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In this study, in-situ micro-tensile testing technique was used to investigate the mechanical properties of
ultrafine grained Ni-3wt% SiC composite the size effect on the mechanical properties of the ultrafine
grained Ni-3wt% SiC composite, and to further reveal the reasons for the low ductility of the bulk Ni-3wt
%SiC composite. Dog-bone micro-tensile samples were manufactured using a Focused Ion Beam (FIB)
milling machine to 15 mm length with a cross sectional area of 5 mm by 5 mm. The micro-tensile samples
are pulled in tension at a quasi-static strain rate of 0.000087/s (LSR) and a relatively faster strain rate of
0.011/s (HSR). Analysis of experimental stress-strain plots for the LSR tests measured yield stress, ulti-
mate tensile stress and modulus values that approach values previously reported for bulk/macro-level
tensile tests. However, the elongation and fracture energy at the micro-level is approximately half that
at the bulk scale. This discrepancy is attributed to the presence of unwanted carbon and silicon oxide
impurities ~1.5 mm in diameter which act as stress concentrators especially given their large size relative
to the width of the tensile specimens. The composition of these impurities was validated by transmission
electron microscopy, and they seem to be the most likely cause of low ductility of the Ni-3wt% SiC
composite. In all, the study undertaken here was able to replicate mechanical properties observed at the
macro scale as well as reproduce a strain rate effect. Furthermore, the failure mode of Ni-3wt% SiC
composite was identified and analysed in detail.

Crown Copyright © 2019 Published by Elsevier B.V. All rights reserved.
1. Introduction

Some specialized Ni Alloys [1] are candidate structural materials
for molten salt generation IV nuclear reactors (MSRs) [2,3] owing to
their strong resistance against corrosive molten fluoride salts
which are selected as the primary coolant of MSRs [4]. As a po-
tential means of minimising the accumulation of radiation damage,
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researchers have drawn inspiration from metal-oxide/carbide sys-
tems such as Oxide Dispersion Strengthened (ODS) steels [5,6]
whose finely dispersed oxides act as sinks for excessive vacancies
and interstitials introduced by high energy neutrons/ions displac-
ing atoms from their lattice sites. This will have the resulting effect
of reducing the degree of irradiation hardening [7]. In fact, Oono
et al. [8] have manufactured Ni-ODS alloys and successfully
demonstrated the ability of the ODS to act as defect sinks in Nickel
and reduce the severity of the radiation damage [8]. For the molten
salt system, it is unfortunately not feasible to use a Ni-ODS as oxide
particles dissolve within the salt solution [9]. Therefore, the re-
searchers at the Shanghai Institute of Applied Physics (SINAP) have
created a NieSiC composite, replacing oxide particles with more
chemically inert SiC particles [10,11]. The method of manufacturing
an ultrafine grained NieSiC alloy with grain size about 0.8e1.2 mm
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and fine dispersions of about 30e60 nm SiC particles has been
developed by Y.Chao et al. who characterised the bulk mechanical
properties and high-temperature stability of NieSiC composites
[12]. Additionally, Huang et al. [13,14] have irradiated Ni-1wt%SiC
composites with He ions and found a reduction in volume frac-
tion of Helium bubbles as compared to pure Ni, thus demonstrating
the capability of NieSiC composites in mitigating irradiation
damage.

However, as NieSiC is a novel material created at SINAP its
mechanical performance under irradiation has yet to be charac-
terised. The authors propose ion irradiation as a means of inducing
radiation damage since it is a time and cost efficient means of
simulating the radiation damage expected under molten salt
reactor conditions [15] (typically measured as displacement per
atom, dpa). Nevertheless, one of the drawbacks of using ion-
irradiation is the limited penetration depth of ions which is in the
range of a few hundred nm - ~15 mm [16]. Such shallow damage
depths do not allow for extraction of samples to measure tensile
properties by macro scale mechanical testing. Therefore, re-
searchers instead make use of micro-mechanical testing methods
to determine mechanical properties of materials post ion irradia-
tion [16e20]. Whilst there are many micro-mechanical testing
methodologies, micro-tensile testing offers a direct derivation of
the yield stress and elongation of material before and after irradi-
ation. This paper reports on the direct measurement of the tensile
properties of this material by in situ micro-tensile testing. Thus far,
there are relatively few studies on micro-tensile testing of mate-
rials, probably due to the time and expendable resources (viz. Ga
ions) required for such tests. Kiharra et al., Vo et al., Reichardt et al.
and Xu et al. [17,21e23] have investigated slip behaviour of single
crystals Ni and 304 stainless steel and determined their slip
behaviour, elongation and yield stress. However, the yield stress
measured does exhibit size effects which can be corrected for by
using a Taylor factor when approximating bulk properties [23]. In
this case, the sample size-effect could be overcome due to the fine
grain-size since there aremore than 25 grains in the cross-sectional
area (Yang et al., [24]). Such micro-tensile studies on ultrafine
grained samples are unavailable in the literature to date. Thus,
apart from directlymeasuring the tensile properties of thematerial,
this paper will also help in validating the hypothesis of grain-size
domination of mechanical properties for this material, when the
sample size is a fewmicrons. Moreover, this study will also serve to
determine the comparability of micro-scale tensile tests with
macro-scale tests.

