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a b s t r a c t 

Mechanical properties and microstructural deformation characterization of nanocrystalline silicon carbide (n-SiC) 
have been studied at room-temperature by using nanoindentation and uniaxial microcompression tests abetted 
with Raman spectroscopy and transmission electron microscopy (TEM). The enhanced mechanical properties of 
n-SiC observed from indentation and uniaxial micropillars compression tests is mainly attributed to nano-size 
effect and soft interface phase at the grain boundaries. TEM reveals that the n-SiC upon deformation undergoes 
grain boundary sliding with the assistance of graphitic interface phase thereby enhancing the strength, fracture 
toughness and plasticity. The critical crack length values estimated for n-SiC are two to three orders of magnitude 
smaller than that usually found for brittle ceramics, which implies that plasticity can be achieved before crack 
initiation and failure. Our density functional theory molecular dynamics simulations agree with the experimental 
results and provide an atomistic insight in which the graphite along the grain boundary facilitates the grain 
boundaries sliding in n-SiC. 
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. Introduction 

Among high performance ceramics, cubic silicon carbide ( 𝛽-SiC) ex-
ibiting a low specific density offers outstanding properties such as high
ardness and stiffness, good thermal and electrical conductivity, excel-
ent creep and wear resistance, which are promising for electronic and
tructural applications [1,2] . However, the major limitation of currently
mployed 𝛽-SiC ceramics were prone to catastrophic failure because of
igid covalent bonding [3–5] . In addition, secondary phases and poros-
ty greatly influence strength and toughness when the final component
s subject to mechanical loading [5–7] . 

Usually, 𝛽-SiC is fabricated by pressureless sintering above 2000 °C
emperature with an addition of sintering aids such as carbon and boron
r aluminium [1,8,9] . These sintering aids are primarily used to remove
he surface layers contamination of SiC particles and to enhance ther-
al diffusivity during the densification [8,9] . Thus, the obtained sin-

ering microstructure possesses strong interfacial bonding between the
icro-size SiC grains, leading to a poor fracture toughness of about
 to 3 MPa m 

1/2 , and fractures transgranularly [10–12] . Several at-
empts have been made to enhance the fracture toughness by modifying
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he conventional SiC microstructure through a liquid phase sintering
LPS) at relatively low temperatures in the range of 1800 °C to 1950 °C
13–17] . The enhanced fracture toughness of LPS-SiC was mainly at-
ributed to plate-like grains formed during the in-situ phase transition
rom cubic to hexagonal SiC crystal structure [15–18] . Although the ac-
omplished microstructure through LPS process produces a high fracture
oughness between 5 and 8 MPa m 

1/2 by the intergranular fracture mode
16–18] , it was found in practical applications that stress concentration
uilds up around the elongated grains during mechanical deformation,
eading to the reduction of strength and creep properties [1,10,19] . 

According to the well-known Hall–Petch relationship, grain refine-
ent is considered as a promising way to enhance the mechanical prop-

rties of solid materials without changing their chemical composition
20] . In recent years, there have been significant experimental efforts to
ynthesize nanostructured SiC [21,22] . For example, Vassen and Stöver
eported the dense sintered microstructure with a mean grain size of be-
ow 100 nm using hot isostatic pressing technique [23] . The measured
ardness ranged from 23 to 26 GPa and the fracture toughness was be-
ween 2.5 to 3.5 MPa m 

1/2 [23] . Later Shindo et al. found large duc-
ility up to 140% for the fine grained SiC in compressive tests at high
, xdwang77@sjtu.edu.cn (X. Wang). 
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emperatures of 1600 − 1800 °C [24] . More recently Liao et al. synthe-
ized nanocrystalline 𝛽-SiC thin films with less than 20 nm grain sizes
nd achieved a high hardness between 30 and 50 GPa [25] . Even though
hese studies showed the increase in hardness and toughness of 𝛽-SiC
ue to its nano-size effect compared to their conventional coarse grain
ounterparts, the underlying deformation mechanism responsible for
he enhanced mechanical properties has not been verified experimen-
ally. 

In particular, enhanced mechanical properties of nanocrystalline ce-
amics may give rise to unique plastic deformation mechanisms that
re not found in coarse-grained polycrystals [26,27] . For instance, Szlu-
araka et al. performed molecular dynamics (MD) simulations on nano-
ized SiC with 80–85% crystallinity and found the crossover plasticity
rom intergranular to intragranular dominated deformation occurs by
 combination of cooperative grain sliding, grain rotations, and inter-
ranular dislocation formation [28] . Although MD simulations indicate
n essential role of switching from the dominated by crystalline to de-
ormation dominated by disordering, the understanding of localized un-
erlying deformation process between SiC and interface phase have not
een forthcoming. 

