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Abstract

The purpose of this investigation is to experimentally quantify the stored energy release upon
thermal annealing of previously irradiated high-purity silicon carbide (SiC.) Samples of highly-
faulted polycrystalline CVD b-SiC and single crystal 6H-SiC were irradiated in a mixed spectrum
fission reactor near 60 °C in a fluence range from 5 x 102 to 2 x 10%° n/m? (E > 0.1 MeV), or
about 0.05-20 dpa, in order to quantify the stored energy release and correlate the release to the
observed microscopic swelling, lattice dilation, and microstructure as observed through TEM.
Within the fluence of this study the crystalline material was observed to swell to a remarkable
extent, achieving 8.13% dilation, and then cross a threshold dose for amorphization at
approximately 1 x 10? n/m? (E > 0.1 MeV) Once amorphized the material attains an as-
amorphized swelling of 11.7% at this irradiation condition. Coincident with the extraordinary
swelling obtained for the crystalline SiC, an equally impressive stored energy release of greater
than 2500 J/g at the critical threshold for amorphization is inferred. As expected, following
amorphization the stored energy in the structure diminishes, measured to be approximately 590
J/g. Generally, the findings of stored energy are consistent with existing theory, though the amount
of stored energy given the large observed crystalline strain is remarkable. The overall conclusion
of this work finds comparable stored energy in SiC to that of nuclear graphite, and similar to
graphite, a stored energy release in excess of its specific heat in some irradiation conditions.

1. Introduction

Throughout 1943 the Metallurgical Project at the University of Chicago and in particular the
Theoretical Physics Group were deeply involved in developing the fundamental physics
supporting construction of the first plutonium-producing graphite reactor. During that time, and in
the same report where the first nuclear chain reactionwas described [1], Eugene Wigner also
suggested the possibility of substantial fast-neutron damage to materials. This damage, in the form
of displacement of atoms from their original lattice positions, became known as the “Wigner
Effect.” Following this, a range of theoretical and experimental work was carried out on nuclear
graphite to determine the expected changes in physical dimensions, thermal and electrical
conductivity, and stored energy due to the Wigner Effect. This last property, the amount of energy
retained in the defected structure, was first postulated by Szilard [2] to have significant
implications in the event of release. The stored energy release then became known as the “Szilard
Complication.”



Energy stored in and subsequently released upon the annealing of the defected structures of
neutron-damaged materials is a universal phenomenon, although the amount and impact of its
release is strongly material and irradiation temperature dependent. The most widely studied and
technologically important material displaying this phenomenon is nuclear graphite, which can
release on the order of a few kJ's/g. For perspective, this amount greatly exceeds current battery
storage technologies whose energy release ranges from ~0.04 kJ/g for lead-acid batteries to ~0.5
kJ/g for lithium ion batteries. For graphite, as with most nuclear materials, simple defect
production and annihilation dominate stored energy. As shown in Fig. 1, a saturation level for
stored energy occurs that is quite irradiation temperature dependent, as the graphite microstructure
makes a transition from a regime of single interstitialvacancy pairs or very simple cluster
production (dominating below approximately 150 °C) to one in which larger vacancy loops and
more complex defects dominate [3].
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Fig. 1. Stored energy in nuclear graphite (crystal depicted to right) with inset relative stored energy
as a function of irradiation temperature replotted from Kelly [7]. Below a few hundred Celsius,
stored energy release is dominated by recovery of simple interstitial-vacancy complexes or
annihilation of simple clusters. Note: Fluence units have been converted from original EDN:x 102!
n/cm? to n/m? (E > 0.1 MeV) using a conversion factor of 1.36.

While stored energy has been understood to exist in a range of materials, only sporadic (though in
many cases detailed) studies have been carried out on non-graphite materials. However, it is noted
that in an early work comparing the stored energy of graphite to diamond Primak [4,5] noted the
possibility of appreciable stored energy (suggesting ~418 J/g) in SiC irradiated near 30 °C to
relatively low neutron fluence of 4.3 x 10?* n/m? (E > 75 ¢V) in the Hanford Pile, though apparently
did not publish further in the area. Recently, the present authors [6] noted an extraordinary level



of swelling (7.8%) for neutron irradiated SiC prior to the material's transition to the amorphous
state. Given this apparent high level of defect concentration combined with an understanding of
the vacancy and interstitial formation energies of SiC it was postulated that stored energy release
in excess of material specific heat existed suggesting the possibility of autocatalytic reactions
under certain conditions. The goal of this work is to provide initial data into the stored energy of
SiC.

