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TEM Transmission electron microscope
Twm Melting temperature

1.03.1 Introduction
Irradiation of materials with particles that are suf-
ficiently energetic to create atomic displacements
can induce significant microstructural alteration, rang-
ing from crystalline-to-amorphous phase transitions
to the generation of large concentrations of point
defect or solute aggregates in crystalline lattices.
These microstructural changes typically cause signifi-
cant changes in the physical and mechanical properties
of the irradiated material. A variety of advanced mi-
crostructural characterization tools are available to
examine the microstructural changes induced by par-
ticle irradiation, including electron microscopy, atom
probe field ion microscopy, X-ray scattering and spec-
trometry, Rutherford backscattering spectrometry,
nuclear reaction analysis, and neutron scattering and
spectrometry.””” Numerous reviews, which summarize
the microstructural changes in materials associated
with electron’® and heavy ion or neutron™ " irradi-
ation, have been published. These reviews have
focused on pure metals’ ' *"*7'*1%"” a5 well as model
alloys,s’g’1 % steels,'?? and ceramic®™'>'7'® materials.
In this chapter, the commonly observed defect
cluster morphologies produced by particle irradia-
tion are summarized and an overview is presented on
some of the key physical parameters that have a major
influence on microstructural evolution of irradiated
materials. The relationship between microstructural
changes and evolution of physical and mechanical
properties is then summarized, with particular em-
phasis on eight key radiation-induced property deg-
radation phenomena. Typical examples of irradiated
microstructures of metals and ceramic materials are
presented. Radiation-induced changes in the micro-
structure of organic materials such as polymers are
not discussed in this overview.

1.03.2 Overview of Defect Cluster
Geometries in Irradiated Materials

A wide range of defect cluster morphologies can be
created by particle irradiation.*”"** The thermody-
namic stability of these defect cluster geometries
is dependent on the host material and defect cluster
size as well as the potential presence of impurities.
There are four common geometric configurations for

clusters of vacancies and self-interstitial atoms (SIAs):
two planar dislocation loop configurations (faulted
and perfect loops) that occur for both vacancies and
STAs, and two three-dimensional configurations that
occur only for vacancy clusters (the stacking fault
tetrahedron, SFT, and cavities).

The faulted loop (also called Frank loop) is most
easily visualized as either insertion or removal of a
layer of atoms, creating a corresponding extrinsic or
intrinsic stacking fault associated with condensation
of a planar monolayer of vacancies and SIAs, respec-
tively. The faulted loop generally forms on close
packed planes, 1.e., {111} habit planes with a Burgers
vector of /=1/3(111) for face-centered cubic (fcc)
materials, {110} habit planes with 4=1/2(110) for
body-centered cubic (bcc) metals, and {1010} habit
planes with s=a/2 (1010) for hexagonal close
packed (HCP) metals.”” Faulted loops with b=a/2
[0001] on the (0001) basal plane are also observed in
many irradiated HCP materials. All of these faulted
loops are immobile (sessile). The high stacking
fault energy of bee metals inhibits faulted loop nucle-
ation and growth, and favors formation of perfect
loops. There have been several observations of
faulted loops consisting of multiple atomic layers.**'

The perfect loop in fcc materials is typically created
from initially formed faulted loops by nucleation of an
a/6(112) Shockley partial dislocation that sweeps
across the surface of the faulted loop and thereby
restores perfect stacking order by this atomic shear of
one layer of atoms. The resultant Burgers vector in fcc
materials is #/2(110), maintaining the {111} loop habit
planes. After unfaulting, rotation on the glide cylinder
gradually changes the habit plane of the fcc perfect
loop from {111} to {110} to create a pure edge loop
geometry. After the loop rotates to the {110} habit
plane, the perfect loop is glissile. Experimental studies
of irradiated fcc materials typically observe perfect
loops on either {111} or {110} habit planes (or both),
depending on the stage of the glide cylinder rotation
process. The glissile perfect loop configurations for
bce materials consist of #=4/2(111) loops on {111}
habit planes and 4= 2(100) loops on {100} habit planes.
The typical corresponding HCP perfect loop configura-
tion is 5= a/3 (1120) on {1120} prismatic habit planes.

SFTs are only observed in close-packed cubic
structures (i.e. fcc materials). The classic Silcox—
Hirsch®* mechanism for SFT formation is based
on dissociation of #=1/3(111) faulted loops into
4/6(110) stair rod and 2/6(121) Shockley partial dis-
locations on the acute intersecting {111} planes.
Interaction between the climbing Shockley partials
creates 4/6(011) stair rod dislocations along the
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Figure 1 Comparison of calculated size-dependent energies for different vacancy cluster geometries in pure copper.
Reproduced from Zinkle, S. J.; Seitzman, L. E.; Wolfer, W. G., Philos. Mag. A 1987, 55(1), 111-125.

tetrahedron edges. The Silcox—Hirsch mechanism has
been verified during iz situ transmission electron
microscope (TEM) observation of vacancy loops in
quenched gold.”” Evidence from molecular dynamics
(MD) simulations®® >’ and TEM observations'>'****
during in situ or postirradiation studies indicate that
SET formation can occur directly within the vacancy-
rich cascade core during the ‘thermal spike’ phase of
energetic displacement cascades.

There 1s an important distinction between the defi-
nitions for the terms void, bubble, and cavity, all of
which describe a three-dimensional vacancy cluster
that is roughly spherical in shape. Void refers to an
object whose stability 1s not dependent on the presence
of internal pressurization from a gaseous species such
as helium. Bubbles are defined as pressurized cavities.
The term cavity can be used to refer to either voids or
bubbles and is often used as a generic term for both
cases. In many cases, voids exhibit facets (e.g. truncated
octahedron for fcc metals) that correspond with close-
packed planes of the host lattice, whereas bubbles are
generally spherical in shape. However, the absence of
facets cannot be used as conclusive evidence to dis-
criminate between a void and a bubble.

Figure 1 shows the calculated energy for different
vacancy geometries in pure fec copper.”” The SFT is
calculated to be the most energetically favorable
configuration in copper for small sizes (up to about
4 nm edge lengths). Faulted loops are calculated to be
stable at intermediate sizes, and perfect loops are
calculated to be most stable at larger sizes. In practice,

many metastable defect cluster geometries may
occur. For example, it is well established that the
transition from faulted to perfect loops is typically
triggered by localized stress such as physical impin-
gement of adjoining loops, and not simply by loop
energies; the activation energy barrier for unfaulting
may be on the order of 1 eVatom ™" Similarly, large
activation energy barriers exist for the conversion
between planar loops and voids.”’

1.03.3 Influence of Experimental
Conditions on Irradiated
Microstructure

1.03.3.1 Irradiation Dose

As discussed in Chapter 1.01, Fundamental Proper-
ties of Defects in Metals; Chapter 1.02, Fundamental
Point Defect Properties in Ceramics; and Chapter
1.11, Primary Radiation Damage Formation, the
international standardized displacement per atom
(dpa) unit for radiation damage’ is a useful parame-
ter for comparing displacement damage levels in a
variety of irradiation environments. The calculated
damage level is directly proportional to the pro-
duct of the fluence and the average kinetic energy
transferred to the host lattice atoms (damage energy).
The effective damage cross-sections for 1MeV
particles incident on copper range from ~30barns
(1barn =1 x 10~ **cm?) for electrons®” to ~600 barns

36 9 -3
for neutrons’® and ~2 x 10°barns for Cu ions.”’
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The dpa unit is remarkably effective in correlating the
initial damage production levels over a wide range of
materials and irradiating particles and is the singular
most important parameter for quantifying radiation
effects in materials. Numerous aspects of microstruc-
tural evolution are qualitatively equivalent on a dpa
basis for materials irradiated in widely different
irradiation environments. However, the dpa unit
does not accurately capture some of the complex
differences in primary damage production for ener-
getic displacement cascade conditions compared to
isolated Frenkel pair production.”® For example,
defect production at cryogenic temperatures (where
long-range defect migration and annihilation does not
occur) for neutron and heavy ion-irradiated materials
is about 20-30% of the calculated dpa value due to
athermal in-cascade recombination processes.”™*” In
addition, the accumulated damage, as evident in the
form of point defect clusters or other microstructural
features, typically exhibits a complex nonlinear rela-
tionship with irradiation dose that depends on irradi-
ation temperature and several other factors. The
impact of other experimental variables on the dose-
dependent damage accumulation behavior is dis-
cussed in Sections 1.03.3.2-1.03.3.9.

1.03.3.2 Role of Primary Knock-on
Atom (PKA) Spectra

Displacement damage can occur in materials when the
energy transferred to lattice atoms exceeds a critical
value known as the threshold displacement energy
(Ey), which has a typical value of 30-50eV.*'®*
Figure 2 shows an example of the effect of bombard-
ing energy on the microstructure of CeO, during
electron irradiation near room temperature.’’ The
loop density increases rapidly with increasing energy

200 keV

500 keV

750keV

above 200 keV, suggesting that 200 keV electrons trans-
fer elastic energy that is slightly above the threshold
displacement energy. High-resolution microstructural
analysis determined that the dislocation loops were
associated with aggregation of oxygen ions only (ie,
no Ce displacement damage) for electron energies up
to 1250 keV, whereas perfect interstitial-type disloca-
tion loops were formed for electron energies of
1500 keV and higher. Therefore, the corresponding
displacement energies in CeO; are ~30 and ~50eV
for the O and Ce sublattices, respectively.*’

A wide range of PKA energies can be achieved
during irradiation, depending on the type and energy
of irradiating particle. For example, the average
PKA energies transferred to a Cu lattice for 1 MeV
electrons, protons, Ne ions, Xe ions, and neutrons are
25eV, 0.5keV, 9keV, 50keV, and 45keV, respec-
tively." Trradiation of materials with electrons and
light ions introduces predominantly isolated SIAs
and vacancies (together known as Frenkel pairs) and
small clusters of these point defects, because of the
low average recoil atom energies of ~0.1-1 keV. Con-
versely, energetic neutron or heavy ion irradiations
produce energetic displacement cascades that can
lead to direct formation of defect clusters within
1solated displacement cascades due to more ener-
getic average recoil atom energies that exceed 10 keV.
Figure 3 compares the weighted PKA energy values
for several irradiation species.****

These differences in PKA energy produce signifi-
cant changes in primary damage state that can have a
pronounced effect on the microstructural evolution
observed during irradiation. As briefly mentioned in
Section 1.03.3.1, the defect production efficiency
per dpa determined from electrical resistivity mea-
surements during irradiation near absolute zero and
MD simulation studies is significantly lower (by about

1000 keV. 1250keV

Figure 2 Bright-field images of interstitial-type nonstoichiometric dislocation loops formed in CeO, during 200-1250 keV
electron irradiation to a fluence of ~3 x 102 electrons per square meter at room temperature. The beam direction is

along [011] and the diffraction vector is g=111. Reproduced from Yasunaga, K.; Yasuda, K.; Matsumura, S.;