In this work, we report the mechanical properties of nanocrystalline
iC (n-SiC) with a uniform graphitic phase at the grain boundaries (GBs).
e found that the nano-layered graphitic interface phase in n-SiC is ef-

ective in enhancing toughness, strength and plasticity. TEM and den-
ity functional theory molecular dynamics (DFT-MD) revealed that the
rain boundary sliding mechanism is responsible for the extraordinary
roperties of n-SiC with the assistance of graphite phase at high contact
ressures. 

. Experimental procedure 

.1. Sample preparation 

Ultrafine 𝛽-SiC powder was prepared by the gas-phase reaction of
iCl 4 , SiH 4 , CH 4 , and C 2 H 4 (T-1 grade, Sumitomo-Osaka Cement Co.,
okyo, Japan). The ultrafine SiC powders measured using transmission
lectron microscopy ranges from 20 to 70 nm in size (Supplementary
ig. S1). The powder contained 3.5 wt% of free carbon and 0.41 wt% of
xygen, and the amount of metallic impurities was < 1 ppm. The start-
ng 𝛽-SiC contained free carbon, which were trapped at the surfaces of
he fine powders. The 𝛽-SiC powders were die pressed at a pressure of
0 MPa with dimensions of 15 mm 

∗ 5 mm specimens. The compacts were
rst coated with BN powder to avoid reaction with glass tubes. Then
hey were densified by cold isostatic pressing (CIPing) under 200 MPa
n vacuum encapsulated within pyrex TM -type glass tube (Iwaki glass
o., Chiba, Japan) at a temperature of about 760 °C [24] . Finally, the
apsules were held at a temperature of 800 °C in an argon atmosphere
or 1.2 ×10 3 s in a special HIP equipment and isostatically pressed at
600 °C and 980 MPa for 3.6 ×10 3 s. 

The obtained sintered specimens were polished with successive
rades of diamond lapping films to reduce the contribution of surface
oughness on the measurements of mechanical properties. The final den-
ity of the sintered SiC compact was determined by the Archimedes’
ethod with deionized water as the immersion medium. 

.2. Mechanical properties measurements 

A dynamic ultra-micro-hardness tester (shimadzu W201S) equipped
ith a Berkovich indenter was used to carry out hardness and frac-

ure toughness measurements at maximum loads ranging from 200 to
000 mN at a constant loading rate (7.06 mN/s). 

The micropillars with an aspect ratio of 3:1 (height: diameter) were
repared by a focused ion beam (FIB) system (JEOL JIB-4600F). A large
iameter pool was made to guarantee that the flat punch is in contact
nly with the pillars during compression test. These micropillars were
oaded in uniaxial compression at a constant loading rate of 0.33 mN/s
sing a nanodevice (Shimadzu W201S) and tests were performed using
at punch indenters with diameters of 10 μm and 40 μm. 

.3. Characterization 

XRD measurements were carried out on bulk polished sintered spec-
mens in a Rigaku X-ray diffractometer (RINT 2200) with an X-ray Cu
ube (CuK 𝛼 , 𝜆= 1.5418 Å). XRD patterns were collected over a 2 𝜃 range
rom 20° to 70° with a step width of 0.5° and 2 𝜃o /min. Phase identi-
cation was done using the JCPDS database. Crystallite size ( D ) was
etermined using the Scherer formula. 𝐷 = 

0 . 9 𝜆
𝛽 cos 𝜃 , where 𝜆 is the wave-

ength of x-rays, 𝜃 is the diffraction angle, and 𝛽 is the corrected half
idth. Fracture toughness was evaluated from scanning electron micro-

cope (JEOL, JIB-4600F) images by measuring the diagonal and crack
engths of residual impression made by indentation. Raman spectra were
cquired to monitor the pressure-induced structural transition using a
enishaw micro-Raman spectrometer equipped with a charge coupled
evice (CCD) detector and a microscope for focusing the incident laser
eam to a ∼1 μm spot size. A 514.5 nm Ar ion laser was used as the exci-
ation source. The spectrum was collected at a lower laser power in order
o avoid local heating effects. TEM was performed using a JEOL JEM-
RM 200F operated at 200 kV equipped with spherical aberration (Cs)
orrectors of both probe-forming and image-forming lenses. As synthe-
ized TEM specimen were sliced from the bulk n-SiC sintered compact
nd were mechanically ground to a thickness of 100 μm. The surface
f the specimen was then dimpled to a thickness of about 20 μm and
on-beam milled to obtain electron transparency by using a low angle
on milling (Fischione 1010). The cross-sectional TEM specimens of both
he pristine surface and the deformed n-SiC were prepared by the lift-out
echnique using an FIB system (FEI Versa3D) for detailed microstructure
haracterization. Prior to TEM, the cross sectioned specimens were gen-
ly cleaned using Nano mill at 500 eV for 15 min to remove the induced
amage layers caused by FIB system without altering the surface chem-
stry. The high-resolution images were acquired using scanning TEM
ode (STEM). Average grain size values and interface thickness were

alculated from the STEM images using the Image Tool software. 

