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Abstract Micro-scale material testing techniques (e.g.,
nanoindentation, micropillar compression, etc.) have been
developed and applied for the evaluation of radiation effects
on the mechanical properties of nuclear reactor materials.
These techniques can measure the mechanical properties
from small volumes, which can be beneficial in the investi-
gation of both neutron and ion-irradiated materials. In this
study, we evaluated the compressive fracture strength of
ion-irradiated silicon carbide (SiC) using micropillar com-
pression tests. SiC and SiC-based composites are considered
as candidate materials for micro electronics, sensors, and
various components in next-generation reactors. Micropil-
lars with a nominal diameter of 0.65 μm were fabricated on
a monolithic polycrystalline cubic SiC plate using a lithog-
raphy and plasma etching technique. Half of the total micro-
pillars were irradiated with Si2+ ions. The SiC micropillars
were uniaxially compressed using a flat diamond punch. A
finite element model was used to compute the elastic stress
state of the pillar. The results showed irradiation-induced
strengthening, which is consistent with other investigations.
In addition, plastic deformation of SiC at room temperature
was observed. A slip was found to occur on {111} planes
from a cross-sectional transmission electron microscopy
observation. The micropillar tests are expected to

significantly contribute to the study of irradiation and size
effect on the mechanical properties of ceramic materials to
be used in a radiation environment.
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Introduction

Nuclear application provides a particular challenging envi-
ronment for materials. Material properties are gradually
changing as the radiation damage accumulates under the
influence of neutron irradiation [1]. The degradation of the
mechanical property is one of the key issues determining the
safety and performance of structural nuclear materials. Eval-
uation of the mechanical property changes is a requisite to
ensure the reliability of materials used in currently operating
nuclear systems and to screen materials for advanced reactor
systems.

The prime way to evaluate the irradiation effects is to
irradiate materials and perform mechanical tests under the
same conditions under which the materials are expected to
be in service. However, mechanical tests of bulk neutron-
irradiated specimens are time- and cost-intensive tasks be-
cause the handling of the highly radioactive materials
caused by neutron irradiation is difficult and requires high
expenses both in time and money. The tests of nuclear
materials developed for use in high-dose radiation exposure
are more restricted because of the limited capabilities of
currently available irradiation facilities. These limitations
prohibit the effective evaluation and understanding of the
degradation mechanisms.

Heavy ion irradiation was developed for the purpose of
emulating the effect of neutrons without activating materi-
als, and hence expected to overcome the difficulties of
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handling radioactive materials present in neutron irradiation.
Moreover, ion irradiation provides flexibility in varying
irradiation conditions such as dose, dose rate, and radiation
temperature. Hence, there are significant advantages to use
ion irradiation in studying the underlying physical mecha-
nisms of radiation damage. However, questions still remain
concerning the conditions required for ion irradiation to
yield the same measure of radiation effect as that for neutron
irradiation [1]. Another limitation of ion irradiation is a
small-irradiated volume owing to the limited penetration
depth of ions in the micrometer ranges. A special testing
technique is thus required to obtain mechanical data from
this small volume.

Nanoindentation tests have been widely used to evaluate
the mechanical properties of an ion irradiated surface layer
[2–4]. Although the experiment is easy to apply, the inter-
pretation of the experimental data is difficult because of the
complicated geometries involved in both ion-irradiated
damage profile and indentation, i.e., complex stress state
and plastic zone under the indenter [4].

There have been recent attempts to adopt micropillar
compression tests to overcome a complex stress state gen-
erated under a sharp tip indentation. In micropillar compres-
sion tests, pillars with micron to submicron sizes are
uniaxially compressed using a flat punch tip [5]; hence, a
much simpler stress state without stress gradients is gener-
ated compared to nanoindentation. This methodology has
been applied to study the effect of irradiation on the defor-
mation behavior of ion irradiated pillars of nuclear steels
[6–8], single crystal copper [9] and metallic glasses [10],
which were fabricated by focused ion beam (FIB) milling.

A micropillar test can be a promising technique for
application in studying the irradiation effects on nuclear
materials by overcoming the main limitation of both the
neutron and ion irradiation mentioned above. Radioactivity
can be minimized by a reduced sample size, and the cost in
the handling of radioactive materials can be lowered as a
result. The mechanical properties of the ion-irradiated re-
gion can be evaluated by fabricating pillars within the lo-
cally damaged volume. The results of the previous works
[6–8] are encouraging since they show that the yield
strengths of nuclear steels evaluated by the micropillar tests
are comparable with those measured by macroscopic tensile
tests. Further detailed researches need to be performed to
develop this technique to its fullest capability.