2. Experimental

The material for this work was ultra-high purity highly-faulted polycrystalline CVD SiC produced
by Rohm & Haas Advanced Materials (presently a subsidiary of Dow Chemical, Woburn, MA..)
The single crystal material was electronic grade 6HeSiC procured from Cree. Sample. Irradiation
was carried out in the mixed neutron spectrum hydraulic tube, or peripheral target tube positions
of the High Flux Isotope Reactor (HFIR.) Irradiation capsule configuration was of an aluminum
tube with perforated walls through which HFIR coolant water passed and contacted the sample
holders. The sample holders consisted of thinly wrapped laser-welded aluminum foil packets
containing the SiC. The HFIR coolant water enters the core at 49 °C and exits at 69 °C. Samples
were located mid-core such that the exterior of the sample-wrap should be ~60 °C. Samples were
irradiated at (0.02, 0.1, 0.5, 0.762, 1.34, 2, and 20) x10%> n/m? (E > 0.1 MeV) The fast neutron flux
in this position of HFIR was approximately 1 x 10 n/m?-s (E > 0.1 MeV) corresponding to
approximately 10-¢ dpa/s. The fluence is calculated based on the known flux in the irradiation
position and the elapsed irradiation time. It is considered accurate within a few percent. For this
paper an equivalence of 1 x 10?5 n/m? (E > 0.1 MeV) = 1 displacement per atom (dpa) is assumed.
The majority of samples were square, approximately 6mm on edge and 2.8mm thick. While the
nuclear heating of the HFIR is extraordinarily high, given the relatively thin sample geometry the
temperature gradient (difference between surface and centerline temperature) is less than a few
degrees Celsius.

Once samples were removed from their irradiation capsules they were ultrasonically cleaned first
with ethyl alcohol and then immersed in hydrofluoric acid for approximately 30 minutes in order
to remove any glassy film present. Both density through density gradient column (DGC) and as-
inferred through lattice dilation (x-ray diffraction) was determined. The DGC utilized mixtures of
methylene iodide and tetrabromomethane in a column of approximately Im in height yielding a
density gradient of 0.002 (g/cm3) per centimeter of column length. Calibrated floats were used to
ensure column linearity and interpolate sample density. A temperature correctionwas used per
ATSM guideline ASTM D1505-18. More detail on the DGC as applied to a subset of these
specimens can be found elsewhere [6]. The error associated with the density measurement,
assuming no sample surface contamination, is less than 0.001 g/cm3, or < 0.03%.

Lattice constant measurement of the irradiated specimens before and after annealing (release of
stored energy) was conducted. The results of the as-irradiated specimens have already been
reported [6] with some of the data re-reported here for clarity. In order to carry out x-ray analysis
samples were wrapped in Kapton foil for contamination control prior to placing in a Bruker D2
Phaser (30 kV, 30 mA) with Cu Ka radiation. An internal Si standard (NIST SRM640d) was used
for calibration of peak positions. The Bragg center of reflection was found by least-squares fitting



to a Gaussian profile. Lattice parameters were determined by least-squares refinement of angles
calculated using Bragg's law to measured Bragg angles.

Transmission Electron Microscopy (TEM) in this work was performed on focus ion beam prepared
(FEI-Versa 3D Dual Beam operated at 30 KeV) samples. A finish mill at 2e5 KeV was applied. A
JEM2100F operating at 200 kV was used for the TEM imaging. The same procedure was carried
out in the previous work [6].

Stored energy measurements were carried out for the specimens cleaned with hydrofluoric acid
using a Netzsch DSC 404C Thermal Analyzer. For these measurements a three step process to
determine the stored energy was utilized: 1) Run the system to temperature under argon gas to
temperature to calibrate system with both sample and reference Pt pans empty. 2) Run the sample
pan with a standard sapphire sample and the reference pan empty to obtain correlation between
DSC signal and known heat capacity, and 3) Run irradiated sample in the sample pan with
reference pan empty to determine the stored energy release by comparison with (2). This
calibration process was conducted for every 2-3 specimens. The heating rate was set to be
20 °C/min. The basic test procedure followed ASTM E1269-11. The maximum test temperature
was 700 °C. It was confirmed that there was no notable reaction among specimens and Pt pan after
the measurement. Through repeated, individual measurement and comparison to the known
specific heat of SiC the run-to-run accuracy was seen to be +3% with resulting stored energy
release accuracy of +5-6%.

