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ABSTRACT

We investigated thermal transport in swift heavy ion (SHI) irradiated insulating single crystalline oxide
materials: yttrium aluminum garnet- Y3Als0q; (YAG), sapphire (Al;03), zinc oxide (ZnO) and magnesium
oxide (MgO) irradiated by 167 MeV Xe ions at 10'2 - 10™ ions/cm? fluences. Depth profiling of the ther-
mal transport on nano- and micro- meter scales was assessed by time-domain thermoreflectance (TDTR)
and modulated thermoreflectance (MTR) methods, respectively. This combination allowed us to isolate
the conductivities of different sub-surface damage-regions characterized by their distinct microstructure
evolution regimes. Thermal conductivity degradation in SHI irradiated YAG and Al,0s is attributed to for-
mation of ion tracks and subsequent amorphization, while in ZnO and MgO it is mostly due to point
defects. Additionally, notably lower conductivity when probed by very low penetrating thermal waves is
consistent with surface hillock formation. An analytical model based on Klemens-Callaway method for
thermal conductivity coupled with a simplified microstructure evolution capturing saturation in defect
concentration was used to obtain depth dependent damage across the ion impacted region. The studies
showed that YAG has the highest damage profile resulting in the less dependence of thermal conductivity
with the depth, while MgO on the contrary has the strongest dependence. The presented work sheds new
light on how SHI induced defects affect thermal transport degradation and recovery of oxide ceramics as
promising candidates for next generation nuclear reactor applications.
© 2022 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

didates for such an inert matrix, particularly Al,03 and MgO due
to their physicochemical properties, thermal stability and high ra-

Controlling heat transport in nuclear fuel is of paramount im-
portance since it directly affects not only the energy conversion
efficiency, but also the safety of the entire nuclear reactor con-
taining the fuel [1,2]. One promising design concept for next-
generation nuclear fuel capable of reaching very high burn-up (>
100 MWd/kg) is based on the idea of inert matrix fuel (IMF) con-
taining a low activation matrix (i.e. transparent to neutrons) as car-
rier for the fissile material [3-6]. Metal oxides are promising can-
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diation resistance. Their inert matrix phase, in addition to reducing
the ecological impact of minor actinides constituting the majority
of the radioactive spent nuclear fuel, also should possess high heat
conductive properties in the presence of harsh radiation environment
mostly by fission products. To emulate the irradiation damage to in-
ert ceramic matrices by fission products, swift heavy ions (SHIs),
derived from high energy ion accelerators, are used to bombard
the target matrix materials [7-9].

As known, during SHI bombardment of solid matter, ions are
slowed down by elastic (nuclear) and inelastic (electronic) stop-
ping. The energetic ions with kinetic energies >1 MeV/u initially
lose most of their energy through ionization of atoms as they pen-

0022-3115/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.jnucmat.2022.153563
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jnucmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2022.153563&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:azat.abdullaev@nu.edu.kz
mailto:zhutegulov@nu.edu.kz
https://doi.org/10.1016/j.jnucmat.2022.153563
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Abdullaev, A. Koshkinbayeva, V. Chauhan et al.

etrate the target material across nanometer scale and first few mi-
crons [10,11]. At greater microscale depths, as their energies de-
crease further, they start to dissipate their energy to the atomic
lattice through nuclear stopping. Above a certain ionization den-
sity threshold, the formation of highly oriented latent tracks takes
place extending at least a few microns in depth along the ion tra-
jectory, and a few nanometer in diameter.

Exhaustive research has been performed to analyze in detail the
structural defects in insulators imposed by SHI irradiation [12-15].
However, to what extent these SHI radiation-induced defects affect
the thermal transport properties of inert matrix materials remains
elusive and is the subject of our study. Heat transport due to this
sub-surface radiation damage is impossible to assess by traditional
laser flash or thermocouple-based techniques which are only sen-
sitive to thermal transport in the bulk of the material across thick
radiation damage regions spanning from hundreds of microns to
few millimeters [16]. More sophisticated heat conductivity mea-
suring techniques with spatial probing capability down to nano-
and micro- meter sub-surface length scales are required for proper
thermal characterization and analysis of SHI-irradiated solids. A
number of thermophysical techniques have been employed to char-
acterize the effects of ion irradiation on thermal transport with a
focus on defects resulting from displacement damage caused by
lower energy and light ions [17-23]. Recently, we have demon-
strated depth resolved thermal transport in SHI irradiated single
crystalline sapphire [24,25] and LiF [26]. These studies revealed
two distinct regions of thermal conductivity reduction in sapphire
using picosecond time-domain thermoreflectance (TDTR) [24]. Ad-
ditionally, through simultaneous measurement of cross- and in-
plane thermal conductivities, it was shown that ion tracks can en-
hance the anisotropic behavior of thermal transport in single crys-
tal sapphire [25].

