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Composites formed by SiC fiber reinforcement of a SiC matrix are materials of
interest for use in high temperature, high strength, and high irradiation
condition applications. These materials have been considered for use in both
fusion and fission reactors due to their excellent physical and neutronic
properties. Recent attention has focused on such materials’ ability to act as
accident-tolerant fuel cladding in light water reactors. The work presented
herein studies the swelling behavior of these materials using a novel rapid
helium-ion implantation approach. Localized helium implantation was con-
ducted to a dose of 5 9 1017 ions/cm2 in fibers and matrix independently. The
results showed that the height increase measured using atom force microscopy
(AFM) was significantly less for the fibers than the matrix, potentially due to
their finer microstructure.

INTRODUCTION

The next generation of nuclear reactors and
plasma-facing components (PFCs) for fusion reac-
tors require structural materials that can withstand
the harsh operating environments. Hydrogen iso-
topes combine to form helium while emitting neu-
trons, inducing irradiation degradation of surfaces
of materials exposed to plasma in fusion reactors.1–3

In addition, n–a nuclear reactions can cause gener-
ation of helium within a large range of materials.1,3

Irradiation of materials generally increases their
hardness and decreases their fracture toughness.
Helium (He) specifically leads to formation of He
clusters and He-filled cavities (bubbles) within the
material, subsequently leading to volumetric swel-
ling, changes in mechanical, magnetic, or electronic
properties,4 blistering, and cracking that result in
material failure.5 Formation of bubbles in copper by
60-keV He-ion irradiation at a temperature of 20�C
was reported by Nelson early on,6 followed by
similar studies in other materials.2–4,7–9 It was
found that the critical dose for the onset of blistering
at room temperature was around
(6 ± 1) 9 1017 ions/cm2 for Cu, Mo, and W at dose
rates of 1015 ions/cm2-s to 1016 ions/cm2-s.9–11 The

maximum diameter of the blisters was 1 lm to
2 lm, with the blisters’ size increasing linearly with
the implantation energy.

Previous work on this topic is extensive and
continues today but has been proven to be time
consuming due to the fact that the materials in
question must be implanted in a large implanter or
accelerator with subsequent detailed TEM and
indentation work performed where the large sam-
ples are irradiated. The invention of the helium ion-
beam microscope (HIM) now allows nanometer-
sized helium implantations at specific regions of
interest, while one can observe the formation of
blisters and other dose effects in situ.12 Several
doses can be implanted in materials in one session
in short periods of time, even within the same grain,
since the device allows high-precision implantation.
Previous studies have shown that the HIM can be
used for helium implantation and leads to a rapid
high-throughput experimental approach that
enables fundamental understanding of He implan-
tation in various materials.11–14 Various techniques,
such as postimplantation atomic force microscopy
(AFM), transmission electron microscopy (TEM),
scanning electron microscopy (SEM), and nano-
indentation, have been used previously to correlate
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the swelling induced by 25-keV He irradiation and
their dose.11,15–17 It has been found that He doses
ranging from 1 9 1017 ions/cm2 to 1 9 1018 ions/cm2

can also form He superlattices in bulk material at
the temperature and dose conditions expected in
some fusion reactor materials.18,19

Use of SiC fiber/SiC matrix (SiCf/SiCm) material
has been considered for numerous nuclear applica-
tions.20–24 Its high strength at high temperatures
and low neutron cross-section coupled with a mod-
erate interaction with water or steam make it a good
candidate for accident-tolerant fuel for light water
reactors.3,20–24 Furthermore, its physical properties
lead to its consideration as first wall material for
fusion reactors.3,22

In this work, He-ion implantation in SiCf/SiCm

composite was studied by AFM. The goal of the
study is to evaluate experimentally how He implan-
tation affects the swelling as a function of the
helium ion dose in the fibers and matrix separately.