3. Results

Figs. 2 and 3 provide summary plots of the raw data-curves as generated by the scanning
calorimeter and in the reduced form of stored energy accumulation in comparison with swelling.
In Fig. 2 the calorimetry has been carried out on each sample in the asirradiated condition and
subsequent to this nominal 700 °C anneal, in the as-annealed condition. The latter measurement
was carried out to ensure the sample did not liberate any further heat, thus mimicking a non-
irradiated CVD SiC sample, which was shown to be the case. It is emphasized that the temperature
measured in this experiment was within the cup of the calorimeter and is therefore the proscribed
ramp temperature. It would be expected that the actual sample temperature would increase when
the energy release exceeded the sample specific heat. As will be shown, this was the case for the
higher dose specimens. Moreover, as evidenced by Fig. 2 (and specifically the DCS output for the
0.5 dpa sample during the ramp-up in temperature), while the kinetics of release are not precisely
determined in this experiment, the heat release is occurring over a period of minutes.

The amount of swelling recovery of the same samples following their measurement (annealing)
during the stored energy measurement is provided in Fig. 3. Here swelling recovery is defined as
the percent original swelling that has been annealed-out following the 700 °C maximum
temperature achieved during the stored energy measurement. The as-irradiated swelling data
includes data previously reported [6] as well as new data whose purpose was to narrow the
uncertainty in the amorphous transition point (the 0.762 and 1.34 x 1025 n/m2, E> 0.1 MeV data.)
The amorphous transition point is simply approximated as the intersection of the as-irradiated
swelling trend line for the crystalline material and the as-amorphized line. At this irradiation
temperature the approximate dose of 1 x 1025 n/m2 is suggested as the amorphous transition. In
both as-irradiated and as-annealed (700 C recovered) state swelling as determined through x-ray



diffraction lattice strain agrees well (essentially is identical) with DCG bulk density, as indicated
by overlapping data points on Fig. 3.

The accumulation of stored energy prior to the point of amorphization, within the limited data of
the study, appears to accumulate in a linear fashion. This linear accumulation occurs at least to the
highest dose for which the SiC is known to remain crystalline (0.762 x 10> n/m?, E> 0.1 MeV) In
Fig. 3 two as amorphized samples of approximately equivalent density are also presented each
indicating large, though significantly lower stored energies than the material possessed near the
critical amorphization threshold, consistent with the structure transitioning to a lower energy state.
Fig. 4 provides a high-resolution TEM image of a single crystal 6H SiC that has undergone 7.7%
swelling, clearly indicating the presence of a highly faulted crystalline structure and a diffraction
pattern consistent with a highly strained crystalline lattice. X-ray diffraction on the highly faulted
FCC and single crystal 6H-HCP materials irradiated from 0.5 to 1.34 x 10%° n/m?, E > 0.1 MeV
support the conclusion that the material is in a highly strained crystalline condition. Close
inspection of Fig. 4 suggests the potential for the onset and formation of discontinuous amorphous
pockets in the material. At some level above this irradiation dose a phase transition to a completely
amorphous structure is expected. The maximum stored energy release measured was at the 7.7%
swelling point, yielding 1390 J/g. While a sample was irradiated to higher dose (0.762 x 10> n/m?
(E > 0.1 MeV)) and remained in a crystalline condition with 8.13% strain, stored energy was not
measured for that sample.
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Fig. 2. Scanning calorimeter raw data curves.

The red dotted lines of Fig. 3 extrapolate the stored energy curved to the approximate point of
maximum stored energy, assumed to exist just prior to the critical fluence for amorphization. The
horizontal solid red line provides the stored energy of the two amorphized SiC samples, or a value
of 580 J/g stored energy at this amorphization condition. Amorphization was confirmed through
x-ray diffraction (see Fig. 5 below). Following annealing at 700 °C the density of the amorphized
samples were not measured. However, it is known from the literature [8] that densification of the



amorphous structure occurs upon annealing above the irradiation temperature. In that work as-
amorphized SiC was seen to densify monotonically by approximately 5% prior to reaching the
recrystallization temperature of 885 °C at which point rapid recrystallization to non-irradiated
density occurs. Unfortunately, the upper annealing temperature of this study (700 °C) was short of
the SiC recrystallization temperature thus the samples remained in a relaxed amorphous state.
Assuming similar annealing kinetics to the previous work [8] it is assumed that these amorphous
samples would continue to densify by approximately 0.05% producing an additional ~290 J/g and
then recrystallize.
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~60 °C.



