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Abstract

This paper provides the properties of bulk stoichiometric silicon carbide which has been amorphized under neutron
irradiation. Both high purity single crystal hcp and high purity, highly faulted (cubic) chemically vapor deposited
(CVD) SiC were irradiated at approximately 60°C to a total fast neutron fluence of 2.6 x 10%° n/m?. Amorphization was
seen in both materials as evidenced by TEM, electron diffraction and X-ray diffraction techniques. Physical properties
for the amorphized single crystal material are reported including large changes in density (—10.8%), elastic modulus as
measured using a nanoindentation technique (—45%), hardness as measured by nanoindentation (—45%), and standard
Vickers hardness (—24%). Similar property changes are observed for the amorphized CVD SiC. Using measured
thermal conductivity data for the CVD SiC sample, the critical temperature for amorphization at this neutron dose and
flux, above which amorphization is not possible, is estimated to be greater than ~125°C. © 1999 Published by Elsevier

Science B.V. All rights reserved.

1. Introduction

Amorphization of silicon carbide has been studied in
support of fundamental materials science and in appli-
cation driven programs such as microelectronics. Several
research groups have shown that SiC becomes amor-
phous during ion-beam irradiation at temperatures be-
tween 77 K and room temperature for damage levels
equivalent to 0.1-0.5 displacements per atom (dpa)
[1-9]. Most of these amorphization studies have used
low-energy (<1 MeV) ion-beams [1,2,4-7], with a few
researchers using high energy electrons [10-13] to pro-
duce the SiC lattice damage.

Recent interest in SiC amorphization has focused on
the temperature dependence of the critical dose for
amorphization. In situ TEM observation of the critical
dose for amorphization as a function of irradiation
temperature has been studied using 2 MeV electrons,
[11-13] 360 keV argon or 1.5 MeV xenon ions [14-17].
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Zinkle and Snead have used 0.56 MeV silicon ions im-
planted into samples which were then prepared for TEM
observation [8,9,18]. In all of these studies, the threshold
for amorphization for single crystal SiC was measured
as a function of temperature. It was observed that there
is a temperature-independent amorphization dose at low
temperatures followed by a temperature above which
the damage level required to amorphize SiC increases
rapidly. In each case an apparent asymptotic increase in
the amorphization dose occurred, yielding a ‘critical
temperature’ above which amorphization appears im-
possible. This critical temperature has been reported to
range between 20°C and 70°C for electrons [11,12,19],
~150°C for Si ions [9,18] and ~220°C for Xe ions [15],
all with similar damage rates of ~1 x 1073 dpals. It is
noted that both Weber [14,15] and Matsunaga’s [10]
work did not observe a significant difference in
amorphization threshold between a- and B-SiC, whereas
Inui reported a threshold temperature ~50°C higher for
faulted B-SiC [12].

While amorphization has been demonstrated for a
number of ceramics using electron and ion irradiation,
there is very little information on neutron-induced ce-
ramic amorphization. There has been significant work
on the microstructural and physical properties of neu-
tron amorphized quartz [20-22], though this crystal to

0022-3115/99/$ — see front matter © 1999 Published by Elsevier Science B.V. All rights reserved.

PII: S0022-3115(99)00023-9



214 L.L. Snead, J.C. Hay | Journal of Nuclear Materials 273 (1999) 213-220

amorphous transition is due to radiolysis rather than
due to displaced atoms. Other silicates, such as beryl
(3Beo-Al,03;-6Si0,), garnet (Ca3Al,Si;0p,), topaz
(A12(OH),Si0,) and zircon (ZrSiO,), also amorphize by
radiolysis at neutron dose levels equivalent to ~0.6 dpa
[23]. Tt has also been claimed that graphite amorphizes
under neutron irradiation [24,25] at dose and tempera-
tures <1 dpa and 200°C, though, as pointed out by
Kelly [26], the Raman spectra used as an indication for
amorphization is consistent with the formation of in-
plane edge dislocation dipoles. Another convincing piece
of evidence against neutron induced amorphization of
graphite, as quoted by previous authors [24,25] is that
the dimensional change continues to behave anisotrop-
ically as the dose is increased above the apparent
amorphization dose [26]. Diamond, however, has been
shown to undergo amorphization during neutron bom-
bardment by several researchers [27-32]. Of interest for
diamond and the other amorphized ceramics is the large
associated density change. Specifically, the decrease in
density upon amorphization is 45% for diamond [27-
31], ~15% for quartz [20,33], >6.2% for beryl [23], >5.5
for garnet [23], and >9% for zircon [34]. This swelling
can be contrasted with the typical radiation-induced
point defect strain in crystalline ceramics of less than a
few percent [20].

