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Abstract

This paper compared the mechanical behaviour of 6H SiC under quasi-static and dynamic
compression. Rectangle specimens with a dimension of 3xX3x6 mm’ wete used for quasi-static
compression tests under three different loading rates (i.e., 10°/s, 10*/s and 107/s). Stress-strain
response showed purely brittle behavior of the material which was further confirmed by
SEM/TEM examinations of fractured fragments. For dynamic compression, split Hopkinson
pressure bar (SHPB) tests were carried out for cubic specimens with a dimension of 6x6X4 mm’.
Stress-strain curves confirmed the occurrence of plastic deformation under dynamic
compression, and dislocations were identified from TEM studies of fractured pieces.
Furthermore, JH2 model was used to simulate SHPB tests, with parameters calibrated against the
experimental results. The model was subsequently used to predict strength and plasticity-related
damage under various dynamic loading conditions. This study concluded that, under high
loading rate, SiC can deform plastically as evidenced by the development of non-linear stress-
strain response and also the evolution of dislocations. These findings can be explored to control

the brittle behaviour of SiC and benefit end users in relevant industries.
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1. Introduction

Silicon carbide (SiC) is a ceramic material with high strength, superior hardness and strong wear
resistance even at elevated temperatures. It also possesses high thermal shock resistance, low
thermal expansion and high thermal conductivity. Consequently, it is widely used in
microelectromechanical systems (MEMS) [1-3], turbine engine components [4], automobile
brakes [5], bulletproof armour [0, 7], cutting tools and abrasives [8] which require high durability
and strength. Extensive efforts have been made to explore the mechanical properties of SiC and
further promote its applications. For instance, Lankford [9] performed both quasi-static and
dynamic compression tests on SiC and found that the compressive strength increased
exponentially after a transition strain rate was reached. It was also noticed that micro-cracks
nucleated at intrinsic flaws such as twinning and grain boundary junctions under low strain rate.
With the increase of strain rate, the micro-crack density increased and the material failed when
those cracks coalesced spontaneously to form macro-cracks. The coalescence of micro-cracks
was also supported by other researchers and termed as ‘wing crack’ phenomenon [10, 11]. Sarva
and Nemat-Nasser [11] carried out quasi-static and split Hopkinson pressure bar (SHPB) tests
on hot-pressed sintered silicon carbide. The samples failed by axial splitting under both static and
dynamic loading conditions, with a compressive strength of 4.2 GPa and 7 GPa, respectively.
Garkushin [12] compared the mechanical properties of reaction sintered, hot-pressed and
synthesized silicon carbide which showed similar density and wave propagation speed but
different dynamic elasticity limit and strength. As reported in Holland and McMeeking [13], the
quasi-static strength of SiC was governed by fracture toughness and the size of flaws embedded
in the material while the transition strain rate was influenced by both material properties and

microstructures.



In addition, Pittari [14] carried out a series of experiments to understand how the mechanical
properties varied with the composition and manufacturing processes for SiC. Pressureless-
sintered and reaction-bonded SiCs were tested under quasi-static and dynamic loading conditions.
It was found that fracture toughness was affected by both manufacturing processes and loading
rates. The presence of a residual silicon phase in reaction-bonded SiC caused the difference in
fracture toughness, which was associated with tortuous crack path, mismatch of thermal
expansion coefficients and compressive residual stresses. It was also found that dynamic fracture
toughness was higher than static one due to the less amount of time allowed for the crack to
nucleate and grow under dynamic loading condition. Microcracks intended to nucleate in
multiple points due to the inertial dependence of crack initiation and propagation was also
reported in Lankford [9]. Specifically, radial expansion was delayed due to the inertia-induced
confinement in the radial direction, and therefore the propagation of micro-cracks was inhibited
by the time-dependent confining mechanism. Holland and McMeeking [13] suggested that the
dynamic fracture strength was also related to the material density. Above a threshold value
(density), the dynamic strength was shown to be affected by material density and generally
exceeded the quasi-static strength. Also, the larger the Young’s modulus, the lower the transition
strain rate (i.e., a greater rate sensitivity in the dynamic regime). The rate sensitivity increased
with increasing Poisson’s ratio, but no such effect was shown for the transition strain rate and

quasi-static strength.

