
true for the cracks on the surface. (That is why the dentist, dental technician must prepare well, 
without any crack the surface of the work-piece.) The sharper the crack tip, the greater the local 
stress (σmax) which is several orders of magnitude higher than the hypothetic stress based on the 
external load (σ0). The high local stress loads more the material but further progress of the fracture 
splits at this moment: 

 

Fig. 17.1 Stress distribution along a plane which perpendicular to the tension  
in the case of different crack size 

 If the material has large plasticity than the increased stress it leads to plastic deformation. This 
decreases the local stress and the material metaphorically processes the crack and retards the 
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fracture. If the external load increases more and more cracks appear and they merge into and the 
material breaks finally.  This is the plastic fracture of a material (Fig. 17.2). The signs of the plastic 
deformation may be seen on the fracture surface. This is the plastic or ductile fracture (left side 
of Fig. 17.3).  

 Less plastic or brittle material is not able to moderate the increase of the local stress in plastic 
deformation and the crack suddenly runs through the body that results the fracture. The fracture 
surface is smooth there is no any sign of the plastic deformation. This is the brittle fracture (right 
side of Fig. 17.3). 

 

Fig. 17.2 Moments in a ductile material fracture history 
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Fig. 17.3 Ductile (tough) and brittle fracture comparing the fracture surfaces 

The past of the material influences strongly the ability to fracture. Longer and fluctuating mechanical 
load results fatigue. They break easier and the nature of the fracture changes. This phenomenon is 
the fatigue or fatigue fracture. 

Fatigue, fatigue fracture 

A material breaks in much smaller load than the strength (σs) measured in the test if it is under cyclic 
mechanical load. The strength described in the chapter „Mechanical properties – plastic 
deformation” does not take into account the material fatigue. 

Fatigue is the decrease of the strength due to the cyclic mechanical load. More than 90% of the 
metal pieces fracture is due to the fatigue fracture. This fact shows the practical importance of this 
phenomenon.  

152

Chapter 17. Mechanical properties – fracture



 

Fig. 17.4 Different load types to test the fatigue 

There is equipment to test the fatigue which are able to produce cyclic and changing load e.g. push 
and pull load (Fig. 17.4) or bending (this also an alternating push and pull). The load may be regular 
(Fig 17.4a and b) or random (Fig. 17.4c) and symmetric (Fig. 17.4a) or asymmetric (Fig. 17.4b and c) in 
the case of push and pull. The b part of the figure shows only the pus but the strength is different. 
More properties of the load influence the development of fatigue but the amplitude of the load or 
the strength is the most important factor (σa): 

𝜎a =
𝜎max − 𝜎min

2
 , 

where σmax and σmin are the maximal or the minimal strength. 

The fatigue test starts at less 30 or 40% of the static strength. The test ends at fracture and the no. of 
the cycles (N) are countered. The test is continued with a same probe using less stress amplitude 
while this probe breaks also and so on. The σa-N data pairs of the test are plotted on a graph and this 
is the fatigue curve (Fig. 17.5). 
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Fig. 17.5 Two typical fatigue curves 

Usually two questions may be answered with this diagram. If we know the maximum load the 
maximum period without fracture may be determined. Or, conversely, if the time is given the 
maximum load may be read from the curve. 

The fatigue limit may be seen on a typical curve in Fig. 17.5. This is a stress level when fatigue failure 
will not occur theoretically during infinitely long time. Steel and titanium alloys are such kind of 
materials. The strength of these materials reduces only for a certain time while the load changes. 
There is no such limit in the case of other materials, for example nonferrous (Al, Cu, Mg etc.) alloys. 
Any small load is able to break them if the cyclic number is enough big. 

Fatigue curve of some materials may be seen in Fig. 17.6 and 17.7. 

 

Fig. 17.6 Fatigue curve of an aluminum alloy (static strength is σsz = 320 MPa) 
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Fig. 17.7 Fatigue curve of some polymers 

The result of the test may be very different because this phenomenon depends on the duration of 
one cycle, the average and the maximum stress and highly sensitive for such parameters which are 
not controlled well like the roughness of the surface. (This is why average curve is used in practice 
like the curves in figures. More exact answer is if curve series are presented and they give the 
probability of the fracture.) 

The cracks play important role in fatigue fracture as usual in any break. This starts at a microscopic 
crack on the surface usually near a sharp corner. (This is why the dentists or dental technicians must 
prepare carefully the surface of the prosthesis. They must use rounded forms instead of sharp 
corners. Frequently the surface layers are treated in order to make it stronger and harder.) Cracks 
gradually grow without plastic deformation that makes the material weaker. After a critical degree of 
impairment the material is suddenly broken. The fatigue fracture surface (Fig. 17.) is characteristic. 
The trace of the crack, which is the origin of the fracture, is observable usually. The opposite surfaces 
of the crack rub to each other due to the changing load. These worn surfaces may distinct well from 
the new surface of the final fracture. 

 

Fig. 17.8 Surface of fatigue fracture 
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Different environmental factors influence this phenomenon first of all the fluctuations of the 
temperature. This may induce internal tensions due to the thermal expansion that may increase the 
mechanical load of the material. This can occur than there is no possibility of expansion or the body 
contains different materials. (We deal with the thermal expansion and the resulted internal tension 
in detail later.) 

Thermal fluctuations may fatigue the material without external mechanical load. This is the thermal 
fatigue. 

Chemical properties of the environment (e.g. the presence of water, pH in the case of contact with a 
fluid, etc.) also affect the fatigue. Fatigue caused by the mechanical stress and the chemical factors is 
called corrosive fatigue. 

Frequently the fracture is not slowly developing phenomenon but it is produced by a sudden impact 
forces like a big strike. We introduce a new quantity to characterize these fractures.  

An additional mechanical property: specific impact energy 

The stress strain diagram and all derived properties are valid for equilibrium state when the load 
gradually increases. A sudden big strike is a non-equilibrium load and the materials may behave 
differently a little bit. It is not sure that the strength in the diagram is characteristic in this case. This 
is why the materials are tested in impact test not only in usual tension, compression or bending tests. 
We describe the Charpy test (Fig. 17.9) from these. 

 

Fig. 17.9 Charpy test to determine the impact energy 

The hammer of the equipment is in cocked position and it is released. After breaking the specimen 
the hammer continues the swing. The absorbed energy, computed from the difference between the 
h0 and h is a measure of the impact energy. The specimen has a standard size and notch. This is why 
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not the internal cracks determine the fracture. The specific impact energy is obtained if the impact 
energy is divided by the cross-section of the specimen (A): 

impact energy =
𝑚𝑔ℎ0 −𝑚𝑔ℎ

𝐴
 . 

The unit is J/m2. 

An important observation is that the temperature influences this fracture, too. This dependency may 
be followed quantitatively in Charpy test. Fig. 17.10 shows the specific impact energy of some metals 
at different temperatures. We can see that different steels pass through from ductile state to brittle 
one near the room temperature. The specific impact energy is dramatically reduced. These steels 
may break easily at low temperature (see: “Mysterious accidents of the Liberty ships” in the frame). 
It is not characteristic for all metals of course as you can see in the case of Ni. 

Similar ductile-to-brittle transition may be observed in the case of ceramics and polymers (e.g. 
Plexiglass). 

 

Fig. 17.10 Impact energy of different metals at different temperatures.  
Some metals break easily and brittle at low temperature. 
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Mysterious accidents of the Liberty ships 

Liberty ships, a 10 thousand-ton cargo ships were built in USA during the II. World War. 2710 such 
ships were made between 1941 and 1945. Two of them are used as museum ship nowadays.  

Mysterious series of accidents occurred with the Liberty ships. There were cold fractures at 
different parts of the ships without any previous sign. About 1500 such accident occurred. Three 
ship's body was completely broken. The ordered studies have shown the fracture was caused by 
the steel and not by the bad welding. The ductile-to-brittle transition temperature was over the 
water temperature of the Atlantic Ocean. So the steel became brittle at that temperature and the 
ship’s body was broken easier during the storm. 

 

Fig. 17.11 Accident of a Liberty ship 
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Ductile fracture: fracture after plastic deformation. 

Brittle fracture: fracture without plastic deformation. 

Fatigue: decrease of the strength of a material due to cyclic mechanical load. 

Fatigue curve: shows no. of cycles (N) without fracture under different stress values (σa).  

Fatigue limit: stress value when the material doesn’t break theoretically infinite time. 

Fatigue fracture: a fracture that has characteristic fracture surface and occurs if the load is cyclic. 
The produced and growing crack in fatigue decreases the effective cross-section and lead to the 
fracture finally. 

Thermal fatigue: the decreasing of the strength of a material due to the thermal fluctuations. 

Corrosive fatigue: decrease of the strength of a material due to the mechanical load and the 
chemical environment. 

Specific impact energy: the energy per unit cross-section that is necessary to sudden break of a 
specimen (Charpy test). Unit is: J/m2. 

Proposed problems:  4.32, 4.33 and 4.36.  
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Chapter 18. Mechanical properties – viscoelasticity 

Mechanical properties of the materials are the most important for dentists. Most interesting 
mechanical property perhaps is the so-called viscoelasticity.  

We deal with the viscosity in the chapter of fluids. This property shows how difficult is the flow 
(reciprocal to the fluidity). Elasticity is characteristic of the solids.  It shows how easy to deform the 
material. The two behaviors – viscous flow and elastic deformation – seem to be incompatible. There 
are many materials in our environment that are able to show both properties. For example the egg 
white that may be poured out after cracking the egg and we are able to push in our finger. If we push 
it shortly it vibrates elastically and after a short time deformation recovers its shape. This material 
may be viscous and elastic, too. For simplicity it is called viscoelastic material and the phenomenon is 
the viscoelasticity. 

Determination of the viscoelasticity 

The viscoelasticity is the co-appearance of the viscous and elastic behavior. How can we define it 
more exactly? Compare them in a suitable situation! 

Consider, for example elastic deformation of a cube made of silicone rubber in a thought experiment! 
The steps of the experiment are written in everyday language and later in brackets we give a more 
exact description. In Fig. 18.1a the cube, fixed at the bottom, is pressed a little bit further away 
(applying shearing force a slight deformation is produced). Of course the cube must be pressed at all 
times during and after deformation until we must keep in deformed state (constant deformation 
requires constant shearing force). Releasing the cube it recovers its original state. 

 

Fig. 18.1 Comparison of elastic (a) and viscous (b) behavior 

Consider the viscous behavior! We should look a fluid really but approximately it is valid for the cube 
if it is sliced into thin planes (Fig. 18.1b). Now press away the top slice of the cube (we produce a 
short time flow using shearing force). The first slice will slip away but it will pull the second one due 
to the friction and so on (we suppose in this model that there are only internal friction forces 
between the layers as in the case of fluids). Force is only necessary during the slip. The slipped layers 
don’t return to the original place. (We note that this flow is similar to the plastic deformation 
discussed in chapter 16. [see: Fig. 16.1]. However, there is a difference between them. For example, 
there is a partial recovery in plastic deformation opposite to the viscous flow.) 
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Choose the push/slip phase from the experiment and suppose it is infinitely fast (this is the so-called 
displacement generator, see later). The temporal evaluation of the deformation is shown in Fig. 
18.2a. The stress is constant as long as the deformed state in elastic behavior. In the viscous case 
there is stress only during the slip and later not. The slip is extremely short period under the 
conditions therefore; the stress only for a moment takes up and infinitely large. The disappearing of 
the stress is the stress relaxation. It is very quickly in the viscous phenomenon and doesn’t appear in 
the elastic behavior. The two phenomena are extremely different from this viewpoint. It makes 
possible to give more exact definition of the viscoelasticity. This relaxation takes place in a finite 
time scale in viscoelastic behavior (Fig. 18.2b). 

 

Fig. 18.2 Infinitely rapid and then constant deformation (a) and stress change (b) in different 
behaviors 

The relaxation of a viscoelastic body may be described by an exponential function seen in Fig. 18.3. 

𝜎 = 𝜎0𝑒
−𝑡𝜏 

where σ0 is the initial stress and τ is the relaxation time. This is the time while the initial value 
decreases by factor e. If we replace t by τ than 

𝜎 = 𝜎0𝑒
−𝜏𝜏 = 𝜎0𝑒−1 = 𝜎0

1
𝑒

=
𝜎0
𝑒

 . 

 

Fig. 18.3 Viscoelastic relaxation in the case of different realxation times 
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The relaxation time of a viscous material is 0 and infinitely large in the case of elastic one. The 
viscoelastic material has a finite value between them. If the impact is fast and the time is much less 
than τ there is no enough time for relaxation and the body behaves like an elastic one (see the egg 
white when we press it shortly). If it is slow the time is much longer and the material seems to be 
viscous (see the egg white when we push our finger slowly). 

A suspicion may arise, if we consider the curves in the figure. They seem to be theoretical curves and 
all materials normally have viscoelastic behavior. The relaxation so fast or slow that is not observable 
in the experiment. We can order a viscosity (η) and a shearing modulus (G) to every material and the 
ratio of them is the relaxation time: 

𝜏 =
𝜂
𝐺

 . 

The relationship between the two properties determines that the material is rather viscous or elastic. 
The relaxation time is very high if the η is large and the G is small and there is no relaxation under 
usual conditions and the material is elastic. In opposite case the relaxation is complete during the 
usual time of the experiment and the material behaves like a viscous one. 

The material shows viscoelastic behavior if the time of the observation is comparable to the 
relaxation time. Such kind of the material is the egg white or the Silly Putty (see „Silly Putty” in the 
frame). 
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The viscoelasticity results more interesting and important consequences. In order to understand 
them we must study the behavior of the viscoelastic material in different situations. We will use 
more simply models than may be seen in Fig. 18.1. Consider firstly the model of the ideal elastic or 
viscous behavior. 

The ideal elastic and the ideal viscous body  

If the Hooke’ law (𝜎 = 𝐸𝜀) is valid the body is ideally elastic or Hooke body. To study we test it by a 
force or displacement generator. We apply them to the direction of the red arrow, as you can see in 
Fig. 18.5 and observe the response of the body.  

Silly Putty 

Silly Putty is an interesting material that seems to be similar to the plasticine (Fig. 18.4). It is very 
suitable to observe the viscoelastic behavior. It was originally created as a potential rubber 
substitutes for use by US in World War II. 

The main component is a silicone polymers the polydimethyl siloxane. It contains many different 
additives. The relaxation time of this product is about 1 s. This is why the behavior is more 
complex and it seems to be a mysterious material. 

     
Fig. 18.4 Silly Putty and stress relaxation in two experiments: in elastic bounce and slow 

deformation 

If we pull it slowly or hang it the material flows slowly due to its weight. If we form a ball and 
throw on the table it bounces back elastically. Even it breaks into pieces if the force is enough 
high. If we pull it rapidly the result is a brittle fracture.  

The mysterious behavior may be explained on the base of the viscoelasticity. There is enough 
time for relaxation in the first experiment so the Silly Putty behaves like a viscous material. Due to 
the short time contact the table in the second experiment the behavior is more elastic in the 
absence of stress relaxation. In the third one the stress is over the strength due to the very strong 
impact and the ball breaks brittle without any plastic deformation. 
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Fig. 18.5 Ideally elastic (Hooke) body.  
Springs on the right side are approximately a good Hook body 

The force generator produces a constant for a while and then suddenly vanishing stress (force) on 
the body (“action” Fig. 18.6a). The response is the deformation (“reaction” Fig. 18.6b). (In other 
words: we test the elongation of the body under constant force.) The ideally elastic body 
immediately follows the changing of the generator. This is a spring roughly. 

The displacement generator produces a constant for a while and then suddenly vanishing elongation 
on the body (“action” Fig. 18.6c). The response is the stress produced by the elongation („reaction” 
Fig. 18.6d). (In other words: we test how much force is necessary to produce a constant elongation). 
The change of the stress immediately follows the produced strain. The response of the body depends 
on the Young’s modulus in both tests. 

 

Fig. 18.6 Behavior of the Hooke body tested by force or displacement generator 
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Fig. 18.7 Ideally viscous (Newton) body.  
The dashpot on the right side is approximately a good Newton body 

The ideally viscous body can be modeled by a dashpot seen in Fig. 18.7. A Newtonian fluid resists 
motion of the piston via friction force. This friction force is proportional to the velocity (and the 
cross-section) of the piston according to the Newton’s law. If we pull the piston to the direction of 
the arrow it will accelerate a little bit while the increasing friction force will be equal to the external 
force. This phase is neglected in the ideal model. From this moment the piston slips at a constant 
speed and the body elongates steadily. The velocity depends on two things. It is proportional to the 
pulling force, more exactly to the ratio of the force and the cross-section (the stress). On the other 
hand inversely proportional to the viscosity of the fluid (η). This may be written as: 

𝜎 = 𝜂
Δ𝜀
Δ𝑡

 

Now we can define the ideally viscous body. 

Ideally viscous body is if the Newton’s friction law and the deduced 𝜎 = 𝜂Δ𝜀/Δ𝑡 are valid and 
behaves as it is shown in Fig. 18.8. We will test it by force and displacement generator, too. The 
direction is indicated by a red arrow. 
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Fig. 18.8 Behavior of the Newton body tested by force and displacement generator 

The body is elongated uniformly due to the produced stress while the stress lasts („reaction” in 
Fig.18.8b). The elongation velocity is inversely proportional to the viscosity of the body. If the stress 
decreases to the zero the piston doesn’t return alone. 

The displacement generator instantaneously elongates the Newton body (Fig. 18.8c). Infinitely high 
velocity and stress is necessary to do it extremely short period of time. Anyway the stress is zero  
(Fig. 18.8d). The stress appears at opposite direction when the generator terminates the elongation 
namely instantaneously pushes back the piston. 

Now let’s see how can a viscoelastic body built up from a Hooke and a Newtonian body? 

Models of the viscoelastic behavior 

The so-called Maxwell model is made of a Hooke and a Newtonian body connected in series (Fig. 
18.9). 

The „action” of the force generator (Fig. 18.9a and b) produces immediately elongation of the spring 
and the dashpot starts to elongate too. It is finished until the stress is present. The spring jumps back 
and the elongation of the dashpot stops when the stress disappears but doesn’t return to its initial 
state alone. 
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Fig. 18.9 Maxwell model and its behavior tested by force and displacement generator 

The „action” of the displacement generator (Fig. 18.9c and d) is a momentary elongation may be 
observed on the spring firstly. Stress appears immediately. The dashpot starts to elongate due to the 
stress that appears in the system and results the gradual relaxation of the spring and the decreasing 
of the stress. Therefore the elongation of the dashpot is not uniform but slows down as the 
consequence of the decreasing force. This results the exponential relaxation of the stress. f sufficient 
time is available than the spring relax entirely, the stress decreases to zero and the dashpot stops. 
The elongation of the spring produced by the generator is transferred to the dashpot. If the 
generator puts back the system to the initial length similar processes take place, only the direction is 
opposite. 

The Voight- or Kelvin-Voight model is a parallel Hooke and Newtonian body (Fig. 18.10). 

The dashpot prevents the elongation of the spring when the force generator (Fig. 18.10a and b) start 
to operate. Both start to elongate but it is not uniform more and more slow due to the increasing 
length of the spring. The elongation is finished when the spring force is equal to the external force. 
The spring tries to contract but the dashpot makes possible only a gradual rate after disappearing of 
the external stress. 
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Fig. 18.10 Kelvin-Voigt model and its behavior tested by force and displacement generator. An 
appropriate car dashpot 

The displacement generator (Fig. 18.10c and d) elongates immediately the parallel connected spring 
and dashpot. In this case an infinitely high stress is necessary due to the dashpot. After elongation 
the spring must be only kept. When the system is forced back to initial state by the generator a 
momentary and infinitely high stress arises in the dashpot but its direction is opposite. 

The Maxwell model is completed by a parallel connected Hooke body in the so-called standard linear 
(SL) model. The behavior of this model is shown in Fig. 18.11 and a few comments are given only.  

Tested by a force generator (Fig. 18.11a and b) the sudden elongation is due to the springs. The E2 
spring results the saturation of the elongation. The recovery is complete after disappear of the stress. 

Tested by a displacement generator (Fig. 18.11c and d) it is interesting that there is no complete 
relaxation under constant elongation due to the E2 spring. 
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Fig. 18.11 Standard linear (SL) model and its behavior tested by force and displacement generator 

 

Fig. 18.12 Burgers model and its behavior tested by force and displacement generator 
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The Burgers model consists of a Maxwell and a Voight model connected in series. Two short 
comments are given to the Fig. 18.12.  

In the case of force generator the constant force results a faster elongation at the beginning then it 
continues with a constant rate (but the stress is finite) due to the viscous (η2) component. This 
component corresponds to the non-complete recovery. 

Considering these models we can produce very different behaviors. 

What kind of deformations is produced in constant stress (figures with force generator)? There were 
uniform elongation after a prompt deformation (Maxwell mode Fig. 18.9b), first faster, then slower 
finally saturated elongation (Voight model Fig. 18.10b and SL model Fig. 18.11b) and finally a first 
faster, then slower finally uniformly increasing elongation after a prompt deformation (Burgers 
Model Fig. 18.12b). 

What kind of deformations was seen after termination of the stress (figures with force generator 
again)? There were complete recovery (Voight model Fig. 18.10b and SL model Fig. 18.11b) and a 
partial re-development of permanent deformation (Maxwell model Fig. 18.9b and Burgers model Fig. 
18.12b).  