As stated earlier, there has been no work demon-
strating neutron-induced amorphization of SiC. There
has been substantial work on the swelling, microstruc-
ture and mechanical properties of neutron irradiated
SiC, though the majority of this work has been at ele-
vated irradiation temperatures or at fluences apparently
too low to induce amorphization. Primak et al. [36] re-
ported irradiating single crystal 6H silicon carbide to
3 x 10* n/m? (fast) at ~30°C in the MTR. The maxi-
mum swelling measured using macroscopic means was
reported at 1.24%. Pravdyuk et al. [37] measured mac-
roscopic swelling and microscopic lattice expansion of
1.03% following irradiation to 7.2 x 10** n/m? at
~120°C for an unspecified neutron energy spectrum.
Other data have been generated at 140°C by Corelli et
al. [38] to 7.2 x 10** n/m?> (E > 1 MeV) which showed
approximately 0.5% swelling. It should be noted that
Corelli’s materials were hot pressed and contained bo-
ron and free silicon which affected the rate of swelling as
a function of neutron fluence. Above 200°C significant
data exists [36,39-45] to high doses in single crystal and
stoichiometric polycrystal forms of SiC which exhibit
two general trends. First, the swelling of SiC in the 200—
1000°C range saturates at a fast neutron fluence of ap-
proximately 1 x 10® n/m? (E > 0.1 MeV). Second, the
amount of swelling appears to linearly decrease with
increasing irradiation temperature and approaches zero
at 1000°C.

Physical properties such as density, hardness and
elastic modulus of amorphized single and polycrystalline

SiC have been previously estimated from measurements
of surface or buried amorphous layers produced by ion
beam irradiation. Specifically, the density has been in-
ferred by surface step height measurements [47-49], by
observing the increase in total range with TEM
[8,9,17,50], or by X-ray techniques [51,52], yielding a
density decrease ranging from about —22% to —15%.
The normalized hardness, defined as the ratio of the as-
irradiated  to  unirradiated hardness, (H/H,),
[17,48,49,53] and the normalized modulus (Ei/E,) [17,53]
for ion irradiated (amorphous) SiC have likewise ranged
in the literature from 45% to 76%, respectively.

2. Experimental

Samples of Cree Systems Inc. 6H alpha single crystal
SiC and Morton Advanced Materials CVD SiC were
used in this study. The single crystal SiC wafer was
purchased with an aluminium doping level of ~5 wppm.
All other impurities for the single crystal material were
in the wppb range. The CVD SiC is characterized as a
highly faulted 3C structure with all impurities, as mea-
sured by the manufacturer, in the ppb range with the
exception of titanium which is listed as 1.4 wppm. These
materials were irradiated in the HT-3 hydraulic rabbit
position of the High Flux Isotope Reactor at ORNL in
perforated aluminium capsules. The samples were irra-
diated in contact with ~53°C flowing coolant water at a
fast neutron flux of 7.8 x 10'® n/m?> s (E > 0.1 MeV) to a
total fluence of 2.6 x 10* n/m? (E > 0.1 MeV). This
fluence level is equal to a damage level of ~2.6 dpa,
assuming a displacement energy (E4) of 40 eV for both
the Si and C sublattices, while it is noted that Ey varies
widely in the literature [35]. The single crystal material
was irradiated as wafer fragments of 0.34 mm thickness.
The CVD SiC was irradiated as a 6-mm diameter, 10-
mm long cylinder.

Specimen densities were obtained with density gra-
dient columns using mixtures of tetrabromoethane-
methylene iodide or ethylene bromide-bromoform for
the unirradiated and irradiated samples, respectively.
The accuracy of the measurement was better than 0.001
g/cc and was found to be reproducible in repeated
measurements and consistent for duplicate samples. All
samples were immersed in hydrofluoric acid for a period
greater than 24 h to remove any surface silica prior to
measurement. Microindentation hardness and elastic
modulus were determined using a Nanoindentor™-I1
with a peak loading of 30 mN and a constant loading
rate of 1.5 mN/s. The CVD SiC sample was polished
with 1 pum diamond paste before indentation. A Buehler
Micromet 3 microhardness testing machine was used at
500 g and 1 kg loads to measure the Vickers hardness.
The two loads gave essentially the same hardness values.
Only the 1 kg load hardness data is reported here. In-
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dentation fracture toughness was found using cracks
produced with the Vickers indentor. TEM microscopy
was performed using a Philips CM-12 microscope on
samples which were mechanically thinned and ion-milled
with argon ions at 6 keV and an incident angle of 15°
using a liquid-nitrogen-cooled stage during milling. Af-
ter foil perforation, the specimens were milled at 3 keV
and 9° for 10 min at ambient temperature to reduce
surface amorphization associated with argon implanta-
tion. This procedure has been used extensively on
ion-implanted SiC and causes minimal surface
amorphization.

