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Irradiation-induced void swelling remains a major challenge to nuclear reactor operation. Swelling may
take years to initiate and often results in rapid material property degradation once started. Alloy
development for advanced nuclear systems will require rapid characterization of the swelling breakaway
dose in new alloys, yet this capability does not yet exist. We demonstrate that transient grating spec-
troscopy (TGS) can detect void swelling in single crystal copper via changes in surface acoustic wave
(SAW) velocity. Scanning transmission electron microscopy (STEM) links the TGS-observed changes with
void swelling-induced microstructural evolution. These results are considered in the context of previous
work to suggest that in situ TGS will be able to rapidly determine when new bulk materials begin void
swelling, shortening alloy development and testing times.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Since its discovery [1], the phenomenon of irradiation-induced
void swelling has created numerous problems for both light wa-
ter reactor (LWR) [2e5] and fast reactor [6e8] operation due to
sudden degradation of material properties. Void swelling often
requires an incubation period to initiate; materials can spend
months or years in reactor operation in a transient regime experi-
encing little to no swelling before breaking away into rapid steady-
state swelling [9]. When designing materials for advanced nuclear
systems, it is imperative to be able to both predict this “breakaway
dose” to steady-state swelling and develop alloys whose breakaway
dose is higher and higher.

However, void swelling is an inherentlymultiscale phenomenon
[10], whose origins span orders of magnitude in length and time
[9]. Analytical and computational predictive abilities are rare and
advanced codes capable of predicting reactor-relevant conditions
have been documented only recently [11e13]. The strong de-
pendencies of breakaway dose on irradiation temperature [14],
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dose rate [15], helium production or inert gas presence [16,17],
prior cold work [18], and minor alloying elements [19] make it very
difficult to predict this transition point in new, otherwise fully
characterized alloys. Experimental campaigns to determine this
breakaway dose for advanced alloys all require considerable time to
irradiate each specimen to one dose at one set of conditions [20,21].
Time-consuming transmission electron microscopy (TEM) analysis
is required to confirm the presence and distribution of these voids.

If a method to detect the onset of void swelling in situ, during
irradiation were to exist, the time to qualify the swelling resistance
of newalloys could be reduced fromyears tomonths or evenweeks.
Recent advances have been made in in situ TEM [22] and the ability
to watch void nucleation in real time has been demonstrated under
electron irradiation [23]. Post-irradiation, traditional contact ul-
trasonics [24] and advanced non-linear ultrasound techniques [25]
have also been used to detect void swelling and other types of
radiation-induced microstructure evolution in neutron-irradiated
materials as well. Broadband laser-based resonant ultrasonics
have been used to study in situ changes in microstructure during
the recrystallization of copper, but have not been applied in situ
during radiation exposure [26]. Other techniques, including Raman
spectroscopy [27] and Rutherford backscattering spectroscopy
(RBS) [28] have recently become available as in situ tools during ion
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irradiation. However, a mesoscale technique to detect the onset of
void swelling during exposure does not yet exist, leaving a gap
between nanoscale in situ studies and engineering scale post-
irradiated examination.

In this study, we demonstrate that transient grating spectros-
copy (TGS), a non-contact, non-destructive photoacoustic tech-
nique, is able to measure the effect of void swelling through
changes in elastic properties in pure, single crystal copper. TGS has
previously been used to study low-dose effects of ion irradiation in
tungsten [29e31], but has yet to be used in the study of materials
with large, radiation-induced defect clusters. In the high-dose
study presented here, both the elastic constants and the anisot-
ropy of single crystal copper are found to change as a function of
dose. Single crystal copper is chosen for this investigation as it has
been shown to readily undergo void swelling under high-
temperature self-ion irradiation [32]. Low-dose defect saturation
[33] is observed to stiffen the elastic response due to dislocation
segment pinning [34e36], while at high doses the density and
elastic moduli are reduced due to void swelling [37]. Although the
ability of TGS to detect void swelling is demonstrated here in the
simplest possible case, a pure metallic single crystal, other work
using similar acoustic techniques on polycrystalline materials
[29,30,38] and iron-based alloys [39] provides confidence that the
methodology applied here is readily extendable to more complex
materials. The ability of TGS to identify the onset of void swelling
in situ, during ion irradiation, is proposed based on these results as
a way to rapidly screen new materials for resistance to void
swelling.
Table 2
Self-ion exposure levels for each sample. Stated dose rates are averaged over the
length of each exposure.