Finally what kind of stress change was seen in constant deformation (figure with displacement 
generator)? There was prompt but not complete stress relaxation (Voight model Fig. 18.10d). The 
decrease of the stress was no immediate in the other cases. We could see complete stress relaxation 
(Maxwell model Fig. 18.12d) and partial one (SL model Fig. 18.11d). 

It is a legal question whether these models are necessary or simply theoretical games? The nature is 
so complicated that we are not able to find out a behavior that is not exist in the nature. Now 
consider what kind of phenomena may be observed? 

Observable viscoelastic phenomena 

Three phenomena are discussed: the creep, the relaxation both the shape and stress relaxation and 
the hysteresis. 

1. Creep 

A continuous e.g. tension load results a prompt elongation but later the material slowly is elongated 
further due to the constant load (Fig. 18.13). A prompt elongation, described by the Hooke’s law, 
appears at the beginning. Later the strain increases slowly. Usually it is faster first (primary creep) 
later it becomes constant (secondary creep) finally it speeds up again (tercier creep). Finally the 
material breaks of course despite the fact that the nominal load is below the strength value.  
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Fig. 18.13 Creep is a continuous deformation under constant stress. The red curve is the creep curve 

A typical creep curve shown in Fig. 18.13 can be described well using the Burgers model mentioned 
above (but there is no final speeding up of the elongation).  

The phenomenon is strongly dependent on temperature. The process accelerates at higher 
temperature as it can be seen in Fig. 18.14 at constant load. 

 

Fig. 18.14 Creep curves at different temperatures 

The load size of course also influences the speed of the creep, the higher the load, the faster the 
process (Fig. 18.15). 
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Fig. 18.15 Creep curves under different loads 

The creep of polymers may be observed more frequently. The creep of the polypropylene is shown in 
Fig. 18.16 in different tension stresses. Look at the top curve! The beginning load is 15 Mpa. The 
prompt strain is 0.8 %. Later the strain increases further and it is visible after a few seconds. The 
strain doubles during about a day. Less strain results slower creep. 

 

Fig. 18.16 Creep of the polypropilene under different load 

This phenomenon is also present in metals (see: „Example of the metal creep” in the frame). Usually 
this creep is not significant at room temperature. It becomes more important for the practice if the 
temperature (measured in kelvin) is over 40% of the melting point. Amalgam has low melting point 
(100-140 °C) so the creep is not negligible in the mouth. 
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Finally we mention this phenomenon can be observed in ceramics, too. In this case this is weaker and 
occurs at higher temperature comparing to the polymers and metals. For example the creep of the 
aluminum oxide may be visible around at 1700 °C but the common glass start to creep at about 400-
500 °C. 

2. Relaxation 

We can use this expression in two senses: shape and stress relaxation. 

Shape relaxation is the recovery when the load stops (Fig. 18.18). The figure shows the creep in 
constant load too but we don’t deal with this phenomenon now. There is a prompt but always 
complete recovery after stopping of the load. The recovery continues following this. Finally this may 
lead to the complete recovery but sometimes there is a remaining permanent deformation and this 
later case can be seen in Fig 18.18 (see: „An example of shape relaxation” in the frame). 

An example for the creep of the  metals 

Usually the creep of the metals is negligible at room temperature. It is not true if the metal has 
very low melting point. Fig. 18.17 shows the creep of a zinc alloy at room temperature. (The 
beginning prompt elongation may not be seen because the strain of this alloy is about 0.2% at the 
given load.) The strength of the alloy is about 350 MPa and the 200 MPa load is much lower. In 
spite of this the alloy reachesthe 15% strain during about 11 days breaks. 

The melting point of the alloy in this example is about 700 °K and its 40% is 280 K. This is about 
7°C and the creep can be observed at room temperature. 

 

Fig. 18.17 Creep of a zinc alloy at room temperature 
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Fug. 18.18 Shape relaxation is the continuous deformation after disappering of the load 

 

Complete shape relaxation can be seen in the Voight and the SL model while the relaxation is partial 
in the Maxwell and Burgers model. 

An example of shape relaxation 

Fig. 18.19 shows an example of the shape relaxation. The creep and the prompt deformation of a 
poly methyl methacrylate based bone cement (used to fix the prostheses in the bone) may be 
seen in this figure. The gradual shape relaxation during about two days may be seen, too. The 
curve of the Burgers model fits to the point almost perfectly. 

 

Fig. 18.19 Creep and shape relaxation of a bone cement 

174

Chapter 18. Mechanical properties – viscoelasticity



Stress relaxation is the decrease of the stress in constant deformation. This may be observed in the 
case of many materials but it is weaker in ceramics (see: „An example for stress relaxation” in the 
frame). Different stress relaxations can be seen in the viscoelastic models. 

 

3. Hysteresis 

It was mentioned in the first chapter, dealing with the mechanical properties, that in some cases the 
load and the recovery curve are not the same in the elastic range but the recovery is complete. This 
phenomenon is the hysteresis. Fig. 18.21a shows the load curve at increasing stress while the b is the 
recovery. 

This phenomenon may be deduced from the viscoelastic behavior. Think of the behavior of the Voigt 
and the SL model in the case of the force generator. The elongation follows the changing of the stress 
with a time delay. If we increase the load there is no time for the proper elongation than the load 
curve deviates to the smaller elongation values. Decreasing the load the curve deviates to the longer 
elongation values if the decreasing of the elongation is delayed. The recovery is complete so the 
curve returns to the origin both of the mentioned models. 

An example for stress relaxation 

The decreasing of the stress is shown in a film made of myofibrillar proteins in Fig. 18.20. The film 
is elongated at t=0 by 1% and the stress, that is necessary to keep constant deformation, is shown 
in time. The stress is roughly halved during about 70 seconds. (The points are fitted by the 
Maxwell and the Burgers model and the later one shows good agreement with the measured 
points.) 

 

Fig. 18.20 Stress relaxation of a film made of myofibrillar proteins. Fitted curves: Maxwell model 
(dashed line), Burgers model (solid line) 
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Important practical consequence of the hysteresis is the energy dissipation. Fig. 18.21 shows both 
the invested (area under the load curve) and the recovered (area under the recovery curve) energy 
and finally the difference of them. Larger delay between the stress change and the shape results 
larger hysteresis and larger dissipated energy. 

 

Fig. 18.21 Hysteresis and the energy dissipation 

The viscoelastic materials may be used well to dissipate the mechanical energy for example in the 
shock absorber of a car or to decrease the vibration of buildings and machines. Three other 
interesting examples: periodontal ligament provides the elastic suspension of the tooth, the 
viscoelasticity of the discs is necessary from the viewpoint of the right working of the vertebral and 
the viscoelasticity of the modern running shoes reduces the mechanical stress (see: „Three examples 
for the viscoelastic energy dissipation” in the frame). 
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Three examples for the viscoelastic energy dissipation 

The peridontal ligament stabilizes elastically the tooth in the bone. The viscoelasticity of this 
filament system plays role to reduce the mechanical stress of the tooth in the mastication. Fig. 
18.22 shows the hysteresis of the peridontal ligament of a tooth. 

 
Fig. 18.22 Hysteresis of peridontal ligament system in compression 

The load diagram of a younger and elder human disc is shown in Fig. 18.23. The younger disc is 
more elastic and its compression is higher. It is more important than the hysteresis is higher, too. 
It is able to dissipate much more energy and reduces well the mechanical stress on the vertebral. 
(The recovery curve of the younger disc returns to the origo but it is very close to the x-axis and 
not visible.) 

  

Fig. 18.23 Hysteresis of a human disc in compression 

The test result of a heel of the running shoes is shown in Fig. 18.24. The used equipment is similar 
to the equipment that is mentioned in Charpy test. The force and the deformation of the shoes 
due to the sudden impact is measured. The hysteresis and the energy dissipation very high that 
reduces well the strokes. 

   

Fig. 18.24 Hysteresis of a running shoes 
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Viscoelasticity: appearance of the viscous and the elastic behavior together. The displacement 
generator results stress relaxation in the viscoelastic material. 

Stress relaxation: The decrease of the stress under constant deformation described by the 

𝜎 = 𝜎0𝑒
−𝑡𝜏 function, where σ0 the initial stress, τ the relaxation constant. The relaxation constant 

is the time while the initial stress decreases by factor e. 

Hooke body: an ideal elastic body, that behaves as the Hooke’s law describes and the changing of 
the stress and the elongations follow each other immediately. 

Newton body: an ideal viscous body, that behaves as the Newton’s law or 𝜎 = 𝜂Δ𝜀/Δ𝑡 relation 
describes. 

Viscoelastic models: different connections of the Hooke and the Newton body  e.g. Maxwell, 
Voigt, Burgers and standard linear model. 

Creep: further elongation in constant load after a prompt one. 

Shape relaxation: gradual recovery after disappearing of the load. 

Hysteresis: the difference between the load and the recovery curve in the elastic range. 

Proposed problems: — 
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Chapter 19. Thermal and electric properties 

Mechanical properties of the materials are most important for dentists but thermal and electric 
characteristics are not negligible. The temperature may vary in relatively wide range in the mouth. 
This is about 0 °C eating an ice cream while hot drinks may result about 70 °C. These extreme values 
are local and the time is enough short of course but the response of the dental materials may be 
important. The pulp is sensitive only not to the change of the temperature but to the electric current. 
The materials of the tooth provide a good insulation for the pulp in the case of both external 
influences. These requirements must be taken into the consideration using dental materials. 

Thermal properties 

Different phenomena take place in the mouth due to hot or cold meals and drinks. The temperature 
of the enamel and the dentine or the prosthetic materials changes, increases or decreases. They lead 
heat to the pulp or to opposite direction at this time. They simultaneously expand or contract. Three 
phenomena are discussed now: warming up and cooling, the thermal conduction and the thermal 
expansion. 

1. Warming up and cooling 

If we try to warm up a body we must communicate heat. The heat that is necessary to produce ∆T 
change in temperature (Q): 

𝑄 = 𝐶 ∙ ∆𝑇 , 

where C is the heat capacity of the body. (The heat loss is the same at cooling.) Heat capacity shows 
how much heat is necessary to produce a unit change in temperature. The unit is J/K (or J/°C). The 
larger the body the higher the heat capacity. This quantity is proportional to the mass. The heat 
capacity of a unit mass characterizes better the material. The name of this new quantity is the 
specific heat: 

𝑐 =
𝐶
𝑚

 , 

where m is the mass. The unit is J/(K⋅kg). The specific heat capacity of some materials can be seen in 
Table 19-1. 
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2. Thermal conduction 

The thermal conduction is a type of the heat transport. (Other mechanisms like the macroscopic 
heat flow and heat radiation don’t play important role in the mouth. We don’t deal with them.) Heat 
flows from higher temperatures to the lower one (Fig. 19.1). 

 

Fig. 19.1 Interpretation of the Fourier’s law 

This phenomenon is described by the Fourier’s law if the temperature differences are not too high. 

∆𝑄
∆𝑡

= −𝜆𝐴
Δ𝑇
Δ𝑥

 . 

This law results the strength of the heat current namely the amount of the transported heat through 
unit cross-section of the body during unit time, ∆Q/∆t. This is mainly proportional to the 
temperature gradient (∆t/∆x). (The temperature gradient is the changing of the temperature along 

Table 19-1. Specific heat of a few materials 

material c (J/(kg·K)) 

enamel 750 

dentine 1260 

gold 126 

amalgam 210 

zircon 410 

zinc phosphate 500 

glass 800 

porcelain 1100 

glass ionomer 1200 

PMMA 1460 

water 4190* 
 

*Extreme specific heat of the water is the consequence of a lot of H-bonds. It means that same 
heat energy results about 3-fold (PMMA) and 30-fold (gold) higher temperature increase in other 
materials compared to the water. (For example: temperature of the amalgam increases from 37°C 
to about 68°C due to 1 g tea (70°C) while the cooling of the tea is only 2°C!) 
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unit length.) The heat current is proportional to the cross-section, too. The proportionality constant 
is the λ, the thermal conductivity that is the amount of the energy flowing through a unit cross-
section during unit time if the temperature gradient is unit. Its unit is the J/s⋅m2⋅K/m) = W/(m⋅K). (The 
negative sign in the law shows that the direction of the flow is opposite to the temperature gradient.) 

 

The thermal conductivity values of the enamel and dentine in Table 19-2. show that they are good 
thermal insulators compared them for example to the metals. (This is a positive property because it 
reduces the transport of the temperature fluctuations occurring in the mouth to the pulp.) In 
general, ceramics and polymers are good insulators, too. It is related to the mechanism of the heat 
conduction and the structure of the mentioned materials. 

Bonds between atoms also play an important role in the mechanism of the thermal conduction. The 
vibration of the atoms is stronger if the temperature is higher. Atoms share the vibration energy with 
their neighbors due to the bonds so the energy propagates to the colder part. This mechanism works 
in metals, ceramics and polymers. The partly free electrons also contribute to the conduction in 
metals. This is why the metals have higher thermal conductivity. (On the base of this idea if a metal 
has larger electric conductivity the thermal one is higher, too. This idea is true.) The good thermal 
conductivity of metals is generally unfavorable in dental practice. The amalgam filling of a deep cavity 
would expose the pulp to large fluctuations in temperature. In this case a thermal insulator base 
helps (e.g. a glass ionomers may be used whose thermal conductivity is ten times smaller.) 

The thermal conductivity characterizes well the thermal transmittance and insulator property if the 
thermal gradient is constant. For example if T1 and T2 are artificially kept constant in Fig. 19.1. It is 
possible if heat is added in the left side and conducted away in the right. This situation is not typical 
in the mouth. For example drinking a hot tea the temperature increases rapidly but only for a short 
time. The amount of the transmitted energy due to this rapid temperature increase depends on the 
energy used to warm up the material and not only on the thermal conductivity. This warming up is 

Table 19-2. Thermal conductivity (λ) and diffusivity (D) of a few materials 

material λ (W/(m·K)) D (10–6 m2/s) 

dentine 0.6 0.2 

enamel 0.9 0.5 

acrylate 0.2 0.1 
PMMA 0.2-0.3 0.12 

water 0.44 0.14 

glass ionomer 0.5-0.7 0.2-0.3 

glass 0.6-1.4 0.3-0.7 

porcelain 1 0.4 

zinc phosphate 1.2 0.3 
zircon 2.7 1.1 

amalgam 23 9.6 

gold 300 118 
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influenced by the density (ρ) and the specific heat capacity (c). The larger the energy to warm up the 
smaller the transmitted energy. Thermal diffusivity (D) contains these factors:  

𝐷 =
𝜆

𝜚𝑐
 . 

The unit of the thermal diffusivity is m2/s. (This unit is same to the diffusion constant. This shows that 
they are same phenomena.) Table 19-2. contains D values. The sequence of the materials is not 
significantly different if we take the D values instead of the λ. 

3. Thermal expansion  

It is well known that bodies expands in summer and contract in winter. Firstly, consider the relation 
used to describe this phenomenon and later its base. 

 

Fig. 19.2 Iterpretation of the thermal expansion 

The ∆l change of the length (Fig. 19.2) is proportional to the original l length and to the temperature 
change (∆T). Introducing a proportionality factor (α) next relation describes the fractional change 
(∆l/l) of the length: 

∆𝑙
𝑙

= 𝛼 ∙ Δ𝑇 . 

The proportionality factor (α) is the coefficient of thermal expansion and its unit is 1/K. This 
describes the fractional change of the length due to the unit temperature change. The coefficient of 
thermal expansion of some materials is shown in Table 19-3. This coefficient is relatively small for the 
materials of the tooth and ceramics but high for polymers. 

The volume changes with the linear size, too: 

∆𝑉
𝑉

= 𝛽 ∙ Δ𝑇 , 

where V the initial volume, ∆V is the change, ∆T is the temperature change while β is the volumetric 
thermal expansion coefficient. Its unit is 1/K, too. This is similar to the linear coefficient. It is equal to 
the fractional volume change due to the unit temperature change. They are not independent of each 
other for isotropic materials: 

𝛽 = 3𝛼 . 
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What is the reason of the thermal expansion? The base is that the atoms, molecules move away 
inside the material. Particles have higher kinetic energy at higher temperature. It is not enough alone 
to explain the expansion. It is also important that energy curve of the atomic interactions is not 
symmetric (Chapter 1. Fig. 1.4 and Fig. 19.3a). Indeed, if the curve would be symmetrical (Fig. 19.3b) 
there was no expansion. 

 

Fig. 19.3 Assymetric energy curve that describes the real atomic interactions (a) and an ideal 
symmetric curve (b) 

Table 19-3. Coefficent of thermal expansion of a few materials (α) 

material α (10–6 1/K) 

dentine ≈ 8.3 

enamel ≈ 11.4 

porcelain 4-16 

glass ≈ 8 

zircon ≈ 11 

golad alloys 11-16 

gold 14.2 

gypsum 15-20 

amalgam ≈ 25 

PMMA 70-81 

acrylate ≈ 90 

silicone 100-200 

wax 300-500 
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Consider motions of the atoms to understand it! Atoms vibrate around the equilibrium state at each 
temperature (if it is not 0 °K). The r0 is an average position. This vibration is less at low temperature 
(e.g. E1 in Fig. 19.3b) and stronger at higher one (e.g. E3 in Fig. 19.3b). If the curve was symmetric this 
deviation was the same on the left and right side so the average position was the same, too. 
(r0 = r1 = r2 = r3 in the figure). The real curve is asymmetric, steeper on the left. The vibration range is 
shifted to the right due to the flatter right side of the curve. The average distance increases between 
atoms (r0 < r1 < r2 < r3 in the figure).  

This includes the fact that the flatter, wider and more asymmetric the curve, the stronger the thermal 
expansion and the higher the coefficient of thermal expansion. It is true if the bond is weak and the 
bond energy is small. Strong bond results less expansion. 

It was mentioned in Chapter 6. that the melting point of a material is related to the bond energy. It is 
therefore not surprising that the melting point and the coefficient of thermal expansion is inversely 
proportional to each other at least, within a matter family (see: “Correlation of the melting point and 
the coefficient of thermal expansion” in the frame). 

 

Important consequence of the thermal expansion is that the unequal warming up of a body results 
internal mechanical stress. Same phenomenon can be observed if the material consists of materials 
of different expansion ability.  

Correlation of the melting point and the coefficent of thermal expansion 

The deeper the energy curve describing the atomic interactions, the narrower and more 
symmetrical in the valley bottom (Fig. 19.4a). This is why the melting point is higher and the 
thermal expansion is less if the bond energy is higher (deep energy valley). Fig. 19.4b shows the 
inverse proportionality of the melting point and the linear thermal expansion of the metals. 

 

Fig. 19.4 Different depth and width of the energy curves (a) and the relationship between the 
melting point and the linear expansion coefficient (b) 
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Higher temperature part of a body try to expand more but the colder part does not allow in the case 
of unequal warming up. Significant compressive stress may be produced at the boundary of the 
wormer and colder parts. It is more significant if the material is a bad thermal conductor (e.g. 
ceramics). There may be large temperature differences within a relatively short distance due to the 
bad conductance. If the conductance is good (e.g. metals) there is no so large differences and the 
stress is less, too. 

Similar phenomena are produced at unequal cooling but tensile stress arises instead of compressive 
one. The tensile strength of the ceramics is relatively small, much smaller than the compressive 
strength, so they frequently cracks and breaks especially rapid cooling. The enamel behaves very 
similarly to the ceramics. 

Same internal stress is produced if the body consists of materials of different thermal conductivity. 
This is the situation if the temperature distribution is homogenous. For example, if a more 
expandable material is surrounded by a less expandable one compressive stress arises at warming up 
and tensile stress appears at cooling at the boundary of the two materials. Alternating compressive 
and tensile stress appears in the case of fluctuating temperature. This causes fatigue of the material 
and results fracture below the strength. This is the so-called thermal fatigue and can occur in the 
case of dental materials due to the temperature fluctuations in the mouth. 

For example, coefficient of thermal expansion of the amalgam and acrylates differ from the own 
materials of the tooth according to the Table 19-3. First is less the later one is more significantly. 
Both materials have a strong thermal expansion so the situation is exactly same to that mentioned 
above if the filling is made of them. The filling expands better due to a hot drink and stretches inside 
the tooth. Eating an ice cream tensile stress is produced at the boundary of the filling and dentine. If 
the adhesion between materials is weak they may separate and a microscopic crack may be 
produced that can cause further deterioration of the tooth.  

It is also problem in composites if the expansion of the matrix and the disperse phase are different so 
the same coefficient is a serious condition in production.  

There are many practical aspects of this phenomenon due to the produced internal stress. The 
mercury-in-glass thermometer utilizes the simple thermal expansion while the bi-metal thermometer 
is the difference of the expansion. It is necessary to ensure enough space (expansion joint) for 
expansion in the case of railway tracks or brides. In opposite case the produced stress may destroy 
the structure (Fig. 19.5). 

               

Fig. 19.5 Consequence of the railway track deformation and expansion joint of a bridge 
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Electric properties 

The electrical conductivity of a material may be characterized by the resistivity or the conductivity. 
(The short introduction of these quantities is in the „A few basic concepts of the electricity shortly” 
frame.) 

