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ABSTRACT

Understanding the stored energy release behavior of SiC is crucial for the design of SiC-based fuel clad-
ding for light water reactors because stored energy release affects response during accident conditions.
Differential scanning calorimetry was used to evaluate the stored energy of monolithic SiC and SiC
fiber-reinforced SiC matrix composite variants following neutron irradiation under light water reac-
tor-relevant dose and temperature conditions. The tests were performed at heating rates of 0.5, 3, and
20 K/min up to 1,273 K. The onset temperature of the energy release roughly corresponded to the irra-
diation temperature, and energy release was delayed as the heating rate increased. The monolithic and
composite specimens exhibited similar stored energy release behavior up to ~ 1,000 K, and above that
temperature, the energy release depended more on material type. The energy release measured in this
study is below the material-specific heat capacity at temperatures below ~1,000 K but exceeds it under
certain material and annealing conditions at temperatures above ~1,000 K. The amount of irradiation-
induced volumetric swelling of the specimens was an indication of the total stored energy. Based on this
observation, the energy release behavior was described by a swelling recovery model.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Silicon carbide fiber-reinforced SiC matrix (SiC/SiC) composites
have been an attractive material option for accident-tolerant fuel
cladding for light water reactors (LWRs) and advanced fission reac-
tors since the Fukushima Daiichi nuclear accident because of its
inherent advantages of irradiation resistance, high-temperature
capabilities, and low neutron absorption [1]. Recent research and
development of continuous fiber-reinforced composites have
advanced SiC-based composite technologies regarding the tube
processing [2,3], understanding of the thermo-mechanical behav-
ior of the component under extreme temperature and loading con-
ditions [4,5], and prediction of material performance by high-
fidelity modeling [6,7].

One unaddressed issue is predicting the cladding behavior
under specific abnormal conditions [1]. In a loss-of-coolant acci-
dent, the properties of SiC/SiC composites are expected to continu-
ously change with increasing temperature, including annealing/
recovery of neutron irradiation-induced defects under normal
operating conditions and consequential property changes. Accord-
ing to previous irradiation studies on SiC, defect annihilation starts
near the irradiation temperature, which triggers the recovery of
irradiation-induced swelling and thermal conductivity [8,9]. Such
dimensional and thermal property changes affect the performance
of SiC-based cladding under accident conditions and could likely
improve the response because of thermal conductivity recovery.
In addition, defect annihilation results in the release of stored
energy that represents the formation energy of the defects. Stored
energy release in excess of the material-specific heat would lead to
an autocatalytic reaction, which would affect the temperature his-
tory of the material system and changes in properties during
annealing. These changes would negatively affect the accident
resistance of the cladding. Because of the relatively large defect for-
mation energy in SiC [10], understanding its stored energy release
behavior is crucial for assessing the accident behavior of SiC-based
cladding systems.

Studies of stored energy in neutron-irradiated material stem
from the potential danger of stored energy release from graphite,
a moderator in nuclear reactors. Fast neutron irradiation causes
displacement of atoms from their normal lattice positions into con-
figurations of higher potential energy. As a result, irradiated gra-
phite exhibits higher lattice strain and smaller coherent grain
size compared with its pristine condition [11]. When irradiated
at temperatures below 423 K, the recombination of Frenkel pairs
in graphite is reduced, leading to a buildup of intimate Frenkel
pairs that are thought to be the source of stored energy [12].
Annealing of graphite above 473 K allows for recombination of
these intimate Frenkel pairs, resulting in a release of energy. If
the released energy surpasses the heat capacity of graphite, then
a feedback loop is developed, where the excess heat increases
the graphite temperature and causes more stored energy release,
which increases the graphite temperature (heat excursion) [13].
Although stored energy release is not unique to graphite—because
energy release attributed to the recovery of radiation defects could
occur in any material—no other type of nuclear ceramics has had
an issue with stored energy until recently [10].

In SiC, the accumulation of lattice distortions, an indication of
stored energy, is less significant at higher irradiation temperatures
since defect recovery processes (i.e., the annihilation of Frenkel
pairs) are enhanced in SiC with increasing irradiation temperature
[9]. Because SiC was initially proposed for use as a high-
temperature structural material (e.g., >1,000 K [14]), stored energy
was not considered a risk under accident conditions. Recently,
applications for lower irradiation temperatures, including fuel
cladding in LWRs operated with coolant at ~ 573 K, have been
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actively pursued [15], which has increased interest in investigating
the stored energy caused by irradiation.

Research pioneers Primak et al. [16] found no evidence of catas-
trophic stored energy release from irradiated SiC, probably because
of the relatively low neutron fluence of ~ 4 x 10%>n/m? (E > 75 eV).
In 2019, Snead et al. [ 10] found a massive energy release of 1,390 ]/
g upon annealing to 973 K from SiC neutron-irradiated at ~ 333 K
to a high neutron fluence of 5 x 10**n/m? (E > 0.1 MeV). The
amount of energy released was comparable to that released by
nuclear graphite, and the stored energy release exceeded the speci-
fic heat in some irradiation conditions. The findings gave rise to
concerns about the performance of SiC-based cladding under
loss-of-coolant-accident conditions, which could heat the cladding
rapidly. Fundamentals of irradiation-induced damages in SiC con-
tinued to be explored, and in-depth analysis of the chemical disor-
dering and atomistic defects was conducted [17-19]. Recovery of
such radiation damage during annealing is considered a source of
the stored energy release [10].