EXPERIMENTAL PROCEDURES

Due to its relevance to fusion and fission reactors,
SiCf/SiCm composite material was selected for this
study. This developmental composite material was
acquired from General Atomics, which produces the
matrix of the composite using chemical vapor
infiltration (CVI) with a two-dimensional (2D)
woven fiber structure. The fibers used in the
composite were SA3 fibers, the same material as
discussed in Refs.24,25. The SiCm was grown via CVI,
while the SiCf is a SA3 fiber containing both
graphite and SiC as a nanocomposite, as revealed
by previous characterization of this material.24,25

The nanocrystalline grain structure and residual
graphite in SA3 fibers are known from literature.26

Rectangular samples of each material with
dimensions of 10 mm 9 10 mm 9 2 mm were used
in the tests. The samples were polished using SiC
papers and 0.02-lm colloidal silica solution in a
VibroMetTM vibratory polisher machine to rough-
ness of less than 10 nm. The surface roughness was
quantified via atomic force microscopy (AFM) using
a Nanoscope IIIa prior to He implantation.

He-ion implantation was performed using a lesser
known technique via a HIM. The ORION HIM
allows precise implantation using a rastered helium
ion beam of< 1 nm in size.12 This technique allows
for novel rapid-throughput testing by implanting
small regions with different doses on the exact same

material in the same session, thereby mitigating
challenges in previous implantation experiments
and accelerating research. Previously, ion-beam
implantations were performed using broad ion
beams on relatively large, macroscale samples,
unless masking techniques were deployed. While
large samples can be created in this fashion, such
methods face difficulties when comparing unirradi-
ated and irradiated materials at different doses,
since seldom the exact same material and sample
can be used for comparison at different doses. Only
a lengthy process of iterating the sample between
testing and implantation multiple times permits
study of the effects of different doses on the same
sample. This process can be risky since sample
damage or loss may occur in between different
irradiation steps and instrument schedules. Fur-
thermore, many ion beam accelerators have a near-
Gaussian ion-beam current distribution, leading to
different beam conditions in each implantation step.
Deploying the ORION nanofab for the purpose of
He-ion implantation leads to accelerated data acqui-
sition over a wide dose range, with the limitation of
low-energy ions and small areas but the benefit that
numerous doses can be examined on the same
sample and in some cases on the same area of
interest. In these experiments, the ability to accu-
rately locate the implantation field was beneficial as
it enabled comparison of the effects of He implan-
tation on the matrix and fiber independently in one
session. Figure 1 illustrates the workflow of the
different He implantation steps using different
methods, excluding masking of samples.

In this set of experiments, the gallium-ion beam of
the ORION HIM was first used to mill trenches that
served as visual markers so that the implanted
areas could be located easily for subsequent char-
acterization of the sample by AFM.

Afterwards, the He+ beam of the ORION HIM was
used to implant 25-keV He ions at a temperature of
20�C into each sample at doses ranging from
5 9 1016 ions/cm2 to 5 9 1017 ions/cm2 (Fig. 2), at
a constant dose rate of (8.7 ± 1) 9 1014 ions/s-cm2.
These doses were chosen as they are an order of
magnitude above the threshold dose for formation of
helium bubbles.27 To vary the dose applied in each
implantation, the beam current was maintained at
� 110 pA while the duration of implantation was
varied. All implantations were carried out at room
temperature because the ORION nanofab at UC

Fig. 1. Characterization of different workflows leading to data generation of helium-ion implanted samples.
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Berkeley’s center for Quantitative Bio Science cur-
rently has no heating stage. The different doses in
the implantations are displayed in Fig. 2, as calcu-
lated using SRIM with displacement threshold
energy of 28 eV for carbon and 15 eV for silicon.

After implantation, the samples and the
implanted regions were investigated by AFM
(Nanoscope IIIa) to assess how the He implantation
affected the surface of the samples and the amount
of volumetric swelling.