Peak dose at
4.25 mm (dpa)

Intermediate dose at
2.4 mm (dpa)

Peak dose rate
(�10�3dpa/s)

Total fluence
(�1016 ions/cm2)

5.0 1.1 1.5 0.352
10 2.1 1.9 0.704
30 6.3 0.85 2.11
50 11 1.0 3.52
90 19 1.7 6.32
2. Experimental methods

Specimens of {111} oriented single crystal Cu exposed for this
studywere purchased from theMTI Corporation. These samples are
>99.999% pure, mechanically polished to <3 nm surface roughness,
and have surface orientations within 2� of the given index. The
parameters used for the ion beam irradiations were chosen with
the goal of inducing volumetric void swelling. Prior neutron irra-
diation work on pure copper indicates that at the higher dose rates
achieved with self-ion irradiation, significant void swelling should
occur at T ¼ 400�C (or T=Tmelt ¼ 0:5) [40]. TGS relies on a fixed-
wavelength surface excitation, only a finite depth into the mate-
rial will be probed. This penetration depth scales with the wave-
length of the imposed excitation, which can be selected in the range
of single to tens of microns. Using SRIM calculations to determine
ion penetration depths [41], an incident self-ion energy of 35MeV
is chosen to match the TGS test wavelength of 4.8 mm. At this en-
ergy, the material should be damaged only throughout the TGS
analysis region, leaving little un-damaged material to convolve the
measured response, as shown in Fig. 3 (a).

Since the damage profiles will be non-uniform under ion irra-
diation, the dose received by each sample is identified by the
number of displacements per atom (dpa) at the damage peak
(located approximately 4.25 mm from the surface at this energy).
Damage calculations were carried out in SRIM in the quick Kinchin-
Pease mode [42] with a displacement energy of 30 eV [43] and total
dose estimates are made assuming a uniform beam spot size of
0.19 cm2. The irradiation temperature during exposure is controlled
Table 1
Parameters used for copper self-ion irradiation. In practice, the beam current does not rem
campaign.

Ion species Ion energy Temp. Spot size Bea

Cu6þ 35MeV 400 �C 0.19 cm2 100
by a resistive heating element and passive cooling and is stable to
within 5 �C throughout each exposure. A list of the parameters used
for these ion beam irradiations is given in Table 1. Based on SRIM
calculations, the sample matrix includes peak doses up to 90 dpa.
Although samples will be referenced in the text by their peak dose,
the dose level at some intermediate depth, say half the TGS test
wavelength of 4.8 mm, may be a more appropriate dose at which to
correlate measured changes in mechanical properties. These in-
termediate dose levels are listed in Table 2 and further comment on
dose correlation is provided in the discussion. Table 2 also includes
the average dose rate seen by each sample at the location of the
damage peak.

Following exposure, samples are characterized ex situ using TGS,
a pump-probe photoacoustic technique in which a periodic exci-
tation in surface displacement and reflectivity with a fixed wave-
length is induced on the surface of a material under investigation.
This material excitation is generated by pulsing the surface with
two crossed laser beams at a fixed angle, as seen in Fig. 1(a) of
Ref. [44]. By monitoring the first order diffraction of a quasi-
continuous wave probe laser from the excitation, the thermal
decay of, and surface acoustic waves (SAWs) generated by, the
material excitation can bemonitored. Thermal decay profiles of this
type can be used to determine the thermal diffusivity of the ma-
terial in question [29,45,46]. SAWs generated in this manner are
monochromatic, in contrast to broadband excitations utilized by
other ultrasonic techniques [26]. The speed of the induced SAW
can be used to determine elastic mechanical properties [31] non-
linearly averaged over the acoustic excitation depth, which is
given approximately as the imposed excitation wavelength [47].
However, to make this determination, some measure of the change
inmaterial density is necessary since themeasured surface acoustic
wave speed, cR, scales as

cRf

ffiffiffiffi
E0

r

s
; (1)

where E0 is a directionally-dependent elastic constant and r is the
material density [47,48].