A range of near surface microstructure transformations take
place in amorphizable and non-amorphizable oxide insulators irra-
diated by SHIs [27]. There is a strong fundamental interest in un-
derstanding the ion track formation mechanism in these materials.
In amorphizable materials (Y3Fe50q, [28], quartz [29]) amorphous
tracks are observed after SHI irradiation, while non-amorphizable
insulators [30] do not exhibit such tracks but instead possess point
defects or color centers. In order to study how near-surface ther-
mal transport is affected by SHIs, we chose four oxides with dif-
ferent crystalline structures: yttrium alumina garnet (Y3Al,05 or
YAG), sapphire (Al,03), zinc oxide (ZnO), and magnesium oxide
(MgO). YAG is known as an amorphizable insulator while ZnO and
MgO are radiation resistant, non-amorphizable dielectrics. Al,03 is
also a non-amorphizable material, however at high fluence, dam-
age accumulation from overlapping tracks consisting of aligned de-
fect clusters results in an amorphous layer [24].

We recognize that in practical applications these IMF candi-
date materials would be in polycrystalline form inside which fis-
sile (and/or fertile) constituents will be dispersed and propagation
direction of fission products will be randomized unlike unidirec-
tional exposure under ion beam irradiation [31,32]. However, in
the present work we explore the fundamental aspects of the con-
trolled impact of high energy accelerator-driven SHI irradiation on
the ion penetration depth- and fluence- dependent thermal trans-
port properties of model IMF materials, such as various single crys-
talline metal oxide insulators. The effect of grain boundaries (perti-
nent to polycrystals) on phonon scattering is inherently suppressed
in single crystals to simplify thermal transport analysis. Addition-
ally, thermal depth profiling in presented model IMF oxide crystals
is accomplished with a high spatial resolution at nano- to micro-
meter spatial scale.

Employing SHIs as fission product emulators for irradiating in-
sulators enables us to study the effect of different radiation dam-
age regimes related to electronic and nuclear losses [33] across
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nano- to -micro- scale spatial scales along the SHI penetration
path in metal oxides. Specific defects and corresponding struc-
tural changes due to this irradiation on the cross-plane thermal
transport of the oxide crystals is explored. We perform frequency
modulated time-domain thermoreflectance (TDTR) and continu-
ous wave-based modulated thermoreflectance (MTR) techniques to
shed new light on subsurface heat conduction on nano- and micro-
meter sub-surface ion penetration depth scales, respectively. The
depth profiling relies on a principle that modulation frequency of
the pump beam dictates length of the thermal wave and the prob-
ing depths of our depths resolved measurements are based on an
analytical lattice phonon-mediated model for thermal conductivity
and direct impact model for defects evolution.

2. Materials and methods
2.1. Sample irradiation and structure characterization

High purity single crystalline YAG, Al,03, ZnO and MgO cut into
5 x 5x0.5 mm?3 plates, and polished on one side were purchased
from CRYSTAL GmbH and were used as received. Crystal purity of
all samples were >99,99% except MgO which was >99,95% as re-
ported by the vendor. No treatment was undertaken before the ir-
radiation. All samples were irradiated at 60°C with 167 MeV Xe
ions with fluences in the range of 10'° - 10" jons/cm? using the
IC-100 FLNR JINR cyclotron facility in Dubna, Russia. lon beam ho-
mogeneity better than 5% on irradiating specimen surface has been
reached using beam scanning in horizontal and vertical directions.

Transmission electron microscopy (TEM) imaging was per-
formed at the centre for HRTEM in Nelson Mandela University
(South Africa). The samples were analyzed in both TEM and STEM
modes and complimented with diffraction analysis using a JEOL
ARM-200F TEM operating at 200 kV. All TEM specimens were pre-
pared by FIB using an FEI Helios NanoLab 650. Cross-sectional
lamellae were extracted from the bulk irradiated material using
standard FIB lift-out technique. Plan-view lamellae were prepared
in a similar way by extracting the lamellae from the edge of a frac-
tured irradiated specimen in such a way that the lamella plane was
parallel to the irradiated surface and within 1 pm from the surface.

Nuclear and electronic energy loss profiles versus the ion pro-
jection range were simulated using SRIM 2013 code in a full cas-
cade mode [34], as shown in Fig. 1. As displayed in the graph, elec-
tronic stopping dominates over the first few microns of SHI pene-
tration and vanishes at depth ~ 10 um, where the nuclear stopping
starts to prevail in all irradiated oxides.