Sonoda, T. Nucl. Instrum. Methods Phys. Res. B 2008, 266(12-13), 2877-2881.
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Figure 3 Weighted average recoil atom energy for 1 MeV particles in copper, plotted as a function of recoil energy (7).
Reproduced from Averback, R. S. J. Nucl. Mater. 1994, 216, 49-62.

a factor of 3—4) for energetic displacement cascade
conditions compared to isolated Frenkel pair condi-
tions, due to pronounced in-cascade recombination
and clustering processes.”>* MD computer simula-
tions™ ™ and #u situ or postirradiation thin foil exper-
1BIA7H (Where interaction between
different displacement damage events is minimal
due to the strong influence of the surface as a point
defect sink) have found that defect clusters visible
by transmission electron microscopy (TEM) can be
produced directly in displacement cascades if the
average PKA energy exceeds 5-10keV. Irradiations
with particles having significantly lower PKA ener-
gies typically produce isolated Frenkel pairs and sub-
microscopic defect clusters that can nucleate and
coarsen via diffusional processes. The microstructural
evolution of an irradiated material is controlled by
different kinetic equations if initial defect clustering
occurs directly within the displacement cascade
(~0.1-1 ps timescale) versus three-dimensional ran-
dom walk diffusion to produce defect cluster nucle-
ation and growth, particularly if some of the in-cascade
created defect clusters exhibit one-dimensional
glide.*** As discussed in Chapter 1.13, Radiation
Damage Theory, this can produce significant differ-
ences in the microstructural evolution for features
such as voids and dislocation loops. Figure 4 compares
the microstructure produced in copper following irra-
diation near 200 °C with fission neutrons’’ and 1 MeV
electrons.”*”” Vacancies and STAs are fully mobile in
copper at this temperature. The 1 MeV electron pro-
duces a steady flux of point defects that leads to the

imental studies

Figure 4 Comparison of the microstructure of copper
irradiated near 200 °C with (a) fission neutrons (reproduced
from Zinkle, S. J.; Sindelar, R. L. J. Nucl. Mater. 1988,
155-157, 1196-1200) and (b) 1 MeV electrons (modified
from Kiritani, M. Ultramicroscopy 1991, 39(1-4), 180-186;
Kiritani, M.; Takata, H. J. Nucl. Mater. 1978, 69-70,
277-309).

creation of a moderate density of large faulted
interstitial loops. On the other hand, the creation
of SFTs and small dislocation loops directly in
fission neutron displacement cascades creates a
high density (~2 x 10** m™*) of small defect clus-
ters, and the high point defect sink strength asso-
ciated with these defect clusters inhibits the growth
of dislocation loops. As shown in Figure 4, the net
result is a dramatic qualitative and quantitative
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difference in the irradiated microstructure due to
differences in the PKA spectrum.

Electron microscopy*’® and binary collision**
and MD simulation® studies have found that irradi-
ation with PKA energies above a critical material-
dependent value of ~10-50keV results in formation
of muluple subcascades (rather than an ever-

57

increasing single cascade size), with the size of the
largest subcascades being qualitatively similar to an
1isolated cascade at a PKA energy near the critical
value. Figure 5 compares MD simulations of the
peak displacement configurations of PKAs in iron
with energies ranging from 1 to 50keV.’® At low
PKA energies, the size of the displacement cascade
increases monotonically with PKA energy. When the
PKA energy in Fe exceeds a critical value of ~10keV,
multiple subcascades begin to appear, with the largest
subcascade having a size comparable to the 10keV
cascades. The number of subcascades increases with
increasing PKA energy, reaching ~5 subcascades for
a PKA energy of 50keV in Fe. A fortunate conse-
quence of subcascade formation is that fission reactor
irradiations (~1 MeV neutrons) can be used for ini-
tial radiation damage screening studies of potential
future fusion reactor (~14 MeV neutrons) materials,
since both would have comparable primary damage
subcascade structures.””® Further details on the ef-
fect of PKA spectrum on primary damage formation

1ke‘\¥’ ﬁ iy

X

Figure 5 Comparison of the molecular dynamics
simulations of 1-50 keV PKA displacement cascades in
iron. PKA energies of 1 (red), 10 (green), and 50 (blue) keV
for times corresponding to the transient peak number of
displaced atoms are shown. The length of the Z (horizontal)
dimension of the simulation box is 170 lattice parameters
(49 nm). Adapted from Stoller, R. E., Oak Ridge National
Lab, Private communication, 2010.

are given in Chapter 1.11, Primary Radiation
Damage Formation.

1.03.3.3 Role of Irradiation Temperature

Irradiation temperature typically invokes a very large
influence on the microstructural evolution of irra-
diated materials. There are several major tempera-
ture regimes delineated by the onset of migration of
point defects. Early experimental studies used iso-
chronal annealing electrical resistivity measurements
on metals irradiated near absolute zero temperature
to identify five major defect recovery stages.’
Figure 6 shows the five major defect recovery
stages for copper irradiated with electrons at 4 K.’
The quantitative magnitude of the defect recovery
in each of the stages generally depends on material,
purity, PKA spectrum, and dose. Based on the cur-
rently accepted one-interstitial model, Stage I corre-
sponds to the onset of long-range SIA migration. Stage
I often consists of several visible substages that have
been associated with close-pair (correlated) recombi-
nation of Frenkel defects from the same displacement
event and long range uncorrelated recombination of
defects from different primary displacement events.
Stage II involves migration of small SIA clusters and
STA-impurity complexes. Stage III corresponds to the
onset of vacancy motion. Stage IV involves migration of
vacancy—impurity clusters, and Stage V corresponds to
thermal dissociation of sessile vacancy clusters. It
should be noted that the specific recovery stage tem-
perature depends on the annealing time (typically 10
or 15 min in the resistivity studies), and therefore needs
to be adjusted to lower values when considering the
onset temperatures for defect migration in typical

Induced resistivity

1 1
20 50 100 200

Temperature (K)

Figure 6 Electrical resistivity defect recovery stages for
copper following electron irradiation at 4 K. Reproduced
from Agullo-Lopez, F.; Catlow, C. R. A.; Townsend, P. D.,
Point Defects in Materials. Academic Press: San Diego, CA,
1988; p 445.
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Table1  Summary of defect recovery stage temperatures for materials®'86366-69

Material Melting temperature (K) Crystal structure Stage | (K) Stage Il (K) Stage V (K)
Pb 601 fcc 5 150 300
Al 933 fce 35 220

Ag 1233 fcc 35 240 540
Au 1337 fcec <4 290 530
Cu 1357 fcc 50 270 550
Ni 1726 fce 60 350

Pd 1825 fcc 50 ~350

Pt 2045 fce 30 ~350

Rh 2236 fcc 32 ~500

sic 3103 cubic 220 (C) 450 (Si)  ~1400 (C) 1050 (Si)

o-Fe 1809 bcc 110 230

Cr 2130 bcc 40 380

\ 2175 bcc <6 220

Nb 2740 bcc 5 230

Mo 2890 bcc 40 470

Ta 3287 bcc 10 270

w 3680 bcc 30 650

Cd 594 HCP <4 120

Zn 693 HCP 18 125

Mg 922 HCP 13 130

Ti 1043 HCP 120 250

Be 1560 HCP 45 280

Co 1768 HCP 55 310

Zr 2125 HCP 150 270

Re 3453 HCP 100 630 1180
Al,O3 2324 HCP ~150 ~850

Source: Eyre, B. L. J. Phys. F1973, 3(2), 422-470.
Zinkle, S. J.; Kinoshita, C. J. Nucl. Mater. 1997, 251, 200-217.

Schilling, W.; Ehrhart, P.; Sonnenberg, K. In Fundamental Aspects of Radiation Damage in Metals, CONF-751006-P1; Robinson, M. T;
Young, F. W., Jr., Eds. National Tech. Inform. Service: Springdfield, VA, 1975; Vol. |, pp 470-492.

Hautojarvi, P.; Pollanen, L.; Vehanen, A.; Yli-Kauppila, J. J. Nucl. Mater. 1983, 114(2-3), 250-259.

Lefevre, J.; Costantini, J. M.; Esnouf, S.; Petite, G. J. Appl. Phys. 2009, 706(8), 083509.

Schultz, H. Mater. Sci. Eng. A 1991, 141, 149-167.

Xu, Q.; Yoshiie, T.; Mori, H. J. Nucl. Mater. 2002, 307-3171(2), 886-890.

Young, F. W., Jr. J. Nucl. Mater. 1978, 69/70, 310.
Hoffmann, A.; Willmeroth, A.; Vianden, R. Z. Phys. B 1986 62, 335.
Takamura, S.; Kobiyama, M. Rad. Eff. Def. Sol. 1980, 49(4), 247.

Kobiyama, M.; Takamura, S. Rad. Eff. Def. Sol. 1985, 84(3&4), 161.

neutron irradiation experiments that may occur over
time scales of months or years. Table 1 provides a
summary of defect recovery stage temperatures for
several fcc, bee, and HCP materials®!' #6667
Although there is a general correlation of the recovery
temperatures with melting temperature, Table 1
shows there are several significant exceptions. For
example, Pt has one of the lowest Stage I temperatures
among fcc metals despite having a very high melting
temperature. Similarly, Cr has a much higher Stage 111
temperature than V or Nb that have higher melting
points. As illustrated later in this chapter, the micro-
structures of different materials with the same crystal
structure and irradiated within the same recovery stage
temperature regime are generally qualitatively similar.

Several analytic kinetic rate theory models have been
developed to express the dose dependence of defect
cluster accumulation in materials at different temper-
ature regimes.”’""* In the following, summaries are
provided on the experimental microstructural obser-
vations for five key irradiation temperature regimes.

