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Abstract

This paper presents results on the microstructure and physical properties of SiC amorphized by both ion and neutron

irradiation. Speci®cally, 0.56 MeV Si ions have been implanted in single crystal 6H±SiC from ambient through >200°C

and the critical threshold for amorphization was measured as a function of the irradiation temperature. From a high

resolution transmission electron microscopy (HRTEM) study of the crystalline to amorphous transition region in these

materials, elongated pockets of amorphous material oriented parallel to the free surface are observed. Single crystal

6H±SiC and hot pressed and sintered 6H and 3C SiC were neutron irradiated at approximately 70°C to a dose of

�2.56 dpa causing complete amorphization. Property changes resulting from the crystal to amorphous transition in

SiC include a density decrease of 10.8%, a hardness decrease from 38.7 to 21.0 GPa, and a decrease in elastic modulus

from 528 to 292 GPa. Recrystallization of the amorphized, single crystal 6H±SiC appears to occur in two stages. In the

temperature range of �800±1000°C, crystallites nucleate and slowly grow. In the temperature range of 1125±1150°C

spontaneous nucleation and rapid growth of crystallites occur. It is further noted that amorphized 6H (alpha) SiC re-

crystallizes to highly faulted fcc (beta) SiC. Ó 1998 Published by Elsevier Science B.V. All rights reserved.

PACS: 61.80.Jh; 61.82.Ms
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1. Introduction

Silicon carbide possesses a range of interesting
physical properties which make it an attractive
material for applications ranging from heat en-
gines to electronic devices to nuclear systems.
For the latter two applications, the e�ects of dis-
placive radiation on the structure and ultimate ma-

terial performance are key issues. In particular, for
the processing of SiC devices, ambient temperature
implantation of dopant ions and their e�ects on
microstructure are of importance while the swell-
ing and mechanical properties of SiC subjected
to displacive neutron irradiation are important in
nuclear applications. In such irradiations the most
dramatic material and microstructural changes oc-
cur during irradiation at low temperatures. Specif-
ically, at temperatures under 100°C volumetric
swelling due to point defect induced strain has
been seen to reach 3% for neutron irradiation dos-
es of �0.1±0.5 [1,2]. At these low temperatures,
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amorphization of the SiC is also possible, which
would lead to a substantial volumetric expansion
of �15%, [3±5] along with decreases in mechanical
properties such as hardness and modulus [3,4,6].
Speci®cally, Snead et al. [6] found that the elastic
modulus for chemically vapor in®ltrated SiC de-
creased from 400 GPa in the unimplanted region
following 3 MeV carbon ion irradiation, to �275
GPa in the amorphized region. Likewise, the hard-
ness was seen to decrease from 41 GPa to 32 GPa.
Similar behavior has been recently reported by
other authors [5] for ion irradiated SiC.

Numerous studies [7±14] have shown that SiC
becomes amorphous during ion-beam irradiation
at temperatures between 77 K and room tempera-
ture for damage levels of approximately 0.1±0.5
dpa. The majority of studies relating to SiC
amorphization have utilized low-energy (<1
MeV) ion-beams [9±14], with a few researchers
studying the amorphization threshold using high
energy electrons [15±18]. These electron and ion ir-
radiation studies have typically been carried out at
temperatures between liquid nitrogen (77 K) and
470 K.

To date there has been no demonstration of
neutron induced amorphization of SiC, although
it is worth noting that there is a lack of low tem-
perature, high dose neutron irradiation data.
Amorphization was not observed in SiC irradiated
with ®ssion neutrons (damage rate �10ÿ7 dpa/s) at
�420 K to damage levels in excess of 1 dpa [19]. In
fact, there has been no demonstration of
amorphization caused by fast neutron displace-
ments in any ceramic material. While amorphizat-
ion has been demonstrated for neutron irradiated
quartz [20±22], the transition is due to radiolysis
rather than due to displaced atoms. Graphite has
also been claimed to amorphize under neutron ir-
radiation [23,24] at dose and temperatures <1
dpa and 200°C, though, as pointed out by Kelly
[25], the Raman spectra used as an indication for
amorphization is consistent with the formation
of in-plane edge dislocation dipoles. Another con-
vincing piece of evidence against the neutron
amorphization of graphite as quoted by previous
authors is that the dimensional change continues
to behave anisotropically above the dose levels of
apparent amorphization [25].