To better understand stored energy release, this study con-
ducted experimental investigations of energy release from irradi-
ated SiC variants under different heating rates by differential
scanning calorimetry (DSC). The DSC technique has demonstrated
its use for elucidating mechanisms of recovery of defects and dis-
order during annealing and consequently gained insights to aid
material design [20-22]. In this study, the irradiation temperature
was relevant to LWR operating conditions; monolithic and com-
posite materials were both tested, which was not the case for the
previous studies [10,16]. A mechanistic model of the energy
release behavior was developed based on the relationships
between stored energy and irradiation-induced swelling.

The DSC experiment was conducted up to 1,273 K, which is rel-
atively low for the accident conditions. Currently, DSC testing at
extremely high temperatures requires finding a proper specimen
pan that is chemically compatible with SiC specimens and has ade-
quate thermal properties for an accurate measurement of heat
capacity. In Section 4, the linear relationship between the rate of
energy release and swelling recovery is shown to be useful in pre-
dicting energy release at extreme temperatures since a dilatometry
method, used for measurement of swelling recovery, was feasible
up to 2,273 K [23].

This is the first comprehensive study addressing the stored
energy release of SiC for LWR applications. The model for energy
release behavior of irradiated SiC is unique: it was developed based
on recovery of the radiation-induced swelling, and it derived a
total energy stored in irradiated SiC. The model is valuable for
design of SiC-based nuclear reactor core structures resistant to
accident conditions. Furthermore, the potential of irradiated SiC
as an energy storage material is demonstrated because of the large
energy release observed.

2. Experimental

Four types of SiC variants were tested in this study: two types of
monolithic SiC and two types of SiC/SiC composites. Polycrys-
talline, chemical-vapor-deposited (CVD) B-SiC monoliths were
obtained from Dow Chemical Co. (DC) and CoorsTek (CT). Both
materials were a high-resistivity grade with a nominal purity
of > 99.9995%. The specimens were 6 mm in diameter and
0.5 mm thick. The SiC/SiC composite materials were fabricated
by Rolls-Royce High Temperature Composites Inc. (lot number
13C-529). The SiC matrix was infiltrated into a two-dimensional
satin-weave fabric by chemical vapor infiltration (CVI). The fiber
type was either Hi-Nicalon Type S (HNS) or Tyranno SA3 (SA3)
SiC. Both composites had a pyrolytic carbon (PyC) interphase
between the fiber and the matrix. The estimated fiber volume frac-
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tion was ~ 40%. The SiC/SiC composite plates were machined into
bar specimens with dimensions of 25 x 2.8 x 1 mm. The mono-
lithic and composite specimens were machined using a diamond
saw and wheel. A 600-800 grit diamond tool was used to create
a smooth surface finish. The estimated fiber volume fraction and
porosity were ~ 40% and 8-16%, respectively.

Neutron irradiation was conducted in the High Flux Isotope
Reactor at Oak Ridge National Laboratory (ORNL). The nominal
neutron dose ranged from 2.0 to 11.8 x 10**n/m? (E > 0.1 MeV),
equivalent to 2.0-11.8 displacements per atom (dpa), assuming
that 1 x 10?>n/m? (E > 0.1 MeV) corresponds to 1 dpa [9]. The dam-
age rate was ~ 1 x 10°® dpa/s. The irradiation temperature was
510-880 K. Temperature was experimentally determined by
post-irradiation measurement of the length change of passive SiC
temperature monitors using a Netzsch DIL 402CD dilatometer
since swelling of SiC starts to recover at irradiation temperatures
[8]. The irradiation temperatures determined were considered to
be nominal irradiation temperatures because the temperatures of
the monitors and the specimens could be different, especially for
the CVD SiC specimens, based on the thermal modeling of irradia-
tion temperature by ANSYS finite element analysis. The error in
temperature determination by data analysis was 10-15 K. The
diameters or lengths of unirradiated and irradiated specimens
were also obtained using a micrometer with a precision
of < 1 pm, which measured length change resulting from irradia-
tion with an error of approximately < 0.03%.

Stored energy in the irradiated specimens was measured in a
99.999% argon atmosphere using a Netzsch DSC 404F1 Thermal
Analyzer. The SiC/SiC composite bars were cut into ~ 5 mm lengths
before measurement, whereas the CVD monolithic SiC discs were
tested without machining. A four-step process to determine the
stored energy was used with a sapphire standard following ASTM
E1269-11 [24]: (1) the system baseline was obtained by placing
empty Pt/Rh pans in the reference and sample positions (at least
two baseline runs were made to ensure repeatability); (2) the ref-
erence signal was obtained by placing a sapphire standard in the
sample pan; (3) specimen evaluation was conducted by placing
an irradiated SiC sample in the sample pan; and (4) the irradiated
sample was analyzed via DSC again (acting as the specimen base-
line). The use of repeat DSC analysis as the baseline depends on
there being no additional energy release on the second analysis,
and this was supported by the experimental observations. This
study defines stored energy release as a difference in the specific
heat capacity measured during the first and second heating runs
because of the instability of the temperature control at the begin-
ning of cooling. This study used three heating rates of 0.5, 3, and
20 K/min. The cooling rate was set at 20 K/min. The maximum test
temperature ranged from 673 to 1,273 K. At the maximum temper-
ature, isothermal holding for at least 30 min was conducted. In
addition to measurements on a range of specimens to obtain stored
energy release data, an isothermal run was also performed (speci-
men ID CTAS8) to gather input parameters for the model.

