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I. Introduction 
When a solid is exposed to a radiation field, changes often occur 

which significantly alter the physical and mechanical properties of the 
material. The type and degree of change may vary over wide limits 
and can be strongly controlled by the type of radiation, the exposure 
time, and the composition of the exposed material. For example, some 
metals may be exposed to the intense radiation field of a nuclear reactor 
for years without significant deterioration, whereas some organic materials 
will exhibit pronounced property changes after only a few minutes' 
exposure to the same radiation field. A complete understanding of why 
materials behave as they do requires a better grasp of the mechanisms 
of radiation damage and the behavior of defects in solids than we have 
at present. However, it is possible to describe qualitatively the behavior 
of different classes of materials during irradiation and to predict what 
general changes will occur. 
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Radiation effects are of interest in many diverse fields. Materials 
used in nuclear reactors often exhibit swelling, decreased thermal con
ductivity, and a general deterioration in physical properties during 
irradiation. A number of programs are being carried out to study how 
these materials change during irradiation and which would be the most 
suitable as reactor components. The effects of radiation on biological 
systems is another field of interest, and numerous programs are under 
way to measure radiation tolerance levels of various organisms and the 
effects of radiation on specific body organs. Space programs have added 
further impetus to radiation-effects studies. Cosmic rays, solar radiation, 
and the more recently discovered radiation fields in the Van Allen belts 
are important factors in both manned and unmanned space flights. 
Consequently, experiments to determine the effects of space radiations 
on solar cells, semiconductor materials, electronic components, biological 
systems, and certain construction materials are currently being carried out. 

An additional stimulus to radiation-effects studies is the fact that 
beneficial as well as detrimental changes can be produced in materials. 
Metals usually exhibit desirable increases in hardness and yield strength 
after irradiation. Catalytic activity may be increased after catalyst ir
radiation, and polymers may be irradiated to produce plastics with greater 
high-temperature stability. Chemical reaction rates can be increased by 
irradiation, and at least one commercial product is presently prepared 
by radiation synthesis ( I ) , with others soon expected to follow. 

Since many fields are now directly or indirectly involved in radiation-
effects programs, the materials-oriented engineer often finds himself in 
a position where he needs to know something about the behavior of 
irradiated materials. The purpose of this chapter is to present a general 
discussion of how materials are affected by radiation. Some consideration 
has been given to the production of radioisotopes and their handling, as 
well as to the use of materials in radiation shielding. However, major 
emphasis is placed on how material properties are changed during 
irradiation and what processes produce these changes. 

It is beyond the scope of this chapter to cover comprehensively all 
areas of the radiation-materials relationship, but this presentation will 
serve as an introduction for technical personnel with little prior contact 
with the field. 

II. Radiation Fundamentals 

A. N A T U R E O F R A D I A T I O N 

1. Historical Development 
Radiation, along with such ominous-sounding terms as fallout and 

radioactivity, has become a household word in the few years since the 
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explosion of the first "atomic" bomb. The nature of radiation, however, 
is not common knowledge. Scientists themselves knew little about it until 
the beginning of the twentieth century, and it is only within the past 
twenty years that it has developed into a major field of study. 

In the latter part of the seventeenth century, Newton and Huygens 
concerned themselves with the nature of one type of radiation—light. 
Newton proposed a corpuscular theory of light, but he did not specify 
the nature of these corpuscles. Huygens, on the other hand, believed that 
light consisted of waves. By the middle of the nineteenth century the 
wave theory had become accepted, since by that time investigators of 
optical phenomena had found that it could explain all the phenomena 
satisfactorily. Through the work of men such as Maxwell (1864), Hirtz 
(1887), Planck (1900), and Einstein (1905), the nature of these waves 
was resolved, and light became known as electromagnetic radiation. 

Another form of electromagnetic radiation, X-radiation, was dis
covered and named by Roentgen in 1895 while working with a cathode-
ray tube. Roentgen found that these rays could penetrate many solid 
materials, blacken a photographic plate, and ionize a gas. This was the 
first knowledge of a form of electromagnetic radiation which produced 
damaging effects on materials. The fact that Roentgens X-rays were 
actually waves similar to light was not established, however, until after 
Laue's experiments in 1912. 

One year after Roentgen's discovery of X-rays, Henri Becquerel made 
the accidental discovery of radioactivity, when he found that uranium 
salts emitted radiation very similar to Roentgen's X-rays. This was 
followed in 1898 by the independent observations of Schmidt and Marie 
Curie that similar radiations were emitted by thorium salts. In the same 
year, radioactive radium and polonium were discovered and isolated 
by Marie and Pierre Curie. 

Over the next few years, a number of erroneous conclusions were 
reached concerning the properties of this radiation. For example, it was 
concluded that it could be reflected by a mirror and refracted in a glass 
prism in the same manner as ordinary light, and it was reported to be 
strengthened when uranium was exposed to an electric arc. By 1903, 
however, the true nature of the radiation had begun to be understood. 
Through the study of the effects of magnetic fields on the radiation 
emitted by radioactive substances, Giesel, Villard, Rutherford, and others 
learned that the radiation consisted of three differently charged com
ponents which they called alpha, beta, and gamma rays. 

These were the beginnings of our understanding of the nature of 
radiation. Another important period of discovery occurred just before 
and during World War II. The neutron was discovered in 1932 by 
Chadwick, and in 1939 Hahn and Strassman recognized the phenomenon 
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of nuclear fission. These discoveries and the work of men such as Enrico 
Fermi led to the Manhattan Project, which yielded not only the atomic 
bomb but the development of nuclear reactors, large quantities of artifi
cial radioactivity, and a wealth of knowledge in the field of radiation 
and nuclear science in general. 

The effects of radiation on materials were first noted during the 
nineteenth century, when it was recognized that certain minerals, later 
shown to contain uranium or thorium, exhibited unexpected isotropic 
optical behavior and an unexplained disorder in the crystalline structure 
(2). By the late 1800's these materials were sufficiently well recognized 
to be treated as a separate classification known as the "metamict" or 
mixed state. Broegger (3) discussed them in his study of amorphous 
minerals in 1893, and he postulated that they originally existed as per
fectly crystalline materials but were disordered by some "external" 
agency. In 1914, Hamberg (4) concluded that the metamict state was 
created by alpha-particle bombardment over geologic periods from 
radioactive impurities in the crystal, and this interpretation was later 
shown to be correct (5) . 

The first deliberate experiment to produce radiation damage in 
crystals is believed to be the work of Stackelberg and Rotterbach ( 6 ) in 
1939. They irradiated zircon crystals with alpha particles, but the results 
were inconclusive, apparently because of the low alpha-particle fluxes 

T A B L E I 
TYPES OF RADIATION 

Radiation Symbol Charge" Rest mass
6 

Electromagnetic radiation 
Gamma rays 7 0 0 
X - R a y s X 0 0 

Charged particles 
Negatrons ß - - 1 0 . 0 0 0 5 4 8 6 
Internal-conversion electrons e~ - 1 0 . 0 0 0 5 4 8 6 
Positrons 0 + + 1 0 . 0 0 0 5 4 8 6 
Protons Ρ + 1 1 .00759 
Deuterons d -Η 2 . 0 0 9 5 
Alpha particles + 2 4 . 0 0 2 8 
Fission fragments/ avg. light — - + 2 0 —95 

avg. heavy - — + 2 2 —139 
Neutrons η 0 1 .00898 

α
 One unit of charge = 4.8025 X 10~

10
 electrostatic unit (esu). 

b
 The unit is the physical atomic weight unit. 

c
 Fission fragments vary in mass from about 72 to 161, but those with masses around 

95 and 139 predominate. 
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employed. Additional radiation-damage experiments were carried out in 
the following years, but major expansion of the field did not occur until 
the development of nuclear reactors in the early 1940's. It was then that 
the pronounced effect of intense radiation fields on materials was fully 
recognized, leading to the present widespread interest in radiation effects. 

2. Types and Properties of Radiation 
Radiation is of several different types, and a knowledge of the prop

erties of each type is essential to an understanding of its effects on 
materials. In Table I, various classes of radiation are listed, with two of 
their more fundamental properties, charge and mass. In addition to those 
listed in the table, there are several other types of radiation that are of 
lesser interest, since they either are seldom encountered or have little 
effect on materials. These include neutrinos and mesons, for example. 
More complete discussions of radiation may be found in any of several 
standard texts (7-13). 

a. Electromagnetic Radiation 
The first type of radiation listed in Table I is electromagnetic, which 

differs from the others in that it has neither mass nor a charge. Electro
magnetic radiation has the properties of waves or oscillations consisting 
of variations in the intensities of transverse electric and magnetic fields. 
The two main types of damaging electromagnetic radiation encountered 
are gamma rays and X-rays. The electromagnetic spectrum, however, in
cludes a variety of radiations, as shown in Fig. 1. All have the same 
velocity (the velocity of light, 3 χ 1 0 1 0 cm/sec), but they differ in their 
wavelength and frequency, i.e., their energy. 

The spectrum ranges all the way from very long radio waves to 
high-energy gamma rays, with visible light occupying only a small frac
tion of the spectrum. Naturally, the properties of the radiation vary 
considerably from one end of the spectrum to the other. Visible light, 
for example, can be reflected by a mirror, focused by a lens, and re
fracted by a prism, but this is not true of gamma rays or X-rays. Another 
important difference is the ability of gamma rays and X-rays to penetrate 
materials. For this reason they are frequently called "penetrating radia
tion." This penetrating power increases with the energy of the radiation, 
and also depends on the atomic number, density, and thickness of the 
material. In this respect gamma rays and X-rays are substantially different 
from visible light. Light is transmitted through a pane of glass but not 
through a thin sheet of steel, whereas high-energy gamma rays will 
penetrate both materials. This subject is treated more fully in a later 
section of this chapter under the subject of shielding. 
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F I G . 1. Electromagnetic spectrum. 

The electromagnetic spectrum as shown in Fig. 1 suggests that the 
distinction between gamma rays and X-rays is their wavelengths or 
energies. This is not the case. It is true that gamma rays are usually 
more energetic than X-rays, but there is considerable overlap. The basic 
factor distinguishing the two is their origin. Gamma rays originate within 
the nuclei of atoms, whereas X-rays are extranuclear in origin. X-Rays 
are produced by the excitation or removal of orbital electrons in an atom 
or by the deceleration of electrons. Those X-rays caused by deceleration 
of electrons are called bremsstrahlung. 

b. Charged Particles 
The second type of radiation in Table I is charged particles, which 

possess both mass and charge. The lightest of these, the negatrons and 
positrons, are merely electrons. When they originate in the decay of a 
radioactive isotope, they are sometimes called beta particles. The nega
tion is the familiar negative electron with a charge of —1, and the posi
tron is a positive electron with a charge of + 1 . The positron is unstable 
and is rapidly annihilated by a negative electron to form electromagnetic 
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radiation. This process is appropriately termed positron annihilation, and 
the electromagnetic radiation produced is called annihilation radiation. 
Positrons are seldom encountered except in radioactive decay, and even 
there negatrons predominate. Internal-conversion electrons (e~) are 
atomic orbital electrons that are ejected from radioactive atoms in the 
process of decay. 

Protons and deuterons are hydrogen atoms stripped of their electrons. 
The proton is an atom of common hydrogen (mass = 1) with the single 
electron removed, and the deuteron is an atom of heavy hydrogen 
(mass = 2) with its single electron removed. The deuteron is thus a 
proton and neutron in combination. Protons and deuterons have not been 

Ό, 

50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 
Mass Number 

F I G . 2 . Fission fragment yields from thermal-neutron fission of U
23 
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observed to occur in radioactive decay, and they are encountered only 
as products of nuclear reactions or in cyclotrons or other accelerators. 
Alpha particles are helium ions, so they have a mass of 4 and a charge 
of +2 . 

Fission fragments, products of nuclear fission, are a very important 
type of radiation in damage studies of reactor fuel materials. When an 
atom of uranium, plutonium, or other heavy element fissions, the nucleus 
splits into at least two medium-heavy fragments, which are highly 
ionized atoms of elements ranging from 30 to 66 in atomic number 
(zinc to dysprosium) and from 72 to 161 in mass number. The percentage 
yield of the fragments varies with their mass, as is shown in Fig. 2 for 
fission of U 2 3 5. Fragments having a mass number of 84, for example, are 
formed in 1% of the fissions of U 2 35 atoms. The maximum yields occur 
around mass numbers of 95 and 139, and for convenience the fragments 
are divided into two groups. Those below a mass number of about 117 
are referred to as light fragments, and those above 117, as heavy frag
ments. The data plotted in Fig. 2 may be found tabulated in the 
literature (14, 15). 

c. Neutrons 
The third type of radiation in Table I is the neutron, which is a 

particle very close in mass to the proton, but with no charge. Neutrons 
are present in the nuclei of atoms, but those that produce radiation 
effects are free neutrons which have been released in fission or produced 
in a nuclear reaction. Free neutrons are unstable particles, half of them 
decaying every 13 minutes to form a proton and an electron. Neutrons 
are spoken of as either fast (high-energy) neutrons or slow (thermal) 
neutrons. Thermal neutrons have an energy distribution approximately 
the same as gas molecules in thermal agitation at ordinary temperatures. 
Fast neutrons may be slowed to thermal neutrons by passing them 
through other materials containing very light elements. It is important 
to distinguish between fast and thermal neutrons, since fast neutrons 
produce more damage in materials, whereas thermal neutrons are more 
effective in producing nuclear reactions. 

B . S O U R C E S O F R A D I A T I O N 

1. Radioisotopes 
Radioactive isotopes (or radioisotopes) are a major source of radia

tion and are used in many radiation-effects studies. Radioisotopes occur 
in nature, and much of our early knowledge of radiation was gained 
through study of these sources of naturally occurring radioactivity. All 
elements found in nature with atomic number greater than 83 are radio-
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active, familiar examples being radium and uranium. In addition, some of 
the lighter elements such as carbon, hydrogen, and potassium have 
naturally occurring radioactive isotopes. The vast majority of radio
isotopes, however, are man-made in nuclear reactors or in cyclotrons 
or other accelerators. These produce the so-called artificial radioactivity. 
Over 1130 radioactive isotopes are known today, and only 65 of these 
occur in nature. Some elements, such as technetium and plutonium, do 
not occur in nature in any form but exist only as artificially produced 
radioactivity. 