As mentioned above, the authors use in situ micro-tensile
testing to directly probe the tensile properties of this material to
establish base-line properties and to determine the suitability of
this technique for studying the NieSiC composite in future ion
irradiation experiments. Moreover, in testing the ultrafine grained
NieSiC composite on a micro scale the validity of in-situ micro-
tensile tests can be evaluated against literature on bulk samples
[11]. Additionally, we test the micro-tensile samples at different
strain rates to measure the strain rate sensitivity and compare with
literature values on polycrystalline pure Ni of similar grain size. This
will also help in benchmarking the extent of variations in the
tensile test results that may be obtained by testing at strain rates
differing by up to two orders of magnitude, though all being in the
quasi-static regime. Thus, it should be helpful in comparing results
from, say, different research institutions doing tests at different
strain rates. Finally, we use Electron Back Scattered Diffraction
(EBSD) combined with TEM analysis to determine the failure
mechanism and influence of SiC particles onmechanical properties.
The work reported here will also serve as a reference point for
future tests of irradiated NieSiC alloys currently being undertaken
at Australian Nuclear Science and Technology Organisation
(ANSTO) and SINAP.

2. Experimental methods

In this paper we study a Ni-3wt.% SiC composite manufactured
in the research laboratory at SINAP and previously characterised
and reported in the papers [12,25]. Ni powder was initially mixed
with SiC in a planetary ball mill and grounded for 48 h until it
reached a fine particle distribution [12]. After milling, the samples
were compacted and sintered using a spark plasma sintering (SPS)
furnace (Germany, KCE-FCT-HP D 25/4-SD ®) producing a densified
cylindrical ingot of 52mm diameter and 12mm height [12]. Studies
of the grain size andmorphology of the sintered ingot cross-section
using EBSD found a uniform distribution of equiaxed grains 0.9 mm
(average) in diameter. Transmission electron microscopy (TEM)
revealed uniformly distributed SiC particles of 250 nm (average)
diameter [12]. Thus, the sintering conditions used did not introduce
any non-uniform grain growth and the resulting density is high
measuring 98.5%.

A new batch of Ni-3wt%SiC was manufactured by SINAP for this
study, using the same aforementioned processing methodology.
Dog-bone samples were fashioned from this batch of Ni-3wt%SiC
with dimensions of 2.5mm� 1mm cross section area and gauge
length 12mm using wire cutter. The samples were tested at low
strain rate of 0.0007s�1, a quasi-static strain rate via a Zwick
Amsler 100 HFT 5100 tensile testing machine at SINAP. The new
batch of Ni-3wt.%SiC were also prepared for micro-tensile testing
at ANSTO. A 0.5mm thick square slice, 7mm by 7mm in breadth
and width was cut from a cylindrical ingot via wire cutting. This
sample was then wax mounted on a sample stub and grounded
from 120 grit to 4800 grit SiC pad followed by progressively finer
diamond pad polishing using a coarse cloth pad and diamond
grades 15 mm, 6 mme1 mm spending 30e45min per grade. A final
50e100 nm colloidal silica polish of the sample for 1 h achieved a
smoothly polished and flat surface free of any mm sized scratches.
The as-polished sample was then wax mounted on to a dovetailed
aluminium stub specially designed for both insertion into the
micro-tensile testing rig and the Focused Ion Beam (FIB) milling
machine. A Zeiss® Auriga 60 Cross beam™ FIB at ANSTO was used
to fashion 5 mm wide and 15 mm long dog-bone samples from one
of the edges of the sample using an initial rough milling current of
20 nA followed by finer milling currents of 4 nA and 1 nA. An
undercut was then performed on the orthogonal side face of the
sample to reduce the thickness of the dog-bone samples to 5 mm
depth, thus giving it a square 5� 5 mm square cross-sectional area.
To minimise stress concentrations, 3 mm radius fillets were intro-
duced where the tensile sample was connected to the sample
substrate and also where it connected to the rectangular head to
be pulled by the gripper in the micro-tensile testing rig. The
gripper which was used to pull the dog-bone samples was made of
tungsten. It was pincer shaped and 20 mm thick. It featured a
smooth vertical face with which to engage and pull the rectan-
gular head of the sample as shown in Fig. 1 below, which was a top
view Scanning Electron Microscopy (SEM) image of the gripper
next to the dog-bone sample. Previously, Reichardt et al. [22]
adopted a similar grip shape for testing 1� 1 mm square cross-
sectional area dog bone samples, obtaining results of high accu-
racy and reliability. Also shown in Fig. 1 are the fiducial markers,
lightly milled at 120 pA onto each end of the sample which was
used to measure sample strain from their SEM images taken
during the tensile tests.