In DSC, specific heat capacity (C,) is only sensitive to composi-
tion. In other words, G, of SiC is not affected by different
microstructures as long as the composition is the same. For the
SiC/SiC composites, porosity in the SiC matrix affects the global
composition (fraction of fiber vs. matrix). However, the effects on
G, are insignificant considering the limited volume of C interphase
and secondary C phases in fiber (<5 vol%). Therefore, C, before
release of stored energy and after recovery was not affected by
sample to sample variations and microscopic inhomogeneity.
Therefore, differences in the apparent C, during annealing are
dominantly caused by differences in stored energy release attribu-
ted to recovery of radiation defects. It was confirmed that there
was no notable reaction among the specimens and the Pt/Rh pan
after the measurement. In this study, the effects of potential trace
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0, are likely insignificant. Under temperatures below 1,273 K, oxi-
dation of B-SiC is passive regardless of O, partial pressure [25]. A
rate of mass change by the passive oxidation was only — 0.29 mg
cm~2h~!, even at 1,530 K [25]. Additionally, H, and its isotopes
are expected to have an insignificant effect in the DSC experiment,
considering extremely low permeability of H, into SiC [26] and
limited H transmutation (3 appm/dpa) [27].

The polished cross-sections of the unirradiated composites
were characterized using a Hitachi 4800S scanning electron micro-
scope (SEM). Transmission electron microscopy (TEM) observation
of the unirradiated CVD SiC was also conducted using a JEOL
JEM2100F with a TEM mode operated at 200 kV. The TEM speci-
mens were prepared using the FEI Quanta 3D 200i Dual Beam
SEM/focused ion beam operated at 30 kV for rough milling and 2
and 5 kV for final thinning.

3. Results

Both the DC and CT CVD SiC ceramics were polycrystalline B-SiC
variants with approximate grain sizes (the equivalent circle diam-
eter of the grain) ranging from 1 to 50 pm (~5 pwm on average).
Electron backscatter diffraction analysis in an SEM found moderate
or no grain texture in the specimens (results not shown here). The
notable difference between the specimens was the microstructure
of the grain interior. The SiC grains of the DC CVD SiC contained
some stacking faults (Fig. 1a). The CT CVD SiC had a significantly
higher number density of stacking faults, as shown in Fig. 1b.
The streak intensity appearing in the selected area diffraction pat-
tern also indicated significant faulting.

Polished cross-sections of the as-fabricated SiC/SiC composite
specimens are shown in Fig. 2. The typical microstructural features
of CVI SiC/SiC composites include pores in the matrix and the PyC
interphase. The thickness of the PyC interphase ranged from 50 to
160 nm for the HNS-SiC/SiC composite and from 200 to 350 nm for
the SA3-SiC/SiC composite. The backscattered electron imaging did
not indicate any impurities in the matrix regions. The estimated
porosity was 15% for both composites.

Table 1 summarizes the specimen matrices, irradiation condi-
tions, DSC parameters, and results. An example of the DSC curves
for heating and cooling rates of 20 K/min for irradiated DC CVD
SiC is shown in Fig. 3. The specific heat capacity during the heating
in the first run appears to be lower than during the cooling because
of the energy release. The second heating and cooling curves are
almost identical to the cooling curve of the first run, indicating
no additional energy release during the second run.

Fig. 4 shows stored energy release curves of the irradiated CVD
SiC and SiC/SiC composites under the DSC experiment with a heat-
ing rate of 20 K/min. The irradiation temperatures were 510-520 K
or 880 K. The irradiation damage was ~ 2 dpa for the CVD SiC and
11.8 dpa for the SiC/SiC composites. The graph also shows the ref-
erence DSC curves obtained from the second DSC run of the irradi-
ated specimens. The reference curves correspond to the specific
heat capacity of pure SiC reported by Snead et al. [9]. The reference
specific heat capacity of the tested CVD SiC specimens stayed
within 5% difference from the literature value in the whole test
temperature range, indicating reproductivity of the test data and
a homogeneity of the test specimens attributed to the high-purity.

In the cases of irradiation at 510-520 K, the CVD SiC and SiC/SiC
composites exhibited similar energy release behavior up
to ~ 1,000 K; the onset of energy release corresponds to around
600 K, slightly above the nominal irradiation temperature.
At > 1,000 K, the energy release behavior depended more on the
material type than on the temperature. The energy release started
around the irradiation temperature in the case of irradiation at
880 K. It is worth mentioning that the stored energy release of
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(a) Unirradiated DC CVD SiC
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T CVD SiC

//,

(b) Unirradiated C
), /

Fig. 1. TEM bright field micrographs of as-fabricated (a) DC and (b) CT CVD SiC. The images were taken from the near (110) zone axis. The inset selected-area diffraction
patterns show diffuse streaks indicating (a) moderate-density stacking faults in DC CVD SiC and (b) high-density stacking faults in CT CVD SiC.

(a) HNS-CVI SiC/SiC composite

50um

(b) SA3-CVI SiC/SiC composite

50um

Fig. 2. Typical cross-sectional backscattered electron images of unirradiated SiC/SiC composites: (a) HNS-CVI SiC/SiC composite and (b) SA3-CVI SiC/SiC composite.

the SiC materials was below the specific heat capacity at tempera-
tures up to 1,273 K, suggesting no autocatalytic reaction.