 

Resistivity (ρ) is the resistance of a body of unit length and cross-section: 

𝜚 = 𝑅
𝐴
𝑙

       [𝜚] = Ω
m2

m
= Ωm , 

𝑈12 =
𝑊12

𝑞
      [𝑈12] =

J
C

=V (volt), 

𝐼 =
∆𝑞
∆𝑡

       [𝐼] =
C
s

=A (ampere), 

𝑈 = 𝑅𝐼   vagy  𝑅 =
𝑈
𝐼

       [𝑅] =
V
A

=Ω (ohm). 

𝐺 =
1
𝑅

       [𝐺] =
1
Ω

=S (siemens). 

𝑅 = 𝜚
𝑙
𝐴

 , 

A few basic concepts of the electricity shortly 

Both the formula of the quantity and the unit are also given. 

q is the symbol of the electric charge and its unit is the coulomb (C). The so-called elementary 
charge (e) is the smallest one and e = 1.6.10-19 °C. Electrical charge of a body may be an integer 
multiple of this value. The electron has –e and the proton +e charge. 1 coulomb is equal to the 
charge of 1/1.6.10-19 = 6.25.1018 protons (or electrons considering the absolute value). 

Electric charges produce electric field that communicates the forces between them. Different 
quantities may be used to characterize the strength of the field. One of them is the voltage. The 
voltage between two points (U12) is: 

where W12 the work of the electric field done on q charge while it moves from the point 1. to the 
point 2. 

Connecting voltage to the ends of a body the movable charges start to move collectively. 
Collective motion of the charges is the electric current and its strength is: 

where ∆q is the charge flowing through the cross-section of the body during unit time. 

The strength of the current is proportional to the voltage and the proportionality factor is the 
electric resistance (R) that is given as  

This is the Ohm’s law. 

The reciprocal of resistance is the electric conductance (G): 

Finally we mention that the resistance depends ont he geometric parameters of the body and its 
material: 

where l is the length of the body, A is its cross-section. ρ is the proportionality factor, the 
resistivity. Its unit is the Ωm. 
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where l is the length, A is the cross-section of the body. 

Conductivity (σ) is reciprocal of the resistivity: 

𝜎 =
1
𝜌

       [𝜎] =
1

Ωm
=

S
m

 . 

Table 19-4. lists the resistivity of a few materials. Materials may be conductors, semiconductors or 
insulators depending on magnitude of their conductivity. 

 

The conductivity of a material depends on the no. of the movable charges (electrons, ions) and their 
mobility. The more the movable charge and the more the free motion, the higher the conductivity. 

Ions are the movable charges in liquids so their conductivity depends on the concentration and the 
mobility of the ions. The mobility is influenced by the size and the viscosity at the given temperature.  

Electrons conduct the current in solids assuming that they are able to move freely. It is practically 
possible in the case of metallic bonds. There is an expanding electron cloud that may be considered 
as free movable electrons. Metals are good conductors usually. The bond is more covalent in the 
semimetals due to the higher electronegativity so the movements of electrons are limited and their 
conductivity is less. Among them we find the germanium and silicon. They are the so-called 
semiconductors (we deal with them later). In the covalent, ionic, or secondary bonding of materials 
the electrons are localized, they are not able to move freely and these materials, ceramics and 
polymers are insulators. 

The electric properties of solids can be interpreted with the band theory. This theory helps us to 
understand the optical properties, too. We deal with this shortly. 

It is well known that there are independent energy levels in the separated, free atoms (Fig. 19.6). 
Electrons (more exactly the atom) are not able be to stay between two levels but the transition is 
allowed if there is free energy state. 

Table 19-4. Conductivity of a few materials 

material σ (S/m)  
silver 6.8⋅10

7
 

conductor gold 4.3⋅10
7
 

platinum 0.94⋅10
7
 

germanium 2.2 semi- 
conductor silicon 4⋅10

–4
 

zircon ≈10
–10

 

insulator 

porcelain ≈10
–11

 

glass ≈10
–13

 
PMMA ≈10

–12
 

PE ≈10
–16
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This simple image becomes more complicated when two or more atoms interact to each other. They 
form bonds and molecules and finally solids (crystals). The force field influences the atoms and the 
energy levels are modified a little bit. It may be higher in an atom or may be less in another. The 
more atoms make up the system, the more different new levels. A solid consists of about Avogadro 
no. of atoms so the same degree of splitting may be observed. The difference between these is split 
into levels is very small, they are very close to each other and form a so-called energy band. The 
energy range between the allowed energy bands are the forbidden band. 

 

Fig. 19.6 Atomic energy levels and corresponding energy bands in solids. Splitting of the levels is due 
to the atomic bonds 

The energy minimum and the Pauli-principle regulate the distribution of the electrons on these 
bands. There are limited no. of electrons on a band. The bands are filled up from the lower ones. If a 
band is filled the electrons are forced to the next upper level and so on. This is why the lower bands 
are entirely filled. The top band where there is electron is felled entirely or partially. We say that the 
band is fully or partially filled (Fig. 19.7). 

The top energy band, that contains electrons, is the valence band because these electrons take part 
in different chemical reactions. The bottom band, that is partially filled, is the conductance band 
because these electrons make possible the electric conduction. To understand this we should take 
into the consideration the role of the energy from the viewpoint of the conduction. 

Electric current flows when electric voltage is connected to the body. Electric field exerts force on the 
electrons and they start to accelerate according to the electric field direction. The motion is not 
entirely free they collide to each other and to the atom sin the lattice. They change their direction 
and loose partly the kinetic energy than accelerate again. The conductance results a continuous 
change of their energy. If it is possible in crystals if there is an empty energy level. Now, consider the 
next three situations shown in Fig. 19.7. 
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Fig. 19.7 Possible electron occupancy of the energy bands. (darker blue are filled levels while the 
lighter ones are free energy states.) 

The valence and the conductance band are the same in Fig. 19.7c. This material is a good conductor 
due to the empty levels. Such band structure is true in the case of some metals. Other metals has 
empty conductance band but it is overlaps to the entirely filled valence band and the situation is 
similar to the previous case. This material is a good conductor, too. 

Fig. 19.7a and b show the situation when the valence and the conductance band are different. The 
electrons are not able to move in the valence band because there are no empty levels practically and 
there is no electron in the conductance band. Much energy is necessary to lift up an electron from 
the valence band to the conductance one. There is no usually enough energy in the electric field. This 
type of the materials is the insulators. There is difference between the two situations in the a and b 
part. We must refine our simple image. 

The electron distribution in Fig. 19.7 is valid only close to the 0 K. The Boltzmann distribution, 
introduced in Chapter 3., is true at higher temperature. This distribution is a temperature dependent 
exponential function for higher bands. According to this there will be empty levels in the valence 
band and there will be electrons in the conductance band. The no. of them depends on the width of 
the forbidden band (∆ε) and the thermal energy (kT). 

If the forbidden band width is too large comparing to the thermal energy at room temperature, the 

Boltzmann factor (𝑒−∆𝜀
𝑘𝑇) is negligible. There is no electron in the conductance band practically. The 

material is an insulator at room temperature. This is true if the width is higher than 3 eV. (This value 
is arbitrary of course.) The forbidden band width for Al2O3 included in the figure is 9.5 eV. 

If the forbidden band width is not significantly higher than the thermal energy (∆ε < 3 eV), there are 
more electrons in the in the conductance according to the Boltzmann distribution. This material is a 
semiconductor. The forbidden band width is 1.1 eV for silicon and 0.7 eV for germanium. The 
conductance of the semiconductors depends strongly on the temperature. The conductivity is 
influenced by the no. of the electrons that is temperature dependent described by the Boltzmann 
distribution: 

𝜎~𝑒− Δ𝜀
2𝑘𝑇 
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Consider an example: the band width is 0.36 eV for indium arsenide and 3.6 eV for zinc sulfide. The 
ratio is ten. The resulting ratio in conductivity is 1027! The temperature effect is also big. Decreasing 
the temperature from 300 °K (27 °C) to 273 °K (0°C) the conductivity is the half. 

This band theory can be used to describe well the light absorption, too (see in Chapter 20.) 

 

 

 

 

 

 

 

 

 

Heat capacity: heat that result unit change of the temperature. Its unit is J/K. 

Specific heat: Heat capacity of unit mass. Unit: J/(K⋅kg). 

Heat conduction: Heat transport without macroscopic flow due to the direct connection of the 
atoms. 

Fourier’s law: the law to describe the heat conduction, ∆𝑄
∆𝑡

 = −𝜆𝐴 Δ𝑇
Δ𝑥

, where ∆Q/∆t the heat 

current namely the transmitted heat through A cross-section during unit time. ∆T/∆x is the 
temperature gradient and l is the heat conductivity. 

Heat conductivity: The energy transported through unit surface during unit time due to unit 
temperature gradient. Unit is: W/(m⋅K). 

Heat diffusivity: It shows how good the conductance is due to sudden temperature change. 

𝐷 = 𝜆
𝜚𝜚

. where λ is the heat conductivity, ρ is the density and c is the specific heat. Unit: m2/s. 

Heat expansion: Changing of the size due to temperature change. ∆𝑙
𝑙

= 𝛼 ∙ Δ𝑇  where l is the 

original length, ∆l is its change, α is the coefficient of linear expansion, or ∆𝑉
𝑉

= 𝛽 ∙ Δ𝑇 , where V is 

the original volume, ∆V is the volume change, β is the coefficient of volume expansion. 

Coefficient of thermal expansion: the relative change of the length due to unit temperature 
change. Its symbol: α, unit: 1/K. 
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Volumetric thermal expansion coefficient: the relative change of the volume due to  
unit temperature change. Its symbol: β, unit: 1/K. For isotropic material: β = 3·α. 

Resistivity: the resistance of a body of unit length and cross-section. Unit: Ωm. 

Conductivity: reciprocal to the resistivity, unit: S/m. 

Band theory: a theory that explains the electrical (and optical) properties of solids. It is based ont 
he energy bands that contain the possible energy levels of electrons. 

Proposed problems: 5.1, 5.2, 5.5, 5.6, 5.8, 5.9, 5.10, 5.32-35 
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Chapter 20. Optical properties 

Mechanical properties of the dental materials are most important first of all. Thermal, electric and 
chemical properties are also essential from the viewpoint of their function but the aesthetic 
properties are not negligible. The color or twinkle of a filling or crown may be also important for the 
patient. The optical properties of the used substancies should be same to the original teeth. 

The body color depends on many factors. The same cloth has different color in sunlight or in artificial 
source. This depends on the emission spectrum of the illuminating light („Emission spectrum” see the 
information in the frame). The color depends on the sensitivity of the observer’s eye but we don’t 
intend to deal with this problem. It is influenced by the material of the body and also by the structure 
of the surface (smooth or rough). Same body may have different color if the light is reflected back or 
a transmitted. The iteraction between the light and the material also play role in the modification of 
the color. Look at these phenomena! 

Phenomena that play role to develop a color 

More or less fraction of the incident light is reflected back from a surface (Fig. 20.2). The light 
entering the body is partly scattered and absorbed. The remaining part of the original light intensity 
is the transmitted one. Reflection, scattering and the absorption are the phenomena that play role to 
develop a color. The transmission is the product of them. The intensity ratios, the intensities 
compared to the incident intensity (Jincident) as it is shown in the figure, are used for quantitative 
characterization. There is an other phenomenon that influences the color, the 
luminescence/fluorescence.  

 

Fig. 20.2 Different interactions between the light and a material 
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1. Reflection 

The angle of a light reflected back from a surface is same then the angle of the incident beam in the 
ideal case (Fig. 20.3). According to this rule the incident angle (α) is same than the reflecting one. In 
the normal life a body may be seen from every direction when it is illuminated only from one 
direction. A real body reflects back the light to every directions. Such kind of the so-called diffuse 

𝐽 =
∆𝐸

∆𝑡 ∙ ∆𝐴
 , 

Emission spectrum 

The strength of the light is given by the intensity (J) and its definition is the next: 

where ∆E the energy propagating through perpedicular to the ∆A surface during ∆t time. The unit 
is J/(s⋅m2) = W/m2. 

The intensity as the function of the wavelength of the light is the emission spectrum. Fig. 20.1a 
presents the spectrum of the Sun out of the atmosphere and on the surface of the Earth where 
the atmosphere modifies it. Fig. 20.1b is the spectrum of a disco lights. While the spectrum of the 
Sun contains every vawalengths (continouos spectrum) but the spectrum of the disco lights 
consists of only a specific wavelengths or wavelength ranges (band spectrum). 

 

 

Fig. 20.1  Spectrum of the Sun (above) and a disco lamp (bottom) 
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reflection is due to the roughness of a real surface that is true even for the best reflecting mirror, too. 
It is true of cource that the intensity is the highest to α direction. From this direction we can see a 
twinkle surface. 

 

Fig. 20.3 Diffuse reflection 

The ability to reflect back the light is characterized by the reflectance factor or reflectivity (ρ or 
sometimes R): 

𝜚 =
𝐽reflected

𝐽incident
 , 

where Jincident is the incident, Jreflected is the reflected back (to all directions) intensity. This quantity has 
no unit and is given frequently in percent. 

The reflectivity depends on the incident angle: if the light is perpendicular to the surface is the 
smallest and increasing the angle the reflection increases, too. (If the refractive index of the material 
is less than the enviroment’s index the reflectivity is 100% after a certain angle. This is the limiting 
angle This case is the so-called total internal reflection.) 

The reflectance of a surface depends on the material and the optical property of the enviroment, 
namely the reractive index too. Next formula is valid if the incident angle is equal to zero: 

𝜌 = �
𝑛2 − 𝑛1
𝑛2 + 𝑛1

�
2

 , 

where n1 is reractive index of the enviroment (if it is the air this value is practically 1). n2 is the 
refractive index of the given material. Larger n2 and stronger reflection, the body is more twinkle. The 
reflectivity of different materials are the next: water surface (n2 ≈ 1.333) ≈ 2%, glass plate (n2 ≈ 1.5) ~ 
4%, apatite crystal (n2 ≈ 1.64) ~ 6%, zirkon (n2 ≈ 2.2) ~ 14%, diamond (n2 ≈ 2.4) ~ 17%. (This last value 
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is relatively large refectivity and this is the base of the possibility to produce a nice, twinkle brilliant 
from the diamond.) 

The reflectance of a surface may be different if the color of the light changes. If the reflectance is 
given only for a special wavelength the quantity is called as spectral reflectivity (spectral reflectance 
factor) and denoted by ρ(λ): 

The color of a body in reflection depends on the relectivity of the surface in the whole wavelength 
range. Plotting the reflectivity as the function of the wavelength results the reflectance spectrum. 
Fig. 20.4 shows six spectra. The absolute white body reflects back every wavelength and the absolute 
black body doesn’t reflect back anything. The grey color is produced if the body reflects back every 
color in the same way. The reflectivity of the dark gray body is less while the light gray one is larger. 

The colored bodies reflect back only in a particular wavelength range. The color is red if this is 
reflected back. The result is same if all wavelength is reflected back excepting the the green. The red 
is the so-called complemetary color of the green. If the green is absent from the whole spectrum the 
resulting color seems to be red. 

 

Fig. 20.4 Reflectance spectra 

The non-reflected part of the incident light enters the body according to the reraction law. In fact 
that due to the roughness of the surface this phenomenon is also a diffuse one. 

If a body partly transparent the color is influenced by the light that is scattered inside the body. Next 
section deals withe this phenomenon. 

2. Scattering 

Particles scatter the light if their refractive index is different from the enviroment. It means, that they 
scatter the light to different directions. This phenomenon may be observed well if the weather is 
humid or foggy and small water drops scatter the light. The situation is the same if somebody smokes 
in a room. Water drops, smoke particles are relatively large. Submicroscopic particles in a colloidal 
solution, like water diluted alcoholic mastic solution, (see „Mastic” in the frame) scatter the light, too 
but this phenomenon may be detected in the air where the molecules are the scatterers. Grains, 
foreign atoms or other crystal defects may increase the scattering. 
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Scattering may be characterized by the scattering fraction (σ):  

𝜎 =
𝐽scattered

𝐽incident
 , 

where Jincident is the incident, Jscattered is the scattered intensity. This is a simple number and very 
frequently is given in percent. This factor depends on the particle concentration.. 

Usually the scattered light has the same wavelength than the incident one. In this case we speak 
about elastic scattering. (Inelastic scattering for example Raman scattering also exists. The scattered 
wavelength is different in this case. It is not too frequent.) 

Scattering depends on the wavelength. If the coefficient is given for a certain wavelength this the 
spectral scattering coefficient (σ(λ)). Dependency on wavelength is influenced by the particle size. 

A special case of the scattering when the particle size is much less than the wavelength. This is the 
so-called Raleigh scattering. In this case the wavelength and the paricle size influence strongly the 
scattering: 

𝜎(𝜆)~
𝑑6

𝜆4
 . 

Shorter wavelength blue ligth scatteres better than the red. This is the reason of the blue sky and the 
red sunset. (The Sun radiation is about white. The blue light scatters passing through the 
atmosphere. Multiple scattering of the blue from diferent directions results the blue color of the sky. 
There is no blue practically in the direct Sun radiation passing through the atmosphere. The 
consequence is a yellow color. At sunset the path is much longer so mainly the red arrives in our eye 
and the Sun radiations becomes red.) The Raleigh scattering is why the red lamp may be seen well. 

Strong dependency on the particle size produces different consequences. For example aggregation of 
the particles results rapid increse in scattering. (This is the reason of the cataracts.) 

If the particle size is comparable to the wavelength the scattering becomes independent of the 
wavelength. This is the so-called Mye-scattering. Water drops in the clouds scatters any wavelength 
and this is the reason fo their white or gray color (Fig. 20.5). 

Mastic 

The mastic is pistachio resin. It has a scent of balsam but the first taste of bitter. The ether-
solution soaked cotton wool were used for temporary filling in dentistry. Nowadays it is used as 
“chewing gum” in the East for perfuming breath and stiffening of the gums. It is also used for 
food, beverage flavoring in the Mediterranean countries. Some research has proved its positive 
effect in the case of the gingivitis and the gastric ulcer.  

The mixture of the water and its alcoholic solution produces a collodial solution. The Raleigh 
scattering may be well observed in this fluid. Illuminating the solution by a parallel light beam, the 
solution blue colors shine on while the transmitted light has yellow color. Increasing the amount 
of the mastic the solution becomes more opaque the scattered light is less blue and the 
transmitted one is orange or later red (Fig. 20.5). 
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Fig. 20.5 Blue sky is due to the Raleigh-scattering while white-gray color of the clouds is produced by 
the Mie-scattering 

If the scattering is not negligible it influences the body color. It results that the scttered light of a 
body seems to be blue while the transmitted one is reddish. In the case of stronger scattering the 
frontal side is blue-white while the others are yellowish, orange or red (Fig. 20.6). This is the 
opalescence. 

 

Fig. 20.6 Light scattering (Raleigh-scattering) on colloid 

The enamel is enough translucent material, but the inner scattering influences the tooth color. 

The color of the transmitted light depends on the attenuation. 

 

 

 

 

 

 

 

 

 

197

Chapter 20. Optical properties




modos
Beírt szöveg
To play video:click on the picture



 

3. Absorption 

Atoms, moleculs are able to absorb the light energy and its consequence is the warming up. Rare 
chemical reactions are produced and the material emits light. This is the fluorescence. 

There are many quantities to characterize this phenomenon. Most simple is the absorption factor 
(α): 

𝛼 =
𝐽ababsorbed

𝐽incident
  , 

This the ratio of the absorbed and the incident intensity. This depends on the wavelength, too. If it is 
given for a certain wavelength its name is spectral attenuation factor. The absorption spectrum 
describes this dependency. 

There are more quantities for example absorbance (A), attenuation coefficient (see: „Absorption 
law” in the frame). 

Other question is the dependency on the layer thickness. This is described by the absorption law. 

To understand the atomic, molecular base of the absorption we must take into the consideration the 
particle nature of the light. The particle nature meands that the light consists of photons (energy 
quantums). The photon energy is inversely proportional to the wavelength: 

𝜀 = ℎ
𝑐
𝜆

 , 

where h is the Planck constant, c is the light velocity. 
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A photon is absorbed in an atom or molecule during the absorption. The probality of the partial 
absorption or common absorption of more photons is very small. It is also known that atoms, 
molecules may be in discrete energy states in atomic system. That wavelength may be absorbed only 
which has the same photon energy than the energy difference between two states (Fig. 20.8). So free 

𝐽 = 𝐽0𝑒−α𝑎 , 

𝐷 =
ln2
𝑎

 . 

𝐴 = lg
𝐽0
𝐽

 

𝐽 = 𝐽0𝑒−𝜇𝑎  

Absorption law 
The absorption law describes the intensity decrease of the light intensity (J) passing through a 
material (Fig. 20.7):  

where J0 is the incident (if there is no serious reflection, anyway J0 =Jincident – Jreflected), x is the 
thickness and a is the absorption coefficient (Do not mix with the absorption factor!) 

 
Fig. 20.7 Intensity decrease passing through a material (absorption law) 

Half-value thickness (D) is the layer that decreases the intensity by half. The relationship between 
the half-value thickness and the attenuation coefficient is:  

penetration depth (δ) is the thiscness that decreases the intensity by factor e. it is also closely 
relate dot the attenuation coefficient: 𝛿 = 1

𝑎 . 

