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ABSTRACT

Here, we employ a combination of advanced synchrotron-based scattering characterization techniques to
understand and unravel the atomic origins of the colossal stored energy release in neutron irradiated silicon
carbide. The quantification of the neutron irradiation-induced defects, and their impact on the structure-
property relationship is important for the design and safe operation of advanced fission and fusion reactors.
Our experimental results show that the atomic structure in the as irradiated samples is significantly
perturbed due to a large fraction of vacancy and interstitial type defects that lead to complex microstructures
and additional components in the x-ray diffraction and pair distribution function results. We directly
correlate the stored energy release to the recovery of the sub-lattices, with pair distribution function analysis
highlighting that the carbon interstitial and vacancy-type defects contribute to stored energy more than
those of silicon. We find these results to be striking and believe our discoveries to be timely and noteworthy

given the technological importance of silicon carbide to the nuclear fission and fusion communities.
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INTRODUCTION:

The production of Frenkel pairs in graphite by neutron irradiation was postulated by the Hungarian-
American physicist E. P. Wigner in 1942 [1] . Later, Szilard pointed out that when these defects recombine
the defect formation energy of approximately 8 eV will be released [2]. These two phenomena became
known as the Wigner Effect and the Szilard Complication, respectively. The energy released during the
recovery of Frenkel pairs is the so-called Wigner energy. The potential danger of stored energy release
during reactor operation was discovered early in the operation of the air-cooled graphite reactors at
Windscale in the United Kingdom when Pile 2 started experiencing anomalous temperature increases later
attributed to the Wigner Effect. To prevent the build-up of excessive amounts of stored energy, and prevent
a fire upon release of that energy, the reactors were routinely thermally annealed to reduce the extent of the
200°C release peak. A similar process occurs in silicon carbide (SiC), which is a component of TRISO-
coated fuel particles in advanced reactors and is a candidate replacement cladding for Zircaloy [3]. The
Wigner energy potential for SiC was investigated by Prima et al. in 1956 [4]. Though that work concluded
that the stored energy release of SiC was not significant, the neutron dose was appreciably low at only ~0.04
displacements per atom (dpa). A recent study of high purity chemical vapor deposited (CVD) SiC exposed
to mixed spectrum fission neutrons, irradiated at ~60°C and up to 20 dpa have uncovered a significant
Wigner energy [5]. At this temperature, the accumulation of lattice strain due to the irradiation-produced
defects (Frenkel pairs) can exceed a critical level above which SiC becomes amorphous [6,7]. The energy
release quantified from this study exceeds the specific heat of SiC, with 1390 J/g released upon annealing
at 700 °C. The radiation-induced volumetric swelling under these irradiation conditions exceeded 8%, prior
to amorphization [8]. The volume changes and large stored energy were tentatively attributed to the
radiation-induced defects calculated from MD simulations [9]. By parsing the estimated defect
contributions in SiC at these irradiation conditions [10,11], the majority (~74%) of stored energy was
attributed to C-Frenkel defects, while the remainder was equally shared by Si-Frenkel defects and antisite
defects. A detailed atomic and microstructural basis for the origins of the stored energy in SiC is however

lacking and motivates our present study.

Determination of the microstructure and radiation-induced changes on the local atomic structure is
difficult using microscopy methods due to the tedious sample preparation and complexity in obtaining real-
space atomic information. X-ray scattering techniques require little-to-no complicated sample preparation
and provide a more comprehensive and rapid means to determine the local atomic structure through the pair
distribution function (PDF) [12-15]. PDF analysis allows quantification of deviations from perfect
periodicity, incorporating both Bragg and diffuse scattering components [14,16-18]. It naturally follows
that the PDF technique is an ideal method to study the nature of defects in disordered materials. Here, XRD



and PDF experiments were performed on samples of SiC irradiated to a range of neutron doses (0-20 dpa),
and subsequently annealed to 700 °C, to characterize the radiation damage on the short, medium and long-
range order. Analysis of the PDFs for the as-irradiated and as-annealed samples provide critical atomic and
microstructural data. Complementary differential scanning calorimetry measurements were carried out to
determine the energy stored in the samples due to defects and microstructural effects. We correlate the

structural and thermodynamic data to understand the origins of the Wigner energy release in SiC.