Radioactive atoms, regardless of where they are found or how they 
are produced, are unstable and decay with the emission of radiation. 
In this decay process, the atoms are transformed into another chemical 
element. There are three fundamental types of radioactive decay: (1) 
beta decay, (2) alpha decay, and (3) spontaneous fission. Examples of 
these are given in Table II. A tabulation of the decay schemes of the 

T A B L E II 

T Y P E S O F R A D I O A C T I V E D E C A Y 

Decay process Example0 Radiation emitted 

Beta decay 

Negatron decay (a) 38Sr9<>-
p-

39 Y 9 0 
ß -

ß- IT 
(b) 5 5Cs 1 37 

> • 56Ba137™ > Ba 1 37 
ß - , y, β-, Χ 

ß + 
Positron decay (a) 4 2Mo 91 

: > 4iNb91 ß+ 
ß + Ύ 

(b) 2 6Fe 53 • > (25Mn*3) > 2 5Mn 03 

ß + , Ύ 
EC 

Electron capture (a) 2 6Fe 55 · > 2 5Mn 05 Χ Electron capture 
EC 7 

(b) 4 4Ru 97 
> ( 4 3Tc 9 7) • • 4 3Tc 97 X, y 

Alpha decay (a) 6 2Sm1 46 * eoNd142 
a 

(b) a 2U
2 38 - > GoTh234) Ύ 9()Th234 

a, y 
SF 

Spontaneous fission Cf 2 5 4 > Fission fragments Fission fragments, η 

° IT = isomeric transition. E C = electron capture. SF = spontaneous fission. The 
superscript m in 5eBa1 3 7 wi designates a metastable state. 

radioisotopes has been published in Reviews of Modern Physics (16). 
The process of beta decay occurs by three different mechanisms. In 

the first of these, a neutron in the nucleus of the radioactive atom is 
converted to a proton, and a negatron is emitted in the process. The atom 
is thus transformed into an atom of the element one unit higher in atomic 
number. In the second process, positron decay, a proton in the nucleus 
is converted to a neutron with the emission of a positron, and in the 
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process the atom decreases in atomic number by one unit. In the re
maining beta-decay process, electron capture, a proton in the nucleus 
is converted to a neutron, but no positron is emitted. The nucleus cap
tures an electron instead from one of its shells of electrons (usually 
the K-shell), and, as another electron from a higher shell replaces the 
one that was captured, X-rays are emitted with an energy equal to the 
difference in binding energy between the two shells. 

The negatrons or positrons emitted in beta decay are not mono-
energetic but are emitted with a continuous energy distribution extending 
from zero up to a well-defined maximum, as shown by the typical beta 
spectrum in Fig. 3. This maximum energy ( E m a x) is characteristic of the 
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•\ \ 
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\ 
\ 
\ 

\ 
\ ( .71 r 

ηαχ 
nev) 
ηαχ 
nev) 
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E n e r g y , M e v ( m i l l i o n e l e c t r o n v o l t s ) 

FIG. 3. Spectrum of beta radiation from P3 2. 
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decay of a particular radioisotope, and values ranging from 0.015 Mev1 

to about 15 Mev occur among known beta emitters. To conserve momen
tum, an additional particle, the neutrino, is emitted in beta-decay proc
esses, but this particle has negligible effect on materials and is thus 
of little interest to us in this chapter. 

After beta decay the nuclei of the product atoms may be in an 
unstable or excited state, such as the Ba 1 3 7 w, Mn53, and Tc 9 7 given as 
examples in Table II. These nuclei undergo a de-excitation to a more 
stable state by emitting gamma rays with an energy equivalent to the 
energy of excitation of the nuclei. The unstable nuclei may be in more 
than one excited state, in which case gamma rays of more than one energy 
may be emitted. Occasionally, particularly when the excitation energy 
is low, an orbital electron may be ejected from the atom (in place of a 
gamma ray). These internal-conversion electrons (er) are similar to the 
negatrons of beta decay, except that they are monoenergetic. They have 
an energy equal to the difference between the excitation energy of the 
nucleus and the binding energy of the electron in its atomic orbital 
shell. This internal conversion is also accompanied by the emission of an 
X-ray which results from another electron s falling into the position 
vacated by the electron that was ejected. In some cases the unstable 
product nucleus does not lose its excitation energy instantaneously, but 
only after a matter of seconds, minutes, or even several days. These 
nuclei are called nuclear isomers and are said to be in a metastable 
state. Barium-137ra is an example of this. (The m indicates the meta
stable state.) The emission of internal conversion electrons is more likely 
to occur in de-excitation of nuclear isomers. 

The second major mechanism of radioactive decay is alpha decay, 
which is common among the heavier elements. When an alpha particle 
is emitted from the nucleus of a radioactive atom, the nucleus loses two 
protons and two neutrons, so the decay product is an isotope having an 
atomic number lower by 2 than the original atom and a mass number2 

lower by 4. The alpha particles from an isotope may all have the same 
energy, or they may be distributed among a few monoenergetic groups. 
As in the case of beta decay, alpha decay may be accompanied by the 
emission of gamma rays. 

The other type of radioactive decay is spontaneous fission. This occurs 
with only a few, very heavy isotopes, and most of them also decay by 
either alpha or beta decay. In spontaneous fission the nucleus splits 

1
 One Mev equals one million electron volts, and an electron volt ( e v ) is the 

energy required to raise one electron through a potential difference of one volt. 
2
 The mass number of an isotope is the sum of the numbers of protons and 

neutrons in the nucleus of the isotope. 
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into two lighter nuclei or fission fragments, and neutrons are emitted in 
the process. This is, consequently, one source of neutron radiation. 

Another, more common, radioisotopic source of neutrons is that pro
duced when an alpha emitter or a high-energy gamma-ray emitter is 
mixed with a suitable light element. Neutron sources of this nature de
pend on nuclear reactions in which neutrons are a product. One example 
is a polonium-beryllium neutron source obtained when alpha-radioactive 
Po 2 10 isotope is mixed with a quantity of beryllium. The alpha particles 
react with the nucleus of the Be9 isotope, transforming it to C 1 2, with the 
emission of a neutron in the process. Other alpha emitters commonly used 
are radium, plutonium, and americium. High-energy gamma rays can 
also initiate nuclear reactions with beryllium that result in neutrons. 
Gamma rays from Sb1 2 4, for example, react with the nucleus of Be9 and 
transform it to Be8 with the emission of a neutron in the process. Anti
mony-beryllium sources are the only ones in common use that rely on 
gamma radiation. 

The decay of radioactive isotopes by any of the processes described 
above is a first-order kinetic process. That is, the decay rate, —dN/dt, is 
proportional to the number of atoms of the isotope present, as shown 
in Eq. (1) . The constant λ is known as the decay constant for the 

-dN/dt = \N (1) 
radioactive species, and it has the dimension of reciprocal time. The 
characteristic rate of decay of a particular radioisotope is usually ex
pressed in terms of its half-life (t1/2) rather than its decay constant (λ) . 
The half-life is the time required for an initial number of atoms to be 
reduced to half that number by decay and is related to the decay con
stant as shown here. 

ii/2 = In 2/λ = 0.693/λ 
This concept of radioactive decay is illustrated in Fig. 4, where the 

fraction of radioactive I 1 3 1 atoms remaining after time t is plotted versus 
the time on a semilog plot. Since the half-life of I 1 3 1 is 8 days, the graph 
shows that after 8 days half the original atoms remain, after 16 days 
one-fourth remain, after 24 days one-eighth remain, and so on. The slope 
of this curve is —λ, or —0.693/£i / 2. 

2. Nuclear Reactors 
Nuclear reactors are the source of a variety of different types of 

radiation, but their greatest value in radiation-effects studies is their 
high-intensity neutron radiation. In nuclear reactors, neutron fluxes as 
high as 5 χ 10 14 neutrons per square centimeter per second are available. 
There are a number of types of reactors including research reactors, 
testing reactors, power reactors, and breeder reactors in which fissionable 
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materials such as plutonium are produced. Only the first two of these are 
used for radiation-effects studies, but most of what is said below applies 
to the others as well. 

A nuclear reactor consists basically of a fuel core of some fissionable 
material such as U

2 3 5
, a moderator such as graphite or water to convert 

fast neutrons to slow neutrons, control rods of cadmium or boron to 
absorb neutrons and control the chain reaction, a coolant such as water 
to carry away the heat, and considerable shielding such as water or 
concrete. Detailed discussions of the principles of nuclear reactors may 
be found in a number of references (9, 1 1 , 17). Here we shall consider 
only the types of radiation associated with reactors. 

When an atom of U
2 35 fissions in the core of the reactor, the types 

0.8 
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of radiation released are fast neutrons (an average of 2.5 neutrons per 
fission), gamma rays, beta particles, and fission fragments. The energy 
of many of the fast neutrons is gradually reduced to that of thermal 
neutrons, so a spectrum of neutron energies is available in the reactor. 
Many of the fission fragments or fission products are radioactive and 
thus contribute considerable beta, gamma, and X-radiation to the radia
tion field. The total gamma radiation in a reactor is very intense, being 
the other major type of radiation in addition to the neutrons. Fission 
fragments are not normally available as a form of radiation in themselves, 
since they are absorbed in the fuel material or in the metal cladding of 
the fuel. If one wishes to study in a reactor the effects of fission fragments 
on materials, it is necessary to place a foil or plate of fissionable material 
in very close proximity to the test specimen and to irradiate both of them 
at the same time. In addition to these forms of radiation, other types can 
be produced in a reactor from nuclear reactions initiated by neutrons. 

3. Machines 

There are a number of different machine sources of radiation ranging 
from common X-ray machines to huge accelerators such as the one now 
under construction at Stanford University, which will be 2 miles long. 
The principles of these various types of machine are beyond the scope 
of this chapter and are discussed elsewhere in detail (7, 8, II, 12, 18). 
It is sufficient for our purposes to mention each type and the radiation 
they produce. 

Essentially every type of radiation of interest in radiation-effects 
studies is available from machine sources, either as the primary beam 
produced in the machine or as secondary radiation produced by reaction 
of the primary beam with a target. Machines are one of the major sources, 
and in some cases the only source, of charged particles, particularly 
high-energy particles. In charged-particle accelerators such as cyclotrons, 
Van de Graaf generators, linear accelerators, synchrocyclotrons, syn
chrotrons, and betatrons, there are available high-intensity beams of high-
energy electrons, protons, deuterons, alpha particles, and other positive 
ions of higher mass. The energies of the particles may be several million 
or even billion electron volts. X-Rays are available from all these acceler
ators, as well as from X-ray machines. Neutrons may also be produced 
in accelerators by reacting the beam of particles with a suitable target. 
A deuteron beam, for example, will react with a tritium (H 3) target to 
produce neutrons. Some small machines are used only to produce neu
trons, and they are referred to as neutron generators. Neutrons from 
these sources are all fast or high-energy neutrons initially and must be 
slowed down or moderated if thermal neutrons are desired. 
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4. Extraterrestrial Sources 

There are three known extraterrestrial sources of radiation which 
should be included in a discussion of radiation sources, but their im
portance to engineers is limited to those involved in space technology. 
These sources include the Van Allen belts, the sun, and deep outer space. 
The recently discovered Van Allen belts consist of high-energy electrons 
which have become trapped by the earth's magnetic field. These belts 
of radiation surround our planet at very high altitudes and have caused 
damage to the solar cells and transistors in some of our satellites. The 
sun and deep outer space are sources of the familiar cosmic radiation, 
the sun's contribution increasing during periods of solar flare activity. 
The contribution of the sun is very small (less than 1%). Before cosmic 
radiation enters the earth's atmosphere it is believed to consist pre
dominantly of positively charged particles (protons and some heavier 
ions) with energies in the billion-electron-volt range. As the radiation 
passes through the atmosphere, however, numerous nuclear reactions 
occur, and the radiation at sea level consists of high-energy electrons, 
electromagnetic radiation, positrons, and mesons. Cosmic rays are not 
expected to be a significant radiation source in producing damage in 
materials. 

III. Interaction of Radiation with Materials 
During irradiation a number of processes occur which produce prop

erty changes. A discussion of several of the more important radiation 
interaction mechanisms is given in the following sections. 

A. A T O M I C D I S P L A C E M E N T S 

1. Description of Process 

The most important single process contributing to radiation damage 
is the displacement of atoms in a specimen by the radiation field. This 
displacement can occur when atomic nucleii are struck directly by un
charged particles, such as neutrons, or when charged particles such as 
protons or fission fragments pass sufficiently close to lattice atoms to 
transfer energy by coulombic interactions. High-energy gamma rays may 
also displace atoms by transferring energy to an electron which then 
collides elastically with an atom to produce displacement. This process 
occurs less frequently than the displacements produced by neutrons or 
fission fragments, and it is not generally regarded as a significant 
damage mechanism. 

The amount of energy transferred to a lattice atom by a neutron or 



116 Τ. S. ELLEMAN AND C. W. TOWNLEY 

charged particle may vary over wide limits and is controlled by the 
angle of contact. In any event, before an atom can be displaced it must 
receive a certain minimum amount of energy, known as the displacement 
energy. Displacement energies between 10 and 30 ev are normally 
required in monatomic solids. The transfer of this much energy, or more, 
to an atom and its subsequent displacement from the lattice are referred 
to as the primary displacement. The displaced atom travels through 
the crystal, expending its energy in additional collisions and secondary 
displacements until it no longer has sufficient energy to displace an atom. 
The displaced atoms eventually come to rest in positions between the 
normal lattice sites, where they are known as interstitials. The holes 
left in the crystal are known as vacancies. These interstitial and vacancy 
defects cause the damage effects observed in irradiated materials. 

2. Annealing Processes 

Sometimes an interstitial atom comes to rest near a vacancy and drops 
into the vacancy, thus removing the lattice defect. If the temperature is 
raised so that interstitial atoms can move easily through the lattice, recom
bination of lattice and vacancy defects can occur and produce annealing 
of the radiation damage. Therefore, it is often possible partially to restore 
the initial chemical and physical properties of an irradiated material by 
heating it for a short period of time after irradiation. Complete annealing 
of all damage is not usually possible because defects other than simple 
single interstitials and single vacancies are produced in the irradiated 
specimen. Vacancy and interstitial clusters of various sizes have been 
predicted, and theoretical calculations have shown that many of these 
defect clusters should be considerably more stable than single-point 
defects (19, 20). Each defect type is characterized by a different acti
vation energy for movement, so the annealing of all damage is a very 
complicated process. 

3. Neutron Irradiation 

The number and distribution of displaced atoms in a lattice is 
strongly influenced by the type of radiation. Fast neutrons have no 
electrical charge and therefore transfer energy in a billiard-ball manner 
by direct collision with the nucleii of atoms in a lattice. Since nucleii 
are quite small, these collisions have a low frequency, and a neutron may 
pass through an average of 108 to 109 atoms before striking a nucleus. 
The atom receiving the energy will become displaced if it receives more 
than its displacement energy, and it will then lose this energy over a 
relatively short path length by coulombic interaction with its neighbors. 
Therefore, the damage path for a single neutron will consist of clusters 
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of damaged material containing 103 to 105 interstitial atoms, the individ
ual clusters (which mark the primary neutron collisions) being sepa
rated by a distance of 1 to 2 cm. 

4. Charged-?article Irradiation 

Ionized particles, such as protons, fission fragments, or other ionized 
atoms, lose energy to the lattice by coulombic interaction. Atomic inter
action by this process occurs with greater frequency than do the direct, 
elastic collisions of neutrons, so damaged regions are much more closely 
spaced. As the energy of the ionized particle decreases, atomic dis
placement becomes a more important process than ionization and even
tually becomes the only significant mechanism of energy transfer. Al
though the transition to a displacement process cannot be fixed at any 
one energy, as a general rule, ionization is unimportant whenever the 
energy of a moving atom (in thousands of electron volts, or kev) is 
numerically less than its atomic weight, regardless of the material in 
which it is moving. Thus, for protons the limiting energy is about 1 kev; 
for alpha particles, 4 kev, etc. A number of theoretical discussions of the 
processes of energy transfer have appeared in the literature (21-26). 