TGS experiments for this study are conducted using a dual
heterodyne phase collection geometry and the same experimental
parameters described in previous work [49]. The projected grating
spacing is calibrated for each measurement using a single crystal
tungsten reference sample [44]. Each TGS measurement is taken as
the average of 30000 laser shots. The excitation and probe spot
sizes are 140 mm and 105 mm in diameter, respectively. Although
ain constant throughout an exposure and ion source depletionwas noted during this

m current Peak doses (dpa) Total fluence (�1016 ions/cm2)

e250 nA 5, 10, 30, 50, 90 0.352, 0.704, 2.11, 3.52, 6.32



Fig. 1. Variation in SAW speed as a function of relative angle on the {111} single crystal surface for all exposure levels. The two primary surface directions, 〈112〉 and 〈110〉, are
indicated. The largest changes are observed along the 〈112〉 direction. Error bars are not shown as they are approximately the size of the markers; the average error for a single
measurement is 0.16% and the maximum of any point shown is 0.32%.
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TGS experiments return information about both thermal and elastic
properties, the discussion here will be restricted to the elastic
performance and the measured SAW speed used as the parameter
of interest.

Following TGS measurements, TEM samples are lifted from the
center of the ion-irradiated region using a focused ion beam (FEI
Helios Nanolab 6000) with a 30 keV Gaþ ion milling process and a
Pt protection layer. Prepared TEM sample thicknesses range from
150 to 220 nm as measured using electron imaging following lift-
out. Microstructural changes resultant from the ion beam exposure
are imaged using high angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) with a beam energy of
200 keV (JEOL 2010F). STEM images are captured using a probe size
of 0.2 nm and a camera length of 15 cm. HAADF imaging is chosen
to best identify and quantify void size and density at the expense of
viewing smaller vacancy clusters such dislocation loops and
stacking fault tetrahedra (SFTs).

Calculations of the induced void swelling versus depth are
conducted using image analysis on STEM micrographs using two
methods: simple areal void fraction and volumetric swelling. For
both calculations, images are contrast adjusted and a binary
threshold level manually set using ImageJ [50]. Area porosity is
calculated by identifying particles whose linear dimensions are
both larger than a single pixel in 600 nm bins from the surface of
the material to a depth of 6 mm. Areas thresholded to appear as
voids with any single-pixel dimension are rejected as image arti-
facts from the counting process. Large voids, several hundreds of
nanometers in diameter, are observed in the most highly irradiated
specimens, necessitating the large bin width. The area of the
analysis region varies from 16 to 34 mm2 and is chosen to be as large
as possible for each image based on its quality. To calculate volu-
metric swelling due to voids only, a spherical, isotropic approxi-
mation of the form

DV
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¼
p
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P

id
3
i

Ad� p
6
P

id
3
i

; (2)

is used, where di ¼ 2ðAi=pÞ1=2 is the diameter of each of the iden-
tified voids where Ai is the area of each void identified by image
analysis, A is the image area being analyzed, d is the thickness of the
TEM lamella, and the sum runs over all voids identified in the
specified image area [51,52]. Although other authors have preferred
to use the second method, we chose here to calculate the simple
areal fraction as well due to the presence of large, faceted voids at
high dose. The results of these two methods are compared and
found to give comparable results for the most highly-exposed
samples.

