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ARTICLE INFO ABSTRACT

Keywords: Evolution of microstructure and nanohardness of a new type of SiC¢/SiC composite under a 6 MeV Au ion
SiC¢/SiC composites irradiation up to 90 displacements per atom at 400 °C was studied. Scanning transmission electron microscopy
Microstructure

reveals that the irradiation has induced enrichment of carbon at the grain boundaries in the fibers. This is
attributed to the accumulation of C interstitials generated by the irradiation. The disappearance of {200} dif-
fraction ring of 3C-SiC indicates that a phase transition from 3C-SiC to Si has occurred during irradiation. In
addition, the hardness of SiC fiber increased after irradiation, which is due to the pinning effect caused by
irradiation-induced defects. The pyrolytic-carbon interphase that contains Si-rich nano-grains in the composite
has the highest irradiation tolerance as it maintained its basic morphology and graphitic nature after a radiation
damage dose up to 90 dpa. Twins are the main internal defects in the SiC matrix of the SiC¢/SiC composite, which
grew up and resulted in the decrease of the number of twinning boundaries under irradiation. No significant
microstructure change has been observed in the SiC matrix except a limited number of dislocation loops at the

Ion irradiation
Nanohardness

peak irradiation damage region. The entire matrix still maintained its hardness after irradiation.

1. Introduction

Due to its perfect high-temperature stability [1], creep resistance
[2], excellent irradiation resistance and low neutron capture cross-
section [3], silicon carbide (SiC) is known to be a promising material
used as the structural support components in TRISO nuclear fuel and
the next generation fuel cladding in advanced tolerant fuel [4,5]. As the
inherent low toughness problem of SiC, the SiC fiber-reinforced SiC
matrix (SiC¢/SiC) composite was developed as a fuel cladding material
[6-8].

A SiC¢/SiC composite usually consists of SiC fibers, pyrolytic carbon
(PyQ) interlayer and SiC matrix. The SiC matrix is usually deposited on
the SiC fiber surface by several methods, including chemical vapour
infiltration (CVI) [9,10], transient eutectic phase [11], melt infiltration
[12,13] and precursor infiltration and pyrolysis [14]. Among these
methods, CVI is considered as the best choice to produce very high

purity B-phase SiC, which has better radiation resistance than other
phases of SiC [15]. The commercially available Tyranno SA3 (TSA) and
Hi-Nicalon Type S (HNS) fibers both contain equiaxed grains with the
carbon precipitates at the grain boundaries and the size of the fiber
grains is more than 50 nm [1,16]. Weber [16] and Kondo [17] et al.
revealed that ion irradiation could induce the loss or annihilation of the
pre-existing carbon packets in the fibers resulting in the fiber shrinkage.
They proposed that the disappearing carbon entered the interior of the
SiC grains. The PyC interlayer that deposited outside the fibers are used
to enhance the dimensional stability of fibers [18] that remained stable
after 10 MeV Au ion irradiation [16]. Snead et al. found that the loss of
PyC interphase due to the neutron irradiation could lead to the de-
gradation of the mechanical properties of the fiber/matrix interface
[19]. In addition, the inter-diffusion enhanced by irradiation of silicon
atoms between the PyC and SiC was reported [17]. For unirradiated
SiC¢/SiC composite materials, previous studies have shown that the
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hardness of the SiC matrix is higher than that of the SiC fiber, which is
due to the existence of carbon packets [1,20]. In addition, previous
studies indicated that different SiC fiber types would have different
hardness changes after irradiation. For example, the hardness of 601-4
SiC fiber gradually decreased with increasing ion fluence, while the
hardness of Tyranno SA SiC fiber firstly increased and then decreased
with the increase of ion fluence [21].

As the overall properties of a composite are determined by the
properties of the constituents and interaction between them, it is ne-
cessary to evaluate the performances of the SiC¢/SiC composite before
and after irradiation. It has been one of the most interesting topics
nowadays to study irradiation effect on the performance of the SiC¢/SiC
composites. Compared with the previous studied SiC¢/SiC composites,
we studied a new type of SiC¢/SiC composite with different internal
microstructures. In this study, high-resolution scanning transmission
electron microscopy (STEM) observation and nanohardness tests were
made for the SiC¢/SiC composite before and after irradiation to corre-
late the relationship between hardness and microstructure.