In the present work, we are attempting to apply micro-
pillar tests to characterize the mechanical properties of ion-
irradiated ceramic nuclear material. Recently, the deforma-
tion of ceramic materials, i.e. MgAl2O4 [11], MgO [12] and
SiC [13], has been investigated by micropillar compression
tests. The effect of irradiation on the fracture strength of
silicon carbide (SiC) is evaluated. SiC and its composites
are candidate materials for next-generation reactors and

fusion power systems [14–16]. SiC has excellent high-
temperature physical, thermal, mechanical properties and
good corrosion resistance. SiC is considered as the primary
structural barrier material for tri-structural isotropic coated
fuel particles and structural materials for fusion reactors. For
this reason, the strength and statistical variation in strength
are important factors in determining the performance of SiC
components. However, a precise description of the effect of
irradiation on the statistics of failure of SiC is not yet
possible using neutron irradiation owing to a limited range
of conditions and difficulty in handling irradiated material
[15]. Hence, the experimental method developed in this
study is expected to contribute to an understanding of the
material response after irradiation.

A method to fabricate a large number of SiC pillars with
an identical geometry was devised to characterize the statis-
tical behavior of fracture strength of the brittle ceramic
material. The microcompression tests were performed on
SiC pillars before and after ion irradiation using a nano-
indenter equipped with a flat punch tip. Sample preparations
of SiC micropillars along with ion irradiation will be de-
tailed in the ‘Experimental Procedure’ section. A finite
element method (FEM) was performed to analyze the stress
state of compressed SiC pillar. The microstructures of ion
irradiated and deformed SiC pillars were characterized using
transmission electron microscopy (TEM). The irradiation
effect on the compressive fracture strength is reported and
discussed by a comparison with the flexural strengths of
identical materials irradiated with neutrons reported in the
literature [17, 18].

Experimental Procedure

A plate of 10×10 mm2 and 1 mm thickness was cut from
commercially available chemically vapor deposited (CVD)
3C-SiC (Morgan Advanced Ceramics Inc., CVD Materials,
NH, USA). The normal of the plate was parallel to the CVD
growth direction. The grains were columnar-shaped, and the
size ranged from 1 μm to 10 μm [13]. Electron back scat-
tered diffraction measurements showed the grains were
preferentially oriented along the <110> direction [13]. The
surface of the SiC plate was carefully polished, and cleaned
in a solution of H2SO4:H2O203:1 at a temperature of 80 °C.
SiC micropillars were fabricated on the surface of the plate
using lithography and the inductively coupled plasma (ICP)
etching technique described below.

A schematic illustration of the fabrication procedure is
shown in Fig. 1. A polymethylmethacrylate (PMMA) resist
500 nm thick was spun onto the plate and baked (Fig. 1(a)).
The PMMA thin film was then patterned by electron beam
lithography, and developed in a developer (Fig. 1(b)). Chro-
mium (Cr) 30 nm thick and nickel (Ni) 450 nm thick were
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deposited onto the developed PMMA film (Fig. 1(c)). The
Cr layer was used to improve the adhesion of Ni to SiC.
These metal films were used as the etch cap for the follow-
ing ICP etching. The remaining resists were removed after
metal deposition, and dry etching was performed in an ICP
Etcher (ICP 380, Oxford System) (Fig. 1(d)). A mixture of
SF6 and O2 gases was used at a gas flow rate of 45 and
5 sccm, respectively. The etching rate was 5 nm/s at a
chamber pressure of 10 mTorr, ICP coil power of
2,000 W, and bias voltage of 10 mTorr. After ICP etching,
the etch cap metal was removed in the Cr etchant at room
temperature. Figure 1(f) shows a schematic cut of a pattern
consisting of a pillar within an outer ring. The 40 μm
diameter outer ring was fabricated to recognize the position
of a pillar in the optical microscope of the nanoindenter.

Figure 2(a) shows an overview of 6×4 etched patterns. A
scanning electron microscopy (SEM) micrograph of a tilted
pattern is shown in Fig. 2(b). The height of the pillar was
1.37 μm. The diameter at the top, middle, and bottom of the
pillar was measured to be 0.60, 0.65, and 1.06 μm (Fig. 2
(c)). The height/mid-diameter aspect ratio was 2.1. Figure 2
(d) shows a pillar after the ion-irradiation described below.
The shape and surface morphology of the pillars were un-
changed owing to the irradiation.