RESULTS AND DISCUSSION

Figure 3 shows a three-dimensional (3D) view of a
20 lm 9 20 lm He-implanted field on SiCf/SiCm

composite material. The implantation field was
located on a cross-section of the sample so that both
fiber and matrix were exposed to the ion beam at the
same time. Several features can be observed from
this image. The entire implanted area rose above
the unimplanted surface. Step height measure-
ments revealed a step height of 18 mm to 22 nm
for the matrix and fiber material compared with the
unirradiated area. Furthermore, the fibers them-
selves contained a dimple in the middle before and
after irradiation, while the dimple depth was 35 nm
to 45 nm on the unimplanted region but � 70 nm in
the implanted region. However, such views of the
sample do not allow direct absolute measurements
of the swelling in relation to each other. Previous
work found similar dimples in SiC fibers due to the
fact that the center of the fiber contains a higher

concentration of carbon nanograins in between the
nanograined SiC grains and polishing removes the
softer area preferentially.24–26

Furthermore, Fig. 3b shows that rings around the
fiber are visible by AFM, as previously reported
using SEM and SEM-STEM.25

Whenever performing AFM measurements, great
attention must be given to surface finish and
surface preparation. Root-mean-square (RMS) mea-
surements showed that the RMS surface roughness
changed insignificantly after ion-beam irradiation,
from 6.4 nm in the unirradiated SiC matrix to
7.2 nm in the irradiated area. Such a minimal
change in the surface roughness of SiC after He
implantation has been seen in other studies.28

Further dose-dependent He-ion beam irradiations
were carried out on the material’s cross-section,
where the fibers are exposed lengthwise to the ion
beam; in this way, direct comparisons can be made.
Figure 4 illustrates this series of experiments where
SiC fibers embedded in the SiC matrix were subjected
to implantation from 5 9 1016 ions/cm2 to 5 9
1017 ions/cm2. It can be seen that the implanted
10 lm 9 10 lm square implants rose above the sur-
rounding surface due to the implantation. All images
are plotted on the same height scale of 200 nm, so it is
obvious that higher doses led to stronger height
increases. In addition, the plots use the same scale as
well to allow direct comparison between the different
doses. The plots on the side of the AFM scans are line
scans across the length axis of the implanted

Fig. 2. (a) Helium content as function of depth for the different doses
used in this work. (b) Damage profile and He distribution for 1017

ions/cm2.

Fig. 3. (a) 3D image of 30 lm 9 30 lm scan of implanted area. (b)
2D image of the fiber visible in figure (a) on a 12 lm 9 12 lm scale
with z-scale of 300 nm; faint rings around the fiber can be seen and
are marked in image (c), which shows a 2D image of a 5 lm 9 5 lm
scan of the same fiber with z-scale of 100 nm.
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material, enabling comparison of the height increase
from the original fiber axis on the same scale. The
fibers selected for analysis were those with widths
approximately equal to the diameter of the fiber, thus
one can assume that the cross-section was performed
through the middle of the fiber. Interestingly, despite
the higher carbon content in the middle of the fiber as
reported in literature,24–26 no difference in swelling
was found across the fiber width.

A similar analysis was performed on the matrix
component of the composite. The same three doses of
5 9 1016 ions/cm2, 1 9 1017 ions/cm2 and 5 9 1017

ions/cm2 were implanted in10 lm 9 10 lm fields onto
the material. The associated AFM images are shown
in Fig. 5 with the line scans. Since the entire sur-
rounding material is matrix material, it is expected
and found that the line scans can be performed in any
direction, in contrast to the fiber swelling measure-
ments described above. It can also be seen that the
swelling increaseswithdoseinthiscase.Allfiguresare
shown at the same height scale of 175 nm.

Figure 6 compares the average effect of helium
dose on the fiber versus the matrix, revealing that
the fiber swells significantly less (by nearly a factor

of two) in comparison with the matrix. At the
highest dose (5 9 1017 ions/cm2), the fiber swells by
only 30 nm while the matrix swells by 50 nm. A
dose versus height increase plot is shown in Fig. 5c.
One may speculate about this observation, and two
potential explanations can be considered: First, the
SiC matrix material is a fully dense material at this
length scale. Numerous previous publications have
clearly shown that the grains range from 100 nm to
micrometers in size, depending on the region one
looks at, with no pores between grains. The fibers,
however, show size of 100 nm to 200 nm, with
graphite in between, as previously reported.24–26

One may argue that this smaller grain structure of
the fibers enables accommodation of significantly
more helium in contrast to the larger matrix grains
due to the higher density of grain boundaries. The
second explanation is that a fiber containing more
carbon has a lower density, thus the ion beam can
penetrate deeper into the material, distributing the
same amount of helium through a deeper depth and
thereby reducing the real density of helium, with
bubbles staying in the nucleation than growth
phase, leading to less swelling. However, even large
amounts of carbon will not be able to change the
depth significantly enough to cause this potential
phenomenon. The reader is reminded that this work

Fig. 4. AFM scans of fibers implanted to different doses and
associated cross-section line scans. Three line scans at different
locations and the average are displayed: (a) 5 9 1016 ions/cm2, (b)
1 9 1017 ions/cm2, and (c) 5 9 1017 ions/cm2.