2.2. Thermal transport measurements

Two different approaches were used to study depth-dependent
thermal transport in irradiated metal oxides. Nanoscale depth ther-
mal characterization was achieved by well-established frequency
modulated TDTR [37,38], where we used a Ti:sapphire mode-
locked femtosecond laser at a central wavelength of 782 nm with
a repetition rate of 80 MHz. The details of the setup are given in
our previous works [24,26]. The initial laser beam is divided into
pump and probe beams. The pump beam is modulated over 1-
10 MHz rate by an electro-optic modulator to thermally excite the
samples while the probe beam is optically scan-delayed by a mo-
torized delay stage. Both beams are focused on the sample surface
down to 1/e? diameter ~12.4 um. The heat penetration depth is
given by Dy, = /k/mCf, where k is thermal conductivity, C is vol-
umetric specific heat and f is pump beam modulation frequency
and it varies for each oxide material. For all our samples D, <
2 um as it is depicted in Fig. 1 over modulation frequency range
of 1.8 - 10 MHz. Qualitatively irradiated samples have lower ther-
mal conductivity than pristine ones, thus D, is typically lower for
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Fig. 1. Left hand side image shows TRIM calculation of 167 MeV Xe irradiated oxides. Se and S, indicate electronic and nuclear energy loss, respectively. The graph also
shows that TDTR heat penetration is sensitive only up to ~ 2 pm depth, while MTR covers up to 20 pm. Dashed lines correspond to maximum depth where ion tracks
are visible in SHI irradiated YAG [35] and Al,03; [36]. The right hand side shows irradiation direction and schematic diagrams of the respective irradiated oxides indicating

different types of defects induced by SHIs.

irradiated samples. Because cross-plane heat penetration is much
smaller than the focused heating pump laser beam size in the
TDTR setup, the measurements there are sensitive only to cross-
plane conductivity.

Pristine and irradiated samples were coated by ~100 nm Al
films using radio frequency (RF) magnetron sputtering which acted
as metal thermal transducers in thermal transport measurements.
The thickness of the Al overcoat was measured using picosec-
ond acoustics. A model based on heat diffusion across a double
(Al/metal oxide) layer was used to extract the thermal conductiv-
ity of the studied samples by fitting time-delayed signal of the ra-
tio of in-phase to out-of-phase voltage (-V;,/Vout) [39]. The mate-
rial properties such as density and specific heat were taken from
the literature while thermal conductivity of Al was measured us-
ing a reference sample. Two unknown parameters were simultane-
ously fitted, namely the effective thermal conductivity of the sub-
surface damaged region affected by electronic stopping as shown
in Fig. 1, and the interface thermal resistance between the Al layer
and the damaged region. The measurements errors and uncertain-
ties related to the transducer film thickness have been taken into
account and the details are explained elsewhere [24].

To spatially resolve microscale damaged regions, we used the
MTR method with much lower modulation frequency (1-100 kHz)
in comparison with 1-10 MHz modulation rates employed in TDTR.
The details of the experimental setup and related data analysis are
given in previous works [40,41]. In the data analysis, the sample
geometry was divided into 3 spatial domains: damaged (plateau
region), peak damaged and undamaged region according to TRIM
calculations shown in Fig. 1. The thermal properties of individual
layers were assumed to be uniform in order to simplify thermal
analysis.

3. Results
3.1. Modulation frequency dependent measurements

The damage produced by SHI irradiation changes spatially with
depth. Variable frequency measurements allow probing damage
across different depths [24,41]. Therefore, the pump beam in the
TDTR experiment was modulated over 1-10 MHz frequency range
to tune the heat penetration depth from tens of nanometers to few
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Fig. 2. Effective thermal conductivity k.;; vs pump modulation frequency for pristine and irradiated oxides in TDTR experiment. The error bars represent the reproducibility
of the TDTR measured heat conductivity values and the uncertainties related to transducer thickness. The solid lines serve as a guide to the eye to show the pump frequency

dependence.

micrometers. Assuming that the ion damaged layer has uniform ef-
fective thermal conductivity k,sr, we demonstrate in Fig. 2 its values
as a function of pump modulation frequency for all oxides irra-
diated at various fluences. Measured conductivities of the pristine
samples are close to previously published values [42-44] and they
were found to be independent of modulation frequency due to the
structural uniformity across crystal depths.

Fig. 3 shows a fluence-dependent normalized slope as a func-
tion of pump modulation frequency in the kHz regime of MTR
experiments for various oxides. The details of fitting are given
elsewhere [41]. Table 1 shows the extracted thermal conductiv-
ity of the damaged layer (plateau region) for all samples across
1-100 kHz modulation frequency. As in TDTR measurements, we
observe a similar trend in thermal conductivity degradation as a
function of ion fluence.

Table 1
Effective thermal conductivity of damaged layers in all SHI irradiated samples ex-
tracted from the MTR measurements.

Ion fluence kess of damaged layer (W/meK)
(ions/cm?)