® 3CSiC Dose
® Si(internal standard)
. * @
. e L 20dpa
L’ 2dpa
E | o
5 . 1 [ i 5
A / J‘L—,W ..._J:t-_.._ﬁ_._.. .N_.__,_,,.;La;_.fm L
g — , 0.5dpa
c | |
g |
E S S i Jl . A S b M O_ 1d pa
J ! ‘ l ,Ig ]
\ A A J ke A Lo N 0.0dea
MLJLJ }U . A a ) Non-irradiated
20 30 40 50 60 70 80 90 100 110 120

2-Theta

Fig. 5. X-ray diffraction of non-irradiated, faulted, and amorphous samples following 700 °C
stored-energy measurement. Black and red dots refer to Si and SiC crystal peak standards utilized



in analysis. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

4. Discussion

The swelling, amorphization, and effects of annealing the as irradiated structure of SiC have been
well studied and at this point are fairly well understood [9-24] Stored energy release, while studied
in detail in nuclear graphite due to its technological importance, has also been studied for a wide
array of materials. Interestingly, following the first studies to reveal stored energy on graphite by
Maurer and Ruder [25], the next material to be investigated for large neutron-irradiation-induced
stored energy release was diamond, publishing [26] extreme energy release exceeding 600 J/g
following annealing of fast neutron irradiation to ~0.06 dpa. However, prior to these first
discussions of Wigner Energy there was related work on the self-damage, amorphization, and
stored energy release of uranium and thorium-bearing crystals: the so called metamict state. In
1942 Faessler [27] reported on his discovery of 373 J/g energy release in the monoclinic mineral
gadolinite (Ce,La,Nd,Y)2FeBe2Si2010 with this damage and stored energy release suggested as
a means of mineral dating [28]. Following this first finding a number of researchers demonstrated
energy release in naturally radioactive minerals such as the ABO4 and AB20O6 pyrochlores
davidite [29], fergusonite [29¢31], priorite [29], ellsworthite [30], sammarskite [28,31], euxenite
[28,31], brannerite [31] and exchynite-priorite [30]. For these pyroclores the energy release ranges
from tens to a few hundred J/g. Zircons have also been shown to release as much as 322 J/g through
their millennia of internal a-decay followed by laboratory annealing [32,33]. Beyond graphite and
certain minerals the stored energy release has also been utilized to provide fundamental stage-I
defect kinetics in neutron irradiated materials. The range of materials studied include solid Argon
[34] providing 11.17 J/g, a range of low temperature metals such as Cu (~0.038->0.82 J/g) [35e38],
Si (10.4 J/g) [39,40], Magnesium (4.9 J/g) [41], Beryllium (3.4 J/g) [42], Aluminum (0.46 J/g)
[43], Iron (~2 J/g) [44], Ni (~1.9 J/g) [44], Molybdenum (1.7 J/g) [45] and ceramics such as BeO
[46e48] (8.4- >368 J/g), MgO (19.8 J/g) [47,48], A1203 (117 J/g) [47-49] and UO2 (104 J/g) [50]
as well as nano-diamond (to >1500 J/g) [26,51] and a range of candidate nuclear waste form
materials such as neutron irradiated silica and borosilicate glass (<150 J/g) [47-49].

Perhaps of significance in regards to the present work is the magnitude and kinetics of stored
energy release in SiC. As with graphite, and as depicted in Fig. 6, the stored energy release for SiC
can exceed its specific heat, potentially leading to an autocatalytic reaction depending on the
specifics of the application. In Fig. 6 it is seen that the ~0.1 dpa irradiated and crystalline sample
has moderately less stored energy release as compared to it's specific heat in this 20 °C/min
temperature ramp, while the stored energy release for the 0.5 dpa irradiated crystalline sample
heated at the same ramp rate greatly exceeds the sample specific heat. Not plotted in the figure are
the two amorphous samples, both of which exhibit stored energy release curves slightly in excess
of the specific heat. As discussed in the introductory section, the presence of stored energy in SiC
is to be expected, though its magnitude is impressive. Fig. 7 provides the SiC stored energy of the
present study as a function of dose and in comparison with the range of the neutron irradiated
materials discussed above. In all cases materials were irradiated in the low temperature regime
(<0.3 Tm) consistent with limited interstitial mobility and simple point defect and cluster
formation. In some cases the apparent saturation may be due to interstitial mobility. It is noted that
caution regarding direct comparison of the data in Fig. 7 is warranted as these data span five



