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. Introduction 

Fracture toughness is the ability of materials against both the 

nitiation and propagation of cracks [1] , which is a crucial me- 

hanical property for safety-critical applications of structural mate- 

ials. Although the yield strength of ceramics is significantly higher 

han that of metallic materials, the fracture toughness is severely 

ower than that of metallic materials due to the strongly direc- 

ional covalent bonding [1–3] . For a long time, how to improve 

he fracture toughness of ceramics without the deterioration of 

trength (or hardness) has been one of the most challenging prob- 

ems in materials science. It has been known for decades that 

ome mechanisms (strain-induced phase transformation, bridging 

nd crack deflection or meandering) of extrinsic toughening in 

eramics have been established [ 4 , 5 ]. These toughening mecha- 

isms are essentially based on increasing the energy dissipation 

uring crack propagation. Since the 1980s, extensive experimen- 

al research demonstrates that fracture toughness can multiply by 

tress-induced phase transformation (such as the tetragonal-to- 

onoclinic transformation of ZrO 2 [ 6 , 7 ] and bridging of in-situ 

enerated whiskers ( β-Si 3 N 4 or SiC) [ 8 , 9 ] or by adding flexible car-

ons (carbon nanotubes or graphene) [ 10 , 11 ] during crack prop- 

gation. With the high-fraction second phase of β-Si 3 N 4 or SiC 

hiskers or tetragonal ZrO 2 , the fracture toughness of Al 2 O 3 -based 

omposites are remarkably increased to 8-13 MPa m 

1/2 [12–14] , 

ven close to that of the intermetallic Ti 3 Al [15] . However, for 

efractory transition metal carbides (RTMCs), compounding with 

rO 2 , β-Si 3 N 4 or SiC whiskers does not realize dramatic enhance- 

ent in toughness, but resulting in a serious deterioration in hard- 

ess [16–18] . 

RTMCs have been widely used as structural materials, cutting 

ools, catalysts, etc., because of the attractive chemical and physi- 

al properties, such as high thermal and electric conductivity, ex- 

ellent chemical and thermal stability, and outstanding hardness 

 2 , 3 ]. However, RTMCs are notoriously brittle and can be subject 

o catastrophic failure from the growth of a single dominant crack, 

hich has greatly limited their applications and development [3] . 

o improve the fracture toughness and facilitate densification, met- 

ls (Co, Ni, or Fe) are generally used as binders for manufacturing 

igh-toughness RTMCs, referred to as cermets [19] . Although cer- 

ets have a high fracture toughness of more than 10 MPa m 

1/2 

nd have been widely used commercially, especially WC-Co cer- 

ets, the incorporation of high-concentration metallic binders in- 

vitably leads to a serious deterioration of hardness and thermal 

tability [ 20 , 21 ]. To achieve a combination of high fracture tough- 

ess and hardness in RTMCs, the current strategies are nanoniza- 

ion and dispersion toughening by compounding with other high- 
ttps://doi.org/10.1016/j.jmst.2021.04.057 
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ardness covalent compounds, based on deflection and meander- 

ng of cracks [22–24] . However, the presented results show that 

he dispersion toughening is not optimal in RTMC-based compos- 

tes, and even the fracture toughness of some WC-based carbides 

ith VC, ZrC, or TiC is lower than that of pure WC [25–27] . 

Hence, exploring effectual toughening approaches is urgent to 

esign RTMCs with combinations of high hardness and toughness. 