In the past 10 years there has been a growing in-
terest in the e�ect of irradiation temperature on
the amorphization of silicon carbide. Speci®cally,
Kinoshita [15] and Matsunaga [18] used 1 MeV
electron irradiation to measure the damage thresh-
old for amorphization from liquid nitrogen tem-
perature to room temperature. Inui [16,17,26] has
used 2 MeV TEM electrons and Weber [5,27±30]
has used a 1.5 MeV Xe beam in conjunction with
(non-damaging) TEM to perform in situ
amorphization studies. In all cases the critical
threshold for amorphization 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 amor-
phize SiC increases rapidly. In each case an appar-
ent asymptotic increase in the critical dose for
amorphization occurred, yielding a critical temper-
ature above which amorphization is apparently
not possible. The critical temperatures above
which amorphization does not occur has been re-
ported to range between 290 K and 340 K for elec-
trons, [16,17,26] �420 K for Si ions [31] and �490
K for Xe ions [5] with similar damage rates of
�1 ´ 10ÿ3 dpa/s. It is noted that both Weber
et al. [5,28] and Matsunaga's [18] work did not ob-
serve a signi®cant di�erence in amorphization
threshold between a and b SiC, whereas Inui re-
ported a threshold temperature �50 K lower for
a-SiC [17]. The b-SiC used in the study by Inui
and coworkers was heavily faulted, which may
have in¯uenced the amorphization behavior.

2. Experimental

The materials chosen for this study were Cree
Systems single crystal 6-H a-SiC, Cercom hot
pressed b-SiC, and Carborundum sintered a-SiC
(Hexoloy). Two ion beams were selected for im-
plantation in orientations both normal and paral-
lel to the basal plane. Speci®cally, both 3.0 MeV C
and 0.56 MeV Si ions were implanted as single
beams. The silicon beam was produced in the
NV-500 accelerator at the SMAC user facility at
ORNL, whereas the carbon ion beam was pro-
duced in the Triple Ion Beam Facility at ORNL.
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In both facilities, samples were heat-sinked to a
thermalizer block and temperatures measured
using thermocouples either in contact with the
thermalizer block or a backing to which the block
was clamped. Typical ion beam ¯uxes were
7.1 ´ 1011±2.6 ´ 1012 ion/cm2s, producing peak
displacement damage rates of �0.2 ´ 10ÿ3±
1 ´ 10ÿ3 dpa/s assuming a sublattice-averaged dis-
placement energy of 40 eV. Cross-sectional trans-
mission electron microscopy (TEM) was
performed on all samples. The determination of
amorphization was made by bright and dark ®eld
imaging and the presence of spot-free, di�use dif-
fraction patterns. The width of the buried amor-
phous layer was measured and compared with
the TRIM-92 [32] code to determine the critical
dose for amorphization. As the ¯uence was in-
creased from the values used in the calculation
the entire range of materials became amorphous.
A bene®t to the choice of relatively high ion beam
energies is that the beginning of the buried amor-
phous band (used in the threshold calculation)
was not in the ion implanted region of the sample.
All damage calculations were obtained assuming a
sublattice-averaged threshold displacement energy
of 40 eV. High resolution TEM was performed
with a JEOL 4000 EX microscope, while conven-
tional microscopy was performed using a Philips
CM-12 microscope. Samples prepared for micros-
copy were mechanically thinned and ion milled
with argon ions at 6 keV and 15° using a liquid-ni-
trogen-cooled stage during milling. After foil per-
foration, the specimens were milled at 3 keV, 9°
for 10 min at ambient temperature to reduce sur-
face amorphization associated with argon implan-
tation. X-ray di�raction was carried out using a
Rigaku rotating anode di�ractometer.