5. Gamma-Ray Irradiation 

Gamma rays can produce atomic displacements, but the frequency is 
low when compared with those produced by neutrons or charged parti
cles, so this process is not generally considered as a major contributing 
damage process. What atomic displacements do occur are believed to 
result either from atomic recoil in pair-production processes or from 
elastic collisions of Compton electrons with lattice atoms.3 Recoil of 
atoms in pair production is expected to occur with light elements only, 
but the gamma-ray energies encountered in a nuclear reactor are not 
sufficiently high to give appreciable displacements by this process. 
Elastic collisions between Compton electrons and atoms produce a 
greater number of atomic displacements than the pair-production mecha
nism. The effectiveness of the process is determined by both the gamma-
ray energy and the atomic weight of the lattice atoms. In general, the 
probability of displacement increases with gamma-ray energy for a 
given material and is usually higher for atoms of light and intermediate 
weight than for heavy atoms (27). From typical values for the gamma-
ray and neutron fluxes in a nuclear reactor, it has been estimated that 

3
 Pair product is the interaction of a high-energy gamma ray with the electric 

field of an atom, which results in the disappearance of the gamma ray and the 
creation of an electron and positron pair. Compton electrons are electrons which 
have been separated from an atom by collision with a gamma ray. 
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the number of atomic displacements produced in copper by fast neutrons 
is two to three orders of magnitude higher than those produced by 
gamma rays. A similar disparity would be expected in other materials. 

6. Displacement Spikes 

The high probability for atomic displacements at low energies has 
given rise to a damage concept known as the displacement spike, first 
proposed by Brinkman in 1954 (28, 29). Brinkman calculated that for 
heavy atoms the mean free path between collisions is the same as the 
interatomic distance when the energy of the atom has fallen below 500 
ev. Under these conditions, a large number of collisions will occur in a 
short region, and a volume of great atomic disorder will occur. The atoms 
receiving energy will initially recoil from the point of impact, leaving 
a transient cylindrical void to mark the path of the primary fragment. 
This configuration will be unstable and will rapidly collapse to form 
a molten region, which soon resolidifies. Some annealing of defects will 
occur in the molten zone, but an indeterminate number of disordered 
regions will remain. A diagram representing the displacement spike is 
presented in Fig. 5. 

F I G . 5. Displacement spike showing center void and interstitial atoms. After 
Brinkman (29); courtesy American Institute of Physics. 

The concept of a displacement spike has been criticized by Seitz 
and Koehler (21), who claim that the mean free path employed by 
Brinkman is too short by a factor of 10, resulting in a damage distribution 
which is incorrect. The proper choice of interaction potentials and col
lision frequencies is not obvious, however, and the concept of a displace
ment spike is used widely in the literature. 
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B . I O N I Z A T I O N A N D E X C I T A T I O N P H E N O M E N A 

1. Description of Process 

Although lattice displacements are the most important mechanism 
of radiation damage, other processes also occur which can lead to changes 
in materials. In practice, only about 10% of the energy transferred to a 
solid by radiation appears as atomic displacement defects; the remaining 
90% of the energy appears as heat. The processes leading to the transfer 
of this energy to the solid can be classed under the broad heading of 
ionization and excitation phenomena. 

When a charged atom passes through a solid, it produces displace
ments, and it also produces ions by stripping electrons from atoms in the 
lattice. These electrons migrate through the solid until they are trapped 
by an atom or a defect site in the crystal. The ionization process can 
produce bond rupture and chemically reactive free radicals, and the 
trapping process can lead to discoloration, luminescence, and changes 
in the dielectric and conduction properties of the solid. 

Often, the energy transferred to an atom is insufficient to cause its 
displacement, and the atom merely becomes highly excited and vibrates 
rapidly about the original lattice position. This excess kinetic energy 
is quickly transferred to adjacent atoms in the lattice and appears as heat. 
During the short period that this small region of solid is thermally 
excited, changes in structure or chemical bonding can occur which may 
lead to changes in the gross physical properties of the solid. 

The amount of ionization and atomic excitation produced in a solid 
depends on the type and energy of the incident radiation. Energetic 
charged particles entering a solid initially dissipate virtually all their 
energy in ionization or excitation events. This is particularly true of 
fission fragments, which initially are highly charged and therefore exert 
strong coulombic attractions for electrons. Gamma rays also produce 
ionization through Compton interactions with bound electrons. For 
gamma rays in the range from 0.5 to 2 Mev, Compton scattering is the 
principle interaction process, so gamma rays are effective in producing 
damage in materials susceptible to electron damage. Neutrons lose 
energy through direct collisions with atomic nucleii and can produce 
atomic excitation, but very little direct ionization. The atoms which 
they displace can produce ionization, however, so neutrons effectively 
produce ionization through secondary processes. 

2. Thermal Spikes 

In describing excitation processes in solids, several qualificative con
cepts have been developed which help to relate observed physical 
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changes in materials to the microscopic changes expected in the lattice. 
One of the most common concepts is the existence of a temperature 
spike. First suggested by Seitz and Kohler (22), the temperature spike 
is initiated when an atom is struck just hard enough to cause it to vibrate 
rapidly but not hard enough to be displaced from the lattice position. 
This energy is then transferred rapidly to adjacent atoms, which become 
highly excited for a short period of time before dissipating the energy 
to additional lattice atoms. The physical effect is equivalent to that which 
would be expected if a restricted region of the sample were suddenly 
heated to a high temperature and then suddenly quenched. A chain of 
these events produced by a secondary atom would produce a temperature 
spike affecting a relatively large number of atoms. By employing con
ventional equations for heat conduction, it has been calculated that the 
thermal spike produced by an atom carrying 300 ev of energy would 
involve a spherical region containing approximately 103 atoms, and that 
temperatures as high as 1100°C could persist for about 5 χ 10~12 second 
(27). After 2 χ 1 0 1 1 second, the mean temperature would have fallen 
to about 150°C, thus terminating the spike. The above spike was derived 
for copper, and spikes of greater or lesser intensity might be expected 
for other materials and different initial interaction energies. 

3. Fission Spikes 
A more extreme example of a temperature spike is produced when a 

fission fragment passes through a solid. A fragment having an initial 
energy of 100 Mev will come to rest after traveling less than 10~3 cm, so 
the rate of energy loss is quite high. The fragment will create a cylin
drical spike of displaced and excited atoms during its passage through 
a solid, a process commonly known as a fission spike. The fission spike 
is similar to the temperature spike discussed above, except that it con
sists of a large cylindrical volume rather than a small spherical one, and 
the general effects are much more severe. If all electronic excitation in 
the fission spike were transformed into heat, the fission fragment would 
produce transient temperatures as high as 4000°C in a volume 40,000 
A long and 100 A in radius. 

A number of studies have been carried out on the damage produced 
by fission fragments passing parallel to the surface in thin uranium 
foils (30). Photographs show that the fission-fragment path is marked 
by a cylindrical channel of vaporized material which has produced a 
groove in the foil. Although fission fragments passing into bulk material 
may not produce this same effect, it is evident that fission fragments 
generate pronounced stresses in a solid. 
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4. Plasticity Spikes 

A third type of radiation spike is known as a plasticity spike (22). 
When heating occurs in a conventional temperature spike, the rapid 
expansion of the core generates stresses that extend beyond the actual 
heated region. These stresses generate defects called dislocation loops, 
which are crystal dislocations present in the form of a loop or a whole 
system of loops. As the spike cools, the center core will begin to contract 
and the loops will tend to pull in toward the center. Since the contrac
tion pattern will not generally be the exact reverse of the expansion 
pattern, some of the dislocation loops will become entangled and produce 
plastic deformation in the solid. A plasticity spike could produce effects 
at greater distances than the small center core which is heated directly 
by the adsorbed radiation. The plasticity spike has therefore been sug
gested as an explanation for the fact that the disordering effects of 
radiation are often observed to be more extensive than would be ex
pected from damage theory. 

C . T R A N S M U T A T I O N 

Transmutation is a third process by which changes can be produced 
in materials. In transmutation, a fundamental particle of some sort, e.g., 
a proton, neutron, or ion, strikes a nucleus of an atom and transfers all 
or part of its energy to the nucleus. Instead of recoiling after the col
lision, the fundamental particle is absorbed by the nucleus. The result
ing nucleus undergoes a redistribution of internal energy and then 
attains a lower energy state by emitting electromagnetic or particulate 
radiation. The resulting atom is often radioactive and can decay further 
by emitting gamma rays or beta particles at a rate determined by radio
active decay laws. If the bombarded atom is only slightly stable initially 
or if the energy absorbed is quite large, the excited nucleus may "fission" 
or split into two or more fragments, which recoil from each other in the 
irradiated material. 

Electromagnetic radiation with more than 2 Mev of energy or charged 
particles with greater than about 8 Mev of energy can produce trans
mutation reactions. Large quantities of this high-energy radiation are 
encountered only in machine accelerators, however, so these reactions 
are considered important only in basic damage studies. The only com
monly encountered cases of transmutation occur in nuclear reactors when 
thermal or fast neutrons are absorbed by atomic nucleii. 

Transmutation can produce changes in materials in a number of ways. 
The decay of the excited atom produces electromagnetic or particulate 
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radiation which can displace atoms. Also, the recoil energy imparted to 
the compound nucleus will displace it from its lattice position and cause 
it to displace additional atoms. If the transmuted atom is radioactive, 
the radiation released when it decays can cause additional ionization or 
atomic displacements. These damage processes are similar to those 
described earlier; however, considerably fewer atomic displacements 
result from transmutation than are produced directly by neutrons. Trans
mutation is most effective in producing changes in materials when the 
atoms formed after transmutation are incompatible with the original 
atoms in the material. Irradiation of enriched uranium metal in a reactor 
for several months can transmute about 5 to 10% of the atoms and result 
in pronounced swelling of the fuel and nearly complete disappearance of 
structural integrity. Even metal alloys composed of elements having 
quite low transmutation probability will undergo some compositional 
changes through transmutation after several years in a reactor. Sufficient 
information has not been obtained to determine whether this will pro
duce significant changes in the alloy properties. Additional experience 
with nuclear reactors will produce more answers to this potential prob
lem area. An example of a typical problem of this type may be illus
trated by irradiation of tantalum. After six months in a reactor, sufficient 
tantalum is transmuted to produce about 2% tungsten so that the material 
becomes a tantalum-2% tungsten alloy with different physical properties. 

Some transmutation reactions produce gaseous atoms that can 
cluster in the material to form bubbles. Lithium-7, for example, has 
a very high probability of neutron absorption and splits into a helium 
atom and tritium (radioactive hydrogen) during irradiation. The cre
ation of two gaseous atoms in place of a normal metal atom will create 
stresses in a solid and can result in swelling, bubble formation, and frac
ture. Reaction of thermal neutrons with Β 1 0 to produce Li7 and helium 
is another transmutation process which has a high reaction probability 
and leads to the production of gaseous atoms. Boron is often used to 
absorb neutrons in the control rods of a nuclear reactor, so the effect of 
this reaction on material properties is of interest in reactor technology. 

Table III presents a list of neutron total absorption cross sections 
for a number of common elements. These cross sections are a direct 
measure of the ability of an element to absorb neutrons when exposed 
to a neutron flux. 

Although transmutation can lead to damage in solids, the fact often 
of most interest is that radioactive atoms are produced during irradia
tion. A discussion of the precautions to be used in the handling of 
radioactive materials and methods for calculating safe exposure levels 
are treated later in the section on radiation hazards and personnel safety. 
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T A B L E III 

N E U T R O N T O T A L A B S O R P T I O N C R O S S S E C T I O N S 

F O R A N U M B E R O F C O M M O N E L E M E N T S 

Cross section, Cross section, 
Element barns" Element barnsa 

Η 0.33 Zr 0.178 
Be 0.009 Nb 1.15 
Β 755 Mo 2.7 
C 0.004 Rh 156 
0 <2 Χ 10"4 Pd 8.0 
Mg 0.059 Cd 2450 
Al 0.230 In 196 
Si 0.13 Sn 0.625 
Ti 5.6 Te 4.7 
V 5.1 Ce 0.73 
Cr 2.9 Gd 46,000 
Μη 13.2 Hf 105 
Fe 2.43 Ta 21 
Co 37.0 W 19.2 
Ni 4.5 Re 86 
Cu 3.6 Pb 0.17 
Zn 1.1 U 7.68 

° One barn is 10~24 cm2. 

D . I N T R O D U C T I O N O F I M P U R I T Y A T O M S 

If the radiation impinging on a solid consists of high-energy atoms, 
these atoms can come to rest in the solid and remain as impurity atoms. 
These atoms may form bubbles or otherwise exert stresses in the solid, 
which produce changes in the solid. This mechanism of radiation damage 
is of no consequence in neutron irradiations, since neutrons do not 
become entrapped in solids, but it is important when the radiation 
consists of protons, deuterons, alpha particles, or fission fragments. 
Protons and deuterons acquire electrons at low energies and become 
atoms of hydrogen and heavy hydrogen, whereas alpha particles become 
helium atoms. Fission fragments vary widely in composition, since fission
able atoms can split in many ways during fission, About 25% of these 
fission-product atoms are inert gases (krypton or xenon) which are not 
compatible with most crystal lattices and can cluster to produce defects 
and specimen swelling. Similar effects can occur with hydrogen or helium 
but usually on a much smaller scale than with fission fragments. 

Extensive studies of the changes produced in reactor fuels by fission 
products have been carried out, and many of the changes can be related 
to clustering of the fission-product gas atoms. Much less information is 
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available on the results of proton or alpha-particle irradiations, but some 
effects undoubtedly occur. 

IV. Effects of Radiation on Materials 
There are many reasons for an interest in the behavior of materials 

in radiation fields. If the material is periodically inserted and removed 
from the field, radioactivity induced in the material may pose a hazard 
to personnel in the area, so some knowledge of the half-lives and inten
sities of radioisotopes generated in solids is of interest. If the material 
is to be used to protect people or sensitive electronic equipment from 
radiation, it is necessary to know what materials make good radiation 
shields and how to obtain the proper balance between cost, weight, and 
desired protection. However, the most common and complex problem 
concerns the physical and mechanical changes produced in materials 
during irradiation. This problem must be faced equally by the engineer 
who selects materials for nuclear-reactor construction and by the solid-
state physicist who sends electronic devices through the radiation belts 
surrounding the earth. This section discusses some of the physical and 
mechanical changes produced in materials by radiation; Section V dis
cusses some of the problems associated with radioisotope production 
and shielding. 

A number of materials may be of interest in radiation-effects studies, 
and the property changes of most interest will be dependent on the 
eventual application of the material. The radiation environments most 
often encountered by particular classes of materials and the property 
changes of major interest are summarized below. 

A. C O M M O N RADIATION ENVIRONMENTS ENCOUNTERED B Y MATERIALS 

1. Metals 

About the only radiation environment in which metals can receive 
sufficient radiation exposure to affect their properties is in nuclear re
actors. Therefore, the principal reason for radiation-effects studies on 
these materials is to determine how well they would function as struc
tural components in nuclear reactors. Principal properties of interest are 
dimensional stability, thermal conductivity, mechanical properties, and 
neutron-absorption probability. 