YAG Al,03 Zn0 MgO
1x1012 3.22 22.60 4410 47.90
1x1013 1.84 9.80 27.00 36.60
5x10"3 1.45 6.25 22.50 27.20
1x10" 1.23 3.95 17.50 19.80

We see a gradual reduction of k.rr with ion fluence in all four
samples, we also observe different frequency responses. As shown,
the left hand side figures are examples of uniform conductivity
across the depth, whereas the figures on the right demonstrate



A. Abdullaev, A. Koshkinbayeva, V. Chauhan et al.

0.06

0.05

0.04

0.03

Normalized slope (s"%/um)

0.02

Frequency (kHz)

0.04 T T

0.03

Normalized slope (s"%/um)

002 1 1 1
1 10 100

Frequency (kHz)

Journal of Nuclear Materials 561 (2022) 153563

(b)

0.05

0.04

Normalized slope (s'?/um)

0.04

3

=
&

g

IS 0.03

0

°

o]

N

©

£ >

S

z

MgO
0.02 4 L L
1 10 100
Frequency (kHz)

Pristine
= 1x10"%ions/cm’® ¥

1x10" ions/cm®* » 5x10" ions/cm® & 1x10™ ions/cm?

Fig. 3. Normalized slope as a function of pump frequency for irradiated oxide samples in the MTR measurements. Scattered symbols represent experimental data of the

damaged layer and solid lines represent the corresponding thermal model for fitting.

depth dependence which is attributed to different depth depen-
dent microstructural changes due to SHI irradiation and will be
separately discussed in detail for each sample.

Unlike in TDTR, isolating the impact of the metal transducer
in MTR is not trivial and therefore frequency dependent results
shown in Fig. 3 capture the effect of the transducer layer. The fre-
quency dependent trend observed for YAG is characteristic of a low
conductivity substrate. The response of Al,03, ZnO, and MgO is
characteristic of a low conductivity layer on top of an intermedi-
ate conductivity infinite layer [41]. In particular, the low frequency
slope of the high dose irradiated MgO and ZnO samples are com-
parable to the value of the pristine samples, which is a direct in-
dication that the deeper portion of the irradiated samples did not
undergo significant reduction in thermal conductivity. This is at-
tributed to fact that the electronic stopping is much weaker and
the nuclear stopping is too weak to cause significant displacement
damage in that region.

3.2. YAG and Al,03

To put the above results in perspective, it is important to rec-
ognize the unique aspects of SHI and electron ionization effects
on the microstructure of these metal oxides. First, we consider ox-
ides that are known to exhibit ion tracks and undergo amorphiza-
tion. The pristine YAG has measured k.¢r ~10 W/meK which cor-
responds to the literature value of around 11 W/meK [43]. As the
ion fluence increases to 1x10!2 ions/cm?, ks drops by ~ 3 times
compared to the pristine sample and remains around 3 W/meK.
For the highest doses, thermal conductivity reaches its minimum
at almost 1 W/meK for all frequencies and remains constant across
the range. The reason for such a drastic reduction is due to the
creation of amorphous tracks as shown by the high angle annular
dark field (HAADF) in-plane images in Fig. 4 (a). The image is of
a low fluence (5x10' ions/cm?) sample with continuous tracks
along the ion trajectory as shown in the bright field (BF) cross-



A. Abdullaev, A. Koshkinbayeva, V. Chauhan et al.

Journal of Nuclear Materials 561 (2022) 153563

Fig. 4. (a) ADF and (b) BF image of YAG irradiated with 167 MeV Xe ions with ion fluence of 5x10'" ions/cm?. (c) Bright field TEM image Al,0s irradiated by 167 MeV Xe
ions with ion fluence of 2x10' ions/cm? in cross section reproduced from [25]. The inset in (a) is an FFT showing a faint amorphous halo around the central diffraction

spot due to the ion tracks, the SAED inset in (c) shows no discernible amorphization.

plane image in Fig. 4 (b). The tracks are fully amorphous, cylindri-
cal and have an average radius r ~ 3.2 nm [35]. As the ion fluence
increases, it is expected that tracks eventually start to overlap. This
can be expressed by the saturation condition ® x 7r?2 = 1 [35],
where @ is the ion fluence. Considering the above-mentioned track
radius, overlapping of amorphous tracks in YAG should begin at a
fluence of 3.2x10!2 ions/cm~2. Further increase in ion fluence re-
sults in the total amorphization of the subsurface damaged layer
starting from the surface and extending deep into the sample for
several microns.

We calculated the minimum thermal conductivity of SHI irra-
diated YAG based on the expression proposed by Cahill and Pohl
[45] and previously applied to the amorphous layer of SHI irradi-
ated Al,05 [24]:

T} 2 T % X3
Kynin = (E) ks 20 Xi;u,(G—D)/O PR (1)
where .- is the atomic density, kg is Boltzmann’s constant, T
is the temperature, 6p is the Debye temperature, x = ,?B—“; is a di-
mensionless parameter, h is the reduced Planck’s constant and v
is the group velocity of heat carriers. The estimated minimal ther-
mal conductivity for SHI irradiated YAG kp,;,= 1.05 W/meK which
is close to both our TDTR and MTR measurements for high fluence
samples indicating that the damage in those specimens is uniform
across nano- and micro-scale sub-surface depths. The unusual drop
at 10 MHz, where the heat penetration depth is around 190 nm is
probably related to a region of lower density, which results from
material expulsion into surface hillocks. Several works have previ-
ously reported on this damaged region with lower density in other
materials [46,47].The thickness of this region is material dependent
but typically below 100 nm. Since YAG is also susceptible to hillock
formation under SHI irradiation [48], a layer of reduced density at
the surface should be present in this material as well.