Cross-sectional TEM specimens of SiC micropillars were
prepared using a lift-out technique [19] in a dual-beam FIB
system (Helios NanoLab, FEI). Figure 3 shows the prepa-
ration procedure. The pillar of interest was identified in the
FIB system and coated with Platinum to prevent any damage
during ion milling, as shown in Fig. 3(a). Both sides of the

Fig. 1 Schematic diagram of the SiC micropillar fabrication proce-
dure, (a) Coat PMMA resist, (b) Electron beam lithography and
development, (c) Metal deposition, (d) Remove resist and ICP etching,
(e) Remove metal, (f) Cross-cut of SiC pillar and an outer ring

Fig. 2 (a) An overview of ICP
etched 6×4 patterns, (b) A rep-
resentative SiC pillar within a
40 μm diameter ring, (c) Close-
up of SiC pillar before ion-
irradiation, (d) Close-up of SiC
pillar after ion-irradiation
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pillar were milled with staircase-shaped cuts as shown in
Fig. 3(b). The base of the cross-section of the specimen was
cut (Fig. 3(c)) and the specimen was lifted out (Fig. 3(d)). The
specimen was placed onto a TEM support and thinned for
electron transparency (Fig. 3(e)). The milling condition for
shaping of the specimens was 0.92 nA at 30 kV, and the final
milling condition of 21 pA at 5 kVwas applied for this milling
process. The specimen investigated using a TEM (JEM-
2100F, JEOL) is shown in Fig. 3(f).

The fabricated SiC micropillars were irradiated by Si2+

ions with an acceleration energy of 5.4 MeV using the DuET
(multiple Beams-Material Interaction Research) facility at
the Institute of Advanced Energy, Kyoto University [20].
The irradiation was performed in a vacuum (2.10×10−5Pa)
at a temperature of 673 K. The temperature was monitored
by an infrared thermometer, and the deviation was ±1 K
during irradiation. The displacement damage and deposited
Si concentration profiles were calculated using the SRIM
code [21] using a displacement threshold energy of 35 eV
[22]. The profiles are shown in Fig. 4. The calculated peak

damage was ~14 dpa at a depth of 2.14 μm. The peak
deposited Si concentration was 1.9 at.% at a slightly deeper
location of 2.24 μm. The inset in Fig. 4 shows the profiles
overlaid on the cross-sectional TEM micrograph of the SiC
pillar. As shown in the inset, silicon ions penetrate through
the pillar and stop below the base of the pillar, hence the
pillar is free of the influence of deposited silicon ions. Note
that the damage showed a rather flat profile from the top
surface to the half of the pillar height, and the corresponding
dose level was within 0.8–1.5 dpa.

A nanoindenter (MTS XP, Nano Instruments) was
used to uniaxially compress the micropillars with a
flat-ended conical diamond punch. The nominal diame-
ter of the punch was 15 μm. The pillars were com-
pressed with a nominally constant displacement rate of
5 nm/s. The strain rate was on the order of 3.6×10−3/s.
The nanoindenter used in this study was inherently a
load-controlled system; hence, the prescribed displace-
ment rate was achieved by controlling the displacement
via feedback from the load signal [23].

Fig. 3 Preparation of a cross-
section specimen (a) deposition
of Platinum over the pillar of
interest, (b) staircase cuts of both
sides, (c) cutting at the base of
cross-section specimen, (d) lift-
out of cross-section specimen,
(e) attaching to a TEM support
and thinning of the specimen, (f)
TEM micrograph of the
specimen
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Results and Discussion

The stress–strain curves were calculated from the load and
displacement data recorded during the microcompression
tests. The SiC micropillars were not a perfect cylindrical
shape, but possessed a taper as is shown in Fig. 2. Hence,
the stress–strain is not nominally uniaxial, and the obvious
conversion of the measured load–displacement data into the
stress–strain curve is questionable. In order to see the influ-
ence of specimen geometry on the mechanical response,
finite element simulations of the elastic compression of the
pillars were performed with the Ansys code. The geometry
of the SiC pillar was taken from the cross-sectional TEM
observation (Fig. 3(f)).

Figure 5(a) shows a typical mesh of a SiC pillar and an
indenter, which was modeled as axisymmetric, and bound-
ary conditions. Young’s modulus and the Poisson ratio were
1,141 GPa and 0.07 for diamond [24], and 460 GPa and
0.21 for SiC [15]. The indenter was moved downward and
the pillar was compressed by 100 nm. The contact between
indenter and pillar was modeled to be frictional with a
friction coefficient of 0.3.