2. Ceramics 

Ceramics are replacing metals in many newer types of nuclear re
actors because they are better able to withstand the high temperatures 
required for high-efficiency power conversion. In this function, the same 
properties of interest for metals apply to ceramics. 
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Some metal oxides such as silica and alumina are used as optical 
components and as protective windows in space satellites. Radiation-
effects studies are performed with these materials to determine what 
space radiation will do to their optical properties. 

3. Semiconductors 

Semiconductor materials such as silicon, germanium, or gallium 
arsenide are employed as solar cells in satellites and as electronic com
ponents in satellites and rockets. Irradiation studies are usually carried 
out to determine how the radiation they will encounter in space will 
affect their operating characteristics. The problem encountered with 
radiation damage to electronic components in the first Telstar satellite 
illustrate the importance of this problem. 

The effect of intense, transient radiation fields on semiconductor 
electronic components is also of great interest. Solid-state components are 
probably employed in every guidance system on rockets and missiles, 
and it is necessary that intense radiation fields persisting for short 
periods (such as might be produced by the nearby detonation of an 
atomic bomb) do not disrupt the function of the semiconductor com
ponents. So great is the interest in this particular area that a number 
of pulsed reactors have been constructed which produce short, intense 
bursts of radiation for radiation-damage studies. These studies are not 
limited to semiconductors but include all components, electronic or 
otherwise, whose performance might be affected by short pulses of 
radiation. 

4. Organic Materials 

It is much more difficult to generalize the uses and radiation ex
posures of organic materials than those of any of the other materials. 
Organic polymers find widespread use as electrical insulators, gaskets, 
structural materials, and fuels. In these various functions they may be 
encountered in power reactors, nuclear rockets, and space satellites. The 
resistance of various polymers to radiation can vary between wide limits. 
The effects of radiation on polymers are best discussed by considering 
individual materials in specific applications rather than by trying to 
generalize their behavior as a class. The properties probably of most 
interest are structural integrity, dimensional changes, and electrical 
conductivity. 

B . OBSERVED P R O P E R T Y CHANGES 

1. Dimension and Density 

Changes in density and dimension are probably the most frequently 
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observed consequence of irradiation of materials in a reactor. The usual 
change is a decrease in density and an increase in one or more of the 
specimen dimensions. When an atom is displaced from a lattice position 
of an ionic solid, atoms of like charge often will be adjacent, and the 
resulting electrical repulsion will produce an expansion of the lattice. 
The displaced atom will usually come to rest in an interstitial position 
and thus will induce stress on the lattice that is relieved by additional 
expansion. If bonding in the material is asymmetric, the stresses may 
be best relieved in particular directions, resulting in anisotropic expansion. 

2. Phase Changes 

The disorder produced in a material by irradiation may produce 
phase changes. The effect has sometimes been attributed to thermal proc
esses occurring in irradiation spikes and sometimes to greatly enhanced 
diffusion occurring in damaged regions, but the exact nature of the 
effect is not understood. Two types of phase transformation may be 
distinguished. In one type, the radiation produces a transition from 
a metastable to a stable configuration, which is a transition that would 
occur in the absence of radiation but at a slower rate. The other type 
involves a transition from a stable to a metastable state, which would 
not occur naturally and therefore must be due to a new mechanism 
induced by the radiation. 

3. Chemical Reactivity 

Increases in chemical reaction rates are often observed when the 
reacting materials are exposed to a radiation field. Free radicals and ions 
are formed which are often more reactive than their molecular pre
cursors, so reaction rates are accelerated. Radiation may also cause 
pitting of solid surfaces, which exposes new crystal planes for chemical 
attack and results in a further increase in reaction rates. 

4. Diffusion Rates 

It is generally accepted that diffusion in solids takes place via defects 
which are often vacancies or interstitials. Since radiation produces such 
defects, a close connection between diffusion and irradiation is to be 
expected. Several theories relating diffusion to radiation intensity have 
been derived (31, 32), and in-pile experiments have been carried out 
which produced results in agreement with the theoretical predictions. 
The magnitude of the radiation-enhanced diffusion is dependent both 
on the production rate and on the annihilation rate of the generated 
defects; thus, different materials exhibit different behavior. The diffusion 
coefficient produced by radiation is small, however, and the effect is 
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observable only at low temperatures where thermal diffusion is negligible. 
An illustration of radiation-enhanced diffusion is presented in Fig. 6, 
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F I G . 6 . Radiation-enhanced diffusion in alpha brass ( 3 3 ) . Dashed curve is 
theoretical radiation-enhanced rate; circles are data points. Courtesy McGraw-Hill 
Book Company. 

which shows that diffusion coefficients do not give the expected In D 
versus 1/T linear plot at low temperatures but, instead, give high values 
of diffusion coefficient (D ) which are caused by the radiation field. 

5. Thermal Conductivity 
The effect of radiation on thermal conductivity is a subject of interest 

because this parameter is very important in nuclear-reactor operation 
and because the changes produced in this property by neutron irradiation 
often seem to be particularly large. Whereas many properties exhibit 
changes of only a few per cent, the lattice disorder produced by irradi
ation may result in thermal-resistivity increases by factors of 20 to 30. 
Fortunately, annealing, as for several hours at 300° to 400° C, usually 
removes most of this damage in most materials. 

6. Stored Energy 
The production of defects in a material by irradiation results in an 

increase in lattice energy which may be released spontaneously if the 
material is heated. The energy release may produce a sufficient tempera
ture increase to cause damage to the material or surrounding materials. 
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This has long been recognized as a problem in nuclear reactors contain
ing graphite which is irradiated at moderately low temperatures. At least 
one known example of interference in reactor operation caused by stored 
energy in graphite has been recorded (34), and many reactor facilities 
now periodically heat the graphite to anneal out damage before large 
amounts of stored energy can be accumulated. 

A quantitative measure of stored energy through calorimetry can be 
used to gain some indication of the number of defects generated in a 
material. This technique has been used to relate physical property 
changes to the number of defects produced. 

7. Mechanical Properties 

Changes in mechanical properties are often observed after irradiation. 
A partial list of the properties affected would include tensile strength, 
ductility, hardness, elastic modulus, impact strength, crushing strength, 
creep, and fatigue strength. These changes are usually attributed to the 
production of defects that inhibit dislocation motion and thus modify 
the flow characteristics of the material. This blocking of dislocations pro
duces increased mechanical strength but also increases the probability of 
crack formation, resulting in a more brittle material or one which tends 
to shatter by powdering. Most observations on mechanical properties 
are on metals or alloys. The usual directions of change are increases in 
tensile strength, often by as much as several hundred per cent, decreases 
in ductility, impact strength, work hardenability, and increases in hard
ness and critical shear stress. 

8. Optical Properties 

Ionization in transparent materials can result in electrons being 
trapped at defect sites and producing changes in the coloration of the 
material and its adsorption spectrum. Intensity of coloration usually 
increases with exposure, and high exposures can result in virtually opaque 
materials. Changes in optical characteristics afford a useful tool for 
studying damage mechanisms, as particular regions of the adsorption 
spectrum can be related to certain types of defect. The formation and 
annihilation of these defects can then be studied independently of other 
effects by limiting observations to the pertinent regions of the spectrum. 

The colors obtained after irradiation are strongly influenced by the 
presence of impurities in the material, and various shades of yellow, 
green, and purple have been observed. One commercial use resulting 
from these effects is the irradiation of gem stones, particularly diamonds, 
to produce stones with unusual coloration and greater marketability. At 
best, this is a risky venture, since the nature of the color change cannot 
always be determined in advance. 
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9. Electrical Resistance 

Slight increases in the electrical resistance of metals have been 
detected after irradiation with neutrons or charged particles. Ionization 
produces no noticeable effect, but vacancy or interstitial defects do pro
duce changes. The largest increases in resistivity are observed during 
irradiations at liquid nitrogen or liquid helium temperatures. Increasing 
the temperature after irradiation results in annealing of damage, and the 
resistivity increase at room temperature is usually only 10 to 20% higher 
than the normal resistivity. Electrical-resistivity measurements are a con
venient means for measuring radiation damage, and this technique is 
used often for studying annealing behavior at different radiation ex
posures and temperatures. 

Resistivity decreases by factors of 103 to 104 may be observed in 
organic insulators after irradiation, but this decrease is usually due to 
general compound degradation rather than to specific changes in 
electrical properties. 

C . R A D I A T I O N E X P O S U R E U N I T S 

A wide variety of radiation exposure units is employed in the litera
ture to express radiation intensities. This multiplicity is encountered 
because various groups have found one set of units to be more conven
ient than another for their particular field of interest. In many cases it is 
not possible to convert one set of units to the other, and a comparison 
of results from different investigators is often difficult. Since the following 
subsections describe radiation effects in specific materials, a brief dis
cussion of common radiation units is desirable. 

1. Thermal-Neutron Flux 

Thermal neutrons have an energy distribution similar to that of gas 
atoms at ordinary temperatures (average energy, 0.02 ev), and the unit 
expresses the number of slow neutrons intersecting a given area in a 
given time. The usual unit is neutrons per second per square centimeter, 
commonly given as nv. This designation of neutron flux derives from the 
product of the number of neutrons per unit volume (n) and their 
velocity (v). Total neutron exposures are expressed as neutrons per 
square centimeter and are indicated by nvt. 

2. Fast-Neutron Flux 

Fast neutrons are usually considered to be neutrons having energies 
greater than 1 Mev, but this is employed with considerable flexibility. 
Fast neutrons produce the neutron damage in materials, but thermal-
neutron exposures are often quoted because this quantity is easier to 
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measure. Confusion as to the basis used in expressing neutron exposures 
can lead to difficulty when results from different investigators are being 
compared. 

3. Megawatt-Days per Ton (Mwd/t) 

This unit defines the radiation exposure received by a sample during 
the period required for the ton of uranium in the vicinity of the sample 
to generate 1 megawatt-day (Mwd) of fission heat. This unit is most 
often employed to report radiation exposures of graphite and uranium-
fueled materials. To convert this unit to fast-neutron flux requires a 
knowledge of the neutron-energy spectrum of the reactor and a theory of 
the number of displacements produced by neutrons of various energies. 
For a cooled test hole in the Hanford reactor, 1 Mwd/t is equivalent to 
6.46 Χ 10 17 total nvt (35), but other conversion factors would apply 
for other facilities. 

4. Rad 

One rad is equivalent to the absorption of 100 ergs/gm of material. 

5. Roentgen 

This unit is used properly only with X or gamma radiation and is 
defined as the quantity of radiation which produces one electrostatic 
unit of charge in 1 cc of dry air at 0°C and 760 mm pressure. 

6. Roentgen-Equivalent-Physical (Rep) 

This unit is most often employed to express radiation exposures for 
biological systems. One rep equals 93 ergs absorbed per gram of tissue. 

7. Roentgen-Equivalent-Mammal (Rem) 

One rem is defined as the radiation dose from any radiation which 
will produce the same biological effect as 1 roentgen of gamma rays. This 
unit is useful in biological studies because different radiations produce 
different amounts of damage for the same energy absorbed. 

8. Microampere-Hour 

This unit is employed for charged-particle irradiations and denotes 
a number of charged particles equivalent to the number of electrons 
transferred during a 1-microampere current for 1 hour. 

9. G Value 

This unit is used to designate the sensitivity of various organic com
pounds to destruction by radiation. The G value designates the number 
of molecular bonds broken per 100 ev of energy adsorbed. 
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D . R A D I A T I O N E F F E C T S I N M E T A L S A N D A L L O Y S 

1. General Behavior 

As a class, metals are the most radiation-resistant materials available. 
Ionization produces no changes in metals, and the defects resulting from 
production of vacancies and interstitials do not appear as physical-prop
erty changes until the radiation exposures are quite high. Although 
some selected effects have been observed at neutron exposures as low as 
10 11 nvt (36), general changes in physical properties are not usually 
observed below 10 1 8 nvt (the equivalent of about a 1-day irradiation in 
the highest flux region of a 1- to 2-megawatt research reactor). This high 
radiation resistance is probably the result of characteristic properties 
such as ductility and high thermal and electrical conductivity which are 
associated with metals. 

Recause metals are stable, most radiation-effects studies are carried 
out in nuclear reactors to determine how various metals and alloys would 
perform if used as construction materials in nuclear reactors. One neces
sary requirement for this use is that the component elements have low 
neutron-capture cross sections to minimize interference with the fission 
chain reaction. The most work has been done, therefore, with metals 
and alloys having acceptable cross sections such as carbon steels, stain
less steels, and alloys of aluminum, magnesium, zirconium, titanium, 
molybdenum, tungsten, tantalum, niobium, and beryllium. A number of 
these metals have also been alloyed with uranium and studied as 
potential reactor fuels. Radiation effects in these fueled alloys are more 
pronounced than those observed with unfueled materials, since the 
uranium fission fragments produce many lattice defects. 

Many irradiations have also been made with gold, silver, copper, 
brass, platinum, and nickel. These materials are not useful in nuclear 
reactors, but they have well-defined crystal structures and physical prop
erties and are useful in basic studies of radiation-damage mechanisms. 

2. Experimental Problems 

The high radiation resistance of metals makes them useful for nuclear 
reactors, but it complicates experimental studies. The investigator must 
be prepared either to measure extremely small effffects or to irradiate 
for prolonged time periods. The current trend is toward integrated 
neutron exposures above 10 2 1 nvt, and this usually involves irradiation 
times in excess of 1 year. Even when suitable reactors and facilities are 
available, a number of factors can complicate the interpretation of ex
perimental results. 

Treatment accorded specimens prior to irradiation can affect the 
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magnitude of change produced by irradiation. Cold working of specimens 
produces effects similar to those generated by irradiation, and cold-
worked specimens give smaller changes after irradiation than do those 
which did not receive cold work (37). Irradiation temperature can be 
an important variable in controlling property changes. Damage tends to 
anneal at higher temperatures, so the magnitude of a radiation effect 
will decrease as the irradiation temperature is raised. This effect is 
illustrated in Fig. 7, where changes in yield strength of copper as a 
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F I G . 7. Change in yield strength of copper with increasing neutron exposure-
effect of irradiation temperature. After Makin ( 3 8 ) . 

function of radiation exposure are plotted for several irradiation tempera
tures. It is not a satisfactory procedure to anneal specimens after irradi
ation and estimate the results of a high-temperature irradiation from the 
postirradiation annealing. This is true because irradiation at high tern-
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peratures produces a greater reduction of irradiation effect than does 
postirradiation heating at a comparable temperature, so temperature and 
the radiation field are interdependent in controlling the radiation effect. 

The time of exposure can be important in determining the radiation 
effect in a material. The buildup of damage in a material is controlled 
by the rate of production of defects minus the rate of defect annealing, 
and this latter term may be strongly dependent on previous radiation 
exposure. Thus, changes in physical properties do not usually increase 
in direct proportion to the radiation exposure but as some more com
plicated function of irradiation time. This effect complicates the study 
of materials irradiation and increases the number of measurements needed 
to determine the behavior of a specific material. 