3. Results and discussion

3.1. Amorphization and disordering of SiC by neutron
irradiation

The materials in this study were taken to approxi-
mately an order of magnitude higher dose than the 30°C
irradiated materials of Ref. [36] mentioned in the in-
troduction. A volumetric change of 10.8% was found for
the single crystal material, which is substantially higher
than expected due to point defect accumulation. Both
single crystal and CVD SiC samples were examined by
TEM. Fig. 1 shows an electron diffraction pattern for
the single crystal specimen that was irradiated in contact
with the HFIR coolant water to a dose of 2.6 dpa. The
diffraction pattern shows diffuse rings typical of an
amorphous material. There was no indication of dif-
fraction spots anywhere in the sample and no contrast
was found during dark field imaging. X-ray analysis

(performed on the sample prior to sample thinning for
TEM) also showed no evidence of crystallinity [46]. A
separate paper analyzes the microstructure of this ma-
terial and the recrystallization kinetics determined by in
situ TEM annealing [46].

A substantial radial temperature gradient occurred
during irradiation of the 6 mm diameter CVD SiC cyl-
inder due to the constraint that the nuclear heat gener-
ated in the sample was removed through the sample
periphery. The periphery of the sample was in contact
with the ~53°C coolant water. The effect of this tem-
perature gradient, which will be discussed in some detail
in Section 3.3, was to create an amorphous periphery
around a crystalline core. Fig. 2 shows an electron dif-
fraction pattern taken approximately 1 mm from the
center of the 6 mm cylindrical sample. In this micro-
graph a combination of diffuse rings and crystalline
spots are seen. Dark field imaging in this area yielded
spot-reflections on the order of 10 nm in size. Near the
center of the sample both bright field images and dif-
fraction patterns were indistinguishable from those of
unirradiated material. While this is proof that the sam-
ple center remained crystalline, it is not sufficient evi-
dence to rule out the presence of small amorphous
islands within a crystalline matrix.

3.2. Physical properties of neutron amorphized SiC

3.2.1. Swelling

Property measurement of the bulk amorphous sam-
ples in this study offers several advantages over mea-
surement on the surface or buried layers associated with
ion beam amorphized SiC. For example, the density

Fig. 1. Electron diffraction pattern of single crystal alpha SiC
amorphized by 2.6 dpa neutron irradiation at ~60°C.

Fig. 2. Electron diffraction pattern of 2.6 dpa neutron irradi-
ated CVD SiC near the crystalline-amorphous transition.
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(swelling) can be measured with an uncertainty of
+0.001 g/cc using the density gradient column technique.
For the 2.6 dpa irradiated 6H single crystal SiC the
density was found to be 2.857 g/cm?, corresponding to a
10.8% reduction in density from the 3.204 g/cm? unir-
radiated value. It is interesting to note that Snead [9]
previously reported a similar decrease in density for hot
pressed B-SiC (—10.1% or 2.84 g/cm?) and sintered o-SiC
(—11.8% or 2.79 g/cm®) which were neutron irradiated to
a fluence of ~1.5 x 10°° m~2 (E > 0.1 MeV) at approx-
imately 70°C. However, since the volumetric swelling
from ion beam studies was reported to be 15-20%, it was
incorrectly assumed that these neutron irradiated sam-
ples were only discontinuously amorphous. The differ-
ence in amorphous density of hot pressed B-SiC and
sintered o-SiC materials and the amorphous density
found in this paper for amorphized single crystal a-SiC
(2.857 g/lem?) is thought to be due to the presence of
sintering aids (Si and B) in the hot pressed and sintered
materials.

