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EFFECTS OF TRRADIATION ON DUCTILITY

J. 0. Stiegler and J. R. Weir, Jr.

ABSTRACT

The effect of neutron irradiation on the ductility of
metals is of great technological interest because of their
utilization in nuclear power reactors. The problem of
reduced ductility resulting from irradiation is divided in-
to two parts: a low-temperature region in which plastic
instability limits elongation and a high-temperature problem
in which grain-boundary cracks cause fallure. Fracture
occurs by the same processes in unirradiated materials, the
effect of irradiation being to reduce the strain at which
failure occurs. 1In this report the general aspects of
deformation and fracture at high and low temperatures are
discussed. An introduction is given to the concepts
invelved in neutron irradiation and to changes in the lattice
introduced by irradiation. These are illustrated by electron
micrographs of irradiated materials. Changes in mechanical
properties as a result of irradiaticon are described and
explained in terms of the corresponding microstructural
changes.

TNTRODUCTION

The muclear power reactors currently under development by the Atomic
Energy Commission are potentially more economic in their electrical power
production costs than the reactors presently being constructed by the
utility companies. These reactors of the future will require higher
performance of the materials of construction than today's reactors. One
of the more important properties of the alloys being used and those under
consideration is their ability to deform small amounts while in service at
high temperatures to accommodate thermal stresses and those stresses

imposed by the fissioning fuel.



The guantitative measure of the ability of a metal to deform without
fracturing may be defined as the ductility of the metal. As may be obser-
ved in the other chapters in this book, there are numerous measures of
ductility, defined in various ways, and having as their bases a variety
of types of tests and testing conditions. Because of our rather poor
understanding of the microscopic aspects of fracture in metals, it has

ecen necessary to develop tests representative of the deformations and
stress systems operating on the material to assess its behavior under the
service conditions. The service conditions may be those encountered
during fabrication of the material into the desired shape or during

use of the material in a structure.

We ghall restrict our discussion to the behavior of metals used in
those parts of a nuclear reactor system that are exposed to the high
temperature and the neutrons emanating from the fissioning fuel. This
chapter will also consider only those metals that are normally considered
ductile; that is, not subject to brittle fracture (cleavage) in the
classical sense. The effect of radiation damage on the brittle fracture
of pressure vessel steels has been reviewed recently by others (1,2).

No sgingle set of symptoms characterizes radiation-induced embrittle-
ment. Rather, the behavior is a sensitive function of both the irra-
diation and deformation temperatures, as can be seen in Table 1. TLow-
temperature irradiation followed by low-temperature deformation results
in a large increase in yield stress accompanied by a large decrease in
true uniform strain, while no effect is observed in mechanical properties
at low test temperatures if the irradiation temperature is high. On the

other hand, a high-~temperature test following either high~ or low-



Table 1. Effect of Irradiation on the Mechanical Properties of
Stainless Steels as a Function of Deformation and

Irradiation Temperaturea

b
Deformation Temperature

Mechanical T<1/2T T>1/2 T

Properties
Low Irradiation High Irradiation Low and High Irradi-

Temperature Temperature ation Temperatures

Yield stress large increase no effect no effect

Engineering small increase no effect small decreasge
ultimate stress

True tensile no effect no effect small decreage
stregs

True fracture no effect no effect small decrease
stress

True uniform large decrease no effect decrease
strain

True fracture no effect no effect large decreasge
strain

Work hardening large decrease no effect no effect
coefficient

"W. R. Martin and J. R. Weir, Jr., Effect of Trradiation
Temperature on the Post-Irradiation Stress-Strain Behavior of Stainless
Steel, Flow and Fracture of Metals and Alloys in Nuclear Environments
Spec. Tech. Pub. No. 380, American Society for Testing and Materials,
Philadelphia, Pa. 1965, p. 251.

bTm = abgolute melting point of the alloy.
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temperature irradiation shows no significant strength changes but a large
decrease in true fracture strain. On this basis we will divide the
problem of irradiation embrittlement into two parts, one associated with
low irradiation and test temperatures and the other with high test
temperatures. We will first consider general aspects of deformation at
low and high temperatures and then discuss changes in microstructure
brought about by irradiation. We will then examine the radiation-
induced changes in mechanical properties and relate them to the

corresponding microstructural changes.

CONSIDERATIONS OF PLASTIC DEFORMATICN AND FRACTURE

The ductility in tension of mabterials that do not fracture by cleav-
age is limited by a plastic instability that results in local "necking"
and shear fracture of the specimen at low temperatures or by intergranular
fracture at high temperatures. Let us briefly consider each of these

processes.

Low-Temperature Characteristics — Work Hardening

Plastic deformation of metals in tension usually results in a plastic
instability or local necking after some amount of strain. This local
necking limits the elongation of the material. It is important to under-
stand the conditions under which this instability occurs, since it is
related to our definition of ductility. Examination of the engineering
stress (o)-strain (¢) curve in Fig. 1 reveals that the plastic instability

occurs when the engineering stress is a maximum. At this point

do
a'g:o) (l)



3
(x10%) ORNL-DWG 67-10786
240 \1
\ TRUE STRESS-

200 [ ; STRAIN
.’a"
&
v 160 e ——
3 d5/d7 vs T
lo
©
o 120 A e - — -
(@]
w
2]
® \‘-ENGlNEERH\G STRESS-

STRAIN
.
0

=
w [ l
S - /-—-\ AAAAAAAAAAAAAAAA | I e
W 0.6 ( [ - ]
L - VS €
w
O
s/
R e e e e - —
b4 -
=4 // n=ce
YY)
(]
X 0.2 — ]
p
x
@
g o
N 0 0.2 04 06 08 1.0 1.2 1.4

<, STRAIN

Fig. 1. The Stress-Strain Characteristics of Type 304 Stainless
Steel at Room Temperature. The arrows indicate the strain at which the
plastic instability was observed to develop.
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where

o = the engineering stress (the load, I, divided by the initial
cross -sectional area of the specimen, Ag),
¢ = the strain (£»:¥&Q),
Lo
£ = length of sample,

2o = the initial length of the sample.