Measurement of irradiation damage is usually accomplished by re
moving the specimens from the reactor and carrying out postirradiation 
measurements of property changes. These results may not be the same as 
those which would have been obtained if the measurements had been 
taken during irradiation. It is expected that some radiation-produced 
changes anneal quite rapidly after removal of the specimen from the 
reactor, so the use of postirradiation measurements to infer behavior of 
materials during irradiation is only an approximate procedure. However, 
taking measurements on a specimen during irradiation can be a com
plicated and expensive procedure, and it has not been employed in many 
current irradiation studies. An additional complication is the fact that 
a reactor component may operate in a stressed state, and this should be 
factored into the irradiation experiment. The interrelationship between 
temperature neutrons and stress state may be an important factor to 
consider in irradiation damage. 

The rate of irradiation as well as the total irradiation exposure may 
be important in effecting property changes. Reactors with sufficiently 
high neutron fluxes4 to investigate flux-rate effects are not available at 
present, so the investigation of this variable must await the development 
of irradiation facilities. Nuclear rockets and nuclear ramjets which pro
duce extremely high neutron fluxes for relatively short time periods are 
presently being designed, so some understanding of the effects of flux 
rate on property changes will soon become necessary. 

3. Structural Metals 
Radiation effects have been measured in carbon, low-alloy, and 

stainless steels (39-46), aluminum (47, 48), beryllium (49), nickel 
(50, 51), zirconium (52-54), and tantalum (55) alloys, and in zirconium 

4
 Flux is usually defined as the number of neutrons passing through an area of 

1 cm
2
 in 1 second. 
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(37, 56), beryllium (57, 58), titanium (56), aluminum (59), molybde
num (60), nickel (38), copper (38), tantalum (55), niobium (61), and 
tungsten (62). Irradiations have been performed at fast flux exposures 
up to 10 22 nvt and at temperatures as high as 750°F. However, most 
data have been obtained at room temperature and at fast-neutron ex
posures in the range from 10 17 to 10 20 nvt. Unless otherwise stated, it 
may be assumed that irradiations were performed at reactor ambient 
temperature. A general summary of observed property changes is pre
sented in Table IV. Figure 8 also summarizes changes in specific prop-

T A B L E IV 

G E N E R A L S U M M A R Y O F R A D I A T I O N E F F E C T S O N M E T A L S 

Property Effects 

Tensile yield strength 

Ultimate tensile strength 

Total elongation 

Elastic constants 
Work hardenability 
Impact strength 
Creep 
Fatigue strength 
Hardness 
Damping capacity 
Density 
Diffusion coefficient 
Electrical resistivity 
Phase transformation 
Microstructure 

Thermoelectric emf 
Thermal conductivity 
Corrosion resistance 
Induced radiation 
Dimensional stability 
Internal friction 

Increases as much as several hundred per cent in annealed 
materials, smaller increases in metals previously strength
ened by cold working or heat treatment 

Increases up to 7 5 % in annealed and to lesser extent in cold-
worked metals 

Decreases by as much as one-third in annealed metals and 
somewhat less in cold-worked condition 

Limited data indicate little or no change 
Decreases 
Decreases-ductile-to-brittle transition temperature elevated 
Little or no effect 
Limited data show no effect 
Increases moderately 
Unaffected 
Decreases by as much as 0 . 2 % 
Limited data show slight increase 
Increases by as much as 1 0 % 
Possible in certain systems 
Changes observed in certain systems under selected condi

tions 
Slight change possible 
Limited data show moderate decrease 
Little or no change 
Depends on concentration and cross section of components 
Moderately affected 
Limited data show little or no effect 

erties for several alloys as a function of irradiation exposure. 
Increase in tensile yield strength was the most pronounced property 

change observed for these materials. Increases as high as 450% were ob
served, although most materials gave increases somewhat under 200%. 
Yield-strength increases for annealed face-centered cubic metals (copper, 
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nickel, etc.) were approximately constant, whereas increases for annealed 
body-centered cubic metals (iron, molybdenum, titanium, zirconium, 
etc.) varied directly with the original yield strength. The greatest per
centage increases in yield strength were obtained for those materials 
which initially had low values for yield strength. The effect has been 
shown to be influenced by annealing and grain size: fine-grain steels 
show a lesser effect than those with coarse grains ( 4 1 , 44). Increases in 
tensile strength were also observed, but these were not so pronounced 
as increases in yield strength. Increases as large as 75% were observed 
for some annealed materials, but slight decreases were observed for 
several hardened or cold-worked materials. 

Increases in yield strength and tensile strength are accompanied by 
decreases in ductility as measured by per cent elongation under an ap
plied stress. Decreases in ductility up to 75% have been observed for 
some materials. Lesser changes in hardness, creep rates, elastic constants, 
fatigue strength, and impact strength have been observed. Heating to 
temperatures of 300° to 400°C for several hours usually removes a large 
percentage of the property change. 

Changes in dimension rarely exceed 0.1 to 0.2% and usually fall within 
the ±0.05% limit of experimental accuracy. This is in contrast to observed 

TABLE V 
C O M P A R I S O N O F R A D I A T I O N W I T H O T H E R M E T H O D S 

F O R P R O D U C I N G P R O P E R T Y C H A N G E S I N M E T A L S 

Similar properties Dissimilar properties 

Cold working 
a. Increase in hardness and strength 
b. Decrease in ductility 
c. Slight density decreases 
d. Similarity of annealing temperatures 

Alloying 
a. Increase in critical shear stress 
b. Shape of stress-strain curve 
c. Slip-line appearance 
Heat treatment 
a. Low-temperature aging 
b. Ordering effects 

c. Cold-working effects partially annealed 

a. No introduced preferred orientation 
b. No asterism in X-ray patterns 
c. No dislocations introduced 
d. No recrystallization 
e. No line broadening 
f. Cold working and radiation effects not 

additive 

a. Radiation effects completely removable 

a. No apparent effect in pure metals 
b. Temperature dependence of effects in 

alloys 
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irradiation behavior in ceramics and organics, where measurable dimen
sional changes are usually found. 

As pointed out by Billington (64) the usual methods the metallurgist 
employs for altering the properties of metals and alloys are (1) cold 
working, (2) alloying, and (3) heat treatment. Many attempts have been 
made to associate radiation effects completely with one of these areas, 
but this has not been successful to date. A summary of the areas of 
agreement and disagreement between radiation effects and other methods 
for producing property changes is presented in Table V. 

4. Fissionable Alloys 
The development of uranium or uranium-alloy reactor fuels is desir

able, since high thermal conductivities and high densities of fissionable 
material can be obtained. Consequently, there have been a number of 
programs to study the irradiation behavior of uranium alloys. 

a. Uranium 
Uranium undergoes pronounced deformation during fission of only 

several tenths of a per cent of the uranium atoms (65, 66). Two processes 
may be distinguished: irradiation growth, by which the specimen de
forms drastically but maintains about the same density; and swelling, by 
which both the shape and the density of the specimen change. Irradia
tion growth occurs at irradiation temperatures below 350°C and appears 
as a pronounced elongation along the (010) crystal planes accompanied 
by contraction along the (100) and (001) planes. Figure 9 illustrates the 
magnitude of change which can be obtained at relatively low irradiation 
exposures. Prior treatment of the uranium, which reduces the magnitude 
of the 010 component in any one specimen direction (such as rolling at 
high temperature), will reduce the growth but not eliminate it. The most 
satisfactory procedure is to prepare uranium compacts having all pos
sible orientations of crystallities. During irradiation, a large amount of 
internal plastic flow thus occurs, but there is no external change in 
dimensions. 

Irradiation growth is usually explained by two possible mechanisms: 
anisotropic diffusion (65, 67) and plastic deformation (68) accompany
ing fission spikes. The diffusion mechanism postulates that interstitial 
diffusion occurs preferentially in the (010) direction, leading to aniso
tropic expansion, whereas the plastic-flow hypothesis explains growth in 
terms of preferred plastic flow in the (010) direction during the transient 
melting which occurs in the fission spike. 

Irradiation swelling occurs at temperatures above 350°C and is 
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attributed to the clustering of fission rare gases which form bubbles and 
distort the lattice. Figure 10 is a cross-sectional photograph showing 

F I G . 10. Cross section of uranium-containing glass showing voids attributable 
to fission gases. Courtesy W. M. Cashin, Knolls Atomic Power Laboratory (69). 

the distribution of bubbles in an irradiated glass specimen fueled with 
uranium. Irradiation swelling is a serious problem which hampers the 
use of metallic uranium as a reactor fuel. As yet, no satisfactory solution 
to the problem has been found. 

Uranium also exhibits surface wrinkling and creep during irradiation, 
but these changes are of lesser significance than the problem of swelling. 
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b. Uranium Alloys 
Various alloys of uranium have been prepared in an attempt to 

minimize dimensional changes during irradiation. The most information 
on irradiation behavior is available for uranium alloys of chromium (66), 
molybdenum (66, 70, 71), plutonium (66), silicon (66), zirconium 
(66, 71-73), zirconium-niobium (66), and thorium (66, 70). Only 
elements with low neutron-capture cross sections were selected for study, 
and the concentration of alloying materials was usually kept below 10 
wt % to maintain a high concentration of fissionable material. The alloying 
was expected to improve deformation properties by increasing the ran
domness of orientation of uranium crystallites in the alloy and by intro
ducing components which have isotropic radiation expansion properties 
to counteract the anisotropy of uranium. Most of the alloys have improved 
dimensional properties, although some irradiation growth still occurs, 
the magnitude of which is strongly dependent on the heat treatment 
given the alloy prior to irradiation. Uranium-10 wt % molybdenum is 
one of the more satisfactory alloys and is generally considered to have 
satisfactory dimensional stability up to fission of about 2 atoms % (71) 
of the uranium atoms. 

Some work has also been done on the property changes resulting 
from uranium alloying with the metallic fission fragments generated in 
the fuel during fission. The residual fission product elements are referred 
to collectively as "fissium." A uranium-5 wt % fissium alloy has the 
following nominal composition: 95 U, 2.5 Mo, 0.2 Zr, 1.5 Ru, 0.3 Rh, and 
0.5 Pd (66). These fissium alloys exhibit improved growth properties, 
but they are not so satisfactory as some of the other alloys. 

5. Special Effects 
General changes in hardness and tensile properties are observed in 

most metals, but some materials also exhibit unusual or unexpected 
changes during irradiation. A brief discussion of some of these more 
infrequently observed radiation effects is presented below. 

a. Gas Formation 
The production of fission rare gases in uranium to cause swelling is 

the most studied example of gas production through transmutation, but 
other cases exist. Lithium, beryllium, boron, and magnesium undergo 
the following transmutation reactions which lead to the formation of 
gaseous products: 

Li
6
 + η -> He

4
 + H

3 

Be
9
 + η -> He

4
 + L i

6 
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B e
9
 + η -> 2n + 2 H e

4 

Β
10

 + η -> He
4
 + L i

7 

Mg
25

 + η - * He
4
 + Ne

22 

The reactions with Li, Be, B, and U are the only ones which yield suffi
cient quantities of gas to affect physical properties, so experimental 
studies are usually confined to these elements (74). Brittle alloys con
taining these elements can fragment during irradiation. This usually 
occurs when the gas collects at existing flaws in the material, producing a 
pressure buildup and causing propagation of existing cracks. 

If the material is ductile, relief of the gas pressure may be accom
plished through swelling rather than cracking. Gas bubbles form in the 
material, and these grow and become fewer as irradiation progresses. 
Anisotropic materials usually offer poorer resistance to bubble growth 
than do isotropic materials, and the distribution of bubbles may be con
trolled by the distribution of defect structures within the material. 

b. Precipitation Effects 
By rapid quenching, binary alloys can be prepared in which one 

component is present in the alloy structure at concentrations higher than 
its equilibrium solubility. These supersaturated solutions may be rela
tively stable at ordinary temperatures, but irradiation can produce 
precipitation of the solute element. Effects of this kind have been ob
served in alloys of Cu-Be (49), Ni-Be (75), and Fe-Cu (76). Irradi
ation was observed to produce greater precipitation in Ni-Be alloy than 
conventional heat treatment, and increases in irradiation temperature 
also assisted precipitation. Irradiated Ni-Be alloy would not precipitate 
at room temperatures but would at elevated temperatures, whereas 
Cu-Be alloys showed precipitation at room temperature but not at 80° K. 
The exact nature of this process is not understood, but it appears to be 
connected with the formation of vacancies which increase diffusion rates 
and accelerate precipitation in the supersaturated alloy. 

The reverse process, acceleration in the formation of solid solutions, 
has also been observed during irradiation. A XJ-9% Mo alloy normally 
exists in a heterogeneous state at temperatures below 570° C, and above 
this temperature it forms a stable solution of Mo in U. Irradiation causes 
the solid solution to form even though the mean irradiation temperature 
does not exceed 100° to 150°C (77). 

c. Phase Transformations^ 
The only transformation in pure metals which has been studied as a 

function of irradiation conditions is the white-to-gray transformation in 
tin (78). Specimens of white tin irradiated at 80°K and then heated at 
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temperatures from —60° to —20°C exhibited transformation to gray tin, 
whereas unirradiated specimens of white tin showed no change. The 
transformation could also be produced by seeding white tin with small 
nuclei of gray tin. This result has been interpreted as an indication that 
the irradiation-produced transformation occurs through the formation 
of gray tin nuclei in thermal spikes, which serve as nucleation sites for 
transformation of the bulk material. 

d. Ordering Effects 

Certain anomalous changes in the electrical resistivity of alpha brass 
(79) and copper alloys of zinc (80), gold (81), germanium (49, 75), 
silicon (49, 75), tin (49, 75), and maganese (49, 75) have been inter
preted as an indication of ordering during irradiation. It has been pro
posed that lattice defects produced by irradiation result in increased 
diffusion rates, in turn producing an increase in the short-range lattice 
order. No direct supporting evidence of increases in lattice order after 
irradiation has been obtained, so the explanation of the resistivity effect 
and the proposed mechanism are unconfirmed. 

e. Surface Effects 

The effect of radiation on surface reactions has not been studied ex
tensively, but sufficient results are available to support conclusively the 
existence of an effect. Increases in corrosion rates, oxidation rates 
(82, 83), and catalytic activity (84) have been observed in various 
metal systems. Measurements made on specimens during irradiation, 
rather than the customary postirradiation measurements, also show that 
additional increases in reactivity occur in the presence of the radiation 
field. Complete discussions of these effects can be obtained from the 
several reviews on the subject (85, 86). 

E . R A D I A T I O N E F F E C T S I N C E R A M I C S 

1. General Behavior 

The magnitude of observed radiation effects on ceramics and metal 
oxides is intermediate between that on metals and on organic materials. 
Changes in physical properties are occasionally pronounced, but complete 
destruction of structural integrity after irradiation is rarely observed. 

Ceramics are being employed with increasing frequency in nuclear-
reactor fuel materials and structural components, so their behavior at 
high neutron exposures is of interest. The problems cited for metals on 
the inadequacies of postirradiation examination and ambient irradiation 
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temperatures also apply to ceramic systems. Ceramics are also employed 
in basic studies to give a better understanding of radiation interaction 
mechanisms and in some special problem areas, such as radiation effects 
on ceramic components in solid-state electronic systems and ceramic 
optical parts employed in satellites. 