1.03.3.3.1 Very low temperature regime:
immobile SIAs (T<Stage I)

At very low temperatures where defect migration
does not occur, defect accumulation is typically pro-
portional to dose until the defect concentration
approaches the level where defects created in dis-
placement events begin to overlap and annihilate
preexisting defects created earlier in the irradiation

Comprehensive Nuclear Materials (2012), vol. 1, pp. 65-98
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Figure 7 Defect concentration normalized to the total atom concentration N, at four different depths in ZnO irradiated
with 200 keV Ar ions at 15 K as determined by Rutherford backscattering spectrometry. Reproduced from Wendler, E.; Bilani,
O.; Gértner, K.; et al. Nucl. Instrum. Methods Phys. Res. B 2009, 267(16), 2708-2711.

exposure. The defect accumulation kinetics”” can
be described by N= Ny.[1 — exp(—A¢r)], where
the parameter 4 is determined by the spontaneous
recombination volume for point defects or the cas-
cade overlap annihilation volume for defect clusters
and ¢ris the product of the irradiation flux and time.
Due to the lack of defect mobility, defect clus-
ters resolvable by TEM are usually not visible in
this irradiation temperature regime unless they are
created directly in displacement cascades by ener-
getic PKAs.”* Saturation in the defect concentration
typically occurs after ~0.1dpa as monitored by
atomic disorder,””””” electrical resistivity,78_82 and
dimensional change.*® Due to the large increase
in free energy associated with lattice disordering and
defect accumulation, amorphization typically occurs
in this temperature regime in many ceramics' %%
and ordered metallic alloys®”** for doses above ~0.1—
0.5dpa. Figure 7 shows an example of the dose-
dependent defect concentration in ion-irradiated
Zn0 at 15K as determined by Rutherford backscat-
tering spectrometry.*’

1.03.3.3.2 Low temperature regime: mobile

SIAs, immobile vacancies (Stage I<T<Stage Ill)
Between recovery Stage I and Stage III, the SIA point
defects and small SIA clusters have sufficient mobil-
ity to migrate and form visible dislocation loops as
well as recombine with sessile monovacancies and
vacancy clusters. The defect accumulation in this
temperature regime is initially linear with dose
when the defect concentration is too low for

uncorrelated recombination to be a significant con-
tribution, but then transitions to a square root depen-
dence at an intermediate dose in pure materials when
interaction between defects from different PKA
events becomes important.”’*”"*? The critical dose
for this kinetic transition is dependent on the con-
centration of other defect sinks in the lattice (disloca-
tions, grain boundaries, precipitates, etc.). The high
sink strength associated with the immobile vacancies
limits the growth rate (ie., size) of the SIA loops for
doses above ~0.1 dpa, and the observable defect clus-
ter size and density typically approach a constant
value at higher doses. Figure 8 shows an example
of the microstructure of AIN following ion irradiation
at 80 K (mobile SIAs, immobile vacancies) to a damage
level of about 5 dpa.”' The microstructure consists of
small (<5 nm diameter) interstitial dislocation loops.

1.03.3.3.3 Medium temperature regime:
mobile SIAs and vacancies

(Stage lll<T<Stage V)

At temperatures where both SIAs and vacancies are
mobile, the defect cluster evolution is complex due to
the wide range of defect cluster geometries that can
be nucleated.**”*>”* The predominant visible fea-
tures in this temperature regime are vacancy and
interstitial loops and SFTs for irradiated fcc mate-
rials and vacancy and interstitial loops and voids
for irradiated bcc materials. For medium- to high-
atomic number fcc metals exposed to energetic
displacement cascades (e.g., fast neutron and heavy
ion irradiation), most of the vacancies are tied up in
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Figure 8 Weak beam microstructure of dislocation loops
in AIN after 2 MeV Si ion irradiation to ~5 dpa at 80 K. The
TEM figure is based on irradiated specimens described in
Zinkle et al.”"

sessile vacancy clusters (SE'Ts, vacancy loops) that are
formed directly in the displacement cascades. As a
consequence, the majority of observed dislocation
loops in fcc metals in this temperature and PKA
regime are extrinsic (interstitial type), and void nucle-
ation and growth is strongly suppressed. For bcc
metals, the amount of in-cascade clustering into ses-
sile defect clusters is less pronounced, and therefore,
vacancy loop and void swelling are observed in addi-
tion to interstitial dislocation loop evolution. Due to
the typical high sink strength of interstitial clusters in
this temperature regime, the magnitude of void
swelling 1s generally very small (<1% for doses up
to 10dpa or higher). The loop density and nature in
bee metals is strongly dependent on impurity content
in this temperature regime.”*** For example, the loop
concentration in molybdenum irradiated with fission
neutrons at 200 °C 1s much higher in low-purity Mo
with ~99% of the loops identified as interstitial type,
whereas ~90% of the loops were identified to be
vacancy type in high-purity Mo irradiated under the
same conditions.”

The dose dependence of defect cluster accumula-
tion in this temperature regime is dependent on the
material and defect cluster type. For dislocation loops
and SFTs in fcc metals, the defect accumulation
1s initially linear and may exhibit an extended inter-
mediate regime with square root kinetics before
reaching a maximum concentration level. The maxi-
mum defect cluster density is largely determined
by displacement cascade annihilation of preexisting
defect clusters. In fcc metals, the defect cluster
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Figure 9 Defect cluster density in neutron-irradiated
copper and nickel following fission reactor, 14 MeV, and
spallation neutron irradiation near room temperature, as
measured by TEM. Depending on the purity of the nominally
high-purity copper, the defect cluster accumulation at
intermediate doses (~0.001-0.01 dpa) either exhibits a
continuation of linear kinetics or switches to a square root
accumulation behavior. Based on data reported by Zinkle®*
and Hashimoto et a/.9%%

density may approach 10°*m™’, which corresponds
to a defect cluster spacing of less than 10 nm and
is approximately equal to the maximum diameter of
subcascades during the collisional phase in neutron-
irradiated metals. As with irradiation near recovery
Stage 1I, the critical dose for transition in defect
cluster accumulation kinetics is dependent on the
overall defect sink strength. With continued irradia-
tion, the loops may unfault and evolve into network
dislocations, particularly if external stress is applied.
Figure 9 summarizes the dose-dependent defect
cluster densities in neutron-irradiated copper and
nickel.” ™ In both of these materials, the predomi-
nant visible defect cluster was the SFT over the
entire investigated dose and temperature regime.
Depending on the purity of the copper investigated,
the transition from linear to square root accumula-
tion behavior may or may not be evident (cf. the
differing behavior for Cu in Figure 9). The visible
defect cluster density in irradiated copper reaches a
constant saturation value (attributed to displacement
cascade overlap with preexisting clusters) for damage
levels above ~0.1 dpa. The lower visible defect clus-
ter density in Ni compared to Cu at doses up to 1 dpa
has been attributed to a longer thermal spike lifetime
of the Cu displacement cascades due to inefficient
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coupling between electrons and phonons (thereby
promoting more complete vacancy and interstitial
clustering within the displacement cascade).”””®
Figure 10 compares the defect cluster accumula-
tion behavior for two fcc metals (Cu, Ni) and two
bee metals (Fe, Mo) following fission neutron irra-
diation near room temperature.’””>’***~'°" For all
four materials, the increase in visible defect cluster
density 1s initially proportional to dose. The visible
defect cluster density is highest in Cu over the
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Figure 10 Defect cluster density in copper, nickel,
molybdenum, and nickel following fission reactor and
14-MeV neutron irradiation near room temperature, as
measured by TEM. Based on data reported by Kiritani°,
Hashimoto et al.%%%, Eldrup et al. ®°, Zinkle and Singh'®, and
Lietal. '

investigated damage range of 10~ *~1 dpa. The irra-
diated Fe has the lowest visible density at low doses,
whereas Ni and Mo have comparable visible cluster
densities. At doses above ~0.01 dpa, the visible loop
density in Mo decreases due to loop coalescence in
connection with the formation of aligned ‘rafts’ of
loops. Partial formation of aligned loop rafts has also
been observed in neutron-irradiated Fe for doses near
0.8dpa, as shown in Figure 11.'"" The individual
loops within the raft aggregations in neutron-
irradiated Fe exhibited the same Burgers vector. The
maximum visible cluster density in the fcc metals is
about one order of magnitude higher than in the bec
metals (due in part to loop coalescence associated
with raft formation). Positron annihilation spectros-
copy analyses suggest that submicroscopic cavities are
present in the two irradiated bcc metals, with cavity
densities that are about two orders of magnitude
higher than the visible loop densities.”" """’

1.03.3.3.4 High temperature regime:

mobile defects and vacancy loop

dissociation (T >Stage V)

The typical microstructural features that appear dur-
ing irradiation at temperatures above recovery Stage
V include dislocation loops (vacancy and interstitial
type), network dislocations, and cavities. SFTs are
thermally unstable in this temperature regime and
therefore only SFTs created in the latter stages of the
irradiation exposure are visible during postirradiation
examination.”* A variety of precipitates may also be
nucleated in irradiated alloys.'"'**'% Defect cluster
accumulation in this temperature regime exhibits

Figure 11 Examples of aligned rafts of dislocation loops in iron following fission neutron irradiation to 0.8 dpa at
~60 °C. The microstructure in thin (a) and thick (b) foil regions are shown. Reproduced from Zinkle, S. J.; Singh, B. N.

J. Nucl. Mater. 2006, 351, 269-284.
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several different trends. The visible SIA clusters evolve
from a low density of small loops to a saturation density
of larger loops after damage levels of ~1-10dpa.
Upon continued irradiation, a moderate density of
network dislocations is created due to loop unfault-
ing and coalescence. The dislocation loop and net-
work dislocation density monotonically decrease with
increasing temperature above recovery Stage V,"*'"’
whereas the density of precipitates (if present) can either
increase or decrease with increasing temperature.

The major microstructural difference from lower
temperature irradiations in most materials is the emer-
gence of significant levels of cavity swelling. After an
initial transient regime associated with cavity nucle-
ation, a prolonged linear accumulation of vacancies
into voids is typically observed.'”'" The cavity den-
sity monotonically decreases with increasing tempera-
ture in this temperature regime.””'*”"'" Figure 12
summarizes the densities of voids and helium bubbles
(associated with n,o transmutations) in austenitic stain-
less steel as a function of fission reactor irradiation
temperature for damage rates near 1 x 10 ®dpas™".*’
The bubble and void densities exhibit similar tem-
perature dependences in fission reactor-irradiated
austenitic stainless steel, with the bubble density ap-
proximately one order of magnitude higher than the
void density between 400 and 650 °C. For neutron-

irradiated copper and Cu-B alloys, the bubble den-
sity 1s similarly observed to be about one order of
magnitude larger than the void density for tem-
peratures between 200 and 400°C.""""'" At higher
temperatures, the void density in copper decreases
rapidly and becomes several orders of magnitude smal-
ler than the bubble density. The results from several
studies suggest that the lower temperature limits for
formation of visible voids''"™""* and helium bubbles’’
can each be reduced by 100°C or more when the
damage rate is decreased to 10~°~10"*dpas~', due
to enhanced thermal annealing of sessile vacancy
clusters during the time to achieve a given dose.
Dose rate effects are discussed further in Section
1.03.3.7.