With this and the definition of o,
ar. = 0 . (2)

From the definition of true stress o, we may obtain

where

A = cross-gectional area, and by differentiating
L, = G dA + A do = O . (4)
The constant volume assumption allows us to write
Aglg = AL . (5)
This, with the definition of strain above, may be rearranged to yield
Ag = A(L + ¢) . (6)
Differentiating, we obtain

0 =Ade + {1 +¢) aa . (7)



Substituting Eq. (7) appropriately into Eq. (4),

o de
do = o 75— - (8)

Since

de

joT]
m |
|

where
¢ = true or logarithmic strain,

then, at the point of instability
g~§=5. (10)
de

If we assume a power-law relationship between true stress and strain, the

work-hardening exponent

dlno do
=400 do (11)
¢ de

alim]

d 1in

This with BEq. (10) yields at the point of instability

(12)

o]
i
o |

Examination of Fig. 1 shows that Egs. (10) and (12) are reasonably well

obeyed for type 304 stainless steel.

High-Temperature Characteristics — Grain-Boundary Fracture

At high temperatures the condition of instability must involve the
strain~rate dependence of the flow stress in addition to the rate indepen-
dent considerations discussed above. An excellent review of the

phenomenclogical theory including strain-rate effects has been recently



presented by Hart (3). We shall not discuss these principles here
because the deformation at high temperatures of alloys of importance (as
concerns irradiation effects on ductility) is generally terminated by
intergranular fracture. This type of fracture illustrating no significant
tendency for necking is shown in Fig. 2.

Mechanisms by which grain-boundary cracks are nucleated and grow at
elevated temperatures are not well understood, although several qualita-
tive concepts have been developed (4,5,6,7,8). The appearance of the
cracks depends on the test temperature and stress; at lower temperatures

and higher stresses the cracks have a characteristic wedge shape and

Y-6786U
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Fig. 2. Photomicrograph Showing the Characteristics of High-Temperature
Fracture in Type 304 Stainless Steel. The stress was applied in the hori-
zontal direction. Note the high density of intergranular cracks having
the characteristic wedge appearance located below the fracture surface.



appear to emanate from triple grain junctions, giving the illusion that
they are nucleated there. On the other hand, at higher temperatures and
lower stresses rounded cavities appear on the grain-boundary surfaces

and then grow and merge to form cracks. The view has been put forth that
graln-boundary sliding blocked at triple grain junctions produces at the
Junctions tensile stress concentrations that ultimately exceed the
strength of the solid and open a small crack. The wedge-shaped crack
may then grow aglong the boundsry by continued sliding, dislocation
motion within the grains, or stress-induced diffusion of vacancies Loward
the tip of the crack. The volids on the grain-boundary surfaces are
believed to be formgd at ledges, jogs, or nonwetting particles in the
boundary, which are opened by sliding. Growth may again occur by
mechanical processes or vacancy condensation, although surface diffusion
must occur sufficiently rapidly to allow the cavities to maintain nearly
spherical shapes. As the cavities grow and merge, they form cracks, but

scalloped edges reveal thelr origin.

STRUCTURAL EFFECTS OF IRRADIATION

The exposure of metals to high-energy neutrous and charged particles
produces defects such as vacant lattice sites, interstitial atoms, and
transmuted atoms (atoms having a different atomic number than the original).
The charged particles normally produced in accelerators or by decay of
radioactive isotopes travel only very short distances in metals (a few
tens of microns at most). Thus, in a practical sense, their effects on
ductility are difficult to assess experimentally and are perhaps only of
scientific interest. However, energetic neutrons penetrate large distances

into metals and can upon collision transfer sufficient energy to
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the atoms of metals to dislodge them from their normal positions in the
lattice. When a high-energy neutron hits the nucleus of an atom it also
may introduce sufficient energy into the nucleus to transmute it to an
atom of another chemical species with the emission of a charged particle.
We shall discuss in the following the theory of these events in a quali-
tative way and then describe some observations of the structural damage

in metals produced by neutron irradiation.

Concepts

Neutrons with energies between about 0.1 and 10 Mev are produced
by the fission process. In a "thermal" reactor some of these are slowed
down to thermal energy (i.e., approx 0.025 ev). The Tirst considera-
tion is to calculate the number of neutrons striking the material in the
reactor. Since the neutrons are not monoenergetic, we are sometimes
interested in the integral flux or the total number of neutrons of all
energies

o = fo ¢ (E)AE (neutrons cm™? sec™ 1) . (13)

The time-integrated flux or total exposure (sometimes termed fluence)
is
t
fo o(t)dt (neutrons cm~?) . (14)
This is, of course, ¢t if the flux is constant with time.
The next quantity of interest is the number of interactions between

the neutrons and the atoms in the metal. This is

Nr/NO = [¢(E)o(E)dE (15)
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or for a moncenergetic flux of neutrons

Nr/No = 00 , (16)
where

fractional number of interactions per secomnd,

=
R
=
o
i

neutron flux (neutrons cm™? sec

it

_J_),

Q
il

the microscopic cross section, a measure of the probability
per neutfon of an interaction (cubic centimeter) .
Collisions between neutrons and lattice atoms may be treated in terms
of elasgtic collisions between hard spheres. In thig case the maximum
energy transferred when a particle of mass m; and energy E, strikes a

particle of mass my at rest is

7 _ 4 112

max " Tap ¥ mg)Z P (a7)

Since the neutron has a mass number of 1, this becomes

Emax ’Q’lk/+El/m2 3 (]—8)

where mp 1s now the mass number of the struck particle. The average
energy transfer is half the maximum amount. Now, 1f the energy transfer
to the struck atom exceeds some threshold value, usually estimated to be
about 25 ev, the atom will be displaced from its lattice site. Buch an
atom, termed a primary knock-on, will interact with lattice atoms in its
vicinity, possibly displace some of them, and gradually come to rest.