Figure 5(b) shows the plot of normal stress along the pillar
height direction. The stress was heterogeneous and the top-
most part of the pillar was mostly stressed owing to the small-
est diameter. In the case of a perfectly cylindrical pillar with
the same top diameter, the stress was rather homogeneous
throughout the pillar, as shown in Fig. 5(c). The reaction
forces calculated at the top of the indenter were 5.66 mN
and 4.06 mN for the geometries in Fig. 5(b) and (c),

respectively. The question rises in how correctly the elastic
stress–strain behavior can be estimated from the measured
reaction forces using the usual equations to compute stresses
(load/area) and strains (displacement/height).

For the perfectly cylindrical pillar, the stress was calcu-
lated to be 24.83 GPa (04.06 mN/(0.228 μm)2/π). To cal-
culate the strain, the measured displacement needs to be
corrected since the pillar sinks in the base material and the
indenter is elastically deformed. The sink-in was calculated
using Sneddon’s solution [25, 26], which was corrected as
follows:

hcorrected ¼ hmeasured � 1� n2

E

Pmeasured

Dbottom

� �
� 1� n2i

Ei

Pmeasured

Dtop

� �

ð1Þ

,where the measured load and displacement are denoted by
Pmeasured and hmeasured. E, ν and Ei, νi represent the Young’s
modulus and Poisson ratio of SiC and diamond indenter,
respectively. Dtop and Dbottom are the diameters of the pillar
top and bottom. The calculated strain was 0.0535. The
Young’s modulus estimated from the reaction force was thus
464.1 GPa (24.83 GPa/0.0535), which is consistent with the
input value of 460 GPa. For the ICP etched pillar, the
stresses were calculated to be 34.66 GPa, 27.07 GPa, and
9.74 GPa using the top, middle, and bottom diameters. The
strain was calculated to be 0.0549, hence the Young’s mod-
ulus was estimated to be 631.3 GPa, 493.1 GPa, and

Fig. 4 Profiles of damage and
deposited silicon ion concentra-
tion for 5.4 MeV Si2+ ion irra-
diation calculated by the SRIM
code. The inset shows the pro-
files overlaid onto a cross-
sectional TEM micrograph
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177.4 GPa from the top, middle, and bottom stresses.
Hence, an appropriate reference diameter was chosen to be
the middle diameter in converting the load–displacement
curve into the stress–strain curve.

It is found that the displacement at the Si ions stopping
position is less than 7 nm (elastic strain <0.007). Thus the
effects of stopping Si ions on the deformation of SiC pillars
are negligible. Note that most of the cylindrical pillars
fabricated by FIB possess a taper, except for lathe milling
[27]. The flow stress data are often evaluated using the
average values of the sample diameters measured at the
top and bottom of the pillar [28], or the diameter measured
at half the pillar height [23].

Figure 6 shows the engineering stress–strain curves of
unirradiated SiC pillars converted from the measured load
and displacement using the stress at half the pillar height and
the measured displacement corrected by subtracting the

sink-in of the pillar and the load-frame compliance of the
machine. The stress–strain curves of irradiated SiC pillars
are displayed with gray dashed lines for comparison. The
compressive elastic modulus was evaluated to be ~450 GPa,
which is consistent with the value of ~460 GPa reported in
the literature [15]. The correctly measured elastic modulus
indirectly shows that the system is well aligned. FEM cal-
culations carried out by Zhang [29] showed that the effect of
misalignment between flat-ended punch and micropillar is
primarily manifested in the evaluation of the elastic modulus
of the material; a decrease of the measured elastic modulus
by ~50 % is observed with misalignment angle of 1° [29].

Most of the pillars failed catastrophically with a negligi-
ble amount of plastic flow. Some of the pillars, however,
showed a transition from an elastic to a plastic flow. This
transition will be detailed after discussing the irradiation
effect on the fracture strength.

Fig. 5 (a) Typical mesh and
boundary conditions for com-
pression test, (b) Normal stress
map of the pillar with a actual
shape of ICP etched SiC pillar,
(c) Normal stress map of perfect
cylindrical pillar
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A Weibull plot of the compressive fracture strength (σ),
i.e., the maximum stress at which a catastrophic failure
occurred, is shown in Fig. 7 for unirradiated SiC pillars
and pillars ion-irradiated at 673 K. The measured fracture
strength values were ordered so that σ1 < σ2 <…σi … < σN,
where N is the number of pillars tested (N010 for unirradi-
ated case and N012 for irradiated case). The fracture prob-
ability, F(σi), for the i

th strength was estimated as F(σi) 0 i/
(N+1) [30, 31]. Both the strengths evaluated at the middle
and the top planes are plotted since the deformation is
confined to the pillar top.

