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ARTICLE INFO ABSTRACT

Keywords: The microstructural evolution was characterized for ZrC ceramics irradiated with 10 MeV Au®* ions at 800 °C.
Ton irradiation Post-irradiation examination showed that ZrC did not amorphize at doses up to 30 displacement per atoms (dpa).
ZrCx Concurrent oxidation of ZrC was found to occur during ion irradiation. Coarsening of the defective micro-
XRD structure, as a function of dose, was revealed by transmission electron microscopy analysis. Black dot defects
Exﬁn were observed at low doses (0.5 dpa), and tangled dislocation networks were formed at 5 dpa and above.

Diffraction analysis showed a change in the defect structure occurred at doses close to ~2.5 dpa. The evolution
of lattice parameter with dose indicated that uptake of adventitious oxygen could occur in specimens irradiated
at high doses. Raman spectroscopy analysis indicated an increase in non-stochiometry after irradiaton. This work
identified specific relationships between dose and microstructure after irradiation, revealing the mechanisms of
damage production in ZrCy ceramics.

1. Introduction

Zirconium Carbide (ZrC,) is a ceramic material that exhibits high
melting temperature and Vickers hardness [1], excellent high-tem-
perature thermal and mechanical properties [2], adequate corrosion
resistance to fission products [3,4], and low neutron absorption cross
section [1,5]. This unusual combination of properties makes ZrC an
attractive candidate for a variety of elevated-temperature nuclear ap-
plications, including fuel cladding and inert fuel matrix materials for
Gen-IV gas-cooled reactors [6,7], structural components in fusion re-
actors [8], and as a coating in Trisostructural-Isotropic (TRISO) fuel
particles [9-11]. In these applications, ZrC, would be exposed to neu-
tron and ion irradiations [12,13]. As a result, atomic defects, lattice
disorder, and other radiation-induced microstructural modifications are
expected to occur due the substantial amount of energy deposited in the
target material under irradiation. The formation and distribution of
radiation-induced defects can significantly affect the mechanical,
thermophysical, and chemical properties of ZrC, after irradiation
[14-16]. Consequently, successful implementation of ZrC, in nuclear

systems requires investigation of its radiation response mechanisms and
the concomitant radiation effects on the properties.

During the last three decades, a great number of experimental
[17-21] and theoretical investigations [22-25] have been dedicated to
understanding the fundamental processes that govern the radiation
response of ZrC,. The majority of studies to date have focused on
characterizing the radiation damage produced by nuclear elastic in-
teractions (i.e. ballistic damage), which is most relevant to the opera-
tional performance of ZrC, subject to neutron fluxes in nuclear reactors
[26]. To this end, intermediate-energy heavy ions and protons from ion
accelerator facilities have been widely used to emulate ballistic damage
under well-controlled irradiation conditions and high displacement
doses [27]. Ballistic collisions displace atoms from their equilibrium
positions, initiating a series of structural changes within the target
material, which are dependent on the rate of production, annihilation,
and agglomeration of the radiation-induced point defects at a given
temperature [28]. Using this approach, systematic studies have been
conducted for ion irradiation of ZrC, at multiple irradiation conditions
over the temperature range of 20 —1073 K [29-31]. The ion irradiated
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microstructures have been characterized with a number of techniques
including transmission electron microscopy (TEM), X-ray diffraction
(XRD), ion channeling Rutherford backscattering spectrometry (RBS/c),
and Raman spectroscopy. No amorphization has been observed in any
of the above studies, demostrating the superior structural stability and
radiation tolerance of ZrC, over the temperature range investigated.