The void swelling regime for fcc materials
typically extends from 0.35 to 0.67y;, where Ty is
the melting temperature, with maximum swelling
occurring near 0.4-0.45 Ty for typical fission reactor
neutron damage rates of 10 ®dpas™".">""* Figure 13
summarizes the temperature-dependent void swell-
ing for neutron-irradiated copper.''’ The results for a
neutron-irradiated Cu-B alloy, where ~100 atomic
parts per million (appm) He was produced during
the 1dpa irradiation due to thermal neutron trans-
mutation reactions with the B solute, are also
shown in this figure.'’” For both materials the onset
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Figure 12 Effect of neutron irradiation temperature on the cavity density observed in austenitic stainless steels for
damage rates near 1 x 10~ % dpa s~ (except the labeled data point at 120 °C which had a damage rate of ~10~° dpas~").
Reproduced from Zinkle, S. J.; Maziasz, P. J.; Stoller, R. E. J. Nucl. Mater. 1993, 206, 266-286.
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Figure 13 Temperature-dependent void swelling behavior in neutron-irradiated copper and Cu-B alloy after fission neutron
irradiation to a dose near 1.1 dpa. Adapted from Zinkle, S. J.; Farrell, K.; Kanazawa, H. J. Nucl. Mater. 1991, 179-181,
994-997; Zinkle, S. J.; Farrell, K. J. Nucl. Mater. 1989, 168, 262-267.

of swelling occurs at temperatures near 180°C,
which corresponds to recovery Stage V in Cu for the
2x 10 "dpa s~' damage rates in this experiment.
The swelling in Cu was negligible for temperatures
above ~500 °C, and maximum swelling was observed
near 300 °C. The lower temperature limit for swelling
in fcc materials is typically controlled by the high
point defect sink strength of sessile defect clusters
below recovery Stage V. The upper temperature
limit is controlled by thermal stability of voids and a
reduction in the vacancy supersaturation relative to
the equilibrium vacancy concentration.

As noted by Singh and Evans,”” the temperature
dependence of the void swelling behavior of bcc
and fcc metals can be significantly different. In par-
ticular, due to the lower amount of in-cascade forma-
ton of large sessile vacancy clusters in medium-mass
bce metals compared to fcc metals, the recovery
Stage V 1s much less pronounced in bcc metals. The
presence of a high concentration of mobile vacancies at
temperatures below recovery Stage V (and a concomi-
tant reduction in the density of sessile vacancy-type
defect cluster sinks) allows void swelling to occur in
bee metals for temperatures above recovery Stage 111
(onset of long-range vacancy migration). Figure 14
compares the temperature dependence of the void
swelling behavior of Ni (fcc) and Fe (bcc) after
high dose neutron irradiation.'"” Whereas the peak
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Figure 14 Comparison of the temperature-dependent

void swelling behavior in Fe and Ni, based on data reported
by Budylkin et al.'"®

swelling after ~50dpa in neutron-irradiated Ni oc-
curred near 0.45 Ty, the peak swelling in Fe occurred
at the lowest investigated temperature of ~0.35T .
Several other bce metals including Mo, W, Nb, and
Ta exhibit void formation for irradiation temperatures
aslow as ~0.2 Ty, which is approaching the upper limit
of recovery Stage I11°* Tt is worth noting the peak
swelling temperature for neutron-irradiated bcc
metals Mo and Nb—1Zr after exposures of ~50dpa
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6 . .
occur near 0.3—0.35Ty,"'®""” which is much lower

than the 04-0457Ty peak swelling temperature ob-
served for fcc metals.

1.03.3.3.5 Very high temperature regime:

He cavities (T >> Stage V)

Irradiation at temperatures near or above 0.5 Ty typ-
ically results in only minor microstructural changes
due to the strong influence of thermodynamic equi-
librium processes, unless significant amounts of impu-
rity atoms such as helium are introduced by nuclear
transmutation reactions or by accelerator implantation.
When helium is present, cavities are nucleated in the
grain interior and along grain boundaries. The cavity
size increases and the density decreases rapidly with
increasing temperature. Figure 15 compares the
helium cavity density for various implantation and
neutron irradiation conditions in austenitic stainless
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Figure 15 Temperature dependence of observed cavity
densities in commercial austenitic steels during He
implantation or neutron irradiation at elevated temperatures
(I and Ry, respectively). The dashed lines denote the
densities of voids during neutron irradiation (R,(n)) and
bubbles during implantation near room temperature
followed by high temperature annealing (I.+A). Adapted
from Singh, B. N.; Trinkaus, H. J. Nucl. Mater. 1992, 186,
153-165; Trinkaus, H.; Singh, B. N. J. Nucl. Mater. 2003,
323 (2-3), 229-242.

steels as a function of temperature.''®""” The tem-
perature dependence of the cavity density is dis-
tinguished by two different regimes. At very high
temperatures, the cavity density is controlled by gas
dissociation mechanisms with a corresponding high
activation energy, and at lower temperatures by gas
or bubble diffusion kinetics.''® The cavity density
decreases by nearly two orders of magnitude for every
100K increase in irradiation temperature in this very
high temperature regime. The helium cavity densities
in materials irradiated at low temperatures (near room
temperature) and then annealed at high temperature
are typically much higher than in materials irradiated
at high temperature, due to excessive cavity nucleation
that occurs at low temperature. In the absence of
applied stress, the helium-filled cavities tend to nucle-
ate rather homogeneously in the grain interiors and
along grain boundaries. If the helium generation and
displacement damage occurs in the presence of an
applied tensile stress, the helium cavities are preferen-
tially nucleated along grain boundaries and may cause
grain boundary embrittlement.'*’

1.03.3.4 Role of Atomic Weight

Materials with low atomic weight, such as aluminum,
exhibit more spatially diffuse displacement cascades
than high atomic weight materials due to the increase
in nuclear and electronic stopping power with in-
creasing atomic weight. For example, the calculated
average vacancy concentration in Au displacement
cascades is about two to three times higher than in
Al cascades for a wide range of PKA energies.’” This
increased energy density and compactness in the spa-
tial extent of displacement cascades can produce
enhanced clustering of point defects within the ener-
getic displacement cascades of high atomic weight
materials. Electrical resistivity isochronal annealing
studies of fission neutron-irradiated metals have con-
firmed that the amount of defect recovery during
Stage I annealing decreases with increasing atomic
weight,”” which is an indication of enhanced SIA
clustering within the displacement cascades. The
importance of atomic weight on defect clustering
depends on the material-specific critical energy for
subcascade formation compared to the average PKA
energy. For example, in the fcc noble metal series Cu,
Ag, Au, the subcascade formation energy increases
slightly with mass (10, 13, and 14 keV, respectively),
and very little qualitative difference exists in the defect
cluster accumulation behavior of these three materi-
als.'**® In general, there is not a universal relation
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between atomic weight and microstructural para-
meters such as overall defect production,'”" defect
cluster yield,'**'** or visible defect cluster size.’®

1.03.3.5 Role of Crystal Structure

MD simulations”’ predict the absolute level of defect
production is not strongly affected by crystal struc-
ture. Conversely, electrical resistivity studies of fis-
sion neutron-irradiated metals suggest that the
overall defect production is highest in HCP metals,
intermediate in bcc metals, and lowest in fcc
metals,'*' which suggests that the anisotropic nature
of HCP crystals might inhibit defect recombination
within displacement cascades. TEM measurements
of defect cluster yield (number of visible cascades per
incident ion) in ion-irradiated metals have found that
the relatively few visible defect clusters are formed
directly in displacement cascades in bee mertals,'”
whereas cluster formation is relatively efficient in
fcc metals and variable behavior is observed for
HCP metals.'*’ Faulted dislocation loops are often
observed in irradiated fcc and HCP metals, but due
to their high stacking fault energies most studies on
irradiated bcc metals have only observed perfect
loops.®'*?1#7:12% Since perfect loops are glissile, this
can lead to more efficient sweeping up of radiation
defects and accelerate the development of dislocation
loop rafts or network dislocation structures in bcc
materials. Figure 16 shows examples of the disloca-
ton loop microstructures in bee, fcc, and HCP
metals with similar atomic weight following electron
irradiation at temperatures above recovery Stage
I1L*7 All of the loops are interstitial type with com-
parable size for the same irradiation dose. However,
significant differences exist in the loop configura-
tions, in particular habit planes and faulted (Ni, Zn)
versus perfect (Fe) loops. One significant aspect of
loop formation in HCP materials is that differential
loop evolution on basal and prism planes can lead to
significant anisotropic growth.'?*"1%’

In general, defect accumulation in the form of void
swelling is significantly lower in bce materials com-
pared to fcc materials, although there are notable
exceptions where very high swelling rates (approach-
ing 3% per dpa)"**"*! have been observed in some
bee alloys. Pronounced elastic and point defect diffu-
sion anisotropy'”® can also suppress void swelling
in HCP materials, although high swelling has been
observed in some HCP materials such as graphite.'*”
It has long been recognized that ferritic/martensitic
steels exhibit significantly lower void swelling than

Figure 16 Dislocation loop microstructures in Fe, Ni, and
Zn following electron irradiation at temperatures above
recovery Stage lll. The loops in Fe were perfect and located
on (100) planes, and the loops in Ni and Zn were faulted
and located on {111} and (0001) planes, respectively.
Reproduced from Kiritani, M. J. Nucl. Mater. 2000, 276(1-3),
41-49.

austenitic stainless steels.'””"**"**Figure 17 com-
pares the microstructure of austenitic stainless steel
and 9%Cr ferritic/martensitic steel after dual beam
ion irradiation at 650°C to 50dpa and 260 appm
He.'” Substantial void formation is evident in the
Type 316 austenitic stainless steel, whereas cavity
swelling is very limited in the 9%Cr ferritic/marten-
sitic steel for the same irradiation conditions. Several
mechanisms have been proposed to explain the lower
swelling in ferritic/martensitic steel, including lower
dislocation bias for SIA absorption, larger critical radii
for conversion of helium bubbles to voids, and higher
point defect sink strength.

1.03.3.6 Role of Atomic Bonding

Atomic bonding (ie., metallic, ionic, covalent, and
polar covalent) is a potential factor to consider when
comparing the microstructural evolution between
metals and nonmetals, or between different nonmetal-
lic materials that may have varying amounts of direc-
tional covalent or ionic bonds. For example, several
authors have proposed an empirical atomic bonding
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Figure 17 Comparison of the microstructure of Type 316 LN austenitic stainless steel and 9%Cr-2%WVTa ferritic/
martensitic steel after dual beam ion irradiation at 650 °C to 50 dpa and 260 appm He. Reproduced from Kim, I.-S.; Hunn,
J. D.; Hashimoto, N.; Larson, D. L.; Maziasz, P. J.; Miyahara, K.; Lee, E. H. J. Nucl. Mater. 2000, 280(3), 264-274.

criterion to correlate the amorphization susceptibility
of nonmetallic materials.**"*” Materials with ionicity
parameters above 0.5 appear to have enhanced resis-
tance to irradiation-induced amorphization. However,
there are numerous materials which do not follow this
correlation,”*"**"*” and a variety of alternative mech-
anisms have been proposed®*>'**'*! to explain resis-
tance to amorphization. Atomic bonding can directly
or indirectly influence point defect migration and
annihilation mechanisms (e.g, introduction of recom-
bination barriers), and thereby influence the overall
microstructural evolution.