If the struck atom receives a large amount of energy, its more loosely
bound electrons will be stripped from it leaving it highly ionized. Under
these conditions it will lose energy primarily through electronic inter-
actions, but as it slows down it will make freguent collisions with lattice

atoms, the frequency increasing as the energy of the knock-on decreases.
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A calculation of the total number of displaced atoms produced is
obviously a complex problem. To illustrate the order of magnitude of the
number we will follow the treatment of Kinchin and Pease (9). They assume
that the knock-on loses energy entirely by ionization above some cutoff
energy approximately equal to the mass number of the struck atom in
kilo-electron volts.

The mumber of additional displaced atoms produced per primary knock-on

atom is approximately

. _B ]
N, = i for 2B, <E <E, , (19)
and
Ei
= e Y W
N, = 55~ for B > E, , (20)
d
where
B = the energy of the primary knock-on,
Ed = the threshold displacement energy, approximately 25 ev
for metals,
Ei = the energy of the primary above which only ionization and

no displacements are produced, approximately 56 kev for iron.
Now let us compute the number of displacements produced under some Typical
reactor conditions. Assume a monoenergetic neutron flux of

1013 neutrons cm™? sec™t, all having an energy of 1 Mev, and a cross

0-24 2

section of 3 x U em“.  Allow the irradiation to continue for one year

(approx 4 x 107 sec). Under these conditions
Nr/No = 1013 x 4 x 107 x 3 x 107%% = 1.2 x 1073

About 0.1% of the atoms become primary knock-on atoms in a year.
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The maximum energy transmitted to the primary is (for iron M = 56)

E = 4,1/56 ~ 0.07 Mev .

max

This is above the ionization energy, so the number of displacements

per primary is

56,000 3 .
= =1 US
Nr §—§~§§ 107 displacement

On this basis, each atom has been displaced once on the average during

the year of irradiation. The accuracy of a calculation such as this is
certainly questionable; however, it serves to indicate that a large
number of atoms are displaced in a metal under typical reactor conditions.
Thus far the theory does not consider the configuration in which the atoms
find themselves after they have been displaced. For this purpose, dynamic
computer calculations have been made that simulate the atoms in a

crystal during the neutron bombardment (10,11). These results indiéate
that many complicated events may occur. Figure 3 shows sowme of the
possibilities.

It is important to realize that the displaced atoms are not pro-
duced hbmogeneously throughout the material. For an individual collision
the defects reside in a small volume around the track of the primary
knock~on, which typically extends a few tens of perhaps hundreds of
angstroms. This volume 1s termed a displacement cascade, but in reality
it may be composed of subcascades produced by secondary knock-ons. Note
too the distribution of vacancies and interstitial when the cascade
ig not uniform. In general, the interstitials are displaced outward,

leaving a vacancy-rich core in the center of the cascade.
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Fig. 3. A Two-Dimensional Illustration of the Possible Neutron-Nucieus Interactions In
Crystalline Materiais. In the upper left the neutron transfers a large amount of energy to the knock-
on atom, which then produces two displacement cascades. The upper cascade has, in the shaded area, a
defocusing sequence and in the lower cascade the shaded area indicates a focusing sequence. The neutron
represented by b undergoes a glancing collision on transferring a small amount of energy to ‘the knock-
on atom, and nc cascade is produced. The neutron represented by c is absorbed by the nucleus which
then emits a gamma ray of sufficient energy to displace the atom. For a discussion of the structure of
the damaged region, see D. K. Holmes, Current Probiems in the Theory of Radiation Damage, paper
presented at ATME Symposium on Radiation Effects, Asheville, N. C., September 1965, to be published in
proceedings.

71



15

Thus, in the absence of thermal rearrangement of the displaced atoms
we should expect to Tind large numbers of single point defects (vacancies
and interstitial atoms), small clusters of a few point defects, and
larger regions rich in vacancies.

The annealing of these complicated arrays of defects is not very
well understood. Measurements of the change in resistivity of metals
indicate that the major portion of those defects that contribute to
resistivity disappear rapidly at temperatures of Q.35Tm and O.5Tm for
the body-centered cubic and face-centered cubic metals, respectively,
where Tm is the melting point in degrees absolute (12). Annealing of
some of the types of defects occurs below room temperature so that the
final distribution of defects is a gensitive function of the temperature
of irradiation and postirradiation testing. At temperatures above the
fractions of the melting points quoted above, we would expect this
type of radiation damage to anneal out.

The other event we shall discuss is the transmutation reaction
between a neutron and the nucleus of an atom. Table 2 lists the
reactions and their cross sections for a number of important cases. We
see that helium and hydrogen may be produced in metals through neutron
reactiong both with impurities in the metals and with the major alloying
elements. Alter and Webher (13) have made calculations of the amounts of
hydrogen and helium produced in various materials and concluded that for
the iron- or nickel-base alloys used as fuel cladding, approximately
100 ppm He and a few thousand parts per million hydrogen would be produced
in a fast reactor in a few years'operation. In addition to these

transmutation reactions producing gaseous products, other possibilitiesg
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Table 2. Transmutation Reactions in Metals

Neutron Ener
Cross Section &y

Nucleus Reaction (barns)a Associated with
Cross Section
4N (n,q) 41 Fission
108 (n,q) 3800 Thermal
(n,Q) 635 Fission
5 yre (n,o) 0.35 Fission
(n,p) 0.87 Fission
581 (n,q) 0.5 Figsion
(n,p) 111 Fission

al barn = 107%% cm?.

exist in which solid impurities are produced. In most cases cross
gections are low enough that appreciable quantities are not formed. An
. . s+ 197 197 3 : :

important exception is the W (n,B) Re reaction. As higher power

density reactors are developed, this may become an important problem area.