The intensity decrease may be characterized by the absorbance: 

This quantity has no unit and has different advantages. For example this value is more simpel int 
he case of high absorption due to the logarithmic transormation. 

The absorption law describes the intensity decreas due to absorption. Sometimes the scattering is 
present, too. The common phenomenon is the attenuation. If the scattering is not negligible we 
must use a new quantity that takes into the consideration both phenomena. This is the 
attenuation coefficient (µ) and the law is the attenuation law: 

For eaxmple, the X-ray is attenuated due to the absorption and the scattering too and this law 
must be used. 
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atoms (in a rare gas) absorb only a special wavelengths. They have a so-called line spectrum. If there 
are interactions between atoms or between atoms and the environment the lines become wider. 

 

Fig. 20.8 Formation of atomic and molecular absorption spectrum 

The molecular absorption spectrum is line originally, but these lines are enough close to each othe 
due to the more complicated structrure. Temperature increases this widening too so these lines 
overlap and produce a band in the spectrum (Fig.20.8). Fig. 20.9 shows the absorption spectrum of 
the chlorophyll as an example. There are more bands. 

 

Fig. 20.9 Absorption spectrum of the chlorophyll 

The discrete energy states are very close to each other and also form bands in solids (crystals). The 
absorption spectrum of the solids is continuous or contains very wide bands. 

4. Transmission 

The not scattered and not reflected back part of the light passes through the body. The 
transmittance (τ or T) is the ratio of the transmitted and the incident intensity. It has no unit and 
frequently is given as percent: 
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𝜏 =
𝐽transmitted
𝐽incident

 . 

Transparent body completely transmits the light. Translucent one is partly transmits and the opaque 
one doesn’t (Fig. 20.10). Transparency, translucency and opacity are used to describe the body. They 
may be used in general or at a certain wavelength, too. Transmittance depends on the wavelength. A 
body may be transparent in red and translucent in blue. The spectral transmittance (τ(λ))is valid only 
for a given wavelength. 

 

Fig. 20.10 Transparent, translucent and opaque materials (all are aluminum-oxide) 

The spectral transmittance (τ(λ)) is valid only for a given wavelength. 

The body color observing the transmitted light depends on the spectral distribution of the 
transmittance. This distribution is the transmission soectrum. Fig. 20.11 shows the transmittance 
spectrum of a glass width the reflection and the absorption spectra. This glass absorbs well the green 
light so the color is red (complementary color). 

Sum of these factors, introduced to characterize these phenomena (reflection, absorption, 
transmission) is 1. 

𝜌(𝜆) + 𝜎(𝜆) + 𝛼(𝜆) + 𝜏(𝜆) = 1 . 

This fact is demonstrated in Fig. 20.11. 

. 

Fig. 20.11 Reflectance (top curve, from up!), absorption (domain bewteen the two curves!) and 
transmission (bottom curve!) spectrum of a red glass 
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5. Luminescence/fluorescence 

Some material absorbing energy are able to emit light. This phenomenon is the luminescence. On the 
base of the energy source there are X-ray, radio, chemiluminescence. (Special living organisms -eg. 
some fishes, insects, bacteria – produce light and it is called bioluminescence.) 

Photoluminescence is when the source is the light. There are two diferent types the fluorescence and 
the phosphorescence. Fluorescence is more frequently used and used as the synonim of the 
luminescence. 

The energy excites electrons in the material and this excited state has a very short lifetime. Returning 
to the ground state electrons emit photons. This is why the spectrum of this light is line. 

 

Fig. 20.12 Blue fluorescence of the quinine sulfate due to UV irradiation in tonic 

A characteristic property of the lumiescence that the emitted light has longer wavelength than the 
absorbed one. This is the so-called Stokes-shift. The absorbed energy partly looses inthe material 
frequently converted into heat. The larger part is emitted as light. Less energy means longer 
wavelength. Frequently the material absorbs UV or blue light and emits longer, visible light.  

Other property is the exponential decrease of the emitted intensity. Sometimes is very fast a few ns 
or µs and there is no more detectable light. This time is the observable difference between the 
fluorescence and the phosphorescence. 

The main process that lead to the phosphorescence is similar. Sometime there is a so-called 
metastable (long lifetime) state and this results longer emission. The lifetime may be sconds or 
minutes in some materials (eg. phosphor). 

Enamel is able to fluoresce (Fig. 20.13). this phenomenon may be used to detect earlier phase of the 
caries. 
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Fig. 20.13 Fluorescence of the teeth in UV light of a disco lamp; non-fluorescent one is a false tooth 

The flueorescence modifies the material color. Everybody may observe that a T-shirt is white but 
becomes blinding blue-white close to UV lamp in the disco. The residual fluorescent detergent 
molecules produce this phenomenon. 

Color of different material families 

Metals reflects back the light well due their free electron cloud. This is the reason of the gray color like 
silver or aluminum (Fig. 20.14). Other metals like gold don’t reflect back the whole visible range. Gold 
doesn’t reflect bact the blue and this results the yellow color. Red color of the copper is due to the 
bad green and blue reflection. 

 

Fig. 20.14 Reflectance spectrum of some metals 

The transmittance of the metals is zero if the thickness is over about 0.1 mm so they are opque. The 
reason is the metallic bond and the band structure (see Chapter 19. - Fig. 19.7). The conductance 
band is only partly filled. They are able to uptake energies well and absorb every wavelength. 

Ceramics usually are electric insulators. The conductance band is empty and the forbidden band is 
wide, 3 eV or higher. They are able to absorb photon with higher energy. 

This is why ceramics, at least the single crystal ceramics, are transparent in the visible range. (We 
deal with the polycrystalline ceramics later.) 
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Aluminum oxide single crystal (Al2O3, sapphire) has a wide forbidden band, 9.5 eV. The corresponding 
wavelength is 130 nm. This material is transparent in the visible range and in the UV till 130 nm as we 
can see in Fig. 20.15. Below this vaelength the sappire is opqaue. The forbidden band width is 6.5 eV 
in the clear cubic zircon crystal. Its transmittance ends at about 200 nm. 

Reflection of a single crystal is not significant as we mentioned previously (for example diamond: 
about 17%) and has no wavelength dependency. 

  

Fig. 20.15 Transmittance spectrum of aluminum-oxide single crystal (sapphire) 

Defects in the crystals, mainly foreign atoms may influence strongly their optical properties. 
Fig. 20.16 shows the transmission spectrum of an aluminum oxide crystal doped with chromium 
(ruby). Chromium absorbs well in blue and yellow-green. So the ruby transmits the red and a few 
aquamarine that results a special red color. 

  

Fig. 20.16 Transmittance spectrum of aluminum-oxide crystal doped with chromium (ruby) 

Grains play important role in polycrystalline ceramics. Grain boudaries reflect and scattere the light 
and the transparency diasappears partly or completely. Diffuse reflection increases on the surface. 
Optical properities is influenced by the degree of porosity in syntered ceramics. 

Optical properties of the amorphous ceramics are similar to the single crystal ceramics. 
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Optical behavior of the polymers is also similar to the ceramics. 

After discussing the origin of the body color we deal with the characterization of the color shortly. 

How can we describe a color? 

Before quantitative description of a color we must define a few concepts. Neutral colors don’t 
appear in the spectrum like white, gray and black. Chromatic colors are the „real” colors eg. red, blue 
etc. Many different colors may be mixed from them so there are primary and mixed colors. We use 
in our description 3 primary and 3 secondary colors. 

There are several way to describe a color we deal only one of them. These colors are in a „color 
space” and any color may be characterized by 3 coordinates. They are: 

 hue 
 saturation 
 and brigthness. 

First two coordinates determine (hue and saturation) a plane more exactly a circle in this plane. hue 
is plotted around this circle (Fig. 20.17). Different colors may be seen at different angles in the circle: 
primary colors (red - °0, green - °120 and blue - °240); secondary colors (yellow - °60, magenta - °180 
and cyan - °300). Mixed colors are between them. For example °90 means a yellow-green color. 

Saturation characterizes the strength, vivacity of the color and is given in percent. Most vivid color is 
at the edge of the circle (100%). This value decreases moving towards the center where it is equal to 
0%. The neutral colors are in the center and the brightness determines which neutral color is. It is not 
possible to plot this quantity in this plane, so we need a new axis (Fig. 20.17). 

Brightness is not a well defined quantity and practically involves the intensity. We can image this 
coordinate that is perpendicular to the circle. One circle belongs to one brightness value. The neutral 
color (white) in the center first becomes gray and later black. Chromatic colors also become a little 
bit gray while the whole circle is black. 

 

Fig. 20.17 Quantities to characterize a color 
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Light intensity: Light energy propagating through unit surface during unit time (𝐽 = ∆𝐸
∆𝑡∙∆𝐴

 ,). Unit: 

W/m2. 

Emission spectrum: graph that shows the intensity as the function of the wavelength. 

Reflection: phenomenon when the light beam reflects back from a surface. 

Spectral reflectance: ratio of the reflected and the incident intensity of a given wavelength light. 
Reflection spectrum shows the wavelength dependency. 

Scattering: particles radiate the incident light to other directions. 

Spectral scattering factor: ratio of the scattered and the incident intensity. 

Raleigh-scattering: scattering of the light on small particles (much less than the wavelength). 

Absorption: atoms, molecules absorb the photon energy. 

Spectral absorption factor: ratio of the absorbed and the incident intensity. Absorption spectrum 
shows its wavelength dependency. We can also use the absobance, absorption coefficent and the 
attenuation coefficient in this spectrum. 

Absorption law: describes the attenuation of the light in a material due to the absorption. 
𝐽 = 𝐽0𝑒−𝑎𝑎 , where J0 the incident intensity and a is the absorption coefficent (unit: 1/m). 

Absorbance: logarithmic ratio of the incident and the transmitted intensity (𝐴 = lg 𝐽0
𝐽

). 

Attenuation: intensity decrease due to absorption and scattering together. 

Attenuation law: describes the intesity decrease along x path due to scattering and absorption 
togehther. 𝐽 = 𝐽0𝑒−𝜇𝑎 , where J0 is th incident intensity and µ is the attenuation coefficient (unit: 
1/m). 
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Transmission: the light partly or completely passes through a material. 

Spectral transmittance factor: ratio of the transmitted and the incident intensityof a given 
wavelength. Tranmittance spectrum shows the wavelength dependency. 

Luminescence: Light emission due to electron transition. Fluorescence: light emission from a 
simple exited state. Phosphorescence: emission from metastable state. 

Neutral colors: white, gray and black. 

Chromatic colors: real colors. Primary colors: red, green and blue; secondary colors: yellow, 
magenta and cyan. Mixed colors: mixture of them. 

Color coordinates: hue, saturation and brightness. 

Proposed problems: 5.14-16, 5.19, 5.20, 5.22, 5.27, 5.29, 5.30. 
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Chapter 21. Comparative summary of material families characteristics 

We compare the substance families in the look of the characteristics first, namely in the next order: 
mechanical, electric, thermal and finally optical properties. Finally we give a short summary of the 
properties of the different material families. These characterization is no too fine and will be simple, 
because there may be very large differences inside the families. This is valid manly for the 
composites and so we narrow this summary to the ceramic reinforced polymer composites in this 
paper taking into the consideration the dental applications. 

Properties 

Density (Fig.21.1). Metals have the highest density due to the larger atomic mass and the good 
atomic packing factor of the crystal lattice. The atomic packing factor is much worse in ceramics. The 
atomic mass is less and this property is also worse in polymers. The polymer matrix determines the 
low density in composites. 

 

Fig. 21.1 Comparison of densities 

Stiffnes (Fig. 21.2). Stiffness or Young’s modulus has strong correlation to the bond energy. It is not 
so surprising that the ionic/covalent bonded ceramics and metals have the highest value. The lower 
stiffness of the polymers is due to the weaker bonds and the larger mobility of the long chains. The 
ceramic reinforcement increases the stiffness of the polymer matrix in composites. 
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Fig. 21.2 Comparison of the stiffness 

Elastic strain recovery. Polymers, mainly the cross-linked elastomers, have the highest value. The 
elasticity of the composites is decreased by the ceramic reinforcement. The metals and mainly the 
ceramics have much lower value. 

Plasticity. Ceramics have very small value comparing them to the metals, composites or polymers. 
They are brittle and their plasticity is about zero. 

Tensile strength (Fig. 21.3). The tensile strength is influenced by not only the bond but the cracking 
susceptibility. The metals due to the plasticity are less sensitive to the cracks than the ceramics so 
they are stronger materials. The relatively large value of composites is ensured by the elastic/plastic 
matrix and the ceramic reinforcement together. The weakest materials are the polymers due to the 
weaker bonds. 
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Fig. 21.3 Comparison of tensile stress values 

Compressive strength (Fig. 21.4). The cracks don’t play important role in compression so the 
ceramics and the metals (and some composites) are the same from this viewpoint. The polymers are 
the weakest, too. 

 

Fig. 21.4 Comparison of compressive strength and toughness 

Toughness (Fig. 21.4). Large strength and elastic strain recovery or large elasticity is beneficial so 
metals, polymers and composites have enough large toughness. The brittle ceramics cut off from the 
rest. 
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Hardness. Ceramic are the hardest materials due to the large stiffness and small plasticity. Metals are 
a little bit less hard the composites and polymers are much softer. 

Electric conductivity. Characteristics of the metallic bond ensure the large conductivity of the metals 
comparing to the others. Ceramics, composites and the polymers are insulators. 

Melting point. This property basically depends on the bond energy. Ceramics have the highest value, 
metals have smaller in average, composites and the polymers have much smaller. 

Thermal conductivity. It has strong correlation to the electric one so the metals are good conductors 
while the others are rather insulators. 

Thermal expansion coefficient. It is practically inversely proportional to the bond energy so the 
expansion of the ceramics is relatively weak, metals have larger, composites and the polymers have 
the highest value. 

Reflectance. Metals have the highest value in the visible range the others have much lower. 

Transmittance. Glasses, polymers and ceramic single crystals have the highest value in the visible 
range. Polycrystalline or some porous ceramics and the composites have less transmittance. Metals 
are entirely opaque materials. 

A short characterization of materials 

Metals. They are usually polycrystalline materials with strong metallic bond. Their density is high. 
They are rigid, strong, plastic and highly deformable. Other properties: tough, hard and their fracture 
is ductile. The electric and the thermal conductivity are very good due to the metallic bond. The 
melting point is high and the thermal expansion is moderate. The heat shock resistance is good as 
the consequence of the good thermal conductivity, moderate expansion and deformability. They are 
opaque, their reflectance is good and the color is a metallic one. 

Ceramics. They are materials with strong ionic or covalent bond. The structure is single or 
polycrystalline or amorphous one. Their density is medium; they are very rigid, very strong in 
compression but moderate strong in tensile strength (see the text in the frame). Other properties: 
brittle and not deformable materials. The toughness is low and their fracture is brittle. The ceramics 
are very hard materials. They are electric insulators and the thermal conductivity is very poor. The 
heat shock tolerance is weak due to these properties and the high crack sensitivity despite the fact 
that the thermal expansion is small. They have very different optical properties. There are 
transparent or translucent but opaque materials too. The reflectivity is not too high. Their optical 
properties may be formed easily. 
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Polymers. They are semi-crystalline materials with partly covalent and partly secondary bonds. Their 
density and stiffness is low and they are relatively elastic and moderate strong or weak but tough 
materials. The polymers are moderate hard or soft. They show frequently viscoelastic characteristics. 
These materials are electric and thermal insulators. The heat shock tolerance is moderate due to the 
thermal properties like relatively large expansion. The transmittance is very different their color is 
neutral but may be formed easily by dye. 

Composites. These substances consist of semi-crystalline polymer matrix and amorphous or 
crystalline ceramic grains. Their density is low or moderate. The stiffness is medium and they are 
relatively elastic materials. The composites are strong and tough, their hardness is medium. They 
show frequently viscoelastic property. Their mechanical properties may be varied changing their 
composition (see the text in the frame). They are electric and thermal insulators. The heat shock 
tolerance is moderate. They have very different optical properties. These properties may be varied 
easily with the composition and characteristic of the grains mixed into the matrix. 

The strength of the ceramics 

The plasticity of the ceramics is low and they are brittle materials. Ceramics are very sensitive to 
the cracks mainly at tensile strength. Due to this fact the strength of different copies of the same 
ceramics (composition, production technology are the same) may be very different. The 
distribution of the tensile strength of a ceramics (Si3N4) may be seen if Fig. 21.5. The vertical axis 
shows the proportion of the copies. 

 
Fig. 21.5 The distribution of the tensile strength of a ceramics (Si3N4) 
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An example of the „association” of the beneficial mechanical properties 

Fig. 21.6 shows the load diagram of a carbon nanotube reinforced rubber in tensile stress. 

 

Fig. 21.6 The load diagram of a carbon nanotube reinforced rubber with different carbon content 

The ductility of the rubber decreases with increasing concentration of the carbon content but the 
maximum relative ductility is 3 at the highest carbon content. There is a 10-fold increase in the 
slope of the curve at the initial stage, so the Young’s modulus or stiffness. The tensile strength of 
the material increases stronger this is about 12-fold. The toughness (the area under the curve) 
increases too, but this is about 3-4-fold due to the decrease in ductility. Finally, this may not be 
seen in this figure, there is about 100-fold increase of the impact energy in a rapid load (Charpy-
test). 
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CHAPTER 22. P R O B L E M S 
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P R O B L E M S 
 
 
1. ATOMS, MOLECULES, INTERACTIONS, STATES 
 
1.1. There are 3.6∙1021 CO2 molecules in a tank. How many moles and how much mass are there? 
 
1.2. Five grams of helium gas blew up a balloon. How many He atoms are in the balloon? 
 
1.3. The ionization energy of the sodium atom is 496 kJ/mol. 

a) How much energy is necessary in eV to ionize one atom?  
b) How much is the wavelength of the photon that is just able to ionize it? 

 
1.4. The ionization energy of argon atom is 15.8 eV. How much is this energy for one mole (unit: 

kJ/mol)? 
 
1.5. 319 nm wavelength ultraviolet light has enough big photon energy to deliberate an electron of 

the cesium atom. How much is the ionization energy in kJ/mol unit? 
 
1.6. The electron affinity of the fluorine atom is 328 kJ/mol. How much energy is released in eV 

when a fluorine atom takes up an electron? 
 
1.7. The bond energy of the iodine molecule (I2) is 151 kJ/mol. Is the 590 nm wavelenght yellow 

light photon energy enough to break the bond? 
 
1.8. How much is the volume in ml if the mass of the mercury is 20 g? 
 
1.9. The volume of an amalgam filling is 12 mm3. How much is its mass? 
 
1.10. Is it possible to put 1025 water molecules into a 2 dl glass? 
 
 
 
 
 
1.11. How many copper atoms are in a 2 cm diameter copper ball? 
 
1.12. How much is the mass of a hydroxyapatite grain if its length is 8 mm and the thickness is 1 

mm? (Use cylinder to approximate the shape of the hydroxyapatite!) 
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S O L U T I O N S 
 
 
1. ATOMS, MOLECULES, INTERACTIONS, STATES 
 
1.1. 5.98 mmol and 263 mg 
 
1.2. 7.53·1023 
 
1.3. The ionization energy of the sodium atom is 496 kJ/mol. 

a) How much energy is necessary in eV to ionize one atom? 
The ionization energy of a single atom 

eV15.5

eV
J106.1

J1024.8J1024.8
1002.6
000496

19

19
19

23
A

i
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N

E
  

where Ei is the molar ionization energy, NA is the Avogadro number. 
 
b) How much is the wavelength of the photon that is just able to ionize it? 
The wavelength of the photon energy from the equation: 

nm241m1041.2
1024.8

1031063.6 7
19

834

i





 








hchc
. 

 
1.4. 1520 kJ/mol 
 
1.5. 375 kJ/mol 
 
1.6. 3.41 eV 
 
1.7. Yes, because the bond energy of a single iodine molecule is 1.57 eV, while the mentioned 

photon energy is 2.11 eV. 
 
1.8. 1.47 ml 
 
1.9. 144 mg 
 
1.10. Is it possible to put 1025 water molecules into a 2 dl glass? 

Water density is the biggest at 4°C namely 1 g/cm3. There is the biggest possibility to put. 
No. of moles: 

mol6.16
1002.6

10
23

25

A





N

N
n , 

mass 
g299186.16  Mnm , 

where M = 18 g/mol is the water molar mass. The volume is 

dl99.2ml299cm299
1

299 3 


m
V . 

Consequence: the volume is over the allowed value. We can’t put them into the glass. 
Extreme environment is necessary when the density is higher. 

 
 
1.11. 3.56·1023 
 
1.12. 19.5 mg 
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P R O B L E M S 
 
 

1. ATOMS, MOLECULES, INTERACTIONS, STATES 
 

1.13. The temperature of the nitrogen gas is 25°C. 
a) What is the velocity and the kinetic energy of the molecules if we suppose that they have the 
same velocity? 
b) How much is the total kinetic energy of one mole gas? 

 
1.14. The boiling point of the nitrogen is -196°C. 

a) How much is the total kinetic energy of one mol? Compare it to the heat of evaporation that is 
5560 J/mol! 
b) How much is the velocity of the molecules if we suppose the same value? 

 
1.15. At which temperature will be the kinetic energy for one mole is equal to 2000 J/mol? 
 
1.16. The evaporation heat of the argon is 6130 J/mol. How much temperature is necessary to ensure 

same kinetic energy for argon gas? 
 