All raw TGS data, raw and processed images, image analysis
parameters, SRIM calculations, and TGS processing scripts can be
found on the GitHub repository for this work [53].
3. Results

The acoustic response of single crystal materials depends not
only on the surface orientation of the crystal, but also the polari-
zation of the SAW on the crystal surface [54]. For this reason, the
acoustic response of both irradiated and unirradiated copper single
crystals is characterized using a series of measurements at different
SAW polarizations on the surface. In practice, the orientation of the
induced acoustic wave is fixed by the optical geometry used for the
experiments. The polarization relative to the crystal surface is
controlled by mounting the exposed samples on a manual rotation
stage and rotating the sample face relative to the projected grating.
As the {111} plane on face centered cubic crystals has six-fold
symmetry, collecting data over an angular range of 60

�
is suffi-

cient to completely capture the acoustic response. Surface di-
rections on these crystals are not characterized a priori,
necessitating the application of an angular shift to data collected on
different samples so the responses may be compared directly. The
correction is applied such that for all data, the 〈112〉 surface di-
rection (the ‘fast’ direction) appears at 15

�
and 〈110〉 (the ‘slow’

direction) appears at 45
�
. Data for all samples is collected in 5

�

increments on a manual rotation stage with 2
�
gradations. For all

samples, the TGS laser spots are placed in the center of the ion
beam spot. Some discoloration is visible in the spots exposed to the
ion beam, but in all cases the surface finish is of sufficient quality to
make TGS measurements.

The variation in measured SAW speed as a function of surface
angle for all sample is shown in Fig. 1. The unirradiated data pre-
sented match very closely to the expected SAW speeds calculated
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from elastic theory [44]. At the lowest dose, there is a uniform
stiffening in the measured response across all surface angles. At 10
dpa, the response along the slow direction has recovered to the
unirradiated case, and the response along the fast direction has
softened slightly from the initial case. For the 30 and 50 dpa case
there is a continued, small change along the fast direction and no
notable change along the slow direction. Finally, at 90 dpa there is a
significant reduction in the SAW speed along the fast direction and
a small change along the slow direction. One feature of note is that,
even at the highest doses, the periodicity of the response remains
constant, indicating that the crystalline nature of the sample has
been retained.

Since measurements are not made at the same absolute values
of surface angle on every sample, half-sinusoidal profiles of the
form

hðqÞ ¼ Aþ Bcosðwqþ fÞ (3)

are fit to data in the angular range q2½0�;30�� to facilitate their
comparison, where q is the corrected surface angle in degrees, A
and B are amplitude constants, f is a phase shift, and w ¼ p=30
given the six-fold periodicity of the surface. The maximum value of
best fit profile to each set of data can be compared to determine the
change in SAW speed as a function of dose along the direction of
maximum change. Fig. 2 shows this fit speed along 〈112〉 as a
function of dose and the data is presented in Table 3 as well. The
trends elucidated here are the same as described above, but are
perhaps easier to visualize. The error bars on these point are taken
as the error in the measurement of the data point closest to 〈112〉,
as the error in the data at different angles varies little.

HAADF STEM micrographs, shown in Fig. 3 in addition to the
SRIM generated damage profile, confirm the presence of void
swelling in all exposed samples. In all cases, the depth profile of the
observed voids is non-uniform. At the lowest doses, the swelling
region is located away from the damage peak due to the injected
interstitial effect [55]. As the amount of swelling increases at higher
doses, the depth at which swelling is observed correspondingly
increases as the average density is reduced in the near surface re-
gion [56]. In the 5 and 10 dpa samples a sufficient vacancy super-
saturation has not been generated in near-surface layer (above the
void bands) to nucleate and grow observable swelling. In the 30 dpa
sample, this saturation level has clearly been reached in the near-
surface region, the dose at 2.4 mm is 6.3 dpa, similar to level at
which swelling is initially observed in the 5 dpa sample. For the
higher-dose samples, characteristic features such as a void denuded
zone near the surface and a decrease in void size near the damage
Fig. 2. Change in SAW speed along the 〈112〉 direction as a function of the dose level at
the damage peak. As data are not sampled uniformly, the values used to calculate this
speed change are fit using half-sinusoidal profiles to the experimental data shown in
Fig. 1.
peak are observable. The 50 and 90 dpa samples have large, crys-
tallographic voids with facets aligned with the surface orientation
of the single crystal. The swelling profile of the 30 dpa sample is
found to be much finer compared to that of other samples. At the
exposure temperature used here, prior self-ion irradiation work by
Glowinski et al. indicates that reducing the dose rate from the
maximum used in this study should promote void nucleation and
swelling [57]. Thus the comparatively low dose rate seen by the 30
dpa sample, a factor of 2.2 lower than the 10 dpa sample as shown
in Table 3, is likely the cause of the qualatative difference in
swelling profile. Other higher-order effects such as slight variations
in exposure temperature or sample contamination could also affect
the difference observed here. Nevertheless, in all cases the
damaged region in which the most void formation is observed is
within the elastically-excited TGS penetration depth. Diffraction
patterns of irradiated samples show no evidence of amorphization,
again confirming that the crystallinity is retained following
irradiation.