decades in time with variable precision in calorimetry and fluence determination. Moreover, while
most data span an annealing range in which most of the defects would be expected to anneal, some

experiments had an abbreviated range in annealing (i.e. as with the current study, not all of the
stored energy was released.)
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Fig. 6. Specific heat of non-irradiated and stored energy of crystalline SiC.

The data of Fig. 7 provide a number of general insights into stored energy, though relation to
underlying defect structures responsible and defect kinetics is challenging. From the figure it is
clear that SiC is accumulating stored energy at a rate greater than that of graphite and ultimately
to levels on par with graphite. Moreover, Fig. 7 clearly supports the general tendency for strongly
bonded covalent and ionic materials to store energy to higher levels than metals.
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Table 1
Estimated contributions of various point defects to swelling and stored energy.
Ls; Ic Vsi Ve Sic Csi (Total)

Excess volume (A%) [52] 27.9-372 153-165 1.9 27 15.4 -95 nja
Defect Fraction estimated from Swaminathan [53] 35% 38.0% 8.4% 33.0% 11.0% G.3% ~100%
Defect Fraction estimated from Gao and Weber [54] ~T% ~23% ~9% ~21% ~21% ~19% 100%
Contribution to swelling per Swaminathan [53] ~-12% ~-65% -2% ~10% ~-18% ~7% 100%
Estimated concentration at 1% swelling: Gy -0.04% ~0.43% 0.10% 037% 0.12% 0.07% 1,13%
Formaton Energy: Er(eV) 8.754 6.953 4,966 4,193 3564 4034 n/a
Product of Er and Cix (J/g) ~-17 ~143 ~23 ~75 ~21 ~14 ~293
Contribution to stored energy ~6% ~48% ~8% ~26% ~7% ~5% 100%

The detailed microstructural basis for energy storage and release in neutron irradiated SiC can only
be speculated upon at this time: defects produced in SiC during the displacement cascade events
include the Frenkel defects of both elements and two types antisites: ISi, IC, VSi, VC, SiC, and



CSi, isolated or clustered. At the temperature of this irradiation, only correlated recombination of
CFrenkel pairs is expected to take place among various thermally activated defect recovery
processes involving the above species. In other words, there should be no long-range migration of
any of these defects. The excess volumes associated with these isolated defects have been
previously calculated by Li and Porter [52] by molecular dynamics simulation using a Tersoff
potential. Parsing the individual defects at 200 K has also been estimated by Swaminathan et al.
[53] and Gao and Weber [54] in separate works. These data sets are presented in summary in Table
1 along with the estimated contributions to swelling from the various defect species based on the
Swaminathan et al. results. Using the formation energy values for individual defects (as published
by Shrader et al. [55] though noting that considerable variation exists for the defect formation
energy values as discussed in the literature [56-59]), contributions from various defect species to
the stored energy may be estimated. The result indicates that the majority (~74%) of stored energy
is due to C-Frenkel defects while the remainder is about equally shared by the Si-Frenkel defects
and the antisite defects.

As noted, the Table 1 analysis is based on the defect partitioning as presented by the Swaminathan
et al. Were the Gao-Weber formalism utilized the results would not significantly different, though
a slight reduction to the C-Frenkel defect contribution and an increased antisite contribution would
take place. The gradual stored energy release against temperature during the calorimetry runs,
instead of a sharp release at the Stage II recovery temperature, is attributed to the gradual IC
clustering due to the energy barrier for IC-VC recombination. It should be noted that this (Table
1) exercise involves significant assumptions (such as isolation of all defects) and is only intended
to provide a rough estimate of the fractional contributions of various defects to the total stored
energy. Regardless, the measured stored energy at 1% swelling (~221 J/g) appears to be in general
agreement with the total energy released as provided in Table 1 (~293 J/g). Moreover, closer
agreement would be expected as the 700 °C anneal of this work (cf Fig. 2) liberated on the order
of 72% of the irradiation induced lattice strain (i.e. the expected stored energy for complete
recovery would be closer to 300 J/g.)