1.17. How much altitude decreases the oxygen concentration by half of the sea level if the temperature 

is 0°C? Suppose that the atmosphere in rest! 
 
 
 
 
 
 
 
 
1.18. How much altitude decreases the oxygen concentration by half of the sea level if the temperature 

is 25°C? Suppose that the atmosphere in rest! 
 
1.19. Suppose that the atmosphere in rest! How much altitude decreases the concentration by half of the 

sea level if the temperature is 0°C and the material is  
a) CO2? 
b) toluene produced by the human pollution (molar mass is 92.1 g)? 

 
1.20. Concentration of two molecules are same at sea level. Molar mass is: 80 g and 20 g. How much is 

the ratio of them at the top of Kékes (1015 m)?  
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S O L U T I O N S 
 
 
1. ATOMS, MOLECULES, INTERACTIONS, STATES 
 
1.13. The temperature of the nitrogen gas is 25°C. 

a) What is the velocity and the kinetic energy of the molecules if we suppose that they have 
the same velocity? 
According to the equipartition principle the kinetic energy of the particle: 

J1017.62981038.1
2
3

2
3

2
1 21232

kin
  kTmvE . 

The velocity of one molecule is: 

s
m515

1002.6
028.0

1017.6222
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N
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E

m

E
v , 

where m is the mass of one molecule that derives from the molar mass (M = 28 g/mol). 
b) How much is the total kinetic energy of one mole gas? 

J/mol37101017.61002.6 2123
kinAmolekin,  ENE . 

 
1.14. a) 960 J/mol 

b) 262 m/s 
 
1.15. –113 ºC 
 
1.16. 243 ºC 
 
1.17. How much altitude decreases the oxygen concentration by half of the sea level if the 

temperature is 0°C? Suppose that the atmosphere in rest! 
According to the barometric formula: 

RT

Mgh

enn


 0 , where n0 and n are the concentration at sea level and in h altitude and n = n0/2. 
Applying this ratio we can express h: 

m5010
81.9032.0

)6931.0(27331.82
1ln







Mg

RT

h . 

 
 
1.18. 5470 m 
 
1.19. a) 3640 m 

b) 1740 m 
 
1.20. 1:1.3 
 

h 
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P R O B L E M S 
 
 

1. ATOMS, MOLECULES, INTERACTIONS, STATES 
 

1.21. Concentration of two molecules are same. Molar mass is 500 g and 40 g. At which altitude 
will the concentration ratio be 1:10 if the temperature is 0°C and the atmosphere is in rest? 

 
 
1.22. Figure schematically shows the structure of a rotational viscometer. The inner cylinder is 

stopped and the outer is rotated. The diameter of the outer cylinder R = 2.2 cm, the inner 
cylinder r = 1.2 cm. The height is h = 10 cm. The tested liquid between cylinders is glycerine. 
Layer thickness is y = R – r = 1cm. How much force is necessary to ensure a uniform 
rotation if the angular velocity  = 90/min? (viscosity of the glycerine  = 1500 mPas. The 
flow is laminar.)  

 

 
 
 
 
1.23. We use same viscosimeter that is described in the previous problem. 0.191 mN force is 

necessary to keep 60/min angular velocity. Temperature is 20°C. How much is the liquid 
viscosity? Which liquid is probable? 

 
1.24. 4.4 µJ work is necessary to increase the surface of a soap film from 3 cm2 to 5 cm2. How 

much is the surface tension of the film? 
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S O L U T I O N S 
 
 
1. ATOMS, MOLECULES, INTERACTIONS, STATES 
 
1.21. Concentration of two molecules are the same. Molar mass is 500 g and 40 g. At which 

altitude will be the concentration ratio is 1:10 if the temperature is 0°C and the atmosphere is 
in rest? 
Using the barometric formula and calculating the ratio: 

RT

gh
MM

RT

ghM

RT

ghM

e

en

en
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0,2
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1 21
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10
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 , because the condiotion is n1,0 = n2,0. Expressing h: 
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1.22. Figure schematically shows the structure of a rotational viscometer. The inner cylinder is 

stopped and the outer is rotated. The diameter of the outer cylinder R = 2.2 cm, the inner 
cylinder r = 1.2 cm. The height is h = 10 cm. The tested liquid between cylinders is glycerine. 
Layer thickness is y = R – r = 1cm. How much force is necessary to ensure a uniform 
rotation if the angular velocity w = 90/min? (viscosity of the glycerine  = 1500 mPas. The 
flow is laminar.) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
According to the Newton’s law the force is  

y

vv
hr

y

v
AF outer

f








 inner2  , where tangential velocity of the outer cylinder is: 

s
m2073.05.12022.02cylinderouter   frrv . f means the number of 

rotations per unit time (unit: 1/s)so f = 90/perc = 1,5/s. Velocity of the inner cylinder is zero. 
A is the surface area of the outer cylinder and A = 2rh. Ff is  

N43.0
01.0

02073.01.0022.025.12 innerouter 
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1.23. Viscosity is 1 mPas, so water is possible. 
 
1.24.   0.022 J/m2 
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P R O B L E M S 
 

1. ATOMS, MOLECULES, INTERACTIONS, STATES 
 
1.25. How much is the increase of the surface tension of a spherical water drop in the air if its diameter 

is 10 mm and if there were 10 uniform drops instead of one? 
 
1.26. How much is the contact angle of a water drop on a glass surface? Surface tension values: water–

air 73 mJ/m2, glass–water 20 mJ/m2, glass–air 90 mJ/m2. 
 
1.27. How much is the contact angle of a saliva drop on enamel? Surface tension values: saliva–air 

53 mJ/m2, enamel–saliva 35 mJ/m2, enamel–air 87 mJ/m2 
 
1.28. a) Which liquid wets better the enamel (enamel = 87 mJ/m2 ); saliva (saliva = 53 mJ/m2, 

enamel, saliva = 35 mJ/m2 ); blackcurrant juice (blackcurrant = 66 mJ/m2, enamel, blackcurrant = 22 mJ/m2) or 
dietary Cola (Cola = 66 mJ/m2, enamel, Cola = 48 mJ/m2 ) 
b) Calculate contact angles! 

 
1.29. Contact angle of a mercury drop is 140° on glass. How much is the interfacial tension of the glass-

mercury boundary? Other surface tension values: mercury–air 480 mJ/m2, glass–air 90 mJ/m2.  
 
1.30. Contact angle of a water drop is 107° on paraffin. How much is the interfacial tension of the glass-

mercury boundary? Other surface tension values: paraffin–air 25 mJ/m2, water–air 73 mJ/m2.  
 
1.31. Contact angle of a saliva drop is 79° on polystyrene surface at 37°C while it is 86° in the case of 

water. Which boundary has higher surface tension and what percentage is? Other surface tension 
values: water–air 70 mJ/m2, saliva–air 53 mJ/m2, polystyrene–air 42 mJ/m2 

 
1.32. 0.9 eV energy is necessary to produce a vacancy in copper. 

a) How much is the ratio of the vacancies at 1000°C? 
b) How many vacancies are at this temperature in a 2 cm diameter copper ball? 

 
1.33. What is the temperature that doubles the rate of copper vacancies in the 1000 ° C temperature in 

comparison? 
 
1.34. How much energy is necessary to produce a vacancy in silver if the number of vacancies is 

3.6∙1023 per cubic meter at 800°C? Density of the silver at this temperature is 9.5 g/cm3. 
 
1.35. What temperature results 10-fold increase of vacancies in a platinum at room temperature (22°C)? 
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S O L U T I O N S 
 
 
1. ATOMS, MOLECULES, INTERACTIONS, STATES 
 
1.25. 26.5 J 
 
1.26. How much is the contact angle of a water drop on a glass surface? Surface tension values: 

water–air 73 mJ/m2, glass–water 20 mJ/m2, glass–air 90 mJ/m2. 
According to the Young’s equation the cosine of the contact angle is  

9589.0
73

2090cos
al,

ls,as,











 . From this  = 16.5º. 

 
1.27. 11.1º 
 
1.28. a) blackcurrant juice > saliva > diete Cola 

b) blackcurrant juice: 9.99º; saliva: 11.1º; diete Cola: 53.8º. 
 
1.2. 458 mJ/m2 
 
1.30. 46.3 mJ/m2 
 
1.31. Polystyrene–water: 20.1 mJ/m2, polystyrene–saliva: 14.9 mJ/m2; first value is bigger, namely 

34.9% more. 
 
1.32. 0.9 eV energy is necessary to produce a vacancy in copper. 

a) How much is the ratio of the vacancies at 1000°C? 
ratio of vacancies: 

%0275.0000275.012731038.1
106.19.0
23

19

 








ee
N

n
kTS

S

. 

b) How much is the ratio of the vacancies at 1000°C? 

Volume of the ball 333 cm189.41
3
4

3
4

 rV , mass 

g53.37189.496.8  Vm  , a material amount mol5910.0
5.63
53.38


M

m
n , 

finally the no. of atoms 2323
A 10558.31002.65910.0  NnN . no. of vacancies 

1923
S 1078.910558.3000275.0 n . 

 
2.33. 1116ºC 
 
1.34. 1.1 eV 
 
1.35. 35.8ºC 
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P R O B L E M S 

 
 

2. METHODS OF STRUCTURAL ANALYSIS 
 
2.1. a) How much is the resolution of a light microscope if the wavelength is 550 nm and the half-

apparture angle is 70°? 
b) How does the immersion oil (refractive index 1.6) reduce the resolution? 

 
2.2. Resolution of a simple light microscope is 250 nm. How much magnification (N) is necessary at 

least to see really 250 nm details? (The resolution of the human eye is about 0.1 mm at the clear 
sight distance.) 

 
2.3. a) How much is the wavelength of an electron beam accelerated by 18.6 kV in 

electronmicroscope? 
b) How much is the resolution about if the numeric apperture is 0.03? 

 
2.4.      Wavelength of the electron beam used in an electronmicroscope is 20 pm, the numeric apperture is 

0.025. How much is the resolution and the magnification if this distance is about 1 mm on the 
picture? 

 
2.5. Piezoelectric coefficient of a quartz crystal is 3·1011 V/m. 

a) How much voltage is generated by the 5 nm compression of the plate? 
b) How much is the deformation due to 3 V in the inverse case? 

 
 
2.6. We intend to move gently an object in an AFM microscope in 0.05 nm steps by means of a quartz 

crystal. How much voltage step is necessary if the piezoelectric coefficient is 3·1011 V/m? 
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S O L U T I O N S 
 
 
2. METHODS OF STRUCTURAL ANALYSIS 
 2.1. a) How much is the resolution of a light microscope if the
             wavelength is 550 nm and the half-apparture angle is 70°?

According to the Abbe’s equation the resolution is  

nm357
70sin1

55061.0
sin

61.0 











n
, because n is the 

refective index of the material between the preparatum and the 
objective, n is normally reflective index of the air, so n = 1, and 
is the half apperture of the lens, 70º. 
b) How does the immersion oil (refractive index 1.6) reduce the 
resolution? 
223 nm 

 
 
 
2.2. 400 
 
2.3. a) How much is the wavelength of an electron beam accelerated by 18.6 kV in 

electronmicroscope? 

Electric field work = e·U, so the kinetic energy of electrons Uevm 2
ee2

1
, and the velocity 

is: 

e
e

2
m

eU
v  . This velocity must be written into the de Broglie’s equation: 

pm9
600181011.9106.12

1063.6
2 3119

34

eee
e 










Uem

h

vm

h


 
b) How much is the resolution about if the numeric apperture is 0.03? 
NA = n sin  and the next relationship is valid for an 
electronmicroscope 

nm3.0pm300
03.0
9

NA
e 


  

 
 
2.4. 0.8 nm and 1 250 000-fold 
 
2.5. Piezoelectric coefficient of the quartz crystal is 3·1011 V/m. 

a) How much voltage is generated by the 5 nm compression of the 
plate? 
Piezoelectric voltage is proportional to the deformation 

V1500105103 911  xU  , where  is the piezoelectric 
coefficient, x is the deformation. 
b) How much is the deformation due to 3 V in the inverse case? 

 
2.6. 15 V 
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P R O B L E M S 
 
 

2. METHODS OF STRUCTURAL ANALYSIS 
 
2.7. Optical grating is transilluminated by a monochromatic light. First order maximum appears at  

=7.27º. How much is the wavelength of the applied light if the grid constant is d = 5 m? 
 
 
2.8. What wavelength is necessary to illuminate an optical grating if the grid constant is 2 mm and the 

first order maximum is at 12° angle? 
 
2.9. 514.5 nm monochromatic light illuminates an optical grating. The first order maximum is at 11.9°. 

How much is the grid constant? 
 
2.10. Electron diffraction is used to investigate the crystal structure of the gold. A gold 

foil is transilluminated by an electron beam. The wavelenth of the beam is 61 pm. 
The first order maximum is at 8.6°. How much is the lattice constant of the gold 
crystal? 

 
 
2.11. We intend to investigate the structure of a crystal with electron diffraction. The estimated lattice 

constant of the crystal is 0.2 nm. 
a) What wavelength is necessary if the first order maximum is expected at 6°? 
b) How much acceleration voltage ensures this wavelength? 

 
2.12. We use 0.154 nm wavelength characteristic X-ray in a X-ray diffraction experiment. The first 

order maximum is at 26.5°. How much is the lattice constant of the crystal? 
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2. METHODS OF STRUCTURAL ANALYSIS 
 
2.7. Optical grating is transilluminated by a 

monochromatic light. First order maximum 
appears at  =7.27º. How much is the 
wavelength of the applied light if the grid 
constant is d = 5 m? 
 
There is a maximum where   kd ksin  
(k = 0, 1, 2, ...). First order maximum is if k = 1. 
The wavelength is 

nm 633m633.027.7sin5sin 1   d

. 
 
 
 
 
 
 
2.8. 416 nm 
 
2.9. 2.5 m 
 
2.10. 0.408 nm 
 
2.11. a) 20.9 pm 

b) 3450 V 
 
2.12. 0.345 nm 
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3. STRUCTURE OF METALS, CERAMICS, POLYMERS, COMPOSITES 
 
Metals 
 
3.1.  Silver has a face-centered cubic crystal. 

a) Calculate the atomic packing factor of this structure! 
b) How much is the calculated density if the molar mass is 108 g/mol and 
the atomic radius is 0.1445 nm? Compare it to the measured value! 

 
 
 
 
3.2.  Chromium has a body-centered cubic crystal. 

a) Calculate the atomic packing factor of this structure! 
b) How much is the calculated density if the molar mass is 52 g/mol and the 
atomic radius is 0.1249 nm? Compare it to the measured value! 

 
 
 
 
3.3. a) How many percent lighter is an implant if it is made of titanium and not a 9020 kg/m3 density 

cobalt-chromium alloy? 
b) How many percent heavier an implant if it is made of titanium and not a 1700 kg/m3 bone 
tissue? 
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3. STRUCTURE OF METALS, CERAMICS, POLYMERS, COMPOSITES 
 
Metals 
 
3.1.  Silver has a face-centered cubic crystal.    

a) Calculate the atomic packing factor of this structure! 

Let r is the atomic radius, its volume is 3

3
4

r . There are 6 

half atom and 8 1/8 atom per unit cell This means 4 complete 
atoms. Face diagonal is a2 , on the other hand 4·r, so 

ra 22 . The volume of the unit cell is the cube of this value 
33 88 ra  . Atomic packing factor is ratio the total atomic 

volume per unit cell and the volume of the cell: 

%7474.0
83

2
88

3
44

3

3











r

r

. 

 
b) How much is the calculated density if the molar mass is 108 g/mol and the atomic radius 
is 0.1445 nm? Compare it to the measured value! 
Consider a unit cell! Mass of the atoms dividing by the volume of the cell results the 
density: 

33
20

3

23

3
A

cm
g5.10

nm
g1005.1

1445.088
1002.6

1084

88

4
4














 

r

N

M

V

m
 , where m atomic 

mass, M molar mass. Experimental value is same. 
 
 
3.2. a) 68% 

b) 7.2 g/cm3, experimental value 7.19 g/cm3. 
 
3.3. a) 50% 

b) 165% 
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P R O B L E M S 
 

 
3. STRUCTURE OF METALS, CERAMICS, POLYMERS, COMPOSITES 

 
Metals 

 
3.4. A copper-gold biner alloy contains 50-50% of these metals. 

a) How much is the mass percent of the metals in the alloy? 
b) How dens is the alloy? 
c) How many grams of gold do a 30 g body contain? 

 
3.5. Mass percent of the silver is 73% in a silver-tin alloy. 

a) How much is the molar percent of the metals? 
b) How much is the alloy density? 

 
3.6. Two rings made of gold-copper alloy are melted down all and a new ring is made. One of 

them contains 60% gold (mass percent) and its mass is 4 g and the other one was 3 g and the 
gold content were 80%. How much is the mass percent of the gold in the new ring? 

 
3.7. Density of a gold-copper alloy is 17.3 g/cm3. 

a) Calculate the mass percent of the components! 
b) Calculate their molar percent! 

 
3.8. Composition of an amalgam filling is: mercury 50%, silver 35% and tin 15%. 

a) Calculate the molar percents! 
b) What is the density of the alloy? 

 
 
 
3.9. The mass percents are the next in a Ni-Cr-Mo-Be alloy: 80, 10, 8, 2%. The 

allowed maximum Be content is 5 molar percent due to the toxicity of Be. Is the Be content of the 
alloy over this limit, or not? 
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3. STRUCTURE OF METALS, CERAMICS, POLYMERS, COMPOSITES 
 
Metals 
 
3.4. A copper-gold biner alloy contains 50-50% of these metals. 

a) How much is the mass percent of the metal sin the alloy? 
Let the amount of the components is 0.5 – 0.5 mol. Mass is on the base of molar mass are 
63.5/2 g or 197/2 g. Using these values: 

100%)0.244(100%)( 
5.9875.31

75.31100%)( 
21

1
1 







mm

m
c . mass portions: copper 

24.4%, gold 75.6%. We can calculate the result without concrete values: 

100%)0.244(100%)( 
5.0

5.63
1975.0

5.0100%)( 
2

1

2
1

1
1 










c
M

M
c

c
c . 

b) How dens is the alloy 
The average density: 

3
1221

21

cm
g1.51 

96.8756.03.19244.0
3.1996.8 
















cc
. 

c) How many grams of gold contain a 30 g body? 
0.756·30 g = 22.7 g. 

 
3.5. a) silver: 74.8%(n/n), tin: 25.2%(n/n) 

b) 8.59 g/cm3 
 
3.6. 68.6%(m/m) 
 
3.7. a) gold: 90%(m/m), copper: 10%(m/m) 

b) gold: 74.4%(n/n), copper: 25.6%(n/n) 
 
3.8. a) Hg: 35.6%(n/n), Ag: 46.3%(n/n), Sn: 18.1%(n/n) 

b) 10.4 g/cm3 
 
3.9. Yes, 11.9 %(n/n). 
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3. STRUCTURE OF METALS, CERAMICS, POLYMERS, COMPOSITES 
 
Metals 
 
3.10. The phase diagram of a silver-palladium alloy is shown in the figure. Palladium and silver 

are mixed in 20:80 mass percent. The melt is cooled slowly from 1200 °C. 
 
a) At what temperature will the 

first solid grains appear? 
 

b) What is the mass percentage of 
palladium in the first 
solid grains? 
 

c) How many percent of the melt 
is in liquid state and in 
solid phase at 1100°C? 
 

d) What is the mass percent of 
palladium in the liquid 
phase at 1100 ° C? 
 

e) What is the mass percent of 
palladium in the solid 
phase at 1100 ° C? 
 

f) What temperature will 
completely solidify the alloy? 
 

g) What is the mass percent of palladium, immediately before the complete solidification of the liquid 
phase? 
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3. STRUCTURE OF METALS, CERAMICS, POLYMERS, COMPOSITES 
 
Metals 
 
3.10. The phase diagram of a silver-palladium alloy is 

shown in the figure. Palladium and silver are 
mixed in 20:80 mass percent. The melt is cooled 
slowly from 1200 °C. 
a) At what temperature will the first solid grains 
appear? 
Where the cooling arrow reaches the liquidus 
curve at 20%(m/m) (a part of Fig. l.). It is about 
1150 ºC. 
b) What is the mass percentage of palladium in 
solid grains? 
Draw a horizontal line at 1150 ºC to the solidus 
curve! They meet at about 29%(m/m). This is the 
mass percent of Pd. This is over the value that is 
true for the whole material (20%)  
c) How many percent of the melt is in liquid state 
and in solid phase at 1100°C? 
 (20%, 1100 ºC) point is closer to the solidus curve so the bigger part is in solid state. The 
ratio is equal to the ratio of sections of the horizontal line bewteen two curves at 1100°C. 