Fig. 5 shows how the energy release behavior of irradiated CVD
SiC was affected by the heating rate of the DSC run. The onset tem-
perature of energy release of both the DC and the CT CVD SiC was
delayed from 0.5 to 20 K/min as the heating rate increased. The
increase in heating rate also caused a more gradual energy release

around the onset temperature. These trends are understandable;
when heating is fast, defects do not have sufficient time to recover,
and thus there is less energy release at the beginning. The effects of
the heating rate on the onset temperature of energy release
appeared similar between the DC and CT CVD SiC. Another result
is that the energy release exceeded the specific heat capacity under
certain conditions (DC CVD SiC, heating rate of 3 K/min, tempera-

Table 1
Summary of test specimens, irradiation conditions, parameters, and results of DSC experiments and irradiation-induced volume changes.
Specimens Irradiation conditions DSC conditions Results
Material ~ Specimen  Irradiation Neutron Heating Max. test Holding Stored energy up Stored energy up  Volumetric swelling
type ID temperature damage rate (K/ temperature time (min) to 973 K (J/g) to 1,273 K (J/g) (as-irradiated) (%)
(K) (dpa) min) (K)
DC CVD RHA1 510 2.0 20 973 30 227 Not tested 1.9
SiC RHA2 510 2.0 20 973 30 242 Not tested 2.2
RHA5 880 22 20 1,273 30 1.1 88 0.9
RHA4 510 2.0 3 1,273 30 336 667 25
RHA3 510 2.0 3 973 30 462 Not tested 2.1
CVD 5 510 2.0 0.5 973 30 289 Not tested 24
CT CVD CTA8 510 2.0 20 473 180 Not available Not tested 2.1
SiC CTA5 510 2.0 20 1,273 30 267 539 23
CTA7 510 2.0 3 1,273 30 303 600 2.1
CTA2 510 2.0 0.5 973 30 255 Not tested Not available
HNS-CVI  A28-1 520 11.8 20 1,273 30 171 377 1.7
SiC/ A28-2 520 11.8 20 1,273 30 176 393 1.7
SiC
SA3-CVI B46-1 520 11.8 20 1,273 30 219 446 1.9
SiC/ B46-2 520 11.8 20 1,273 30 201 419 1.9

SiC
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Fig. 3. Specific heat capacity measurements of irradiated DC CVD SiC during first
and second runs with a heating and cooling rate of 20 K/min. The difference
between the first and second heating runs is defined as the stored energy release
caused by recovery of the radiation defects.

ture range of > 1,100 K). Even for the other cases, the energy
released was very close to the specific heat capacity at > 800 K
(the difference was within 10% of the specific heat capacity). This
finding indicates that annealing of SiC irradiated at ~ 500 K poten-
tially leads to an autocatalytic reaction, depending on the
application.

4. Discussion
4.1. Modeling energy release behavior

Total stored energy—the integration of energy released during
annealing—is correlated with irradiation-induced volumetric swel-
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ling of CVD SiC and SiC/SiC composites, as shown in Fig. 6. The irra-
diation temperature range was 510-520 K. At these temperatures,
SiC does not undergo amorphization by irradiation, and radiation
defects cause lattice expansion that results in volumetric swelling
[9]. The reported results from CVD SiC irradiated at ~ 330 K up to
0.5 dpa [10], during which swelling was also caused by lattice
expansion, are also presented for comparison. For the case of the
lower irradiation temperature, a linear correlation between stored
energy and swelling was reported, suggesting that swelling was an
indication of energy stored in the SiC material [10]. This was the
case for the higher irradiation temperature in this study compared
with the lower temperature in the work by Snead et al. [10]. The
energy release proportionally increases with increasing swelling
for annealing up to 973 K. The heating rate and material variation
do not appear to have vital effects on the swelling dependence. We
consider the stored energy-swelling relationship is key to model-
ing the release behavior.

The DSC experiments on the SiC variants under different heat-
ing rates showed the limited effects of the material type on the
energy release behavior up to ~ 973 K (Fig. 4 and Fig. 5), which
suggests that the energy release behavior is intrinsic to SiC. Herein,
we attempt to model the energy release curves at the low-
temperature regime. The key assumption in building a mechanistic
model is a linear correlation between the energy released (R []/g])
and the swelling recovered (AS [no unit]) during isothermal
annealing at a temperature (T [K]) for a time duration (t [s]).

R(T,t) = kAS (M

where k is a stored energy-swelling conversion constant in J/g.
This equation is based on the linear correlation between the stored
energy and swelling in Fig. 6 and is consistent with the trend lines
which could be drawn by a linear fit with an intercept at the origin.
The similarity in the energy release and swelling recovery is also
shown in Fig. 4; the energy release initiated around the nominal
irradiation temperature as swelling recovered during annealing
of SiC [8]. To further validate the assumption, a direct comparison
of the energy release and swelling recovery was conducted. The
swelling recovery of DC CVD SiC was investigated using a
dilatometer (Fig. 7a), and then the rate of recovery from the swel-
ling was converted to an energy release rate according to Eq. (1)
and compared with the DSC results. Note that the heating rate of

1.4

Heating rate: 20K/min —Reference, DC CVD (RHA1)
3]
= 19 - =Reference, CT CVD (CTA5)
:é)- -==Reference, HNS-SIC/SiC (A28-2)
2 < P ™ R S R TII Reference, SA3-SiC/SiC (B46-1)
oD
° E. ——Reference, DC CVD (RHA5)
% >038 ——Irradiated, DC CVD (RHA1)
o =
) g = =lrradiated, CT CVD (CTA5)
1 .
> go6 Irradiated at -—-Irradiated, HNS-SiC/SiC (A28-2)
o0 A 510-520K ) o
) ..a ------ Irradiated, SA3-SIC/SiC (B46-1)
c
¢ D04 —Irradiated, DC CVD (RHAS5)
°]
o ——Unirradiated SiC (Snead, 2007)
o 02
N Irradiated

¢ at 880K
[ — N
400 600 800 1000 1200

Temperature [K]