STEM micrographs are processed using image analysis to create
histograms of swelling versus depth for each sample, both as areal
porosity and as volumetric swelling, shown in Fig. 4. This analysis
shows that, for the high-dose samples, a double-peaked swelling
profile is established which is consistent with other pure, self-ion
irradiation studies [58]. Fig. 4 again shows that the preponder-
ance of the swelling region is captured within the TGS penetration
depth. From these profiles an average swelling can be calculated for
both methods over the TGS analysis depth. Table 3 shows the
swelling calculated in this manner, compared to both the peak and
intermediate dose received by each sample. The error in the
average swelling values is estimated to be 30% for the 5 dpa sample
and 20% for all other samples based on the image resolution of the
STEM micrographs and the SEM cross-sections used to determine
lamella thickness. At lower exposures, the volume swelling method
underestimates the total amount of swelling present as the average
void diameter is smaller than the thickness of the lamella, partic-
ularly for the 5 and 30 dpa samples. At higher doses, despite the
spherical approximation used and the faceted voids observed, the
two methods return comparable values for the calculated swelling.
Given the faceting present, the areal porosity is later used as an
estimate of the density change for the 90 dpa sample, which is
necessary in the determination of the elastic constants of the
exposed material.

4. Discussion

Zinkle et al. showed that self-ion irradiation of pure copper up to
a level of 40 dpa at temperatures in the range 100e500 �C should
not induce significant void swelling unless oxygen impurities are
present in the copper matrix to stabilize void formation [32].
Despite the high base-metal purity of the samples exposed here
(manufacturer specified <1 ppm oxygen), a large amount of void
swelling is clearly observed. This behavior is consistent with pre-
vious studies of high-purity self-ion irradiated copper which do not
specifically out-gas samples prior to exposure [57,59,60]. Further-
more, the faceted voids observed here indicate that even if residual
oxygen stabilizes initial void formation, the final voids have little
internal gas pressure [9].

Given that observable swelling is present in the lowest-dose
sample in the matrix explored here, it is interesting to note that
the measured acoustic response at 5 dpa shows stiffening and not
softening like higher-dose samples. This response is likely due the
presence of a region near the surface which has experienced much
lower dose levels than those at the damage peak. Early work by
Friedel explained an increase in measured elastic modulus of low-
dose irradiated metals as measured in ultrasonic experiments can



Table 3
Peak and intermediate doses received by, dose rate at the damage peak for, change in SAW speed along the fast direction of, total areal porosity for, and volumetric swelling for
each sample. Swelling is averaged from the surface to a depth of 4.8 mm and increases monotonically with exposure level, with the exception of the 30 dpa volumetric case.

Peak dose at 4.25 mm (dpa) Intermediate dose at 2.4 mm (dpa) Peak dose rate (�10�3dpa/s) Dc=c0 along 〈112〉 (%) Areal porosity (%) Volumetric swelling (%)

5.0 1.1 1.5 þ1.24 0.79 0.24
10 2.1 1.9 �0.89 1.96 1.36
30 6.3 0.85 �1.31 3.55 1.17
50 11 1.0 �1.64 8.59 8.82
90 19 1.7 �4.45 12.8 12.0

Fig. 3. a) SRIM calculated damage profile for 35MeV Cu6þ into Cu normalized to 90 dpa at peak with TGS penetration depth indicated. bef) HAADF STEM cross-sectional images of
irradiated copper samples. The crystal matrix is light, while irradiation-induced voids appear dark. A platinum layer is deposited on the sample surface prior to FIB milling to avoid
damaging the exposed material. The incident ion beam direction is from the top in all micrographs. The visible contrast bands are due to residue on the lamella left from sample
storage.