ere we first report a doubling of fracture toughness in RTMCs 

ithout any toughened second phase. We synthesized nonstoi- 

hiometric VC 1- x (0.4 ≤ 1- x ≤ 0.6) by mechanical alloying (MA) 

ollowed by densification via spark plasma sintering (SPS). Com- 

ared with stoichiometric VC, the fracture toughness of VC 1- x in- 

reases from 3.4 to 6.3-7.3 MPa m 

1/2 , close to that of the binder-

ess ultrafine WC (the toughest binary carbide) [28–30] . The mi- 

rostructure characterization and crack propagation behavior anal- 

sis indicates that the extraordinary toughening enhancement is 

ttributed to a novel strategy combined with coherency toughen- 

ng and amorphous bridging toughening. The synthesized VC 1- x 

0.5 ≤ 1- x ≤ 0.6) have a quasi-monophasic microstructure with 

he carbon-rich matrix and carbon-poor precipitates. The matrix 

nd precipitates have the same rock-salt structure with stoichio- 

etric VC and have completely coherent interfaces. The strong co- 

erent interfaces make a transgranular fracture feature and crack 

eflection near coherent nanoprecipitates, leading to toughening 

hrough increasing fracture energy and lengthening the path of 

rack propagation. Moreover, the amorphous bridging caused by 

igh-concentration carbon vacancies in VC 1- x shows a great re- 

istance to crack propagation, contributing to further toughening. 

ur discovery of the coherency toughening and amorphous bridg- 

ng toughening provides a new strategy for breaking through the 

trength (hardness)-toughness limit of strong covalent compounds 

carbides, borides, nitrides, and oxides). 

. Experimental 

.1. Materials and preparation 

Nonstoichiometric VC 1- x (0.4 ≤ 1- x ≤ 0.6) powders were syn- 

hesized through mechanical alloying (MA). Commercially available 

 and VC powers (purity: 99.5%, Qinhuangdao ENO High-tech Ma- 

erial Development CO. Ltd., China) with a particle size between 

-3 μm were utilized as the raw materials. The compositions of 

aw materials listed in Table S1 were weighed and sealed in WC 

essel in an argon atmosphere with WC balls and then ball-milled 

n a planetary milling system (Pulverisette4, FRITSCH, Germany) at 

00 r/min. The ball to powder weight ratio was selected as 10:1. 

he milling VC 1 -x were performed at room temperature for 30 h 

ith 0.5 h cool-off periods after 2 h segments to avoid overheat- 

ng. Afterwards, the milled powders were annealed in a vacuum 

arbon tube furnace (VVSgr-40-20 0 0, Shanghai, China) at 600 °C 

or 1 h. Sample bulks were synthesized via spark plasma sintering 
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https://doi.org/10.1016/j.jmst.2021.04.057
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jmst
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmst.2021.04.057&domain=pdf
https://doi.org/10.1016/j.jmst.2021.04.057
SH-USER1
Text Box
HPSTAR
1563-2022



C. Peng, H. Tang, C. Geng et al. Journal of Materials Science & Technology 97 (2022) 176–181 

(

m

g  

m

c

2

t

(  

s

0

i

F

w

c

a

t

s

i

t

e

w

c

e

(

a

r

f

p

t

i

b

c

w

2

s

J  

d

H

w

t

w

e

n  

h

b

K

w

i

r

f

M

v

c

K

w  

a

b

c

Y

D

T

p

1

[  

t

l

i

m

3

3

s

fi

s

V

t

d

m

t

i

s

t  

t

i

B

p

c

s

o

v

t

b

t

c

l

d  

t

o

c

p

i

s

c

a  

d

s

a

3

V

c

g

c

r

SPS, LABOX 

TM -110, Sinter Land Inc., Japan) technique. The powder 

ixtures were loaded into a graphite die and sintered under an ar- 

on atmosphere at 120 0-150 0 °C for 10 min. A heating rate of 50 °C
in 

−1 was selected, and a pressure of 40 MPa was applied on the 

ompact throughout the sintering process. 

