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ABSTRACT

High-purity zone refined zirconium carbide has been fast neutron irradiated in the dose and temperature
range of 1-10 x 10% N/m? (E > 0.1 MeV) and 635-1480 °C, respectively. Non-irradiated and as-irradiated
properties were measured including the lattice parameter, hardness and elastic modulus as determined
through nano-indentation, thermal conductivity, and indentation fracture toughness. The effects of neu-
tron irradiation on the microstructure were also determined though using transmission electron micros-
copy. The general finding of this paper, limited to this particular zone refined ZrC of nominal C/Zr ratio of
0.93, is that this ceramic is quite stable under neutron irradiation in the temperature and dose range
studied. Measurement of lattice parameter before and after irradiation indicated a lack of significant crys-
talline strain due to irradiation. Only modest changes were observed in the mechanical properties of
hardness, elastic modulus, and indentation fracture toughness. The thermal conductivity underwent a
slight reduction near 1000 °C irradiation, though was essentially unchanged for 1300-1480 °C irradiation.
Transmission electron microscopy revealed black-spot-type defects (likely Frank or other small loops) for
irradiation at 670 °C, maturing to faulted Frank loops at 1280 °C. As the irradiation temperature increased
from 1280 °C to the highest irradiation temperature, of 1496 °C, a transition to prismatic loops occurs.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction and background

Zirconium carbide is a candidate for use in high temperature
gas cooled reactor fuels in three possible applications. First, micro-
scopic ZrC powder may be used as an addition to the uranium
oxide kernel of TRISO fuels to serve as an oxygen getter. Its pres-
ence is thought to buffer evolving oxygen liberated through the fis-
sion of UO, thereby avoiding adverse oxidative reactions,
especially problematic at high fuel burn-up levels. The second
application is the substitution of ZrC for SiC as the pressure vessel
in TRISO fuel. The primary motivation for this substitution is the
perceived enhanced high temperature properties of ZrC and its im-
proved resistance to fission product attack and diffusion. This par-
ticular application has been investigated for decades, with fuels
first produced and tested by Reynolds et al. [1] and more recent
development carried out in Japan [2] and to a lesser extent in the
US [3]. The third configuration combines both functions. Specifi-
cally, the fuel kernels would be coated directly with ZrC as an oxy-
gen getter, or could be applied in addition to the SiC TRISO shell to
enhance the performance of the fuel.

Since the initial work by Reynolds [1] there has been moderate
investment in the development and irradiation of ZrC coated fuels
(i.e. the second configuration above) with generally positive re-
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sults. Specifically, these fuels have indicated probable higher tem-
perature capability than SiC coated TRISO fuels [4-6] and enhanced
resistance to the palladium fission product attack and diffusion
that compromises SiC coated fuels [7,8].

While some of the researchers developing ZrC coated fuels have
carried out reactor irradiation of their fuels, yielding essentially po-
sitive results, the irradiation effects on ZrC itself is still poorly
understood. This is especially true if one limits the discussion to
material types, irradiation conditions, and damaging doses rele-
vant to ZrC fuel application. A review of the historic data is pro-
vided in the Appendix and summarized in Fig. 1. In this figure
the existing irradiation effects literature data for all forms of ZrC
are plotted as a function of irradiation temperature and dose. Inset
to the figure are the operating temperature and dose regimes
(approximate) for currently envisioned PBMR and GT-MHT fuels.
Also included are the projected extended dose regimes for so-
called Deep Burn fuels.

From Fig. 1 it is clear that the majority of the available literature
data on ZrC irradiation effects is for lower temperatures, in most
cases substantially lower, than the operating temperature regimes
anticipated for TRISO fuel application. At the lower end of the inset
operating temperature range for PBMR-type fuels are three studies
either utilizing energetic protons [9,10] or krypton ions [11]. In
each of these studies, hot-pressed ZrC was tested in the supersat-
urated carbon condition, ZrC, ;. The quoted material density was
reasonably high at 6.58 g/cm?, which is ~99.5% of the theoretical


http://dx.doi.org/10.1016/j.jnucmat.2010.01.020
mailto:sneadll@ornl.gov
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat

L.L. Snead et al./Journal of Nuclear Materials 399 (2010) 200-207 201

1600 e
— 1400 + i
g b GT-MHR Fuel Operaing Regime. [ becp burm ]
T 1200 SN Rinuba i B
é i H c
| b
g 1000 R IOt oo - __ COE ﬁ@'! .......... - 1
& PBMR Fuel Operating Regime Deep Burn ]
E 800 L — i @ @_
= i
g 600 + T
= lE-%
S 400 + 1
g b—®—| ]
= 200+ +
0 ‘“Elw e B ."'.'I‘."."I """" @@l“'
0.001 0.01 0.1 1 10 100

Displacements Per Atom (dpa)

Fig. 1. Historic irradiation effects data on ZrC data compared to operating fuel
temperature. DPA range data represented by bars, where appropriate. n: neutrons,
Kr: krypton ions, Au: gold ions, P: protons [13,14,9-12,15-17].

density of stoichiometric material. Within the projected reactor
temperature range of Fig. 1 there is only a single study (by Keil-
holtz), and that employed neutrons [12]. As noted in the Appendix
the work of Keilholtz [12] reported on three types of powder pro-
cessed ZrC materials in strongly carbon-rich condition (C/Zr rang-
ing from 1.08 to 1.27) and quite low density (ranging from 70%
to 95% theoretical).

This paper presents the effects of neutron irradiation on the
microstructure and physical properties of a very high purity zirco-
nium carbide in the temperature and dose range appropriate for
high or very high temperature gas cooled reactor fuel application.

2. ZrC materials and experimental methods

Zirconium carbide is an extremely high-melting temperature
carbide capable of existing over a wide range of carbon vacancy
concentration while retaining a cubic NaCl-type crystal structure,
the gamma phase. However, for C/Zr ratios exceeding unity the
resulting structure is crystalline gamma phase ZrC with free carbon
or graphite. The phase diagram for this system is given in Fig. 2. It
is critically important that when discussing the properties of ZrC,
whether non-irradiated or irradiated, the properties be put in the
context of material stoichiometry. The reason for this is the signif-
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Fig. 2. ZrC phase diagram. Redrawn from [23].

icant effects of stoichiometry on physical properties. For example,
within the range of the carbon deficient gamma phase (cf. Fig. 2)
the density has been shown to vary by approximately 12%, hard-
ness by approximately 40%, and thermal conductivity by approxi-
mately 600% [18]. Similar consideration must be given to the
process by which the material is formed as this has a direct impact
on purity and porosity (a contributor to density). For example,
some studies of zirconium carbide [12,14,16] (see Appendix) uti-
lized sintering aids (significant metallic additions) in the material
processing, resulting in residual metal at grain boundaries and
potentially within the crystal. As noted by inspection of the Appen-
dix, theoretical density of materials studied to date has varied
widely, from ~70% to ~99.5% dense.

All of the materials represented in the literature survey of Fig. 1
are powder process derived materials (see the Appendix) which is
in contrast to the gas-phase decomposition chemical vapor deposi-
tion (CVD) process by which ZrC has been applied in TRISO fuel
[1,19]. In contrast to powder processed materials, high quality
CVD materials tend to have much less porosity and can in fact clo-
sely approach theoretical density. Moreover, CVD materials usually
have much higher purity and relatively impurity-free grain bound-
aries. The stoichiometry of such material can be varied depending
on processing and process variables, and as-deposited CVD [19-21]
tends to range on the carbon-rich side of stoichiometry with C/Zr
between 1.0 and 1.3. However, the current target stoichiometry
in fuel development programs is 1.0. While this is subject to
change as better information becomes available, the data suggests
that straying from stoichiometry on the side that induces free car-
bon and graphite formation promotes enhanced metallic fission
product diffusion, [21] while moving away from stoichiometry
on the side of structural carbon vacancies promotes the diffusion
of gaseous fission products [22].

This work determines the fundamental neutron irradiation per-
formance for zirconium carbide at relevant environments for gas
reactors with a material relevant to the application. Sample sizes
of CVD ZrC appropriate for thermophysical property measurement
are not yet available. Zone refined material, as a near fully dense,
pure material of tailored stoichiometry was therefore chosen, with
stoichiometry between that resulting in the maximum melting
temperature and purely stoichiometric material. Specifically, 46.5
atomic percent carbon ZrC, thus C/Zr of 0.87, was selected, which
is somewhat higher than the 43.8% needed to give the maximum
melting temperature in the phase diagram (Fig. 2) [23]. The mate-
rial was produced by Applied Physics Technology, Inc., of McMinn-
ville Oregon.