Fig. 1. Top view, 20 kV Scanning Electron Microscope (SEM) image of the tungsten
pincer gripper and dog-bone sample manufactured by FIB milling.
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The dog-bone samples were tested under tension in a micro-
tensile testing rig designed and supplied by MicroTesting Solu-
tions® pty ltd. The testing rig, along with the samples, was
mounted in a Zeiss UltraPlus SEMwhich allowed for imaging of the
sample at 20 kV as it is being strained. The gripper is attached to a
piezo-electric stage which moved it along one dimension only:
either forward or backward depending on the voltage applied to
the piezo. The samplewasmounted on a stagewith 3 dimensions of
movement, allowing for slight adjustments for sample alignment.
Once the sample headmatedwith the interior grip faces (Fig.1), the
voltage on the piezo decreased, causing the grip tomove backwards
and thus pulling the dog-bone sample in tension. The displacement
rate of the grip (specified in nm/s) controlled the strain rate
experienced by the sample. 5e6 samples were tested for each strain
rate: 0.000087/s and 0.011/s. The former will be referred to as Low
Strain Rate sample (LSR) and the latter as High Strain Rate sample
(HSR) henceforth in this paper. As the tensile test took place, the
load experienced by the grip was recorded and was converted into
engineering stress by dividing through by the initial sample cross-
sectional area. Additionally, the displacement of the gripper is also
recorded, an indirect measure of the sample displacement. The
gripper displacement can be converted into the sample strain by a
linear relationship that exists between grip displacement and
sample strain (measured by displacement of fiducial markers
placed at either end of the dog-bone sample) in the SEM images as
taken at 0.1e0.5 mm intervals. Appendix 1 shows the graphical plot
of grip displacement vs engineering strain measured from SEM
images accumulated across three samples at 0.000087/s attaining a
high correlation value of above 99% when a linear relationship is
assumed. The data points obtained via either route are merged
together to obtain a complete engineering stress-strain graph.
Furthermore, taking an SEM image of the sample in tension is only
done for tests where the quasi-static strain rate of 0.000087/s is
applied as it involves momentarily stopping the gripper for 10 s to
take a high-resolution image. If high resolution SEM images are
taken at regular intervals for the non-quasi-static strain rate: 0.011/
s then the stress-strain response recorded becomes inaccurate. This
is because the test is paused to take SEM images which reduces the
average strain rate experienced and introduces stress-relaxations
and creep of the sample. Thus, at the non-quasi-static strain
rates, SEM images are not taken during testing and the relationship
detailed in Appendix 1 is used to infer the sample strain from the
gripper displacement. However, this relationship in Appendix 1 is
only valid for the plastic deformation region of the stress-strain
curve (from the 0.1% proof stress onwards) as the strain measure-
ments from images become inaccurate for the elastic region. As a
result, for stress-strain plots of 0.011/s samples, the linear elastic
region is artificially inserted from the 0.000087/s tensile samples. It
is a reasonable approximation as it is known that a material’s
modulus does not change with strain rate.

EBSD and Energy Dispersive X-ray (EDX) mapping is performed
on the batch of Ni-3wt%SiC to determine its grain and particle size
using an Oxford® NordlyS™ Detector attached to the same Zeiss
UltraPlus SEM mentioned earlier. They were also used to map
micro-tensile dog-bone samples pre- and post-tension testing.
Additionally, for two of the 0.000087/s, quasi-static tension tests,
the test is stopped when the sample stress is 20e40MPa below the
UTS and the EBSD and EDX at the intermediate stage of deformation
is obtained before carrying on with the tensile test. All the data are
analysed using the Oxford® Aztec™ and Channel 5™ software
packages.

Additionally, the Zeiss® Auriga 60™ FIB was used to manufac-
ture TEM samples from the as deformed tensile samples to study
the fracture region in greater detail. Initially, a rough milling cur-
rent of 30 kV 4 nA was used to mill out a trench around a platinum
deposited rectangular strip 2 mm by 10 mm in area and then finer
30 kV 1 nA milling current used to undercut the rectangular slice
and create a free hanging cantilever. An Omniprobe™ microma-
nipulator was inserted and the tungsten tip was welded onto the
free hanging end of the cantilever by platinum deposition prior to
the cantilever being cut and freed from the surface. The cantilever
was then attached to a 3mm copper half grid post using platinum
deposition and the tungsten tip was detached. Successively finer
currents of 30 kV 240, 120, 50 and 10 pA were used to reduce the
cantilever into a thin slice ~100 nm thick with final 2 kV 240 pA
milling used to reduce any gallium damage. The samples were then
analysed in a Jeol® 2100 FS™ TEM at 200 kV under two beam bright
field and dark field modes to analyse the dislocations within the
longitudinal cross-section of the sample.

3. Results

3.1. Microstructural characterization through SEM

EBSD coupled with EDX mapping was performed on an as pol-
ished NieSiC composite sample analysed at 20 kV and at 70-degree
tilt on a 150 by 140 mm area using a step size of 200 nm. The inverse
pole figure (IPF) orientation map relative to the x-axis (x-axis being
parallel to the scale bar), carbon, silicon and oxygen composition
maps for this sample are shown in Fig. 2a, b, c and d respectively.
The line intercept method was used to measure the size of the
grains in Fig. 2a and it was found to be 1.5± 0.4 mm which ap-
proaches the literature values reposted earlier. Upon examining
Fig. 2b-d, it is apparent there are anomalously large precipitates
present having diameter of 1.57± 0.07 mm which are much larger
than the SiC precipitate sizewith a diameter of 265 nm expected for
this alloy [12]. Moreover, these large precipitates are predomi-
nantly Carbon, being devoid of Silicon indicating that they are not
SiC precipitates. There is also another type of equally large particles
1.52± 0.08 mm diameter composed of Silicon and Oxygen but
devoid of Carbon suggesting they are not SiC particles either.
Furthermore, regions high in Carbon do not coincide with the re-
gions high in Si which indicates that they formed independently of
each other and they are likely impurities introduced possibly in the