SHI irradiated Al,05 exhibits behavior similar to YAG as shown
in Fig. 2 (b), however, tracks in sapphire are crystalline and dis-
continuous at these fluences as shown by the cross-plane BF TEM
image in Fig. 4 (c). At high fluences (5x10'3 and 1x10™ ions/cm?),
in analogy to YAG, an amorphous surface layer is observed in
sapphire extending down to ~ 200 nm for a fluence of 1x10™
ions/cm? [24]. In this sample, we observed frequency dependent
thermal transport where with an increase of heat penetration
depth, the gradual recovery of thermal conductivity is observed.
While at lower fluences there is no amorphous layer, therefore k¢
is independent of frequency and the cross-plane conductivity is re-
duced due to ion tracks.

By comparing these two materials, the mechanism of amor-
phization in the case of YAG is different from the case of Al;0s.
In YAG, each ion produces a cylindrical amorphous track which is
continuous starting from the surface down to a depth at which
the electronic stopping power drops below the continuous track
threshold which for YAG is around 7.5 keV/nm [35], while for
Al,03 it is around 10 keV/nm [36]. The diameter of the tracks
tends to vary along the length due to reducing ion energy as well
as some stochastic increases in energy deposition related to nu-
clear stopping. These amorphous tracks are stable in comparison
with crystalline tracks in Al,O3 and when other ions pass nearby
or even through them, the individual tracks contribute additively,
thereofore amorphization occurs almost uniformly throughout the
irradiated volume. Eventually the amorphous layer proliferates
with thickness reaching the length of the ion tracks, which would
roughly be equal to the depth at which the electronic stopping
power falls below threshold. For YAG it is around 9 pm accord-
ing to TRIM calculations shown in Fig. 1. Therefore we can con-
clude that the ion induced damage is more severe in YAG than in
Al,05 resulting in lower dependence of thermal conductivity on
frequency across the MHz and kHz modulation frequency ranges.

3.3. ZnO and MgO

Both ZnO and MgO are highly resistant materials to SHI ir-
radiation [27]. The TEM images in Fig. 5 and corresponding se-
lected area electron diffraction (SAED) patterns show that both
materials remain crystalline even at the highest SHI fluences of
1.05x10%% ions/cm? and 1x10™ ions/cm?, respectively. No distinct
tracks could be observed, but significant strain contrast in BF mi-
crographs suggests that a reasonable concentration of small unre-
solvable defects were produced during irradiation. BF image of ir-
radiated ZnO in Fig. 5 (a) clearly demonstrates the diffraction con-
trast in small regions of local strain that group together in rows
which aligns with the irradiation direction. Although these type
of defects cannot directly be seen in TEM, previous studies of Ra-
man and photoluminescence spectra have revealed the formation
of point defects associated with oxygen vacancies and interstitial
zinc in SHI irradiated bulk and thin film ZnO [49-51]. Considering
the previous reports on ZnO irradiated under similar conditions re-
vealing presence of point defects using above-mentioned methods,
our samples likely have similar defects. Our frequency dependent
thermal conductivity measurement in ZnO tends to be similar to
YAG. Both exhibit weak frequency dependence of the thermal con-
ductivity at given fluences indicating uniform thermal conductivity



A. Abdullaev, A. Koshkinbayeva, V. Chauhan et al.

| 5 1/nm

20 nm
—

Journal of Nuclear Materials 561 (2022) 153563

Fig. 5. (a) BF STEM image of ZnO at 1.05x10' jons/cm? and inset is corresponding SAED pattern. The red dashed lines represent small regions of local strain. (b) BF TEM
cross-sectional image of MgO at 1x10™ ions/cm? with corresponding SAED pattern. Both images show no evidence of ion track formation. Inset SAED patterns also indicate
preserved crystallinity for both oxide structures. (c) DF image of MgO lamella at 1x10™ ions/cm?.

across the damage layer. Nevertheless, the microstructures of the
irradiated regions are very different. Unlike YAG, ZnO does not ex-
hibit the formation of ion tracks but instead contains point defects,
which tend to form small voids or void clusters with the increase
of ion fluence.