Three-millimeter diameter discs of Carborun-
dum sintered a-SiC (Hexoloy) and Cercom hot
pressed b-SiC were irradiated in the target region
of the High Flux Isotope Reactor in a thin-walled
aluminum capsule that was in direct contact with
the reactor coolant water, producing a specimen
irradiation temperature of �70°C. A second cap-
sule containing Cree single crystal 6H (alpha)
SiC was irradiated such that the samples were in
direct contact with the �60°C coolant water. The
fast neutron (E > 0.1 MeV) ¯uence was

�1.5 ´ 1026 mÿ2 corresponding to a displacement
level of �15 dpa for the sintered a-SiC and the
hot pressed b-SiC at a damage rate of �1 ´ 10ÿ6

dpa/s. The single crystal a-SiC was irradiated to
a dose of �2.6 dpa.

Specimen densities were obtained using density
gradient columns mixtures of tetrabromethane-
methylene iodide or ethylene bromide-bromoform
for the unirradiated and irradiated samples, res-
pectively. The accuracy of the measurement was
better than 0.001 g/cc and was found to be repro-
ducible in repeated measurements and consistent
for duplicate samples. Hardness and elastic modu-
lus were found using a NanoindentorTM-II with a
peak loading of 30 mN. All indentations were per-
formed using a constant loading rate of 1.5 mN/s
to a peak load of 30 mN.

3. Results and discussion

3.1. Amorphization under charged particle irradia-
tion

The temperature dependence for amorphization
of SiC has been measured by several researchers
[5,15±18,26,28±30] either by using irradiation fol-
lowed by TEM or Rutherford Backscattering
(RBS) observation, or by in situ techniques. For
the in situ approach, an irradiating beam is passed
through, or partially through, a thin section of ma-
terial with real-time observation of the microstruc-
tural evolution using TEM. Fig. 1 compares the
conventional (ex situ) data from the Si ion irradi-
ations of this study with the in situ data from Inui
[17] and Weber, all of which were obtained at a
damage rate near 1 ´ 10ÿ3 dpa/s. All of the data
in Fig. 5 have been plotted assuming an average
displacement energy of 40 eV. Inui [16,17,26] used
2 MeV electrons to both damage and image the
samples. Weber [5,28±31] used a 1.5 MeV Xe beam
in conjunction with TEM. In these examples Inui
found the amorphization dose threshold below
room temperature to be approximately 1 dpa for
a-SiC [17] and about 0.5 dpa for highly faulted
b-SiC [16]. Weber [28] found the amorphization
threshold near room temperature to be about 0.2
dpa for 1.5 MeV Xe ions.
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The results of Fig. 1 raise interesting questions
regarding the mechanism for amorphization in
SiC. Because amorphization has occurred under
electron irradiation it is apparent that the SiC crys-
tal, in the cubic or hexagonal form, can be made
amorphous by simple defect accumulation alone.
The Xe ions, which transfer much higher energies
to the lattice atoms than the electrons (or the Si
ions), are apparently capable of amorphizing SiC
to a much higher temperature than electrons at
the same damage rate. While the Xe ions will cause
relatively large cascades compared to Si ions, no
cascades can form for the low energy transfer elec-
tron irradiations. This supports the possibility of
amorphization beginning within cascade structures
which would also explain why the Xe ions produce
amorphization to a higher temperature than the Si
ions. Alternatively, it is possible that the heavier
Xe ions simply create a higher concentration of
``stable'' interstitials than the Si ions or electrons
on a dpa-normalized basis, thus driving the tem-
perature threshold higher. The qualitative aspects
of Fig. 1 can be explained if one considers that
the amorphization in SiC is due to free energy in-
creases associated with point defect accumulation

and chemical disordering [33]. Since the amount
of chemical disordering per dpa increases with in-
creasing primary knock-on atom (PKA) energy,
less displacement damage is required to produce
amorphization with heavy ions compared to elec-
trons at all temperatures.