Fig. 2. (a) Inverse Pole Figure of grain orientation along x axis (parallel to the scale bar)
of NieSiC composite at 20 kV, 70� tilt and 200 nm step size. Corresponding EDX map
showing (b) Carbon, (c) Silicon and (d) Oxygen.
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early particle milling process. Digital image analysis of the EDX
images found the area fraction for the Carbon particles to be 6.8%
whilst the SiliconeOxygen particles to be 1.3%. So, the total impu-
rity particle area fraction equals 8.1%. The large size of these par-
ticles relative to the size of the tensile test specimens is expected to
reduce the ductility of the micro-tensile samples as elaborated in
detail in the following two sections. The batch of Ni-3wt%SiC pro-
vided by SINAP for this study certainly deviates in quality from
early batches studies in Refs. [12,25]. Despite this, the authors
continue to study this batch to determine how large impuritiesmay
affect the materials mechanical properties on a micro and macro
scale. Finally, it is important to note that the ultra-fine SiC pre-
cipitates are still present within the micro-structure and identified
in TEM analysis later on in this section, however, they evade
detection in this SEM EDX map owing to their small size and the
Fig. 3. Stress strain plots of NieSiC alloy tested at 0.000087 and 0.011/s, each plot an
average of 5e6 samples.
large interaction volume of the 30 kV electron beam [12].

3.2. Effect of strain rate on hardening response

The engineering stress-strain plots for NieSiC samples tested at
low and high strain rates of 0.000087 and 0.011/s are displayed in
Fig. 3. Each plot is calculated by averaging across 5e6 micro-tensile
tests and the error bars shown are calculated from the standard
deviation at each data point divided by the square root of the
sample size beginning from the Yield Stress (YS), that is, the 0.1%
proof stress. The average Young’s Modulus for the LSR samples was
measured to be 90.3± 7.1 GPa and it is artificially inserted for the
HSR plot in Fig. 3 (see Experiment section for explanation).
Comparing between the LSR and the HSR samples, the strain rate
effect is statistically evident as the plots are outside of each other’s
error ranges with the stress of the HSR being roughly 100MPa
higher than the LSR up to 0.3 strain (the UTS of the LSR plot). The
HSR test featured a smaller elongation to failure than the LSR
sample which is expected of sample tested at relatively higher
strain rates. For both 0.000087 and 0.011/s samples, the error
ranges become very large and overlap each other beyond the UTS. It
can be attributed to the presence of anomalously large precipitates
which are comparable in size to thewidth of the dog-bone samples:
5 mm. Thus, the volume fraction of precipitates within the dog-bone
sample volume: 5� 5� 15 mmcan have high degree of variability in
volume fraction and number density. The elongation and necking
behaviour of the micro-tensile samples will have greater degree of
variability because of this as evident in Fig. 3.

To further validate and quantify the plots in Fig. 3, the elonga-
tion to Ultimate Tensile Stress (UTS) and Failure are averaged for the
LSR and HSR tests and listed in Table 1. Also listed in Table 1 are the
averaged YS, UTS and Fracture Energy, which is calculated from the
area underneath each stress-strain plot. The values presented in
Table 1 are calculated in a different manner to Fig. 3, as Table 1
values of strain and stress are averaged from the elongation and
yield for individual plots, whilst stress strain plots in Fig. 3 is
created through averaging the stress at each strain value. Thus,
Table 1 gives a more accurate presentation of values while Fig. 3
provides more of a qualitative graphical visualisation. Regardless,
the elongation data in Table 1 further validates what is observed in
Fig. 3 as the elongation for the LSR strain rate test is longer than the
HSR tests. Moreover, the YS and UTS are both statistically higher at
HSR by ~100MPa compared to the LSR tests. It is also interesting
that the strain to UTS is 3e4 times smaller than the strain to failure
which shows the samples do have limited ductility and spendmore
strain necking. Further, Table 1 shows that the fracture energy for
both samples are within each other’s error ranges indicating strain
rate has no effect on the energy required to pull the samples to
failure. This observation along with others observations noted thus
far highlight the similarity in the strain rate behaviour observed at
micro scale as compared to what is typically observed for macro-
scale samples [26].

3.3. Comparison of micro and macro scale quasi-static tensile tests

In Fig. 4, the aforementionedmicro-scale scale test result for LSR
is plotted against the macro-scale test (sample size:
2.5 mm� 1 mm cross section area and gauge length 12.5mm) also
tested at a quasi-static strain rate: 0.0007/s. The two plots for micro
and macro scale test show very similar modulus and yield stress
with the values largely overlapping each other in the region be-
tween YS and UTS. This is supported quantitatively in Table 2 which
compares the measured mechanical properties of the micro-scale
(data reproduced from Table 1) and macro-scale test (reproduced
from Ref. [25]). The measured elastic modulus, yield stress and



Table 1
Sample Elongation, Yield Stress, Ultimate Tensile Stress and Fracture energy for 0.000087 and 0.011/s strain rate as averaged across 5e6 samples each.