A TEM micrograph of irradiated MgO with corresponding SAD
pattern is shown in Fig. 5 (b). Magnesia crystals, similar to ZnO,
preserve crystalline structure at high ion fluence. It is also known
to be highly resistive to electronic excitations produced by SHI and
exhibits a high energy threshold for ion track formation [27,52,53].
The contrast observed in Fig. 5 (b) again suggests the presence
of unresolvable defects within the material which is in agreement
with previous works [27,53]. The DF image of the same specimen
of MgO shows a clear interface between the damaged and un-
damaged zones as shown in Fig. 5 (c¢). There is a clear difference
in the diffraction contrast in the radiation-damaged region (dense
spotted pattern) and the unaffected region (mostly flat contrast).
Since there is very abrupt change in defect density, the SHI irradi-
ation induced defect concentration is significantly higher than that
caused by FIB sample preparation. However, unlike ZnO, our TDTR
measurements in MgO exhibit unusual frequency dependence as
displayed in Fig. 2. We see a gradual increase in thermal conductiv-
ity as heat penetration depth increases, suggesting a lower thermal
conductivity near the surface. This could be due to a combination
of several factors. First is due to a density reduction near the sur-
face caused by the formation of hillocks, which also alter the local
stress field. This damage zone is confined to no more than 100 nm
in depth. Since no irradiation aligned defects/strain fields are visi-
ble, it suggests that defects in these materials do not strongly align
along ion trajectories and the migration of defects can be signifi-
cant. Similar behavior of depth dependent damage was also ob-
served in the recent work [54] in single crystalline MgO irradiated
by medium energy Au ions by RBS-C measurements. Second is the
development of a poorly understood surface formation such as a
thin film was observed after irradiation, which can also be a reason
for the low conductivity in the near-surface region. A similar for-
mation of a thin, glossy and silver-gray colored film was previously
observed in 85 MeV iodine (I) irradiated polycrystalline MgO at
2.8x10™ jons/cm? and 1.2x 10" ions/cm? fluences [53]. The thick-
ness of that layer was observed to be less than 100 nm.

By comparing these oxides, we can assume that the distribution
of defects around ion tracks in YAG and Al,05 is homogeneous and
it is especially valid for YAG. As the tracks in YAG are continuous
and stable, they extend up to 9 pm in depth and so the concen-
tration of defects. Hence, the thermal conductivity across this re-

gion remains uniform. A similar effect is observed in Al,03, but
since its tracks are discontinuous this assumption is only be valid
to a first approximation. At certain fluences above which the tracks
start to overlap, which corresponds to 1x10'3 ions/cm? in the case
of Al,0s, the concentration of defects levels out and the conduc-
tivity remains low across the damaged region. However, for a low
fluence such as 1x10'2 ions/cm?2, where the tracks are isolated, the
effective diameters of these tracks decrease with depth (due to re-
duced ion energy) resulting in recovery of the conductivity close
to its pristine value. In ZnO and MgO, the situation is totally dif-
ferent as no tracks are present. However, different types of defects
such as point defects, void clusters and hillocks are accumulated in
the near surface region. This region has low thermal conductivity,
therefore and as heat penetration extends deeper into the mate-
rial, the thermal conductivity starts to recover indicating that the
concentration of defects decrease with depth.

4. Discussion
4.1. Estimation of defects concentration

The behavior of the samples considered in this work differs in
response to SHI irradiation. As we observed from TEM analysis,
some samples (YAG, Al,03) tend to amorphize, while others (ZnO,
MgO) remain crystalline. Such differences have been attributed to
structural complexity [27] or merely attributed to the ability of the
materials to dissipate heat away from the SHI trajectory. In order
to simplify the depth profiling analysis we implemented a simple
model, based solely on point defects, which was used for all materi-
als under investigation. This point defect approximation effectively
captures a broad range of defects present across multiple samples
under investigation and allows us to quantify damage as a func-
tion of depth. The thermal conductivity model has been presented
in previous reports and reproduced in the appendix [55,56]. In
this model thermal conductivity degradation due to radiation dam-
age is captured by a scattering cross section I, = c;;S?, where
cirr is the average defect density across the probing depth and S2
- is a phonon point defect scattering cross-section. A direct im-
pact model was employed to determine the defect concentration
Cirr = Csat[1 — exp(—o ®)] [26,57,58], where cs5¢ and o are used as
fitting parameters and represent maximum defect concentration
and damage cross-section, respectively. S? is a phonon scattering
cross-section with point defects. In previous reports $2 was de-
termined using S2 = (AM/M)2, assuming only anion vacancies are
present as these were the only observable defect type using op-
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Fig. 6. Experimental data and model from Eq. (A1) for SHI irradiated oxides. Open circles correspond to different frequency modulated TDTR measurements, solid cirlces
correspond to experimental MTR results and solid lines correspond to theoretical model based on Klemens model and fitting parameters cs;c and o. Red dashed line

corresponds to the minimum thermal conductivities determined using Eq. (1).

Table 2
Model parameter for depth resolved defect concentration.
Parameters YAG Al,03 Zn0 MgO
52 7.26x10°4 0.0246 0.0386 0.1576
Csat, Per atom  0.0099 0.0068 1.630x107%  1.957x10°%
o, cm? 2.597x10-13 1.206x10°3  3.411x1013 1.14x10°13

tical spectroscopy. While recent reports suggest that in light ion
irradiated metal oxides cation sub lattice defects have the largest
contribution to thermal conductivity degradation [21,55,56], in cur-
rent analysis effective defect is represented by oxygen vacancy. In
the subsequent discussion the magnitude of c;; should be inter-
preted as a measure of disorder, rather than simply point defect
concentration implied by the thermal model.