MATERIALS AND METHODS:

Ultra-high purity polycrystalline CVD SiC were acquired from Rohm & Haas Advanced Materials
(presently PremaTech ADVANCED CERAMICS). The nominal purity was >99.999%. The unirradiated
specimens were 6x6x2.8 mm in size. Neutron irradiation was carried out in the mixed neutron spectrum
hydraulic tube, or peripheral target tube positions of the High Flux Isotope Reactor (HFIR). The irradiation
capsule was an aluminum tube with perforated walls through which HFIR coolant water passed and
contacted the sample holders. The irradiation temperature is expected to be close to the coolant temperature,
nominally ~60 °C. Samples were irradiated to nominal neutron doses of 0.02, 0.1, 0.5, 2.0, and 20 x 10%
n/m? (E > 0.1 MeV). The fast neutron flux at this position of HFIR was approximately 1x10'° n/m?-s (E
>(.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 study, a fluence of 1x10%° n/m? (E > 0.1 MeV) was assumed to be equivalent to a dose of 1
displacement per atom (dpa). The nominal fluence was calculated based on calculations using the HFIR
neutron spectrum and an assumed displacement energy of 30 eV [19], and the predominate damage mode

is through nuclear stopping.

Calorimetric measurements were carried out for the specimens cleaned with hydrofluoric acid using a
Netzsch DSC 404C Thermal Analyzer to determine the stored energy. The heating rate was set to be 20
°C/min and the maximum temperature reached was 700 °C. Details of the stored energy measurements can
be found elsewhere [5]. XRD and X-ray total scattering measurements were performed at the National
Synchrotron Light Source II (NSLS-II) at Brookhaven National Laboratory (BNL) using the X-ray Powder
Diffraction (XPD) beamline 28-1D-2 [20,21]. All measurements were performed in transmission mode. The
sample-to-detector distance and tilts of the detector relative to the beam were refined using a LaB¢ NIST
powder standard. The wavelength of the incident x-rays was 0.1877 A (66.05 keV) and the sample-to-
detector distance were calculated to be 1567.99 mm (for XRD) and 199.16 mm (for PDF). The samples
were wrapped in Kapton tape to limit radioactive contamination during shipping and handling at the
beamline and samples were continuously rotated in the plane perpendicular to the beam (XY) during

acquisition to improve powder averaging. The two-dimensional detector images were radially integrated to



obtain one-dimensional powder diffraction patterns. The background Kapton containment and air scattering

components were subtracted from the individual XRD patterns.

Rietveld refinements were performed on the corrected XRD patterns to determine the lattice parameter.
The peak profiles for the SiC reflections were modeled using a modified pseudo-Voigt function in MAUD
[22]. The instrument contribution to the broadening of the measured profiles was quantified by fitting a
LaBg standard, with known crystalline-domain size and negligible strain contribution. The instrument-based
broadening parameters were subsequently fixed during the analysis of the SiC specimens. The lattice
parameter, microstrain and coherent grain size components were allowed to vary during the Rietveld
refinements. The diffraction patterns from the shorter sample-to-detector distance were corrected for PDF-
specific corrections (self-absorption, multiple scattering and Compton scattering) and converted to atomic
PDFs, G(r), using PDFgetX3 over a Q-range of 0.1-24 A~!. The PDF structural analysis was carried out
using PDFgui [23] over a radial range of 1.0-50 A. A Ni standard was used to determine the parameters
that describe the experimental resolution (Qgamp and Qpreeq) With atomic displacement parameters (ADPs),
correlated motion parameter, and lattice parameters allowed to vary. The ADP parameters capture
diminished x-ray intensity from atom displacements from their mean positions in a crystal structure and
can include components from both temperature-dependent atomic vibrations (thermal disorder) and static
disorder (such as defects). The scale factor, lattice parameters, correlated motion parameter, and anisotropic
ADPs were allowed to refine during the PDF analysis for all specimens (using an F43m Zinc blendecrystal
phase). The F43m crystal structure consists of two intersecting FCC sublattices, with Si atoms located on
the 4a Wyckoft equipoint with coordinates (0,0,0), C atoms on the 4¢ equipoint with coordinates (Y4, ¥4, %)
and a lattice parameter of 4.36 A. To quantify the short-range structure in the 0.1 and 0.5 dpa as-irradiated

specimens, an additional component was included to capture the interstitial defects.