Since low neutron cross sections are necessary for reactor applications, 
the ceramic materials of interest consists of graphite plus carbides or 
oxides of aluminum, beryllium, magnesium, silicon, zirconium, cerium, 
niobium, and yttrium. Most irradiation studies have been performed 
with A1203, BeO, Si02, and various forms of carbon, with lesser infor
mation available for SiC and Zr0 2. The various effects of irradiation on 
carbon and graphite are also discussed elsewhere in this volume in the 
chapter by Shobert. 

2. Dimensional Changes 

Changes in dimension or density are probably the most often ob
served result of irradiation of ceramics. Although some scatter of results 
appears in the literature, Al2Os (87-89), MgO (90), cubic and tetragonal 
ZrÖ2 (91), and coesite (92) (a high-density synthetic form of silica 
formed at high pressures) appear to be least subject to neutron-radiation-
induced expansion. BeO (93, 94) and SiC (95) may exhibit larger 
density and dimensional changes, whereas monoclinic Zr0 2 (91), graph
ite (35, 96-98), and various forms of silica (92, 99) clearly show 
larger effects. 

The materials in the first group generally exhibit dimensional changes 
of less than 1% and usually less than 0.1% for neutron exposures in the 
range 1 to 5 X 10 20 nvt (thermal). The density of SiC decreases several 
per cent at a comparable exposure, whereas BeO exhibits dimensional 
increases of only several tenths of a per cent. However, later irradiations 
of BeO (94) at fast-neutron exposures up to 3 X 10 2 1 nvt have produced 
expansions of 4 to 6% and occasional powdering of the specimens. This 
exposure is equivalent to several years of irradiation in an ordinary 
research reactor, and it is likely that some of the materials which showed 
little effect at lower exposures would deform at this irradiation level. 

Monoclinic Zr0 2 undergoes a phase transition during irradiation, with 
large dimensional changes. Graphite and silica also give pronounced 
changes and generally exhibit complex irradiation behavior. Graphite is 
of particular interest, since it is a useful reactor material and its expan
sion during irradiation is large and anisotropic. Growth occurs parallel 
to the C crystal axis, which is the axis of weakest atomic bonding, while 
only slight expansion or even contraction occurs along the other axes. 
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At 10 2 1 nvt and ambient irradiation temperatures, the lattice expansion 
along the C axis may be as much as 16%, but the gross sample expansion 
is generally much less than this, since voids in the graphite absorb most 
of the crystalline expansion. At 150° C, the irradiation expansion is 
an order of magnitude lower than that observed at ambient temperatures, 
apparently because of the greater defect mobility at the higher tem
perature. Irradiation of graphite at even higher temperatures produces 
a contraction rather than an expansion, tentatively attributed to a more 
efficient ordering of the graphite crystallites (98, 100, 102). Contraction 
has been observed at temperatures as high as 1200° C. 

Silica is not normally regarded as a reactor material, but the com
plexity of its behavior has stimulated study. Irradiation of quartz results 
in slight expansion up to an exposure of 5 X 10 1 9 nvt. Above this exposure, 
the material expands more rapidly, until saturation is reached at about 
1.5 X 10 20 nvt. This unexpected acceleration of rate has been explained 
by the formation of vitreous zones in the quartz, which are prevented 
from expanding by the rigid surrounding structure. As the irradiation 
continues, these structures become plastic, and the stresses are relieved 
by expansion. This explanation is supported by annealing data which 
show that irradiated quartz reverts to normal quartz if it is heated before 
the accelerated expansion has occurred. If it is heated after the ac
celerated expansion, it forms a polycrystalline quartz containing large 
numbers of voids. 

3. Thermal Conductivity 
Changes in thermal conductivity after irradiation are of particular 

interest, since this is a critical parameter in reactor operation and since 
the observed changes are often large. Although irradiation-produced 
density and dimensional changes are usually only a few per cent, thermal 
resistivity may change by a factor of 20 to 30. Graphite is strongly af
fected, and postirradiation resistivities may be forty to fifty times the pre-
irradiation value after fast-neutron exposures of 10 2 0 nvt (35, 96). The 
resistivity increases linearly with irradiation exposure up to about 
3 X 10 2 0 nvt; above this exposure, the effect begins to saturate. For
tunately, irradiation-produced conductivity changes are strongly temper
ature-dependent, and an increase in irradiation temperature from ambient 
to 150° C results in a conductivity change of only a factor of 2 after 
10 2 0 nvt. 

Thermal-resistivity changes postirradiation have also been measured 
for A1 20 3 (89), silica (101), and BeO (103). Resistivity values approxi
mately two to four times the preirradiation values were observed after 
ambient-temperature irradiations to 10 1 9 to 10 20 nvt. 
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4. Mechanical Properties 
Changes in mechanical properties after irradiation have been observed, 

but results are scattered, and no consistent pattern has emerged. 
Graphite becomes stronger and harder postirradiation (35). Com

pression and cross-breaking strength increase linearly with neutron 
exposure, reaching values three to four times the preirradiation strength 
at doses of about 5 X 10 1 9 nvt. Continued irradiation produces a decrease 
in strength until apparent stabilization is obtained at twice the preirradi
ation strength. 

In contrast, hot-pressed BeO irradiated to 5 X 10 2 0 nvt exhibited a 
decrease in compressive strength by a factor of 2 to 5, and a decrease in 
elastic modulus by factor of 2 (103). Irradiation to 2 χ 10 2 1 nvt resulted 
in powdering of some BeO specimens (94). The powdering appeared to 
be favored by high specimen density and low irradiation temperature, 
but specimen preparation techniques were also important. Powdering 
occurs at neutron exposures below those encountered in a reactor core, so 
a solution to this problem appears necessary if BeO is to find extensive 
use as a reactor component. 

5. Phase Transformations 
Tetragonal barium titanate (104) and monoclinic zirconia (91, 104, 

105) transform to the metastable cubic phase during neutron irradiation 
at ambient temperatures. These transitions are of particular interest, 
since they represent apparent changes from a stable to a metastable state 
and must involve some new radiation-controlled mechanism other than 
just a simple acceleration of rate. Suggested explanations have included 
(1) the formation of the more open cubic structure as a means of re
lieving irradiation-induced strain, and (2) the formation of the cubic 
phase in high-temperature fission spikes resulting from the fission of 
impurity uranium atoms. The uranium impurity may also be required 
to serve as nucleating sites in the monoclinic-cubic Zr0 2 transformation. 
Some disagreement exists as to the exact transformation mechanism. 

6. Chemical Reactivity 
As with metals, sufficient work has been done on reaction rates with 

ceramics in radiation fields to demonstrate the existence of an accelerating 
effect. Most work has been carried out on the reactions of C 0 2 (106, 
107) or 0 2 (108-110) with graphite, since these are quite important in 
gas-cooled reactor technology. Accelerated reaction rates have been 
observed both during and after irradiation of graphite. High reaction rates 
during irradiation have generally been attributed to the formation of 
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active species in the C 0 2 or 0 2 which attack the graphite, whereas reac
tion rates observed during postirradiation reaction have been attributed 
to radiation pitting of the graphite which exposes subsurface layers for 
chemical attack (110). 

Other examples of changed chemical reactivity postirradiation can be 
found in the improved catalytic activity exhibited by some irradiated 
oxides. Examples of increased catalytic activity have been noted for 
alumina ( I I I ) , silica gel (112), and quartz (112); NiO (113) and 
Fe 2O s (114) exhibited increased rates of chemical reaction. 

7. Ceramic Reactor Fuels 

Dispersions of uranium dioxide in ceramics have many advantages 
over homogeneous fuels and are being considered for the fuel elements 
in a number of high-temperature reactors. Dispersion-type fuels have a 
longer irradiation life than homogeneous fuels because of localization of 
fission-product damage, and higher heat ratings are possible because of 
the extended surface available for heat transfer. As might be expected, 
ceramics containing fissionable material exhibit much more pronounced 
changes during irradiation than do unfueled ceramics. 

Unfueled A1208 exhibited small dimensional changes at neutron ex
posures up to 6 χ 10 20 nvt, but A1203 containing 21% U 0 2 showed 
complete destruction of crystal structure after 2 χ 10 1β fission/cc (ap
proximately 4 χ 10 10 nvt) and a 30% volume expansion after 9 χ 10 19 

fission/cc (115) (approximately 1.5 X 10 20 nvt). BeO fueled with 2% and 
10% U 0 2 also expanded about ten times as much as unfueled BeO after 
comparable neutron exposures (116). However, fueled specimens of 
BeO appeared to be considerably more radiation-resistant than fueled 
Al20 ; s. BeO-U0 2 compacts showed only a 10% density decrease after 
exposures of 10 21 fissions/cc (117). 

U02-Zr02-CaO dispersions expanded more during irradiation than 
unfueled ceramics but showed greater stability than U0 2-A1 20 3 compacts. 
Expansion of fueled Zr0 2 was less than 1% up to 10 19 fissions/cc and as 
high as 30% after 10 21 fission/cc (117). Irradiation studies have also been 
carried out with various mixed oxides of uranium, thorium, and plutonium, 
both with and without ceramic oxide diluents. The same general phe
nomena as observed in U 0 2 are usually found, and the compacts gen
erally appear to be satisfactory reactor fuel materials. 

In uranium-fueled ceramics, it is often difficult to distinguish changes 
in the ceramic from those in the U 0 2 fuel. At high burn-ups5 (5 to 10 

3
 Burn-up is a term used to designate the amount of a fissionable isotope which is 

destroyed through fission. "Atom per cent fissioned" is the usual means of designating 
burn-up. 
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atom %), U 0 2 undergoes irradiation swelling similar to that observed in 
uranium metal. However, U 0 2 is generally more suitable than uranium 
metal for reactor use, since U 0 2 swells only slightly up to a critical burn-
up of about 7% and then grows rapidly above this value. The critical 
burn-up is generally high enough to permit use of the fuel (118). 

F . R A D I A T I O N E F F E C T S I N O R G A N I C M A T E R I A L S 

1. General Behavior 
Organic materials can be exposed to radiation fields in a wide variety 

of applications. Organic liquids are used as coolants and moderators in 
various types of nuclear reactor. Organic lubricants are employed on 
many moving parts in nuclear reactors aboard submarines and in power 
stations, and organic insulators are used widely in monitoring and control 
devices which are often exposed to radiation. Organic plastics and 
elastomers are used generally as valve diaphragms, gaskets, seals, hoses, 
O-rings, and containers, all of which can be exposed to radiation fields 
when used in various instruments or machines. Tanks containing reactor 
waste products are often lined with organic compounds to minimize 
chemical attack, and the radioactive fission products in the solutions can 
subject the organics to intense radiation fields. Organic components in 
satellites encounter radiation fields in the Van Allen belts surrounding the 
earth. 

Because many different kinds of organic material can encounter radia
tion during normal operation, fairly extensive studies of the radiation 
behavior of organics have been carried out. A reasonably good under
standing of how organic materials behave has been obtained; what is 
now needed is a better understanding of how to prevent radiation damage 
in organic materials. 

Organic materials are much more susceptible to radiation damage 
than are either metals or ceramics. This is largely because organic 
solids consist of discrete molecules, whereas metals and ceramics usually 
exist as large three-dimensional lattices in which atoms are associated 
equally with their nearest neighbors. An organic polymer containing 
molecules with 10° atoms will undergo a significant change in properties 
if these molecules are split in half by breaking of a bond in the middle, 
whereas a metal or ceramic would exhibit a much smaller effect with the 
displacement of only one atom in 106 from the lattice. Also, organic 
molecules can be split by both ionization and displacements, whereas 
atomic displacement is the principal damage mechanism in metals or 
ceramics. 

Damage in organic materials occurs by breaking molecules into 
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smaller units with radiation or, in some cases, by causing large three-
dimensional networks to form through grafting. Degradation of com
pounds is accompanied by the evolution of hydrogen and lesser quanti
ties of gases of higher molecular weight, such as methane and ethane. 
If the radiation exposures are quite high, the material may be reduced to 
a dark carbonaceous material bearing little resemblance to the initial 
material either in appearance or in physical properties. Irradiation of 
plastics composed of long-chain polymer molecules produces crosslinking 
of the chains to form a rigid three-dimensional matrix. Extensive cross-
linking results in a hard inflexible material which fractures easily and 
shows little of the flexibility of preirradiated material. 

A brief discussion of the irradiation properties of specific classes or 
organic materials is presented below. 

2. Reactor Coolants and Moderators 
Organic compounds for use as nuclear-reactor coolants and moder

ators have the advantage of low vapor pressures, negligible induced 
radioactivity, and low corrosion rates to conventional construction mate
rials. Their principal disadvantage is instability to radiation. Organic 
compounds containing aromatic structures show the greatest resistance to 
radiation, and numerous aromatic compounds have been tested. Bi
phenyl, oriho-, meta-, and p<zra-terphenyl, and naphthalene have been 
found to have satisfactory thermal stability and are the most radiation-
resistant of the compounds tested (119). para-Terphenyl, for example, 
can absorb 3 Χ 10 1 0 rads (see Section IV.C—Radiation Exposure Units) 
at 400° C without pronounced degradation, although 30% of the compound 
becomes polymerized. Irradiation also produces limited gas evolution, 
and the compounds can be transformed into a coke-like material at very 
high exposures. The presence of oxygen will increase decomposition, but 
the decomposition rates decrease with increasing radiation exposure, ap
parently showing that radiation-resistant compounds are being formed. 

A considerable amount of practical information is now available on 
these compounds, and the conditions under which they can be used in 
nuclear reactors are fairly well established. 

3. Lubricants and Hydraulic Fluids 
Although inorganic lubricants such as graphite or molybdenum di

sulfide are often used in intense radiation fields, most oils and greases 
have an organic base, and their behavior in radiation fields is of interest. 
Radiation effects in base stock materials such as hydrocarbons and phos
phates have been studied, as well as the effects of various additives on 
the radiation properties. 
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Esters have been found to be fairly sensitive to radiation, and viscosity 
increases as high as 70% have been observed at exposures of 108 rads 
(120). Stability has been increased by adding aromatic groups to the 
ester linkage, but the materials still showed significant effects. Silicones 
have shown a tendency to gel during irradiation, but this effect has de
creased with decreasing length of side chains. As with esters, radiation 
stability has been increased by adding aromatic groups to side chains. 
Substituted aromatic phosphate esters exhibit poor radiation stability and 
have additional disadvantages of poor viscosity-temperature character
istics and high corrosivity at elevated temperatures. Fluorocarbons show 
good viscosity stability during irradiation, but fluorine gas is released 
which strongly attacks adjacent metal surfaces. Hydrocarbons appear to 
have good over-all radiation stability, and aromatic compounds are 
especially stable, showing viscosity increases of less than 10% at 108 rads 
and 100°C. Hydrocarbon fluids such as highly refined mineral oils and 
alkyl aromatics may offer the best compromise between thermal sta
bility, chemical oxidation, and radiation resistance of all materials. A 
number of hydrocarbon lubricants should be usable at exposures in excess 
of 108 rads. 