.2. Microstructural characterization 

Phase identification was carried out by an X-ray diffractome- 

er (XRD, D/max-2500PC, Rigaku, Japan) with Cu K α radiation 

 λ= 0.15406 nm) at 40 kV and 200 mA. The XRD curves of the

pecimens were recorded from 30 ° to 80 ° with a step size of 

.02 ° (2 θ ) and a counting time of 1 s. Microstructural character- 

zation was analyzed with a scanning electron microscopy (SEM, 

EI Scios, America) in backscattered electron (BSE) mode. The SEM 

as fitted with energy-dispersive X-ray spectroscopy (EDS), and 

ommercially available VC was used to calibrate it. The grain size 

nd phase volume fraction of intergranular/intragranular precipi- 

ates were analyzed using the ImageJ program [31] . For SEM ob- 

ervation, the samples were polished through mechanical polish- 

ng followed by Ar-ion milling. The scanning transmission elec- 

ron microscope (STEM, Talos F200X, America) was performed op- 

rating at 200 kV. Cross-sectional specimen for STEM observations 

as prepared by dual-beam focused ion beam (FIB) scanning mi- 

roscopy (Versa 3D, FEI, America) using Ga-ion beam and accel- 

rating voltage ranging from 2 to 40 kV, followed by ion-milling 

Gatan 691, Gatan, America) operated from 1.5 to 0.5 kV. And then 

rgon plasma cleaning (Solarus 950, Gatan, America) was used to 

emove completely any residual amorphous film. To observe the 

racture behavior of the specimen, the STEM foil of VC 0.5 was pre- 

ared at the crack tip, as shown in Fig. S1 in Supporting Informa- 

ion. For comparison, the stoichiometric VC foil was also prepared 

n the same manner. The lattice mismatch value was calculated 

y the STEM analysis form the interplanar spacing. The equation 

an be described as: δ = 2( a precipitate −a matrix ) / ( a precipitate + a matrix ) , 

here a refers to the lattice parameter of each phase [32] . 

.3. Mechanical property measurements 

Vickers hardness ( H V ) testing was conducted on the polished 

urface using a Vickers diamond indenter (FM700, Future-Tech, 

apan) with a load of 500 g and a holding time of 10 s. H v was

etermined from the Eq. (1) : 

 V = 1854 . 4 F / L 2 (1) 

here F is the applied load and L is the arithmetic mean of the 

wo diagonals of the Vickers indentation. The fracture toughness 

as determined by the Vickers indentation method and single- 

dge notched beam (SENB) tests. The indentation fracture tough- 

ess measurement was carried out with a load of 50 0 0 g and a

olding time of 10 s. The fracture toughness ( K IC ) was calculated 

y using Shetty’s equation [33] : 

 IC = 0 . 0889 ( H V P/ 41 ) 
1 / 2 (2) 

here H V is the Vickers hardness, P is the indentation load and l 

s the crack length. Each hardness and indentation toughness value 

epresented an average of at least ten points. SENB tests were per- 

ormed using a three-point bending tester (DZS- Ⅱ , China Building 

aterial Test & Certification Group Co., Ltd., China) with a loading 

elocity of 0.05 mm/min and a span of 16 mm. Fracture toughness 

an be determined using Eq. (3) [34] : 

 IC = Y 
3 P L 

2 BW 

2 
c 1 / 2 (3) 

here P is the bending load, c is the length of the notch, B and W

re the width and height of the sample, respectively. L is the span 
177 
etween two lower supporting points and Y is usually defined as 

 / W . In the case of L / W = 4, Y can be represented as Eq. (4) [34] : 

 = 1 . 93 − 3 . 07 

c 

W 

+14 . 53 

(
c 

W 

)2 

−25 . 07 

(
c 

W 

)3 

+25 . 8 

(
c 

W 

)4 

(4) 

The SENB specimens were first cut using Wire Cut Electrical 

ischarge Machining (WEDM, DK7720, Fangzheng CNC Machine 

ool Co., LTD, China) and then polished with 2.5 μm diamond 

aste before bending tests. The dimensions of the specimens were 

8 mm × 4 mm × 2 mm specified in ASTM Standard E1820-05a 

34] . The pre-notch with length of 2 mm was made by a 0.2 mm

hick diamond wafer, whose direction was perpendicular to the 

ength direction of the specimen. The schematic of the SENB spec- 

men is shown in Fig. S2. Three bar samples were tested for each 

aterial. 