Fraction of the liquid phase is about 100%)0.333(100%)( 
63

3100%)( 



ba

b
, 

namely 33.3% (m/m). Fraction of the solid 

is: 100%)0.667(100%)( 
36

6100%)( 



ba

a
, namely 66.7%(m/m). 

d) What is the mass percent of palladium in the liquid phase at 1100 ° C? 
The appropriate point on the liquidus line at this temperature is about at 14%(m/m). Amount 
of the Pd is liquid is less because it is mainly in the grains. 
e) What is the mass percent of palladium in the solid phase at 1100 ° C? 
The appropriate point on the solidus line at this temperature is about at 23%(m/m). Pd is 
mainly present in the grains but this fraction is less than in the whole material. 
f) What temperature will completely solidify the alloy? 
Where the cooling arrow reaches solidus line at 20%(m/m). This is about 1075 ºC. 
g) What is the mass percent of palladium, immediately before the complete solidification of 
the liquid phase? 
Follow the horizontal line at 1075 ºC to the liquidus line! The meeting point is at about 11% 
(m/m). This is the mass percent of Pd. The Pd fraction is less than the a initial one. 
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3. STRUCTURE OF METALS, CERAMICS, POLYMERS, COMPOSITES 
 
Metals 
 
3.11. A gold-copper alloy phase diagram is shown in the figure. We warm up slowly a gold-

copper alloy that contains 50% gold (mass percent). 
a) At what temperature does the alloy start to melt? 
b) What is the mass percent of gold at this temperature in the liquid phase? 
c) What temperature results the complete melt? 
d) What is the mass percent of gold at this temperature in the last solid grain? 

 

 
 
 
3.12. Gold and copper are mixed in an experiment. Mass percent is 20:80%. Melt is cooled 

slowly from 1100°C. 
a) At what temperature will the first solid particles appear? 
b) How much is the mass percent of the copper in the first solid grain? 
c) What percent of the total mass is in liquid state and in solid state at 1030°C? 
d) What is the mass percent of copper in liquid state at 1030°C? 
e) What is the mass percent of copper in solid phase at 1030°C? 
f) What temperature results complete solidifcation? 
g) What is the mass percent of copper in the liquid phase just before complete 
solidification? 
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3. STRUCTURE OF METALS, CERAMICS, POLYMERS, COMPOSITES 
 
Metals 
 
3.11. a) about 950 ºC 

b) about 58%(m/m) 
c) about 970 ºC 
d) about 40%(m/m) 

 
3.12. a) about 1042 ºC 

b) about 87%(m/m) 
c) about 42% even liquid, 58% already solid 
d) about 75%(m/m) 
e) about 83%(m/m) 
f) about 1020 ºC 
g) about 70%(m/m) 
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3. STRUCTURE OF METALS, CERAMICS, POLYMERS, COMPOSITES 
 
Metals 

 
3.13. Aluminum and silicon alloy are an 

eutectic alloy. Cool slowly from 
1300°C the alloy that constains 60% 
(mass percent) silicon! 

 
a) Whait is the beginning temperature 
of crystallization? 
b) What is the proportion of Si in the 
crystal grains at this temperature? 
c) What is the Si and Al ratio at 
700°C? 
d) What temperature is the end of the 
crystallization? 

 

 

 

 

 

Ceramics 
3.14. What is the weight of a 3 cm cube edge length zircon? 
 
3.15. How much is the atomic packing factor of a NaCl crystal if 

the ratio of ionic radius is rNa /rCl = 0.414. 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.16. 1.86 eV energy is necessary to produce a vacancy in the CsCl crystal. What is the proportion of 

vacancies at 645°C (melting point of the crystal)? 
 
3.17. Do you think that a large number of Frenkel-defect occurs in one of the anions for ionic ceramics? 

Why? 
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3. STRUCTURE OF METALS, CERAMICS, POLYMERS, COMPOSITES 
 
Metals 
 
3.13. a) about 1140 ºC 
               b) 100% 
               c) about Si: 20.5%(m/m) or Al: 79.5%(m/m) 
               d) about 577 ºC 

 

Ceramics 
 
3.14. 0.162 kg 
 
3.15. 79.3 % 
 
3.16. 6.28·10–11 

 
3.17. Usually not, because the anionic size is bigger than the cationic one. 
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3. STRUCTURE OF METALS, CERAMICS, POLYMERS, COMPOSITES 

Ceramics 
3.18. For example, solid solution type phase diagram characterises a ceramics that contains albite 

(NaAlSi3O8) and anorthite 
(CaAl2Si2O8). It belongs to the 
feldspars. 
NaAlSi3O8) 
Consider a mixture that 
contains 50 – 50% of these 
components! It is cooled 
slowly from 1500°C. 
 
a) At what temperature will 
the first solid grains appear? 
 
b) What is the mass percent of 
the anorthite in this grain? 
c) What percent of the total 
mass is in liquid and in solid 
phase at this temperature? 
 
anorthite in liquid phase at 
1400°C? 
 
e) What is the mass percent of 
the anorthite in solid phase at 1400°C? 
 
f) What temperature results equal mass of liquid and solid phase? 
 
g) What temperature is the end of the crystallization? 
 
h) What is the mass percent of anorthite in lquid phase just before complete solidification? 

 
3.19. How much is the total mass and volume of 1000 billion „carbon-ball” (C60 molecule) if the density 

of a C60 preparatum is 1.65 g/cm3? Compare it to an erythrocyte volume (90 fl in average)! 
 
3.20. a) How many times easier a single wall carbon nanotube preparation than a diamond if the volume 

is same? Densities: diamond 3.51 g/cm3; nanotube preparation about 1.4 g/cm3). 
b) How many times easier a single wall carbon nanotube preparation than a diamond if they 
contain same number of atoms? Densities: diamond 3.51 g/cm3; nanotube preparation about 
1.4 g/cm3). 
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3. STRUCTURE OF METALS, CERAMICS, POLYMERS, COMPOSITES 

Ceramics 
3.18. a) about 1410 ºC 

b) about 90%(m/m) 
c) about 81% evenliquid and 19% already solid 
d) about 42%(m/m) 
e) about 85%(m/m) 
f) about 1320 ºC 
g) about 1220 ºC 
h) about 10%(m/m) 

 
3.19. 1,2 ng and 725 m3, so 725 fl (femtoliter), that is about volume of 8 erythrocytes. 
 
3.20. a) about 2.5-fold 

b) same 
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P R O B L E M S 
 

 
3. STRUCTURE OF METALS, CERAMICS, POLYMERS, COMPOSITES 

Polymers 
3.21. a) What is the molar mass of a polyethylene monomer? 

b) The number average molecular weight of polymer molecules is 420 000 g/mol in a plyethylene 
product. What is the degree of polymerization? 

 
3.22. The degree of polymerization of a polypropylene preparatum is 12 500. What is the number average 

molecular weight of the polymer molecules? 
 
3.23. The volume and the density of a polymethyl methacrylate preparation are 200 mm3 and 1.2 g/cm3. 

Its degree of polymerization is 2000. Molar mass of the monomer is 100 g/mol. 
a) How many monomers are in the preparatum? 
b) How many polymer molecules are in the preparatum? 

 
3.24. The number average molecular weight is 16 000 g/mol in two polymer preparatums. The weight 

average molecular weight is different: 20 000 g/mol and 24 000 g/mol. What is the polydisperity 
index in the preparatums? 

 
3.25. The density of the crystalline polyvinylchloride(PVC) is k = 1.477 g/cm3 while a = 1.412 g/cm3 

for the amorphous one. 
a) How much is the density of a PVC preparatum if the degree of crystallinity is x = 20%? 
b) The density of an other preparatum is  = 1,458 g/cm3. Determine the degree of crystallinity! 

 
3.26. The density of a polyehylene (PE) preparatum is 0.98 g/cm3. 

a) What is the degree of crystallinity? (Densities: crystalline PE 1.004 g/cm3, amporphous PE 
0.853 g/cm3.) 
b) How much is the density of a PE preparatum if the degree of crystallinity is 28%? 

 
Composites 
 
3.27. The density of the metacrylate matrix is 1.1 g/cm3 in a metacrylate based composite. Density of the 

dispersed quartz grains is 2.65 g/cm3. How much is the composite density if the mass ratio of the 
quartz grains is 37%? 
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S O L U T I O N S 
 
 
3. STRUCTURE OF METALS, CERAMICS, POLYMERS, COMPOSITES 

Polymers 
3.21. a) What is the molar mass of a polyethylene monomer? 

A polyethylene monomer: C2H4, the molar mass is 2·12 + 4·1 = 28 g/mol. 
b) The number average molecular weight of polymer molecules is 420 000 g/mol in a 
plyethylene product. What is the degree of polymerization? 
The degree of polymerization is the ratio the number average molecular weight and the molar 
mass of the monomer: 420 000/28 = 15 000 

 
 
3.22. 525 000 g/mol 
 
3.23. a) 1.44·1021 

b) 7.22·1017 
 
3.24. 1.25 or 1.5 
 
3.25. The density of the crystalline polyvinylchloride(PVC) is k = 1.477 g/cm3 while a = 

1.412 g/cm3 for the amorphous one. 
a) How much is the density of a PVC preparatum if the degree of crystallinity is x = 20%? 
Let the mass of the preparation is 100 g. mc = 20 g of this is crystalline and the remaining ma 
= 80 g is amorphous! On the base of the mass of the crystalline part (mc) and the density (c) 

3

c

c
c cm54.13

477.1
20




m
V . Similarly fo the amorphous part: 

3

a

a
a cm66.56

412,1
80




m
V . The density of the whole preparatum is the ratio of the mass 

and the volume: 3
t

cm
g425.1

66.5654.13
100





tV

m
 . 

 
We can use an appropriate formula, too. Let the degree of crystallization is (fraction!) x! The 

average density: 3

ac

c

ac

c
a

cm
g425.1

2.0
412.1477.1

477.1
412.1477.1

477.1412.1


















x









  

b) The density of other preparatum is  = 1,458 g/cm3. Determine the degree of crystallinity! 

%)100(717.0%)100(
)412.1477.1(458.1
)412.1458.1(477.1%)100(

)(
)(

ac

ac 













x . 71.7% is the 

crystalline part. 
 
 
3.26. a) 86.2% 

b) 0.8905 g/cm3 
 
Composites 
 
3.27. 140 g/cm3 
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P RO B L E M S 
 

 
4. MECHANICAL PROPERTIES 

 
Elastic behavior 

 
4.1.      We load a round cross-sectioned wire in lengthwise direction with 650 N. 

a) How much is the engineering stress? 
b) How much is the engineering and real stress, if the wire is growing thin at the given load, 
and the cross-section will reduce to 2.9 mm2? 

 
4.2. A body with a mass of 7 kg is hanging 

on a 3.5 mm2 cross-sectioned wire. 
How much is the stress in the wire in 
„kg/mm2 and in Pa? 

 
4.3. Determine the examined material’s 

Young’s modulus with the help of the 
diagram! 

 
 
 
 
 
 
 
 
 
4.4. Diagram showes the elastic behavior of 

the spider silk in tension stress. Estimate 
the tangetial Young’s modulus about at: 
a) 100% strain! 
b) 450% strain! 

 
 
 
 
 
4.5. We want to stretch a 12 cm cobalt-cromium alloy thread with 2 mm. How much force is 

neccesary, if the cross-section of the thread is 0,2 mm2 and the Young’s modulus is 150 GPa? 
 
 
4.6. We compresse with 50 N force a rod made of polimetil-metacrylate (PMMA) with 5 cm length 

and 5 mm radius. The stiffness of the PMMA is 3 GPa. 
a) What percentage of the rod’s strain in length? 

  b) How long is the compressed rod 
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S O L U T I O N S 
 
 

4. MECHANICAL PROPERTIES  

Elastic behavior 
 

4.1. a) 207 MPa 
b) Engineering is 207 MPa, the real 224 MPa. 

 
4.2. 2 kg/mm2 or 19,6 MPa 
 
4.3. 20 MPa 
 
 
4.4. Diagram showes the elastic 

behavior of the spider silk in 
tension stress. Estimate the tangetial 
Young’s modulus at: 
a) about 100% relative elongation!; 
Draw a tangent to the curve in the 
given point and estimate its slope. 
This will be the tangential Young’s 
modulus. The slope between 50% 
(0.5 strain) and 300% (strain is 3) is 
250 (MPa), so the slope is about: 

MPa100
5.03
0250





E . 

b) around at 450 % strain: 

MPa900
35.4
01350





E . 

 
 
4.5. We want to stretch a 12 cm cobalt-cromium alloy thread with 2 mm. How much force is 

neccesary, if the cross-section of the thread is 0,2 mm2 and the Young’s modulus is 150 GPa? 

The strain is: 01667.0
120

2

0





l

l
  (1,667%). According to the Hooke’s law the stress is 

in the thread: GPa5.201667.0150   E . This is same to the external stress, that is 
the ratio of the load force and the cross-section. From this the force is: 

N500102105.2 79
0  AF  , taking into the consideration that „Giga” is 109 and 

1 mm2 = 10–6m2. 
 
 
4.6. a) –2.12% 

b) 4.89 cm 

242



 

 

 

P R O B L E M S 
 

 
4. MECHANICAL PROPERTIES 

 
Elastic behavior 

 
4.7. We hang a body with a mass of 4 kg on a 4 meters length and 20 mm2 cross sectioned 

rubberthread. How much is the elongation of the rubberthread, if we take the Young’s modulus 
of the rubber to 100 MPa? 

 
 4.8.  We can stretch a rubberthread with 12 N force with 1 cm. We cut in half the thread and we put 

the two half close to eachother. 
a) How much force is neccesary to stretch the 2 threads joinlty with 1 cm? 
b) How big is the stiffness of the original rubberthread, as a body and how big is the stiffness 
of the two half threads? 

 
4.9. How big is the stiffness of a PMMA rod (length = 30 cm, cross-section = 2 cm2) against 

compression?( The Young’s modulus of PMMA is 3 GPa.) 
 
4.10. How will the stiffness of a cross-sectioned rod body change in tension, 
 a) If we reduce it’s radius to half? 

b) If we double it’s length? 
 
4.11. We squeeze with 300 N force a  cylindrical shaped body made of silicon.(Length = 20 cm, the 

radius of the circle’s cross-section is 3 cm, Young’s modulus of the silicon is 2 MPa and the 
Poisson’s ratio is 0.48.) 
a) What percentage of the body’s radius will relative reduce? 
b) What percentage of the body’s radius will relative increase? 
c) What is the radius of the squeezed body? 
d) With how many percent did the cross-section of the body increase? 

 
4.12. We stretch a rubberthread’s length (Poisson’s ratio is 0.48) to double. 

a) How many percent will the radius reduce?)  
b) How many percent will the cross-section reduce? 

   
4.13. Poisson’s ratio of the periodontal ligament is 0.45. How many percentage will a fiber’s cross-

section reduce, if we stretch it with 10%? 
  
4.14. We stretch a rounded cross-sectioned rod with 20%. The material of the rod has 0.4 Poisson’s 

ratio. 
 a) How many percent will the radius reduce? 

b) How many percent will the cross-section reduce? 
c) Will the volume change, and if it will, with how many percentage  

 
4.15. Repeat the calculation of the previous problem but only on the volume change. Suppose that 

the Poisson’s ratio shall be 
a) 0; 
b) 1. 
What are the obtained values mean? Is answer b) a possible value? 
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S O L U T I O N S 
 
 

4. MECHANICAL PROPERTIES 

Elastic behavior 
 

4.7. 7.85 cm 
4.8. a) 48 N 

b) 1200 N/m or 4800 N/m 
 
4.9. How big is the stiffness of a PMMA rod (length = 30 cm, cross-section = 2 cm2) against 

compression?(The Young’s modulus of PMMA is 3 GPa.) 
Body stiffness (not material one!) in compression is defined by the force per unit absolute 
change of the length. Using the Hook’s law and the definition of the used quantities: 

lll
l

EA
F 









m
N102

3.0
103102 6

94

0

0 , so the stiffness is 2·106 N/m. 

 
4.10. a) reduced to one fourth. 

b) reduced to half. 
 
4.11. We squeeze with 300 N force a  cylindrcal shaped body made of silicon.(Length =  20 cm, the 

radius of the circle’s cross-section is 3 cm, Silicon Young’s modulus is 2 MPa and the 
Poisson’s ratio is 0.48.) 
a) What percentage of the body’s relative reductivity? 

According to the  Hooke’s law 05305.0
03.0102

3001
262

0




















rE

F

AE

F

E
, 

so the strain is –5.305% or the relative shortening is 5.305%. 
b) What percentage of the body’s radius relative increase? 
The translational diameter (or radius) change described by the Poisson’s ratio (): 

0255.0)05305.0(48.0 





l

l

d

d
 , so 2.55%. 

c) What is the cross-sectioned radius of the squeezed body? 
The new raius is 2.55% bigger than the original, so 1.0255·3 cm = 3.08 cm. 
d) With how many percent did the cross-section of the body increase? 
The new cross-section is:     AArrA  0517.10255.10255.1 222

 . The 
cross-sectional change is due to the square function is 5.17%. 

 
4.12. a) 48% 

b) 73.1% 
4.13. 8.8% 
4.14. a) 8% 

b) 15.4% 
c) The volume changes notably increases by 1.57%. 

4.15. a) increases by 20%, because there is no translational change. It is possible only if the density 
decreases. 
b) decreases by 23.2%, namely the volume should decrease and the density should increase 
despite the elongation. This is impossible, the Poisson’s ratio mustn’t be over 0.5. 
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P R O B L E M S 
 

 
4. MECHANICAL PROPERTIES 

 
Elastic behavior 

 
4.16. On the one end, we fix a 15 cm length rod with rectangular cross-

section (sides: 2 mm and 20 mm) and on the other end we load it 
with 0.1 kg weight. The rod is made of PMMA, Young’s modulus is 
3 GPa. How much is the deflection of the rod 
a) under load of part a? 
b) under load of part b? 

 
 
 
 
 
 
 
 
 
4.17.  According to the previous problem, how much is the body’s stiffness in bending in part a) and 

b)? 
 
4.18.  We compare the bending of two rods made of same material, both 

weight are 0.4 kg and both length are 100 cm. One is circle cross-
sectioned, the other is a ring. The last one’s wall thickness is 1 mm. Both 
rod are made of PVC and their densitiy is 1390 kg/m3, elasticity 
modulus is 3 GPa. On the one end the rods are fixed and on the other 
end they are loaded. How much force is neccesary to deflect to 1 cm 
a) in case of the „solid” rod? 
b) in case of the tube? 

 
4.19.  How much is the stiffness in bending in the previous problem  

a) of the „solid” rod? 
b) the tube with the same length, mass and material?  

 
4.20.  How will a round cross-sectioned rod’s stiffness change in bending, if: 
 a) the length will increase by 26%? 
 b) the radius will increase by 18.9%? 

c) the length will reduce to half, meahwhile the radius will be doubled? 
 
4.21. A cube made of silicon rubber (edge = 10 cm) is shear loaded 

as the picture shows. How much force is neccesary to reach  
= 2,5º shear angle? (Young’s modulus id 2 MPa and the 
Poisson’s ratio is 0.48.) 

 
 
 
 
 
4.22. We twist a thin, 1.5 mm radius, 10 cm length metal 

wire (which used in ortodontics) with  = 30 º as the 
figure shows. How much torque is neccesary? (The 
wire’s material is steel, which has 200 GPa elasticity 
modulus, and the Poisson’s ratio is 0.3) 
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S O L U T I O N S 
 
 

4. MECHANICAL PROPERTIES  
 

Elastic behavior 
 

4.16. On the one end, we fix a 15 cm length rod with rectangular cross-
section (sides: 2 mm and 20 mm) and on the other end we load it with 
0.1 kg weight. The rod is made of PMMA, Young’s modulus is 3 
GPa. How much is the deflection of the rod 
a) under load of part a? 
0.1 kg load means F = m ·g = 0,1·9.81 = 0.981 N force. The deflection 
is:  

cm76.2981.0
002.002.01033

15.012
3

12
3 39

3

3

33











 F

abE

l
F

E

l
s

 
b) under load of part b? 
Changing a and b sides the deflection significantly decreases: 
s = 0.276 mm 

 
 
 
4.17.  a) 35.5 N/m 

b) 3550 N/m, so 100-fold bigger. 
 
4.18.  a) 2.37 N 

b) 27.2 N 
 
4.19.  a) 237 N/m 

b) 2720 N/m, so about 11-fold bigger. 
 
4.20.  a) decreases to half. 

b) doubled. 
c) 128-fold. 

 
4.21. 295 N 
 
4.22. 0.2 Nm 
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P R O B L E M S 
 

 
4. MECHANICAL PROPERTIES 

 
Elastic behavior 

 
4.23. In the figure we can see a compression diagram of a 

young man’s and an old woman’s disc. In the case of 
the young man the elastic range covers to the 
compression of 4.5%, in the case of the old woman it 
covers to the compression of 1.5%. 
Based on the figure, estimate the two bones  
 
a) Young’s modulus in the elastic range! 
 
b) elastic limit! 
 
c) elastic recovery! 
 
d) the resilience! 

 
 
 
4.24. We stretch a 30 cm length 1.5 cm2 cross-sectioned rubber rope to the elastic limit (r = 7 MPa, 

and r = 1). (Let’s take the load curve in this range linear.) 
a) How much is the resilience? 
b) How much is the work to stretch the rope? 