Strain Rate Strain To UTS (mm/mm) Strain To Failure (mm/mm) Yield Stress (MPa) Ultimate Tensile Stress (MPa) Fracture Energy (MJ/m3)

0.000087/s 0.026± 0.011 0.0948± 0.0132 544.99± 14.66 588.46± 24.77 42.97± 8.21
0.011/s 0.0191± 0.0053 0.0704± 0.003 640.61± 32.85 702.58± 21.06 39.63± 1.67

Fig. 4. Engineering stress-strain plot for micro and macro scale tensile tests of NieSiC
composite.
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ultimate tensile strength for the micro and macro tension tests are
within at most 5% of each other’s values indicating a close agree-
ment between the two methods. However, the elongation and
fracture energy of the micro and macro tensile tests are signifi-
cantly reduced in the micro-scale test being a little more than half
compared to the macro-scale test. Thus, there is a reduced ductility
in the micro-test compared with the macro test.

3.4. Role of impurity particles on mechanical properties

During the manufacturing of the micro-tensile samples, sites
were chosen at random with some of the fabricated micro-tensile
samples featuring large carbon particles ~1.5 mm in diameter. One
Table 2
Mechanical properties: modulus, elongation, yield stress, ultimate tensile stress and frac

Young’s Modulus
(GPa)

Elongation To UTS (mm/
mm)

Elongation To Failure
mm)

Micro Scale
Test

90.9± 7.3 0.026± 0.011 0.095± 0.013

Macro Scale
Test

116.1± 22.3 0.076± 0.007 0.134± 0.039

Fig. 5. EBSD IPF colouring maps with respect to the tensile direction (x-axis) for a tensile sam
pre-testing (b) at the ultimate tensile stress (insert stress here) and (c) post fracture. The Loca
such micro-tensile sample featuring two large carbon particles on
its surface is shown in Fig. 5a as imaged in SEM at 20 kV before it
was tested at a strain rate of 0.000087/s. The corresponding EBSD
Inverse Pole Figure (IPF) plot relative to the x-axis (the tensile axis
of the sample) and the local misorientation map (legend is units of
degrees) are also displayed in Fig. 5a. Similarly, Fig. 5b shows the
SEM image and EBSD map of the same sample pulled to a stress of
568MPa, just below the UTS of the sample while Fig. 5c shows the
SEM image, EBSD map and local misorientation map of the sample
post fracture.

It is immediately apparent the majority of the deformation is
concentrated around the two large precipitates. Between Fig. 5a
and b, the majority of grain rotation and local misorientation ap-
pears to have occurred for the grains which are circled in Red in
Fig. 5aec with the sample subsequently fracturing within this re-
gion shown in Fig. 5c.Within this circled region, we see three grains
adjacent to a large impurity particle that undergo a considerable
degree of rotation as evident when comparing between Fig. 5a and
b. Moreover, the greatest amount of local misorientation is also
concentrated in the region circled in Red. In Fig. 5a, the green col-
oured grain adjacent to the carbon-rich particle is oriented with the
½2 1 0� direction parallel to the tensile direction, which rotates to
½5 1 1� direction as the tensile stress approaches the UTS in Fig. 5b
(This rotation results in the IPF map in Fig. 5b. to show the grain as
red) The grain was measured to experience a rotation of 78�, which
is significantly higher than the rotation experienced in the two
light-blue coloured grains of 7.75�. These two light-blue coloured
grains are adjacent to the green coloured grain and the carbon-rich
particle in Fig. 5a. They are originally oriented along ½5 2 4� direc-
tion before testing and rotate into the ½5 3 4� direction as the tensile
ture energy of NieSiC composite (data sourced from Ref. [25]).

(mm/ Yield Stress/YS
(MPa)

Ultimate Tensile Stress/UTS
(MPa)

Fracture Energy (MJ/
m3)

544.99± 14.66 588.46± 24.77 42.97± 8.21

540.63± 50.78 627.67± 27.00 89.64± 18.99

ple with large precipitates present on its surface at three different stages of testing: (a)
l misorientation maps for each of the corresponding testing states shown at their right.



A. Xu et al. / Journal of Alloys and Compounds 817 (2020) 1527746
stress nears the UTS in Fig. 5b. The reason for the difference in grain
rotation can be explained by the difference in Schmid factor be-
tween the green and light-blue coloured grains. The green coloured
grain had a higher Schmid factor of 0.490 as compared to 0.445 for
the light-blue coloured grains so the resolved shear stress within
the green coloured grain is higher and thus it deforms at a lower
stress and to a greater extent than the light blue coloured grain
[23,27]. Similarly grains within the red circled region which are
purple or red, being close to the ½1 0 0� or ½1 1 1� crystal direction
experiences the least amount of crystal rotation as their Schmid
factor are the lowest relative to the light blue and green coloured
grains. In Fig. 5c, the fracture has occurred adjacent to the carbon-
Fig. 6. Top view SEM image of As fractured NiSiC alloy dogbone samples tested at strain ra
Corresponding SEM image of the fractured surface of the samples for (c) 0.000087 and (d)
(eef) C and (geh) Si.
rich particle seemingly transgranularly across the green and light-
blue grains Appendix 2 shows the pole figure plots for the afore-
mentioned green and light blue coloured grains. The pole figure
plots show a greater degree of rotation for the green grain (X’ pole
in {110}) as compared to the light blue grain.