. Results and discussion 

.1. Phase detection and microstructural characterizations 

In high-hardness RTMCs, anion vacancies are ubiquitous in tran- 

ition metal carbides and nitrides and previous studies have con- 

rmed that high-dose vacancies (over 70%) still do not cause 

tructural instability [35–37] . In this study, we also synthesized 

C 1- x (0.4 ≤ 1- x ≤ 0.6) with high-concentration carbon vacancies 

hrough MA and subsequent SPS. After milling of V and VC pow- 

ers with the specified ratio (Table S1), single-phase nonstoichio- 

etric VC 1- x (0.4 ≤ 1- x ≤ 0.6) powders were obtained, which is de- 

ermined by XRD analysis (as shown in Fig. S3 and see more details 

n supplementary materials). Using 30 h-milled VC 1- x powders as 

tarting materials, dense nonstoichiometric VC 1- x bulks were syn- 

hesized by SPS at temperatures of 120 0-150 0 °C. Fig. 1 (a) shows

he XRD pattern of the nonstoichiometric VC 0.5 bulk after sinter- 

ng at 1400 °C, indicating a single-phase rock-salt structure ( Fm ̄3 m ). 

y Rietveld refinement with the FullProf program [38] , the lattice 

arameter of VC 0.5 is 4.145 Å, slightly smaller than that of stoi- 

hiometric VC (4.175 Å) [39] . The obtained VC 0.6 bulks also show a 

ingle-phase rock-salt structure, however, a second phase of hexag- 

nal V 2 C ( h -V 2 C) is observed in VC 0.4 with higher-density carbon 

acancies (Fig. S4). Although the XRD results clearly indicate that 

he synthesized VC 1- x (0.5 ≤ 1- x ≤ 0.6) bulks are single-phase, the 

ack-scattered electron (BSE) images ( Figs. 1 (b) and S5) exhibit a 

ypical biphasic feature. Numerous intergranular/intragranular pre- 

ipitates (dark region) are found, referring to a second phase with 

ow density. Moreover, quantification (see inset of Fig. 1 (b)) and 

istribution analyses of V and C atoms ( Fig. 1 (c and d)) show that

he biphasic structure is caused by the concentration fluctuation 

f C. In the synthesized VC 0.5 bulk, the matrix is micron-sized 

arbon-rich VC 0.60 , and the precipitate phase is multi-scale carbon- 

oor VC 0.37 distinguished as intergranular submicron phase and 

ntragranular nanoprecipitates (NPs). The energy-dispersive X-ray 

pectroscopy (EDS) results of nonstoichiometric VC 1- x seem to be 

ontrary to the single-phase structure feature observed from XRD 

nalysis ( Figs. 1 (a) and S4), which may be due to the overlap of

iffraction peaks and thus means that the carbon-poor precipitates 

hould have the same crystal structure as the carbon-rich matrix 

nd similar lattice parameters. 

.2. TEM analysis 

To further understand the microstructures of the synthesized 

C 0.5 bulks, a detailed transmission electron microscopy (TEM) 

haracterization was employed. Fig. 2 (a–c) shows the high an- 

le annular dark field (HADDF) scanning TEM (STEM) image and 

orresponding EDS mappings. In consistent with the SEM-EDS 

esults, the carbon-poor VC existing as isolated intragranular 
0.37 
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Fig. 1. Analyses of crystal structure, chemical composition, and microstructural characterizations. (a) Rietveld refinement for XRD pattern of nonstoichiometric VC 0.5 bulk 

after sintering at 1400 °C. (b) Typical BSE image and energy-dispersive x-ray spectroscopy (EDS) point-analyzed results in the inset. (c, d) The corresponding SEM-EDS 

mappings of (a). 