Although extensive research efforts have been made regarding the mechanical behaviour of SiC,
they were mostly focused on the rate sensitivity and cracking behaviour. To the best knowledge
of the authors, there are very limited studies into the plastic deformation of SiC in various
conditions including high-speed impact and confined compression. For ceramics, high

homologous temperatures are normally the key requirement for plastic deformation to occur. At



room temperature, the material has intrinsic resistance to dislocation nucleation and movement,
causing brittleness of ceramics and failure by crack propagation. Despite the general assumption
that ceramics are brittle, plastic deformation caused by dislocation movement or crystallographic
slip occurs at ambient temperature. Numerous studies have been carried out to study plastic
deformation in ceramics. For instance, Castaing et al. [15] found that dislocation-associated
plastic deformation occurred in ALOs; under quasi-static compression when temperature was
greater than 200°C. Lankford [16] tested ALOsat different temperatures (-196°C to 1526°C) and
different strain rates (10°/s to 10°/s), and found that transgranular cracking, nucleated by
twinning process (plastic deformation), was the dominant failure mechanism at low temperature
and under quasi-static loading conditions. Louro and Meyers [17] found that ceramic materials
failed by dislocation movement in an impact test with lateral confinement, even at ambient
temperature. Tests performed by Chen and Ravichandran[18] on AIN (aluminium nitride) also
showed plastic deformation in failure, and the failure mode changed from fragmentation by axial

splitting to localized faulting under lateral confinement.

In this paper, both quasi-static and SHPB tests were performed on pressureless-sintered
polycrystalline 6H-SiC to investigate the regime of plastic deformation of this material. Different
strain rate was adopted to study the static and dynamic deformation behaviour under uniaxial
compression. Stress-strain behaviour was recorded, and post-test SEM and TEM analyses were
conducted to determine the failure mode and the relationship between microstructure and failure
strength. In addition, numerical simulations were carried out to study the effect of loading rate

on compressive strength, with the incorporation of plastic deformation.

2. Experimental details

2.1 Material and Specimen



The material used for the tests is Hexoloy SA silicon carbide, which was produced by pressure-
less sintering of submicron silicon carbide powder at temperature above 2000°C. The sintered
sample has fine grains, and the grain size ranges from 4 to 10 microns (Fig. 1). The as-received
silicon carbide tiles were of hexagonal shape with a side length of 27 mm and a thickness of 4
mm (Fig. 2a). These were cut into cuboidal samples using a diamond blade fitted on the
Accutom 5 machine. Two sets of specimens were cut, with 2 nominal dimension of 3X3x6 mm’

and 6X6x4 mm’ for quasi-static and dynamic (SHPB) compression tests, respectively. The size

of the specimen was decided based on the work of [19] where similar dimension (2x2x3 mm?)
was used. The sample size was also verified against the capability of the testing machines.
For instance, the 3x3 mm? cross-section area is the calculated value for a sample that can be
loaded to failure by the testing machine available in the laboratory. Also the sample is
estimated to contain hundreds of grains (as grain size varied between 4 and 10 microns) and
thus sufficiently large to represent the mechanical behaviour of the material at large scale (i.e.,
macro-scale). All samples were mounted onto a flat tungsten carbide block using hot wax and
lapped on a bench-mounted KEMET 15 flat-bed diamond lapping machine (Kemet
International, Maidstone, UK). The lapping was carried out on a metal plate using diamond
suspensions of 45 um, 25 um, 8 pm and 3 um (in a sequential order). Before the change of
diamond suspension, the metal plates were fully washed/cleaned to minimize the contamination,
Le., the larger particles produced from the previous step. Then, polishing was carried out using
designated soft cloths with 3 um and then 1 pm diamond suspensions. Each lapping/polishing
step took about 1 hour. Finally, the sample was hand polished using colloid silica for 20 mins.
For all specimens, the ASTM-C1424-15 standard [20] was followed to ensure parallelism which

is crucial for both quasi-static and dynamic compression tests.
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Fig. 1, Microstructure of 6H-SiC as received.

a 27mm b

Fig. 2, (a) As-received SiC tile and (b) prepared specimen with a strain gauge mounted.