Fig. 4. Stored energy release curves of irradiated CVD SiC and SiC/SiC composites (blue and red lines) and the reference DSC curves (black lines) obtained from the second DSC
runs. The reference curve (solid green line) corresponds to the specific heat capacity of pure SiC [9]. Measurements were performed at a 20 K/min heating rate. The irradiation
temperature was ~ 500 or 880 K. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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» Reference (Specific heat capacity)

+20K/min, CT CVD SiC, CTAS

® 20K/min, DC CVD SiC, RHA1
3K/min, CT CVD SiC, CTA7

» 3K/min, DC CVD SiC, RHA4

+ 0.5K/min, CT CVD SiC, CTA2

e 0.5K/min, DC CVD SiC, CVD5

1000 1200

Temperature [K]

Fig. 5. Stored energy release behavior of irradiated CVD SiC materials with heating rates of 0.5, 3, and 20 K/min. The representative reference curve corresponding to the

specific heat capacity is also presented.

the dilatometry and DSC experiments was 3 K/min. The energy
release model describes well the experimental data when k = 4.2
5 x 10* (J/g) is assigned as shown in Fig. 7b. This value indicates
a total stored energy of 425 J/g per 1% of volumetric swelling. This
stored energy-swelling conversion is assumed to be insensitive to
heating rate.

As the next step of the model development, the time and tem-
perature dependences of swelling recovery (AS) were formulated.
Although previous studies of the kinetics of SiC swelling recovery
have identified the apparent activation energies [28-30], a com-
plete formula of time- and temperature-dependent swelling recov-
ery is not available. In this study, the following equation was used
to describe the swelling recovery.

AS(T, t) = [So — ssm(T)]{l —exp [— %} } 2)

where Sy, Ssor» and T denote initial swelling (no unit), saturation
swelling after isothermal annealing for infinite time (no unit), and
lifetime of swelling recovery (in seconds), respectively. When an
irradiated SiC specimen is subjected to isothermal annealing at T,
the swelling recovers to the saturation value (S, (T)). This process
is expressed by Sp — Ss(T). The saturation value upon annealing is
considered to be identical to the saturation value of swelling dur-
ing irradiation at the temperature. CVD SiC and CVI SiC/SiC com-
posites undergo transitional swelling at intermediate
temperatures, from approximately 420 to 1,300 K, and the swelling
saturates at ~ 2 dpa at a value that depends on and negatively cor-
relates with the irradiation temperature [9,31]. Temperature and
dose dependence of irradiation-induced swelling rate in SiC (in
dpa™!) is described by the following equation [32]:

ds 1 Y
— = kyy3exp(— L 3
& y3exp( 7 ) 3)

C
where S denotes swelling (no unit), y denotes the displacement

damage dose (dpa), ks denotes the rate constant (dpa’%), and yc
denotes the characteristic dose in dpa for swelling saturation. This
study uses yc of 0.2 dpa at < 873 K and 0.3 dap at 873-973 K
according to the dose dependence of swelling of SiC [9,32]. The
dose dependence exponent -1/3 is for self-interstitial atoms form-
ing two-dimensional clusters (i.e., extrinsic dislocation loops). The

rate constant ks is negatively proportional to irradiation tempera-
ture to describe the saturation swelling of SiC linearly decreasing
as irradiation temperature increases in the temperature range
473-1073 K [9]. The following equation for ks reproduces the
reported experimental data [32]:

ks=AT+B(4)

in which A is 1.01 x 10* K'dpa  and B is 1.12 x 10~ dpa™>.
The equations (3) and (4) provide S (T) at different temperatures.

The second part of Eq. (2), 1 —exp [— ﬁ] expresses an expo-

nential decay of the swelling recovery as a function of time, assum-
ing a thermally activated process. The temperature-dependent rate
constant, 7(T) in seconds, expresses the decay behavior and a life-
time of defect recombination. Exponential decay of swelling recov-
ery at the beginning of annealing has been observed by dilatometry
of irradiated SiC [33]. The key parameter 7(T) can be expressed by
the Arrhenius expression [30],
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Fig. 6. Correlation between stored energy and irradiation-induced swelling of CVD
SiC and SiC/SiC composites irradiated at 510-520 K. Literature data for CVD SiC
irradiated at ~ 330 K are also plotted [10]. The dotted trend lines are drawn by a
linear fit with an intercept at the origin.
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o(T) = Toexp( %) 5)

where 7y is a pre-exponential factor proportional to the Debye
frequency, E, is the activation energy or energy barrier for recom-
bination of Frenkel pairs, and k is the Boltzmann constant. It is
likely that the recovery stage cannot be determined by single E,;
the activation energy for SiC gradually increases with increasing
annealing temperature, and the defect recovery does not show a
clear recovery stage [33]. This is because irradiation induces vari-
ous types of defects, including vacancies, interstitials, and antisites
of silicon and carbon, and clusters of these defects. It is expected
that different swelling recovery mechanisms govern at different
temperatures. Even at the same temperature, multiple activation
energies of defect recovery have been reported for SiC, and the
presence of two energy barriers for recovery has been suggested
in the literature [33]. Therefore, this study obtained 7(T) from the
DSC curves; each DSC curve during heating could provide t(T)
based on Eq. (2) since the only unknown parameter is t(T). Fig. 8
shows 7(T) plotted against the reciprocal temperature. Averaged
DSC curves for each heating rate were used for the analysis. Note
that the 0.5 K/min curves could not provide t(T) because the data
fluctuation made the analysis challenging. As was expected
because multiple defect recovery mechanisms were involved, Eq.
(5) cannot describe 7(T) with a single activation energy. In addition,
7(T) depends on the heating rate, suggesting that the initial
microstructure affects the decay behavior of swelling and energy
release. A description of 7(T) for each heating rate was obtained
as follows, and the trend lines are shown in Fig. 8.