Previous studies suggested that within the operational temperature
range of high temperature nuclear reactors (600 —1100 °C), the radia-
tion response of ZrCy is driven by interstitial clustering [32]. Due to the
high melting point of ZrC (T, = 3420 °C [33]), vacancy mobility is not
expected when Tj,, < 0.3T,. In contrast, interstial atoms are highly
mobile even at RT and immediately tend to cluster to form dislocation
loops under far from equilibrium conditions [25]. These observations
have been validated experimentally by TEM anlaysis, through which
“black dot” defects and dislocation loops have been observed as the
primary type of defects in irradiated ZrCy [12,29-31]. The clustering of
interstitials in irradiated ZrC, has also been reproduced numerically
using DFT-informed Cluster Dynamic simulations [32]. In the low
homologous temperature regime, where interstials are mobile and va-
cancies are sessile, two competing process occur simultaneously: dis-
location loop nucleation and interstitial capture by dislocation loops.
Initially at lower doses (~ < 1 dpa), the rate of nucleation of inter-
stitial clusters outpaces the rate of loop growth because the density of
dislocation loops is low. When increasing the irradiation dose, new
interstital clusters are more likely to coalesce with each other to form
dislocation loops. These loops will continue to grow in size and density
until a critical dose is reached. At this point, the rate of dislocation loop
nucleation is reduced because the defect clusters generated by irra-
diation are more likely to coalesce with the already nucleated dis-
location loops. Consequently, irradiation beyond this threshold dose
will produce coarsening of dislocation loops that are already formed. As
dislocation loops grow, each will become an increasingly larger sink for
defects, so the nucleation rate of loops should continue to drop until
saturation is reached. As a result, a saturation in the density of dis-
locations is also expected with the increase in the irradiation dose.

Although a coarse understanding of the radiation response of ZrCy
can be drawn from the existing literature, more studies are needed to
complement the previously reported experimental data and provide a
comprehensive understanding of the performance of ZrC, within the
typical temperature (600—1100°C) and dose range (0.5-50 dpa) of
high temperature nuclear reactors (HTRs) [34]. In this regard, only a
limited number of studies have been conducted on high-temperature
ion irradiation of ZrC at high doses. Moreover, knowledge of the ra-
diation response of ZrC, ceramics at different length scales is still
scarce. This information is particularly relevant for future fission Gen-
IV reactors and fusion reactors which require materials to reliably op-
erate at higher temperatures and/or radiation damage levels than those
of existing commercial power reactors [35].

The purpose of the present study was to investigate the micro-
structural evolution of heavy ion irradiated ZrC, at dose and tempera-
ture conditions relevant to the operation of high temperature nuclear
reactors.

2. Experimental procedure and methods
2.1. Sample preparation

ZrC billets were prepared by the hot pressing commercial ZrC
powder (Alfa Aesar, Reactor Grade, USA), which had a reported purity
of 99.5wt.%, (impurities (wt.%): Al 0.01, Hf < 0.003, Ti 0.009, Cd
0.0002, Cr 0.0003, Mg 0.0006, Pb 0.002). The billets were hot pressed
in a graphite die (diameter = 25 mm) using cylindrical graphite spacers
(thickness = 10 mm). The inner walls of the die and the faces of the
spacers were lined with a BN-sprayed graphitized foil to prevent a re-
action between the powder compact and the graphite die. ZrC powder
was loaded into the die and cold-compacted using a uniaxial press with
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an applied pressure of 4 MPa. The die was then placed into a resistively-
heated graphite hot press (Model HP20-3060, Thermal Technology Inc.,
Santa Rosa, CA). Once loaded into the hot press, the chamber was
evacuated and backfilled with argon three times. Billets were hot-
pressed at 2200 °C and 32 MPa for 2h to promote full densification. A
heating rate of 20 °C/min was used.

The density of the hot-pressed billets was measured by Archimedes’
method using distilled water as the immersing medium, according to
ASTM C733 [36]. The relative density was calculated by dividing the
Archimedes’ density by the estimated theoretical density of ZrC
(p; = 6.646 g/cm®). The theoretical density was determined using the
experimental carbon content and lattice parameter of as-sintered
ZrCo.g9. The chemical analysis for carbon, oxygen and nitrogen contents
of the billet was conducted by the direct combustion method using the
infrared absorption detection technique. Carbon (CS600; Leco, St. Jo-
seph, MI), oxygen and nitrogen (TC500; Leco, St. Joseph, MI) contents
were measured by crushing dense specimens to ~200 mesh. Three
measurements were conducted for each element to establish repeat-
ability.

Following densification, specimens for microscopy and ion irradia-
tions were cut parallel to the hot pressing direction of the billet with a
slow-speed diamond saw and then ground and polished to mirror-finish.
The metallographic preparation was carried out by grinding the spe-
cimens with 100, 320, 600, and 1200 grit SiC pads and water lubricant.
Felt pads and water-based diamond slurry suspensions were used for
abrasive sizes from 3 pm to 0.025pm. After polishing, the specimens
were ultrasonically cleaned with ethanol for 15 min at room tempera-
ture.