2. Experimental

The SiC¢/SiC composite materials used in this study were prepared
by CVI process. Two-dimensional woven SiC fabrics were used for the
preparation of this material. The PyC, selected as fiber/matrix interface,
was deposited on the SiC fabric with a thickness about 150 nm. The SiC
matrix was deposited by CVI process using methyltrichlorosilane (MTS,
CH3SiCl3) and hydrogen as the precursors at a temperature of 1000 °C
with a pressure of 5 kPa. The molar ratio of MTS/H, was 10, and the
deposition time was 72 h for each CVI cycle.

For irradiation experiment, the composites were sliced into 1.5 mm
thick pieces perpendicular to the fiber axis using a diamond cutting
saw, followed by mechanical polishing with a 0.5 um diamond sand-
paper. The sample dimensions for irradiations were 3 mm X 10 mm x
1 mm. The irradiation experiment was performed in a multi-purpose
target chamber using a 3.0 MV tandem accelerator at the Ion Beam
Radiation Laboratory at the University of Michigan. The ion irradia-
tions were conducted using 6 MeV Au ions at 400 °C with the ion flu-
ences up to 2.5 x 10'% ions. cm 2. As it is known that about 90% of the
initially formed vacancies and interstitials recombine during im-
plantation as a consequence of the elevated implantation temperature
[22], the elevated implantation temperature is in order to minimize the
implantation damage and no amorphization is expected. The displace-
ment threshold energies of 35 eV and 20 eV for Si and C [23], re-
spectively, were set in the Stopping and Range of Ions in Matter (SRIM)
simulation software based on Full Damage Cascades mode. The mate-
rial density used in the SRIM calculations was 3.21 g/cm?®. The results
of the depth variation of damage and Au concentration are shown in
Fig. 1. Instead of using self-ions (Si* or C*), the irradiations were
performed with Au ions in this work. Apart from the relatively inert
nature, Au ions also produce substantially more damage per incident
ion. It is necessary to avoid implanting significant quantities of Si or C
ions into the sample, which would induce injected interstitial artifacts
[24] and affect the local elemental composition ratio and interfere with
the determination of any chemical intermixing or segregation under the
irradiation conditions. During the ion irradiation process, some parts of
the samples were sheltered by masks to leave the areas underneath
unirradiated for comparing to the irradiated ones.

The microstructure and composition were characterized by scan-
ning electron microscopy (SEM), and STEM with energy-dispersive X-
ray spectroscopy (EDS) and electron energy loss spectroscopy cap-
abilities. STEM specimens of less than 100 nm thick were prepared
using a focused ion beam (FIB) lift-out technique with a FEI Helios 650
Nanolab FIB/SEM instrument at Michigan Center for Materials
Characterization (MC?). The initial lift-outs were performed using
30 kV Ga ions with the current of 9.3 nA. During thinning, the energy
and current of Ga beam were progressively decreased to minimize
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Fig. 1. Depth variation of displacements per atom (dpa) and Au concentration
(at. %) in SiC after 2.5 x 10'® Au ions/cm? calculated by SRIM with Full
Damage Cascades mode.

milling induced damage. Final thinning was performed using 2 kV Ga
ions. Aberration corrected JEOL2100F TEM/STEM was utilized at
200 keV to characterize the FIB foils using conventional bright field
(BF), dark field (DF) and EELS techniques.

Hardness measurements were performed at room temperature using
a Hysitron TI950 Triboindenter. A standard transducer (maximum load
is 10 mN, maximum displacement is 5 um) with a Berkovich probe was
used for the tests. All the samples were tested with a load control mode
at the maximum load of 10 mN. Continuous hardness measurement was
set for the samples with a constant loading rate P/P = 0.05/s. For good
statistical analysis, each sample was indented with at least 15 indents
and the average data of the results were adopted.