Possible improvement of the radiation stability of lubricants through 
the use of additives has also been studied (121). A number of additives 
can be added to the hydrocarbon base; among these are antioxidants to 
improve oxidation resistance, antiwear additives, metal deactivators to 
minimize metal corrosion, antifoam agents to control foaming, and vis
cosity-index improvers to increase high-temperature viscosity. Antioxi
dants can reduce radiation damage, but these materials are often 
depleted by conventional chemical oxidation. The other additives are 
usually compounds which are themselves more subject to radiation dam
age than the base material, so no improvement is obtained by their 
addition. 

4. Elastomers 

Elastomers are low-molecular-weight polymers which are not exten
sively crosslinked and are, therefore, pliable and elastic. Typical ex
amples are natural rubber and the numerous synthetic rubbers such as 
neoprene, butyl, hypalon, acrylic, silicone, and fluorocarbon rubbers. 
Failure of these materials during irradiation occurs in stages during 
which the elastomers become harder, elastic properties disappear as the 
material becomes rigid, tensile strength decreases, and eventually the 
materials lose all structural integrity and become a dark carbonaceous 
mass similar in appearance to coke. These changes are brought about 
by the same mechanisms of crosslinking, compound degradation, and gas 
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evolution discussed earlier. The initial stages of radiation damage are 
quite similar to those obtained during the overvulcanization of rubber 
wherein the rubber becomes inflexible and acquires a brittleness similar 
to glass after too much crosslinking. 

The polyurethan rubbers can be used at exposures up to 4 χ 109 

rads in static applications, whereas natural rubber is usable to only 
slightly above 108 rads. For natural rubber, damage is not observed below 
2 χ 10r> rads, and the change in over-all properties is about 25% after 
2 χ 107 rads. Tensile strength is unchanged below 107 rads and reaches 
about 25% damage at 1.5 X 108 rads (122, 123). The radiation resistance 
of neoprene, butyl, and hypalon rubbers is only slightly below that of 
polyurethan; silicone and fluorocarbon rubbers show poorer radiation 
resistance. 

The addition of antirad compounds to elastomers significantly im
proves the radiation resistance (124). Antirads are organic additives 
which react with the free radicals produced during irradiation and re
duce the undesirable polymerization and degradation reactions which 
occur. The most effective antirad yet discovered, A^N'-cyclohexylphenyl-
p-phenylenediamine, reduced radiation damage in natural rubber from a 
64% decrease to a 1% decrease in tensile strength and from an 82% de
crease to a 12% decrease in ultimate elongation at equivalent radiation 
exposures of 108 rads (125). The principal difficulty with antirad agents 
is that they are often specific in their protection so that an antirad 
agent effective for one material is not necessarily satisfactory for an
other, somewhat similar material (126). 

Another technique to improve radiation resistance has been to load 
elastomers with fillers such as carbon black, asbestos, hydrated silica, 
and metal powders. In some cases, this has improved the radiation re
sistance of specific elastomers, but results have not generally been so 
impressive as those obtained with antirad agents. 

5. Plastics 
The radiation stability of plastics is equal to or superior to most 

elastomers, since plastics have higher molecular weights and greater 
crosslinking than most elastomers. Polystyrene, polyurethan, mineral-
filled silicones and polyesters, and glass fiber or asbestos-filled phenolics 
often are usable after exposures of 108 to 109 rads. Polyethylene, urea-
formaldehyde resins, and unfilled silicone and phenolic resins are 
superior to most elastomers but tend to show radiation-damage effects at 
exposures lower by a factor of about 10 than for the most resistant 
plastics. Methyl methacrylate is about on a par with many elastomers, 
whereas cellulose, the polyamides, and fluorocarbon plastics (such as 
Teflon) have poor radiation stability. 



M A T E R I A L S A S A F F E C T E D B Y R A D I A T I O N 151 

Since plastics are widely used as insulators, changes in electrical 
properties as well as mechanical properties have been studied during 
irradiation. Conductivity increases initially during irradiation and reaches 
an equilibrium value after a few minutes. This increased conductivity may 
be higher than the preirradiation conductivity by three to five orders of 
magnitude, and termination of the irradiation causes the conductivity to 
return to the original value. At higher exposures, surface oxidation in
creases conductivity by absorbing moisture (126). Dielectric breakdown 
occurs at even higher exposures, but this effect takes place beyond the 
stability limit and is accompanied by a general deterioration of physical 
properties. Polyethylene terphthalate is one of the best insulating plastics, 
but Plexiglas or Lucite is one of the poorest because moisture is absorbed 
on the surface and gives rise to unpredictable behavior (127). 

An excellent source of practical information on radiation effects in 
materials may be found in the many summary reports published by the 
Radiation Effects Information Center of Battelle Memorial Institute 
(69, 128-133). These reports are obtainable from the Center on request. 

V. Radiation Hazards and Personnel Safety 
Anyone working with radiation and radioactive materials must be 

conscious of the hazards involved and be thoroughly familiar with the 
practice of radiological safety. This applies not only to the reactor opera
tor or the radiochemist but also to the scientist or engineer studying the 
effects of radiation on materials. Radiological safety is normally not 
included in discussions of radiation effects on materials, but it is felt to 
be of importance in a review such as this one, which is intended for 
those who have not studied the subject of radiation and its effects. The 
discussion below is not intended as a detailed treatment of the subject. 
Rather, its purpose is to provide a general introduction to the hazards of 
exposure to radiation and ingestion or inhalation of radioactive materials 
and to the safety practices required. These subjects are discussed in 
detail in a number of publications (7, 9, 134-138). 

A. P R O D U C T I O N O F R A D I O I S O T O P E S 

One of the first hazards to consider in irradiating materials is the 
production of radioactive isotopes. This is particularly true when the 
materials are exposed to neutrons or high-energy charged particles such 
as protons, deuterons, or alpha particles. Any of these particles may be 
capable of nuclear reactions with the nuclei of one or more of the 
chemical elements in the material to produce radioactive isotopes. It is 
thus important to consider in advance the quantity of radioactivity that 
will be produced in an irradiation, for this may make a radiation-effects 
study very difficult. 
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The more common nuclear reactions are listed in Table VI. In the 
short-hand notation used in the table, the symbol on the left in paren
theses represents the bombarding particle, and the one on the right, the 

T A B L E VI 
PKINCIPAL NUCLEAR REACTIONS 

Bombarding Principal potential 
particle or radiation reactions 

Thermal neutrons (n, y) 
Fast neutrons {n, y) 

(n, 2n) 
(η, V) 
(n, a) 
(n, pn) 

Protons (p, n) 
(P, 2n) 
(Pi pn) 

Deuterons (d, n) 
(d, 2n) 
(d, p) 

Alpha particles (a, n) 

(a, 2n) 
Gamma rays ( 7 , n) 

( 7 , v) 

product particle. A nuclear reaction is written in the same manner as a 
chemical reaction, i.e., as an equation with the reactants on the left and 
the products on the right. As an example, consider the reaction of fast 
neutrons with fluorine to give nitrogen and alpha particles: 

F
1 9
 + η Ν

16
 + α 

In short-hand notation, this (n, a) reaction is written as F 1 9(n, a)N 1 6. 
The rate at which a nuclear reaction proceeds is a function of the 

probability of the reaction's occurring and the quantities of the two 
reactants present. The probability of the reaction is expressed in terms 
of a cross section ( σ ) which has the dimensions of an area, and the 
quantities of reactants are expressed as the number of atoms (Ν) of the 
reacting isotopes present in the material and the flux (φ) of incident 
particles (number of particles per square centimeter per second). Thus, 
the number of reactions occurring per second is Νσφ. The cross sections 
are determined by the nuclear properties of an isotope, and there is no 
obvious correlation with atomic number or position of an element in the 
periodic table. In tabulations of nuclear cross sections (9) , σ is usually 
given in units of barns, 1 barn being IO 2 4 cm2 per atom. 
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In calculating the quantity of radioactivity produced in a nuclear 
reaction in a certain period of time, one must allow for loss of some of 
the product nuclei by radioactive decay during the time the reaction is 
progressing. The following equation accounts for this: 

A = Νσφ(1 - e~u) (2) 
where A = quantity of radioactivity present at the conclusion of the 

irradiation (disintegrations per second). 
Ν = number of target atoms in the material, 
σ = cross section for the reaction (square centimeter per atom). 
φ = flux of incident particles (number of particles per square 

centimeter per second). 
λ = decay constant for the radioisotope produced (per second). 
t = irradiation time (seconds). 

It is apparent that, after irradiations for times that are long compared to 
the half-life of the radioisotope produced, a saturation quantity of radio
activity will be obtained, and continuing the irradiation will not produce 
more. This is illustrated in Fig. 11, which is a graph of the quantity of 
radioactive Ni65 produced as a function of time by irradiation of 1 gm of 
nickel (1.11 χ 10 2 0 atoms of Ni 6 4) with thermal neutrons at a flux of 
1 Χ 10 1 3 nv. The cross section for this (η, γ) reaction with Ni64 is 1.6 
barns, or 1.6 χ 10 - 2 4 cm2 per atom. The half-life of Ni65 is 2.57 hours, so 
after about 20 hours or approximately 8 half-lives no further increase 
occurs in the quantity of radioactivity. 

Of the reactions listed in Table VI, the (η, γ) reactions with thermal 
neutrons are the most frequently encountered and are of the most interest, 
since most irradiations of materials are carried out in nuclear reactors, 
and the (η, γ) reactions as a class have cross sections higher than those 
of the other reactions. The gamma-ray-induced reactions are of minor 
importance, for they are rarely encountered. There are only a few that 
occur to any significant extent, such as the Be9(γ, η)Be 8 reaction which 
is the principle of the antimony-beryllium neutron source. 

One important reaction not listed in Table VI is fission. This can be 
caused by bombardment of heavy nuclei with thermal neutrons, fast 
neutrons, or high-energy (100 to 400 Mev) charged particles, but 
neutron-induced fission is the most common. We have already seen (Fig. 
2) how the fission-product yields vary with mass. Thus, in the equation 
for calculating the quantity of a particular fission product produced in 
an irradiation, this yield must be considered, as given in Eq. (3) . The 

A = ΝσφΥ(1 - β"λ0 (3) 

symbol Υ is the fractional yield for production of the fission product of 
interest; λ is the decay constant for that fission product; A is the activity 
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F I G . 11 . Production of Ni
65
 by irradiation of nickel with thermal neutrons. 

in disintegrations per second produced in time t; Ν is the number of atoms 
of the heavy fissionable element present; σ is its cross section for fission; 
and φ is the thermal-neutron flux. Tabulations of fission yields may be 
found in the literature (14, 15). 

The importance of these calculations will be more apparent when we 
consider the relative hazards of various quantities of radioactivity in the 
following discussion. 

B . P E R S O N N E L P R O T E C T I O N 

Radiation interacts with the cells in a human body in much the same 
manner as discussed above for materials. Atomic displacements, ioniza
tions, and excitations produced by the radiation cause chemical changes 
in the cells, which in turn may result in biological effects such as nausea, 
falling hair, burns, increased incidence of leukemia and cancer, changes in 
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the genes, sterilization, or even death. These effects seldom occur. When 
they do, they are the result of either an exposure to a very large quantity 
of radiation, accidentally or in atomic warfare, or a long-term exposure 
to smaller quantities of radiation. The current status of our knowledge of 
the effects of radiation on man is reviewed in a series of articles 
(139-141). 

Adherence to safety regulations and observance of necessary pre
cautions have made the nuclear industry one of the safest in which 
to work. 

1. Maximum Permissible Radiation Exposures 

The United States Atomic Energy Commission (AEC) regulates by 
law the maximum radiation dose which workers in licensed laboratories 
are permitted to receive (142). These maximum permissible exposures 
are based on recommendations of the National Committee on Radiation 
Protection (NCRP), which are published in National Bureau of Standards 
Handbook 69 (137). Reference to these sources is recommended, since 
a complete treatment of this subject is beyond the scope of this 
presentation. 

The seriousness of the damage caused to the body varies with the 
type of radiation and with the portion of the body exposed. For this 
reason, the permissible exposures are given in units of rem (roentgen-
equivalent-mammal) or mrem (0.001 rem) which takes into account 
differences in the biological effect of various radiations, and dif
ferent permissible doses are given for different parts of the body. For 
purposes of the regulations, any of the following is considered to be 
equivalent to a dose of 1 rem (142): (1) a dose of 1 rad due to X-, 
gamma, or beta radiation or 1 roentgen due to X- or gamma radiation; 
(2) a dose of 0.1 rad due to neutrons or high-energy protons; (3) a dose 
of 0.05 rad due to particles heavier than protons and with sufficient 
energy to reach the lens of the eye. One rad is the dose corresponding to 
the absorption of 100 ergs/gm of tissue. The neutron flux equivalent to 
1 rem of neutron radiation actually depends on the energy of the neutrons. 
One rem is equivalent to 9.7 χ 108 thermal neutrons/cm2 or about 
2 χ 107 fast neutrons/cm2 (142). 

An individual working in an AEC-licensed area is permitted to 
receive a radiation dose to his whole body of no more than 1% rems 
per calendar quarter, or 100 mrem per week. He is allowed to receive a 
higher dose to his hands and forearms or feet and ankles, however 
(18% rems per calendar quarter, or 1.5 rem per week). If the radiation 
is of low penetrating power, such as alpha particles, he may receive a 
dose of 7V2 rems per calendar quarter to the skin of his whole body. The 
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regulations require each worker to wear a personnel monitor such as a 
film badge or pocket dosimeter to measure his accumulated radiation 
exposure (142). 

Ingestion or inhalation of radioactivity also constitutes a radiation-
exposure hazard, an internal exposure. The AEC thus stipulates the 
maximum concentrations of radioactivity permitted in the air and in 
water to assure that no one will inhale or ingest hazardous quantities 
(142). These maximum permissible concentrations (MPC) are listed 
for each radioactive isotope in the AEC regulations. In NBS Handbook 
69, the NCRP presents in great detail the considerations involved in 
calculating the MPC values, and they also give a table of maximum 
permissible body burdens for the radioisotopes (137). The body burden 
is the quantity of a specific radioisotope that can be present in the body 
without causing the maximum permissible radiation exposure to be 
exceeded. 