Regarding the magnitude of stored energy in relation to the critical amorphization threshold, a
number of authors [60-62] have considered as the defining point of material amorphization the
point when the cumulative defect energies of the material becomes equal to the energy differential
(DEam) between the crystalline and amorphous phases. In the SiC system DEam has been
estimated through various experimental and modeling activities in the range from0.6 to 2 eV with
associated energy densities in SiC of 1470-4900 J/g. Here the maximum measured stored energy
was in reasonable agreement at ~1390 J/g, extrapolated to ~2500 J/g at the assumed amorphization
dose of ~1 x 1025 n/m2, E > 0.1 MeV. As a side-note the authors would like to emphasize that this
so-called critical point for amorphization is known to be a function of temperature [14,16,63-68]
and irradiating species [14-17,66-69] and a relatively weaker function of the dose rate [15,64,70].
As such, the critical point for amorpization is known to vary substantially in the literature. Setting
aside any issues with respect to assumption of sublattice displacement energies used to calculate
dpa (i.e., as used in the SRIM calculations in the literature), the assumed 1 dpa value of critical
amorphization threshold put forward here is consistent with 1) the lower mass energetic ions
causing the damage [14,16,63-68] (subcascades produced by neutron irradiation), and 2) lower
damage rate of neutron irradiation as compared to the ion irradiation in the literature [15]. Both of
these factors act to increase the critical amorphization threshold.



Finally, it is pointed out that the irradiation temperature of this campaign, ~60 °C, is very low with
respect to currently proposed nuclear applications of SiC and therefore care must be taken when
extrapolating results to these relevant temperature regimes such as that of the light water reactor
(nominally 300 °C.) However, based on the known irradiation-induced swelling, microstructural
development, and annealing of SiC [10] at those temperatures significant stored energy likely
exists. Utilizing the data of Fig. 3 and noting that a linear relationship exists between stored energy
and lattice strain (swelling) it is straight-forward to estimate the stored energy content for a
saturated level of swelling as a function of SiC anywhere in the point defect regime. This is
provided in Fig. 8 assuming the stored energy release data from the current work and the known
saturation swelling as a function of temperature from the literature [23]. For comparison, Fig. 8
compares the relative stored energy in SiC to that of graphite as presented by Kelly for typical
nuclear graphite [7]. As evident from the figure, the relative stored energy for graphite rapidly
diminishes above ~200 °C associated with highly accelerated correlated defect recombination. In
contrast, SiC has a well-known gradual slope for recombination in the 100-800 °C point defect
swelling and annihilation regime, suggesting a large fraction of residual stored energy may be
available at these “relevant” elevated temperatures.
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5. Conclusions

The stored energy release in highly pure silicon carbide irradiated near 60 °C from relatively low
dose in a mixed spectrum nuclear reactor to and well beyond the critical dose for amorphization
has been measured. Within the limitation of the current data-set the following observations are
made:

1) Cubic silicon carbide, which undergoes more than 7.6% isotropic crystalline strain and
equivalent macroscopic swelling released 1390 J/g stored energy upon annealing to 700 °C. The
stored energy content as a function of dose and as normalized to density change leading up to 7.6%
crystalline swelling was essentially constant.

2) Silicon carbide was seen to undergo as much as 8.13% swelling prior to amorphization, at which
point the measured macroscopic density at 2 and 20 dpa for the as-amorphized materials was
essentially equivalent at 11.7%.

3) By extrapolation of the current data, the critical dose for amorphization at the applied dose rate
of 1 x 10! n/m?-s (E > 0.1 MeV), and at and irradiation temperature of 60 °C was approximately
1 dpa. Just prior to this point the extrapolated stored energy content for the crystalline SiC was
~2500 J/g.

4) Above 0.1 dpa, the stored energy release measured in this work exceeds the materials' specific
heat, as did that of the as amorphized materials, indicating the potential for an autocatalytic energy
excursion depending on the particular nuclear application.

5) The stored energy content at the annealing condition of this work (700 °C, 1 h) for the as-
amorphized 2 and 20 dpa materials was similar at 553 and 638 J/g.

6) The measured stored energy content for the as-irradiated crystalline materials are consistent
with the current theory of defect recombination. This conclusion does acknowledge the relatively
wide range in defect formation energies discussed in the literature and potentially also a different
parsing of defects as compared to current understanding.
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