Fig. 2. TEM analysis and quasi-monophasic structure model of the synthesized VC 0.5 . (a) HAADF-STEM image of the VC 0.5 bulk sintered at 1400 °C. (b, c) EDS mappings 

acquired from (a). (d) Typical HRTEM image acquired from the marked area of (a). (e) The IFFT image corresponding to the marked area of (d). (f, g) SAED patterns of (f) 

VC 0.60 matrix and (g) VC 0.37 precipitates. (h) Intensity-distance profiles are taken from the SAED patterns of the matrix and precipitates, as indicated by the red and green 

arrows in (f) and (g), respectively. (i) Atomic structure projection of synthesized VC 0.5 along the [110] zone axis. 
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Ps and shell-like intergranular precipitates are scattered in the 

arbon-rich VC 0.60 matrix. Figs. 2 (d, e) and S6 show high-resolution 

ransmission electron microscopy (HRTEM) images of the matrix 

nd intergranular/intragranular precipitates and the correspond- 

ng inverse Fast Fourier transformation (IFFT) images. Interest- 

ngly, we found that the carbon-poor VC 0.37 precipitates are pre- 

isely coherent with the adjacent carbon-rich VC 0.60 matrix. As 

hown in Figs. 2 (e) and S6, both the matrix and the precipitates 

ave same the rock-salt structure and orientation relationships of 

 110 > V C 0 . 60 
// < 110 > V C 0 . 37 

and { 002 } V C 0 . 60 
// { 002 } V C 0 . 37 

. The selected 

rea electron diffraction (SAED) patterns ( Fig. 2 (f and g)) of the 

C matrix and VC precipitates seem to be the same. How- 
0.60 0.37 

178 
ver, some concomitant diffraction spots are observed in the SAED 

attern collected near the coherent interfaces (Fig. S7), suggesting 

 small difference in the lattice parameters of the matrix and pre- 

ipitates. The lattice parameters of the VC 0.6 matrix and VC 0.37 pre- 

ipitates are 4.155 Å and 4.138 Å, respectively, calculated from the 

nterplanar spacing of ( ̄3 33 ) ( Fig. 2 (h)). Herein, it is verified that 

he undetected diffraction peaks of the carbon-poor VC 0.37 precip- 

tates in XRD profile ( Fig. 1 (a)) are due to the same crystal struc-

ure and almost identical lattice parameters with the carbon-rich 

C 0.60 matrix. From the above, we undoubtedly confirm that the 

ynthesized VC 1- x (0.5 ≤ 1- x ≤ 0.6) bulks are formed from the 

arbon-rich matrix and coherent carbon-poor precipitates with the 
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Fig. 3. Comparison of mechanical properties. (a) Vickers hardness and fracture toughness of VC 1- x at 1400 °C. (b) Ashby plot of hardness against fracture toughness for VC 1- x 

compared with the previously reported binary RTMCs. Error bars shown in the plot represent the standard deviation of the data. 
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ame crystal structure and similar lattice parameters. Since there is 

o essential change in the crystal structure and chemical composi- 

ion between the presented two phases, we named the synthesized 

C 1- x (0.5 ≤ 1- x ≤ 0.6) as quasi-monophasic ceramic to distinguish 

t from the traditional dual-phase ceramics. Fig. 2 (i) presents the 

uasi-monophasic structure model of the synthesized VC 0.5 . The 

arbon-rich VC 0.60 matrix and carbon-poor VC 0.37 precipitates have 

he same rock-salt structure and have completely coherent inter- 

aces with a small lattice mismatch of 0.4%. 