2.2. Ion irradiation

A rectangular ZrC polished section (13 X 8 mm) was irradiated in
the Ion Beam Materials Laboratory (IBML UT-ORNL) at the University
of Tennessee, Knoxville [37] with 10 MeV Au®" ions at 800 °C using a
3.0 MV tandem accelerator. Five different regions of the ZrC specimen
(3 x 3mm each) were irradiated to doses of 0.5, 2.5, 5, 10 and 15 dpa.
The total sample area was thus comprised of the five non-overlapping
irradiated regions and one unirradiated control region. An additional
ZrC polished section was also irradiated to a dose of 30 dpa at the same
temperature. Adjustable beam slits were used to define the irradiation
areas. The ion beam was defocused and rastered in the horizontal and
vertical directions with the aim of producing a region that was homo-
geneously irradiated. Beam homogeneity was verified by ion-induced
luminescence from quartz targets and was found to be within 10%
throughout the irradiated area [38]. The flux was set at
1.0 x 10*?cm ™2 5! for all fluences. Low beam current densities in the
range of 5nA mm~2 were used to reduce any undesired effect and
charge accumulation on the samples [39]. The vacuum chamber pres-
sure was observed to be below 6.7 x 10”° Pa prior to the sample
heating process. During sample heating, the chamber pressure initially
rose before decreasing to a range of 4-6.7 x 10~ Pa during irradia-
tion. The maximum outgassing of the specimen was observed around
170 °C with vacuum pressure levels of 1.04 x 10 Pa. The Stopping and
Range of Ions in Matter binary collision approximation (BCA) code
2013 version (SRIM-2013) [40] was used to estimate the displacement
damage depth profile. Cascades were performed in quick-cascade mode
(simple Kinchin and Pease model), assuming a target density of
6.646 g/cm® and threshold displacement energies of 37 eV for Zr and
16 eV for C. To compare ion and neutron irradiation results, the use of
the quick Kinchin-Pease option in SRIM to compute radiation damage
exposure has been recommended [41] within the nuclear community
and has been widely used in previous studies of ion-irradiated ZrC
[17,18,32]. The damage profile estimated from SRIM is determined by
the sum of the predicted vacancy concentrations (using 'Knock-Ons'
from Au ions and 'Vacancies' from target elements of Zr and C), together
with the replacement collisions [42]. Assuming a bulk ZrC sample, the
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Fig. 1. Depth profile of damage level using SRIM Kinchin and Pease calcula-
tions, and Au concentration as a function of depth for a fluence of
3.59 x 10" cm 2,

predicted damage profile in displacements per atom (dpa), and the
implanted Au ion profile, are shown in Fig. 1. The peak dose under
10MeV Au irradiation is located around 1000 nm. The conversion
factor from ion fluence (10'* cm ~2) to local dose in the ZrC foil under
quick simulation was 0.8343 dpa. The steady state temperature of the
sample surface was measured via a K-type (chromel-alumel) thermo-
couple (TC). The TC was attached to the sample surface by mo-
lybdenum spring-loaded clips. Samples mounted on the high tempera-
ture stage were conductively heated from the platen. The rear of the
platen was radiatively heated using a resistively heated tungsten fila-
ment (ERH series heater and EPS-500 power supply, Thermionics
Northwest, Inc.). High performance silver paste was used to improve
the thermal contact between the bottom surface of the sample and the
platen. More details on the experimental apparatus are provided else-
where [37,39]. Irradiations were performed with Au ions because of
their relatively inert nature and large nuclear stopping cross section,
which produces a high damage rate per incident ion and minimizes
artifacts induced by the injected ions. It is worth noting that a 10 MeV
energy beam was chosen to obtain a relatively flat profile to a depth of
1 um without appreciable effects of implanted Au ions (Fig. 1). More-
over, intermediate energy heavy ion irradiations produce a displace-
ment cascade density and morphology more similar to fission neutrons
than light ion irradiation, which produce a more space sub-scale mor-
phology [27]. The temperature and range of doses were selected with
the goal of studying radiation damage mechanisms and their effects on
microstructural evolution and physical property changes in Gen-IV high
temperature gas cooled reactors [35].