2.2 Quasi-static compression tests
The quasi-static uniaxial compression tests were carried out using an Instron 3369 universal

testing machine. Tungsten carbide plates were used to protect the compression platens of the



testing machine which were made of hardened steel. A special housing was designed and
carefully machined to hold the tungsten carbide (WC) plate and minimize any potential
misalignment. The schematic of the setup can be seen in Fig. 3. The housing with the WC plate
was connected to the load cell of the machine. Another WC plate was placed on top of the lower
compression platen. Due to brittle nature of SiC, specimens fail catastrophically into small
fragments in a very short time. In order to collect fragments and avoid direct contact of the two
tungsten carbide plates, metal inserts with slightly shorter length than the specimen was made
and placed next to the specimen. The stress was calculated according to the load applied and the
cross-sectional area of the specimen. Due to compliance issues, the displacement reading from
the cross-head movement was inaccurate, and therefore strain gauges were used for strain
measurement in this study. The strain gauge was firmly mounted to the specimen (Fig. 2b) and

connected to a meter for reading purpose.

Housing for tungsten carbide

WC
— =i
etatinser WC Specimen

Compression platen

Fig. 3, Schematic of the compression test setup.



2.3 Dynamic compression tests

SHPB compression tests are widely used to study the mechanical behaviour under dynamic
loading. The SHPB system involves a striker bar, an incident bar and a transmitter bar, as shown
in Fig. 4. The striker bar is propelled at a high speed by a gas gun or a vacuum system to collide
with the incident bar, creating an incident strain pulse. The strain pulse propagates along the
incident bar until it reaches the specimen. Due to the mismatch of acoustic impedance between
the bar and specimen, a portion of the pulse is reflected to the incident bar while the rest of the
pulse is transmitted to the transmitter bar. These signals are captured by two strain gauges
mounted on the incident and transmitted bars. Stress and strain are calculated from those signals

as described below [21, 22].

Strain Gauges
Striker bar ’7 —‘

|— | & ’ = | Specimen
Incident bar Transmitter bar € [o €
Specimen — > < —T>
AN = .o . ;
1 !l_m oo Incident bar Transmitter bar
— \ XX
Power supply Distribution Oscilloscope ER L’
panel u, U

Fig. 4, A schematic of SHPB system.

As the striker bar impacts the incident bar, the force causes the incident bar to move by a
distance Uy, a portion of this force leads to a deformation of the specimen and the rest leads to a
movement of transmitter bar U, as shown in Fig. 4. The SHPB experiment is assumed to be one
dimensional test, therefore the displacement u of an arbitrary point in the bar at time ¢t is defined

using one dimensional theory of elastic wave propagation:

u=cq fot edt 1)



Therefore, the displacement of incident bar u; can be calculated using:

t t t
Uy = Cy fO Eldt + (_Co) fO ERdt = Cog fO (EI - ER)dt (2)
and the displacement of the transmitter bar U, can be calculated using:

t
U, = Cy fO ETdt (3)

In the above equations, ¢q is the elastic wave velocity and &}, &g and &7 are incident strain,

reflected strain and transmitted strain pulses, respectively.

The engineering strain in the specimen can be calculated as:

Us—

u co t
Eeng = TZ = ﬁfo (e/ — &g —gr)dt “4)

where [ is the initial length of the specimen.

For simplification, it is assumed the stress across the specimen is constant, therefore:

SR = ST - 81 (5>

Thus Eq. (4) becomes

—2¢o t
€eng = Tofo epdt ©)

And the strain rate can be calculated as

dEeng_—ZCo
a1, R )

The forces on both faces of the specimen are

F1 = EA(EI + ER) and FZ = EAET (8)



where E is the elastic modulus and A4 is the cross-sectional area of the pressure bars. Both E and

A were assumed to be the same for the bars. Hence, the average stress in the specimen can be

calculated as:

Fi+F, 1. A
Ogverage = 24, = EEA_S (e + &g +e7) ©)

where Ag is the cross sectional area of the specimen.

Combining Eq. (5) and Eq. (9) gives

EA
Ogverage = A_SET (10)

Therefore, the engineering stress is proportional to the directly transmitted strain pulse &7, and
the engineering strain is directly proportional to the reflected strain pulse €. In this paper,
instead of a vacuum system, a compressed gas system was used to propel the striker bar. In order
to obtain a stress equilibrium, pulse shaper made of aluminium was used for the tests. Wave
signals were captured using strain gauges mounted to the incident bar and transmitted bar for
later calculation of stress and strain. Different strain rates (in the order of 10* and 10° /s) were
used. Fragments from those tests were collected for post-test analysis including SEM and TEM

to study the dynamic behaviour of silicon carbide.