The zone refined rods of approximately 6 mm diameter were
large grained ZrC of >98% theoretical density. Spark discharge impu-
rity analysis by Shiva Technologies showed that most metallicimpu-
rities were either lower than detection limits or at levels less that
10 wt. parts per million. Elements in excess of this value included
Na (100 wppm), Si (15), K (69), and Hf (30). Fig. 3 shows polished
metallographic sections. The left image of Fig. 3 shows a relatively
low magnification end-on view of the rod demonstrating the large
grains (up to ~100 pm) formed during solidification. The right image
is a section of the same material taken along the cylinder axis clearly
showing grain elongation along the direction of solidification.

Specimens were irradiated in the Flux Trap of the High Flux Iso-
tope Reactor (HFIR) at nominal fast and thermal neutron fluxes of
9 x 10" N/m?s (E>0.1 MeV) and 2.5 x 10'® N/m? s, respectively.
Two types of irradiation vehicles were used. The METS series were
three fixed capsules irradiated in HFIR with irradiation tempera-
tures ranging from ~970 °C to 1496 °C. The fluence ranged from
0.8 to 9.38 x 10* N/m? (E>0.1 MeV). The irregular (nominal
6 mm diameter) ZrC cylinders were loaded in holders within the
METS capsule with each sample at a different irradiation tempera-
ture. The samples were in high-purity graphite holders in a sealed
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Fig. 3. Metallographic section of zone refined ZrC. Left: axial view of rod. Right: cylindrical direction view of rod.

high purity argon environment. Both fixtures on the ends of the
holders were threaded graphite caps that included eight cylindrical
wells, each containing a melt wire. The melt wires were pure mate-
rials or binary alloys blended to achieve a specified melting temper-
ature. For each position in a capsule the design temperature was
achieved by varying the gas gap between the outside of the sample
holder and the inner wall of the capsule. The maximum tempera-
ture of the holder during irradiation was determined by inspecting
the melt wires following irradiation. The melt wires were selected
to allow for either an overestimation or underestimation of the ac-
tual temperature of the holder. Melt wires were chosen in ~20-
40 °C increments around the design temperature. A temporal
variation in temperature within a holder was expected due to the
radiation-induced dimensional change of the Poco AXF-5Q graphite
holder (thus changing the gap between the sample holder and cap-
sule containment). No change in temperature due to variation in
reactor power was expected due to the exceptionally steady power
history of the HFIR reactor during the irradiations. The error bars
associated with the temperature data shown for the METS samples
are a combination of the melt wire observation and calculated var-
iation based on the expected changing gas gap.

A second type of irradiation capsules (rabbit capsules) were
used in the HFIR experiments. Small bars and transmission elec-
tron microscopy (TEM) samples were inserted into graphite hold-
ers, placed in aluminum outer capsule and seal welded under
ultra high purity argon. The sample irradiation temperatures were
achieved by varying the gap thickness between the holder and the
inner wall of the aluminum rabbit capsule. The irradiation temper-
ature of the rabbit capsules was measured by post-irradiation iso-
chronal annealing of SiC temperature monitors using the electrical
resistivity technique [24]. The temperature for this series of irradi-
ations ranged from ~635 °C to 1080 °C with neutron doses ranging
from 1.92 to 4.24 x 10> N/m? (E > 0.1 MeV).

Samples were prepared for indentation mechanical property
measurements by diamond lapping to a final finish of 0.5 microns.
In all cases a significant depth of surface material was removed
prior to achieving a final mirror-like polish. The effect of load on
measured hardness was evaluated over a wide range with little ob-
served effect, so an applied load of 1.96 N was chosen for the re-
ported data. TEM samples were prepared by standard cutting,
grinding, and ion-milling techniques. X-ray diffraction patterns
were collected using a PANalytical 0-0 diffractometer with Cu Ko
radiation, variable slits to enhance the intensity back reflection re-
gion and solid state line detector. The intensity data were con-
verted to equivalent fixed slit geometry values for analyses.

Specimens from METS rod irradiations were cut to 5.8 mm
diameter with nominally 0.5 or 2.5 mm thickness; rabbit capsule
specimens were cut to thin strips. Both types were mechanically
polished to <~15 pm thickness. Thin foils were prepared in a com-

mercial Ar-ion-milling unit (FISCHIONE model 1010) using a 3-
5 keV very low angle beam. Microstructures were studied using a
conventional TEM (Philips/FEI Technai 20, 200 keV).