2.3. Material characterization

2.3.1. Grazing incidence X-Ray diffraction (GIXRD)

Grazing incidence X-ray diffraction measurements were performed
to evaluate structural modifications in the near surface region following
high temperature ion irradiations. GIXRD profiles were collected on a
PANanlytical X’Pert Pro Multipurpose Diffractometer (MPD) fitted with
a Cu X-ray tube and an X’Celerator detector. Diffraction patterns were
acquired in grazing incidence geometry over the 26 range 25-90° with a
step size of 0.03° and counting time of 0.5 s at each step. The scans were
recorded at several incident angles between 0.5 and 5° in order to probe
microstructural changes at different depths from 0.6 to 1.5 um (Fig. 2).
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Fig. 2. The scattering depth, A, from which diffraction data was collected as a
function of the x-ray incident angle for two diffraction peaks, (111) and (400).
The x-ray incident angles used in this work are denoted by vertical dashed lines.

X-ray tube operation conditions were 40kV and 40 mA. The lattice
parameter was refined by Rietveld analysis in the full matching pattern
mode with the Fullprof suite software [43].

2.3.1.1. Line profile analysis. The values for the size of coherent
diffracting domains and microstrains were determined using
Williamson-Hall analysis. Peaks obtained from only Cu k,; radiation
were analyzed after stripping Cu k,» peaks using the classical
Rachinger’s method [44]. Instrumental broadening was described
using a Caglioti polynomial expression obtained by line profile fitting
of LaBg standard powder (SRM 660a) over the 20 range investigated.
The instrumental integral broadening, thus defined, was subsequently
subtracted from the measured integral breadth of the samples to obtain
the structural line broadening .

The coherent diffracting domain sizes (D,) and microstrains (¢) were
obtained from the ordinate intercepts and the slopes, respectively, of
straight lines in the Williamson-Hall plots, according to the following
equation:

A
cos(0) = — + 4esin(6
Beos(8) D, € o
where § is structural line broadening of the reflection, 26 is the peak
position angle, and 4 is the monochromatic x-ray wavelength.

2.3.2. Electron microscopy

Surface morphology and composition were examined for both
pristine and irradiated materials by focused ion beam (FIB)-scanning
electron microscopy (FIB SEM, Scios™ DualBeam™, FEI, Hillsboro,
Oregon) coupled with energy dispersive spectroscopy (EDS; Oxford
Instrument Avignon UK). TEM specimens were also prepared using the
focused-ion-beam (FIB) lift-out technique. Before milling, a 2 um thick
Pt layer was deposited on the top surface of the specimen to protect it
from ion beam-induced damage and unwanted surface milling during
the FIB preparation. The trenching on both sides was performed at an
ion beam voltage of 30kV with a beam current of a few nanoamps.
After lift-out, thinning of the lamella was first conducted with a beam
current of hundreds of picoamps at 30kV at = 5° on both sides using
cleaning cross-section mode until the lamella was ~1pm thick.
Voltages and currents were gradually reduced, and the milling angles
decreased, as the lamella got thinner. To complete the preparation,
gentle polishing with Ga™* ions (5keV and 48 pA) at + 7° in regular
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rectangular mode was used to reduce damage and artifacts of ion im-
plantation caused by higher energy Ga bombardment. Microstructure
characterization was performed using a 300 kV Tecnai F30 Supertwin
transmission electron microscope (TEM). Bright field (BF) images were
acquired under a g = 220 two beam condition with the deviation vector
s being slightly positive.

2.3.3. Raman spectroscopy

Raman measurements were collected using a HORIBA Jobin Yvon
LabRAM ARAMIS microRaman spectrometer (Horiba, Edison, NJ). The
specimens were excited by a 632nm He/Ne laser focused to a spot
2—3um in size on the sample using a 50x microscope objective lens.
Raman spectra were acquired in the backscattering geometry. The laser
power was below 2mW to prevent local heating of the sample. Five
spectra were taken from each specimen, with all measurements con-
ducted at room temperature.

3. Results and discussion
3.1. Control specimen

Gas fusion analyses indicated that as-sintered ZrCy contained
11.62 wt.% carbon, 0.144 wt.% oxygen, and 0.0251 wt. % nitrogen.
Consequently, the carbon content of the fabricated billet corresponded
to a carbon stoichiometry of ZrCy g9. The uncertainty of the gas fusion
analyses is estimated at + 2 wt.%, corresponding to an uncertainty in
the stoichiometry of ZrC, of about + 0.02.

The bulk density of the as-sintered specimen measured by
Archimedes’ method was 6.447 g/cm®, corresponding to a relative
density of approximately 97%. Additionally, SEM images of the po-
lished cross section of the billet showed a homogeneous microstructure
of ZrC grains with some residual closed porosity. The average grain size
measured by the lineal intercept length method was 5.1 + 1.8 pm. This
value agrees with the reported grain size for ZrC ceramics prepared
under similar sintering conditions, ranging from to 2 to 30 um [45,46].