OBSERVATIONS OF IRRADIATED MATERIALS

Since the initial work of Silcox and Hirsch (14), transmission
electron microscopy has been used extensively to characterize structural
changes resulting from irradiation. The results appear to depend critically
not only on the irradiation conditions and on the material examined, but

also strongly on its purity. Consequently there still is controversy
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over the identity of defect clusters formed by low-temperature irradiations.
Most of the investigations have been confined to high-purity single-phase
materials, with little attention paid to complex engineering materials
or to high-temperature irradiations. We will attempt here to sumﬁarize
the essential features of the findings and to show the extent and very
broad nature of the problem.

Black spots of the order of a few tens of angstroms in diameter,
often called the "Black Death," appear in transmission electron micro-
graphs of metals irradiated at low temperatures ( < O.35Tm), as is
illustrated in Fig. 4. Recent quantitative studies by electron microscopy
of irradiated face-centered cubic metals have at various times shown them
to be exclusively vacancy clusters and loops (15,16), interstitial clusters
and loops (17,18), or mixtures composed of small vacancy clusters and

larger resolvable interstitial loops (19,20). Differences still have

Fig. 4. Transmission Electron Micrograph of Type 304 Stainless
Steel Irradiated at 93°C. The black spots are defect clusters produced
by the irradiation.
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not been settled, and we must at this point conclude that all can probably
be formed but that individual circumstances determine which occur for a
particular situation.

Merkle (21,22) irradiated thin foils of copper and gold with heavy
ions in order to study damage from individual knock-on events. In gold
he concluded that each knock-on having energy greater than 27 kev pro-
duced a detectable spot ( > 20 A in diameter) and that the size of the
spot inecreased with increasing knock-on energy up to a maximum diameter
of about 150 A. In copper, however, not every knock-on above a critical
energy resulted in visible damage. Merkle explained this in terms of
the distribution of defects in the displacement cascades. The range of
a 50-kev atom in copper is about four times that of one in gold
(250 vs 60 A), so that the defects in gold are confined to a relatively
small volume, while in copper they are spread out in relatively widely
spaced subcascades. Only when two or more of these overlapped were
detectable spots produced. Most of the defects were not in the form of
clusters large enough to resolve in the electron microscope.

Howe gﬁ_g&. (23) performed some experiments in which folls of
aluminum, copper, and silver were irradiated by heavy ions at approximately
20°K in the electron microscope. Spots identified as vacancy clusters or
Frank loops parallel to {lll} or {llO} were formed, indicating that
vacancy-rich zones collapse to dislocation loops at this temperature. The
interstitials escaped from the folls, were trapped at imperfections, or
frozen in the lattice individually or in groups too small to be observed.
In bulk copper irradiated at higher temperatures, Makin et al. (19,20)

identified large, well defined interstitial loops in addition to the
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vacancy-induced zpots. Since such large loops are not always
observed (15,16), it is possible that their nucleation and growth are
controlled by impurities. Mekin et al. were able to correlate the
radistion-induced hardening with the swsll vacancy clusters or loops.

Koppenzal et al. (24,25) showed that the addition of certain sub-
stitutional solute atoms to copper eliminated the interstitial loops
but did not influence the hardening mechanism, in agreement with the
previous conclusion that the vacancy clusters or ioops were responsible
for the strengthening.

In the body-centered cubic crystal system the situation is quite
different. The fluence at which observable clusters appear and their
distributions both are sensitive functions of interstitial impurity
content. For molybderum (26) irradisted at less than 100°C, the clusters
were more widely distributed in the purer specimens; upon annealing ab
elevated temperatures (approx 900 °C) large, interstitial loops were
observed. Similar results were obtained on iron (27). Eyre and
Dovney (28) found two components of damage in molybdenum specimens irra-
diated at 200°C, dots and irregular dislocation lines believed to be
segments of large clusters. Upon annealing, the dot-1like structure
evolved into identifiable vacancy loops. These results indicate that the
clusters are nucleated heterogeneously on impurity atoms and that the
identity of the clusters depends on the mobility of defects at the
irradiation temperature.

Electron microscopy observations must necessarily be made at rela-
tively low doses where defect images do not overlap or interfere with one

another. There is evidence (29) that hardening mechanisms and annealing
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behavior are altered at high fluences suggesting that the defect clusters
grow more complex with age or increasing fluence. In addition, most funda-
mental investigations have been made on relatively high-purity, single-
phase materials irradiated at low temperatures where competing and
complicating precipitation reactions do not occur. Engineering materials
in which ductilily considerations are important have received relatively
little attention from the microscopists. Therefore the following dis-
cussion should be considered as an introduction to the more complex
problem of demage in structural meterials irradiated to high fluences at
temperatures up to 800°C.

Wilsdorf and Kuhlmann-Wilsdorf (30) in a study of type 304 stainless
steel irradiated at reactor ambient temperature to fluences of up to
1019 neutrons/cm2 were unable to detect any visible defect clusters
although the material was hardened and dislocation motion modified. They
suggested that invisible vacancy-rich regions were responsible for the
changes. Armijo et al. (31) were able to detect a dot-like damage
structure in the same material irradiated at 43 and 343°C to fluences
of 1020 and 102%% neutrons/cmZ, respectively. The defects were considerably
larger in the specimen irradiated at the higher temperature to the higher
dose. Bloom et al. (32) correlated the defect structures in type 304
stainless steel irradiated to a fluence of 7 x 10%° neutrons/cm® with
strength properties. At irradiation temperatures of 300°C and less the
damage consisted of black spots which Bloom et al. concluded were probably
vacancy in character (Fig. 4). The spots appeared to grow slightly in size
and decrease in density with increasing irradiation temperature, although

the defect density was too high to allow guantitative estimates of either
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to be made. After irradiation at 371°C, the yield stress and the density
of spots both decreased markedly (Fig. 5). Irregularly shaped planar
defects, probably precipitates, developed, but these were widely enough
spaced that they did not very greatly modify the yield stress. More
extensive precipitation, including a heavy layer along grain boundaries,
was observed at an irradiation temperature of 454°C (Fig. 6). The dot-
like defect clusters were completely absent. Arkell and Pfeil (38) also
showed that massive carbide developed in a niobium-stabilized steel
(20% Cr—25% Ni) irradiated to comparable doses at temperatures of
350 and 750°C.