3. Results and discussions

The general view of the polished surface of the SiC¢/SiC composite
sample is presented in Fig. 2(a), a SEM secondary electron image (SEI).
Many pores with different size are evident on the sample surface and
some fibers marked with red arrows are parallel to surface. Fig. 2(b)
presents a magnified SEI image giving a more detailed view of the fi-
bers, which are perpendicular to the surface with the average diameter
about 15 pm. At such a magnification, individual fibers can be easily
resolved, which enables the precise aiming at the regions of interest
(individual SiC fibers, SiC matrix or fiber coating regions) for micro-
mechanical testing and lifting out the TEM specimens by FIB. The dark
thin “halos” surrounding each fiber are pyrolytic carbon (PyC) inter-
layers. Outside the PyC interlayers, there are still multilayer SiC coat-
ings. SiC fibers are uniformly embedded in the SiC matrix.

Cross-section STEM images of the sample are shown in Fig. 3, which
present the microstructure inside the SiC¢/SiC composite clearly. In
Fig. 3(a), the leftmost side is the SiC fiber with the white contrast PyC
layer on its right side and the rightmost side is the SiC matrix. The SiC
coating area between them consists of multiple layers with different
contrast. Each area marked in Fig. 3(a) is consistent with the result of
EDS line scan analysis in Fig. 3(b). In Fig. 3(b), the widest black con-
trast area is the PyC layer, whose EDS data shows that this region is
mainly composed of carbon. Apart from the PyC layer, the EDS line
profile image shows that there are two interface locations showing a
significant reduction of the silicon composition, but the carbon content
does not change significantly. As the multiple layers in SiC coating area
were deposited in batches by CVI process, which resulted in that the
content of silicon in the interface junction is relatively lower than the
inside area of the coating. The relatively lower silicon content in the
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Fig. 2. SEM SEI images of the polished surface of SiC/SiC composite: (a) overview image; (b) enlarged image.

interface junction is due to the interruption between batches of the CVI
process. It can be seen from Fig. 3(b) that the compositions of SiC
coating and SiC matrix are very similar, but the content of silicon in SiC
fiber is relatively lower than SiC coating and SiC matrix. The SiC fiber
consists of nanocrystals; the SiC matrix consists of columnar crystals
parallelling to the surface; and the SiC coating consists of both nano-
crystals and columnar crystals.

3.1. The behavior of SiC fiber under irradiation

As shown in Fig. 4(a), the original SiC fiber has a nano-poly-
crystalline structure with the grain size ranging from 5 nm to 20 nm.
From the enlarged image of Fig. 4(b), the lattice structure is clearly
visible with some defects inside the grain, such as twins. The SiC fibers
were seen to still maintain its polycrystalline structure after irradiation
to 90 dpa with little change in grain size, as shown in Fig. 4(c). How-
ever, from the enlarged image Fig. 4(d) of the marked area in Fig. 4(c),
it can be seen that this black contrast area contains small grains. As
black contrast generally indicates that the grain orientation is just in the
direction of the crystal zone under bright-field condition [25], this
black contrast area might be originally a relatively larger grain and
grain refinement occurred during the ion irradiation process [26]. In
addition, we did not observe similar phenomenons in the non-irradiated
SiC fiber area. Meanwhile, the average size of the grains in the irra-
diated area and the unirradiated area were calculated about to be
12.1 += 1.6nmand 14.6 * 2.5 nm, respectively. More than 50 nano-
grains were analyzed, and all the grains were calculated and counted in
high-resolution images.