2.4 FIB lift-out for TEM analyses

In order to examine plastic deformation after testing, FIB (focused ion beam) lift-out was carried
out for TEM studies. A randomly chosen fragment was placed on a sample holder with silver
paste as the adhesive and solidified for 24 hours. Next, the sample was put on the stage of FIB
machine, and an area of interest was chosen under electron beam mode with a voltage, current
and aperture size of 10 kV, 2.1 nA and 30 pm, respectively. Once the area was selected, a layer of

platinum was deposited for protection. Two trenches were created by ion beam sputter, with a 2-
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3 pm gap to avoid FIB damage to the lamella as these trenches were milled under 30 kV voltage
and 20 nA current. After the trenches were milled, smaller energy beam was used to clean or
remove FIB damaged area resulting in a smoother finishing. The sample was then tilted, and the
bottom and left-hand side of the lamella were cut loose under 30 kV voltage and 3 nA current.
Following the insertion of a lift-out needle, the lamella was attached to the needle using 30 kV
voltage and 30 pA current. Once the lamella was fixed to the needle by platinum, the rest region
connected to the substrate was FIB milled and the lamella was removed from the base material.
The removed lamella was then stuck onto a grid for final thinning. To minimize the FIB damage
to the lamella, the current used was very low compared to that used for large area milling.
Specifically, a current of 1 nA was used until the lamella thickness reached 1 pm, and then
reduced to 0.5 nA and 0.3 nA for a thickness of 600 nm and 200 nm, respectively. Finally, a
current of 100 pA was used to achieve a thickness below 200 nm. In this study, the achieved

thickness was between 150 nm and 180 nm, which was sufficient for TEM scan.

3. Finite element analysis

3.1 Description of JH2 model

Although experimental testing is always necessary for determining the mechanical behaviour of
materials, there are considerable motivations for the development of numerical models. With
regard to the impact on ceramics, the response of the ceramic is dependent on many parameters
such as projectile velocity, mechanical properties of the ceramic and substrate material that
supports the ceramic sample [23]. Johnson-Holmquist model 1 (JH1) was developed for brittle
materials in 1992 [24], which considered strain rate effect including the pressure-dependent
strength, damage and fracture. However, this model did not consider gradual softening and as a

result, the JH2 model was developed [25].

In JH2 model, the normalized equivalent stress 0™ is given as:

11



* * * *
0" =o0; —D(0o; —of) (11)
where D is a scalar damage parameter, 0; is the normalized intact equivalent stress and oy is the

normalised fracture stress.

The normalized equivalent stresses have the general form:
0" =0/0ugL (12)
where 0 is the actual equivalent stress and gygy is the equivalent stress at the Hugoniot Elastic

Limit (HEL).

The normalized intact and fracture strengths are given by:
of = A(P* + THN(1 + Clné*) < o™ (13)
af = B(PHYY(1 + Clné") < of*™ (14)

X

where A, B, C, M and N are dimensionless material parameters, a;"** is the maximum

normalized intact equivalent strength and /"

is the maximum normalised fracture strength.

The normalised strain rate ("), pressure (P*) and maximum tensile hydrostatic pressure (T™) are

defined as:
€ =¢E[é, P" = P[Pyp,, T" =T/Pyg, (15)
where, € and € are actual and reference strain rates, respectively, P is the actual pressure, T is the

maximum tensile pressure that the material can withstand and Py, is the pressure at HEL.
Damage in JH2 model is assumed to accumulate through incremental plastic strain AeP of the
ceramic given by:

D = Y AP [ef (16)
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where S}? is the equivalent plastic strain to fracture under a constant pressure. It can be
expressed as:

& =Dy(P*+ TP, &f i < &f < & max 17)
where D; and D, are two dimensionless constants, and Eﬁ min and Ef, max denote the minimum

and maximum equivalent plastic strains at fracture, respectively.