.3. Mechanical properties 

Fig. 3 displays the mechanical properties of nonstoichiomet- 

ic VC 1- x (0.4 ≤ 1- x ≤ 0.6) and stoichiometric VC. Like conven- 

ional covalent RTMCs [ 2 , 3 ], stoichiometric VC has high hardness 

f 22.1 ±0.5 GPa but low fracture toughness of 3.4 ±0.3 MPa m 

1/2 

 Fig. 3 (a)). Compared with the stoichiometric VC, VC 1- x show a 

light decrease in hardness, accompanied by a huge increase in 

racture toughness. Significantly, the VC 0.5 shows a good trade- 

ff of the microhardness (20.5 ±0.5 GPa) and fracture toughness 

7.1 ±0.2 MPa m 

1/2 ). The fracture toughness of VC 0.5 increases by 

ore than 100% with only 7% hardness loss, compared with that 

f the VC. It is well known that nearly 100% toughening in the 

ommercial WC-Co cermet is often achieved by sacrificing more 

han 30% hardness [20] . Higher-concentration carbon vacancies re- 

ult in a continuous toughening. In VC 0.4 , the fracture toughness 

s increased up to 7.3 ±0.3 MPa m 

1/2 (115% higher than that of 

he VC), however, the hardness is reduced to less than 20 GPa, 

hich may be due to the presence of soft phase h -V 2 C [40] . We

lso measured Vickers indentation fracture toughness, as shown in 

ig. S8. Although the indentation toughness values are systemically 

ower than the SENB ones (by about 10%), the relative difference in 

oughness between VC and our nonstoichiometric VC 1- x (0.4 ≤ 1- 

 ≤ 0.6) is almost consistent in these two methods (Fig. S9). In 

ig. 3 (b), we summarize the microhardness and fracture toughness 

f VC 1- x and the typical binary monophasic RTMCs [ 28–30 , 36 , 41–

1 ]. Among these binary RTMCs, the hexagonal WC has superior 

ardness and fracture toughness. The ultrafine WC is the hardest 

nd toughest binary RTMCs currently reported [28–30] . In differ- 

nce with WC, the fracture toughness of VC and other cubic bi- 

ary RTMCs are less than 5 MPa m 

1/2 , even for the ultrafine TiC

51] . Surprisingly, without any addition of the toughening phase, 

he fracture toughness of our synthesized VC 1- x can be increased 

ultiply. In particular, even if the grain size of the matrix is mainly 

icron-scaled (Fig. S5), the toughness of VC 0.5 is still close to that 

f the ultrafine WC. 
179 
.4. Fracture behavior 

To understand the extraordinary toughening enhancement in 

onstoichiometric VC 1- x , we analyzed the fracture behaviors via 

EM and TEM. Figs. 4 (a, b) and S10(a, b) display the representative 

SE images of a radial crack generated by Vickers indentation on 

he polished surface of VC 0.5 . Notably, intergranular fracture fea- 

ure is almost invisible in the sample of VC 0.5 . The fracture surface 

lso shows an unadulterated step-like transgranular fracture (STF) 