 
4.25. We stretch a rod made of nickel-titan superlastic alloy in the elastic range, which is 30 cm 

length and round cross-sectioned (d=12 mm). How much work is neccesary for a 2 cm 
deflection? 
The Young’s modulus of the alloy is 80 GPa.  
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S O L U T I O N S 
 
 

4. MECHANICAL PROPERTIES 
 

Elastic behavior 
 

4.23. In the figure we can see a compression diagram 
of a young man’s and an old woman’s disc. In 
the case of the young man the elastic range 
covers to the compression of 4.5%, in the case of 
the old woman it covers to the compression of 
1.5%. 
Based on the figure, estimate the two bones 
a) Young’s modulus in the elastic range! 
Young’s modulus is the slope of the initial part 
of the curve that is in the case of the young man 

about: MPa56
045.0
5.2





E . Same 

calculation results that the elder woman’s 
Young’s modulus is about: 33 MPa. 
b elastic limit! 
The elastic limit is the maximum stress in the 
elastic range on the vertical axis. It is about 
2.5 MPa for the young man and about 0.5 MPa for the woman. 
c) elastic recovery! 
The elastic recovery is the strain on the horizontal axis in the elastic range in which case the 
complete recovery is possible. This value is 4.5% for the young man and 1.5% for the woman. 
d) the resilience! 
Resilience is the area under the curve int he elastic range. It is about 

3
6

rrr m
J25056045.0105.2

2
1

2
1

 w  for the young man and 3 750 J/m3 for the 

woman.  
 
4.24. a) 3.5·106 J/m3 

b) 158 J 
 
4.25. 1.81 J 
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P R O B L E M S 
 

 
4. MECHANICAL PROPERTIES 

 
Plastic behavior, fracture 

 
4.26. The tensile strength of the cobalt-chrome alloy is 700 MPa. 

a) How much force is neccesary to breakup a wire made of this alloy, which’s diamater is 0.5 
mm? 
b) How much is the real stress in the moment before the breakup, if the real diameter is 0.42 
due to the wire’s plastic thinning? 

 
4.27. We can breakup a wire made of unknown material with 672 N force. How big is the tensile 

strength of the wire, if the original cross-section of the wire is 2.1 mm2? 
 
4.28. The shear strength of a dental cement is 4.1 MPa. On the surface of 5 mm2, how much force 

affects it? 
 
4.29. On the diagram, we can see the tensile diagram of a 

rubber (blue curve) and a composite made of this 
rubber and 10% carbon nanotube until the breakup. 
Compare the two materials using next quantities 
below: 
 
a) tensile strength; 
b) maximum strain 
c) the stiffness in the beginning of the loading 
diagram (for instance to the 0.2 strain); 
d) toughness! 
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S O L U T I O N S 
 
 

4. MECHANICAL PROPERTIES  
 

Plastic behavior, fracture 
 

4.26. The tensile strength of the cobalt-chrome alloy is 700 MPa. 
a) How much force is neccesary to breakup a wire made of this alloy, which’s diamater is 0.5 
mm? 
The force: N13700025.010700 262

0f0ff   rAF . 
b) How much is the real stress in the moment before the breakup, if the real diameter is 0.42 
due to the wire’s plastic thinning? 

MPa989
00021.0

137
22 






r

F

A

F
. 

 
4.27. 320 MPa 
 
4.28. 20.5 N 
 
4.29. On the diagram, we can see the tensile diagram of a 

rubber (blue curve) and a composite made of this 
rubber and 10% carbon nanotube until the breakup. 
Compare the two materials using next quantities 
below: 
a) tensile strength 
The tensile strength of the rubber read from figure is 
about 0.21 MPa. The composite has significantly 
higher value (about 12-fold!) about 2.55 MPa), 
b) maximum strain 
The maximum strain read from figure is about 7.35 
that means 753%, so the tested rubber may be 
stretched more than 8-fold. The extensibility of the 
composite is less about 3. 
c) the stiffness in the beginning of the loading 
diagram (for instance to the 0.2 strain); 
The slope of the two curves: rubber – about 0.75 MPa; composite – about 3.75 MPa, so the 
composite much more stiff. 
d) toughness! 
The toughness is the area under the whole curve that may be approximated by a rectangle in 
the case of the rubber. The sides are 7.35 and 0.21 MPA. The rubber toughness is about 
7.35·0,21·106 = 1.54·106 J/m3. The area is a trapeze for composite. The height is 3 and the 
other two parallel sides are 2.55 and 0.8 MPa. The toughness is about 

3
6

6

m
J1003.5

2
310)55.28.0(




. This value is much higher than the rubber toughness. 
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P R O B L E M S 
 

 
4. MECHANICAL PROPERTIES 

 
Plastic behavior, fracture 

 
4.30. The figure shows an originally 20 cm length 

and 8 mm2 cross sectioned rubberthread’s 
tensile diagram until the breakup. 
a) How big is the tensile strength? 
b) How much is the strain in the moment of 
the breakup? 
c) How long is the thread in the moment 
before the breakup? 
d) After the breakup, the length of the two 
threads are 9.3 and 11.8 cm. 

 How much is the ductility of the thread? 
e) How much is the toughness of the tested 
rubber? 
f) How much work has been done to breakup 
the thread in total? 

 
4.31. The tensile strength of two materials are the 

same, but their ductilities are signifficantly 
different. At the breakup the strain is: 0.76 and 
0.04. 
a) Which material has a higher toughness? 
b) Assumming linear load diagram along, how 
many times are higher the tougher material’s 
toughness? 

 
 
4.32. After the break meanwhile the examining of a In 

the Charpy-test of a dental zircon the 1.5 kg 
weight hammer from 50 cm heigth swings 
towards to 32 cm breaking the specimen. How 
much is the tested zircon specimen’s impact 
energy? 

 
 
 
 
4.33. With the help of Charpy-test, the effects of fiber 

reinforcement on the fragility of PMMA, that used as denture material, was examined (TMJ 

2006, Vol. 56, No. 1). In the test, the Charpy-device’s hammer is 6.784 kg weight, the 
hammer’s handle was 380 mm length. The following table gives the hammer’s starter and final 
position in the form of the calculated vertical angles (and , on the one hand in pure 
PMMA, on the other hand with glass-fiber reinforced PMMA. 
 a) How much is the impact energy in both cases?  
b) How much is the specific impact energy of the two materials?  
c) What is the consequence of these data? 

 
t

3.
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the cross-section of the 
specimen (mm2) 

Initial   
angle (º) 

Final   
angle (º) 

PMMA 28.14 15 13.8 
glass-fiber reinforced PMMA 27.3 15 3.8 

 



  

 

S O L U T I O N S 
 
 

4. MECHANICAL PROPERTIES 
 

Plastic behavior, fracture 
 

4.30. a) 20.5 MPa 
b) 3 
c) 80 cm 
d) 5.5 % 
e) 3.08·107 J/m3 
f) 49.2 J 

 
4.31. a) a that is more plastic 

b) 19-fold 
 
4.32. After the break meanwhile the examining of a In 

the Charpy-test of a dental zircon the 1.5 kg 
weight hammer from 50 cm heigth swings 
towards to 32 cm breaking the specimen. How 
much is the tested zircon specimen’s impact 
energy? 
 
The impact energy is equal to the potential energy 
loss of the hammer: 
mgh1 – mgh2 = 1.5·9.81·(0.5 – 0.32) = 2.65 J. 

 
 
 
 
 
 
 
 
 
 
 
4.33. a) PMMA: 0.1317 J; PMMA+glass-fiber: 0.8061 J 

b) PMMA: 4.68 kJ/m2; PMMA+glass-fiber: 2953 kJ/m2 

c) The glass-fiber reinforced composite or the denture made of it are less fragile. 
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P R O B L E M S 
 

 
4. MECHANICAL PROPERTIES 

 
Plastic behavior, fracture 

 
4.34. The hardness of the zircon is tested with the Vicker’s test. The 

applied „force” was 1kg, which would cause an indentation of 
0.00161 mm2 in the zircon specimen.  
a) How much is the hardness of zircon in the formerly used 
kg/mm2 unit? 
b) How much is the hardness of zircon in Pa? 

 
 
4.35. Next force values may be used in a Vickers equipment: 1, 2, 5, 

10, 30, 50 and 100 kg. The hardness of the enamel is tested and 
the previously estimated value is about 4 GPa. Which load is 
suitable if we expect that the indentation is not less than 0.02 mm2 
but not bigger than 0.05 mm2? 

 
 
4.36. Fatigue curve of a steel may be seen int he figure. 

The original strength is 900 MPa. 
a) An object made of the tested steel is under 
630 MPa daily load 200 times in average. How 
long is the expected time of the break? 
b) How long is the expected time of the break if 
the load is only 400 MPa? 
c) Is there a fatigue limit of the tested steel and if 
so how much? 

 
 
 
 
 
 
 
 
 
4.37. Fatigue curve of polypropylene (PP) is shown in 

the figure at 20°C. 
a) What stress is necessary to breakup the material 
after 1000 load cycles?  
b) Is there a limit on the base of the figure and if so 
how much? 
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S O L U T I O N S 
 
 

4. MECHANICAL PROPERTIES  
 

Plastic behavior, fracture 
 

4.34. The hardness of the zircon is tested with the Vicker’s test. The 
applied „force” was 1kg, which would cause an indentation of 
0.00161 mm2 in the zircon specimen. 
a) How much is the hardness of zircon in the formerly used 
kg/mm2 unit? 
 
HV = 1/0.00161 = 621 kg/mm2 
 
b) How much is the hardness of zircon in Pa? 
 
HV = 1·9.81/(0.00161·10–6 )= 6.09 GPa 

 
 
 
 
 
4.35. 10 kg 
 
4.36. Fatigue curve of a steel may be seen int he 

figure. The original strength is 900 MPa. 
a) An object made of the tested steel is under 
630 MPa daily load 200 times in average. How 
long is the expected time of the break? 
The strength is 7/10th of the 630 MPa. The 
number of the cycle in this load is about 1000 
on the base of the figure. If the load repeats 200 
times a day the fatigue fracture may be expected 
after about 5 days.  
b) How long is the expected time of the break if 
the load is only 400 MPa? 
400 Mpa is about 44% of the strength value and 
it is below the fatigue limit the material never 
break.  
c) Is there a fatigue limit of the tested steel and 
if so how much? 
Yes, this the half of the strength, so 450 MPa. 

 
 
4.37. a) 20 MPa 

b) Possible not on the base of the figure. 
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P R O B L E M S 
 

 
5. OTHER (THERMAL, ELECTRIC, OPTICAL) PROPERTIES 

 
Thermal properites 

 
5.1. How much heat is neccesary for the 10 cm edge PMMA cube to heat it up from 4 ºC to 70 ºC? 
                  
 
5.2. How much heat is neccesary for a 12 mm3 volumed golden filling to warm it up from 4 ºC to 

70 ºC? ( The specific heat of gold is 126 J/(kg·K).) 
 
5.3. How much heat does 1 dl water give off, meanwhile it cools down from 70 ºC to 35 ºC? 
 
5.4. Which heat capacity is bigger: 2 dm3 water or 2 dm3 gold? 
 
5.5. We keep one end of a 10 cm length and 9 cm2 cross-sectioned golden rod at 100 ºC, the other 

end at 20 ºC. How much heat does the rod leads in 1 minute? (The thermal conductivity of the 
gold is 300 W/(m·K).) 

 
5.6. One side of the 120 cmx80 cm pane is constant, 25°C while the other is -12°C. The thickness is 

5 mm, the heat conductivity is 1.1 W/(m∙K). How much heat is transported through the pane 
during 1 minute? 
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S O L U T I O N S 
 
 

5. OTHER (THERMAL, ELECTRIC, OPTICAL) PROPERTIES 
 

Thermal properties 
 

5.1. How much heat is neccesary for the 10 cm edge PMMA cube to heat it up from 4 ºC to 70 ºC? 
The required heat: kJ116661.012001460 33  TacTVcTcmQ  . 

 
5.2. 1.93 J 
 
5.3. 14.6 kJ 
 
5.4. water: 8370 J/K, while the gold: 4860 J/K. 
 
5.5. We keep one end of a 10 cm length and 9 cm2 cross-sectioned golden rod at 100 ºC, the other 

end at 20 ºC. How much heat does the rod leads in 1 minute? (The thermal conductivity of the 
gold is 300 W/(m·K).) 
According to the Fourier’s law the transmitted heat in stationer case: 

kJ1360
1.0

80109300 4 






 t

x

T
AQ  . 

 
5.6. 469 kJ 
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P R O B L E M S 
 

 
5. OTHER (THERMAL, ELECTRIC, OPTICAL) PROPERTIES 

 
Thermal properties 

 
5.7. The attached figure shows that we bind two bodies with different 

temperature with a good heat conductive „bridge”. The cross-
section of the bridge is 10 cm2, length 10 cm, the thermal 
conductivity coefficient is 200 W/(m·K), and let’s take the mass 
as 0. In the beginning, the first body’s temperature is t1 = 100 ºC, 
the other one is t2 = 0 ºC. Other entries: m = 1 kg, 
c1 = 1000 J/(kg·K), c2 = 250 J/(kg·K). 
 

 
After the reach of the equillibrium, how much will be the joint temperature? 
 
b) After the first second of the joining how much heat will the bridge transmit? (In this 
calculation we mustn’t take into the consideration the temperature change of the bodies!) 
 
c) How much is the temperature change of the two bodies at the end of the first second if it’s 
effected by the calculated heat from part b)? 
 
d) If the heat transport would be constant in time, how much time is neccesary to get the 
equilibrium? 
 
e) Repeat the calculations in part b) and part c) with the new temperatures set after the first 
second! 
 
f) What do you think, what kind of function will the bodies reach the balanced temperature? 
(Create an Excel table, where the performed calculations of part b) and c) can perform for 
further seconds and it can show for longer the heat changing!) Estimate, how huch time the 
bodies will reach practically the equilibrium? 
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S O L U T I O N S 
 
 

5. OTHER (THERMAL, ELECTRIC, OPTICAL) PROPERTIES 
 

Thermal properties 
 

5.7. The attached figure shows that we bind two bodies with different 
temperature with a good heat conductive „bridge”. The cross-
section of the bridge is 10 cm2, length 10 cm, the thermal 
conductivity coefficient is 200 W/(m·K), and let’s take the mass 
as 0. In the beginning, the first body’s temperature is t1 = 100 ºC, 
the other one is t2 = 0 ºC. Other entries: m = 1 kg, 
c1 = 1000 J/(kg·K), c2 = 250 J/(kg·K). 
 
a) After the reach of the equillibrium, how much will be the joint temperature? 
The heat loss of the warmer body is equal to the taken up heat of the colder one: 

)()( 222c111 ttmcttmc c  , from that tc is: 

C80
125011000

273125037311000

2211

222111
c 











mcmc

tmctmc
t . (The result is same if we use 

the temperature values in Kelvin.) 
 
b) After the first second of the joining how much heat will the bridge transmit? (In this 
calculation we mustn’t take into the consideration the temperature change of the bodies!) 
According to the condition simple the Fourier’s törvény may be used: 

J2001
1.0

1001010200 4 






 t

x

T
AQ   

 
c) How much is the temperature change of the two bodies at the end of the first second if it’s 
effected by the calculated heat from part b)? 

The temperature change of the body 1: C2.0
11000

200

11
1 






mc

Q
t . The temperature 

change of the body 2 is 0.8 ºC. Temperatures after 1 second are:: t1 = 99.8 ºC, t2 = 0.8 ºC. 
 
d) If the heat transport would be constant in time, how much time is neccesary to get the 
equilibrium? 
If the temperatura change per second of the body 1 is 0.2 ºC than 100 s is necessary to change 
by 20°C. 
 
e) Repeat the calculations in part b) and part c) with the new temperatures set after the first 
second! 
The results of the calculation: Q = 198 J, 
t1 = 99.602 ºC, t2 = 1.592 ºC. 
 
f) What do you think, what kind of 
function will the bodies reach the 
balanced temperature? (Create an Excel 
table, where the performed calculations 
of part b) and c) can perform for further 
seconds and it can show for longer the 
heat changing!) Estimate, how huch time 
the bodies will reach practically the 
equilibrium? 
 
Exponential function. 
About 10 minutes later the difference is only 0.2 ºC and this means equilibrium in practice. 
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P R O B L E M S 
 

 
5. OTHER (THERMAL, ELECTRIC, OPTICAL) PROPERTIES 

 
Thermal properties 

 
5.8. How much is a 20 cm wire made of golden alloy’s length change, if we heat it to 37ºC from 

room temperature (20ºC)? (The coefficient of thermal expansion is: 15·10–6 1/K.) 
 
 
5.9. How many percent is the amalgam filling’s volume change, if the temperature’s change is 

30ºC? (The volumetric thermal expansion coefficient is: 75·10–6 1/K.) 
 
5.10. A rod made of porcelain at 0 ºC temperature barely fits 

between the jaws as the figure shows.  
 

a) Assuming, that the position of the jaws won’t change, how much 
and what is the direction of the produced stress in the rod, if 
we heat it to 80 ºC? (The linear coefficient of thermal 
expansion of the porcelain is 10·10-6 1/K, 
the Young’s modulus is 90GPa.) 
 

b) Suppose that the figure shows the fatigue 
curve of the porcelain in such conditions. 
How many warming up and cooling 
cycles may result the fracture of the given 
porcelain in the previous experiment? 

 
 
 
 
5.11. Meanwhile cooling down, the zircon 

crystal structure changes at 1173 ºC, 
tetragonal-monoclinic transtition will occure, which increases the volume by 4.9%. Suppose, 
that there’s no possibility to expand, how much stress is produced in the crystal? (Calculate 
with isotropic conditions, 210 GPa Young’s modulus and 0.28 Poisson’s ratio.) Will the crystal 
withstand the produced stress, if the compressive strength is 2 GPa? 
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5. OTHER (THERMAL, ELECTRIC, OPTICAL) PROPERTIES 
 

Thermal properties 
 

5.8. How much is a 20 cm wire made of golden alloy’s length change, if we heat it to 37ºC from 
room temperature (20ºC)? (The coefficient of thermal expansion is: 15·10–6 1/K.) 
The change of the length is: m51cm0051.017101520 6

0   Tll . 
 
5.9. 0.225 % 
 
5.10. A rod made of porcelain at 0 ºC 

temperature barely fits between the jaws 
as the picture shows. 
 
a) Assuming, that the position of the jaws 
won’t change, how much and what is the 
direction of the produced stress in the 
rod, if we heat it to 80 ºC? (The linear 
coefficient of thermal expansion of the 
porcelain is 10·10-6 1/K, the Young’s 
modulus is 90GPa.) 
The length change due to the heat: 

Tll   0 , but there is no any 
possibility to change. The situation is same when we compress a l0 + l length rod to l0. The 
produced stress is: 

 

MPa9.71
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The negative sign shows that it is a compressive stress. 
 
b) Suppose that the figure shows the 
fatigue curve of the porcelain in such 
conditions. How many warming up and 
cooling cycles may result the fracture of 
the given porcelain in the previous 
experiment? 
 
According to the figure The porcelain 
sustains this 71.9 MPa stress in about 
105 cycles. 

 
 
 
 
5.11. 78 GPa, do not sustain. 
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5. OTHER (THERMAL, ELECTRIC, OPTICAL) PROPERTIES 
 
5.12. An amalgam filling is exactly fit to the cave in dentine at 35 ºC. The temperatue increases to 65 

ºC due to a hot drink. Volumetric coefficient of thermal expansion are: amalgam 75·10–6 1/K, 
dentine 25·10–6 1/K. Young’s modulus and the Poisson’s ratio of the amalgam are 50 GPa and 
0.31.  
 

 a) Suppose constant cave volume! How much is the prodeced stress and what is its direction in 
the amalgam and at the filling boundary? 
 

 b) Suppose, that the cave volume change with the temperature but the incresing stress doesn’t 
influence it! How much is the prodeced stress and what is its direction in the amalgam and at 
the filling boundary in this case? 

 
5.13. Repeat of the previous calculation if the temperature changes from 35°C to 5°C. Suppose, that 

the amalgam filling and the dentine adhere to each other well, do not separate from each other! 
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S O L U T I O N S 
 
 
5. OTHER (THERMAL, ELECTRIC, OPTICAL) PROPERTIES  

 
5.12. An amalgam filling is exactly fit to the cave in dentine at 35 ºC. The temperatue increases to 65 

ºC due to a hot drink. Volumetric coefficient of thermal expansion are: amalgam 75·10–6 1/K, 
dentine 25·10–6 1/K. Young’s modulus and the Poisson’s ratio of the amalgam are 50 GPa and 
0.31. 
 

 a) Suppose constant cave volume! How much is the prodeced stress and what is its direction in 
the amalgam and at the filling boundary? 
We can follow the 5.10. problem here. The volume change of the amalgam filling should be 

TVV   0  due to the heat. The stress in the amalgam and at the boundary are: 

MPa5.98
3010751

301075
)31.021(3
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, this is a compressive stress. 
 

 b) Suppose, that the cave volume change with the temperature but the incresing stress doesn’t 
influence it! How much is the prodeced stress and what is its direction in the amalgam and at 
the filling boundary in this case? 
The change of the cave due to the heat is: TVV  dentine0cave  . The compression of the 
amalgam is less due to the increasing cave. The situation is similar to the V0+ Vcave 
compression of the original V0 + V volume of the filling. The difference of these volumes 
must be put into the previous formula: 
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The compressive stress is 65.7 MPa in this case. 
 