RESULTS AND DISCUSSION:

The XRD patterns for the as-irradiated and annealed specimens are shown in Fig. 1. With increasing
neutron dose, the Bragg peaks decrease in height and substantially increase in width indicating that the
coherent grain size (that is the size of the defect free material within a grain) decreases (Fig. 1a). Peak shift
to lower two-theta angles, as highlighted in Fig. 1a, are due to the expansion of the unit cell from the
incorporation of point defects and defect clusters into the crystal structure; this trend is consistent with past
works [12,24]. The expanded region around the (220), (311), and (222) diffraction peaks for the 0.1 and
0.5 dpa specimen shows significant diffuse peaks that mark the appearance of an additional component at
higher two-theta angles (Fig. 15). This additional diffraction component has a structure akin to the strained
host (F43m), albeit with reduced coherent grain size and smaller unit cell parameters. The XRD patterns

for the 2.0 and 20 dpa specimens show no sharp features and only broad, highly diffuse peaks indicating



total loss of crystallinity. Upon annealing, the microstructure of the 0.02-0.5 dpa samples recover, with an
increase in peak height and decrease in peak width (relative to the as-irradiated specimen) (Fig. 1¢). The
Bragg peaks shift towards the original, higher two-theta positions of the pristine specimen, indicating
recovery of the unit cell parameter. The diffuse component observed in the 0.1 and 0.5 dpa as-irradiated
specimens is completely removed after annealing, while the 2.0 and 20 dpa specimens remain amorphous
and only subtle changes in the height of the amorphous peaks are observed. Interestingly, the 0.1 and 0.5
dpa specimens do not show full recovery of peak intensity and position after annealing at 700 °C, indicating
either the annealing time was too short for full recovery of the crystal structure (samples heated at 700 °C
for 20 minutes), or a portion of the defects present at this damage level cannot be removed with these

annealing conditions.
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Figure 1. XRD patterns around the (220), (311), and (222) peaks for (a) SiC specimens as-irradiated
nominally at 60 °C, (b) the Rietveld refinement for the 0.5 dpa specimen with two refined SiC
components, and (c) XRD patterns of the SiC specimens annealed at 700 °C.



Rietveld refinement was performed on all as-irradiated and as-annealed specimens; results are listed in
Table 1. The unit cell and microstructural trends described previously are quantitatively confirmed by the
refinements, and the lattice expansion quantified from the Rietveld analysis in the as-irradiated specimens
are in agreement with previous XRD analysis of neutron irradiated SiC [5,8]. Including the second SiC
component in the refinements for the 0.1 and 0.5 dpa as-irradiated patterns was necessary to effectively
capture the additional diffuse intensity on the high two-theta side of the Bragg peaks. Quantitative
microstructural analysis confirms that, post-irradiation, the SiC specimens are significantly perturbed
relative to the unirradiated state. At the highest fluence prior to amorphization, the coherent grain size of
the SiC specimens decrease by ~40% while the microstrain grows by approximately two orders of
magnitude. The second SiC component comes from the large defect populations introduced during the
irradiation leading to a reduced amount of defect-free coherent volume (as described below). The large
defect populations also lead to the increase in the microstrain and smaller coherent grain sizes. Similar XRD
signatures have been observed in other highly irradiated ceramic materials [25-27]. The microstructural
recovery from the post irradiation annealing includes a decrease in the microstrain, increase in coherent
grain size, and removal of the second SiC component. Subtle differences in the final annealed microstrain,
grain size, and lattice parameters, compared to the non-irradiated specimen show that the post-irradiation
annealing has not removed all defects, and minor populations of extended defects (dislocations) and
atomistic defects (anti-site defects) may still be present, though the amount and type of defects retained
cannot be confirmed in this study and should be further investigated in future studies.

Table 1. Quantitative XRD results from Rietveld refinements. The rows with an asterisk, *, are the results
for the additional SiC component observed in the XRD. Stored energy values are from [5].