.4. Computational simulations 

To illustrate how the graphite interface determines the deforma-
ion mechanism of n-SiC, we employed density functional theory (DFT)
ased molecular dynamics (DFT-MD) simulations to examine the me-
hanical response of a laminated SiC-graphite structure under a finite
hear deformation. The laminate structure was constructed by combin-
ng the SiC and graphite supercells. We focused on the shear deformation
long ( 111 ) ⟨2̄ 11 ⟩ slip system of SiC, which is expected to be favorable for
he formation of dislocations as suggested by the experimental observa-
ions. We chose (001) slip plane of graphite. The lattice mismatch is min-
mized by replicating SiC 4 times along x and y directions, and graphite
 times along x and y direction, respectively. To minimize the Van der
aals interaction between SiC with graphite layers, the graphite layer

s shifted to maximum the atomic distance between SiC and graphite
ayers. The model contains 392 atoms in total, including 96 Si and 296
 atoms, respectively. For the sake of computational convenience, we
otated the supercell, in which the x –y plane is the (111) slip plane and
 -axis is along the ⟨2̄ 11 ⟩ slip direction for SiC, and the x –y plane is the
001) slip plane and x -axis is along the ⟨100 ⟩ slip direction for graphite
n a Cartesian coordinate system. 

The laminated structure is optimized using DFT implemented in
ASP package with a plane-wave basis set [29,30] . The Perdew–Burke–
rnzerh (PBE) functional and the projector augmented-wave (PAW)
ethod are applied for the exchange-correlation interaction and the

ore-valence interaction, respectively [31,32] . The pseudo potentials in
AW method consider the 2 s 2 2 p 2 electrons and 3 s 2 3 p 2 electrons as va-
ence states for C and Si elements, respectively. The tetrahedron method
ith Blöchl corrections was applied to determine the electron partial
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Fig. 1. XRD pattern of n-SiC sintered at temperature and pressure of 1600 °C 
and 980 MPa. The arrow mark indicates the planar faults in the microstructure. 
All the crystalline intensity peaks are assigned to SiC cubic phase. 
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Fig. 2. (a) TEM image of as-sintered n-SiC shows fine grained microstructure. 
The SAED pattern confirms only single phase cubic SiC (Inset). (b) Magni- 
fied TEM image display uniformly encapasculated carbon surrounded by SiC 
nanograins. (c) A representative high resolution TEM image shows crystalline 
carbon with graphitic lattice at the grain boundary interface. (d) High density 
of nanotwins and stack faults within n-SiC grain. 
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ccupancies [33] . The kinetic energy cutoff was set to 500 eV for the
lane wave expansions. The convergence criteria were set to 1 ×10 − 5 eV
nd 1 ×10 − 2 eV Å− 1 for the electronic self-consistent field (SCF) proce-
ure and ionic relaxation loop, respectively. The Brillouin zone integra-
ion was performed on Γ-centered symmetry-reduced Monkhorst − Pack
eshes with 1 ×1 ×1 k-point grid mesh. We considered the van der
aals interactions using DFT-D3 method with Becke–Jonson damp-

ng approach [34] . Periodic boundary conditions are applied along all
hree directions. The optimized cell parameters at 0 K are a = 12.36 Å,
 = 12.36 Å, c = 28.26 Å, 𝛼 = 𝛽 = 90°, and 𝛾 = 120°. 

The model was pre-deformed with various uniaxial pre-compressed
atios perpendicular to the slip plane to mimic the compressed condi-
ions in our indentation experiments. On the basis of the deformation
nd stress conditions in indenter region, we consider 10% and 15% uni-
xial compression perpendicular to the slip plane which is comparable
o our experiments. Each compressed model was first optimized at 0 K,
nd then heated to 300 K for 5 ps using the NVT ensemble (constant
olume, constant temperature, and constant number of atoms) with the
ose − Hoover thermostat to obtain the equilibrium structure at ambient
onditions, and finally sheared at a constant shear rate of 0.02/ps. 

. Results 

.1. As synthesized silicon carbide characterization 

Nanocrystalline silicon carbide (n-SiC) powders containing 3.5 wt%
xcessive free carbon were sintered at a relatively low temperature to
btain the fine grained microstructure using high pressure hot isostatic
ressing. The measured final densities of bulk sintered nanocrystalline
ilicon carbide (n-SiC) are 97% (3.12 g/cc) by considering excessive car-
on content. X-ray diffraction (XRD) spectra shows all crystalline peaks
orrespond to the 𝛽-SiC phase, while the low concentration carbon not
etected in spectra might be due to insensitivity of XRD detector ( Fig. 1 ).
he crystallite size estimated from XRD using the Scherer’s method for
he planes of (111), (220), and (311) were 23.1 nm, 22 nm, and 19.5 nm
eveals that the as-sintered bulk SiC with symmetric grains. A shoulder
eak observed on the left tail of (111) peak at about 2 𝜃= 33.6° attributed
o presence of planar defects in SiC microstructure [22,35] . 