At irradiation temperatures of 650°C and above, the inert-gas atoms
formed by nuclear transmutations have been observed to precipitate as
bubbles. Rowcliffe et al. (34) observed heterogeneous precipitation in

clusters on grain boundaries of specimens irradiated at 650°C. Homogeneous

YE-9197
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Fig. 5. Transmission Electron Micrograph of Type 304 Stainless
Steel Irradiated at 177°C. The spots are larger and more widely
distributed than those in the specimen irradiated at 93°C (Fig. 4).
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YE-9202

Fig. 6. Transmission Electron Micrograph Showing Precipitate Particles
Formed in Type 304 Stainless Steel during Irradiation at 454°C. Note the
denuded zone adjacent to the boundary and the extensive precipitation on
the boundary.
precipitation within the grains occurred in these specimens annealed at

800°C or irradiated at 750°C. Growth of bubbles under stress was detected

in tensile tests at 750°C.

The appearance of bubbles in the boundary of a titanium-modified
type 304L stainless steel is illustrated in Fig. 7. In this case the
bubbles in the boundary are larger than those in the adjacent grains, and
they have well defined polyhedral shapes. The black circular area in the
figure is a precipitate particle having several small bubbles attached to
it. In Fig. 8 bubbles on the boundary are smaller than those in the
adjacent grains, and a zone denuded of bubbles surrounds the boundary.
These micrographs are typical of areas in which helium contents were

high enough for homogeneous nucleation of bubbles to occur. In areas of
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Fig. 7. Transmission Electron Micrograph of Titanium-Modified
Type 304 Stainless Steel Irradiated at 800°C. The light areas are
helium gas bubbles resulting from the reaction of thermal neutrons
with 19B. The bubbles clearly have polyhedral shapes. The small black
circle near the center of the micrograph is a precipitate particle
having several small bubbles attached to it.

Fig. 8. Another Area of the Specimen Shown in Fig. 7. Notice the
zone denuded of bubbles adjacent to the diagonal grain boundary. The
chains of bubbles in the upper right-hand corner of the figure lie
along dislocation lines.
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low gas content bubbies are located at structural irregularities such as
along the triple grain junctions approaching a quadruple point, as is shown

in Fig. 9. In addition, dislocations, dislocation nodes, and dislocation-

grain-boundary intersections are preferred bubble nucleation sites.

Fig. 9. Transmission Electron Micrograph Showing Chains of Bubbles
Lying Along driple Grain-Boundary Junctions. Notice that the boundary
surfaces near the junctions are generally free of bubbles.

Although solid transmutation products are formed in appreciable
quantities in structural materials after high thermal neutron exposures,
their effects on microstructure and mechanical properties have received
little attention. Wittels et al. (35) characterized structural changes
in a number of materials in which greater than 10% of the atoms present
were transmuted. Since the irradiations were carried out at less than
100°C, nonequilibrium crystal structures were frozen in. No mechanical
or physical properties were determined. Moteff et al. (36) determined

creep properties at 1100°C of tungsten irradiated to produce 2.5% Re
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atoms and 0.25% Os atoms as transmutation products. They found that the
minimum creep rate decreased with increasing exposure, but the creep

rate was related to the thermal fluence (rhenium plus osmium concentration)
rather than to the Tast neutron damage. Transmission electron microscopy
showed the presence of a few large loops, up to 2000 A in diameter, but

no structural change associated with the transmutation products. Evi-
dently solid solution effects rather than structural changes modified the
creep properties, although impurity atom—point defect complexes could have
been responsible.

Neutron fluence and neutron flux are additional variables that may
influence the nature of the damage structure. The results just described
apply to irradiations in thermal reactors where the fast flux is a few
times 10** neutrons cm™? sec’l, or less. 1In fast reactors where the flux
is an order of magnitude higher and comparably higher doses can be
achieved, additional complications result. At irradiation temperatures
of 300°C and less, Cawthorne and Fulton (37) reported black-spot damage,
although the density of defects was too high to allow analysis of their
nature. At irradiation temperatures between 350 and 560°C, spherical
cavities ranging up to 500 A in diameter were observed, which occupied
up to 2% of the volume of the specimen. The volume of volds was several
orders of magnitude too great to be accounted for by helium bubbles.
Cawthorne and Fulton suggested that the voids developed either from
stress-asgisted growth of bubbles or vacancy condensation due to the high

vacancy supersaturation in the high fast flux irradiation.
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In addition to the defects resolved by electron microscopy,
Ralph et al. (38) using field ion microscopy detected smaller clusters
containing up to about 200 vacancies. In irridium, spherical clusters
and collapsed loops were observed as well as depleted zones in which
30 to 40% of the lattice sites were unoccupied. In tungsten only vacancies,
divancancies, and clusters containing less than about 100 vacancies were
imaged. 1In neither case were interstitial loops detected, although urder
the irradiation conditions employed their density would have been low
enough to present a sampling problem with this technique. The important
point is that in addition to containing the large clusters and loops, the
lattice of an irradiated metal is riddled with vacancies, divacancies,

small clusters and vacancy-rich zones.
PIASTIC FLOW AND FRACTURE IN IRRADTATED MATERTALS