Before fracture happens (D =0), the hydrostatic pressure is expressed as:
P:K1M+K2H2+K3ﬂ3 lf.uZO
P=Ku ifu<o (18)
where K; is the bulk modulus (GPa), K, and K3 are constants (GPa), and y is the volumetric
strain defined in terms of initial (pg) and final (p) densities as:
p

=—-1 19
p=-- (19)
When damage begins to accumulate (D > 0), bulking should be taken into account, and therefore,

an additional incremental pressure AP is added:

P =Ku+ K,u? + Ksu® + AP (20)

The pressure increment from a time ¢ to t + At is determined by:

APppe = —Kifesnr + \/(K1#t+At +AP)? + 2K, AU 2D
where [ is the fraction of the elastic energy loss (AU) converted to potential hydrostatic energy

O<B =1

The elastic energy U is expressed as:

U=0?/6G (22)

13



where o is the equivalent plastic flow stress and G is the shear modulus. More specific details of

JH2 model can be found in [25]. The basic flow chart of the JH2 model is summarized in Fig. 5.

—-{ Strain update at current time step }—~< Compute strain rates }—»‘ Compute strain increments ‘

!

‘ Split total trial stresses into deviatoric and hydrostatic stresses H Compute trial stresses at current time step ‘

‘ Computer total effective strain rate H Compute equivalent stress H Compute normalized yield stress ‘

l

‘ Return deviatoric stresses to the yield surface using radial return algorithm }.Ye_s{ Check yielding? ‘

l No
} Compute the plastic strain increment ‘
Iflpyar > 0 l

‘ Compute pressure H Compute the compressibility factor H Update damage H Compute plastic strain to fracture ‘

Ifpepar <0

‘ Compute energy loss due to damage H Compute the pressure increment ‘

l

No
} Reach max strain? }-—{ Compute new total stress ‘

| Yes _@

Fig. 5, Flow chart of the JH2 model.

3.2 Model setup

Abaqus/Explicit 6.14 was used as a platform for the JH2 modelling. The size of the model in the
simulation is the same as that used in SHPB experiments (6X6x4 mm’). The material was
assumed to be homogeneous. Due to the larger cross-sectional area of the bars compared to the
specimen (SHPB), a uniform loading was assumed to act on the specimen surface in JH2
modelling. No contact between the bars and specimen was considered here, and therefore the
friction was neglected. In the initial step, the bottom surface was fixed in all directions and in
loading step, a uniform velocity field was applied to the top face along the negative Y direction
(compression). The boundary conditions were modified in the loading step. Specifically, the

bottom face was only fixed in the Y direction, so that the material was allowed to expand in both

14



X and Z directions. In addition, the centre of the bottom face is fixed in X and Z directions. The
element size was chosen to be 0.2 mm in this study based on a balance of the computational cost

and the simulation accuracy.

4. Results and discussion

4.1 Stress-strain response

The stress-strain behaviour is compared in Fig. 6 for both the quasi-static and dynamic
compression tests. The Young’s modulus calculated from the stress-strain curves ranged from
393 GPa to 425 GPa which matches the value in literature [9, 12, 26-28]. For the quasi-static
compression, the curves are quite linear indicating there is no evident plastic deformation. When
the load exceeded the compression strength of SiC (ranges between 3.6 GPa to 4.3 GPa), it
failed catastrophically into small fragments. For dynamic compression with a strain rate of 500/s,
the failure stress was around 5 GPa, which was slightly larger than that for quasi-static
compression. The failure stress increased up to 6 GPa when the strain rate increased to 2000/s,
which implies strong strain-rate sensitivity of the material. A similar phenomenon had been
reported elsewhere [9, 19, 28]. The ‘plateau’ regions of the stress-strain curves represent the
reflected signals in the SHPB system after the sample was crushed, and may be caused by

accumulation of plastic deformation and damage.
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Fig. 6, Stress-strain curves from quasi-static and SHPB compression experiments.
4.2 SEM and TEM analysis

The fracture of grains (transgranular fracture) and the failure of grain boundaries (intergranular
fracture) are two possible fracture modes in ceramics depending on the material itself and the
loading condition [9, 28]. To better understand the SiC failure mode under different loading
conditions, Field Emission Gun Scanning Electron Microscopy (FEGSEM) was used to study
the fracture mechanisms. Fragments were collected after both quasi-static and dynamic
compression tests for SEM examination. The fragment size is largely different for the two testing
regimes. Large pieces (1-2 mm) of fragments were produced from static compression whereas
the fragments were much smaller (in microns) in SHPB tests. This implies that micro-cracking
was dominant during compression under higher strain rate. Figures 7 (a-b) and (c-d) show the
SEM images of fragments collected from quasi-static and dynamic compression  tests,

respectively. As can be seen, for quasi-static compression tests, the cracked surfaces shown in

16



Fig. 7(a-b)) were quite smooth (no debris) and the fragment size is much larger than the grain
size (4-10 um) of the specimen. This implies intergranular fracture of the sample, and that failure
tends to occur along the grain boundaries due to weak interfacial strength. For dynamic loading,
the fragments were much smaller (less than a grain) and also covered with even smaller pieces of

debris, as shown in Fig. 7(c-d). This implies that the energy built up during a dynamic

compression test is sufficient to split grains and cause transgranular fracture [29, 30].