Low magnification TEM image shows as-sintered SiC is almost fully
ense, consisting of nearly equiaxial nanograins ( Fig. 2 a). A selected
rea electron diffraction (SAED) taken from the region of Fig. 2 a con-
rms that these 𝛽-SiC with randomly distributed grains (Inset Fig. 2 a).
ig. 2 b zoom in TEM image displays that these n-SiC grains are encapsu-
ated with carbon phase. A representative high resolution TEM (HRTEM)
mage taken from grain boundary interface reveal the graphitic carbon
ith a lattice spacing distance of about ∼0.34 nm ( Fig. 2 c). HRTEM of
ig. 2 d shows a high density of nanotwins and stacking faults, but no
ther defects such as dislocations were found in as-sintered n-SiC. 

The bright field (BF) and dark field (DF) STEM images show evidence
f equiaxial SiC nano-grains with the uniform distribution of graphitic
arbon phase at the grain boundaries as well as at triple junctions as
hown in Fig. 3 a and b, as well as Supplementary Fig. S2. The statistical
easurement of STEM images revealed grain sizes in the range of ∼10

o 100 nm with a mean and standard deviation of 35 ± 15 nm ( Fig. 3 c).
he estimated widths of the graphitic carbon grain boundaries were in
etween ∼0.68 nm and 8 nm ( Fig. 3 d). These microstructural examina-
ions suggest that the as-sintered n-SiC growth is controlled by the pres-
nce of nano-layered carbon phase at the grain interface and use of rela-
ively low temperature sintering restricts the grain growth to nanometer
rains. 

.2. Hardness and elastic modulus measurements 

Fig. 4 shows Load–depth ( p–h ) curves obtained with the Bervoich
ndenter for various loads ranging from 200 mN to 1000 mN at the
onstant loading rate of 7.06 mN/s. The curves appear smooth and reg-
lar without any large bursts during loading-unloading cycles [36] . By
etermining the contact area, A , and the contact stiffness ( S ), = 

𝑑𝑃 ∕ 𝑑ℎ ,
rom the maximum applied load, P max , and the peak displacement, h max ,
rom the p –h curves, hardness ( H) of n-SiC was evaluated according to
he nano-indentation equation [37] : 

 = 

𝑃 𝑚𝑎𝑥 ∕ 𝐴 𝑐 
(1) 

here, H -hardness, P max -peak load, A c -contact area 
The elastic modulus of n-SiC is determined from 20% of unloading

urve using the below equation [38] 

1 
𝐸 𝑟 

= 

1 − 𝑣 2 𝑚 
𝐸 𝑚 

+ 

1 − 𝑣 2 𝑖 
𝐸 𝑖 

(2) 
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Fig. 3. (a) BF-STEM, and (b) DF-STEM images of as-sintered 𝛽-SiC showing 
nanograined microstructure with uniformly distributed carbon at the grain 
boundary interface phases. (c) The SiC grain size ranging from ∼10–100 nm 

with a mean 35 ± 12 nm. (d) carbon interface thickness ranges from ∼0.7 nm to 
8 nm. 
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here the constant 𝛽 is 1.034 for the berkovich indenter, v i and E i 
ossion’s ratio and elastic modulus of diamond tip, while E m 

and
 m 

are elastic modulus and possion’s ratio of the current material,
espectively. 

The calculated H and E values of n-SiC as a function of the applied
oads are shown in Fig. 4 . The obtained H and E ranges from 35 to
3 GPa and 470 to 310 GPa, respectively. The observed indentation size
ffect may be associated with strain gradient plasticity [39] . The H and
 values of n-SiC were improved compared to that of microcrystalline H
nd E values, which ranges in between 18 and 23 GPa and 330–360 GPa,
ut less than the reported nanocrystalline SiC films values, which are
etween 30–50 GPa and 265–515 GPa [1,10,23,25] . The low H and E of
-SiC as compare to nanocrystalline SiC films mainly attributed to the
resence of weak graphite interface phase. 

.3. Fracture toughness measurements 

The fracture toughness ( K IC ) was calculated from the lengths of radial
racks emanating from corners of the berkovich indents using following
quation [38,40] . 

 𝐼𝑐 = 𝑥 𝑉 

(
𝑎 

𝑙 

)1 ∕ 2 ( 𝐸 

𝐻 

)2 ∕ 3 𝑃 
𝐶 
3 ∕ 2 

(3)

P is the applied load; E is the elastic Modulus; H is the indentation
ardness 

x V –constant (0.016); c is radial crack length (measured from the
enter of indent); a is half of the square diagonal. 

The measured ( K IC ) value of n-SiC ranges from 3.3 to 5.4 MPa m 

1/2 

rom low to high loads ( Fig. 5 a and Supplementary Fig. S3). Fig. 5 b
llustrates well-developed radial crack morphology from n-SiC indent
dges applied at 1000 mN, and within the residual indent region no
racks appeared. 