Neutron| Annealing Unit cell Coherent [Microstrain| Weight fraction Stored
dose | conditions parameter grain size (x105) (%) Energy
(dpa) A) (nm) (J/gm)

0 - 4.37019 1753 (3.1) | 1.45(0.8) 100 -
(0.00003)
0.02 - 4.37895 158.8 (2.1) | 17.5(1.0) 100 150
(0.00003)
0.02 | Up to 700°C 4.37454 174.8 (3.2) 7.5 (0.8) 100 -
(0.00004)
0.1 - 4.40244 155.0(5.4) | 25.0(5.0) 87.9 (0.5) 480
(0.00004)
0.1% - 4.36635 2.8(1.0) - 12.1(0.5) -
(0.00885)
0.1 | Upto 700°C 4.38376 142.1 (5.8) 9.7 (1.0) 100 -
(0.00004)
0.5 - 4.46218 105 (5.1) 164.4 (2.6) 40.4 (0.6) 1500
(0.00013)




0.5% - 4.40524 3.1(1.0) - 59.6 (0.4) -
(0.00115)

0.5 | Up to 700°C 438737 130.6 (5.9) [32.0(10.0) 100 -
(0.00006)

The standard XRD and Rietveld refinements can only reveal and model structural features that are
apparent in the long-range, repeating crystal structure. Complementary X-ray total scattering was
performed on the as-irradiated and as-annealed SiC specimens to probe the local atomic configuration and
to observe defects that do not directly contribute to the Bragg scattering observed using XRD. Total
scattering experiments recording the scattering of X-rays at both low and very high scattering angles give
information on both the Bragg peaks, as well as the diffuse scattering between the Bragg peaks and at high
scattering angles which correspond to very small d-spacings. The pair distribution function (PDF), G(7), is
produced from this comprehensive scattering data and is a real-space representation of the nearest neighbor
atomic correlations, allowing analysis of local atomic configurations (and thus short-range order). The
high-r correlations (» > 15 A, not shown), which exist at high enough radial distances to approximate the
long-range structure, show a decrease in peak intensity and a shift of peaks to higher r-values with
increasing neutron dose. This behavior corroborates the increasing defect levels and expanding unit cells
determined previously using XRD. At 2.0 dpa and higher, there are no correlations in this r-range which

indicate complete amorphization, as determined in the previous work [28].

The short-range structure is shown at low-r (# < 12 A) and contains the nearest neighbor pairwise
correlations (Fig. 2a). For example, the nearest neighbor tetrahedral Si-C bonds are represented by the peak
at r = 1.9 A while the peak at 3.1 A contains the first nearest neighbor C-C and Si-Si correlations. This
region shows systematic decreases in correlation peak heights and increases in peak width with dose. The
PDF peak areas give information on coordination numbers and peak widths on thermal vibrations and
structural disorder. The reduction of peak intensities and increase in peak broadening (and loss of some
correlation peaks) is caused here by an increase in structural disorder, and the accumulation of substantial
point defects and defect clusters. The fine structure in the amorphous specimens, specifically the
heteronuclear (Si-C) bonds and homonuclear (Si-Si and C-C) bonds, are consistent with past studies in

irradiated SiC [29,30], and other compound semiconductors [31].

Figure 2b shows an example of the PDF refinements for the 0.5 dpa specimen with and without the
inclusion of the interstitial component (described below). The inclusion of the interstitial component leads
to an improved refinement of the intensity under the correlation peaks in the short range (up to ~15 A) and
lower residuals (shown in green). After annealing, the PDFs show that both short and medium range order

recover for the 0.02-0.5 dpa specimens (Fig. 2¢). This is evidenced by an increase in peak correlation



heights and reduction in correlation widths. This structural repair is similar to the XRD results shown in
Figure lc. The PDFs do show that some residual structural disorder remains after annealing (decreased
correlation peak heights relative to unirradiated specimen). Although the 2.0 and 20 dpa samples remain
amorphous after annealing, subtle changes in the short-range order, including a reduction in the
homonuclear bonding (Si-Si and C-C bonds), decrease with annealing (relaxed amorphous structure), again
consistent with previous studies of amorphous SiC [32]. We note that the physical properties of neutron
irradiated SiC (density, electrical resistivity, thermal conductivity) also continually change with post-
irradiation annealing (in the absence of crystallization), and are attributed to changes in the short and
medium range ordering [30]. Future in situ experiments employing PDF could be leveraged to quantify the