The intrinsic parameters of each material needed to determine
the conductivity of the pristine materials are listed in Table A.
We fit our experimental k¢ values for each modulation frequency
across all irradiation doses using the direct impact model expres-
sion to obtain the level of irradiation damage. The results of the
fitting are shown in Fig. 6 and fitted parameters (cs;c and o,) are
reported in Table 2. It is worth to note that csy is frequency de-
pendent and the values in the table correspond to 10 MHz modula-

tion frequency at which the defect concentration is maximum. The
degradation of thermal conductivity due to irradiation damage is
clear in Fig. 6 for all oxides. Exponentially saturating decay of con-
ductivity with an increase of ion fluence is observed by heat con-
ductivity saturation at high fluences. YAG undergoes a severe drop,
as compared with the other oxides, and has the highest defects
concentration (c;,) as shown in Table 2. If we compare ;. for all
oxides we see that the defects concentration level is in the follow-
ing order YAG>Al,03>Zn0>MgO. This is consistent with degree of
amorphization as suggested by TEM characterization and previous
results. It is also seen by the relative drop of conductivity to the
minimum conductivity estimated by Eq. (1) showing the highest
drop in YAG in comparison with other oxides and it is in line with
the SHI-induced damage behavior in these materials. This behavior
can be attributed to crystal structure and strength of ionic bonding
in these materials. It is suggested that materials with larger degree
of ionicity are more resistant to the track formation and retain their
crystalline structure [59]. MgO and ZnO have stronger ionic bond-
ing than sapphire and YAG. Therefore, they are more resistant to
the track formation and damage which is in agreement with re-
sults of our thermal conductivity measurements. Another criterion
that affects track formation is the complexity of a crystal structure.
Recent works [27,48] have demonstrated that simpler structures
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such as MgO and CaF, are more resistant to track formation and
may recrystallize more efficiently compared to complex structures
such as YAG and sapphire, which is also consistent with our mea-
surements.

4.2. Depth dependent disorder

After determining average defect concentration across the probe
depth at each frequency, in Fig. 7 we show the 3D plots of de-
fects disorder as a function of SHI irradiation fluence and irradi-
ation penetration depth in the current samples. The depth as a
function of modulation frequency is determined using expression:
Dy, = ﬂkg‘f/ff, where k. is the effective thermal conductivity at
pump modulation frequency f and Cy is the volumetric specific
heat [60]. The range of heat penetration depths corresponding to
minimum and maximum modulation frequencies is calculated. By
referring to the experimental data at various modulation frequen-
cies, defects concentration (c;;;) described in previous Section 4.1 is
then fitted as a function of depth for each ion fluence and ex-
pressed in the following form:

Cirr =C1 x exp (=B - D) + Co. (2)

where C;, B and C, are the fitting parameters and Dy, is the heat
penetration depth.

This figure shows that defect concentration decreases with a
drop in electronic stopping power (Se) as shown from TRIM cal-
culations in Fig. 1. The noticeable drop in defect concentration as a
function of depth for YAG and particularly at low fluence is intrigu-
ing. One would expect the simple point defect model to fall apart
in the extreme case of amorphous cylinders, but the plot seems to
capture at least qualitatively the reduction in track diameter with
depth due to decreasing S.. Qualitatively speaking, at higher flu-
ences, the overlap proportion increases and the reduction in in-
dividual track diameters with depth should become less appar-
ent, this is also reproduced by the model. For the other materials,
the “effective track” diameter is much smaller and should show a
less dramatic reduction with depth due to efficient recrystallization
of the melt leading to a lower dependence on the cross-sectional
area of the initial melt. The number of quenched defects will vary
less along the depth of the projectile path and will accumulate

more slowly with fluence due to possible annealing effects which
are not present in YAG. The model seems to reproduce this effect
as well.

5. Conclusions

Four single crystal metal oxides were irradiated by 167 MeV Xe
swift heavy ions. The SHI irradiation causes a non-uniform dam-
age profile due to electronic and nuclear stopping power regimes
that also lead to different depth profiling of thermal conductiv-
ity. Different types of ion tracks are observed in YAG and Al,03
while no visible tracks are present in MgO and ZnO. Depth de-
pendent thermal conductivity is less pronounced in YAG both at
nano- and micro-scale depths due to high level of damage in-
duced by SHIs. The concentration of point defects is distributed
uniformly along the ion trajectory. As the ion tracks in YAG are
amorphous and continuous, they tend to overlap above the fluence
of 3.2x10'2 jons/cm~2 resulting in the minimum thermal conduc-
tivity across the entire damaged region. In Al,05 SHI induced ion
tracks are crystalline and discontinous, therefore depth dependent
thermal conductivity is more pronounced than in YAG. The diam-
eter of these tracks decrease with depth and corresponding con-
centration of point defects reduces as well and at low fluence the
thermal conductivity recovers close to its undamaged value. How-
ever at high fluences similarly to YAG, these tracks start to over-
lap leading to amophization of the near surface layer and attaining
minimal thermal conductivity. In ZnO and MgO the distribution of
point defects are not aligned along the ion trajectory which might
be attributed to the migration of defects. In this case the point
defects accumulate strongly in the near surface region where the
thermal conductivity reaches its minimum. As the depth increases,
the defect concentration becomes lower in both materials and the
thermal conductivity recover to their pristine values.