.4. Raman spectroscopy analysis 

The representative Raman spectra from pristine surface and indented
egion of n-SiC under the excitations of 514.5 nm laser are shown in
ig. 6 . Inset SEM image shows the residual indentation at load of
000 mN. In the low frequency region below 1000 cm 

− 1 , the spectra of
ristine n-SiC show two bands at 796 cm 

− 1 and 968 cm 

− 1 correspond-
ng to transverse (TO) and longitudinal (LO) modes of strain free cubic
iC (in curve A) [41] . In the high frequency region above 1000 cm 

− 1 ,
he spectra display the graphitic carbon peaks, located at 1360 cm 

− 1 ,
590 cm 

− 1 , 1620 cm 

− 1 , 2450 cm 

− 1 and 2700 cm 

− 1 . The 1360 cm 

− 1 and
620 cm 

− 1 peaks are attributed to defect-induced D band, ∼1590 cm 

− 1 

eak is assigned to in-plane vibrational G band, 2450 cm 

− 1 peak is the
on-dispersive band and 2700 cm 

− 1 peak is the two-phonon 2D (G 

1 )
and [42,43] . Fig. 6 (curve B) readily shows changes in the Raman
eak intensity and broadening can be observed upon indentation. Con-
equently, the measured Raman bands intensity of I(D)/I(G) increases
o 1.65 and 2(D)/I(G) increases to 1.15 upon indentation showing an
ncrease in the degree of disorder in the graphitic phase. On the other
and, only broadening for SiC peaks was noticed which indicates no
rystal-to-crystal structural transition upon deformation ( Fig. 6 ). 

.5. Microstructural characterization of deformed nanocrystalline sic 

In order to determine the underlying deformation mechanism re-
ponsible for enhanced mechanical properties of n-SiC, a cross sectional
EM specimen was prepared from the residual indent using focused ion
eam (FIB) milling. A typical TEM specimen preparation is shown in
ig. 7 for the indented region at the maximum load of 1000 mN. The in-
ent cross sectioned specimen of n-SiC was sliced using FIB milling and
hen thinned down to less than 50 nm foil for TEM observations [44,45] .
ig. 8 a and b shows that the BF-STEM and DF-STEM images were si-
ultaneously recorded. The bright and dark contrast features at grain

oundaries in the images of Fig. 8 a and b display diffusive interface
ithin the deformed n-SiC region, in contradiction to sharp interfaces
Fig. 4. Typical load-depth curves obtained from Bervoich 
nanoindenter on smoothly polished n-SiC surface under loads 
ranging from 200mN to 1000 mN at constant loading rate of 
7.06 mN/s. (b)The hardness and elastic modulus is plotted 
against applied loads. 
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Fig. 5. (a) Fracture toughness mean values ranges from 5.4 
to 3.3 MPam 

1/2 from low to high loads. (b) A representative 
SEM image of a Berkovich indenter impression showing the 
determination of the geometric parameters used in Eq. (6) for 
the calculation of fracture toughness: a is the contact radius; 
c is the crack length; and l is the crack length emanating from 

the indent corner. 

Fig. 6. Raman spectra shown for as-sintered surface (black curve) and residual 
indent region (red curve). The TO and LO corresponds to SiC and D, G, G 

∗ and 
2D to graphitic carbon. 

Fig. 7. The cross sectional TEM specimen prepared using focused ion beam 

milling. (a) SEM image shows the residual indent impression produced at max- 
imum load of 1000 mN. (b) Large trenches made around the residual indents. 
(c) Specimen is attached with omni-probe by assistance of tungsten deposit. (d) 
Thin foil of n-SiC was attached to cu grid. 

Fig. 8. (a) A representative bright field and (b) dark field STEM images taken 
from a residual indent region of n-SiC. The dark field STEM image showing a 
clusters of nano-grained size ( < 20 nm) within the deformed region. (c) Zoom-in 
DF-STEM image reveals no cracks appearance in fine grains sliding region (d) 
Electron diffraction intensity profile analysis shown before and after deforma- 
tion. 
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f undeformed region ( Fig. 3 a and b). In addition, Fig. 8 a and b show
any fine grain clusters, which are typical < 20 nm and are marked in

ed dotted circles. These fine grained SiC entities in the cluster form (see
ig. 8 b) were free of interface carbon phases indicating that the small
ores ∼3% in as-sintered allows the motion of grain sliding within the
eformation region. A zoom-in DF-STEM image ( Fig. 8 c) demonstrates
hat the smaller SiC grains experience shear sliding that is triggered by
igh stresses within the indent region. Moreover, no cracks appeared
ithin the residual indent region indicating primarily intrinsic tough-

ning [5,46] . The electron diffraction intensity curves ( Fig. 8 d) of unde-
ormed and deformed regions show only cubic SiC phase. The obtained
cattering vector (Q) peak positions are analogous to the XRD Bragg’s
ngle ( 𝜃) determined by using equation 𝑄 = 4 𝜋 sin ( 𝜃)∕ 𝜆, showing unde-
ectable crystal-to-crystal phase transition upon deformation. 