Dislocation-Defect Interactions

Which of this complex spectrum of defect configurations governs
mechanical properties changes 1s an unanswered question. Measurements
by Diehl and Ast (39) of the critical shear stress change on annealing
pure nickel that had been irradiated at 4.2°K showed a monotonic decrease
in the hardening with increasing annealing temperature. This indicated
that the defect configuration primarily responsible for the hardening results
directly from the knock-on event and not from subsequent thermally activated
clustering or rearrangement of the defects produced. On the other hand,
the yield stress change in stainless steel (32) reached a maximum at an
irradiation temperature of 200°C, suggesting that more complex defect

configurations, when they form, are more potent strengtheners.
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The presence of the defect structure introduced by irradiation
alters not only the strength but also the externsl appearance of deformed
metals. TFirst, deformation is usually initiated near one of the grips in
a tensile test and then spreads over the specimen as a Luders band; and
second, the slip steps within the deformed region are deep and relatively
widely separated by undeformed areas, as contrasted with a uniform
distribution of fine slip bands in unirradiated materials. Transmission
electron microscopy (40,41,42,43) of such crystals has shown charnels in
which the radiation-induced defect structure has been eliminated
(see Pig. 10). These defect-free channels correspond to the deep slip
steps. The interpretation is that glide dislocations sweep out
or in some manner destroy the radiation-induced defect gtructure. The
channels are generally clean except for deformation-induced tangles and
dipoles. The radiation defects are completely eliminated from the
channels (43) and not simply pushed to the edge of the channel, as was
originally suggested (40). Sharp (43) examined annealed specimens con-
taining channels and found no development of structure within the channels,
as would be expected if they contained a high density of point defects or
point defect clusters below the resolution limit of the microscope. The
mechanism by which the moving dislocations destroy the radiation-produced
defects has not been determined. The shears associated with the channels
determined by measuring the slip line offsets correspond to the passage
of two or three dislocations on each plane within the channel, so ample

opportunity exists for disloeations to remove all the defects present.
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Fig. 10. Transmission Electron Micrograph of Irradiated Molybdenum
Deformed Lightly at Room Temperature. The white bands are channels in
which the defect clusters have been swept out by moving dislocations.

The channels gradually fill with tangles and deformation=-induced
debris, which ultimately halt the deformation in the channels. Sharp (43)
observed a higher density of debris existing on a smaller scale in the

channels then in unirradiated material, but attributed this to the

higher stress at which the slip band developed. During the latter stages

of deformation the slip line pattern of irradiated crystals appears
similar to that of unirradiated materials.

Seeger (44) suggested that the defect clusters harden the lattice
by providing obstacles which moving dislocations must cut with the com-
bined aid of the applied stress and thermal fluctuations. The defects
as a result of this chopping are gradually reduced in strength and
ultimately destroyed or eliminated by the dislocations leading to the

channels that are observed.
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Makin and Sharp (45) pointed out that in irradiated materials
relatively few slip lines are observed, indicating that few sources are
activated, that full-grown slip lines form dynamically in times of the
order of a millisecond, and that partially formed slip lines are not
observed. They proposed on the basis of elimination of the defects by
moving dislocations that the ecritical stress to form a slip band is the
stress to operate a source in the enviromment of the defect structure.
Subsequent loops can be formed more easily, since the first one, so to
speak, clears a path for them. A pileup then forms and expands, creating
the cleared channel very rapidly at the high stress levels necessary to
generate the first dislocation. The result 1s creation of a soft zone in
a hardened material in which extensive localized shear occurs in a short

time until work hardening halts the deformation.

Ductility and Mechanical Properties Effects at Low Temperatures

A general behavior pattern is emerging concerning the response of
the mechanical properties of a wide variebty of metals and alloys to
neutron irradiation. We shall discuss the general behavior, give some
specific examples, and relate the changes in ductility o observations
using electron microscopy.

A systematic study (46) of the effects of irradiation and testing
temperatures on the postirradiation mechanical properties of stainless
steels indicabtes qualitatively the behavior shown in Table 1. We
obgerve differences in the characteristics of these alloys depending on

both the irradiation temperature and the testing temperature. Further
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work has indicated that the ductility (elongation) as a function of irra-
diation and testing tewmperature decreases to a minimum, rises, and then

decreases again (see Fig. 11).
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Fig. 11. The General Behavior of Stainless Steels after Irradiation
at Low Temperatures.

There is other evidence (46,47,48) that the minimum in the tem-
perature range of 200°C occurs only after the material has been exposed
to relatively large neutron fluences. Figure 12 shows how stainless steel
behaves as a function of neutron exposure at various temperatures and
illustrates that the minimum in ductility at 200°C develops only after a

neutron exposure of approximately 5 X 1020 neutrons/cm2.
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Now let us first examine this low-temperature behavior more closely.
Stress-strain curves obtained (32) at room temperature after irradiation
at various temperatures in this low-temperature range are shown in Fig. 13.
Observe that for temperatures of 300°C and lower the yleld stress rises
with irradiation temperature and the elongation decreases. The true
fracture stresses and strains are not affected, however. After irra-
diation at 454°C the elongation has increased again but the fracture
stress and strain are lower than in the other tests indicating an effect
having different characteristics than in the other tests. The work
hardening exponents in the plastic range (see Fig. 14) are consistent

in all cases with the uniform and total elongation values, although

the specimen irradiated at 454°C is anomalous.
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This behavior can be explained in terms of the microstructural
changes discussed earlier and of the interaction between dislocations and
the radiation induced defect clusters. Microstructural observations on
stainless steel (30,31,32) show that a more complex defect configuration
develops at fluences above 1070 neutrons/cm2 and that its size and spacing
are critiecal functions of the irradiation temperature. These, in turn,
determine the strength and work hardening characteristics of the material.
The observations that dislocations remove the defect clusters (40,41,42,43)
and that in irradiated materials slip is confined to narrow channels pro-
vide an explanation for the reduced work-hardening coefficients of the
irradiated materials. The channeling produces a soft zone in a very hard
material in which very extensive slip occurs and by limiting the numher
of sources or slip systems makes more difficult interactions between dis-
locations and tangling which normally lead to work hardening. Figure 15
illustrates the narrow regions to which slip is confined in stainless
steel irradiated at 121°C and deformed 10% by rolling at room temperature.
The defect structure is still clearly visible in the region between the
slip bands.