roles of short and medium range order on the physical property recovery.
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The long-range structural models determined using XRD were used as initial starting parameters in the
small-box PDF modelling of the 0, 0.02, 0.1, and 0.5 dpa specimens from r = 1.2-50 A (Table 2) to
determine how well the long-range structure reproduces the PDFs. The 3C-SiC F43m model fits the 0, and
0.02, and 0.1 dpa specimens’ PDFs well with no unphysical structures or highly correlated parameters. The
goodness-of-fit parameter R,, increases with increasing dose, indicating an increasing mismatch between
the average and local structure. The small-box fit of the 0.5 dpa PDF resulted in a high R, value of 0.32,
with the low-r region (» < 12 A) being poorly refined with this simple model. There is a general upward
trend of the unit cell parameters and ADPs, in agreement with the XRD results, indicating accumulation of
defects into the crystal. The unit cell parameters are smaller than those determined from XRD due to the
explicit modelling of the distortions induced by the local defect structure as separate from the regular
crystal. When analyzing the Bragg scattering (XRD), these distortions are not explicitly observable and are
instead averaged with the regular crystal, resulting in a perceived increase in the microstrain, atomic thermal
parameters, and unit cell parameter. Upon annealing at 700 °C, all specimens’ PDFs show recovery with
parameters returning to near-pristine levels; the level of recovery is reduced with increasing dose, consistent

with the XRD results above.
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Table 2. Quantitative PDF results from small-box refinements in the fit range of r = 1.2-50 A and 1.2-
15 A. The rows with an asterisk, *, are the results for the nanocrystalline component. R, is the weighted

residual of the refinements.

0.02 0.1 0.5
Neutron dose (dpa) 0 0.02 (700 °C) 0.1 (700 °C) 0.5 (700 °C)
r=12-50
R, 0.15 0.15 0.13 0.18 0.15 0.32 0.15
Unit cell parameter 4.362 4.366 4.369 4.392 4.374 4.430 4.373
(A) (0.001) [ (0.014) | (0.012) [ (0.002) (0.002) (0.005) | (0.001)
0.0040 [ 0.0048 | 0.0047 [ 0.0087 0.0055 0.0303 0.0071
3 2
4a (Si) ADP (A7) (0.0001) | (0.0002) | (0.0003) | (0.0005) [ (0.0004) [ (0.004) | (0.0003)
0.0055 | 0.0065 | 0.0067 | 0.0158 0.0078 0.0787 | 0.0105
2
4c (C) ADP (A7) (0.0004) | (0.0006) | (0.0008) | (0.0021) [ (0.0009) [ (0.030) | (0.0012)
r=12-154
R, 0.115 0.14 0.13 0.16 0.15 0.14 0.15
Unit cell parameter | 4.3632 4.365 4.369 4.394 4.373 4.417 4.372
(A) (0.010) [ (0.014) | (0.001) [ (0.003) (0.002) (0.012) | (0.002)
0.0042 [ 0.0052 | 0.0048 [ 0.0102 0.0061 0.0265 | 0.0076
3 2
4a (Si) ADP (A7) (0.002) [ (0.0003) | (0.0003) [ (0.001) | (0.0004) | (0.0063) | (0.0005)
0.0058 | 0.0066 | 0.0067 | 0.0196 0.0085 0.0543 0.0109
2
4c (C) ADP (A7) (0.006) [ (0.0009) | (0.0008) [ (0.006) | (0.0011) | (0.033) [ (0.0016)
Unit cell parameter ) i i 4.3788 i 4.389 i
(A)* (0.015) (0.029)
0.0021 0.0085
3 2)% _ . - - -
4a (Si) ADP (A%) (0.0010) (0.0055)
4c¢ (C) occupancy* - - - 1 (fixed) - 0.6303 -
(0.3)
0.0039 0.0054
2% - _ _ - -
4¢ (C) ADP (A7) (0.0010) (0.0014)
0.0164
2)% _ _ - - - -
24f (C) ADP (A?) 0.01)
0.3116
-position™ - - - - - -
24f (C) x-position (0.084)
0.37 0.57
N ) i i i i
Atom fraction (0.03) ©.11)
Coherent length (A)* - - - 12.9 (3.8) - 9.2 (2.5) -