Fig. 9 BF-STEM image taken from residual indent of n-SiC shows the
vidence for the transition of grain boundary carbon interface. Fig. 9 a
mage displays that the graphitic carbon transforms to highly disor-
ered carbon at grain boundaries and triple junctions suggesting that
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Fig. 9. A plane view bright field STEM image obtained within deformed n-SiC. 
(a) Image shows highly disordered carbon at grain boundary interface of SiC 
nanograins marked with red dotted lines. (b) Image display the visible disloca- 
tions on the {111} plane for the [110] direction of n-SiC. 
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Fig. 10. (a) Engineering stress vs. engineering strain plot shown for different n- 
SiC compressed micropillars at constant loading 0.33 mN/s. Note the detectable 
plasticity before micropillars fracture. (b) Strength of n-SiC obtained on com- 
pression of different pillars diameter. (c) Typical fabricated micropillar using FIB 
milling. (d) Fractured micropillar reveals typical intergranular fracture mode. 

Fig. 11. (a) TEM image of fragmented n-SiC shows highly strained at interface 
carbon. (b) Bright field STEM image showing edge dislocations inside a nano 
SiC grain. 
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ano grains may have experienced tremendous shear deformation by
rain boundary sliding as the accommodation mechanism. A represen-
ative BF-STEM image taken at the proximity of grain interface along the
 ̄1 10 > direction within the deformed region is shown in Fig. 9 b. Inset

ast Fourier transform (FFT) pattern of Fig. 9 b indicates that dislocations
n the SiC grain have the Burger vector of 1/2 < ̄1 10 > on the {111} pri-
ary slip plane. Further zoom-in inset image of Fig. 9 b reveals emission

f dislocations along the ( 11 ̄1 ) glide plane of SiC, which suggests high lo-
al shear stresses produced on the smaller SiC grains during shear sliding
eformation. Moreover, dislocations produced near the grain boundary
nterface also confirm load transfer and mobility of grains entity during
he grain boundary (GB) sliding process. Furthermore, dislocation in-
uced plasticity in n-SiC likely plays an additional role in redistributing
nternal stresses in order to accommodate grains sliding during shear
eformation. Therefore, enhanced mechanical properties of n-SiC are
ttributed to the substantial sliding of small SiC grains with the assis-
ance of carbon interface at high stresses by which accommodates the
ocal plastic deformation to delay crack initiation and failure. 

.6. Uniaxial strength measurements 

The deformation behavior of n-SiC was further investigated by uni-
xial micro-compression testing. The diameters of the pillar specimens
ere shown in a range of 1 μm to 13.5 μm and with an aspect ratio of
bout 3: 1 ( Fig. 10 ). The micropillars were fabricated using FIB milling
nd the template SEM image for the diameter of 3.15 μm is shown in
ig. 10 a. The representative engineering stress–strain curves of micro-
illars with diameters of 2.75 μm, 3.15 μm and 13.5 μm, respectively, are
hown in Fig. 10 b. The fracture strength as a function of micro-pillar di-
meter size is plotted in Fig. 10 c. It can be seen that for all the pillars
he strength was above 8 GPa and the maximum strength is as high as
11 GPa which is significantly higher than that of microcrystalline SiC

2–4 GPa) [47,48] . The SEM image of deformed micropillar revealed in-
ergranular dominated fracture process for the n-SiC ( Fig. 10 d). More
nterestingly, n-SiC pillars exhibit non-elastic deformation before the
ailure as shown in inset Fig. 10 b. 

To understand the underlying mechanism responsible for the ultra-
igh strength and detectable plasticity of n-SiC under uniaxial deforma-
ion, fractured surface of n-SiC was gently collected onto TEM cu-grid.
F-TEM image of the fractured n-SiC morphology shows high strain in
arbon interface ( Fig. 11 a) as compare to the former undeformed region
 Fig. 2 b and d) indicating change in structures at or near grain bound-
ries of SiC nanograins. The high resolution BF-STEM image oriented
long [101] zone axis shows edge dislocations near boundary of n-SiC
rains ( Fig. 11 b). The emissions of dislocations along the {111} plane in
anograins suggests the applied high stresses during deformation may
ave reached the resolved shear stress and yield plastically before the
rack initiation occurs. 
.7. Density functional theory molecular dynamics simulations 

In order to understand the essential role of interface graphite phases
t grain boundaries, we have carried out DFT-MD simulations of finite
hear deformation on the model combining SiC and graphite. Fig. 12 a
isplays the shear stress–strain relations for the shear deformation for
he 10% compression case with 19.07 GPa stress in z axis. The shear
tress increases from the initial zero to the end structure, reaching the
aximum value of 𝜏 = 22.58 GPa at 0.67 shear strain. During the whole

hear process, no significant local deformation is observed ( Fig. 12 b and
). Thus, the overall system experiences an elastic deformation with a
on-monotonically increase in stress–strain relationship before 0.2 shear
train. For example, from 0.06 to 0.08 strain and from 0.14 to 0.19
train, although the shear strain increases, the shear stress drops slightly.
he reasons are two folds: for one thing, the graphite layers can eas-