1.03.3.7 Role of Dose Rate

The damage accumulation is independent of dose rate
at very low temperatures, where point defect migration
does not occur. However, at elevated temperatures
(above recovery Stage I) the damage rate can have a
significant influence on the damage accumulation.
Simple elevated temperature kinetic models for defect
accumulation”®'*™"** predict a transition from linear
to square root dependence on the irradiation fluence
when the radiation-induced defect cluster density
becomes comparable to the density of preexisting
point defect sinks such as line dislocations, precipitates,
and grain boundaries. Similar square root flux depen-
dence is predicted from more comprehensive kinetic
rate theory models®*”"'* for irradiation tempera-
tures between recovery Stage II and IV. Electron
microscopy analyses of electron’ and neutron'** irra-
diation experiments performed above recovery Stage |
have reported defect cluster densities that exhibit
square root dependence on irradiation flux or fluence.
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Figure 18 Effect of irradiation flux on the density of
interstitial dislocation loops in several fcc and bcc metals
during electron irradiation near room temperature or at
cryogenic temperature (above recovery Stage ).
Reproduced from Kiritani, M. In Fundamental Aspects of
Radlation Damage in Metals, CONF-751006-P2; Robinson,
M. T.; Young, F. W., Jr., Eds. National Tech. Inform. Service:
Springfield, VA, 1975; Vol. ll, pp 695-714.

Figure 18 summarizes the square root dose rate
dependence for dislocation loop densities at inter-
mediate temperatures in several electron-irradiated
pure metals.’

Similarly, the predicted critical dose to achieve
amorphization is independent of dose rate below

Comprehensive Nuclear Materials (2012), vol. 1, pp. 65-98



80 Radiation-Induced Effects on Microstructure

Dgyi-D,, (dpa) = (ADF)el-E, /27

0.80 T T
T,,=380K ]
Flux exponent, F=-0.34 ¢ ]
0.70 E
0.60 T,,=360K 7

ir

F=-0.22

T C
Q

z i

o 050
5 i

Q i

T,,=340K
0.40 F=-0.135 T
{ ]
0.30 B
0.20 1 L
10-6 10-5 0.0001 0.001

Dose rate (dpas-T)

Figure 19 Effect of dose rate (@) on the critical dose (Dg;it)
to induce complete amorphization in 6H-SiC single crystals
during 2 MeV Si ion irradiation. The dose Dq corresponds
to the amorphization dose at very low temperatures,

where all defects are immobile. The equation at the top of
the figure is the prediction from a model (ref. 147) for the
dose dependence of amorphization on dose rate, point
defect migration energy (E) and irradiation temperature (T).
The parameter F describes the dose rate power law
dependence and k is Boltzmann’s constant. Based on data
reported by Snead et al.*®

recovery Stage I and depends on the inverse square
root of dose rate for temperatures above recovery
Stage 'Y Experimental studies have confirmed
that the threshold dose to achieve amorphization
in ion-irradiated SiC is nearly independent of
dose rate below ~350K (corresponding to recovery
Stage I) and approaches an inverse square root flux
dependence for irradiation temperatures above
380K, as shown in Figure 19.'*

. - > 149-151
In the void swelling ™
119,152,153

and high temperature
helium embrittlement regimes, damage rate
effects are very important considerations due to
the competition between defect production and ther-
mal annealing processes. Experimental studies using
ion irradiation (~10° dpas~') and neutron irradia-
tion (~10~°dpas~') damage rates have observed that
the peak void swelling regime is typically shifted to
higher temperatures by about 100-150°C for the
high-dose rate irradiations compared to test reactor
neutron irradiation conditions."'*"***% Similarly, the
minimum and maximum temperature for measureable
void swelling increase with increasing dose rate.
For example, recent low dose rate neutron irradiation
studies'"' " performed near 107°~10"* dpas™" have
observed void swelling in austenitic stainless steel

at temperatures as low as 280300 °C, which is signifi-
cantly lower than the ~400°C lower limit for void
swelling observed during fission reactor irradiations
near 10 ®dpas™" (cf. Figure 12).

1.03.3.8 Role of lonizing Radiation

Due to relatively large concentrations of conduction
electrons, materials with metallic bonding typically
do not exhibit sensitivity to 1onizing radiation. On the
other hand, semiconductor and insulating materials
can be strongly affected by ionizing radiation by vari-
ous mechanisms that lead to either enhanced or sup-
pressed defect accumulation.”” Some materials such
as alkali halides, quartz, and organic materials, are
susceptible to displacement damage from radiolysis
reactions.””' %' In materials that are not suscepti-
ble to radiolysis, significant effects from ionizing radi-
ation can still occur via modifications in point defect
migration behavior. Substantial reductions in point
defect migration energies due to ionization effects
have been predicted, and significant microstructural
changes attributed to ionization effects have been
observed in several semiconductors and inorganic
insulator materials.'®"**'**"1% The effect of ionizing
radiation can be particularly strong for electron or
light ion beam irradiations of certain ceramic materi-
als since the amount of ionization per unit displace-
ment damage is high for these irradiation species; the
1onization effect per dpa is typically less pronounced
for heavy 1on, neutron, or dual ion beam irradiation.
Figure 20 summarizes the effect of variations in the
ratio of ionizing to displacive radiation (achieved by
varying the ion beam mass) on the dislocation loops
density and size in several oxide ceramics.”"'%"!7°
The loop density decreases rapidly when the ratio of
ionizing to displacive radiation (depicted in Figure 20
as electron-hole pairs per dpa) exceeds a material-
dependent critical value, and the corresponding loop
size simultaneously increases rapidly.

Numerous microstructural changes emerge in mate-
rials irradiated with so-called swift heavy ions that
produce localized intense energy deposition in their
ion tracks. Defect production along the ion tracks is
observed above a material-dependent threshold value
for the electronic stopping power with typical values of
1-50 keV nm ™~ ".**'"7""17 The microstructural changes
are manifested in several ways, including dislocation
loop punching,'”® creation of amorphous tracks
with typical diameters of a few nm,">*!7>!7H1777180
atomic disordering,'*'*""'** crystalline phase transfor-
mations,'”" destruction of preexisting small dislocation
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Figure 20 Effect of variations in ionizing to displacive radiation on the dislocation loop density and size in ion-irradiated
MgO, Al,O3, and MgAl,O,4. Adapted from Zinkle, S. J. Radiat. Eff. Defects Solids 1999, 148, 447-477; Zinkle, S. J. J. Nucl.
Mater. 1995, 219, 113-127; Zinkle, S. J. In Microstructure Evolution During Irradiation; Robertson, I. M., Was, G. S.,
Hobbs, L. W., Diaz de la Rubia, T., Eds. Materials Research Society: Pittsburgh, PA, 1997; Vol. 439, pp 667-678.

Figure 21 Plan view microstructure of disordered ion tracks in MgAl,O, irradiated 430 MeV Kr ions at room temperature
to a fluence of 6 x 10'® ions per square meter (isolated ion track regime) under (a) weak dynamical bright field and

(b) g = (222) centered dark field imaging conditions (tilted 10° to facilitate viewing of the longitudinal aspects of the ion tracks).
High-resolution TEM and diffraction analyses indicate disordering of octahedral cations (but no amorphization) within the
individual ion tracks. Adapted from Zinkle, S. J.; Skuratov, V. A. Nucl. Instrum. Methods B 1998, 141(1-4), 737-746;

Zinkle, S. J.; Matzke, H.; Skuratov, V. A. In Microstructural Processes During Irradiation; Zinkle, S. J., Lucas, G. E.,

Ewing, R. C., Williams, J. S., Eds. Materials Research Society: Warrendale, PA, 1999; Vol. 540, pp 299-304.

loops,'”® and formation of nanoscale hillocks and sur-
rounding valleys'®>'** at free surfaces. Annealing
of point defects occurs for irradiation conditions
below the material-dependent threshold electronic
stopping power for track creation,'”*'*"!¥>1%0 whereas
defect production occurs above the stopping power
threshold. /1 7L 731751 78.180.183185,186 The cwis heavy
1on annealing and defect production phenomena are
observed in both metals and alloys'’"!7> 18318186 4
well as nonmetals,'”*! 72! 7178718018719 Defacr pro-
duction by swift heavy ions is of importance for

understanding the radiation resistance of current
and potential fission reactor fuel systems, including
the mechanisms responsible for the finely polygo-
nized rim effect'®'"" in UO, and radiation stability of
inert matrix fuel forms.'®*'®'”! The swift heavy ion
defect production mechanism is generally attributed to
thermal spike'”®'"” and self-trapped exciton'®” effects.
Figure 21 shows examples of the plan view (i.e. along
the direction of the ion beam) microstructure of dis-
ordered ion tracks in MgAl,Oy irradiated with swift
heavy ions.'’*'**
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1.03.3.9 Role of Solute Segregation and
Precipitation

Solute atoms of importance include elements origi-
nally added to the material during fabrication and
species produced by nuclear transmutation reactions
(e.g, He and H, and a range of other elements).
Solute atoms may exhibit preferential coupling with
point defects created during irradiation, leading to
either enhancement or depletion of solutes at point
defect sink structures such as dislocations, grain
boundaries, preexisting precipitates, and voids.'”* ™"
The solute-defect coupling can modify the kinetics
for point defect diffusion, and the resultant solute
enrichment or depletion may sufficiently modify the
local composition to induce the formation of new
phases. There are three general categories of precip-
itation associated with radiation-induced segregation
processes'**'?”: radiation-induced (phases that form
due to irradiation-induced nonequilibrium solute
segregation and dissolve during postirradiation
annealing), radiation-enhanced (precipitate forma-
tion accelerated or occurring at lower temperatures
due to irradiation, but are thermally stable after
formation), and radiation-modified (different chemi-
cal composition of precipitates compared to thermo-
dynamically stable composition). In some materials,

Incident
ions

b—#le———cC

radiation-retarded precipitation (phase formation
shifted to higher temperatures or longer exposure
times) has been reported.””

A phenomenon that is uniquely associated with ion
irradiation is the potential for the ions from the irra-
diating beam to modify the microstructural evolution
by perturbing the relative balance of SIAs compared
to vacancies flowing to defect sinks. The injected ions
act as a source of additional interstitial atoms and can
significantly ~ suppress void nucleation and
growth,'*1°%200202 The peak concentration of the
injected ions occurs near the displacement damage
peak for ion irradiation, and therefore considerable
care must be exercised when evaluating the void
swelling data obtained near the peak damage region
in ion-irradiated materials."””**°"*%* Figure 22 shows
an example of the dramatic changes in microstructure
that can occur in the injected ion region.””’ In this
example, void formation in ion-irradiated nickel at
400°C is completely suppressed in the regions with
the injected interstitials and the void microstructure is
replaced with an aligned array of small interstitial-
type dislocation loops.