3.5. Fractographic analysis

The tendency for the micro-samples to fail near large pre-
cipitates or impurity particles is consistently observed across the
samples tested. Fig. 6a and b show another two tensile samples
tested at LSR and 0.011/s where the sample has failed near the
te of (a) 0.000087 and (b) 0.011/s containing large impurity/precipitate on the surface.
0.011/s. EDS analysis of the fracture surface of Fig. 5a,c showing the chemical maps for



Fig. 7. (a) STEM brightfield image of Ni 3wt% SiC composite taken from as deformed micro-tensile sample. EDS line scan showing composition profiles of particles labelled 1, 2 and
3 are plotted in b), c) and d) respectively.
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precipitates. The corresponding fracture surfaces for the samples
are shown in Fig. 6c and d respectively. Some parts of the fractured
surface are covered in fine dimples indicating it failed by void
coalescence, a ductile failure mechanism typical of Ni as noted by
Wang et al. [28,29]. However, there are also large and deep cavities
1 mm in diameter with flat rather than curved surfaces indicating
local brittle fracture has taken place and the overall fracture mode
could be a mixture of ductile failure and brittle cleavage. To un-
derstand the cause of these deep dimples, EDS analysis was per-
formed on the fracture surface of sample in Fig. 6c and the chemical
composition maps for C, Si and O are reported in Fig. 6e and g
respectively. Likewise, the EDS composition maps of the fracture
surface in Fig. 6d are reported in Figure f) and h) for C, Si and O
respectively. Across both samples, the EDS analysis shows the large
1 mm diameter cavities seen on the fracture surface in Fig. 6c-d are
usually adjacent to impurity particles high in Carbon, Oxygen and
Silicon. The chemical composition of three particles as circled in
white are listed adjacent to the elemental maps. It can be seen that
some of the particles are high in Carbon while others have high
concentrations of Silicon and Oxygen and relatively lower Carbon
content. As the EDS chemical map is made from an uneven frac-
tured surface, we concede that the results are more qualitative than
quantitative. They serve to highlight where the impurity particles
are and show that they could possibly be points of weakness that
initiate brittle fracture, which is aligned with the observation made
in the previous section.
In order to undertake a more precise EDS analysis of the im-

purity particles present in the material, a TEM sample was fabri-
cated from the fractured sample previously shown in Fig. 5c. The
two large particles at the top of the sample surface in the SEM
image (Fig. 5c) correspond to the two particles below the platinum
layer at the top side of the TEM image (Fig. 7a). The white rectangle
in the SEM image highlights the region fromwhich the TEM sample
is made. The Bright Field STEM image of this TEM sample is pre-
sented in Fig. 7a. There are white lines numbered 1 to 3 drawn
across certain impurity particles of interest from which EDS line
scans are created. The EDS line scans for the lines 1, 2 and 3 are
shown in Fig. 7b, c and d respectively. The composition profile for
line 1 confirms what was observed in the SEM EDS maps in Fig. 6e
and f being 85 at% Carbon. TEM convergent beam electron diffrac-
tion (CBED) performed on this carbon rich particle further
confirmed that its structure is amorphous. The diffraction pattern
shown in Appendix 3 shows only a single direct beam spot and no
lattice spots or Kikuchi bands present which is characteristic of an
amorphous structure. Meanwhile, the line scans in Fig. 7c and
d shows these particles are rich in Si and O and are most likely SiO2

as the ratio of Si to O is 1:2. Thus, in depth TEM EDS analysis further
validated what was observed in the SEM EDS analysis. There is
strong evidence that impurity particles of amorphous C or silicon
dioxide present within the microstructure are sites of stress



Fig. 8. (a) Strain rate sensitivity index (m-index) calculated for NieSiC composite for
strain rates of 0.000087 and 0.011/s between yield stress to ultimate tensile stress. (b)
The average strain rate sensitivity (m-index) calculated for NieSiC composite
compared against the m-index calculated for single crystal micro-tensile samples, ultra
fine grained Nickel (2 mm) and nanocrystalline Nickel (0.1 and 0.02 mm) reproduced
from: [21,26,27].
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concentration and embrittle the material.

4. Discussion

4.1. Strain rate effect at the micro-scale

In this study, a strain rate hardening effect was observed as the
yield stress and ultimate tensile stress increased between samples
tested at a quasi-static strain rate of 0.000087/s and a relatively fast
strain rate of 0.011/s. In order to quantify the strain rate effect
further, the strain rate sensitivity is calculated for a range of stress-
strain values between the yield and ultimate yield stress for the
0.000087/s and 0.011/s strain ratemicro-tensile samples. The strain
rate sensitivity or m-index is traditionally calculated using the
formulation detailed in Equation (1) [30] (s is the engineering stress
and _e is engineering strain rate for constant temperature) and the
m-index are plotted against strain in Fig. 8a.

m ¼

2
64
ln
�
s1
s2

�

ln
�

_e1
_e2

�
3
75 (1)