T(T) = 71 €xp (T—T1) + fzexp(%) (6)

The fitting parameters are 7, = 8.00 x 107 [s], T, = 3.15 x 10?
[s], Ty = 1.10 x 10* [K], and T, = 7.74 x 10? [K] for the heating rate
of 20 K/min and t; = 2.00 x 107 [s], T, = 1.05 x 10% [s], T; = 1.1
0 x 10* [K], and T, = 7.74 x 10? [K] for 3 K/min. The fitting was
aimed at descriptions of the low-temperature regime (<973 K)
because 7(T) is dependent on material type, as seen in the energy
release behavior in Fig. 4. Fig. 8 also shows the expected trend line
for the 0.5 K/min case. The fitting parameters of 7; = 2.00 x 107 [s],
T, =5.00 x 10° [s], T; = 1.10 x 10% [K], and T, = 7.74 x 10? [K] for
the heating rate 0.5 K/min were found to describe the experimental
data as explained below.

Based on Egs. (1), (2), (3), and (6), the energy release curve was
reproduced and compared with the experimental data as shown in
Fig. 9. The model lines describe the experimental data well, espe-
cially for the early stage of energy release. This is because 7(T)
was obtained from the energy release curves. Therefore, Fig. 9 does
not necessarily validate the equations. Especially for the 0.5 K/min
case, the parameters in Eq. (6) were set to describe the experimen-
tal results.

Validation of the model was attempted by a comparison of the
model and experimental results independently obtained. Fig. 7a
compares the swelling recovery behavior of the dilatometry exper-
iment with a 3 K/min heating rate, and the predication from the
swelling recovery model (Eq. [2]). The model describes the trend
up to 800 K, consistent with the good agreement of the energy
release curve and the model at low temperatures in Fig. 9. Valida-
tion of the stored energy-swelling conversion constant, k = 4.25 x
10* (J/g), can be assessed based on the energetics of radiation
defects in SiC. In a previous study, Snead et al. discussed stored
energy in neutron-irradiated SiC based on the formation energy
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Fig. 8. Lifetime of recovery of radiation defects, t(T), as a function of temperature
for heating rates of 20 and 3 K/min.
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experimental curves are in grayscale, and the modeled curves are in colors.

of point defects (interstitial, monovacancies, and antisites of silicon
and carbon [six types in all]) [10] and estimated 293 J/g at 1 %
swelling (k = 293 x 10* (J/g)) for the case of irradiation
at ~ 330 K. At the irradiation temperature of ~ 500 K in this study,
the point defect assumption could still be valid because it is within
the point defect swelling regime of SiC, in which vacancies are
practically immobile and act as effective sinks for interstitials to
prevent large clustering [9]. Therefore, the finding that the stored
energy-swelling conversion between the experiment and the cal-
culation are of the same order of magnitude encourages the use
of the model proposed in this study.

The most direct approach to assessing the reliability of Eq. (1)
is to compare the modeled and experimental energy release
behavior during isothermal annealing. Each DSC signal was
recorded at the maximum test temperature for at least 30 min,
as shown in Table 1. The DSC signals (in volts) were converted
to heat generation (in watts) based on a correlation factor
obtained from a sapphire standard specimen to calculate the
amount of energy released. Fig. 10 shows the energy release rate
during the isothermal runs at 673 and 973 K, along with the
predicted values based on Eq. (1). The results for 1,273 K are
not shown because Eq. (1) is not intended to model behavior
at this temperature. For both temperatures, agreement was

obtained regarding the order of magnitude of the initial energy
release rate between the experiment and the model. The consis-
tency at the initial annealing stage is important in modeling the
energy release rate during heating, especially for high heating
rate of 20 K/min, because of the relevance of the time scale. In
addition, the model qualitatively captures the decrease of the
energy release rate from 673 to 973 K, although a discrepancy
in the absolute values can be seen after hundreds of annealing
runs. The discrepancy could be explained by the operation of
multiple recovery mechanisms; swelling recovery studies indi-
cated the presence of two energy barriers for defect recovery
at a constant temperature [33]. Because Eq. (6) considers only
the initial recovery stage, it is possible that Eq. (2) does not pre-
dict the long-term annealing behavior. In summary, the swelling
recovery model was able to explain the energy release behavior.
Future research opportunity exists to build a theoretical equation
for 7(T), rather than using the empirical equation.

It is worth mentioning that the method used to build the mech-
anistic model, Eq. (1), is unique and different from the one applied
to graphite, the stored energy of which has extensively been stud-
ied. Graphite exhibited well-defined peaks of energy release rates
upon a linear rise in temperature under certain irradiation condi-
tions, allowing the interpretation of the rate of energy release

1E+0

Isothermal annealing

1E-1

1E-2

1E-3

1E-4

Energy release rate [J/g s]

1E-5

® Experiment, 673K (CTA8)
Model, 673K (CTA8)

® Experiment, 973K (RHA1)
Model, 973K (RHA1)

@ Experiment, 973K (RHA2)
Model, 973K (RHA2)

1E+1 1E+2 1E+3

Time [s]

1E+4

Fig. 10. Energy release rate during isothermal annealing of irradiated CVD SiC materials. The model prediction results based on Eq. (2) are also presented.
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based on relatively simple Arrhenius equations [34]. Such informa-
tion aids the understanding of the energy release of graphite in the
absence of a clear recovery stage [35]. However, SiC did not show a
sharp energy release peak, as shown in Fig. 4 and Fig. 5. Even in the
case of the 0.5 K/min heating rate, the peak at 800 K was broad and
thus could consist of multiple peaks. It is understandable that SiC
exhibited more complex recovery behavior compared with gra-
phite because SiC, a binary system, could have various types of
defect clusters with different stoichiometries, which is not the case
for graphite. Therefore, this study modeled the energy release
behavior on the swelling-energy release correlation rather than
by identifying each defect recombination mechanism. This model-
ing was achieved by acknowledging the established irradiation-
induced swelling mechanisms and studies of defect recovery under
various annealing conditions [9].