Fig. 5(a) is a BF images of the unirradiated area in SiC fiber and

Pt protect layer

Fig. 5(b) is the corresponding high angle annular dark-field (HAADF)
image of the same area in Fig. 5(a), which shows the Z-contrast of
materials [27]. In the SiC fiber-reinforced SiC matrix composite studied,
the white contrast represents a higher content of heavier element Si and
the black contrast represents a higher content of the lighter element C.
The grain boundaries are often associated with inclusions, one of which
is shown in Fig. 5(a) and (b) (HADDF mode, indicated by the red
arrow). These inclusions show black contrast in the HADDF images
implying enrichment of carbon [16]. However, different from the ob-
servations of previous reported SiC¢/SiC composites [28], the distribu-
tion of such inclusions in the current studied SiC;/SiC composite is more
uniform due to the different preparation processes and conditions.
Fig. 5(c) and (d) are HADDF images from the unirradiated and irra-
diated fiber areas, respectively. Although there are also a large amount
of black contrast areas in the unirradiated fibers (Fig. 5(c)), the contrast
of the black areas in the irradiated fibers is significantly darker and the
average size of these spots is also larger (Fig. 5(d)). This indicates that
more C atoms have migrated to the nano-grain boundaries during the
irradiation. The selected area electron diffraction (SAED) pattern shown
in Fig. 5(d) as an inset taken from the irradiated SiC fiber does not show
the 200 diffraction ring compared with that from the unirradiated SiC
fiber area shown in Fig. 5(c) as an inset. This indicates that atomic re-
arrangement has occurred during the ion irradiation process, i.e., the
zinc blende SiC structure has been transformed into a diamond struc-
ture resulting in the disappearance of the 200 diffraction ring, which is
due to the loss of carbon atoms (Detail analysis can be seen in the
supplemental file). The highlighted white spots that can be observed in
Fig. 5(d) are the implanted Au atom clusters. As the content of im-
planted Au ions was extremely low, they uniformly dispersed in the SiC

Fig. 3. STEM images of SiC¢/SiC composite: (a) Bright field; (b) ADF image with EDS line profiles overlapped.
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Fig. 4. STEM BF images of SiC fiber area: (a) unirradiated SiC fiber area; (b) an enlarged image of the marked area in (a); (c) irradiated SiC fiber area; (d) an enlarged

image of the marked area in (c).

matrix without aggregating to form large precipitates. Element map-
ping by EELS was performed from both the irradiated and unirradiated
samples, as shown in Fig. 6. It indicates the enrichment of C around the
nanocrystals increased significantly, while the content of C inside the
SiC nanocrystals seemed to decrease after irradiation in the fiber area.
As the displacement threshold energies of C is less than Si, so a large
number C interstitials were produced during the irradiation process.
The formation energy for the C vacancy-interstitial pair was established
to be 5.1 eV [29], while the migration energy for C interstitials has been
found to be about 1 eV (at least for positive and neutral charge states)
[30], which enables the C interstitials to migrate over large distances
before being trapped during the irradiation process. This might be the
reason why the C enriched at the boundaries of the nanocrystals after
irradiation. The evolution phenomenon of carbon packets in the studied
SiC¢/SiC composite after irradiation is different from the SiCy/SiC
composites with TSA and HNS fibers [1,16,18]. However, neutron ir-
radiations experiments for SiC;/SiC composites made by Perez-Berg-
quist et al. showed the similar results that a size increase of inter-
granular carbon packets in SiC¢/SiC composite made with HNS fibers
[31]. The grain size of SiC fibers in the current SiC¢/SiC composite is
about 10 nm, while the grain sizes of TSA and HNS fibers are more than
50 nm. It can be speculated that the grain size, the distribution and
density of carbon packets in the fiber might affect the migration and
aggregation of carbon during the ion irradiation in the SiC fibers.

3.2. The behavior of pyrolytic carbon under irradiation

PyC layer is about 150 nm thick, as shown in Fig. 3. Pyrolytic
carbon normally exists in the form of amorphous status [32] that should

show a homogenous contrast in STEM images. However, the STEM BF
image in Fig. 7(a) shows the formation of small crystal grains with few
nanometers in the PyC layer with some marked by red arrows. Fig. 7(b)
is a HAADF image from the same area in Fig. 7(a) showing bright
contrast areas, which are consistent with the small crystal particles in
Fig. 7(a). EDS element profiles across these areas show that such par-
ticles contain silicon element, which suggests that some small crystal
grains of SiC or Si are dispersed in the PyC layer. Some research results
indicated that radiation can enhance the inter-diffusion between the SiC
and carbon phases in SiC/SiC composite during the ions irradiation
process at 300 °C [33]. However, these bright contrast small particles
were also observed in the unirradiated area, which indicates that Si
element were mixed in the PyC layer during the sample preparation
process. Overall, it seemed that the ion irradiation has no significant
influence on the PyC layer.