2. Protection From Radiation Exposure 

Safe handling of radioactive materials requires preplanning, alertness 
and strict adherence to established safety procedures. In addition to 
establishing maximum permissible radiation exposures as discussed above, 
the AEC regulates the use of radioactive materials in licensed labora
tories to assure the safety of the laboratory personnel. These regulations 
include such items as personnel monitoring, labeling of radioactive 
materials, posting of warning signs in radiation areas, and periodic 
surveying for contamination (142). We are interested here in the pre
planning necessary to avoid ingestion or inhalation of radioactive mate
rials and overexposure to radiation. This entails consideration of the 
length of time one can work in a radiation area, the radiation level as a 
function of distance from a radioactive source, the amount of shielding 
required, and other precautionary measures. 

a. Time 

It is a simple matter to determine the maximum time that one can 
remain in a radiation area. The maximum radiation level at the position 
where the person will be working is first measured with a suitable radi
ation monitor (one type is called a "Cutie Pie") which registers the 
radiation dose rate in milliroentgens per hour or roentgens per hour 
(138). Knowing then the dose the worker will receive at that position 
in 1 hour, one can calculate the length of time he can remain there 
without exceeding his maximum permissible exposure. For example, 
consider a radiation field which has been found to be 50 mr/hr. Since 
the permissible exposure based on a 1-week period is 100 mr, an indi-
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vidual can work in this area for 2 hours without exceeding his weekly 
dose. If the radiation level were 6 r/hr, however, he could remain there 
for only 1 minute. In cases such as this, the safe working time might 
not be sufficient for completion of the job, so the work must be planned 
differently. A number of workers can take turns doing the various opera
tions, shielding can be used to reduce the radiation level, or the work 
might be done at a greater distance from the radioactive source. 

b. Distance 
The radiation dose rate decreases as the square of the distance from 

a radiation source, which is small in size. For example, if the dose rate 
1 foot from a source is 100 mr/hr, at 2 feet it will be 25 mr/hr, and at 5 
feet it will be 4 mr/hr. That is, as the distance increases by a factor of 
2, the dose rate decreases by a factor of 22, or 4; and as the distance 
increases by a factor of 5, the dose rate decreases by 5 2, or 25. This is true 
for all radiation, such as gamma rays and X-rays, which is not significantly 
absorbed by air. Alpha and beta particles are absorbed by air, however, 
so the inverse square relation does not apply. Alpha particles from 
radioactive sources will not travel more than about 1 inch through air, 
and beta particles will pass through no more than 3 or 4 feet of air. 

c. Shielding 
Shielding can be a very effective method for reducing radiation ex

posure. In many cases, in fact, it is the only way to maintain exposures 
within permissible limits. The amount of shielding required will depend 
on three major factors: (1) the type and energy of the radiation, (2) 
the intensity of the radiation, and (3) the material to be used for 
shielding. 

Of the three major forms of radiation emitted from radioactive 
materials (electromagnetic radiation, alpha particles, and beta particles), 
only the electromagnetic radiation constitutes a major shielding problem. 
Alpha particles have a finite range or penetration distance in materials, 
which is sufficiently small (of the order of 0.001 inch) that very little 
shielding is required. However, one should not overlook the possibility 
of receiving severe radiation burns in handling intense alpha-emitting 
materials with bare hands. Rubber gloves provide all the shielding 
necessary to protect the hands from alpha particles. 

Beta particles also have a finite range in materials, and if the intensity 
of the beta radiation is plotted versus the thickness of the shielding 
material, a curve such as that in Fig. 12 is obtained. The intensity of the 
beta radiation decreases exponentially with shielding thickness initially, 
until it reaches 5 to 10% of its original intensity. The intensity then de-
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F I G . 1 2 . Relation between beta-particle intensity and shielding thickness. 

creases more rapidly until the shielding thickness approaches the maxi
mum beta particle range, when all the beta particles have been absorbed. 
The magnitude of the range depends on the maximum energy of the 
beta spectrum and on the density of the shielding material. W h e n the 
range is expressed in milligrams per square centimeter (i.e., the product 
of density and thickness), it is nearly independent of the nature of the 
material. In Fig. 13 the range in aluminum is plotted as a function of the 
maximum energy of the beta radiation. F o r shielding purposes the range 
given in this figure may be used for materials other than aluminum, and 
the thickness in centimeters of material required to absorb all the beta 
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F I G . 1 3 . Relationship between maximum beta energy and maximum penetrating 
distance of the particles in aluminum. 

particles can be obtained by dividing the range by the density of the 
material (in milligrams per cubic cent imeter) . 

It should also be kept in mind that the deceleration of beta particles 
as they pass through the shielding material can result in production of 
electromagnetic radiation (bremsstrahlung) , which may be sufficient to 
constitute a radiation hazard. In this case, the shielding will have to be 
increased beyond that required for the beta radiation alone. 

Because electromagnetic radiation can pass through greater thick
nesses of materials than either alpha or beta particles, gamma rays or 
X-rays constitute the major problem in shielding radioactive sources. 
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Electromagnetic radiation does not have a finite range in materials as do 
alpha or beta particles, but it follows an exponential absorption law: 

I = Ioer** (4) 

where I = intensity of radiation after passing through material of 
thickness x. 

I0 = initial intensity of radiation without shielding. 
μ = absorption coefficient. 

The product μχ must be dimensionless, so if χ is in centimeters, μ must 
be in units of reciprocal centimeters. Values of the absorption coefficient, 
μ , depend on the energy of the radiation and the absorber material. A 
variety of materials are commonly used for shielding (lead, iron or steel, 
concrete, and aluminum). In Fig. 14 the absorption coefficients in units 

in-sl 1 1 1 I i i i i 1 1 1 1 1 I I 
ίο ι ίο

-1
 I 0 "

2 

Gamma Ray or X-Ray Energy, Mev 

FIG. 1 4 . Linear absorption coefficients for electromagnetic radiation. 
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of reciprocal centimeters are plotted as a function of the energy of the 
electromagnetic radiation for each of these materials. Values of μ are also 
given for water and air to illustrate their absorbing power. It is apparent 
from Fig. 14 that lead is the superior shielding material. Lead is thus 
used commonly for this purpose and is cast in the shape of bricks which 
can be stacked to form a shield of the desired shape and size. Concrete, 
being inexpensive, is also widely used. It should be noted that lead, 
although an excellent shielding material against gamma and X-rays, 
would be a poor shield against neutrons, since it has a low cross section 
for neutron absorption (Table III). 

To illustrate the magnitude of shielding required for various quantities 
of radioactive materials, the results of some sample calculations for Cs 1 37 

gamma rays are given in Table VII. Equation (4) was used, and values 

TABLE VII 
S H I E L D I N G R E Q U I R E D F O R C E S I U M - 1 3 7 S O U R C E S 

Size of Cs1 37 

source, curies 

Radiation level 
at 1 foot without 

shielding, 
rs/hr 

Thickness of shielding required to reduce 
radiation level at 1 foot to 2 . 5 mrs/hr 

Lead, cm Iron, cm Concrete, cm 

1 0 5 0 8 . 3 1 7 — « 

1 5 6 . 3 1 3 — « 

0 . 1 0 . 5 4 . 4 9 . 2 2 9 

0 . 0 1 0 . 0 5 2 . 5 5 . 2 1 6 

0 . 0 0 1 0 . 0 0 5 0 . 6 1 . 2 3 . 8 

° More than 1 foot of concrete would be required. 

for μ were obtained from Fig. 14 for the 0.66-Mev gamma ray of Cs 1 3 7. 
The calculations were performed for a distance of 1 foot from the Cs 1 37 

source. The radiation levels in column 2 of Table VII were used for Jo? 
with the stipulation that I should be only 2.5 χ 10~3 r/hr. Reduction of 
the radiation intensity to this level would assure that a man working at 
the face of the shield would not exceed his minimum permissible dose of 
0.1 rem in a 40-hour week. It is apparent that with very intense gamma-
ray sources such as the 10-curie Cs 1 37 source, or even larger ones, the 
shielding requirements become very great. For this reason, high-level 
radiation sources are handled in hot cells or junior caves. A hot cell is a 
"room" with concrete walls several feet thick and glass windows 2 to 3 
feet thick. Special glass containing lead is used, or sometimes a liquid 
containing lead salts is placed between layers of the glass. All manipula
tions of the radioactive material are done from outside the cell, by means 
of mechanical arms. A junior cave is a large cube-shaped "box" with lead 
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walls several inches thick and a thick glass window. Radioactive materials 
placed inside the junior cave may be handled remotely with mechanical 
manipulators as in a hot cell. 

3. Other Safety Precautions 
In addition to the procedures discussed above for preventing over

exposure to external radiation, a number of other precautions are neces
sary in working with radioactive materials. These precautions serve to 
minimize or prevent ingestion or inhalation of radioactivity and to avoid 
careless spreading of radioactive materials outside the working area. 
Three very broad rules cover the whole area of safety: (1) wear ade
quate protective clothing, (2) keep the radioactive material in proper 
containers, and (3) perform routine surveys of radiation and radioactive 
contamination. 

Before considering these safety precautions in more detail, it is useful 
to define the relative hazards of various radioactive materials. From the 
standpoint of their hazard to human beings when taken internally, radio
active materials may be considered to be poisons; and, as in the case of 
chemical poisons, they vary in their toxicity. An idea of their relative 
toxicity may be gained by reference to their maximum permissible body 
burdens as listed in NBS Handbook 69 (137). A very useful table is given 
in NBS Handbook 42, which permits one to evaluate the degree of hazard 
for a number of common radioisotopes (134). This table is reproduced in 
Table VIII. Here the radioisotopes are divided into three groups (slightly 
hazardous, moderately dangerous, and very dangerous), and the amounts 
considered as low, intermediate, or high level in laboratory work are given 
for each group. The units of radioactivity used in the table are the curie, 
which is 3.7 χΙΟ 1 0 disintegrations per second, the millicurie (mc) which 
is 10~3 curie, and the microcurie (^c) which is IO-6 curie. It is interesting 
to note, as an example, that 1 mc of Na24 is a low-level quantity, whereas 
1 mc of Sr90 is considered a high-level quantity. 

Table VIII is useful in evaluating the degree of precaution required 
in working with radioactive materials. Some employers, in fact, designate 
their laboratories as high level, intermediate level, or low level and set 
up safety regulations specific for each one. In the area of protective 
clothing, for example, low-level work may require only a laboratory 
coat, safety glasses, and rubber gloves, whereas high-level work would 
require coveralls, safety glasses, rubber gloves, and shoe covers. In work 
with radioactive powders, a face mask should be added to prevent 
inhalation of the powder. The purpose of the protective clothing is not 
only to avoid inhalation or ingestion of radioactivity but also to prevent 
contamination of the worker's body or his street clothing with radio-
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T A B L E VII I 
RELATIVE HAZARDS OF RADIOACTIVITY ABSORBED INTO THE BODY

0
*

6 

Activity scale 
1 MC 10 μο, 100 μο. 1 mc 10 mc 100 mc 1 curie 

1 1 1 1 1 1 1 Group 

I. Slight hazard 

Na
2 4

, K
4 2

, Cu
6 4

, Mn
5 2

, 
As

7 6
, As

7 7
, K r

8 5
, Hg

1 97 

I I . Moderately dangerous 
H

3
, C

1 4
, P

3 2
, Na

2 2
, S

3 5
, 

CI
3 6

, Mn
5 4

, F e
5 9

, Co
6 0

, 
Sr

8 9
, Nb

9 5
, Ru

1 0 3
, R u

1 0 6
, 

Te
1 2 7

, Te
1 2 9

, I
1 3 1

, Cs
1 3 7

, 
B a

1 4 0
, L a

1 4 0
, Ce

1 4 1
, P r

1 4 3
, 

Nd
1 4 7

, Au
1 9 8

, Au
1 9 9

, 
Hg

2 0 3
, 205 

I I I . Very dangerous 
Ca

4 5
, F e

5 5
, Sr

9 0
, Y

9 1
, 

Zr
9 5

, Ce
1 4 4

, Pm
1 4 7

, B i
1 10 

I I 

I 
I 

Low High 

Low High 

Low High 

1 yuc 10 MC 100 μο, 1 mc 10 mc 100 mc 
Activity to be handled in laboratory 

1 curie 

a
 Safe handling of radioactive isotopes. Natl. Bur. Std. (U.S.) Handbook 42 (1949) . 
&
 Selected radioisotopes grouped according to relative radiotoxicity, with the amounts 

considered as low, intermediate, or high level, in laboratory practice. 

activity so that he will not carry the contamination outside the labora
tory and endanger other people. For this reason the protective clothing 
is left either in the laboratory itself or in an adjacent locker room and is 
not worn outside. The worker may even be required to shower before 
leaving the area. 

Proper containment of the radioactivity is essential to avoid spread 
of contamination and to prevent ingestion or inhalation. When not in use 
the materials should be sealed in a tight container and stored in a 
designated location posted with signs to warn others of the presence of 
radiation. All work with radioactivity should be done in a laboratory 
designed for that purpose, and inside the laboratory it is done in a well-
ventilated hood, in a glove box, or in a remote facility such as the junior 
cave mentioned previously. Very little work is done out on an open bench 
top, except possibly with very low levels of activity. Very high levels 
are handled in hot cells. Radioactive powders, particularly at intermediate 
or high levels, should be handled in glove boxes, for powders can easily 
be spread around without the worker's realizing it. Great care should 
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also be used in handling liquids to avoid splashing or spilling, and any 
spills should be promptly cleaned up. 

In spite of all the precautions taken, contamination of the laboratory 
and the worker may still occur, so routine surveys are important. When
ever an individual leaves a laboratory, he should check his clothing, 
hands, and shoes for the presence of radioactivity. A radiation monitor 
placed at the door of each laboratory is useful for this purpose. When 
a job is finished, the area where it was done should be checked for 
contamination. This is best done by taking smears, i.e., wiping each 
surface (the floor or the hood button, for example) with a small disk of 
filter paper and assaying the radioactivity picked up by the paper. 
Routine, periodic surveys of the entire laboratory in this manner are a 
good precaution to exercise. In addition, any materials taken from the 
laboratory should be smeared to be certain that they are not contaminated. 

VI. Conclusion 
From this discussion of the effects of radiation on various materials 

it is hoped that the nonspecialist will get some useful, practical informa
tion as well as a feeling for the complexity of the subject. This is a 
comparatively new field. Some facts have been established, many ob
servations need further confirmation, and, of course, an immense amount 
of new information can be expected to evolve in the next few years from 
space research, reactor operations, and continued radiation research. 

Attention has been given particularly to the destructive or deleterious 
effects of radiation on materials. This is caused partly by the need to 
know how to guard against the destructive effects, as when using critical 
materials of construction and for personal safety, and to a greater ex
tent because most of the available information is in this category. How
ever, radiation can have a useful effect on some materials under what now 
seems like very special conditions. Its use in sterilization, preservation of 
foods, treatment of cancer, gene treatment, etc., are rather well known 
and have purposely been kept outside this discussion. In addition, some 
useful applications have been found in making plastics of desired prop
erties and in increasing activity of some catalysts. As has been men
tioned, radiation effects are more pronounced in organic materials than 
in metals, and the time of treatment to secure a desired effect may be 
short enough to be of practical use. The change in color of a white 
diamond to a green or certain other color by controlled radiation has 
been cited. Desirable changes in metals are less obvious. Although im
provement in some properties can be obtained, the time to effect the 
change, the formation of radioactive by-products, and the expense indi-
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cate general impracticability. Even so, some intriguing transmutation 
possibilities may exist. The formation of a 2% tungsten-tantalum alloy 
by prolonged irradiation of tantalum and the presence of several per cent 
of platinum group metals as fission fragments in irradiated uranium are 
indications, as has been mentioned. 

An important by-product of investigations on the effect of radiation 
on materials has been the support given to basic research on materials 
structure. Radiation is another important tool to aid the physicist, chemist, 
and metallurgist to produce structural defects or changes, which may lead 
to the means necessary for their removal. Future work with radiation can 
be expected to define more closely how various materials are affected, 
to add further to basic knowledge of the structure of materials, and 
hopefully to find more useful applications. 
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