3. Results and discussion
3.1. Microstructural evolution

As outlined in the Appendix, a number of researchers have
reported the effects of ion irradiation on the microstructure of
hot-pressed zirconium carbide. For implantation near room tem-
perature [11,15] the observed result was the typical black dot
microstructure and dislocation networks. Given the extremely
high-melting temperature of the ZrC;o; (somewhat lower than
3149 K), room temperature is <0.1 of the homologous temperature
and such a high density of very small and practically unresolvable
defects is expected. For the microstructural observations following
proton or Kr irradiations near 800 °C, the researchers identified
nanometer size Frank loops (~1.5 dpa) and small faulted loops
[9]. Also, Gan [11] observed “precipitation-type” formation as a re-
sult of his room temperature and 800 °C Kr irradiation for the dose
range 10-70 dpa.

TEM imaging of the non-irradiated material used in this study
reveals a material essentially free of defects and voids. Representa-
tive results from the microstructural examination of the neutron
irradiated ZrC are given in Fig. 4. At the low and intermediate tem-
perature (~660-1023 °C) TEM reveals similar microstructures
where the dominant defects are unidentified loops, some of which
are aligned in raft structures (Fig. 4, left). However, in comparison
to the 660 °C microstructure, additional loops of somewhat larger
size are identified as Frank loops formed on {11 1} during the
1023 °C irradiation. As the irradiation temperature increased from
~1023 °C to 1260 °C the microstructure of ZrC evolved to a mixed
population of distinct Frank loops and loops with Burgers vector
not corresponding to the Frank loop, b = 1/3 (1 1 1). For the highest
temperature irradiation (~1496 °C), the microstructure further
evolved into prismatic loops. Small voids, on the order of 5 nm,
were found in the highest dose, high irradiation temperature sam-
ple (5.8 x 10> N/m?, 1496 °C), but the number density of these
voids was extremely low.

An analysis of the microstructural evolution in terms of the
measured loop diameter and number density is provided in Figs. 5
and 6. Fig. 5 shows a clear trend towards loop growth with temper-
ature. Noting that the data presented represent a range in fluence,
shown numerically above the symbols in the figure, it is also clear
that the loop diameter tends towards growth with increasing flu-
ence. As the temperature was increased there was also a clear
trend towards reduced loop density, as indicated in Fig. 6. The
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Fig. 5. Measured loop diameter in neutron irradiated ZrC as a function of irradiation
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relationship between loop density, loop size, and irradiation tem-
perature is perhaps more clearly seen in Fig. 7, which gives the dis-
tribution of loop sizes as a function of irradiation temperature. It is
noted that Figs. 5-7 combine Frank and prismatic loops, and as
seen in Fig. 4 there is a transition from the intermediate tempera-
ture Frank loops to higher temperature prismatic loop formation.
The relative distribution of Frank and prismatic loops at the “tran-
sition” temperature of 1260 °C is shown in Fig. 8.

3.2. Swelling

The swelling of neutron irradiated ZrC whether determined
from crystal strain (X-ray) or through geometric swelling measure-
ment, has been reported by several researchers with somewhat
inconsistent results [10-14,16,25].

With the exception of Gan [11], who reported an unexpected
and unexplained 7% lattice expansion for his 70 dpa, 800 °C Kr irra-
diation, crystal lattice expansion due to irradiation is <1%. Near
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Fig. 7. Loop size distribution in irradiated ZrC as a function of irradiation
temperature. Loop density axis gives the as number density per nm-wide element
of loop size (bin width). Temperature indicated are mean irradiation temperatures.
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room temperature, the gold ion irradiation of Gossett [15] showed
a saturation of 0.1% lattice parameter increase by 0.1 dpa. For the
proton irradiation at 800 °C of Yang [10] the swelling is seen to in-
crease with irradiation and perhaps approach a saturated value
somewhat above 0.11% by 1.5 dpa.