Fig. 3a shows survey GIXRD patterns, obtained at w values of 0.5, 1,
1.5, 3 and 5°, from the unirradiated ZrC sample after annealing for 5h
at 800 °C in the ion beam line vacuum chamber. The XRD profiles show
the expected FFC peaks for ZrC from the (111), (002), (022), (113),
(222), and (004) planes corresponding to 26 values of 32.98, 38.27,
55.26, 65.90, 69.23, and 82.03°, respectively. In addition, the patterns

Journal of the European Ceramic Society 40 (2020) 1791-1800

exhibited a low intensity peak at 260 = 30.11°, that was attributed to the
presence of ZrO,. This peak could not be indexed unequivocally be-
cause the monoclinic, tetragonal and cubic forms of ZrO, all have peaks
close to 20 = 30°; making them undistiguahable from each other using
just this single peak. While it is possible, in principle, to identify the
monoclinic phase of ZrO, using the weaker peaks at ~18° and ~ 25°,
the maximum intensity of those peaks was below the detection limit in
the scans. Therefore, the absence of those peaks was no taken as con-
clusive evidence for the absence of the monoclinic phase. Thus, the
unirradiated ZrC specimens appear to contain some ZrO, in the near
surface region, after annealing, that was not detected in the as-pro-
cessed materials.

Fig. 3b shows a magnified view of the most intense (111) ZrC dif-
fraction peak. Increasing the incident angle (i.e., increasing the x-ray
penetration depth into the specimen) led to increased peak intensity
and a reduction of the peak breadth. Similar behavior was also observed
for the other ZrC peaks. Concurrent reduction in peak breadth and in-
creased peak intensity with increasing incident angle are indicative of
hererogeneous microstrain near the surface [47]. The average micro-
strain values as a function of the incident angle were determined using
Williamson-Hall analysis (Fig. 4a). The unirradiated sample exhibited a
microstrain of ¢ = 0.26 * 0.02% at the lowest incidence angle
(w = 0.5°). The microstrain decreased at a larger penetration depth
probed using w = 1, 1.5, 3 and 5°, suggesting that the region of highest
strain is localized within the first 20 nm of depth from the top surface.
The main sources of microstrain could be the difference in the molar
volume and thermal expansion coefficient between the major phase,
ZrC, and the minor phase of ZrO, that was detected; although some
residual microstrain could have been introduced during polishing steps
used to prepare the surfaces that were irradiated.

The formation of the oxide phase near the surface of the annealed
ZrC was confirmed by SEM observations (Fig. 5). Annealing produced
discrete nanosized nodules distributed across the surface of annealed
specimen that were not present in the original polished surface. The
nanoprecipitates ranged in sizes between 20 and 100 nm. Energy dis-
persive spectroscopy (EDS) analysis indicated that Zr, C and O were the
major constituents on the top surface area of the annealed sample. This
suggests that the nanoprecipitate nodules observed in the SEM images
correspond to the nuclei of the oxide phase detected by GIXRD mea-
surements. Some precipitate-free zones were observed near the grain
boundaries of the substrate, which were also revealed due to thermal
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Fig. 3. (a) GIXRD obtained from ZrC after thermal annealing in the ion irradiation chamber at 800 °C, collected at various x-ray incident angles. (b) An enlarged view

of the most intense (111) ZrC diffraction maxima.
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Fig. 5. A secondary electron SEM image of the surface topography showing
ZrO, nanometric nodules.

etching during annealing.

Further analysis of the (111) ZrC reflection (Fig. 3b) revealed that
the location of the diffraction maxima shifted to higher 26 angles as ®
decreased. This suggests that the lattice parameter of ZrC was lower
near the surface (Fig. 4b), which could arise from dissolution of ad-
ventitious oxygen into the ZrC lattice during annealing. Oxygen uptake
result, which is sometimes described as the formation of an oxycarbide
(ZrC,0y) compound, does not change the structure of ZrC, but decreases
the lattice parameter [48]. The contraction of the unit cell results from
the strengthening of the metal-non-metal bonds upon incorporation of
oxygen into vacant sites in the unit cell [49]. This agrees with the
previous work by Gendre, who showed the lattice size of ZrC decreased
with oxygen content up to a stoichiometry of around ZrCg 790 .13 [50].