The linear relationship between stored energy release and swel-
ling recovery (Eq. [1]) also enables the explanation of underlying
mechanisms of the energy release process. Electron microscopy
analysis [36] revealed that atomistic radiation defects, which are
expected to be dominant in the irradiation temperatures used in
this study [9], are responsible for irradiation-induced swelling of
SiC; previous studies of neutron-irradiated SiC (same grade of DC
CVD SiC) revealed the presence of tri-vacancy clusters following
irradiation at 650 K at 0.11 and 1.5 dpa by positron annihilation
spectroscopy [37], and multiple vacancy, antisite, and atomistic
defect clusters were determined by high-energy x-ray diffraction
analysis [38]. Recovery of radiation defects upon annealing in B-
SiC irradiated at temperatures below 423 K has three stages: stage
I at 423 K, stage Il at 623 K, and stage III at 1,023 K, which are dri-
ven by mobilities of C interstitial, Si interstitial, and Si vacancy,
respectively [39,40]. These recovery stages were absent in the
DSC curves because of the multimodal defect recovery process
involving a point defect recombination barrier [41], recovery of
various types of defects with different size and stoichiometry
[42], transformation of a defect complex (e.g., decrease in Si
vacancy color center above 700 °C [43,44]), and reclustering of
self-interstitial atoms during recovery [45]. Therefore, the transi-
tion temperatures of the recovery stages Il and III likely change
mechanisms of the stored energy release, although the transition
is not clear in the DSC curves because of the absence of a dominant
defect recovery reaction.

4.2. Material-dependent energy release behavior

The energy release behavior is material-dependent at > 1,000 K,
at which both silicon and carbon interstitials are effectively mobile
[9]. Under the circumstances, defect sinks such as grain boundaries
and stacking faults, which are common processing defects in SiC, in
the CVD SiC and SiC/SiC composites and phase boundaries in the
SiC/SiC composites could play an important role in defect recovery
and thus in energy release. This hypothesis is supported by a com-
puter simulation study by Jiang et al. reporting small tilt grain
boundaries as effective sinks of interstitials at > 873 K [46]. This
effect could be operational in HNS and SA3 SiC fibers with typical
grain sizes less than ~ 200 nm [47]. Ishimaru et al. reported that
high-density stacking faults with a similar appearance to those in
Fig. 1b were the origin of resistance to radiation-induced amor-
phization of SiC because of point defect migrations confined
between the planar defects [48]; this finding also supports
material-dependent energy release. This is consistent with effec-
tive annihilation of radiation defects at grain boundaries found in
nanostructured materials [49]. The carbon interphase in the com-
posites and carbon secondary phases in HNS and SA3 fibers [47]
could also affect the stored energy. The SiC/C phase boundaries
are expected to exhibit irradiation-induced inter-atomic diffusion,
a defect which is absent in pure SiC [50]. However, the effects of
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carbon phases are not expected to be dominant because of the lim-
ited volume fraction (<5 vol% in total). Material dependence is also
expected at higher temperatures, which this study did not investi-
gate via DSC. Differential swelling recovery behavior between
high-purity monolithic SiC and SA3-CVI SiC/SiC composites was
reported at > 1,473 K [51], suggesting different energy release
behaviors among the monolithic and composite materials. The dif-
ference in displacements per atom damage between the CVD SiC
and SiC/SIC composites is not expected to affect the energy release
because in both cases, swelling was beyond the expected neutron
damage needed to reach saturated swelling [9]. To understand
material-dependent energy release, additional experiments with
higher annealing temperatures will be required in future research.

4.3. Implication of the results for accident behavior and future research
directions

To the best of our knowledge, this is the first report on the
stored energy release behavior of SiC irradiated under LWR-
relevant temperatures. In previous studies [10,16], the irradiation
temperature (<463 K) was much lower than the LWR coolant tem-
perature (~573 K). Therefore, the previous studies did not provide
clear insight into energy release in SiC under LWR accident condi-
tions. Based on the energy release behavior of the SiC/SiC compos-
ites at a 20 K/min heating rate relevant to a heating rate during a
station blackout accident [52], the rate of energy release does not
exceed the specific heat capacity up to 1,273 K; that is a positive
finding for LWR applications, albeit it is necessary to understand
why the energy release exceeds the specific heat capacity in CVD
SiC at the 3 K/min heating rate (RHA4 in Fig. 5). In addition, appli-
cation irradiation temperatures will be higher than the irradiation
temperature used in this study; thus, lower amounts of stored
energy are expected in reactor operating conditions, considering
the negative temperature dependence of swelling of SiC (Eq. [4]).
The significant energy release from the RHA4 may be caused by
the larger number of irradiation defects before annealing rather
than the heating rate effect based on the correlation between swel-
ling and stored energy released (Fig. 6).