Upon examination, the m-index for the NieSiC composite ap-
pears to plateau at an average value of 0.038, indicating the ratio in
stress between the 0.000087 and 0.011/s strain rate samples re-
mains fairly constant during the work hardening regime. This is a
strong indication that strain rate effects can be reliably ascertained
at the micro-scale. Furthermore, Fig. 8b compares the m-index for
the NieSiC samples against other m-index values reported in
literature for various pure Ni samples. The two data points to the
left of the NieSiC data point are the m-index for single crystal Ni
also tested at themicro-scale. The data, as reproduced fromXu et al.
[23] show the m-index values measured for crystal directions of
<100> and <110> are 0.043 and 0.038 respectively. The values
closely approach the m-index for NieSiC composite measured here
which seem to suggest the SiC precipitates and various impurity
particles do not have a huge effect on the m-index. Further support
for this observation can be found when we compare the m-value
against literature values for macro-scale tests of pure Ni poly-
crystallinewhich are the three data points to the right of the NieSiC
data point in Fig. 8b. The m-index for ultra-fine crystalline (2 mm)
and nanocrystalline (0.1 mm) Ni are reported to be 0.053 and 0.063
respectively as sourced from Humphreys et al. [31]. Meanwhile,
Schaiwger et al. [32] reported a m-index of 0.021 for 0.02 mm
diameter nanocrystalline Ni. Thus, the m-index obtained for NieSiC
composite at the micro level appears to fall within the range of
values reported in the literature for macro scale pure Ni crystals of
different grain sizes. This is in spite of the presence of impurities
and precipitates in the NieSiC composite compared to the pure Ni.
The results along with previously published results in Ref. [23]
show strain-rate sensitivity can be reliably ascertained at the micro
scale. It is a novel discovery as this topic has not been very thor-
oughly investigated for micro-tensile testing.

Moreover, it appears that grain size exhibits minimal effect on
the strain rate sensitivity at relatively large grain sizes, since the m-
index is approximately the same in the present case (greater than~
1.6 mm in Ni-3wt%SiC) as in the previous single crystal tests (with
sample size ~ 12� 12 mm2). The findings are in general agreement
with studies by Humphreys et al. [31] where the authors noted the
m-index increases for the grain size range 26 nm to about 2 mm. At
large grain sizes, the size of the burgers vector relative to the dis-
tance from grain boundaries is relatively small so stress fields
around grain boundaries have negligible effect on the m-index.
However, where the grain size approaches 26 nm, the interaction
between dislocations and grain boundaries become more domi-
nant. Greater activation energy is required to initiate dislocation
motion and so the strain rate sensitivity increases.
4.2. Work hardening behaviour of micro and macro tensile samples

Trend line fitting of the hardening curves in Figs. 3 and 4 using
the traditional work hardening equation (Equation (2)) [30] allows
the materials parameters: strength coefficient, K, and strain hard-
ening exponent, n to be derived. The other parameters in Equation
(1): s, _e, m and e are engineering stress at strain e, strain rate, strain
rate sensitivity and engineering strain respectively. As we know sys,
_e and m to be constants, we plot stress against strain and apply
Equation (2) in order to derive the aforementioned K and n values.
Equations(3)and(4) are the work hardening equation as derived for
micro-tensile tests of the NieSiC composite at strain rates of
0.000087 and 0.011/s respectively (from Fig. 3). Equation (5) is the
work hardening equation derived for the macro-scale quasi-static
tensile test plotted in Fig. 5. The strain rates and the m-index are
previously reported in x2 and x4.1

s¼K _emen (2)

s¼618:5 � ð0:000087Þ0:038 � e0:0214 (3)
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s¼738:5� ð0:011Þ0:038 � e0:0208 (4)

s¼640:3� ð0:0007Þ0:038 � e0:0262 (5)

In comparing Equation (3) (0.000087/s) with Equation (4)
(0.011/s), the strength coefficients are very close to each other
which is expected as it is a constant dependent solely on the ma-
terial itself. The only difference between the equations lay in the
strain hardening exponent, n, which is higher for the low strain rate
than for the higher strain rate tests. This again agrees with litera-
ture predictions for metals in general. In fact, such phenomenon
has been observed for a BCC phase Ti60 alloy by Luo et al. [33]
where the strain hardening exponent also decreases as a result of
strain rate increase, in agreement with the trend observed here. Luo
et al. explained the behaviour in terms of dislocation activation
energy which is lowered at higher strain rates enabling greater
mobility and hence resulting in a lower n value. Such behaviour is
also expected to occur in FCC structures as detailed by Abbaschian
et al. [34] and is the underlying mechanism across both crystal
structures. The findings of Luo et al. involve testing at a much
higher temperature of 947e1057 �Cwhilst the Ni-3wt%SiC test took
place at room temperature (25 �C) so it would be difficult to
compare the strain hardening-strain rate relationship quantita-
tively. Perhaps a future study would be to investigate the change in
n with strain rate across different crystal structures.

In a different study on BCC metals, Ding et al. [35] investigated
the change in strain rate sensitivity with grain size for pure iron
samples within a grain size range of 0.9e25 mmat room temper-
ature. Ding et al. noted the m-index for iron increases as the grain
size increases which contrasts the behaviour seen in FCC Nickel.
The difference can be explained by the different deformation
mechanism between iron and nickel. At room temperature, iron
deform predominantly via screw dislocation which have low
mobility and are strongly strain rate sensitive [35] whilst nickel
deform through edge dislocation which are relatively less strain
rate sensitive. Nonetheless, the fact we can reproduce a strain rate
induced deformation behaviour that meets literature predictions
for macro-scale metals highlights the accuracy and reliability of
micro-tensile testing in undertaking mechanical investigations of
metals.