It is clear that irradiation-induced strengthening occurred.
The Weibull characteristic strength of unirradiated and ion-

irradiated SiC pillars were 19.06 and 21.15 GPa at the
middle plane or 22.96 and 24.98 GPa at the top plane,
respectively. The strengthening of CVD SiC owing to irra-
diation was also observed in the bending tests of neutron
irradiated SiC bend bars [17, 18] and the internal pressuri-
zation test of a neutron irradiated SiC tube [30, 31]. In these
studies, the flexural strengths were measured for irradiated
SiC at 573, 773, 1,073 K and the internal pressurization
fracture strength for irradiation at 1,293, 1,553 K. The result
shown in Fig. 7 indicates that irradiation-induced strength-
ening, which seems to be significant at 573–1,553 K, could
be measured using ion irradiation and micropillar compres-
sion tests.

The irradiation-induced strengthening is due to the
irradiation-produced defects. Figure 8 shows weak beam
dark field TEM images of 3C-SiC pillars, which were taken
under imaging conditions of beam direction B~[101] and

diffraction vector g ¼ 202
� �

. The microstructures of unirra-
diated SiC pillar at a depth of 500 nm and 750 nm from the
top surface are shown in Fig. 8(a) and (b), respectively. The
dislocation lines are visible as white lines. Figure 8(b) and
(d) shows the microstructure of a SiC pillar ion-irradiated at
673 K at a depth of 500 nm and 750 nm, respectively. The
observed microstructures of ion-irradiated SiC showed that
small clusters were added by the ion irradiation. These small
clusters are known as black spot defects because these
clusters are observed as dark spots in a bright field TEM
micrograph. The black spot defects are known to be domi-
nant irradiation-induced features at relatively low irradiation
temperatures of less than 1,073 K [22]. These defects are
expected to affect the mechanical properties and induce
various radiation effects. Amorphization of the SiC was

Fig. 6 Engineering stress–strain curves for unirradiated SiC pillars

Fig. 7 Weibull plots of com-
pressive strength of unirradiated
and ion-irradiated SiC pillar
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not observed since the irradiation temperature was lower
than the critical amorphization temperature (423 K).

It should be noted that the damage level was roughly
constant (~1 dpa as shown in the inset of Fig. 4) at the
topmost part of the pillar where a deformation is expected to
initiate. There was a chance to probe the strength at roughly
a constant irradiation damage level, although ion irradiation
produced a continuously varying damage profile over the
penetration depth, owing to the geometry of the ICP etched
SiC pillar. It is noted that a roughly rectangular damage
profile could be produced by superposing the damage pro-
files with different peak depths, which can be altered by
changing the ion energy or incident angle. This technique
has been applied to characterize the irradiation effects on
steels by performing several ion irradiations with varying
ion energies [32] or incident angles [33]. A concern, how-
ever, remains regarding the effect of a local change of

chemistry owing to the deposited ions. A flat damage profile
of up to a several tens of microns could be produced using
irradiation with light ions or highly energetic heavy ions.
The damage profile of irradiation with 2.6 MeV protons
showed a flat damage profile up to a depth of 30 μm [34],
and with 46 MeV neon ions produced roughly flat damage
of up to 15 μm in depth [35].

As pointed out in the engineering stress–strain curves
presented in Fig. 6, some of the pillars were plastically
deformed before a brittle fracture occurred. Several discrete
strain bursts were observed at the transition regime in the
engineering stress–strain curves (Fig. 6). These strain bursts
are often observed in the microcompression of metallic
single crystals and generally accepted as the small sample
deformation by intermitted slip bursts [28]. Some of the
compression tests were stopped before failure in order to
observe plastically deformed pillars. Figure 9 shows SEM

Fig. 8 Weak beam dark field
TEM micrographs of the micro-
structures in cubic SiC pillar be-
fore irradiation (a),(c) and after
irradiation (b),(d) at a depth of
500 nm (a),(b) and 750 nm (c),
(d) from the top surface. Zone
axis is B~ [101]

Fig. 9 SEM micrographs of the
same unirradiated SiC micopillar
before (a) and after compression
(b). The topmost part of the pil-
lar was plastically deformed
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observations of such a pillar before and after compression
test. It was found that the topmost part of the pillar was
plastically deformed.