It is noted that the early work of Keilholtz [16] on carbon-rich
ZrC (C/Zr: 1.08-1.27) reported gross volume swelling (dimensional
changes) in the range of 2-2.7% for three types of powder pro-
cessed ZrC, while the volume calculated from lattice expansion of
the 130-355 °C neutron irradiated samples was ~0.2-0.8%. Keil-
holtz [12] goes onto report that their materials underwent “minor
to severe fracturing” for doses greater than 1.6 dpa. It is most likely
that the microcracking which led to the eventual fracturing also
contributed to the reported gross volume change. For a higher dose
neutron irradiation Keilholtz later reported [12] that no fracture
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Fig. 9. Lattice parameter of irradiated ZrC compared to range of non-irradiated
lattice parameter.

occurred for identical materials at an irradiation temperature of
1000-1100 °C, with no significant change in lattice parameter. This
work is suggestive of simple defect driven crystal strain, which
would increase with decreased irradiation temperature, leading
to eventual disruption of the ZrC grain boundaries.

As briefly mentioned in the introduction, stoichiometry can
have a large effect on the lattice parameter, hence density, of
ZrC. While the material of the present work was within a fairly nar-
row range of C/Zr ratio, there was still a slight sample-to-sample
variation in X-ray lattice parameter. The lattice parameter was
determined over the entire range of neutron dose and irradiation
temperature of this study and the data are presented in Fig. 9.
The as-irradiated data are clearly seen to range between the upper
and lower bounds of the non-irradiated lattice parameter. While
there may have been some systematic change in lattice parameter
due to irradiation, none can be detected within the scatter of the
non-irradiated values. However, as shown by the right axis of the
figure, any effect of neutron irradiation on the lattice parameter
is necessarily <0.2%. This result is therefore in basic agreement
with very modest lattice parameter changes noted by the majority
of researchers. Moreover, measurement of physical dimensions did
not support any gross volumetric change in excess of that calcu-
lated from the lattice parameter change. Through optical and scan-
ning electron microscopy imaging of polished surfaces it was clear
that, at the doses of this study (which were higher than those of
Keilholtz) no disruption of grain boundaries or fracturing of sam-
ples occurred.

3.3. Micromechanical properties

Hardening of ZrC measured by micro-indentation has been re-
ported previously. Kovalchenko carried out 50 °C neutron irradia-
tion of hot-pressed ZrCpgs and reported a 12% increase in
hardness for an approximate 0.02 dpa dose [25]. Yang reported a
10-15% increase for ZrC, o; proton irradiated at 800 °C to 1.5 dpa
[10]. In the current work both micro-indentation hardness
(1.96 N applied load) and nano-indentation (0.45 N maximum ap-
plied load) was measured. It is important to note that the hardness
of ZrC is known to depend on the loading orientation with respect
to the crystal orientation. Specifically, Hannink [26] has shown
hardness for the indenter oriented 90° to the [1 0 0] direction to
be ~19.4 GPa while it reaches a maximum of ~22.2 GPa at an ori-
entation of 45° to [1 0 0]. As the grain size for the material of the
current study is relatively large compared to the indents, individ-
ual measurements are expected to show some variation as they
will be sampling random crystal orientations. Vickers micro-hard-
ness values of non-irradiated and irradiated ZrC are presented in
Fig. 10. Each data-point represents an average of more than ten in-
dents +/— standard deviation. The intrinsic variability of the sam-
ples, and the effect of crystal orientation, is clearly evident in the
scatter of the non-irradiated hardness (left of figure). These data
do not show a strong effect of irradiation temperature on irradia-
tion hardening, though a modest increase consistent with the pre-
vious work is plausible. Within the statistical scatter, the presence
of hardening may be more convincingly evident by inspection of
the inset in Fig. 10, which provides hardness as a function of irra-
diation dose combined for all irradiation temperatures. Again, an
increase in hardness consistent with earlier findings (about 10-
15%) is plausible.

The trend in hardness measured by nano-indentation agrees
well with the Vickers hardness (Fig. 10), though the nano-hardness
data is systematically slightly higher (on the order of a 3-5 GPa).
The reason for this minor difference is not clear. However it is
noted that the maximum load applied during nano-indentation
was 0.45 N compared with the 1.96 N applied in the Vickers test-
ing. While a systematic change in Vickers hardness was not
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observed over the range of load studied (0.98-2.29 N) it is possible
that the materials response to a lower load would yield the slightly
higher hardness measured with nano-indentation. Such a differ-
ence may also be consistent with the difference between manual
determination of indent size during the Vickers process and the
automated nano-hardness calculation, or may possibly be an effect
of surface condition. Fig. 11 shows the elastic modulus obtained
from the nano-indentation measurements. In this case a more clear
increase due to irradiation is indicated.