3.2. Irradiated specimens

3.2.1. GIXRD and TEM analysis

Fig. 6a shows representative GIXRD patterns of ZrC samples after
irradiation with 10 MeV Au®* at 800 °C. The diffraction patterns were
acquired at w = 1.5° to probe a suitable artifact-free midrange region of
the implantation profile (see Fig. 2). Similar to the control specimen,
the main peaks indexed to ZrC, and low intensity ZrO, peaks were
observed at 20 = 30.11° for the irradiated specimens. Upon irradiation,
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three major changes were observed in the XRD patterns: shifts of the
diffraction maxima, peak broadening, and reduction in the intensities.
No evidence of amorphization was observed in any of the samples ir-
radiated at 800 °C, confirming the outstanding stability of ZrC under
irradiation. Similar results have been previously reported in neutron
and ion irradiation experiments of ZrC at both room temperature and
high temperature [29-31]. The most obvious effects of increasing the
irradiation dose are a decrease in ZrC peak intensity and an increase in
peak broadening. These changes occur due to the microstructural dis-
tortions and heterogeneous microstrain associated with the formation
of radiation-induced defects. In this regard, the defects present in the
irradiated materials distort the long range symmetry of the ideal rock-
salt crystal structure, resulting in a partial loss of the coherent scat-
tering and the concomitant decrease in peak intensity. On the other
hand, the increased peak broadening can also be ascribed to the accu-
mulation of heterogeneous microstrain and/or the reduction of the
coherent scattering domain size.

Williamson-Hall analysis was applied to irradiated samples. W-H
plots for the irradited samples are shown in Fig. 7(a). With the excep-
tion of the specimen irradiated to 2.5 dpa (Fig. 7b), no anisotropic peak
broadening was observed along any specific crystallographic direction
in the diffraction pattern of the irradiated samples. The strong peak
broadening anisotropy at 2.5 dpa was accompanied by an increased
diffuse scattering and a significant reduction of the peak intensity.
These concurrent changes are indicative of an increased atomic dis-
order, which could be due to point defects and dislocation loops. The
scattering of X rays from point defects and clusters contribute to diffuse
scattering very close to the Bragg peak, which is known as Huang
scattering [51]. This type of scattering can be evaluated to analyze the
defects in the irradiated sample; however, the GIXRD measurements in
this study were conducted at room temperature and the Huang scat-
tering near the Bragg region is superimposed by thermal diffusion
scattering, making its evaluation difficult. Since the W-H analysis for
the sample irradiated to 2.5 dpa was confounded by these other effects,
this specimen was not considered in the subsequent line-broadening
analysis. The W-H plots indicated that grain size did not change sig-
nificantly, but strain increased with increasing dose. This indicates that
the XRD peak broadening is primarily due to strain, rather than a re-
duction in grain size. The average microstrain values for the irradiated
samples obtained are shown in Fig. 8(a). It is noted that the average
microstrain increased with the irradiation dose and then saturated at
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doses above 5 dpa with g ~ 2.2 X 1073,

Saturation of the dislocation density at high doses could explain the
microstrain trend observed in this work. At low doses (0.5 dpa), the
radiation-induced interstitial clusters have sizes in the order of a few
nanometer (< 5nm) and their density is low. Therefore, the micro-
strain value observed at 0.5 dpa is also low (~1.2 x 1073). Fig. 9a shows
an on-zone axis bright field TEM micrograph of the sample irradiated at
0.5 dpa. The image reveals the presence of “black dot” defects, which
are likely to be small interstitial clusters formed by the ion irradiation.
No dislocation loops, with or without double arc-contrast, are observed
in the micrograph. Similar results have been obtained in previous TEM
work of ion irradiated ZrC at low doses and high temperatures [29,30].
On the other hand, at doses higher than 5 dpa, it can be hypothesized
that ZrC has already reached the saturation point in the coarsening-
dominant regime. In other words, the rate of dislocation loop nuclea-
tion has dropped to a steady state value, and therefore the radiation-
induced dislocation structure does not undergo further coarsening. This
hypothesis is consistent with the previous in-situ TEM study by Ulmer
et al. [30], which noted that the microstructure of ZrC, irradiated with

1 MeV Kr ions at 800 °C, continued to coarsen until doses of 5.1-7.7
dpa. Beyond this dose, a tangled dislocation network formed, and little
change was observed in the irradiated microstructure. In this work,
“cellular-like” dislocation networks were also observed in bright-field
(BF) images of the irradiated microstructure at doses above 5 dpa
(Fig. 9b and c). This suggests that at high doses (> 5 dpa), a balance
was reached between irradiated-induced damage buildup and dynamic
annealing of defects at 800 °C.