Fig. 4. Histograms of areal porosity (solid red) and volumetric swelling (dashed blue)
versus depth for all exposed samples calculated in 600 nm bins. Calculated volumetric
swelling underestimates the areal porosity for samples with an average void size that
much smaller than the lamella thickness. (For interpretation of the references to color
in this figure, the reader is referred to the online version of this article.)
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be attributed to a dislocation pinning mechanism [34]. For a ma-
terial with a given dislocation density, the presence of small defect
clusters may decrease the average pinned segment length,
decreasing the amount a pinned segmentmay bow under an elastic
load, and thereby increasing the observed elastic modulus. This
effect has been observed even inwell-annealed, high-purity copper
under neutron and electron irradiation [36]. More recently, Li et al.
show that in copper self-ion irradiated to low doses, the primary
defects formed are stacking fault tetrahedra (SFTs) [33]. In that
study, the SFT density was found to saturate at about 1 dpa and
change little afterwards. These observations indicate that there is
likely a high SFT density in the region between the observed void
swelling band and the surface of the 5 dpa sample exposed here, as
the dose received at 2.4 mm is 1.1 dpa. Using molecular dynamics
simulations, Wirth et al. additionally have shown that SFTs in
copper act like hard pins to dislocation motion [61]. Therefore,
although earlier work in this area does not seek to identify the
defects causing this pinning effect, it seems likely that the SFT
formation is the root of the saturated stiffening behavior observed
here and in previous ultrasonic experiments [35,36].

In these TGS experiments, areas which have experienced
different dose levels are being averaged in the measured response.
In the lowest dose sample, the effect of stiffening due to dislocation
pinning above the observed void band dominates over the expected
softening due to volumetric swelling [37]. At higher doses, volu-
metric swelling effects win out and a monotonic softening in the
acoustic response is observed. Thinking forward to using TGS as an
in situ tool for rapid materials development, this transition in
dominant mechanisms can be used as a coarse binary metric to
detect the presence of void swelling in the TGS analysis region.
Following defect saturation, the transition to a decrease in
measured SAW velocity, or the recovery to the pre-exposure value,
could be used as a threshold to determine if void swelling has
occurred. This general trend should be true for both elastically
anisotropic (single crystal) materials as well as isotropic materials
(polycrystals). For the single crystal case, as the elastic constants are



Table 4
A comparison of best fit elastic constants and anisotropy ratio for unirradiated pure copper starting from constants given in Ref. [62] to best fit values for the 90 dpa sample.
Surface acoustic wave speeds are experimentally measured using TGS in both cases.

r (g/cm3) C11 (GPa) C12 (GPa) C44 (GPa) A Speed along 〈112〉 (m/s) Speed along 〈110〉 (m/s)

Unirradiated 8.96 165.0 119.0 73.51 3.20 1942 1596
90 dpa 7.81 142.7 102.9 52.93 2.66 1856 1589
% change �12.8% �13.5% �13.5% �28.0% �16.9% �4.45% �0.47%
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not changed uniformly, the surface direction expected to experi-
ence the largest change, in this case 〈112〉, should be aligned with
the experimental SAWpolarization prior to exposure to ensure ease
of detection. That TGS non-lineary averages over regions exposed to
different radiation doses is an interesting challenge for correlating
property changes to one particular dose. Future work involving
comparisons to uniformly damaged microstructures, from neutron
irradiations for example, and calculations of the average dose in the
TGS analysis region weighted by the mechanical acoustic
displacement profile must be carried out to determine the most
appropriate single dose to which a TGS measurement may be
correlated.