Ductile deformation of ceramic materials at room temper-
ature has been recently observed in other brittle materials,
such as single crystalline Si [36, 37] and GaAs [38, 39]. It is
denoted as a new type of brittle to ductile transition, which
occurs at room temperature by decreasing a pillar size below a
critical value. This is interesting because the plastic flow of
brittle ceramic materials is possible without the presence of a
confining pressure at room temperature. In macroscopic com-
pression experiments, brittle to ductile transition is only pos-
sible by increasing temperature or by superimposing a
hydrostatic pressure component at room temperature.

Figure 10 represents the cross-sectional TEM microstruc-
ture of the plastically deformed pillar shown in Fig. 9(b),
prepared by a lift-out technique in FIB as shown in Fig. 3.
TEM observation was performed with a [011] zone axis. The
pillar was not perfectly single crystalline, but consisted of
three slightly tilted parts (denoted as A, B, C in Fig. 10). A
diffraction pattern revealed that the axial direction of the pillar

was oriented along 011
� �

. The slip initiated from the left top

corner of the pillar and propagated through the pillar produc-
ing steps on the right surface of the pillar. A slip was found to

occur on the 111
� �

plane from a diffraction pattern, which is
correspondent to a <110>{111} slip system of an fcc zinc-
blende structured 3C-SiC [40]. A close-up of slip bands in the
left-top part of the pillar showed that dislocation movement in
the slip bands has sheared the pre-existing stacking faults.
Plastic deformation of SiC at temperatures close to room
temperature has been recently observed by the bending and
stretching of SiC nanowires [41, 42]. Our plastically deformed
SiC micropillars confirm that as the dimension of SiC
decreases the deformation mechanism changes, and ductile
deformation is possible at room temperature. The critical
resolved shear stress of 3C-SiC could be experimentally de-
termined and evaluated to be 4.9–7.3 GPa. The details of the
evaluation can be found in Ref. [13].

Summary

We presented an experimental method on the micro-scale
for an investigation of irradiation effects in a brittle ceramic

Fig. 10 TEM micrograph of the
cross-sectional TEM specimen
prepared from the micropillar
shown in Fig. 9(b). The insets
show a diffraction pattern and a
magnification of slip band in the
upper part of the pillar
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material. Micropillars have been fabricated from polycrys-
talline CVD 3C-SiC using a lithography and ICP etching
technique. This material has been chosen since it is consid-
ered as a candidate material to be used under high-dose
radiation exposure for advanced reactors and fusion power
systems. The fabrication technique enables the production
of several pillars with an identical geometry under the same
fabrication condition, which is required for a statistical
analysis of the strength of a brittle material. The micropillars
have been uniaxially compressed with a flat punch tip
equipped in a nanoindenter. Finite element simulations have
been performed to find an appropriate reference diameter for
evaluating the stress–strain response of a tapered pillar. The
compressive fracture strengths of SiC micropillars were
found to increase after ion irradiation with Si2+ ions. The
experimental framework presented in this work can be used
to evaluate irradiation-induced strengthening. The change of
the Weibull modulus owing to irradiation was not assessed
because of an insufficient amount of data. However, the
experiment framework may help to establish the effect of
irradiation on the trend of the Weibull modulus, which is not
yet well established [15], by providing more data and in-
vestigating the microscopic details of irradiation-induced
modifications. This is possible since micropillar tests allows
for the mechanical characterization of small volumes, which
enables easy handling of radioactive samples and an exten-
sive use of ion irradiation.

We also observed a plastic deformation of SiC at room
temperature. The details of the slip bands were observed from
cross-sectional TEM micrographs. The results indicate that
the deformation mechanism of SiC may change by decreasing
the size of the component. The specimen size of the ceramic
materials is known to be an important parameter that can lead
to a different fracture strength, ductility, and fracture tough-
ness of brittle ceramic materials [36]. The size effects on the
mechanical properties of SiC are of interest because the di-
mensional length scales of microcomponents in electronics
and micro-electrical mechanical system (MEMS) applications
are often in the range of sub-micrometers. The experimental
framework presented here can significantly contribute to an
investigation of the irradiation effects on the electronics and
MEMS components to be used in an irradiation environment.