The density of the CVD SiC sample was measured to
be 2.895 g/cm? yielding a density decrease of 9.62% from
the unirradiated value (3.203 g/cm?.) As discussed in the
previous section, the periphery of this 6 mm sample was
amorphous while the center appeared crystalline by
TEM. The measured density is therefore an averaged
density of a heterogeneous (crystalline plus amorphous)
sample.

3.2.2. Mechanical properties

The bulk nature of these specimens also allows
measurement of elastic modulus and hardness without
concern for underlying crystalline material influencing
the results (i.e. substrate effects). These substrate effects
are a common problem for the measurement of hardness
and elastic modulus from ion beam modified surface or
buried layers. While sensitive volume associated with
hardness is defined by the material plastically deformed
by the indentor, the elastic modulus as calculated from a
microindentation unloading curve [54] is an average
modulus integrated over a volume much larger than the
plastically deformed volume. For a semi-infinite medi-
um, Samuels and Mulhearn [55] have shown that the
elastic—plastic boundary extends hemispherically ap-
proximately 10 times the indent depth. For the 30 mN
load used in this study, this gives a plastically deformed
radius for the amorphous SiC (~170 nm contact depth)
of approximately 1.7 microns.

The mechanical properties of both unirradiated and
irradiated materials are summarized in Table 1. Using a
Nanoindentor-II, as was used in some of the previous
ion beam studies [9,17,47], the measured hardness of the
neutron amorphized 6H-SiC decreased from 38.7 *+ 2 to
21.0 = 1 GPa, while the elastic modulus decreased from
528 * 14 to 292 * 5 GPa. The errors quoted correspond
to *1 standard deviation. The normalized hardness

Table 1
Summary of measured properties for unirradiated and 2.6 dpa
SiC irradiated at ~60°C

Single crystal CVD SiC

SiC
H (GPa); Unirradiated 3872 362+ 1.2
Nano- 2.6 dpa 21.0x 1 234 %+ 0.6
indentor Hi/H e 54 £ 4% 64.6 = 3.8%
E (GPa); Unirradiated 528 + 14 500 = 11
Nano- 2.6 dpa 292 + 45 291+ 7.5
indentor HilH vy 55 £ 2% 58.2 £ 1.9%
H Unirradiated 2245 + 107 2330 + 80
(kg/mm?); 2.6 dpa 1708 + 35 1797 £ 75
Vickers Hi/H i 76 + 4% 77 + 4%
Density Unirradiated 3.204 3.203
(g/em?) 2.6 dpa 2.857 2.895¢2

(pirr - punirr)/punirr 10.8%

4 Only sample periphery amorphized. Data is not a bulk mea-
surement.

(Hiwo/ Hypire) 1s measured to be 54 * 4% which is in ap-
proximate agreement with  previous estimates
[17,48,49,53]. However, the 55 * 2% normalized modu-
lus is significantly lower than previous estimates ob-
tained on ion-irradiated specimens with the exception of
one study which used nanoindentation on a 3 MeV
carbon ion irradiated specimen prepared in cross section
[56]. This would suggest that substrate effects, which
would be minimized for cross-sectional indentation, and
eliminated for the bulk amorphous materials of this
study, were affecting previously reported elastic modulus
measurements.

At a 1 kg load the Vickers hardness for the unirra-
diated single crystal and CVD SiC was measured to be
2245 + 107 and 2330 + 80 kg/mm?, respectively. The
hardness of the Morton CVD SiC at 500 g loading was
2339 + 100 kg/mm? which agrees well with the manu-
facturer’s 500 g quoted hardness of 2500 kg/mm?. For
the single crystal and CVD SiC amorphized samples the
(1 kg) Vickers hardness was measured to be 1708 £ 35
and 1797 + 75 kg/mm?, respectively. This yields a nor-
malized residual Vickers hardness of 76 + 3.8% for the
single crystal material and 77 + 4.2% for the CVD SiC.
The indentation fracture toughness was calculated for
the unirradiated and amorphized single crystal SiC
sample using the Evans—Davis model [57] at a Vicker’s
load of 500 g. The average crack length from a series of
10 indents was used along with the Vicker’s hardness
data and the elastic modulus measured by microinden-
tation (using the Nanoindentor-II). The indentation
fracture toughness, K., was calculated to increase from
2.5 MPa/m'”? for the unirradiated material to 3.2 MPa/
m!/? for the amorphized SiC.