Fig. 8b shows the evolution of the ZrC lattice parameter as a func-
tion of the dose obtained by refinement of the peak shifts in the XRD
patterns. Interestingly, the evolution of the unit cell parameter in this
study is not consistent with a single impact mechanism for damage
accumulation. This result differs from previous observations by Gosset
et al. [52], who reported a saturation of the cell parameter evolution for
ZrC irradiated with 4 MeV Au ions at room temperature. In the present
study, the unit cell parameter of ZrC exhibited a complex, non-mono-
tonic behavior as a function of dose. Initially, the unit cell parameter
increased until reaching a dose of 2.5 dpa. Then, above this critical
dose, the lattice parameter decreased. The recovery of the unit cell
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Fig. 8. (a) Heterogeneous microstrain determined using Williamson-Hall plots as a function of dose, (b) Changes in the unit cell parameter of ZrC as a function of

dose based on the refinement of the corresponding XRD patterns.

parameter is consistent with a two-step damage accumulation process,
which has been previously observed in single crystal ZrC and other non-
amorphizable ceramics under irradiation in the nuclear energy loss
regime [53,54]. According to this mechanism, a build-up of elastic
strain is observed at the early stages of the damage process due to the
production and clustering of Frenkel Pair (FP) defects. The accumula-
tion of FPs leads rapidly to the formation of dislocation loops that
continue to grow in size as the dose level is increased. Eventually, at the
threshold dose, the dislocation loops come into contact with each other
and form an entangled dislocation network. This transformation in the
defect structure is accompanied by an elastic strain relaxation due to
the plastic deformation associated with the production of extended
defects. According to Pellegrino et al [32], the critical fluence for this
transition is about 5 x 10'® ions/m? (~ 2.2 dpa) for Au ions in ZrC. This
value is close to the transition dose for unit cell parameter recovery that
is observed in this work. However, another explanation will be required
to account for the reduction of the unit lattice parameter at higher
doses, where the structure of the dislocation network is no longer
coarsening.

One possible explanation for the decrease of the lattice parameter at
high doses could be the uptake of adventitious oxygen during the ir-
radiation process. As mentioned above, the incorporation of oxygen
into the crystaline structure of ZrC is accompanied by a contraction of
the unit cell parameter. Zirconium carbide is well known for its high
chemical sensititivity to oxygen impurities. Although the ion irradia-
tions in this study were conducted in high vacuum conditions (< 10°°
Pa), some residual oxygen and other hydrocarbon impurities are pre-
sent in the irradiation chamber [55]. These impurities could oxidize
target materials that are oxygen-sensitive during ion irradiation studies.
ZrC has been reported to be subject to radiation-enhanced or radiation-
induced oxidation at room temperature, even under vacuum (on the
order of 10 Pa) [52]. Oxygen enrichment has also been observed in
ZrC implanted with argon and xenon ions [56,57]. In the present work,
the formation of ZrO, phases in the irradiated samples was supported
by GIXRD measurements at low incident angles. Additionally, Electron
Energy Loss Spectroscopy (EELS) analysis presented in a sister paper
[58] revealed an enrichment of oxygen beneath the surface of both
irradiated and unirradiated ZrC, corroborating similar observations
from other authors. Based on these findings, it is possible that the dif-
fusion of oxygen atoms may be enhaced during the high temperature
irradiation of ZrC. The update of adventitious oxygen can explain the
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observed decrease in lattice parameter near the surface.

In the irradiated samples, radiation enhanced diffusion (RED) is
assisted by a linear superposition of different possible diffusion paths,
such as monovacancies, divacancies, and dislocation lines, among
others. These diffusion pathways can facilitate the ingress of oxygen
atoms into the implantation layer, producing an oxycarbide compound
that is isostructural with ZrC. Gosset et al. [17] investigated the influ-
ence of oxygen content on the radiation response of ZrC. They found
that ZrC and ZrO«C, compounds follow the same type of micro-
structural evolution under radiation conditions, with oxycarbides
showing a delay in the saturation fluence with respect to carbides. At
high doses, such as those used in this study, entangled dislocation
networks and vacancies may favor the dissolution of oxygen into ZrC.
However, the exact mechanism of oxygen uptake under irradiation
conditions remains to be elucidated in future work.