As pointed out in a study of micropillar tests of ion-
irradiated single crystal copper [9], the mechanical proper-
ties of an irradiated material may be evaluated with a sub-
micrometer sized sample. However, further researches are
required to establish a specific size above which size-
independent strengths can be measured for each nuclear
material, since this transition size is dependent on the mi-
crostructure of the material and the characteristics of
radiation-induced defects (size, density, etc.). Promising
implications of micropillar tests in nuclear applications are
evident from this study along with other investigations.

References

1. Was GS (2007) Fundamentals of radiation materials science.
Springer, New York

2. Park KH, Katoh Y, Kishimoto H, Kohyama A (2002) Evaluation
of dual-ion irradiated b-SiC by means of indentation methods. J
Nucl Mater 307–311:1187–1190

3. Shin C, Jin H, Kim M (2009) Evaluation of the depth-dependent
yield strength of a nanoindented ion-irradiated Fe-Cr model alloy
by using a finite element modeling. J Nucl Mater 392:476–481

4. Hosemann P, Kiener D, Wang Y, Maloy SA (2011) Issues to
consider using nano indentation on shallow ion beam irradiated
materials. J Nucl Mater 425:136–139

5. Uchic MD, Dimiduk DM, Florando JN, Nix WD (2004) Sample
dimensions influence strength and crystal plasticity. Science
305:986–989

6. Pouchon MA, Chen J, Ghisleni R, Michler J, Hoffelner W (2010)
Characterization of irradiation damage of ferritic ODS alloys with
advanced micro-sample methods. Exp Mech 50:79–84

7. Hosemann P, Dai Y, Stergar E, Leitner H, Olivas E, Nelson AT,
Maloy SA (2011) Large and small scale materials testing of HT-9
irradiated in the STIP irradiation program. Exp Mech 51:1095–1102

8. Hosemann P, Swadener JG, Kiener D, Was GS, Maloy SA, Li N
(2008) An exploratory study to determine applicability of nano-
hardness and micro-compression measurements for yield stress
estimation. J Nucl Mater 375:135–143

9. Kiener D, Hosemann P, Maloy SA, Minor AM (2011) In situ
nanocompression testing of irradiated copper. Nat Mater 10:608–
613

10. Raghavan R, Boopathy K, Ghisleni R, Pouchon MA, Ramamurty
U, Michler J (2010) Ion Irradiation enhances the mechanical per-
formance of metallic glasses. Scr Mater 62:462–465

11. Korte S, Clegg WJ (2009) Micropillar compression of ceramics at
elevated temperature. Scr Mater 60:807–810

12. Korte S, Clegg WJ (2010) Discussion of the dependence of the
effect of size on the yield stress in hard materials studied by micro-
compression of MgO. Philos Mag 91:1150

13. Shin C, H-h J, Kim W-J, Park J-Y (2012) Mechanical properties
and deformation of cubic silicon carbide micropillars in compres-
sion at room temperature. J Am Ceram Soc 95:2944–2950

14. Iyoku T, Ueta S, Sumita J, Umeda M, Ishihara M (2004) Design of
core components. Nucl Eng Des 233:71–79

15. Snead LL, Nozawa T, Katoh Y, Byun T-S, Kondo S, Petti DA
(2007) Handbook of SiC properties for fuel performance model-
ing. J Nucl Mater 371:329–377

16. Snead LL, Jones RH, Kohyama A, Fenici P (1996) Status of silicon
carbide composites for fusion. J Nucl Mater 233–237:26–36

17. Katoh Y, Snead LL (2005) Mechanical properties of cubic silicon
carbide after neutron irradiation at elevated temperature. J ASTM
Int 2:12377–12389

18. Newsome G, Snead LL, Hinoki T, Katoh Y, Peters D (2007)
Evaluation of neutron irradiated silicon carbide and silicon carbide
composites. J Nucl Mater 371:76–89

19. Langford RM, Petford-Long AK (2001) Preparation of transmis-
sion electron microscopy cross-section specimens using focused
ion beam milling. J Vac Sci Technol A 19:2186–2193

20. Kohyama A, Katoh Y, Ando M, Jimbo K (2000) A new multiple
beams-material interaction research facility for radiation damage
studies in fusion materials. Fus Eng Des 51–52:789–795

21. Ziegler J. Particle Interactions with Matter. http://www.srim.org
22. Katoh Y, Hashimoto N, Kondo S, Snead LL, Kohyama A (2006)

Microstructural development in cubic silicon carbide during irra-
diation at elevated temperatures. J Nucl Mater 351:228–240