The indentation fracture toughness of irradiated ZrC is pre-
sented in Fig. 12. A real increase in indentation fracture toughness
with irradiation using the relationship of Ponton and Rawlings
(K = constant (P/L)'/?; where P is load, L length of crack (c-a)/2 in
the figure inset) is shown [27]. There appears to be a reduction
in the irradiation-induced toughening as irradiation temperature
is increased, then an approach to the non-irradiated value. This
transition corresponds roughly to the transition from the temper-
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ature regime where a high density of unidentified loops and “black
dots” dominate to the regime where large Frank loops and pris-
matic loops dominate.

3.4. Thermal properties

As mentioned in Section 2, the thermal transport within ZrC is
highly dependent on stoichiometry. In the structural vacancy re-
gime (C/Zr < 1), the thermal conductivity of hot-pressed ZrC has a
relatively constant value of 8-11 W/mK for C/Zr ratios in the range
0.6-0.9. As the C/Zr ratio approaches unity the thermal conductiv-
ity rapidly increases to nearly 45 W/mK [18]. The material for this
study is in the upper end of that C/Zr ratio, ~0.87, and the mea-
sured, non-irradiated, room temperature thermal conductivity for
this material is somewhat higher than the values for hot-pressed
material. Specifically, values for the non-irradiated material ranged
from 12 to 16 W/mK at room temperature. A particular feature of
ZrC is that both electrons and phonons contribute significantly to
conductivity near room temperature, and their contribution are
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Fig. 13. Effect of neutron irradiation on thermal conductivity of ZrC. Inset numbers
refers to fast neutron fluence.
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additively: (i.e. Kioral = Ketectron * Kphonon). Moreover, the electrical
conductivity increases with increasing temperature as does the to-
tal conductivity. For this zone refined ZrC, the Wiedeman-Franz
law and the electrical conductivity give a calculated electronic con-
tribution to conductivity of ~7 W/mK. The difference between this
value and the measured thermal conductivity is then attributed to
phonon transport.

The as-irradiated measured values of thermal diffusivity are gi-
ven in Fig. 13. A minor degradation in thermal conductivity ap-
pears to have occurred, with this degradation more pronounced
at the lower irradiation temperature. As the irradiation did not pro-
duce an appreciable change in electrical conductivity of the sample
the degradation in thermal conductivity is attributed to phonon-
scattering from irradiation-produced defects. This assumption is
consistent with the apparent larger reduction in conductivity for
the lower temperature irradiation.

4. Conclusions

This work is the first investigation of the effects of neutron irra-
diation on the microstructure of zirconium carbide. For the high-
purity zone refined ZrCyg7, irradiation near 660 °C produced a
dense network of unidentified loops which were somewhat coars-
ened and identified as Frank loops after irradiation at 1023 °C. In
the irradiation temperature range 1023-1260 °C the microstruc-
ture coarsened and the defects made a transition from predomi-
nantly Frank loops to prismatic loops. At the highest temperature
studied, 1496 °C, the as-irradiated microstructure was dominated
by large prismatic loops. At this highest irradiation temperature,
while very small voids were identified, their size was very small
and their concentration was extremely low.
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The evolving microstructure, while not having near the cata-
strophic effect seen in early powder metallurgy derived forms of
ZrC, did result in slight mechanical property changes. A modest in-
crease in hardness and indentation fracture toughness was mea-
sured while a very minor decrease in elastic modulus and
thermal conductivity was also observed. The swelling of ZrC over
the temperature and dose ranges evaluated, if present, was
<0.2%. There were no changes in grain boundaries of the materials
revealed by TEM, SEM, or optical microscopy examination.