 
5.13. a) 98.5 MPa tensile stress 

b) 65.8 MPa tensile stress 
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P R O B L E M S 
 

 
5. OTHER (THERMAL, ELECTRIC, OPTICAL) PROPERTIES 

 
Optical properties 

 
5.14. The wavelength range of the visible light is 400-800 nm. Calculate the proper frequency limits! 
 
5.15. The wavelength of the Nd:YAG laser’s used in dental practice is 1.064 m. How much is the 

photon energy of this light in J and eV? 
 
5.16. The power of the carbon-dioxyde laser ( = 10.6 m) is 200 W. The laser’s light perpendicular 

falls into a 3 mm diameter circle shaped surface. 
a) How much is the intensity of the light in this surface? 
b) How much energy produced on the surface in 10 seconds? 
c) How many photons fall on the surface in 10 seconds? 

 
 
5.17. We light a filling which polymerizes to light with a 4·103 W/m2 intensity lamp for 1.5 minutes. 

The illuminated surface is 3 mm2. How much energy got to the filling’s surface? 
 
5.18. The figure shows the dispersion of different 

glasses. White ligh arrives under 60º angle of 
incidence to the interface of air/light flintglass. 
Calculate from the entries of the figure the 
difference of the refraction angles of the violet 
component (( = 400 nm) and oo the red 
component ( =800 nm)? 

 
 
 
 
 
 
 
 
 
5.19. The attenuation coefficent of a healthy enamel is 3.1 cm–1 for 1310 nm wavelength light. The 

enamal is illuminated by 300 W/m2 intensity of this light. 
a) How much is the transient light’s intensity? 
b) How much is the transmittance of the enamel in this wavelength? 
c) How much is the absorbance of the enamel in this wavelength? 
d) How much is the half-value thickness of the enamel on the given light?  
e) How much is the given light’s penetration depth in the enamel? 
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5. OTHER (THERMAL, ELECTRIC, OPTICAL) PROPERTIES  
 

Optical properties 
 

5.14. 750 – 375 THz 
 
5.15. 1.87·10–19 J = 1.17 eV 
 
5.16. The power of the carbon-dioxyde laser ( = 10.6 m) is 200 W. The laser’s light perpendicular 

falls into a 3 mm diameter circle shaped surface. 
a) How much is the intensity of the light in this surface? 

According to the definition of the intensity 2
7

22 m
W1083.2

0015.0
200













r

P

A

P
J . 

b) How much energy produced on the surface in 10 seconds? 
J200010200  tPE  . 

c) How many photons fall on the surface in 10 seconds? 

Since the photon energy is 



hc

 , so the number of photons 

23
834

6

1007.1
1031063.6

106.102000
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5.17. 1.08 J 
 
5.18. 1.09 º 
 
5.19. The attenuation coefficent of a healthy enamel is 3.1 cm–1 for 1310 nm wavelength light. The 

enamal is illuminated by 300 W/m2 intensity of this light. 
a) How much is the transient light’s intensity? 

2
2.01.3

0 m
W161300   eeJJ x . 

b) How much is the transmittance of the enamel in this wavelength? 

%7.53%)100(
300
161%)100(

0


J

J
T . 

c) How much is the absorbance of the enamel in this wavelength? 

27.0
161
300lglg 0 

J

J
A . 

d) How much is the half-value  thickness of the enamel on the given light? 

mm24.2cm224.0
1.3
2ln2ln




D . 

e) How much is the given light’s penetration depth in the enamel? 

mm23.3cm323.0
1.3

11
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5. OTHER (THERMAL, ELECTRIC, OPTICAL) PROPERTIES 

 
Optical properties 

 
5.20. How does the previously mentioned enamel change 

a) its transmittance 
b) its absorbance 
if the attenuation factor increases on the mentioned wavelength to 150 cm-1 due to 
demineralization? (There’s a 20% mineral loss) 

 
5.21. A PMMA slab, which has 2 cm thickness, reduces the incident light’s intensity by half. 

a) How much is the attenuation coefficient of the PMMA on the given light? 
b) How much is the transmittance of the PMMA slab? 
c) How much is the absorbance of the PMMA slab? 

 
5.22. The attenuation coefficient of the water for 540 nm green light is 0.08 m-1. 

a) What depth reduces the green light’s intensity by half compared to the incident intensity? 
b) How much is the penetration depth? 
c) How much is the 100 m thickness water layer’s transmittance on the given wavelength? 
d) How much is the 100 m thickness water layer’s absorbance on the given wavelength? 

 
5.23. The absorbance of an 5 cm thickness PMMA object is 1.301. 

a) How many percent will the incident light pass through? 
b) How much is the attenuation coefficient? 
c) How much is the half-value thickness? 

 
5.24. The attenuation coefficient of water is highly depends on the light’s wavelength, for example 

for a 400 nm violet light it’s 0.02 m-1, for 700 nm red light it’s 0.8 m-1. Suppose that in the 
incident light the two colourcomponent’s intensity are the same.  
a) What will be the ratio of the two color components in 4 m deep? 
b) What depth will result 100:1 ratio in favor of the violet? 

 
5.25. A protein liquid’s absorbance is 0.25. The thickness of the liquid is 1 cm, the molar extinction 

coefficient is 18 200 M-1cm-1 at 280 nm wavelength. How much is the protein concentration? 
 
5.26. The main protein component of the lens in the eye is the alfa-crystallin. The molar extiction 

coefficient is 775cm2/g. How much is the absorbance of an 1mg/ml concentration of alfa-
crystallin liquid in the case of 1 cm thickness? 

 
5.27. How do you describe by words the following 

colors in case of high brightness value? (Use the 
„color wheel” shown in the figure!) 
a) hue: 0º, saturation: 0% 
b) hue: 120º, saturation: 0 % 
c) hue: 120º, saturation: 35% 
d) hue: 0º, saturation: 100% 
e) hue: 300º, saturation: 50% 
f) hue: 60º, saturation: 90 % 

 
5.28. How do you describe by words the following 

colours by medium brigthness value? (Use the 
„colour wheel” shown on the picture!) 
a) hue: 210º, saturation: 0% 
b) hue: 60º, saturation: 90 % 
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5. OTHER (THERMAL, ELECTRIC, OPTICAL) PROPERTIES  
 

Optical properties 
 

5.20. a) 9.36·10–12 % 
b) 13 

 
5.21. a) 0.347 cm–1 

b) 50 % 
c) 0.301 

 
5.22. a) 8.66 m 

b) 12.5 m 
c) 0.0335 % 
d) 3.47 

 
5.23. a) 5 % 

b) 0.26 cm–1 
c) 2.66 cm 

 
5.24. a) Intensity of the violet 22.6-fold higher. 

b) 5.9 m 
 
5.25. A protein liquid’s absorbance is 0.25. The thickness of the liquid is 1 cm, the molar extinction 

coefficient is 18 200 M-1cm-1 at 280 nm wavelength. How much is the protein concentration? 
Acoording to the Beer’s law xcA   . The protein concentration from this: 

l
molμ7.13M1037.1

118200
25.0 5 





 

x

A
c


. 

 
 
5.26. 0.775 
 
5.27. a) white 

b) white 
c) light green 
d) bright red 
e) light violet 
f) bright yellow 

 
5.28. a) gray 

b) grayish yellow 
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5. OTHER (THERMAL, ELECTRIC, OPTICAL) PROPERTIES 

 
Optical properties 

 
5.29. How do you describe by words the following colours at zero brightness value? (Use the 

„colourw heel” shown in the figure!) 
a) hue: 240º, saturation: 0 % 
b) hue: 0º, saturation: 100 % 

 
5.30. The forbidden band of sodium iodine crystal’s (NaI) width is 5 eV. 

a) What wavelength light’s photon energy is enough for electron’s excitation from the valence 
band to the conductance band? 
b) What kind of light are we talking about? 
c) Does the NaI absorb the visible light? Why? 

 
 
5.31. Pure cubic zircon (ZrO2) crystal will only absorb the light in the far UV range, around 191 nm 

wavelength. How much is the forbidden band’s width in eV? 
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5. OTHER (THERMAL, ELECTRIC, OPTICAL) PROPERTIES  
 

Optical properties 
 

5.29. a) black 
b) black 

 
5.30. The forbidden band of sodium iodine crystal’s (NaI) width is 5 eV. 

a) What wavelength light’s photon energy is enough for electron’s excitation from the valence 
band to the conductance band? 
The photon energy must be at least 5 eV = 5·1.6·10–19 J = 8·10–19 J. From this wavelength: 

nm249
108

1031063.6
19

834














hc
. 

b) What kind of light are we talking about? 
This is in the UV range (100 – 400 nm). 
c) Does the NaI absorb the visible light? Why? 
Not, because the wavelength of the visible light is longer (400 – 800 nm), photon energy is less 
than the forbidden band. 

 
5.31. 6.51 eV 
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5. OTHER (THERMAL, ELECTRIC, OPTICAL) PROPERTIES 

 
Electric properties 

 
5.32. During heating up a semiconductor from 22 ºC to 25 ºC its conductivity doubles. How much is 

the forbidden band’s width? 
 
5.33. The width of a semiconductor’s forbidden band is 1.8 eV. 

a) With how many percent will increase the electrical conductivity due to 1ºC heating, starting 
from 22ºC? 
b) What percententage of change happen to, if the starting temperature is –20 ºC? 

 
5.34. A 2 m length, 2 mm2 cross-sectioned wire’s resistance is 1.2 . 

a) How much is the wire’s conductivity? 
b) How much is the resistivity of the wire’s material? 
c) How much is the conductivity of the wire’s material? 

 
 5.35. The resistivity of gold is 2.2·10–8 m.
               a) How much is the conductivity of gold?
               b) How much is a 10 cm length 0.2 mm2 cross-sectioned golden-thread’s conductivity? 
               c) How much is the previously mentioned thread’s resistance?
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5. OTHER (THERMAL, ELECTRIC, OPTICAL) PROPERTIES  
 

Electric properties 
 

5.32. During heating up a semiconductor from 22 ºC to 25 ºC its conductivity doubles. How much is 
the forbidden band’s width? 

It is true for a pure semiconductor’s conductivity: kTe 2





 . The conductivity ratio at the 

given temperatures: 
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. the width of the forbidden band: 
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5.33. a) 12.7% 

b) 17.6% 
 
5.34. A 2 m length, 2 mm2 cross-sectioned wire’s resistance is 1.2 . 

a) How much is the wire’s conductivity? 

S833.0
2.1

11


R
G . 

b) How much is the resistivity of the wire’s material? 

The resistance is: 
A

l
R  , the resistivity is Ωm102.1

2
1022.1 6

6








l

A
R . 

c) How much is the conductivity of the wire’s material? 

m
S1033.8

102.1
11 5

6 





 . 

 
 
5.35. a) 4.55·107 S/m 

b) 0.011  
c) 90.9 S 
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A P P E N D I X 
 
 
UNITS AND PREFIXES 
 
International System (SI) units: 
 
BASIC UNITS: 

 
basic physical quantities SI unit 

name symbol name symbol 
length l, x meter m 
mass m kilogram kg 
time t second s 
electric czurrent 

intensity 

I ampere A 

temperature T kelvin K 
amount of a 

substance 

n mole mol 

luminous intensity Iv candela cd 
 

       SI-PREFIXES: 

 
 

prefix 
 

multiple 
name sym

bol 
exa E 1 000 000 000 000 000 000 = 1018 
peta P 1 000 000 000 000 000 = 1015 
tera T 1 000 000 000 000 = 1012 
giga G 1 000 000 000 =  109   
mega M 1 000 000 =  106 
kilo k 1 000 =  103 

hecto h 100 =  102 
deka da 10 =  101 

deci d 0,1 = 10-1 
centi c 0,01 = 10-2 
milli m 0,001 = 10-3 

micro  0,000 001 = 10-6 

nano n 0,000 000 001 = 10-9 
pico p 0,000 000 000 001 = 10-12 

femto f 0,000 000 000 000 001 = 10-15 
atto a 0,000 000 000 000 000 001 = 10-18 
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DERIVED UNITS: 

 
physical quantity SI unit 

name symbol name symbol other units 
angle  radian, 

degree 
rad, 
º 

m.m-1 

spherical angle  steradian sr m2.m-2 
density   kg/m3  
refquency f hertz Hz s-1 
angular velocity   rad/s  
velocity v  m/s km·h-1 

acceleration a  m/s2  
force F newton N J.m-1 
pressure p pascal Pa N.m-2 
work, energy, heat  w, , E, Q,  joule J N.m, eV, 

kcal 
power P watt W J.s-1, LE 
elektric charge Q coulomb C A.s 
voltage(potenctial 

difference) 

U volt V W.A-1 

elektric capacitance C farad F C.V-1 
elektrics resistance R ohm  V.A-1 
resistivity   m  
elektric conductance G siemens S A.V-1 
conductivity   S/m  
magnetics flux  weber Wb V.s 
magnetic field B tesla T Wb.m-2 
inductivity L henry H Wb.A-1 
light flow  lumen lm cd.sr 
illuminance EV lux lx lm.m-2 
mechanical stress  pascal Pa  
viscosity  pascalsec Pa·s  
volumetric flow-rate IV  m3/s  
concentration c  mol/m3  
mass fraction %(m/m)  %  
volume fraction % (V/V)  %  
mass concentration i  g/dm3  
mass concentration % (m/V)  g/100cm3  
molarity cB  mol/dm3  
molality mB  mol/kg  
parts/billion   ppm  
heat conductance kT  W/m·K  
strain   %, m/m mm/mm 
cross-section A  m2 mm2 

surface tension   J/m2 N/m 
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SUPPLEMTN TO UNITS: 
 

1. Energy unit used in physics is the electronvolt (eV) 
 1 eV = 1.6.10-19 J. 

2. Other units of the angle is degree, one 60th of the degree is mimute (’) and one 3600th  of the 
degree is second (’’): 
 1° =  /180 rad. 

3. Besides kelvin (K), the widely used unit is celsius degree (°C). (temperature difference are 
the same!) 

4.  
 0 °C = 273.16 K . 
5. We must specify the elementary unit (atom, molecule, ion, etc.) int he case of the amount of a 

substance. 
6. SI unit for molar concentration is mol/m3; for molality mol/kg. 
7. SI unit for power is horse power (HP): 

 
 1 HP = 0.735 kW 

8. SI unit for dynamic viscosity is the poise (P): 
 
 1 P = 0.1 Pa.s 

9. Traditional unit for heat is kcal: 
 1 kcal = 4.186 kJ 

 
Phyiscal constants and numerical data 
 

universal gas constant R = 8.31 J/(mol.K) 
Loschmidt’s (Avogadro’s) number L = 6.1023 /mol 
Boltzmann’s constant k = 1.38.10-23 J/K 
Faraday’s constant F = 96500 

C/(mol.valence) 
Planck’s constant h = 6.6.10-34 J.s 
speed of light (in vacuum) c = 3.108 m/s 
electron charge e = 1.6.10-19 C 
mass of electron (in rest) me = 9.1.10-31 kg 
mass of proton (in rest) mp = 1.673.10-27 kg 
mass of neutron (in rest) mn = 1.675.10-27 kg 
Stefan’s constant  = 5.7.10-8 J/(m2.K4.s) 
Reynolds number Re = 1160 
base of the natural logarithm e = 2.718... 

conversion between logarithms: 

ln x = 2.3 lg x; 
log2 x = 3.3 lg x 
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CONSTANTS AND NUMERICAL DATA 
 
 

atomic number 
nitrogen:  14 
oxygen:  16 
density (g/cm3) 
water (at 4 C˚) 1.000 
aluminum (Al):  2.7  
copper (Cu) 8.96 
tin (Sn) 5.75 
iron (Fe) 7.9  
silver (Ag) 10.5 
mercury (Hg) 13.6 
gold (Au) 19.3 
amalgam (átlagosan) 12 
lead (Pb): 11.3  
carbon (C. graphite) 2.23 
carbon (C. diamond) 3.51 
carbon (C60. 
fullerene) 

1.65 

titanium (Ti) 4.51 
zircon 6.0 
body tissue  1.04  
blood (average) 1.05  
air (at 0°C. 
100 kPa pressure) 

0.00129  

bone 
(average) 

1.7 

fat: 0.92-0.94 
quartz 2.65 
PMMA 1.2 
Young’s modulus (GPa) 
soft tissues 0.000 2 
rubber 0.007 
collagen 0.6 
nylon 2 
hair 10 
bone (in coppression) 10 
bone (in tension) 22 
cement (concrete) 25-30 
glass 65 
copper 120 
gold  79 
steel 200 
steel (stainless) 190 
lead 16 
diamond 1200 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
viscosity 
water (at 27°C): 0. 85 mPa.s 
blood (at 37°C): 4.5 mPa.s 
specific heat 
water: 4.18 kJ/(kg.K) 
muscle: 3.76 kJ/(kg.K) 
blood: 3.9 kJ/(kg.K) 
compact bone: 1.3-1.7 

kJ/(kg.K)  
fat: 3 kJ/(kg.K) 
 tissues (average) 3.5 kJ/(kg.K) 
oxygen: cv 0.65 kJ/(kg.K) 
oxygen: cp 0.92 kJ/(kg.K) 
melting point 
ice: 334.4 kJ/kg 
evaporation heat 
water (100°C. 101 
kPa): 

2257 kJ/kg 

refractive index 
air: 1 
water: 1.333 
cedar oil: 1.505 
surface tension (mJ/m2) 
water 72 
saliva 53 
enamel 87 
mercury 486 
ethyl alcohol 22 
sodium chloride 115 
 
 
 
 
 
 
 
 
 
 
 
 

274



  

 

275


	Chapter 1. Interactions between atoms and molecules, bonds
	What determines the type of the primary bond?
	Why is a bond formed?
	Secondary bonds

	Chapter 2. Consistencies
	What determines the consistency of a material?
	What characterizes the different consistencies? (
	Quantities used to characterize the materials

	Chapter 3. Gaseous state
	What characterizes gases?
	How do molecules distribute in the atmosphere?
	Boltzmann distribution

	Chapter 4. Liquid state
	What are the characteristic properties of liquids?
	video: behavior of a non-newtonian (dilatant) liquid
	Viscosity

	Chapter 5. Solid state
	What characterizes the crystals?
	Crystal lattice
	Crystal defects
	animation: migration of the vacancy and the interstitial
	What characterizes the amorphous solids?

	Chapter 6. Phase, phase diagram, phase transition
	What is the phase?
	What is the phase diagram?
	Phase transitions
	The mechanism of the phase transition
	video: crystallization of the sodium-acetate

	Chapter 7. Surface phenomena
	Surface energy (surface tension)
	Adhesion
	Wetting

	Chapter 8. Methods of structural analysis
	Microscopic methods
	1. Light microscopes
	2. Electron microscopes
	3. Scanning probe microscopes
	video: atomic force microscope (AFM)
	animation: direct and inverse piezoelectric effect

	Diffraction methods

	Chapter 9. Material families
	Metals
	Ceramics
	Polymers
	Composites

	Chapter 10. Structure of metals, metal alloys
	Structure of metals
	video: formation of a tight fitted lattice
	Metal alloys

	Chapter 11. Structure of ceramics
	Silicates, porcelain
	Oxide ceramics

	Chapter 12. Structure of polymers
	Chapter 13. Structure of the composites
	Fiber-reinforced composites
	Particle-reinforced (or grain-reinforced) composites

	Chapter 14. Mechanical properties – introduction
	Types of the mechanical stresses (deformations)
	video: presentation of the elastic deformations
	Stress-strain diagram and its ranges
	video: tensile stress-strain diagrams

	Chapter 15. Mechanical properties – elastic behavior
	The proportional range and its characteristic quantities
	1. Tension
	2. Compression
	3. Shearing
	4. Torsion
	5. Bending

	Other characteristics of the elastic range

	Chapter 16. Mechanical properties — plastic behavior
	Characteristic quantities of the plastic range
	What is the mechanism of the plastic deformation on atomic level?
	animation: migration and stop of the dislocation
	An additional mechanical property: the hardness

	Chapter 17. Mechanical properties – fracture
	How does the fracture occur?
	Fatigue, fatigue fracture
	An additional mechanical property: specific impact energy

	Chapter 18. Mechanical properties – viscoelasticity
	Determination of the viscoelasticity
	The ideal elastic and the ideal viscous body
	video: behavior of Silly Putty
	Models of the viscoelastic behavior
	Observable viscoelastic phenomena
	1. Creep
	2. Relaxation
	3. Hysteresis


	Chapter 19. Thermal and electric properties
	Thermal properties
	1. Warming up and cooling
	2. Thermal conduction
	3. Thermal expansion

	Electric properties

	Chapter 20. Optical properties
	Phenomena that play role to develop a color
	1. Reflection
	2. Scattering
	video: Realeigh-scattering of the light
	3. Absorption
	4. Transmission
	5. Luminescence/fluorescence

	Color of different material families
	How can we describe a color?

	Chapter 21. Comparative summary of material families characteristics
	Properties
	A short characterization of materials

	Chapter 22. Problems
	1. Atoms, molecules, interactions,states
	2. Methods of structural analysis
	3. Structure of metals, ceramics, polymers, composites
	4. Mechanical properties
	5. Other (thermal, electric, optical) properties


	Gomb2: 
	Gomb1: 
	0: 
	0: 
	0: 
	0: 
	1: 
	2: 
	3: 
	4: 
	5: 
	6: 
	7: 
	8: 
	9: 
	10: 
	11: 
	12: 
	13: 
	14: 
	15: 
	16: 
	17: 
	18: 
	19: 
	20: 
	21: 