Fig. 5. AFM scans of SiCm implanted to different doses and
associated cross-section line scans. Three line scans at different
locations and the average are displayed: (a) 5 9 1016 ions/cm2, (b)
1 9 1017 ions/cm2, and (c) 5 9 1017 ions/cm2.
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features helium-induced swelling only, and not the
classical neutron-induced swelling that is primarily
based on displacement damage; the arguments
made here are solely focused on helium accommo-
dation within the material. Most data in the liter-
ature come from heavy-ion beam and neutron
irradiation studies.29–34 Although several studies
on helium implantation in SiC have been carried
out,35–38 not all were performed at room tempera-
ture and on the same polymorphs, and they do not
evaluate the swelling by AFM, making comparisons
with literature difficult. However, Leclerc et al.
studied swelling of SiC using 50-keV He ions in a
similar dose range (1 9 1016 ions/cm2 to
1 9 1017 ions/cm2).39 In that study, single crystals
of SiC with hexagonal crystal structure (4H-SiC)
showed a step height of 50 ± 10 nm for
5 9 1016 ions/cm2 and 60 ± 10 nm for
1 9 1017 ions/cm2. In the present study, however,
the matrix material swelled by � 30 nm for
5 9 1016 ions/cm2 and by � 38 nm for
1 9 1017 ions/cm2. This discrepancy can be
explained by several phenomenon: Firstly, in this
study, 25-keV He implantation was used, thus the
penetration depth is less, leading to less volume
affected and therefore less swelling. In addition, the
CVI SiCm in the composites used in this study has a
cubic (b-SiC) crystal structure, which could show
different behavior under helium implantation.

Using the same technique as described here,
chemical vapor deposition (CVD) SiC was implanted
with doses from 1 9 1016 ions/cm2 to 1 9 1018 ions/
cm2.17 While the step was not measured, it was
observed that the implantation fields did swell and
that the SiC was amorphized at a dose of
1 9 1017 ions/cm2. Such amorphization of SiC was
observed at doses of 1 9 1017 ions/cm2 and
greater.17 There is a large amount of work showing
that ion-beam irradiations will amorphize SiC,
which will decrease the density and cause some
increase in swelling.39–42 It is therefore expected
that, at the higher doses, the amorphization would
contribute to the swelling of the SiC. However, the
amount of swelling from amorphization is expected
to be minimal.

The first wall in a nuclear fusion device will
experience a tremendous amount of helium impacts.
Therefore, one may conclude that, based on swelling
considerations, the nonstoichiometric SiC fibers
would behave better than the CVI-produced matrix.
Of course, this comparison does not consider sput-
tering and erosion issues, or displacement damage,
which are different issues in an actual application.
One may speculate whether a nanosized SiC mate-
rial without graphite would behave optimally, com-
bining both the fine microstructure and
stoichiometry. In addition, the difference in swelling
between the fibers and matrix could affect the
overall behavior of the composite, as it is governed
by the interplay between the fibers and matrix.
Their different behaviors would cause a change in
this interplay that would affect the overall behavior
of the composite. The ability to independently
sample the effects of He implantation on different
phases in a material or components in a composite
will allow for better modeling and deeper under-
standing of the overall behavior.

CONCLUSION

1. A rapid-throughput helium implantation meth-
od using the ORION Nanofab HIM, in combina-
tion with AFM, is introduced to study SiCf/SiCm

composites.
2. The highly localized method employed here

enables separate study of the behavior of the
fibers versus the matrix without the need for
masks.

3. It is found that the SiC fibers swell significantly
less than the CVI-produced SiC matrix when
considering doses as high as 5 9 1017 ions/cm2.
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