3.2.2. Raman spectroscopy

Fig. 10 shows the Raman spectra of the control and irradiated
samples. The spectra exhibit four predominant Raman bands centered
around 200, 275, 515, and 600 cm ™ *. These spectra are very similar to
those obtained in single crystals of ZrC with sub-stoichiometric com-
positions [59,60]. The first-order Raman spectrum in ZrC,., has been
attributed to the presence of carbon vacancies that destroy the local
inversion symmetry of the ideal NaCl rock-salt structure, enabling de-
fect-induced Raman scattering to be observed. The vacancy-induced
first-order Raman spectrum resembles the phonon density of states
(DOS) in ZrC. The low frequency Raman peaks (transverse acoustic
~204cm™! and longitudinal ~275cm™') are produced by acoustic
phonons, while the high frequency peaks (transverse optic ~515cm ™!
and longitudinal optic ~600 cm™!) are due to optical phonons.

A comparison of the unirradiated and as-irradiated spectra shows
that the Raman peaks associated with vacancy defects became more
intense and broader when increasing the radiation dose. Similar ra-
diation-induced changes have been previously observed in Raman
studies of ion irradiated ZrC [60,61]. These variations of the peak
properties have been ascribed to the increasing number of carbon va-
cancies generated by irradiation. Heavy ion irradiation of ZrC results in
the formation of point defects that distort the local structure of the
material causing the appearance of the defect-induced Raman scat-
tering as described above. Previous ab initio calculations have shown
that carbon-related defects (V. and C;s) have lower defect formation
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Fig. 10. Raman spectra for ZrC irradiated at various doses.

energy than other types of point defects in ZrC, [22,62]. Consequently,
extended non-stoichiometric regions with a high concentration of
carbon vacancies are expected to occur under irradiation conditions.
For this reason, it is not surprising that a direct correlation exists be-
tween the irradiation dose and the concentration of carbon vacancies,
as indicated qualitatively by the changes in the Raman spectra for the
irradiated samples. Besides these variations in vacancy-induced Raman
bands, no new peaks are observed in the Raman spectrum of the irra-
diated samples. The similarity between the spectra for the irradiated
and unirradiated specimens is indicative of the high microstructural
stability of ZrCy under irradiation conditions. This result is consistent
with numerous computational and experimental studies which have
shown the excellent radiation amorphization resistance of ZrC,,
[1,12,17,23,25,32,34,52].

4. Conclusion

The microstrutural evolution was examined for ZrC, irradiated with
10 MeV Au®" ions at 800 °C. No amorphization was observed in any of
the irradiated samples, confirming the superior radiation stability of
ZrC. Oxidation of the near surface area of the control and irradiated
specimens was detected by GIXRD. Nanosized, discrete ZrO, nodules
were observed to grow over the surface. BFTEM micrographs revealed
that “black dot” defects were formed after irradiation to ~0.5 dpa. A
further dose increase to 5 dpa produced coarsening of the micro-
structure and formation of tangled dislocation networks. Beyond this
dose, little change was observed in the irradiated microstructure, which
suggested that a balance had been reached between irradiation damage
buildup and dynamic annealing of defects. The dose dependence of the
lattice parameter, and microstrain, indicated that the defect structure
changed at doses close to ~2.5 dpa. This change could be ascribed to
the coalescence of dislocation loops to form tangled dislocation net-
works. Additionally, the evolution of the unit cell also showed that
oxygen uptake could occur in samples irradiated to high doses. The
oxygen uptake at high doses might be assisted by radiation-enhanced
diffusion processes and by the changing microstructure (i.e. pipe dif-
fusion at high doses). Finally, Raman spectroscopy analysis showed an
increase in ZrCy, non-stochiometry after irradiaton. This is due to an
increase in carbon vacancies produced by the irradiation.

The coupling of synergistic techniques used in this study provided a
more comprehensive view of the irradiation response of ZrC, ceramics



R. Florez, et al.

in the operational range of high temperature gas-cooled nuclear re-
actors. This work identified specific relationships between dose and
microstructure after irradiation, revealing the mechanisms of damage
production in ZrC,, i.e., black-spot nucleation, as well as formation and
evolution of dislocation loops. The results indicated that ZrCy is a
promising candidate for high temperature nuclear applications, al-
though precautions must be taken to prevent its oxidation during re-
actor operation.
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