TDTR and MTR techniques can be employed for multiscale
heat propagation asssessment to characterize nano- and micro-
structural changes in ion induced materials. Moreover, understand-
ing on how radiation-driven thermal transport in these metal ox-
ides can be utilized to design novel highly conductive and radia-
tion tolerant IMF oxide ceramic structures for next generation nu-
clear reactor applications.
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Table A
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Parameters used in thermal conductivity model described by Eq. (A1): CS - crystal structure, a -
lattice parameter, N - number of atoms per unit cell, V. - unit cell volume, ¢ - saturation concen-
tration of point defects for 1x10™ ions/cm? fluence,.

Parameters YAG Al,03 ZnO MgO

cs FCC Hexagonal Hexagonal FCC

a, A a=12.01 a=4.785 a=3.25 a=4.21
c=12.99 c=5.21

N 160 10 4 4

Ve, A3 866.16 257.59 11.914 18.681

6p, K 890 756 736 639

v, m/s 5250 7501 3555 3585

d, cm 1 0.5 1 1

B;, s/K [42-44] 1.212x10°"7 1.289x1018 2.346x10°18 6.887x10°17

Aimp, §° 3.2356x 1044 1.7041x10-46 4.1204x10-44 1.537x10-%

By, K3 5.5x10 7.228x10-12 6.347x10- 11 4.842x10°12

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

CRediT authorship contribution statement

Azat Abdullaev: Conceptualization, Investigation, Writing -
original draft. Ainur Koshkinbayeva: Methodology, Software, Writ-
ing - review & editing. Vinay Chauhan: Investigation, Writing
- review & editing. Zhangatay Nurekeyev: Investigation. Jacques
O’Connell: Investigation, Writing - review & editing. Arno Janse
van Vuuren: Investigation. Vladimir Skuratov: Resources, Writing
- review & editing. Marat Khafizov: Supervision, Writing - review
& editing. Zhandos N. Utegulov: Supervision, Investigation, Writ-
ing - review & editing, Funding acquisition.

Acknowledgement

This work was supported by Nazarbayev University CRP grant
11022021CRP1504 and by the Center for Thermal Energy Transport
under Irradiation (TETI), an Energy Frontier Research Center funded
by the U.S. Department of Energy, Office of Science, and Office of
Basic Energy Sciences.

Appendix

To model thermal conductivity we used an analytical model
based on Debye approximation [61]:

bp
k= %/ " T orrC(x)dx, (A1)
0

where C(x) is the frequency dependent specific heat capacity, T (x)
is the total phonon relaxation time, T is the temperature, 6p is the
Debye temperature, x = IZT“; is a dimensionless parameter, h is the
reduced Planck’s constant, kg is the Boltzmann’s constant and v is
the group velocity of heat carriers. The details of this model can be
found in our previous work [26]. The total phonon relaxation time
T is represented by Mathieson’s rule:

T =T+ Ty + T+ T (A2)

where the corresponding phonon scattering rates are given by
13‘plh = Bia)zTexp(—g—‘%) for Umklapp phonon-phonon scattering,
rI;DI = Aw* for the phonon scattering from point defects with A =
4’5—?3F. The phonon scattering parameter has contribution from im-
purities and irradiation induced defects I' = Cimp + Cier- Irradiation
induced TI'j, is defined as Iy = cS2, where ¢ - is defect concen-
tration, S2 - is the phonon point defect scattering cross-section,

10

13 1 = y/d for the scattering from the sample boundaries, where d

- sample size and Tl\jl = BywT?3 for phonon-phonon normal scat-
tering. First, the temperature dependent thermal conductivity was
obtained for each un-irradiated oxide based on published data and
was used to determine intrinsic parameters (B;, 'y, and By) [42-
44]. This allowed us to define parameters of Umklapp and Nor-
mal processes, B; and By, respectively and I' point defects present
in un-irradiated crystals due to intrinsic vacancies or impurities.
Then, the thermal conductivity was fitted as a function of irradia-
tion fluence by fitting experimentally measured data with a single
variable parameter I';,, attributed to point defects caused by SHI
irradiation. This procedure was performed by fixing the T = 293 K

and introducing additional term tﬁ}m = A;;0* to the Eq. (A2). The

structural (a, N, Vc), fitting (B; Ajyp, By) are given in Table A.
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