3.3. The behavior of the SiC matrix under irradiation

Fig. 8(a) shows that the SiC Coating layer has multiple layers,
containing both nanocrystalline layers and columnar crystal layers. As
shown in the high resolution image in Fig. 8(b), the microstructure of
the nanocrystalline layer similar to that of the SiC fiber, consists of
nano-grains with average size about 5 nm. The columnar crystal layer is
mainly composed of 3C-SiC that grew along the [111] direction as the
high resolution image in Fig. 8(c) shown. It contains many nanotwins
and stacking faults. Such defects are corresponding to the elongation
phenomenon of the diffraction spots in Fig. 8(d). (Elongation is nor-
mally from stacking faults that are planar defects. Twining gives mir-
rored diffractions). In fact, both the irradiated and unirradiated areas
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Fig. 5. STEM images of the SiC fiber (a) BF image;
(b) HAADF image of the same area in (a); (c) HAADF
image of the unirradiated fiber area, and the inserted
image is the selected area electron diffraction pattern
of the unirradiated region; (d) HAADF image of the
irradiated fiber area, and the inserted image is the
selected area electron diffraction pattern of the ir-
radiated region.

Snm

Fig. 6. Dark-field STEM images of the SiC fiber: (a) irradiated area; (b) is the EELS mapping results of (a); (c) unirradiated area; (d) is the EELS mapping results of (c).
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Fig. 7. STEM images of irradiated area in PyC interlayer (a) BF; (b) HAADF.

show similar diffraction features, and the high resolution images from
these two areas both show that the original 3C-SiC columnar crystals
also have a considerable amount of twins and stacking faults, which
makes it difficult to explain whether the defects inside the columnar
3C-SiC grains were caused by irradiation.

As seen in Fig. 9(a), the SiC matrix is a complete polycrystalline
crystal structure consisting of columnar crystal grains with the length
ranging from 100 nm to 2000 nm and the height ranging from 20 nm to
200 nm. The defects inside the unirradiated grains are mainly the twins,
just as Fig. 9(b) shows, and each layer of twins contains only about 3
atomic layers. The SiC fiber matrix still maintained a complete poly-
crystalline crystal structure and the grain size did not change

Multilayer SiC
SiC fiber

Coating

200 nm

significantly after irradiation for 90 dpa as the lattice structure is clearly
visible. After ion irradiation, no significant microstructure changes
were observed in low magnification images, such as dislocation loops
[16] and voids [18]. However, from the high resolution image of
Fig. 9(c), except twinning boundaries, only several dislocations can be
observed, one of which is marked by red frame. Compared with the
original unirradiated 3C-SiC matrix grains, the thickness of the twin
layer increased after ion irradiation, which is marked by the double
arrow red line in Fig. 9(c). The average number of atomic layers con-
tained in each twin crystallization layer in the SiC grains in the irra-
diated and unirradiated areas were calculated to be 5 and 3, respec-
tively. More than 50 grains were analyzed. In fact, the twins can grow

Fig. 8. STEM BF images of the irradiated area in
multilayer SiC coating: (a) Overview image; (b) High
resolution image from the red frame outlined area in
(a); (b) High resolution image from the white frame
outlined area in (a); (d) SAED pattern from the
multilayer SiC Coating. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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Fig. 9. STEM BF images of the SiC matrix: (a) Overview image; (b) High resolution image of one SiC grain in unirradiated area; (c) and (d) are high resolution images

of two SiC grains in irradiated area, respectively.

up during the irradiation process due to the release of the energy of the
twinning boundaries [34]. In addition, only one edge-on dislocation
loop was found in this sample as shown in Fig. 9(d), which is located at
the peak damage area in SiC matrix. As there are a large number of
twinning boundaries inside the sample, which can absorb dislocations
as traps to prevent the formation of large dislocation loops [35]. In
addition, dislocation loops were only detected in the larger matrix
grains by Weber et al. [16], which revealed a potential role of grain size
on defect accumulation in SiC. So the small size of the matrix grains
inside this new type SiC¢/SiC composite along the vertical direction of
surface might also limit the growth and aggregation of defects. Overall,
it is difficult to form dislocation loops in this new type SiC¢/SiC com-
posite.