The anomalous behavior of the specimen irradiated at 454°C is not
related to displacement damage bult is probably due to the precipltate
particles formed during irradiation. Unlike the defect clusters they
are not removed by the disglocations but rather provide permanent obstacles
and sitegs for tangling. In addition numerous sources and slip systems
are active, leading to the tangled configuration pictured in Fig. 16.

The reduced fracture stress and strain possibly arise from the extensive

grain-boundary precipitation that also occurred.
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Fig. 15. Transmission Electron Micrograph of Type 304 Stainless Steel
Irradiated at 121°C and Deformed 10% by Rolling at Room Temperature. All
the deformation has been confined to the dark bands; the radiation-induced
defect clusters can still be seen between the bands.

Fig. 16. Transmission Electron Micrograph of Type 304 Stainless Steel
Irradiated at 454°C and Deformed 10% by Rolling at Room Temperature.
Compare the uniform distribution of tangled dislocations with the
localized slip bands produced in specimens irradiated at a lower

temperature (Fig. 15).
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Although this discussion is limited to the behavior of stainless
gteel, it illustrates the nature of the problem and the complexities

introduced by microstructual changes introduced by irradiation.

Ductility at High Temperatures

At high temperatures of deformation where the materials tend to
fracture intergranularly (in the absence of irradiation), a large number
of iron- and nickel-base alloys are observed to be severely embrittled
by neutron irradiation (49,50). As is indicated in Table 1, the embrittle-
ment takes the form of reduced elongation and reduction of area values.
The magnitude of the high-temperature embrittlement is sensitive to the
alloy composition and structure, the test temperature, the strain rate,
and the irradiation conditions. Examples of the effects of some of these
variables are illustrated in Figs. 17 and 18. TFigure 17 illustrates the
dependence in the form of a plot of fracture elongation in stress-rupture
and tensile tests as a function of the rupture 1life and Fig. 18 shows
the effect of grain diameter on elongation.

At these temperatures lattlce damage would quickly anneal out, so
that we must look elsewhere for the source of the problem. Indirect
evidence that bears on the causes for the high-temperature embritilement
has been obtained. For example, Harries and Roberts (51) showed that the
embrittlement was predominantly a function of thermal-neutron exposure at
low doses of fast neutrons. Martin et al. (52) related the embrittlement
to the helium generated by the thermal-neutron lOB(n,a) reaction and
showed that at very low concentrations of boron in type 304 stainless

steel, the contribution of helium from (n,Q) reactions between high-
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energy neutrons (fast neutrons) and iron, nickel, and other constituents
in the alloy was also important (see Table 2). TFigure 19 shows that the
ductility, after irradiation of type 304 stainless steel containing
various amounts of boron and subjected to various doses or irradiation,
iz a function of the total helium content from both the thermal lOB(n,CO
reaction and the high-energy (n,Q) reactions. Higgins and Roberts (53)
reported that the ductility of an alloy at high temperatures was reduced
through the injection of helium by means of cyclotron bombardment with

alpha particles.
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That hellum, or any other atomic species, al a concentration of
1072 (see Fig. 19), could produce a pronounced effect on the ductility
of a metal is difficult to imagine. However, the noble gases are
very insoluble in metals. Rimmer and Cottrell (54) have estimated the
energies required for solution of the inert gases in copper. The least
energy 1s required when the gas atom is in a vacant lattice site of the
metal; for helium, the value is about 1 ev. Cottrell (55) indicates that

the equilibrium concentration C of gas in solution is

C = (P/NKT) exp(~F/xI) , (21)

where

P = pressure,

N = the number of solvent atoms per unit volume,

T = temperature,

k = Boltzmann's constant,

F = the energy of solution.

At a temperature of 700°C the concentration of helium is less than
1077 at a pressure of 1 atm. TIf there are not enough vacant lattice sites
for the helium atoms, then the energy of solution is approximately 2.5 ev

and the solubility is less than 10-1% at a pressure of 1 atm.

Behavior of Gases, Bubbles, and Grain Boundaries

In understanding the influence of helium on the fracture process, two
points must be considered: (1) the distribution of the helium and (2) the
response of the helium (bubbles) to a tensile stress. Earlier we showed

that at irradiation or test temperatures above about half the abgolute melting
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temperature helium bubbles form in stainless steel. In thermal reactors,
where the helium is generated by the lOB(n,a) reaction, the distribution
of helium largely reflects the distribution of the boron, since the
helium recoil range is only about 2 . Since boron has been frequently
observed to inhabit the grain-boundary regions, such areas may have
concentrations well above mean levels. The mechanism of diffusion of
helium is not established, but some feeling exists that small bubbles