Numerous studies have observed that the precipita-
tion behavior during irradiation can strongly influence
microstructural evolution, for example, the swelling
behavior of austenitic stainless steels.'"!**?*20¢

p— a —ne—— bvl-—~ AN———
I's A 1 1 i 'l 1 1
0 1 2 3  a) Voids
Depth (um) b) Random loops
and voids

c) Ordered loops

Figure 22 Cross-section TEM microstructure of nickel irradiated at 400 °C with 14 MeV Cu ions to a fluence of 5 x 102% ions
m~2 which produced a peak damage level of about 55 dpa at a depth near 2 um. Void formation is completely suppressed in
the injected interstitial regime (~1.3-2.8 um) and the void microstructure is replaced with an array of small interstitial-type
dislocation loops aligned along {100} planes. Reproduced from Whitley, J. B. Depth dependent damage in heavy ion

irradiated nickel. University of Wisconsin, Madison, 1978.
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Figure 23 Comparison of the cavity microstructures for a pure Fe—13Cr—15Ni austenitic alloy (left panel) and the same alloy
with P, Si, Ti, and C additions that produced dense radiation-induced phosphide precipitation (center and right panels)
following dual beam Ni + He irradiation at 675 °C. The irradiation conditions were 0.4 dpa and 0.2 appm He for the left panel
(70 dpa and 35 appm for the inset figure), and 109 dpa and 2000 appm He for the other two figures. Reproduced from
Mansur, L. K.; Lee, E. H. J. Nucl. Mater. 1991, 179-181, 105-110.

In extreme cases, large-scale phase transformations
can occur such as the y (austenite, fcc) to o
(ferritic, bec) transformation in austenitic stainless
steel following high dose neutron irradiation.'***"’
Depending on the type of precipitation, either
enhanced or suppressed swelling can occur. Void
swelling enhancement has generally been attributed
to a point defect collector mechanism and typically
occurs for moderate densities of relative coarse
precipitates such as G phase in austenitic stainless
steels, whereas void swelling suppression is generally
observed for high densities of finely dispersed precipi-
tates and 1s usually attributed to high sink strength
effects."”>"°1*% Figure 22 shows an example of the
strong void swelling suppression associated with forma-
ton of radiation-induced Si- and Ti-rich phosphide
precipitates compared to a simple Fe—~Cr—Ni ternary
austenitic alloy.”” Similarly, the He/dpa ratio can
influence the types and magnitude of point defect clus-
ters and precipitation due to modifications in the point
defect evolution under irradiation (Figure 23).'%

1.03.4 Overview of Key Radiation-
Induced Property Degradation
Phenomena

There are eight major property changes that may
occur in irradiated materials due to a variety of micro-
structural changes. Listed in order of increasing temper-
ature where the effects are typically dominant, these

phenomena are radiation-induced amorphization, radi-
adon hardening (often accompanied by loss of tensile
elongation and reduction in fracture toughness),
decrease in thermal and electrical conductivity,
mechanical property or corrosion degradation due
to radiation-induced segregation and precipitation,
dimensional instabilities due to three distinct phenom-
ena (anisotropic irradiation growth, irradiation creep,
void swelling), and high temperature embrittlement of
grain boundaries due to helium accumulation. The
microstructural origins associated with these eight deg-
radation processes are summarized in the following
sections, and more detailed descriptions of the property
degradations in metals and nonmetals are given in
accompanying chapters in this Comprehensive. The
radiation doses at which these phenomena emerge to
become of practical engineering significance are gener-
ally dependent on irradiation temperature, PKA energy,
and material.

1.03.4.1 Radiation-Induced Amorphization

At very low temperatures where motion of SIAs
or SIA clusters is limited, a crystalline to amor-
phous phase transition can be induced. The phase
transition usually produces large swelling (5-30%)
and decreases in elastic moduli.' "% This
phase transition typically occurs for damage levels
of ~0.1-1 dpa at low temperatures and has been attrib-
uted to several mechanisms including direct amorphi-
zation within collision cascades, and an increase in
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Figure 24 Effect of irradiating particle on the temperature-dependent dose for amorphization in irradiated CuTi?"* and
SiC."® In both plots, filled symbols denote complete amorphization and open symbols denote amorphization did not occur.

the crystalline free energy due to point defect accu-
mulation and disordering processes.”*'*"*'*?"* The
dose dependence for accumulation of the amorphous
volume fraction is significantly different for the direct
impact mechanism compared to point defect accumu-
lation or multiple overlap mechanisms.”"* As the irra-
diation temperature is raised to values where long
range SIA and SIA cluster migration occurs, point
defect diffusion to reduce the increase in free energy
occurs and the dose to induce amorphization typi-
cally increases rapidly with increasing tempera-
ture until a temperature is reached where it is not
possible to induce amorphization. In many cases,
the critical temperature for amorphization increases
with increasing PKA energy. Figure 24 compares
the effect of PKA energy on the temperature-
dependent dose for complete amorphization for an
intermetallic alloy”'* and a ceramic'” material. In
both materials, for all types of irradiating particles,
the critical dose for amorphization increases rapidly
when the irradiation temperature exceeds a critical
value. The critical temperature for amorphization is
significantly higher for heavy ion irradiation condi-
tions compared to electron irradiation conditions.

1.03.4.2 Radiation-Induced Hardening

Irradiation of metals and alloys at temperatures below
recovery Stage V typically produces pronounced
radiation hardening, as discussed in Chapter 1.04,
Effect of Radiation on Strength and Ductility of
Metals and Alloys. The matrix hardening is typically
accompanied by reduction in tensile elongation and in
many cases lower fracture toughness.”'’*** The
uniform elongation measured in tensile tests for
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Figure 25 Comparison of the temperature-dependent

defect cluster densities in neutron-irradiated Cu, austenitic
stainless steel, and V-4Cr—4Ti. Based on data reported by
Rice and Zinkle??* and Rowcliffe et al.?2®

metals and alloys irradiated in this temperature
regime usually decreases to <1% for damage levels
above 0.1-1 dpa, which may require use of more con-
servative engineering design rules for the allowable
stress of structural materials.””’ The hardening is
largely due to the creation of high densities of sessile
defect clusters, which act as obstacles to dislocation
motion in the matrix. The defect cluster densities
decrease rapidly with increasing temperature above
recovery Stage V. Figure 25 compares the
temperature-dependent defect cluster densities®****’
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observed in neutron-irradiated Cu, austenitic stainless
steel, and V—4Cr—4T1. Stage Vannealing of defect clus-
ters 1s evident for temperatures above ~150, ~200,
and ~275 °C for Cu, stainless steel, and V—4Cr—4Ti,
respectively. The mechanical properties in irradiated
nonmetals at temperatures below recovery Stage
V exhibit variable behavior, with observations of
increased hardness,?*%*?’ unchanged strength,228 and
decreased hardness or flexural strength.zz()_232

1.03.4.3 Thermal and Electrical
Conductivity Degradation

Thermal and electrical conductivity degradation can
occur over a wide range of irradiation temperatures.
For pure metals, there are two primary contributions:
electron scattering from point defects (and associated
defect clusters) and nuclear transmutation solute
atoms. The conductivity degradation associated with
radiation defects usually amounts to less than ~1%
change except in the case of high void swelling
conditions.””***® Conversely, the conductivity deg-
radation associated with neutron-induced transmuta-
tion products tends to monotonically increase with
increasing dose and typically becomes larger than the
radiation defect contribution for doses above ~1 dpa.
Thermal conductivity degradation much greater
than 10% can occur in high-conductivity metals
and ceramics.”****” The conductivity degradation
in irradiated alloys can be complex due to short-
range ordering and precipitation phenomena,’*®
with the possibility for either increased or decreased
conductivity compared to the unirradiated condition.
For nonmetallic irradiated materials, the electrical
conductivity during irradiation typically experi-
ences a transient increase due to excitation of
valence electrons into the valence band by ionizing
radiation.””***" The thermal conductivity of irra-
diated nonmetals is typically degraded by displace-
ment damage due to phonon scattering by point
defects and defect clusters.”””** 7%

1.03.4.4 Radiation-Induced Segregation
and Precipitation

At intermediate temperatures where SIAs and vacan-
cies are mobile, significant solute segregation to point
defect sinks can occur. This can lead to precipitation
of new phases due to the local enrichment or deple-
ton of solute. These radiation-induced or -enhanced
precipitation reactions typically become predominant

phenomena in irradiated ferritic and austenitic
steels at elevated temperatures for doses above
about 10 dpa,' 1019020020 4 q in irradiated reactor
pressure vessel steels at low dose rates for damage
levels above 0.001-0.01dpa.**** Some general
aspects of radiation-induced and -enhanced solute
segregation and precipitation were described previ-
ously in Section 1.03.3.9. The solute segregation
and precipitation associated with irradiation can lead
to several deleterious effects including property
degradation due to grain boundary or matrix embrit-
tlement”***7?*72>% and enhanced susceptibility for
localized corrosion or stress corrosion cracking**¥
Solute segregation and precipitation can lead
to either enhanced or suppressed void swelling
behavior."*#°7%°® For austenitic stainless steel,
undesirable precipitate phases that generally are
associated with high void swelling include the
radiation-induced phases MgNi4Si; (G), NisSi (),
MP, M,P, and M;P, and the radiation-modified
phases M4C, Laves, and M,P** The undesirable
radiation-induced and -modified phases generally
are associated with undersized misfits with the
lattice, which tends to preferentally attract SIAs and
thereby enhance the interstitial bias effect. Figure 26
shows an example of enlarged cavity formation in
association with G phase precipitates in neutron-
irradiated austenitic stainless steel.'” Potentially
desirable radiation-enhanced and -modified phases
(when present in the form of finely dispersed precipi-
tates) include MC, Laves, M,;Cg, MC, G, and 12

Figure 26 Enlarged cavity formation in association with
G phase (MngNi;gSi;) precipitates in Ti-modified ‘prime
candidate alloy’ austenitic stainless steel following
mixed-spectrum fission reactor irradiation at 500°C to

11 dpa that generated 200 appm He. Reproduced from
Maziasz, P. J. J. Nucl. Mater. 1989, 169, 95-115.
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1.03.4.5 Dimensional Instabilities:
Irradiation Growth, Creep, and Swelling

Irradiation growth (due to anisotropic nucleation and
growth of dislocation loops on different habit planes)
can be of significant practical concern at intermediate
temperatures in anisotropic materials such as Zr alloys,
Be, BeO, Al,Os, uranium, and graphite.**'?%>>*~¢'
Anisotropic growth in individual grains in polycrys-
talline materials can produce large grain boundary
stresses, leading to loss of strength and grain bound-
ary fracture in some materials. Figure 27 shows
the large anisotropy in measured lattice parameter
change in the basal and prism planes for BeO
irradiated near room temperature.”®> For neutron
fluences above 2 x 10°°cm ™ (~0.2 dpa) with a c-axis
expansion >0.5% and an g-axis expansion near
0.1%, a rapid decrease in flexural strength was
observed.’*** In materials with highly textured
grains, unacceptable anisotropic growth at the mac-
roscopic level can occur. One engineering solution is
to use processing techniques to produce randomly
aligned, small grain-sized materials.