3.4. Nanohardness

The nanohardness of this SiC fiber-reinforced SiC matrix composites
before and after Au ion irradiation was also measured with the results
shown in Fig. 10. It can be seen from Fig. 10(a) that the depth of the
hardness test is about 130 nm and the deepest part of the irradiation
area is located at about 1300 nm (according to the SRIM simulation
results), which can greatly avoid not only the influence of surface
roughness, but also the impact of unirradiated area on the test results.
Fig. 10(b) clearly shows the hardness changes of different parts in this
SiC/SiC composite before and after irradiation. Before irradiation, the
hardness of SiC matrix is significantly higher than SiC fiber. After ir-
radiation, the hardness of the fiber has significantly increased while the
hardness of the matrix has reduced slightly, which can be considered to
remain unchanged due to the existence of measurement errors. In fact,

hardness is a complex property which involves both elastic and plastic
deformation, crack initiation and propagation, and the development of
new surfaces. Generally, hardness is dependent on the fabrication
process, composition, and the presence of impurities [36]. For uni-
rradiated SiC¢/SiC composite, one of the reasons why the hardness of
matrix is higher than the fiber can be expressed by the following for-
mula [37]:

H = Hy exp(—CV}) @

where H is the hardness of SiC in GPa; Hp is the hardness of a poly-
crystalline, high purity and very dense SiC material (assumed to be a
pore-free SiC material); C is a constant, and V,, is the porosity of the
material. As the fiber is a nano-polycrystalline structure while the
matrix is a columnar crystal structure with larger average grain size, so
the porosity of fiber is much higher than that of the matrix, which re-
sults in that the matrix has a higher hardness than the fiber. In addition,
the excess carbon in the form of inter-granular packets was proved that
it could reduce the hardness as impurities [1,16]. The significant
hardness increase of SiC fiber after irradiation can be attributed to the
pinning effect caused by irradiation-induced small point defects and
small defect clusters [38]. One the other hand, the Au atoms dissolved
in the SiC fiber might also have an effect on the hardness increase of the
SiC fiber after irradiation. The hardness of the SiC matrix did not
change significantly after irradiation, which is consistent with the
STEM results that the atomic structure was almost stable after ion ir-
radiation. The slight decrease in hardness of SiC matrix might be due to
the decrease of twinning boundaries induced by irradiation, and the
dislocation enhancement effect of irradiation is not sufficient to com-
pensate for the contribution of the reduction in the number of twins to
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Fig. 10. The average hardness of fiber and matrix in SiC fiber-reinforced SiC matrix composites before and after ion irradiation.
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4. Conclusions

The microstructure and nanohardness of a SiC¢/SiC composite be-
fore and after ion irradiation were studied. It was revealed that irra-
diation had induced the enrichment of carbon at the grain boundaries
in the fibers, which was due to reason that the C interstitials produced
by irradiation migrated to the grain boundaries and combined with the
original carbon packets. The disappearance of the {200} diffraction ring
after irradiation indicates that a phase transition from 3C-SiC to Si has
occurred due to the loss of C atoms in 3C-SiC. In addition, ion irra-
diation can lead to a significant radiation hardening effect in SiC fibers,
which is due to the pinning effect caused by irradiation-induced small
defect clusters. PyC interphase layer contains a large number of nano-
particles enriched in Si and irradiation had no significant effect on those
particles. SiC matrix consists of columnar crystal grains with the length
ranging from 100 nm to 2000 nm and the height ranging from 20 nm to
200 nm. Twins/stacking faculty are the main defects in matrix. lon ir-
radiation can lead to twin growth and thus a reduction in the number of
twin boundaries. After ion irradiation up to 90 dpa, only a few dis-
locations and dislocation loops have been observed in the peak damage
area in the SiC matrix. The hardness of SiC matrix did not change sig-
nificantly after irradiation, which is consistent with the STEM results.
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