Fig. 7, SEM images of fragments collected from (a-b) quasi-static and (c-d) dynamic compression

tests.
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In order to confirm if plastic deformation takes place under such loading condition, FIB lift-outs
were carried out for fragments collected after quasi-static and dynamic uniaxial compression tests.
Figure 8 gives selective TEM images from a randomly chosen fragment after quasi-static
compression test. Figure 8(a) shows the overall lamella lifted out. This image shows a clear view
of the sample microstructure such as the grain size, voids and grain boundaries. In particular, Fig.
8(b) shows the boundaries between grains and inclusions or cavities where dislocations tend to
nucleate. Despite through studies, there was no evidence of dislocations or plastic-deformation

related defects.

Fig. 8, TEM images of lift-out lamella from fragments collected after quasi-static compression

test.

Similar FIB lift-out and TEM analysis were performed for fragments collected from the SHPB
experiments under different loading rates. Figures 9(a-b), (c-d) and (e-f) present selective TEM
images for samples tested under a strain rate of 500/s, 1000/s and 2000/s, respectively.
Examinations were carried out across all the lift-out lamella with a focus on finding plastic
deformation related defects such as dislocations and kinks. For 500/s strain rate, voids were

presented in the lamella produced by FIB (see Figure 9(a)). The large void could be caused

18



during the FIB operation, especially when high residual stresses were present in the region;
whereas the small voids were formed during the sintering process. “Shear bands” were noticed at
the boundaries between grains and voids (yellow circle in Figure 9(b)), which had different
orientations due to different grain orientations. These “shear bands” were in fact stacking faults,
similar to the observations reported in [28] and [31]. Stacking fault energy in 6H-SiC was
estimated to be 1.9-2.5 mJ /m? which is two orders less than that for metals [32-34]. As a result,
stacking fault can be generated more easily in 6H-SiC. For samples tested under a strain rate of
1000/s, a lot of ‘black lines’ can be observed in the lift-out lamella as shown in Figure 9(c).
Further examinations suggested that these lines were not dislocations. However, dislocations
were actually observed at grain boundaries as shown in Figure 9(d) (yellow circle). They had
different orientations in the two grains (partly overlapped), and pile-ups occurred near the grain
boundary. For samples tested under a strain rate of 2000/s, dislocation loops and kinks were

clearly visible, especially at the grain boundaries (Figure 9(e-f), yellow circle).

According to TEM analyses, it was suggested that plastic-deformation related defects are more
likely to be found in materials under high strain rate compression. For instance, no obvious
dislocations were found for a specimen under quasi-static compression; whereas defects such as
dislocations, kinks and shear bands can be clearly observed for samples tested under a strain rate
up to 2000/s. Although dislocations were also found for the sample tested under a strain rate of
1000/s, the area being examined was larger than that for the sample tested under a strain rate of
2000/s, meaning a lower dislocation density for decreased strain rate. Plastic deformation in
crystalline material is mainly caused by the generation, multiplication and movement of
dislocations. When the resolved shear stresses exceeded the critical resolved shear stress, the
dislocations form and glide on slip planes. For static compression tests, there was no plastic
deformation and material failed by coalescence of microcracks which were nucleated at grain

boundaries, voids and inclusions. Lateral confinement, either from external pressure [18] or
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induced dynamically [16], can suppress the propagation of microcracks and promote localized
inelastic deformation around the crack tip. For dynamic compression, the inertially induced
lateral confinement is the reason for plastic deformation which is related to the localized
dislocation activities as verified from our TEM studies. It is worth pointing out that all lamella

were lift out from a randomly picked-up fragment due to the nature of catastrophic failure.
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Fig. 9 TEM images of lift-out lamella from fragments collected after SHPB tests: (a-b) 500/s, (c-

d) 1000/s and (e-f) 2000/s strain rate.