Meanwhile, in comparing Equation (3) (LSR, micro-tensile test)
to Equation (5) (0.0007/s, macro-scale tensile test), there is high
similarity in the K and n values reported. The micro-scale test
differed from the macro-scale test by 3.4% with regard to the K
value and 0.9% for the n value. Thus, it appears we are reproducing
the same hardening behaviour at the small micro-scale as at the
macro scale. The result achieved here is supported by studies of
Yang et al. and Gu et al. [24,36,37]. The researchers found through
studying micro and macro sized compression/tensile samples of
differing grain size, that sample size effect dominates when the
ratio of sample diameter to grain size falls below 5 (less than 25
grains in cross sectional area). For the NieSiC sample the sample
diameter to grain size ratio is higher than 5 and the fact we can
replicate macro-scale hardening behaviour and yield stress at the
micro-scale is a testament to the effect of that.
4.3. Effect of impurity particles on NieSiC composite

However, the micro-tensile test is not without limitations as
effects of local imperfections and impurities can be amplified at the
micro-scale where it is supressed at the macro level due to an
averaging effect. In Fig. 3 and Table 1 the elongation measured at
the micro-scale is approximately half that of the macro scale
samples. The premature failure of micro-scale samples is attributed
to the presence of large impurity particles identified as amorphous
C and SiO2 via TEM EDS analysis (Fig. 7aed), averaging 1.5 mm in
diameter and having a total area fraction of 8.1%. It is likely that
these impurity particles amplify stress locally as their size is com-
parable to the width of the micro-tensile samples. As shown in
Fig. 5a-c, the tensile sample has two large impurity particles pre-
sent having a local area fraction of 12.5% which is far greater than
the 8.1% measured for this sample in the macro scale. These im-
purities are proven to be points of failure for micro-scale tensile
tests as the EBSD maps in Fig. 5a-c show that the majority of grain
deformation and rotation occurs adjacent to the impurity particles.
It is further evidenced in the fractographic analysis in Fig. 6a-h of
two additional micro-tensile samples. EDS analysis of the fractured
surface consistently reveals fine dimples within grains indicating
ductile intragranular failure but appears to be cleaved at regions
near impurities, a sign of brittle precipitate-grain interface fracture.
Similarly, the preferential failure of the micro-tensile samples near
particles revealed the failure mechanism of the NieSiC composite.
It could possibly explain why macro-scale tests NieSiC has such a
low failure strain of 13.4% as compared to previous batches without
impurity particles whose failure strain is 16%. There is a 3%
reduction in ductility as a result of the presence of impurity par-
ticles and micro-tensile testing helped uncover the underlying
reason for this. Because of the chance occurrence of impurity par-
ticles in some micro-tensile samples, and therefore their signifi-
cantly higher area/volume fraction in these samples, they affect the
elongation of these micro-tensile samples more severely than that
of macro-tensile samples.

5. Conclusions

In this study, micro-sized dog-bone samples of NieSiC com-
posite were fabricated by FIB and tested in tension using a micro-
tensile testing rig. It is the intention of this study to measure the
mechanical properties of this material at the micro-scale, and to
evaluate the accuracy and reliability of micro-tensile testing for
understanding the mechanical properties of the material. The
conclusions arrived at in this study are as follows:

� The yield stress, ultimate tensile stress and strain hardening
behaviour for themicron-scale tensile test are similar to those in
macro-scale tensile tests. The results showmicro-tensile testing
can ascertain mechanical yielding behaviour representative of
bulk macro scale behaviour, assuming the material has a cross-
section area with more than 25 grains.

� The strain rate sensitivity measurements can be reproduced on a
micron-scale, which yield values similar to macro scale tests.

� The elongation to failure of the micro-sized samples are smaller
than themacro-size sample due to the presence of large (1.5 mm)
and unwanted C and SiO2 impurity particles present in the
material. The study shows micro-tensile testing reaches its
limitations where precipitates present are approaching half the
size of the specimen diameter/width.

� Impurity particles introduced in the fabrication process of the
NieSiC composite are found to be points of crack initiation and
cause of the low elongation of this material. Grains located
adjacent to impurity particles experience the greatest amount of
deformation and fail by cleavage.

� The authors speculate that ductility of future batches of NieSiC
composites might be improved through better raw material
refinement and control of processing conditions.
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Appendix 1. Plotting relationship between grip displacement
vs strain
Appendix 2. Pole Figure Plots for two selected grains (circled
in Red) Pre testing and at UTS.



A. Xu et al. / Journal of Alloys and Compounds 817 (2020) 152774 11
Appendix 3. TEM CBED analysis on carbon impurity (left
image) and a matrix grain (right image) at same specimen
orientation. No lattice spots or Kikuchi bands are present for
the carbon impurity unlike the diffraction pattern for the
grain which showed many lattice points and Kickuchi bands
even when away from a zone axis.
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