23. Volkert CA, Lilleodden ET (2006) Size effects in the deformation
of sub-micron Au columns. Philos Mag 86:5567–5579

696 Exp Mech (2013) 53:687–697

http://www.srim.org


24. Simmons G, Wang H (1971) Single crystal elastic constants and
calculated aggregate properties: a handbook. MIT Press, Cambridge

25. Sneddon IN (1965) The Relation between load and penetration in
the axisymmetric Boussinesq problem for a punch of arbitrary
profile. Int J Eng Sci 3:47–57

26. Frick CP, Clark BG, Orso S, Schneider AS, Arzt E (2008) Size
effects on strength and strain hardening of small-scale [111] nickel
compression pillars. Mater Sci Eng, A 489:319–329

27. Uchic MD, Dimiduk DM (2005) A methodology to investigate
size scale effects in crystalline plasticity using uniaxial compres-
sion testing. Mater Sci Eng, A 400–401:268–278

28. Kiener D, Motz C, Dehm C (2009) Micro-compression testing: a
critical discussion of experimental constraints. Mater Sci Eng, A
505:79–87

29. Zhang H, Schuster BE, Wei Q, Ramesh KT (2006) The design of
accurate micro-compression experiments. Scr Mater 54:181–186

30. Byun TS, Lara-Curzio E, Lowden RA, Snead LL, Katoh Y (2007)
Miniaturized fracture stress tests for thin-walled tubular SiC speci-
mens. J Nucl Mater 367–370:653–658

31. Hong SG, Byun TS, Lowden RA, Snead LL, Katoh Y (2007)
Evaluation of the fracture strength for silicon carbide layers in
the tri-isotropic-coated fuel particle. J Am Ceram Soc 90:184–191

32. Heintze C, Recknagel C, Bergner F, Hernández-Mayoral M,
Kolitsch A (2009) Ion-irradiation-induced damage of steels char-
acterized by means of nanoindnetation. Nucl Instrum Methods
Phys Res Sect B 267:1505–1508

33. Pouchon MA, Chen J, Döbeli M, Hoffelner W (2006) Oxide
dispersion strengthened steel irradiation with helium ions. J Nucl
Mater 352:57–61

34. Gan J, Yang Y, Dickson C, Allen T (2009) Proton irradiation study
of GFR candidate ceramics. J Nucl Mater 389:317–325

35. Zhang CH, Sun YM, Song Y, Shibayama T, Jin YF, Zhou LH
(2007) Defect production in silicon carbide irradiated with Ne and
Xe ions with energy of 2.3 MeV/amu. Nucl Instrum Methods Phys
Res Sect B 256:243–247

36. Gerberich WW, Michler J, Mook WM, Ghisleni R, Östlund F,
Stauffer DD, Ballarini R (2009) Scale effects for strength, ductility,
and toughness in brittle materials. J Mater Res 24:898–906

37. Östlund F, Rzepiejewska-Malyska K, Leifer K, Hale LM, Tang Y,
Ballarini R, Gerberich WW, Michler J (2009) Brittle-to-Ductile
Transition in uniaxial compression of silicon pillars at room tem-
perature. Adv Funct Mater 19:2439–2444

38. Michler J, Wasmer K, Meier S, Östlund F (2007) Plastic deforma-
tion of gallium arsenide micropillars under uniaxial compression at
room temperature. Appl Phys Lett 90:043123

39. Östlund F, Howie PR, Ghisleni R, Korte S, Leifer K, Clegg WJ,
Michler J (2011) Ductile-brittle transition in micropillar compres-
sion of GaAs at room temperature. Philos Mag 91:1190–1199

40. Stevens R (1970) Dislocation movement and slip systems in β-
SiC. J Mater Sci 5:474–477

41. Han XD, Zhang YF, Zheng K, Zhang XN, Zhang Z, Hao YJ, Guo
XY, Yuan J, Wang ZL (2007) Low-temperature in situ large strain
plasticity of ceramic SiC nanowires and its atomic-scale mecha-
nism. Nano Lett 7:452–457

42. Zhang Y, Han X, Zheng K, Zhang Z, Zhang X, Fu J, Ji Y, Hao Y,
Guo X, Wang Z (2007) Direct observation of super-plasticity of
beta-SiC nanowires at low temperature. Adv Funct Mater
17:3435–3440

Exp Mech (2013) 53:687–697 697


	Evaluation of Irradiation Effects on Fracture Strength of Silicon Carbide using Micropillar Compression Tests
	Abstract
	Introduction
	Experimental Procedure
	Results and Discussion
	Summary
	References