To determine the stored energy release of irradiated SiC, addi-
tional DSC runs at higher temperatures are required because only
part of the stored energy was likely released at temperatures of
up to 1,273 K, which was the highest test temperature of this
study. The fraction of the stored energy released was estimated
based on the swelling-stored energy conversion (k = 4.25 x 10*
[J/g]), DSC results, and irradiation-induced swelling. The specimens
irradiated at 510-520 K and 880 K experienced 51%-67% and 24%
energy releases, respectively, up to 1,273 K. This result suggests
concerns regarding the energy release at > 1,273 K in applications
if the energy release occurs rapidly. Previous studies on recovery of
irradiation defects in SiC reported that an annealing temperature of
at least 1,673 K is required to remove defects by annealing [51].
Temperatures at that level will be required for DSC experiments
to study energy release. The maximum temperature of the DSC test
in this study was limited by the instrument capability. The instru-
ment needs include ensuring the chemical compatibility of the pan
and test specimens. A Pt/Rh pan is expected to undergo a chemical
reaction with SiC at 1,673 K. Alternative materials for the pan could
be alumina and graphite. Chemical compatibility may not be an
issue, but these materials are less sensitive to heat capacity mea-
surements during DSC than Pt/Rh. Future research also necessi-
tates DSC tests with higher heating rates to understand the
energy release behavior under specific accident conditions (e.g.,
large break loss of a coolant accident with a heating rate
of > 500 K/min [53]).

A potential approach to studying energy release under extreme
temperatures is to utilize the correlation between stored energy
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and swelling. It is reasonable to expect that Eq. (1) describes the
entire energy release behavior, considering defect recombination
as a source of energy release regardless of temperature. If that is
true, dilatometry runs at elevated temperatures will indirectly pro-
vide insights into the energy release. Dilatometry of a SiC specimen
is relatively easier than DSC runs because dilatometry is a precise
method regardless of temperature, and chemical compatibility
between the specimen and the fixture is less critical because the
area of contact between the specimen and the fixture is limited
in dilatometry. Dilatometry of high-temperature ceramics has
been demonstrated at temperatures up to 2,273 K [23]. The previ-
ous studies of swelling recovery in SiC found gradual defect recov-
ery in SiC and no clear recovery stage up to 1,673 K [51]. These
findings suggest the absence of a sharp energy release peak in
the DSC curve of irradiated SiC at > 1,273 K, which needs to be con-
firmed in future research. Nevertheless, the energy release model
built in this study will be useful to assessing the safety of LWR core
structures at the beginning of accidents up to ~ 973 K. This assess-
ment is crucial because the stored energy release rapidly increases
from the onset temperature as shown in Fig. 4 and Fig. 5 and con-
sequently changes the thermo-mechanical properties and dimen-
sions (swelling recovery and thermal expansion) of the SiC
structure. Additionally, the large amount of stored energy in SiC
could produce a new application of SiC material to an energy stor-
age system by defect engineering. The swelling-stored energy con-
version, k, predicts a total stored energy up to 1,020 J/g for the CVD
5 specimen. The largest stored energy reported for irradiated SiC
was ~ 2,500 J/g for neutron irradiation at 330 K to ~ 1 dpa, inferred
from the dose-dependent stored energy [10]. The amount is in the
same order as that of Li ion batteries (~1,800 J/g [54]). Recently,
stored energy of irradiated graphite was proposed for a new energy
storage system [55,56]. Considering the same order of magnitude
of gravimetric energy density between irradiated SiC and graphite
[55], SiC could alternate the graphite component proposed because
of the superior oxidation resistance of SiC compared with graphite.
The energy release model of this study will help in designing the
energy conversion process. In summary, stored energy release in
irradiated SiC has two aspects: risks of stored energy release in
nuclear reactor applications and the potential for energy storage
applications.

5. Conclusions

This study investigated the stored energy release in monolithic
and SiC/SiC composites that were neutron-irradiated at 510-520 K
or 880 K to ~ 2 or 12 dpa by DSC with different heating rates. To
the best of our knowledge, this is the first study providing insights
into the stored energy release behavior of SiC during LWR acci-
dents by using relevant test specimens. The findings can be sum-
marized as follows. The energy release behavior was affected by
the heating rate; the onset of energy release was delayed, and
the energy release at the beginning became gradual with an
increase in the heating rate from 0.5 to 20 K/min. The microstruc-
tures of the unirradiated materials (e.g., CVD SiC vs. SiC/SiC) did not
have a notable effect on the energy release up to ~ 973 K but did
have an effect beyond that temperature.

This study proposed a mechanistic model of the stored energy
release (Eq. [1]) assuming a linear relationship between the stored
energy release rate and the swelling recovery rate. The model was
valid up to 973 K, at which the energy release behavior was inde-
pendent of the material type. The analysis indicated a linear con-
version factor of swelling to an energy release of 4.25 x 10% J/g
(425 ]/g per 1% of volumetric swelling). The mechanistic model
suggested that approximately half of the energy was still stored
in the specimens after annealing at 1,273 K in the case of irradia-
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tion at 500 K. To conclude the stored energy release model, a the-
oretical equation for 7(T) must be built, rather than using the
empirical equation. Nevertheless, the energy release model is use-
ful for designing safety feature of SiC structure under the modeling
response of SiC-based core structures to early accident conditions
in which the rapid energy release continuously changes thermo-
mechanical properties and dimensions of SiC structures and could
increase the temperature of a fuel assembly and cause fuel-clad
contact. Additionally, the significant amount of energy stored in
irradiated SiC could create new development opportunities of
energy storage materials by defect engineering. The energy release
model will be useful for designing the energy conversion process.
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