A potential problem in comparing the
amorphization threshold data sets presented in
Fig. 1 is whether in situ measurements such as that
used by Inui and Weber [5,16,17,26,28±30,34] can
be directly compared with the ex situ measure-
ments of the present study. In other words, are
there technique-dependent e�ects occurring for
one or both types of amorphization measure-
ments. One example of an experimental artifact
is demonstrated by observing a series of high reso-
lution TEM images from the Si implanted, single
crystal b-SiC. In general, there is a fairly rapid
transition from crystalline material into the amor-
phous band. As expected from the damage gradi-
ent of the ion pro®le, [7] this transition region is
wider at the near-surface side of the amorphization
band compared to the end of the band (larger gra-
dient in damage.) Fig. 2 shows a HRTEM bright
®eld image of the crystalline to amorphous transi-
tion region at the end of the amorphous band for a
6H±SiC sample irradiated with Si ions normal to
the c-axis at 60°C. Of particular interest in this mi-
crograph are the shape and orientation of the
amorphous areas, which appear to form as island
structures with the major radii aligned parallel to
the surface of the specimen. This phenomenon
was observed in all amorphized specimens studied
at both the beginning and end of the amorphized
region from 60°C to 125°C for the Si ion irradiated
specimens. These anisotropic amorphous struc-
tures occur when the beam is injected normal to
the c-axis (as in Fig. 2) or parallel to the c-axis
and therefore is not a crystallographic orientation
phenomenon. Fig. 3 shows another bright ®eld mi-
crograph illustrating that the formation of these is-
lands occurs on a nanometer scale, eventually
growing and linking with other islands. A previous
study [7] has shown that these elongated amor-
phous islands occur at the front and back periph-
eral regions next to the buried amorphous bands in
both the temperature-independent and dependent
regime of the critical dose for amorphization.

Fig. 1. Temperature dependence on the critical amorphization

threshold for Si ion SiC.
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The anisotropic geometry of these islands rela-
tive to the surface of the specimens raises the ques-
tion of whether there is a strain e�ect on the
evolution of the amorphous structure. There is ob-

viously a large lattice strain induced in the crystal
to amorphous transition both from point defect
accumulation and the amorphous pockets. Also,
the presence of the free surface should a�ect the

Fig. 3. HRTEM of the amorphous island structure for Si ion irradiated SiC.

Fig. 2. HRTEM of the onset of amorphization in Si ion irradiated SiC.
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nature of the strain ®eld. The obvious question
from these results is whether the formation and
connection of the amorphous pockets are being af-
fected in a substantial way by this phenomenon. It
is possible that the tensile stress in the crystalline
regions adjacent to a buried amorphous (due to
the associated volumetric expansion upon
amorphization) could contribute to drive the sur-
rounding material amorphous. The presence of
the free surface would a�ect this strain ®eld and
possibly the amorphization threshold. In summary
it is speculated that the critical threshold for
amorphization, or the amorphization kinetics
may be di�erent in the in situ and ex situ tech-
niques due to stress-dependent phenomenon.

3.2. Amorphization under neutron irradiation

Neutron irradiated specimens were studied
using both TEM and X-ray di�raction analysis.
Fig. 4 shows an electron di�raction pattern for
the Cree 6H±SiC specimen that was irradiated in
contact with the HFIR coolant water to a dose
of �2.56 dpa. Note that �10°C temperature rise
above the coolant water is assumed as the irradia-
tion temperature. The di�raction pattern shown in
Fig. 4 shows di�use rings typical of amorphous
material. There was no indication of di�raction
spots anywhere in the sample and no contrast

was found in dark ®eld imaging. X-ray analysis
(performed on the sample prior to sample thinning
for TEM) showed no evidence of crystallinity.

3.3. Density, hardness and elastic modulus of
amorphous SiC

Mechanical properties such as density, elastic
modulus and hardness of amorphized single crys-
tal SiC have been previously estimated from mea-
surements of surface or buried amorphous layers
of ion beam irradiated material. Speci®cally, the
density has been inferred by surface step height
measurements [4,35,36] or by observing the in-
crease in total range with TEM [7,30,37,38], yield-
ing a density decrease ranging from about )22% to
)15%. The residual hardness (Hirr/Hunirr)
[30,35,36,39] and residual modulus (Eirr/Eunirr)
[30,39] have likewise ranged in the literature from
45% to 70% (relative hardness) and 70±76% (rela-
tive modulus.)