The overall finding of this work is that for the neutron dose and
temperature range appropriate to the application of ZrC in TRISO
fuel application, the ZrC, at least in the carbon deficient stoichiom-
etry ratio of ZrCp g7, is quite stable. Further work to investigate a
wider range of stoichiometry and to eventually include chemical
vapor deposited material is suggested.
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Appendix A
References Material Temperature Dose and species? Property evolution
Gossett [15] Hot pressed RT 4 MeV Au irradiation 0.15% swelling, saturated by 0.1 dpa
85% dense Formation of small, faulted dislocation loops
7-35 dpa (peak) Dislocation network formed at high doses
Formation of zirconium oxide phase noted
Gan [11] Hot pressed 27 °C and 1 MeV Kr 27 °C: black dot microstructure
C/Zr=1.01 800 °C 10-30dpa at 27°C  ~0.7-0.9% lattice parameter increase
800 °C: precipitate formation
Density 6.58 g/cc (~99.5% theoretical) 10 and 70 at 800°C  ~0.6-7.0% lattice parameter increase
Gan [9] Hot pressed 800 °C 2.6 MeV proton Formation of small faulted loops
C/Zr=1.01 0.71-1.8 dpa
Density 6.58 g/cc (~99.5% theoretical)
Taubin [28] Zr-C0.96 <430 °C Mixed fission In-situ property measurement
neutrons Minor changes in thermal conductivity,
~107° dpa thermal expansion, heat capacity, and
electrical resistivity
Andrievskii [13]  Unknown 140 °C Neutrons ~0.35% lattice expansion for C/Zr of 0.93
C/Zr range (0.7-0.93) ~0.01 dpa
Yang [10] Hot pressed 800 °C 2.6 MeV proton Frank loops observed
C/Zr 1.01 0.7-1.5 dpa ~0.11% lattice parameter increase
Density 6.58 g/cc (~99.5% theoretical) ~10-15% increase hardness
Significant increase in indent fracture
toughness
Kovalchenko Hot pressed ~50°C Neutrons Up to 0.321% lattice expansion
[25] ZrC0.98 <0.02 dpa Up to 12% increase in hardness

Porosity <4%
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Appendix A (continued)

References Material Temperature

Dose and species? Property evolution

Keilholtz [16]  Hot pressed
6.3 g/cc,93% theoretical
C/Zr 1.08
1 wt.% impurities

Slip cast
4.7 g/cc, 70% theoretical
C/zr 1.20

1.5 wt.% impurities
Explosion bonded®

6.4 g/cc, 95% theoretical

C/zr 1.27

0.55 wt.% impurities

Keilholz [12] Hot pressed

6.3 g/cc, 93% theoretical

C/Zr 1.08
1 wt.% impurities
Slip cast
4.7 g/cc, 70% theoretical
C/Zr 1.20
1.5 wt.% impurities
Explosion bonded®
6.4 g/cc, 95% theoretical
Cjzr 1.27
0.55 wt.% impurities
Hot pressed
Slip cast
Explosion bonded (see Keilholtz
description)

Dyslin [14] 65-90 °C*

130-355 °C2P

1000-1100 °C*

Neutrons
~1.8-6.6 dpa
~1.6-3.4 dpa

Hot pressed

Volume change from lattice expansion ~0.2-
0.8%

Gross volume expansion 2.3-2.7%

Minor to severe fracturing above 1.6 dpa
Slip cast

Gross volume expansion 2-2.5%

Minor to severe fracturing above 1.6 dpa
Explosion bonded

Volume change from lattice expansion ~0.6%

Gross volume expansion 2.1-2.6%

Minor to severe fracturing above 1.6 dpa

~1-3.5dpa

Neutrons
~5.9 dpa

Hot pressed
Gross volume expansion 0.1%
No fracture observed
Slip cast
Gross volume expansion 0.9-0.7%
No fracture observed
Explosion bonded
Gross volume expansion 1%
No fracture observed

~2.9-6 dpa

~3 dpa

~0.15-0.9 dpa Volume expansion 0.017-0.021%

No dependence on materials exhibited

a
b
c

d

Reported as calculated temperatures. True temperatures may be significantly different.

Irradiation temperature reported as 300-700 °C in original reference. However, calculated irradiation temperature was revised as reported by Dyslin [12].

Few percent Ni or Co added to powder prior to explosive bonding. Resulting material includes ~5% residual Ni/Co at grain boundaries.

The displacement damage listed is as provided in original reference for ion irradiation. For neutron irradiation an equivalency of 1 dpa =1 x 10> N/m? (E > 0.1 MeV) or

0.8 x 10%® N/m? (E > 1 MeV) is assumed. It is noted that such an equivalency is appropriate for lower Z carbides [29] but is likely an over estimate of dpa for ZrC.
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