To better understand the local atomic environment and separate the correlations related to the highly
defective crystal regions from the average crystal structure, small-box refinement was performed on the
PDFs from 1.2-15 A, a window that includes the entirety of the defective crystal extent determined in the
full PDF refinements while excluding average phase correlations outside the defect region coherent length

(Table 1). For the 0, 0.02, 0.1, and 0.5 dpa specimens, the PDF was fit well (R,, < 0.16) with the regular
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3C-SiC F43m model and the inclusion of a secondary component for the 0.1 and 0.5 dpa samples (0.5 dpa
refinements are shown in Fig. 2b for reference). No secondary phase was detected in the pristine and 0.02
dpa specimens’ PDFs, though increases in the ADPs indicate increasing defect populations and disorder.
The secondary phases were modelled with a modified, nanocrystalline F43m structure where carbon atoms
were allowed to occupy the octahedral interstitial position (Fig. 3a) through movement of carbon from their
normal sites, essentially modelling a carbon Frenkel pair. Multiple atomic sites within the silicon
octahedron were tested to determine the best approach to modelling carbon interstitials. A single position
at the 4b site (0.5, 0.5, 0.5) was fit to model a centrally located carbon interstitial (Fig. 3b). This approach
did not capture the pair correlations at ~2.3 A, which includes Si-C and C-C pair correlations between
regular lattice atoms and carbon interstitials [29], and resulted in the carbon interstitial having negative
ADPs of high magnitude, indicating the carbon interstitial lies too far from the surrounding silicon and
carbon atoms. Carbon interstitials are known to distort from the center of the silicon octahedra, close to two
16essites (1/3,1/3, 1/3) and (2/3, 2/3, 2/3) (Fig. 3¢), in order to maintain bonding to four other atoms [33,34].
Despite being located at more physically accurate positions, modelling the 16e sites resulted in unphysical
ADPs since this configuration places carbon atoms very close to other carbon atoms in the occupied 4c site
and does not fully capture the pair correlations represented by the peak at ~2.3 A. Placing the carbon
interstitials at the 24f'site (Fig. 3d), which is located at (x, 0.5, 0.5), resulted in the best fit to the data and
the most physically reasonable structure. Using the 24f'site configuration approximates the pair correlations
produced by carbon Frenkel pairs while avoiding the underbonding and overbonding produced by the two
previous models. The x-position of this site gives information on the average distortion of the carbon
interstitial from the center of the silicon cage and changes the position and shape of the peak at ~2.3 A. For
the 24fsite, a value of x = 0.5 places the interstitial at the center of the silicon octahedral cage; decreasing
the x-position shifts the carbon along <100> directions and closer to the surrounding silicon and carbon
atoms. In the 0.1 dpa sample, defects are extensive enough that a second distorted phase could be extracted,
but not in a high enough concentration that carbon interstitials could be refined within this phase. In
contrast, a significant amount of carbon Frenkel pairs can be fitted to the 0.5 dpa specimen’s PDF. The
refined x-position value of approximate 1/3 is evidence that the carbon interstitial is highly distorted from
the center of the silicon octahedral cage [33,34]. The amount of nanocrystalline phase is extensive at this
high dose level (57 at. %) and the interstitial 24f positions are approximately 6 % occupied, which equates
to ~1.48 carbon interstitials per unit cell. More than one interstitial per unit cell indicates that interstitial
clustering may be occurring at the 0.5 dpa dose level. Other configurations that included silicon interstitials
and antisite defects were tested but did not result in satisfactory fits to the data. It is likely these types of
defects are too low in concentration for PDF small-box refinements to directly model but are high enough

in concentration to impact the ADPs.
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(b)

Figure 3 (a) Carbon Frenkel pair in 3C-SiC where the carbon interstitial sits on the 4b Wyckoff equipoint
octahedral site. Silicon is gold spheres, carbon is gray spheres, and the interstitial and vacancy are
represented by red and black spheres, respectively. Silicon octahedron with (b) carbon interstitial at the
center 4b site, (c) with carbon interstitials in the octahedron faces at 16e sites along <111> directions,
and (d) with carbon interstitials at 24f sites along <100> directions.