Irradiation creep occurs in the presence of applied
stress, due to biased absorption of point defects at
cavities and along specific dislocation orientations
relative to the applied stress.”** Irradiation creep
produces dimensional expansion that acts in addition
to normal thermal creep mechanisms and is most

3.5
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Figure 27 Effect of fission neutron irradiation near 75°C
on the measured lattice parameter changes for BeO.
Adapted from Hickman, B. S. In Studies in Radiation Effects,
Series A: Physical and Chemical; Dienes, G. J., Ed. Gordon
and Breach: New York, 1966; Vol. 1, pp 72-158.

prominent at temperatures from recovery Stage III
up to temperatures where thermal creep deformation
becomes rapid (typically above 0.5Tyy). The magni-
tude of steady-state irradiation creep is proportional
to the applied stress level and dose, and consists of
a creep compliance term and a void swelling term.
The magnitude of typical irradiation creep compli-
ance coefficients’**?% for fcc and bec metals
is 0.5-1 x10""*Pa~'dpa'. The irradiation creep
compliance for ferritic/martensitic steels appears to
be about one-half of that for austenitic steels.'”
Accelerated irradiation creep due to differential
absorption of point defects at low temperatures
(e.g. below recovery Stage V) or at low doses can
produce creep deformation rates that are up to
10-100 times larger than the steady-state irradiation
creep rates.”*”*%

Volumetric swelling from void formation occurs
at temperatures above recovery Stage V in fcc and
HCP materials (and above Stage III for bcc materi-
als), and typically exhibits a linear increase with dose
after an initial transient regime. As summarized in
Figure 28 the dose-dependent swelling in fast fission
reactor-irradiated austenitic stainless steel progresses
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Figure 28 Summary of dose-dependent swelling
behavior in 20% cold-worked Type 316 austenitic stainless
steel due to fast fission reactor irradiation. Reproduced from
Garner, F. A.; Toloczko, M. B.; Sencer, B. H. J. Nucl. Mater.
2000, 276, 123-142.
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at a swelling rate of ~1% /dpa without evidence for
saturation up to swelling levels approaching 100%."'"’
Similar high swelling levels without evidence of sat-
uration have been observed in pure copper'” and
some simple bec alloys."”! Volumetric swelling levels
in structural materials in excess of ~5% are difficult
to accommodate by engineering design,”*” and addi-
tional embrittlement mechanisms may appear in aus-
tenitic stainless steel for swelling levels above 10%
including void channeling and loss of ductility.””**""
Therefore, there is strong motivation to design struc-
tural materials that are resistant to void swelling by
introducing a high matrix density of point defect
sinks or other techniques. In general, the amount of
void swelling is lower in bce materials compared to
fce materials.””>'"” For example, the observed void
swelling in many ferritic/martensitic steels is <2%
after fission neutron damage levels of 50 dpa or higher,
whereas the void swelling in simple austenitic stainless
steels may be 30% or higher.'”” The superior swelling
resistance in ferritic/martensitic steels is largely due
to a higher transient dose before onset of steady-state
swelling, along with a lower steady-state swelling rate.
For many HCP materials, the amount of void swelling
1s relatively small compared to fcc materials due to
anisotropic point defect migration that tends to pro-
mote defect recombination.'”® However, the potential
for anisotropic swelling associated with cavity formation
in HCP materials may induce large stresses and poten-
tial cracking at grain boundaries.”*>*’**”* Figure 29
shows an example of aligned cavity formation and
grain boundary separation in Al,O; following fast fis-
sion reactor irradiation.”””

1.03.4.6 High Temperature Embrittlement

High temperature helium embrittlement occurs at
elevated temperatures (typically near or above
0.5Ty) when sufficient levels of helium are produced
by nuclear transmutation reactions and mechanical
stress 1s applied during irradiation. Intergranular
fracture is induced by the transformation of grain
boundary bubbles to voids, leading to breakaway
growth, cavity coalescence, and rupture in the presence
of mechanical stress.'*"'*#!7%7+277 The application
of tensile stress during high temperature irradiation
induces migration of the helium to the grain bound-
aries, where large cavities can be formed.'” In the
absence of applied stress, the helium bubbles are
distributed throughout the material. The observed
tensile ductlity due to helium embrittlement decreases
with decreasing strain rate'”*””® and decreasing

Figure 29 Aligned cavity formation and grain boundary
separation in Al,O3 following fast fission reactor
irradiation to 12 dpa at 1100 K. Reproduced from
Clinard, F. W., Jr.; Hurley, G. F.; Hobbs, L. W. J. Nucl.
Mater. 1982, 108-109, 655-670.

120
stress

(opposite of the behavior observed in
many unirradiated metals and alloys), pointing out
the importance of exposure time at elevated temper-
ature on helium embrittlement. Figure 30 shows
examples of the grain boundary microstructures of
an Fe—Cr—Ni ternary alloy preimplanted with
160 appm He during annealing at 750°C with and
without applied tensile stress.””” Cavity formation
along the grain boundary is very limited in the
absence of applied stress for annealing times up to
60h, whereas pronounced grain boundary cavity
swelling occurs for annealing times as short as
8h when ~20MPa stress is applied. Evidence for
high temperature helium embrittlement has been
observed during tensile and creep testing of austen-
itic stainless steel at temperatures above 550°C
(~045-0.5Ty) when the helium concentration
exceeds ~30 appm. 2552652772802
steels containing fine dispersions of precipitates exhibit
better resistance to helium embrittlement than simple
Fe—Cr—Ni alloys, and microstructural investigations
suggest that helium trapping at grain interior locations
(thereby impeding the flow of helium to grain bound-
aries) is an important factor."”**”7*%7% ¢ has been
observed that ferritic/martensitic steels exhibit
better resistance to grain boundary helium cavity
formation and growth compared to austenitic stain-
less steels.””**>**7 This has been attributed to
several potential factors, including efficient trapping

81 .. .
Austenitic stainless
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Figure 30 Effect of exposure time and applied stress during annealing at 750 °C on the formation of grain boundary cavities
in Fe-17Cr-17Ni austenitic alloy preimplanted with 160 appm helium. Reproduced from Braski, D. N.; Schroeder, H.;

Ullmaier, H. J. Nucl. Mater. 1979, 83, 265-277.

of helium in the ferritic steel grain interior by pre-
cipitates and other features, a potentially larger criti-
cal radius for conversion of helium bubbles to voids
in ferritic steel, and lower matrix strength for ferritic
steel compared to austenitic steel.!'”?"#?*%*%% The
helium bubble densities observed in model Fe—Cr
ferritic alloys and commercial ferritic steels following
high temperature implantation are comparable to
that observed in austenitic steels.''® Relatively good
resistance to helium embrittlement compared to
austenitic stainless steel has been observed in other
bce metals such as Nb and Nb-1Zr (no severe
embrittlement observed for He concentrations up to
100-500 appm),”** "' whereas simple fcc metals
such as pure copper are readily susceptible to helium
embrittlement even at relatively high (tensile) strain
rates at temperatures near 0.5 Ty for He concentra-
tions of 100—330 appm.”’>*”?

1.03.5 Examples of Radiation-
Induced Microstructural Changes

1.03.5.1 Dislocation Loop Formation

A common feature in many irradiated metals and
nonmetals at temperatures between recovery Stage
III and Stage V is dislocation loop formation (either
perfect or faulted), with typical loop diameters rang-
ing from ~2 to ~100 nm. Both vacancy (intrinsic) and
interstitial (extrinsic) loops are frequently observed
in irradiated materials. The dislocation loop shape is
frequently circular (in order to minimize dislocation
line length), but rhombus, square, hexagonal, or other
shapes have been observed in some materials due to
elastic energy considerations.” Figure 31 shows an
example of circular faulted interstitial-type disloca-
tion loop formation in MgAL,O,4 due to ion irradia-
tion at 650 °C. The parallel fringes visible in the loop
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Figure 31 Faulted interstitial-type dislocation loop
formation in MgAl,Q, irradiated with 2 MeV Al ions at
650°C to 14 dpa. The image was taken with a beam
direction near [101] using weak beam dark field (g, 6g),
g =202 diffraction imaging conditions (data from

S. J. Zinkle, unpublished research).

interiors are a signature of the stacking fault and are
visible in TEM by selecting the appropriate diffrac-
tion imaging conditions. Faulted loop formation is
energetically unfavorable in most bcc materials
due to their high stacking fault energies, although
there is some evidence for formation of small faulted
loops in some cases.””" Experimental studies using
energetic lon beams at cryogenic temperatures
(where long range point defect migration does not
occur) have obtained convincing evidence for direct
formation of visible defect clusters directly within
displacement cascades above a threshold energy
value.””* Dislocation loop formation is usually ran-
domly distributed on the relevant habit planes, with
no pronounced spatial correlation. In some cases where
mechanical or radiation-induced stresses are present,
significant anisotropy occurs regarding the habit
planes for loop formation.””>**® Within a limited
temperature and damage rate regime, the dislocation
loop microstructure in some materials also exhibits a
tendency to self-organize into aligned walls.””" "’
Figure 32 shows an example of well-developed defect
cluster patterning in pure copper following proton
irradiation to 2 dpa.””® The defect clusters within the
walls consist of SF'Ts and small dislocation loops.

1.03.5.2 Network Dislocation Formation

Network dislocation structures are routinely observed
: 5,8,200 - 300301 . o
in metals and ceramics irradiated at

Figure 32 Defect cluster patterning into aligned {001}
walls in single crystal copper irradiated with protons at
100°C to 2 dpa. Reproduced from Jager, W.;

Trinkaus, H. J. Nucl. Mater. 1993, 205, 394-410.

temperatures above recovery Stage I to temperatures
in excess of recovery Stage V. During prolonged
irradiation, the microstructural evolution typically
involves formation and growth of faulted dislocation
loops, loop unfaulting to create perfect dislocation
loops, and then loop interaction/impingement to
form network dislocation structures. The network
dislocations are typically randomly distributed and
are often heavily jogged as opposed to the relatively
straight dislocations found in unirradiated metals.
Figure 33 shows a typical network dislocation micro-
structure for irradiated copper.’”” The quantitative
value of the dislocation density can vary significantly
among different materials within the same crystal
structure. For example, typical network dislocation
densities in irradiated metals at temperatures
between recovery Stages III and V range from ~0.01
to—0.1 x 10"* m ™ for Cu’ " to ~1-10 x 10"* m

-304 e 20
for pure Ni*** and austenitic stainless steel.

1.03.5.3 Stacking Fault Tetrahedra

Irradiation of fcc metals under energetic displace-
ment cascade conditions induces the formation of
stacking fault tetrahedra. Figure 34 shows an exam-
ple of the formation of small dislocation loops and
SFTs (triangle-shaped projected images) in copper
due to irradiation with 750 MeV protons (2.5 MeV
average PKA energy) at ~90°C to ~0.7dpa.’”
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Figure 33 Dislocation microstructure of pure copper
following irradiation with 750 MeV protons at ~200°C to ~2
dpa. Reproduced from Zinkle, S. J.; Horsewell, A.;

Singh, B. N.; Sommer, W. F. J. Nucl. Mater. 1994, 212-215,
132-138.