The measurement of physical properties of neu-
tron amorphized single crystal SiC has several ad-
vantages over the techniques required for ion
implanted samples. Speci®cally, the neutron amor-
phized sample is a bulk sample as compared to a
buried or surface amorphous layer previously
used. The density can therefore be made using very
accurate techniques such as the density gradient
column used in this study. For the 2.56 dpa irradi-
ated 6H±SiC the density was found to be 2.857 g/
cc, or a 10.8% reduction in density from the 3.204
g/cc unirradiated value. The uncertainty in the
measurement of density is approximately 0.001 g/
cc. The Carborundum sintered a-SiC (Hexoloy)
and Cercom hot pressed b-SiC irradiated in the
target region of the High Flux Isotope Reactor
had density changes of 11.1% and 10.1%, respec-
tively. These values, as well as the amorphized sin-
gle crystal values are substantially less than the
density changes estimated in previous ion beam
studies (i.e. a 15±22% reduction).

The bulk nature of the specimens also allows
measurement of elastic modulus and hardness
without concern for substrate e�ects. Using a Nan-
oindenter-II, as was used in some of the previous
ion beam studies [4,30,37], the measured hardness
of the neutron amorphized 6H±SiC decreasedFig. 4. Electron di�raction pattern of neutron amorphized SiC.
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from 38.7 � 2 to 21.0 � 1 GPa, while the elastic
modulus decreased from 528 � 14 to 292 � 5
GPa. This corresponds to a residual hardness
(Hirr/Hunirr) of 54 � 4% which is in rough agree-
ment with previous estimates. However, the
55 � 2% residual modulus is signi®cantly lower
than previous estimates obtained on ion-irradiated
specimens, which may be explained from sensing
of the higher modulus substrate. Also of interest
is that the hardness and modulus of CVD SiC
amorphized by 3 MeV carbon ions, were measured
with a Nanoindenter-I to be 32 and 275 GPa, res-
pectively, on a cross-sectioned specimen (where
crystalline substrate e�ects were minimized) [40].

3.4. Recrystallization of amorphous SiC

Several studies have been conducted over the
past 20 years investigating the recrystallization of
amorphized SiC [4,38,41] [42±48]. As has been
pointed out by McHargue in a recent review arti-
cles on ion implantation e�ects in SiC, [4] the re-
ported regrowth temperature for amorphous SiC
covers a wide range from 750°C to 1700°C. Vari-
ous techniques have been employed to study re-
crystallization including Raman spectroscopy,
cross-sectional TEM and RBS.

Fig. 5 shows an example of epitaxial regrowth
of SiC. In this ®gure a buried amorphous layer
of SiC has been formed by 3.0 MeV carbon ions
on CVD SiC. The as-implanted micrograph (left)
shows about an �0.35 lm buried amorphous layer
of SiC. As the temperature was raised to 1100°C

the apparent epitaxial regrowth of crystalline SiC
was observed to occur at amorphous edge closest
to the implanted surface, and within 5 min recrys-
tallization of the amorphous layer was nearly com-
plete. Following a 1250°C anneal for 1 h there was
no evidence of amorphous material remaining.

An obvious question for all of the recrystalliza-
tion studies performed on ion-irradiated SiC con-
cerns the possible roles of the implanted ions and
underlying crystalline material on the crystalliza-
tion kinetics. The neutron irradiations are advan-

Fig. 5. Epitaxial growth of SiC in a buried carbon ion beam amorphized SiC layer.

Fig. 6. Surface contamination-induced recrystallization of bulk

amorphous SiC.
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tageous for studying the recrystallization behavior
of amorphous SiC both because it is a bulk mate-
rial and because it is a relatively ``clean,'' impurity
free material. Fig. 6 shows the ®rst sign of recrys-
tallization in the in situ TEM annealing study for
the neutron amorphized SiC. This ®gure gives a
dark ®eld image of the amorphous material with
a few contrast points (indicated by white arrows)
nucleating after several minutes at 700°C.
Through-focus micrographs revealed them to be
surface crystallites and by comparison with micro-
graphs taken before the annealing began, were
matched with surface irregularities attributed to
contamination. As the temperature increased,
these nucleating sites grew slowly, but they did
not readily expand through the thickness of the
TEM foil.