( < 25 A in diameter) may be the most rapidly diffusing species. Such
bubbles presumably would migrate randomly until they reach traps or
collide with other bubbles, coalescing to form bubbles too large to
diffuse further. At low helium concentrations we would suspect that
collisions would be rare and that bubbles would ultimately reach grain
boundaries where they would be trapped. They still would be free to
move in the surface of the boundary until they collide with other bubbles
or reach the more stable triple grain-boundary junctions (Fig. 9). At
low gas concentrations the largest bubbles probably exist at triple
Junctions, but smaller bubbles are likely distributed over the grain
boundary. At higher concentrations larger bubbles form in the boundary,
and precipitation within the grains may occur. In a 25% Cr—25% Ni—Ti
stainless steel containing approximately 4 at. ppm He, Rowecliffe et al. (34)
obgserved on boundaries bubbles ranging from 30 to 80 A in diameter

after irradiation at 650°C. After irradiation at 750°C coarsening
occurred such that observed bubbles ranged between 60 and 180 A in
diameter. The specimen pictured in Fig. 7 contained about 15 ppm He

and after irradiation at 800°C contained grain-boundary bubbles ranging

up to 650 A in diameter.
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Barnes (5¢) proposed that stress-induced growth and linking of
these bubbles to form cracks was the cause of the high-temperature
ductility loss. Consider a bubble on a grain boundary in the absence
of an external stress. Removal of an atom from the surface of the
bubble increases the surface energy 2y/rOQ and does work POQ in expanding
the gas, where 2 1s the atomic volume, ro the radius of the bubble, and
PO the gas pressure in the bubble. Equilibrium exists when these terms

are equal

P= 2y/ro . (22)

If a stress Tm is applied, additional work oﬂQ is done in transferring
an atom from the bubble to the grain boundary outside the bubble. The

equilibrium condition becomes
o+t P == (23)

where P < PO and r > ro Since the product of presgure and volume remains
constant, Por03: Pr3, Hyam and Sumner (57) showed that the stress

in equilibrium with 2 bubble of radius r is given by
. 24
2y ! ( ro) |
-Eh-(F) ] (2

This Tfunetion has a maximum at o, 7 0.76 y/ro. For stresses greater
than o, equilibrium cannot be obtained, and unlimited bubble growth
occurs. For a given stress, bubbles having a radius greater than

0.76 Y/O’Will become unstable and expand indefinitely. Surface energies
are not generally known with high precision, but values on the order

of 1000 ergs/cm2 are commonly quoted. Based on this value of vy, the
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bubble radius above which unlimited growth occurs for a given stress is
tabulated in Table 3, Bear in mind that the precise value of surface
energy can change these values perhaps severalfold. The table indicates
that the distribution of bubble sizes is important, for only those bubbles
on the large end of the distribution will become unstable. It also shows
that stress concentrations or stress transients can lead to expansion of
bubbles much smaller than expected by the general level of the applied
stress. The stronger engineering alloys are most likely to be embrittled
by this mechanism, since they are used in relatively high-stress
applications due to thelr abllity to resist deformation processes.
Metallographic examination of irradiated materials strained at high
temperatures shows that the appearance of the fracture is similar to that

in unirradiated materials. At high stress levels wedge cracks are

Table 3. Initial Radius for Unlimited

Bubble Growth for Various Stresses®

Tensile Stress Redius
(psi) (A)
1,000 1110
5,000 220
10,000 110
20,000 55
50,000 22
100, 000 11

aﬁssuming v &~ 1000 ergs/cm®.
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formed, and at low levels cavitation is observed. The effect of irra-
diation is to reduce the strain at which rupture occurs. In the absence
of irradiation, cracks and cavities are nucleated by plastic strain, but
in irradiated materials, helium bubbles provide suitable nuclei without
any prerequisite strain. Such bubbles can begin to grow into cracks

at the onset of the test. The effect is greater at higher stress levels,
since a larger fraction of the bubbles is capable of being expanded.
However, since such bubbles probably grow by collecting vacancies

at very high strain rates (stresses), they cannot expand rapidly

enough to influence significantly the ductility or rupture 1life. Con-
versely, at very low stresses few bubbles will be large enough to be
expanded. This accounts for the general behavior shown in Fig. 17.

The model of high-temperature radiation-enhanced embrittlement by
helium gas bubbles, as proposed by Barnes (56), is formulated in terms of
rupture by cavitation. This is observed at low stress levels, but enhanced
wedge-type cracking is also observed at higher stress levels. Inhomogeneous
bubble distributions, particularly chains of bubbles along triple grain
junctions (Fig. 9), suggest that wedge cracks should be easlily nucleated
in irradiated materials. Such cracks could grow in the same manner in which
they grow in unirradiated materials, the effect of the bubbles being simply
to nucleate them with little prior strain, or their rate of propagation
could be enhanced by the expansion of subcritical size bubbles by the
gstress conceuntration preceding the crack. It appears likely that gas
bubbles enhance both the nucleation and the growth of eracks.

This picture of elevated-temperature radiation-induced embrittle-
ment is consistent with the experimental observations summarized in

Table 1. At these temperatures displacement damage anneals out, so that



43

irradiation has little effect on strength properties. However, helium
generated by neutron reactions precipitates as bubbles, which enhance
nucleation and perhaps propagation of éracks. The presence of bubbles
does not alter the mode of rupture; bubbles merely nucleate cracks or
cavities without any prerequisite strain and possibly increase their rate

of propagation.
CONCIUDING REMARKS

A radiation environment simply represents another service condition
to which engineering metals and alloys may be exposed. Structural and
compositional changes induced by irradiation compound and confound
alterations arising from thermal effects. This results in two distinct
ductility problems: first, at low irradiation temperatures displacement
damage or disruption of the crystal lattice interferes with the move-~
ment of dislocations and the development of normal deformation patterns;
and, second, at high irradiation temperatures precipitation of inert gas
bubbles leads to rapild nucleation and propagation of grain-boundary
cracks. We cannot formulate the problem in guantitative terms, for the
radiation-induced changes depend strongly on the initial structure and
composition of the alloy. However, we have tried to illustrate the
latitude of the problem through the behavior of type 304 stainless steel,
a widely used reactor alloy.

Although we have dwelt on the problem of radiation-enhanced
embrittlement, we do not mean to imply that it is an insoluble problem.

In fact, a number of proposals (49,58) for overcoming the high-



4

temperature problem have been made, based on the mechanism of embrittle-
ment discussed here. As guch it is a good example of a case in which
the solution to a problem posed by our technolegy arises from an

understanding of the physical principles underlying the problem.
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