The recovery of irradiation-induced defects in SiC accompanies recovery of the lattice swelling (see
Table 1). As the bond lengths change, the cohesive energy also changes, which could be a source of stored
energy release. An estimation of the influence of lattice relaxation on stored energy release was attempted
using the Tersoff potential [35]. The calculated changes in the cohesive energy are 4.5x10, 8.5x10-3, and
2.7 x1072 eV per bond for the 0.02, 0.1, and 0.5 dpa specimens, respectively, which corresponds to stored
energy changes of 0.4, 82, and 260 J/g, respectively. The lattice recovery contributed to only less than 20
% of the stored energy release shown in [5]. Therefore, it is expected that recombination of the Frenkel
pairs is a major source of the energy release. The ADPs quantitively determined from the PDF analysis are
a direct measure of the structural disorder present within the material [36-39], and can be used to track the
amount of disorder on both the carbon and silicon sublattices [12]. Deviations in their values are indications
that the local structure is different, and in the case described here, are sensitive to the number of vacancies,
slight static deviations from lattice sites, and antisite defects. Both ADPs for the silicon and carbon
sublattices systematically increase with increasing dose and, therefore, with increasing levels of defects.

The ADP parameters for the carbon sublattice are much larger than those for the silicon sublattice,
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indicating that the carbon sublattice is more disordered. This is in agreement with past works that show that
the carbon sublattice shows a higher vacancy concentration after irradiation damage; indeed, calculations
show that silicon defects are more energetically costly and make up a smaller fraction of the total defect
population (Snead et al. [5]). The stored energy and the recovery of the carbon sublattice have near identical
exponential behavior (Fig. 4). The recovery of the ADPs for the silicon and carbon sublattices, as
determined from the PDF refinements, highlight that the recombination of carbon defects is more dominant

than silicon defects during annealing.
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Figure 4 (a) Si and C sublattice atomic displacement parameters (ADPs) determined from the PDF
refinements for the as-irradiated and as-annealed specimens. (b) The stored energy measured as a
function of dose. Lines in (a) and (b) are exponential fits to the data.
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CONCLUSION

In summary, we have performed detailed XRD and PDF analysis of neutron irradiated SiC to quantify
the atomic and microstructural properties of as-irradiated and as-annealed specimens with doses prior to
the onset of the amorphization. The XRD and PDF results show that the atomic structure in the as-irradiated
samples is significantly perturbed due to a large fraction of vacancies and interstitial type defects. The large
defect populations introduced by neutron irradiation include point defects which increase in concentration
with increasing dose level, leading to the expanded lattice parameters and large atomic displacement
parameters. These defects reduce the coherent volume by shortening the width of the unperturbed crystal
regions and drive the emergence of an additional diffraction/scattering components with small coherent
volumes. Subsequent annealing leads to the removal of a large fraction of these point defects, and the
formation of some extended defects which manifest as larger microstrain values and smaller coherent grain
sizes compared to the unirradiated state. The analysis of the PDF data, incorporating a disordered
component with carbon interstitials at 24f sites along <100> directions, captures the additional correlation
peaks visible in the high dose specimens. The atomic displacement parameters quantified form the PDF
analysis demonstrate that the primary defects associated with damaged SiC are carbon vacancies and
interstitials, and that recovery of the microstructure and different sublattices is highly correlated to the
stored energy release, consistent with the initial postulation that the stored energy release in SiC is
dominated by the recovery of carbon-based defects. The combination of XRD and PDF represents a novel
strategy to determine the full spectrum of atomic and microstructural defects present in neutron irradiated
materials and has the potential to validate simulations of radiation damage in other materials of interest.
Finally, the impact of this work has broad implications in generating structure-property relationships in
neutron irradiated materials where generating connections between the atomistic and defect structures can

aid in understanding changes in macroscopic properties of interest.
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