Fig. 7 shows a bright ®eld image taken at 950°C
in a thicker region of greater foil thickness as com-
pared to Fig. 6. At temperatures above �800°C
crystallite growth occurred at widely spaced inter-
vals between which large, completely amorphous
areas remained. The nucleating crystal type has
not been identi®ed, though it is apparently highly
twinned perpendicular to its growth direction. Ob-
servation of a limited number of these star shaped
crystallites such as those shown in Fig. 7 were
made as a function of annealing time and temper-
ature. It was observed that the crystallites grew
slowly in the �800±1100°C temperature range
and that the crystallite size as a function of anneal-
ing temperature was approximately linear. How-
ever, in the annealing step between 1125 and
1150°C, the recrystallization kinetics appeared

much more rapid, with both faster growth of the
existing crystallites and spontaneous nucleation
throughout the amorphous material occurring.
Fig. 8 shows micrographs at the beginning (�1
min) and �7 min into the annealing at 1150°C.
Note that the white arrow indicates the same crys-
tallite in both micrographs. By comparing the two
images, the new recrystallized sites which appeared
between the existing crystallites are apparent. Fol-
lowing 30 min of annealing at 1150°C, no evidence
of amorphous material was found in a detailed ex-
amination of the sample. The di�raction rings of
this polycrystalline material were indexed to be be-
ta SiC (fcc). These general ®ndings corroborate the
more recent studies on recrystallization on ion-im-

Fig. 7. Bulk nucleation and growth in amorphous SiC.

Fig. 8. Spontaneous nucleation and rapid growth in amorphous SiC at 1150°C.
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planted specimens as reviewed by Heera [45],
though are signi®cantly di�erent from many of
the older references possibly due to suppression
or acceleration of crystallite nucleation due to im-
planted ion e�ects. However, more study is re-
quired to rule out thin-®lm e�ects on the
recrystallization temperature in the present in situ
annealing study. It was seen in this study that the
nucleating ``star'' crystallites began inside the
thicker regions of the foil. This may be due to
the higher probability of nucleating a crystal in
the larger volume, but may also indicate that the
foil surface is suppressing nucleation.

4. Conclusions

(1) A temperature dependent threshold for
amorphization for implanted 0.56 MeV silicon
ions of approximately 420 K exists, above which
amorphization at 1 ´ 10ÿ3 dpa/s will not occur.
This falls roughly between the �300 K threshold
temperature for point-defect producing electron ir-
radiation and the �500 K threshold temperature
for the heavily damaging xenon ions employed
by previous researchers.

(2) The observation of elongated amorphous is-
lands in the crystalline regions on both sides of the
amorphous band for the silicon ion-implanted sil-
icon carbide, which are independent of tempera-
ture and crystal orientation, suggests that a
strain e�ect is compromising the calculation of
threshold dose in bulk ion irradiated materials as
well as in situ ion irradiation experiments.

(3) The ®rst irrefutable demonstration of fast
neutron induced amorphization in ceramic materi-
als has been made. Speci®cally, at a fast neutron
dose equivalent to 2.56 dpa amorphized single
crystal a-SiC at an irradiating temperature and
¯ux of �70°C and 8 ´ 10ÿ7 dpa/s, respectively.

(4) Measurements taken on bulk amorphous
SiC have yielded accurate determination of materi-
al property changes occurring in the crystal to
amorphous transition. Speci®cally, the measured
properties for amorphized single crystal 6H SiC
are: density� 2.857 g/cc (10.8% swelling), elastic
modulus� 292 � 5 GPa and hardness� 21.0 � 1
GPa.

(5) Recrystallization studies of the neutron-irra-
diated high purity, amorphous SiC indicated that
recrystallization occurs in three stages. At the
low temperature stage, 700°C, nucleation of crys-
talline SiC occurs at surface contamination sites,
though does not appear to grow rapidly into the
bulk. At intermediate temperatures of �800±
1100°C, crystallites nucleate heterogeneously in
the bulk amorphous SiC and grow slowly with in-
creasing temperature. In the temperature range of
1125±1150°C spontaneous nucleation and rapid
growth of new crystallites occur uniformly in the
amorphous material. Following 30 min at
1150°C the material is completely crystalline.

(6) Crystalline hcp 6H a-SiC, which was amor-
phized under neutron irradiation, recrystallizes to
highly faulted fcc b-SiC.
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