Figs. 3 and 4 give the hardness and modulus as
measured with the Nanoindentor-II along the radius of
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Fig. 4. Elastic modulus as a function of radius for the 2.6 dpa
neutron irradiated CVD SiC sample.

the 6 mm diameter CVD SiC sample. From Fig. 3 it is
seen that the hardness at the center of the sample (radial
distance of zero in figure) is somewhat scattered with
mean of 36.2 * 1.2 GPa which is in agreement with
measurements taken on unirradiated material. As the
indents move outward radially the hardness falls off
rapidly reaching a minimum of 23.4 + 0.6 GPa, or a
normalized hardness of approximately 64.6 + 3.8%. The
elastic modulus shows a similar trend decreasing from
375 £ 10.6 to 291 + 7.5 GPa. The errors in these cases
refer to 1 standard deviation at radii of 0-0.25 and 2.5-
3.0 mm, respectively.

The modulus measured at the center of the sample
(Fig. 4) is substantially lower than the 500 GPa modulus
measured on an unirradiated sample. Such a decrease in

elastic modulus is expected for neutron irradiated ce-
ramics [20]. Specifically, for the same Morton CVD SiC
material and measurement technique used in this study,
Osborne [58] reported an elastic modulus of ~420 GPa
for a 2x20® n/m?> (E>0.1 MeV) irradiation at
~150°C. It would be expected that for the higher dose
material in this study the point defect concentration
would be increased and the elastic modulus would be
lower. The normalized modulus for the amorphized SiC
using the 500+ 11 GPa unirradiated value is
58.2 + 1.9%. The scatter associated with the nanoin-
dentation measurement in Figs. 3 and 4 is due in part to
the intrinsic machine error and to sample surface
roughness. The larger scatter towards the center of the
specimen may be attributed to either indent position
with respect to crystal grain boundaries or the effect of
these grains on the surface finish. As the plastic depth of
the indentor was on the order of 200 nm, the small
crystallites as discussed in Section 3.1 should not have
contributed to the scatter.

3.3. Estimated critical amorphization temperature

As discussed in the introduction, the critical tem-
perature above which amorphization does not occur has
been reported to range between 20°C and 220°C
[9,11,12,15,18,19] for a damage rate of ~1 x 1073 dpals.
Below this temperature, the dose required to amorphize
SiC appears to approach a constant, although the
amorphization dose may be a function of the PKA en-
ergy transferred. For example Inui [11,12] reported a
threshold dose of 0.5-1.0 dpa for 2 MeV electron irra-
diation whereas Weber [15] reported a threshold dose of
0.2 dpa for 1.5 MeV Xe* ion irradiation. This can be
qualitatively explained if one considers that the
amorphization in SiC is due to free energy increases
associated with point defect accumulation and chemical
disordering [59]. Since the amount of chemical disor-
dering per dpa increases with increasing PKA energy,
less displacement damage is required to produce
amorphization with heavy ions as compared to electrons
at all temperatures.

An estimate of the critical temperature for
amorphization for fission neutrons can be found using
Figs. 3 and 4. From these plots, the point at which the
material transforms from crystalline to discontinuously
amorphous is at a radius of approximately 1 mm. At 2.6
dpa, for the fast neutron dose rate of ~8 x 1077 dpals,
this measured transition point defines the threshold
amorphization dose for that temperature.

The effect of neutron collisions in ceramics is, among
other things, to create lattice vacancies that serve as
phonon scattering centers which significantly reduce
thermal conductivity [8,9,18,60-62]. From a companion
irradiation experiment under identical conditions [63], it
is known that a damage level of 0.01 dpa at ~70°C does
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not cause amorphization. However, it reduces the room
temperature thermal conductivity from 2.56 to 0.31 W/
cm K. Irradiation to 0.1 dpa at ~300°C reduces the
thermal conductivity to 0.11 W/em K [63]. Knowing the
thermal conductivity as a function of fluence, a simple 1-
D thermal transport equation can be used with the
measured thermal conductivity data to determine the
sample internal temperature as a function of neutron
dose. Measured [63] and assumed thermal conductivities
are used to generate the curves of Fig. 5. The tempera-
ture of the periphery of the sample is taken to be 60°C,
to account for the 7°C calculated film temperature drop
between the sample edge and the ~53° coolant. At the
beginning of irradiation the room temperature thermal
conductivity (2.56 W/cm K) is quite high, resulting in a
negligible sample internal temperature gradient as seen
in the lower curve of Fig. 5. The remaining inset thermal
conductivity data are calculated from measured thermal
diffusivities [63] of materials irradiated at the same
conditions as the amorphized material of this study.
However, at 0.1 dpa the conductivity is assumed to be
0.1 W/cm K through comparison with a 0.1 dpa irra-
diation at 300°C which yielded 0.11 W/cm K. Also note
that room temperature thermal conductivity values are
used in Fig. 5. Using these room temperature thermal
conductivity values, which are slightly greater than the
thermal conductivities at temperature, will yield slightly
lower internal temperatures (~4%). Accurate data on
thermal conductivity as a function of both dose and
temperature for SiC is not yet available.