ly slide under shearing; for the other thing, when experiencing a large
tress concentration, the loads on SiC transfer to laminar graphite, re-
axing the system stress, preventing the SiC structure from plastic defor-
ation or further crack initiating. Thus, our simulations results confirm

ur experimental conclusion that interface carbon does play an impor-
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Fig. 12. Pure shear deformation for the combined model of 
SiC and graphite with pre-compressed rate of 10% in z axis. 
The shear model is made of ( 111 ) ⟨2̄ 11 ⟩ slip system for SiC and 
(001) ⟨100 ⟩ slip system for graphite. (a) simulated stress–strain 
curves for 10% pre-compressed systems. (b-c) 10% compres- 
sion structure at 0.02 and 0.67 shear strain showing no appar- 
ent structural change during the whole shear process. 

Fig. 13. Pure shear deformation for the combined model of 
SiC and graphite with pre-compressed rate of 15% in z axis. 
The shear model is made of ( 111 ) ⟨2̄ 11 ⟩ slip system for SiC and 
(001) ⟨100 ⟩ slip system for graphite. (a) simulated stress–strain 
curves for 15% pre-compressed systems. (b-f) Snapshots of 
15% pre-compressed structures evolution under pure shear de- 
formation showing the successive processes of interactions be- 
tween interface carbon and SiC grain at grain boundaries: (b-c) 
structures showing slight shift of carbon atoms in graphite to- 
wards carbon atoms in adjacent layers; (d-e) structures after 
transformation to diamond phase with complex bond forma- 
tion between SiC and diamond interface and with dislocations 
in SiC; (f) structure at 0.696 shear strain corresponding to bond 
breakings between Si and C atoms in SiC. 
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ant role in relaxation of stress concentration at grain boundaries in SiC
anograins. 

Fig. 13 a displays the shear stress-shear strain relations for the shear
eformation in the 15% compression case with 37.05 GPa stress in z axis.
irst, the shear stress increases as the shear strain increases to 0.46 shear
train, reaching 14.87 GPa with a varied increase rate due to graphite
liding and loads transfer as discussed above. In addition, during these
eriods, along with laminar graphite sliding, carbon atoms from differ-
nt stacking graphite layers and from interfacial SiC are slightly shifted
long the z direction forming out-of-plane deformation, which indi-
ates the strong Van der Waals interactions between adjacent carbon
toms ( Fig. 13 b and c). Phase transformation starts at the shear strain
f 0.49, leading to a sharp drop in shear stress due to the shifted car-
on atoms are bonded to the carbon atoms from neighbor layers not
nly to those in adjacent graphite layers, but also to those in the SiC
ayers, as shown in Fig. 13 d, leading to the graphite forming the dia-
ond phase. The transition shear stress is 14.87 GPa at uniaxial stress

f 44.02 GPa, which is lower than the transformation pressure in pre-
ious DFT simulations [49] , indicating that SiC might be helpful to the
train-induced transformations for graphite to diamond transition. This
s because the interactions between carbon atoms from graphite and SiC
ake them form bonds at interface in an easy way. With the gradual in-

rease of shear strain to 0.62 ( Fig. 13 e), the shear stress increases and
elaxes. Dislocations of Si atoms were observed in SiC. A further shear
training leads to bond breakage between Si and C atoms at 0.70 strain
 Fig. 13 f). 

. Discussion 

The brittle failure of ceramics is often governed by crack nucle-
tion and propagation caused by various reasons such as rigid atomic
tructure, inclusions, porosity and secondary phases [4–6,45,50–52] .
herefore, damage mechanisms depend on the nature of microstructure,
hich need to be effectively tuned against cracks and failure. In this

tudy, we found that nanocrystalline SiC containing homogenous nano-
ayered graphitic carbon at the grain boundaries is effective against the
rack initiation and failure. 

The measured K IC values of n-SiC ranges from 3.3 to 5.4 MPa m 

1/2 

 Fig. 5 ), which are significantly higher as compared to microcrystalline
iC values in the range of 2.3 and 3.5 MPa m 

1/2 [1,10,12,23] . Also, it is
lightly higher than the reported nanocrystalline SiC films ranging from
 to 5 MPa m 

1/2 for the grain size of 5 to 20 nm [25] . The enhanced
 IC of n-SiC compared to microcrystalline SiC and nanocrystalline films
an be attributed to the uniformly distributed nano-layered graphite at
he grain boundaries. The crack propagation near the indentation corner
f n-SiC (Supplementary Fig. S3) proceeds in the mode of intergranular
racture, which is different from microcrystalline SiC where crack propa-
ation is accompanied by transgranular fracture mode [4,5,11,12] . Fur-
her, the strength of n-SiC was found as high as ∼11 GPa, which is al-
ost 3–4 times higher than that of bulk microcrystalline SiC (2–4 GPa)