In addition to the ability to give a binary determination about
the presence of void swelling in irradiated single crystals, the TGS
data collected here, in concert with some determination of the
density change resulting from irradiation, can be used to determine
the change in a material's elastic constants. In this case, the
calculated areal porosity from STEM imaging has been used to es-
timate the density change as a result of void swelling. However,
future studies could use changes in thermal transport properties as
measured through TGS [29,45] to estimate changes in density
resulting from void swelling [63,64]. Other authors have con-
structed optimization techniques by which elastic constants can be
reconstructed through laser-induced acoustic data similar to those
taken here [65,66]. However, as a simple proof-of-principle, a set of
cubic elastic constants has been manually optimized to the 90 dpa
data through iterative calculations of the SAW response versus
acoustic polarization using the method of Every et al. [54]. These
calculations are carried out considering a semi-infinite bulk with
density and elastic constants specified, and not a layer with
irradiation-modified properties atop a pristine substrate. Duncan
et al. found that the best-fit values determined using a two-layer
approach vary little from a single layer case if the TGS excitation
wavelength is equal to or smaller than the ion implantation depth
[31].

Materials with cubic symmetry have only three independent
elastic constants, C11, C12, and C44. From the acoustic response on
the {111} plane of cubic crystals, C11 and C12 can not be indepen-
dently determined, but the value ðC11 � C12Þ=2may [67]. Therefore,
theminimization carried out heremodifies C11 and C12 by the same
constant fraction for a given iteration. A useful characterization of
the of the anisotropy of the elastic response of a cubic material is
given by the Zener anisotropy ratio, A ¼ 2C44=ðC11 � C12Þ [68]. The
SAW response of a material with an anisotropy ratio of A ¼ 1 will
show no variation with respect to acoustic polarization on any
crystal surface. The optimized values for the elastic constants of the
90 dpa sample are given in Table 4. Although few direct compari-
sons exist in the literature, the observed trend of decreasing elastic
constants with volumetric swelling is consistent with studies
showing a reduction in isotropic elastic constants with increasing
porosity in compacted nanocrystalline copper [69]. Of particular
note here is the reduction in the anisotropy ratio of the exposed
sample, which is to be expected given the non-uniform change in
SAW speed along the fast and slow directions on the {111} surface.
This analysis shows that TGS may be used as a tool to determine
changes in the elastic performance of highly damaged materials in
addition to simply determining the presence of volumetric
swelling.

5. Conclusions

In this work, transient grating spectroscopy (TGS) is used to
investigate the effects of self-ion irradiation-induced void swelling
on the acoustic and elastic properties of pure, single crystal copper.
The depth of the imposed damage profile is chosen to closely match
the mechanical excitation depth generated using TGS by tuning the
implantation energy. HAADF STEM imaging confirms that swelling
levels up to 12.8%, as calculated by areal void fraction, are captured
in the surface acoustic wave (SAW) response of the irradiated single
crystals. At high doses, volumetric swelling has the effect of non-
uniformly reducing the cubic elastic constants of copper, reducing
the anisotropy ratio. At lower doses, the effect of matrix stiffening
via dislocation interactions with SFTs is postulated to be the cause
of an increase in the measured SAW speed. The competition be-
tween these twomechanisms, stiffening at low doses and softening
at high doses, is proposed as a metric to detect the onset of void
swelling. Coupledwith the flexibility of ion beam facilities, the non-
contact nature of the interrogation, and the previously reported
second-scale time resolution [49], the work presented here
strongly motivates the development of TGS as an in situ diagnostic
for characterizing ion irradiation damage. A full extension of this
method to highly-exposed engineering alloys must include a
careful consideration of effects expected in polycrystalline mate-
rials. Particularly, the size of the excitation spot relative to the grain
size will be important in interpreting polycrystalline TGS test re-
sults. Nevertheless, such a diagnostic, able to detect the onset of
irradiation-induced swelling in a single continuous measurement,
would be a powerful tool in development of new bulk materials for
advanced nuclear applications.
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