As the thermal conductivity of the 6 mm SiC sample
of this study degrades with irradiation the internal
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Fig. 5. Internal temperature as a function of dose for the neu-
tron irradiated CVD SiC sample.

temperature increases. At some damage level the pe-
riphery of the sample becomes amorphous and the
thermal conductivity further decreases to ~0.042 W/cm
K [63]. This measurement was on the incompletely
amorphized CVD SiC sample and most likely gave a
somewhat higher thermal conductivity than if the sam-
ple had been fully amorphous. A future measurement of
a fully amorphous sample is therefore desirable. As-
suming concentric cylinders with distinct thermal con-
ductivity for the crystalline and amorphous regions, the
upper curve of Fig. 5 defines the temperature profile for
the sample at 2.6 dpa. Assuming transition point from
crystalline to discontinuously amorphous material at 1
mm, yields an estimate for the temperature threshold for
this 2.6 dpa and ~8 x 1077 dpa/s irradiation. This
~125°C estimate is considered a lower limit for the
threshold amorphization temperature.

This value for the critical amorphization temperature
is in reasonable agreement with the ~150°C critical
amorphization temperature found by Zinkle [9,18] and
Snead [9,18] who used energetic silicon ions at 1 x 1073
dpa/s and is intermediate between the 20-70°C critical
temperature found using 2 MeV electrons [11,12,19] and
~220°C for 1.5 MeV Xe ions [15] also using a dis-
placement rate of 1 x 10~* dpa/s. The similarity with the
silicon ion and the dissimilarity with the electron and
xenon ion irradiations can be qualitatively explained
considering the nature of the cascades for the various
ions. The silicon ion PKA energy is roughly similar with
that imparted by an energetic neutron while the average
PKA energies for the xenon ion irradiations is sub-
stantially greater. Conversely, the electron can only
impart enough energy in an elastic collision with the Si
or C atoms to create simple Frenkel pairs. However,
other explanations exist for the difference in measured
amorphization temperature thresholds. As discussed
elsewhere [8], the Xenon and electron irradiation used
the ‘in situ” method where the amorphizing sample was
imaged on a thin TEM foil during irradiation. The sili-
con ion implantations were ‘ex situ’ measurements
where TEM samples were prepared following irradia-
tion. For both of these techniques the potential exists for
stress fields altering the results, while the in situ mea-
surement has the added potential complication of the
surface acting as a sink for migrating defects.

4. Conclusions

A clear demonstration of the amorphization of sili-
con carbide caused by the elastic collisions of fast neu-
trons has been made. Due to the bulk nature of the
amorphized material accurate data can be obtained on
certain mechanical properties and compared with data
from previous ion-beam irradiations. While the hardness
data generated in this study falls within the somewhat
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wide range in hardness values previously reported, both
the previously reported density and elastic modulus of
amorphized SiC appear to be substantially different
from the actual values. High purity single crystal alpha
SiC and high purity polycrystalline beta SiC irradiated
to 2.6 dpa at ~60°C have transformed from the crys-
talline state with a density of 3.203 £ 0.001 to an
amorphous state with 10.8% lower density. Using a
nanoindentation technique the normalized hardnesses
for the single crystal and polycrystalline material are
about 54% and 65% of the unirradiated values, respec-
tively, while the normalized elastic modulii are about
55% and 58%, respectively. Vickers normalized hardness
was ~76% for amorphous single and polycrystal mate-
rial. An increase in the indentation fracture toughness
from 2.5 to 3.2 MPa/m'/? is also observed upon SiC
amorphization. Using measured values of thermal con-
ductivity for irradiated crystalline SiC and the amor-
phized SiC the lower limit for the threshold temperature
for amorphization of SiC by fission neutrons at 2.6 dpa
and ~8 x 1077 dpa/s was estimated to be ~125°C. This
estimate is in reasonable agreement with previous silicon
ion irradiations.
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