47,48] . 
SEM images acquired from the deformed n-SiC micropillar revealed

he intergranular fracture, which is different from characteristic brit-
le cleavage in microcrystalline SiC ( Fig. 10 d). It is evident from the
ngineering stress–strain curves that the n-SiC can sustain large strain
round 3% as well as detectable plasticity at high pressures above 8 GPa
 Fig. 10 ). Previously, plasticity was observed in a single crystal SiC mi-
ropillar with a diameter size below 0.65 μm under a high applied stress
f 7.8 GPa [53–55] . Recently, Wang et al. reported the localized plastic-
ty by laser shock processing, when the strength of SiC increased from
4 to 7 GPa [56] . Thus, these experimental observations are consistent
ith our findings that plastic deformation at room temperature could
ccur in polycrystalline SiC at high strength above 7 GPa by preventing
rack initiation. 
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Meanwhile, experimentally measured yield strength ( 𝜎y ) and frac-
ure toughness (K IC ) ( Figs. 5 and 9 ) were substituted in Griffith’s equa-
ion to estimate critical crack length of n-SiC [57] . 

 = 

𝐾 

2 
𝐼𝐶 

2 𝜋𝜎2 
𝑌 

(4)

The obtained critical crack length (a) values of n-SiC are between
.02 μm and 0.08 μm, which is 2–3 orders of magnitude lower than
he typical mode-I displacement crack size ( a t -1 μm) in brittle ceramics
52,58,59] . Our TEM examinations ( Fig. 8 ) within deformation region
f n-SiC show the elimination of fine pores of about ∼3% with the as-
istance of soft interface graphitic phase. No cracks can be found within
he indentation region indicating the intrinsic toughening [5,6] . The
RTEM image in Fig. 9 reveals the disordered carbon at grain bound-
ries and triple junction of deformed n-SiC. This indicates that the local-
zed plastic deformation by GB sliding can be accommodated to prevent
rack initiation. Also, Raman spectra acquired from the indentation re-
ion of n-SiC showed decrease of carbon intensity peaks as compared
o pristine surface. This can be understood on the basis of the carbon-
arbon bond compression in the soft graphitic phase, which lowers the
rystallinity during high contact pressures ( Fig. 6 ). In addition, shear
liding of fine grains upon deformation leads to the emission of disloca-
ions along {111} < 110 > slip system, which provides the direct evidence
f plasticity in brittle SiC ceramic. 

Recent theoretical studies and computational simulations predicted
hat the Peierls stress is about 5–12 GPa and Schmidt factor is about
0.4 for a 3C-SiC {111} < 110 > slip system [59–61] . The critical resolved
hear stress ( 𝜏) for n-SiC achieved by multiplying the maximum uniaxial
trength ( 𝜎) with the Schimdt factor (cos 𝜑 cos 𝜆) falls in the range of ∼3
o 5 GPa. Although 𝜏 value of n-SiC is slightly lower than the estimated
alue for single crystal {111} < 110 > slip systems, the suppression of the
anocrack nucleation near triple junctions due to the presence of weak
arbon phase may give rise to the enhanced plasticity by the combined
ction of lattice dislocation slip and grain boundary sliding as dominant
eformation modes [28,62] . Szlufarska et al. applied MD simulations to
xamine the indentation of n-SiC and revealed that the coexisting brittle
rains and amorphous grain boundary phases result in a GB sliding lead-
ng to superhigh hardness around 39 GPa [28] . Our current experimen-
al study on n-SiC showed GB sliding can significantly promote plastic
eformation and enhance the strength. 

The phase transformation from graphitic carbon to amorphous car-
on at grain boundaries in our experiment might arise from pre-existing
efects such as vacancies, voids or cavities (see Fig. 2 b and c). How-
ver, our DFT-MD simulations are based on the perfect structure so
hat graphite phase can be easily achieved ( Figs. 12 and 13 ). Therefore,
ur simulations are consistent with the experimental measurements and
rovide atomic insights to uncover that dislocations could be induced
hrough GBs sliding and the phase transformation plays an important
ole in stress relaxation in stress concentrated grain boundaries. 

. Conclusions 

In summary, GB sliding appears to be the underlying mechanism for
lastic deformation as well as the overall enhanced mechanical proper-
ies of n-SiC. The significantly enhanced fracture toughness and uniaxial
ompressive strength as compared to microcrystalline SiC is mainly at-
ributed to nano-size effect and soft interface phase at the grain bound-
ries. The engineering stress–strain relationship of n-SiC demonstrates
hat the micropillars can sustain very large strain of ∼3% with the as-
istance of weak carbon interface contributing to the detectable plas-
icity at room temperature. The cross-sectional TEM of deformed n-SiC
howed transition to amorphous carbon grain boundaries, grain slid-
ng and dislocation formation. Further, DFT-MD simulations provide in-
ights from atomistic perspective to confirm our experiments’ conclusion
hat interface carbon does play an important role, such as by sliding
nd phase transformation, in relaxation of stress concentration at grain
oundaries, and further causes dislocations. 
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