Figure 34 Weak beam dark field (g, 4g), g =002
microstructure of pure copper following irradiation with
750 MeV protons at ~90°C to ~0.7 dpa. The TEM figure is
based on irradiated specimens described in Zinkle et al.3?
The SFTs are visible as small triangle-shaped defects
since the electron beam direction was near [110]

(data from S. J. Zinkle, unpublished research).

The SFTs are thermally stable up to recovery
Stage V. SFTs have been observed in numerous
irradiated fcc  metals, including aluminum,’®’

12,53,146,302,306,307 - 304,307-309 . 306,307
copper, 77 nickel, silver,””

307,310,311 310,312
d,

gol
less steels.

palladium, and austenitic stain-
396307312313 Fryidence from thin film and
low-dose irradiation studies using ion beams or other
energetic displacement cascade conditions suggests
that SFTs can be formed directly in displacement
cascades when the PKA energy exceeds a threshold
value of ~5-10keV, in agreement with molecular
dynamics simulations.”*”” There are also several
observations of SFT formation in some fcc metals
due to point defect nucleation and growth during
electron irradiation.””””” The results from irradiations
performed under energetic displacement cascade con-
ditions at temperatures near recovery Stage | suggest
that SFTs are not visible, perhaps due to insufficient
rearrangement of the vacancy-rich core within the

rapidly quenched displacement cascade.”**”’

1.03.5.4 Dislocation Channeling and
Flow Localization

Mechanical deformation of metals and alloys after
irradiation at temperatures below recovery Stage V
produces deformation microstructures that typically
evolve from predominantly dislocation cell micro-
structures in the unirradiated and low-dose irradiated
conditions to a variety of localized deformation
microstructures above a threshold damage level
including twinning, planar dislocation deformation,
and formation of dislocation channels.”'*'® Forma-
tion of cleared dislocation channels has been sug-
gested to be the cause of low uniform elongations
observed in tensile tests of metals and alloys irradiated
at temperatures below recovery Stage V,*"*'” and
dislocation channeling is frequently observed follow-
ing deformation of irradiated materials that exhibit
low uniform elongation.”>’%!0%3123 16315321 A g]eer-
native mechanism for the low uniform elongations
in irradiated materials, based on a material-specific
threshold stress for plastic instability, has also been
proposed.”'®***7** The spacing between dislocation
channels 1s typically on the order of 1 pum, and the
width of the individual channels ranges from ~20 to
200 nm. Localized deformation visible as surface slip
steps in irradiated copper following tensile straining
has been directly correlated with cleared dislocation
channels.’”” The matrix regions between the cleared
channels do not exhibit evidence of substantial dislo-
cation activity, suggesting that all of the dislocation
motion associated with deformation is restricted to
the dislocation channel regions. Figure 35 shows an
example of cleared dislocation channels observed in
austenitic stainless steel following fission neutron
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Figure 35 Cleared dislocation channels observed in
Type 316 austenitic stainless steel following fission neutron
irradiation to 0.78 dpa near 80 °C and subsequent uniaxial
tensile deformation to 32% strain. The electron beam
direction was near [110]. Reproduced from Byun, T. S.;
Hashimoto, N.; Farrell, K.; Lee, E. H. J. Nucl. Mater. 2006,
349, 251-264.

irradiation to 0.78dpa near 80°C and subsequent
uniaxial tensile deformation to 32% strain.’*®

The mechanisms responsible for annihilation of
SETs by gliding dislocations within the dislocation
channel include stress-induced collapse to triangle
loops, multiple shear, partial annihilation with a rem-
nant apex, collapse to a triangle loop or complete
annihilation with multiple super jogs, and complete
annihilation by screw dislocations followed by cross
slip.”*”7*” Computer simulations of dislocation loop
interactions with gliding dislocations suggest multi-
ple potential mechanisms that could lead to defect-
cleared dislocation channels, including absorption,
unfaulting, and shear of the loops.”****’ Detailed
experimental confirmation of these annihilation
mechanisms is still needed.

1.03.5.5 Crystalline to Amorphous
Phase Transitions

Radiation-induced amorphization can proceed by sev-
eral different mechanisms, including direct impact
amorphization and gradual accumulation of lattice
defects and chemical disorder that eventually causes
destabilization of the crystalline matrix.”"* Figure 36
shows an example of the microstructure near
the crystalline to amorphous transition dose in
ion-irradiated SiC, where the amorphization is
induced by gradual buildup of radiation defects.””’

Figure 36 High-resolution transmission electron
microscopy image of single crystal 6H-SiC following
0.56 MeV Si ion irradiation at 60 °C to a damage level

of ~2.6 dpa. Reproduced from Snead, L. L.; Zinkle, S. J.;
Hay, J. C.; Osborne, M. C. Nucl. Instrum. Methods B
1998, 141, 123-132.

At intermediate doses, amorphous islands gradu-
ally emerge from the iniually crystalline matrix
in SiC irradiated at low temperatures. Direct
amorphization within individual displacement cas-
cades has been observed in several intermetallic,’**
semiconductor,'”*** and ceramic insulator'**%*¥
materials. In many other materials, extensive chemi-
cal disordering from displacement cascades or point
defects precedes amorphization.”’**” The chemical
disordering can be monitored either on the nanoscale
dimensions (e.g., due to individual displacement cas-
cades) by techniques such as transmission electron
microscopy,' **® or an integrated average value by
various techniques including X-ray diffraction, TEM,
and Rutherford backscattering ~spectrometry.”***’
As previously noted in Section 1.03.3.8, the intense
ionization associated with swift heavy irradiation
can lead to amorphization either directly within ion
tracks, or by a cumulative process involving chemical
disordering before amorphization due to multiple
overlapping ion tracks.

1.03.5.6 Radiation-Induced Precipitation

As previously outlined in Sections 1.03.3.9 and
1.03.4, phase changes associated with irradiation can
be manifested in a variety of geometries, including
randomly distributed matrix or grain boundary preci-
pitates, continuous grain boundary films, precipitate-
free zones near grain boundaries or other point
defect sinks, spatially ordered arrays of precipitates,
large-scale (>100nm) phase transformations, and
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Figure 37 Radiation-induced precipitates on {001} habit
planes observed next to a grain boundary in V-4Cr—4Ti
following neutron irradiation to 0.1 dpa at 505 °C. The fringe
contrast in the precipitate interior is due to the a/3(001)
displacement vector of the precipitates relative to the
vanadium alloy matrix. The beam direction was {111} and
the diffraction vector was g = 011. Reproduced from

Rice, P. M.; Zinkle, S. J. J. Nucl. Mater. 1998, 258-263,
1414-1419.

dissolution or growth of thermally stable precipitates.
Preferential coupling of solute atoms to point defect
fluxes can lead to modifications in the chemistry of
precipitates as well as nucleation of phases that would
not be stable under thermal equilibrium conditions.
Figure 37 shows an example of radiation-induced
platelet precipitates observed in the grain interiors
of V-4Cr—4T! following neutron irradiation to 0.1 dpa
at 505°C.*** A precipitate-free zone is observed
adjacent to the grain boundary in this figure.

1.03.5.7 Cavity Formation

Several different cavity geometries are created in
irradiated materials. For helium-filled bubbles, the
cavity shape 1s typically spherical. For voids, faceted
cavities with faces corresponding to low-index crys-
tallographic planes are often created, e.g. truncated
{111} octahedra or {001} cubes in fcc materials,
truncated {110} dodecahedra or {001} cubes in
bce materials, and more complex shapes in HCP
materials,”"****7* although nearly spherical shapes
are also sometimes observed for voids. When helium
is generated during irradiation (due to neutron-
induced transmutation reactions, etc.), a bimodal cav-
ity distribution is usually observed with the small
cavities corresponding to helium-filled bubbles and
the large cavities corresponding to underpressurized
voids. The critical radius transition between bubbles
and voids is determined by a balance between disloca-
ton bias-induced vacancy influx and pressure-modified
thermal emission of vacancies."**""*%%27%3% Figure 38

Toonm

Figure 38 Voids and small helium-filled bubbles in a
copper-boron alloy following fission neutron irradiation
to 1.2 dpa at 350 °C. Reproduced from Zinkle, S. J.;
Farrell, K.; Kanazawa, H. J. Nucl. Mater. 1991, 179-181,
994-997.

shows an example of large faceted voids and small
helium-filled spherical bubbles in a neutron-
irradiated copper—boron alloy.'”” The visible cavity
density usually increases rapidly at low doses, and
approaches a constant value for damage levels above
~1-50dpa. The void size tends to increase continu-
ously with increasing dose.

Well-developed periodic void lattices have been
observed in several irradiated materials.*’”***** Void
lattice formation has most frequently been observed
in bee materials, but periodically aligned void struc-
tures have also been observed in HCP?"****** and
foc? P51 materials. Aligned voids have been
observed in both metals and ceramic insulators. The
aligned cavities in HCP materials are usually mani-
fested as one- or two-dimensional arrays perpendicu-
lar or parallel to the basal plane, respectively.”””**
The void lattices in bee and fee materials adopts the
same three-dimensional crystallographic symmetry as
the host lattice.””” The swelling levels in bee mertals
with well-developed void lattices are typically a few
percent, which has led to hypotheses that void lattice
formation may coincide with a cessation in steady-
state swelling''”*** The saturation in void swelling
is associated with achieving a constant average void
size. Figure 39 shows an example of a well-developed
bee void lattice in ion-irradiated Nb—1Zr.”* Tn the
study by Loomis er 4/. it was reported that void lattice
formation did not occur unless a threshold level of
oxygen was present (60-2700 appm oxygen, depending
on the irradiated material).
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Figure 39 Void lattice formation in Nb—1Zr containing
2700 appm oxygen following irradiation with 3.1 MeV V"
ions to 50 dpa at 780°C. Reproduced from Loomis, B. A,;
Gerber, S. B.; Taylor, A. J. Nucl. Mater. 1977, 68, 19-31.

1.03.6 Summary

Radiation-induced microstructural modifications can
create large changes in the physical and mechanical
properties of materials, as detailed in accompanying
chapters in this book. The two most important extrin-
sic variables that influence microstructural evolution
under irradiation are the radiation damage level
and temperature. Many similarities are observed for
diverse materials and irradiation spectra if the com-
parisons are performed at comparable damage levels
and defect mobility regimes (defect recovery stages).
The PKA energy often exerts a significant influence
on the microstructural evolution, in particular by
inducing direct cascade amorphization or creation
of defect clusters within displacement cascades
when the PKA energy exceeds a threshold energy
value. Numerous other parameters such as dose rate,
crystal structure, and atomic weight typically exert
less pronounced influence on microstructural evolu-
tion, although very large qualitative and quantitative
effects can be observed under some circumstances.
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