4.3 JH2 simulation

Model parameters were calibrated in order to match the experimental results in terms of stress-
strain behaviour. To determine the model parameters, we adopt a fitting procedure based on
iterative simulations of SHPB stress-strain responses for three varied loading rates (500/s,
1000/s and 2000/s). Prior to the fitting process, some fundamental matetial parameters such as
modulus was directly obtained from experimental measurements (linear part of the stress-strain
curve) and Poisson’s ratio was assumed as 0.2 [11]. Initial values of other JH2 related parameters
were estimated based on the literature [23, 35]. Following each simulation, the stress-strain
responses were obtained and compared with those measured experimentally to assess the
difference. This essentially is an inverse parameter-fitting process. Basically, we manually change
the values of the parameters until the simulated stress-strain responses matched the SHPB test
data for three loading rates. The procedure consisted of a series of iterations until an acceptable
agreement was achieved between model simulations and experimental data. The parameters
calibrated for SiC in this study are summarized in Table 1, with description given in Section 3.1.
The values were in the range reported in literature [23, 24, 35]. In Table 1, idumag is the initial
damage of the material and FS is the failure strain required as inputs for simulations in Abaqus.
The stress-strain curves from JH2 model and SHPB tests are compared in Fig. 10, showing a
good match between them. The calibrated JH2 model was then used to predict the rate-
dependent strength for the material and plotted in Fig. 11, in comparison with SHPB tests and
also data from Lankford [9]. The JH2 predictions match the SHPB results very well, showing a
strong dependency of compressive strength on strain rate. The results follow the trend reported

by Lankford [9]. Figures 12 (a) and (b) show the damage contour plot at the moment of failure
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for 4000/s and 500/s strain rate, respectively. It can be seen that for 4000/s loading rate, the
damage is less than that for 500/s loading rate. This can be explained by the theory that there is
not sufficient time for crack to nucleate in a high strain rate experiment [9, 14]. In addition, the
damage for 4000/s loading rate tends to spread across the whole sample, leading to numerous
smaller fragments. Whereas the damage for 500/s loading rate is very concentrated, leading to
fewer but larger fragments. This is consistent with the experimental observations mentioned
above. Figures 12 (c) and (d) show the contour plots of equivalent plastic strain for 4000/s and
500/s loading rates, respectively. It can be seen that the level of plastic strain is similar for both
cases, but more evenly distributed for a higher loading rate (4000/s), consistent with damage
evolution. It should be mentioned that different scale bar was used in the contour plots for the
two cases, as the damage and plastic strain were largely different between them. If the same scale
bar was adopted, one contour plot will be dominated by a single colour, losing the contrast
immediately. The presented scale bar was the most suitable for better viewing of the damage and

plastic strain distribution over the fragments.

Table 1, Parameters calibrated for JH2 model.

Po (% G (GPa) A N B M C | & @/s)
3125 170 0.96 0.65 0.35 1 0.09 1
T (GPa) o' | o"* | HEL(GPa) | Pyg, (GPa) B
0.75 1.24 0.132 11.7 7 1
D, D, x| Emin FS IDamage
0.48 0.48 12 0 0.2 0
Ky (GPa) | K,(GPa) | K3(GPa)
220 361 0
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Fig. 11, Compressive strength of 6H-SiC against loading rate.
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Fig. 12, Contour plots of (a-b) damage (SDV4) and (c-d) equivalent plastic strain (SDV1) at the

moment of failure for 4000/s (left) and 500/s (right) loading rates, respectively.

5. Conclusion

In conclusion, uniaxial compression tests were conducted for 6H-SiC in both quasi-static and
dynamic regimes. It was found that the strength of SiC is dependent on the loading rate, which
increase with increasing strain rate. In addition, it was noted that higher loading rates lead to
smaller fragments upon failure. This is associated with two possible fracture modes, i.e.,
transgranular fracture under dynamic loading and intergranular fracture under static or low-speed
loading. From the TEM scans, defects such as dislocation loops, kinks and shear bands can be

clearly seen in samples tested at high strain rate. For lower strain rate compression, those defects
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were not obvious. In addition, the JH2 simulation was performed, with parameters calibrated

against experimental results. The model was able to predict the varied dynamic strength of SiC,

further supporting the rate sensitivity of SiC.
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