Fig. S10(c)), while the transgranular fracture occurs locally in sto- 

chiometric VC (Fig. S10(d)). Reasonably, the STF feature should be 

ue to the strong coherent interfaces between the matrix and pre- 

ipitates. For the metallic system, it has been widely demonstrated 

hat the presence of coherent precipitates with small lattice mis- 

t can effectively strengthen materials by the reinforced interfaces 

etween matrix and precipitates [52–54] . Herein, the strong co- 

erent interfaces in nonstoichiometric VC 1- x mainly contribute to 

he improvement of fracture toughness. In most of single-phase 

r composite ceramics, the conventional grain or phase bound- 

ries have lower strength than that of grains, resulting in low frac- 

ure energy and the intergranular-dominated fracture [ 10 , 36 , 41 ]. In

onstoichiometric VC 1- x , the strong coherent interfaces compel the 

racks to propagate through the grains, which leads to an increase 

n the fracture energy and thus enhancement of the fracture tough- 

ess. Meanwhile, grain bridging and crack deflection indicated by 

he red and yellow arrows in Fig. 4 (b and c), respectively, are also 

sually recognized as signs of toughening [ 4 , 5 ]. A small amount of

C impurities introduced during MA are observed ( Fig. 4 (b)), and 

heir contribution to mechanical properties of VC 1- x is minuscule 

ue to the negligible contents. In composite ceramics, the crack de- 

ection occurs in a way that the crack bypasses the second phase 

nd propagates along the weak phase boundaries, resulting in the 

xtension of the crack propagation path to increase the fracture 

oughness [ 10 , 43 , 55 ]. However, there is an unusual crack deflec-

ion when cracks propagate in the nonstoichiometric VC 1- x . The 

ADDF-STEM image shows a noticeable crack deflection near the 

oherent NPs ( Fig. 4 (c)). With difference from that in conventional 

omposites, the crack bypasses the coherent NPs by propagating 

n the matrix ~20 nm away from the coherent interfaces, resulting 

n an additional toughening. This unique crack deflection may be 

ttributed to the local stress zone nearby the coherent interfaces 

aused by the small lattice mismatch. 

Because of the unadulterated STF and transgranular-propagation 

rack deflection caused by the strong coherent interfaces, the 

onstoichiometric VC 1- x shows a remarkable increase in fracture 

oughness. Regardless of the external toughening caused by the 

icrostructures, the fracture toughness of materials is intrinsically 
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Fig. 4. Analysis of fracture behaviors. (a) The BSE image of the cracks initiated during indentation of VC 0.5 . (b) Magnified BSE image from the marked region in (a). Minor 

WC impurity introduced during MA are observed. (c) HADDF-STEM image of the cracks. (d) BF-STEM image of the crack propagation path in VC 0.5 . (e) Typical HRTEM image 

of the crack tip acquired from the marked of (d). Insets: the corresponding Fast Fourier transformation (FFT) images of the marked areas. (f) HRTEM image of the crack 

marked in (d). 
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etermined by the chemical composition and crystal structure, re- 

ated to the propagation behaviors of cracks in grains. Figs. 4 (d, 

) and S11-S12 show the typical BF-STEM and HRTEM images of 

racks in grains of nonstoichiometric VC 0.5 and stoichiometric VC. 

learly, we can find amorphous layers with thicknesses of 3-5 nm 

n the crack surfaces of VC 0.5 , attributed to stress-induced amor- 

hization in covalent materials [56] . Unlike metals, because of the 

bvious orientation of covalent bonding, the plastic deformation of 

ovalent materials is macroscopically imperceptible and is achieved 

y stress-induced amorphization or phase transformation instead 

f dislocation movement, unless stress is applied in a specific di- 

ection [ 56 , 57 ]. Similar amorphous layers are also observed on the 

racture surfaces of the stoichiometric VC (Fig. S12(b)). However, 

t is surprising that numerous amorphous bridges between cracks 

f VC 0.5 are found, as shown in Figs. 4 (f) and S11. As we know,

he bridging formed with whiskers ( β-Si 3 N 4 or SiC) or flexible car- 

ons (carbon nanotube or graphene) is one of the most effective 

oughening strategies in ceramics, which will impede crack ex- 

ension and contribute to the fracture resistance [ 10 , 11 , 55 ]. Simi-

arly, the amorphous bridging in VC 0.5 contributes to the toughen- 

ng enhancement. In the stoichiometric VC, no amorphous bridg- 

ng is observed (Fig. S12), suggesting that the formation of amor- 

hous bridging in nonstoichiometric VC 1- x is related to the high- 

oncentration carbon vacancies. 

. Conclusion 

In summary, we realize superb toughening enhancement in 

onstoichiometric VC 1- x (0.4 ≤ 1- x ≤ 0.6), significantly, the VC 0.5 

intered at 1400 °C has a good balance of high fracture tough- 

ess of 7.1 ±0.2 MPa m 

1/2 and hardness of 20.5 ±0.5 GPa. The frac-

ure toughness of VC increases by more than 100% with a hard- 
0.5 

180 
ess loss of 7%, compared with that of stoichiometric VC. Deter- 

ined by the structural characters of high-concentration carbon 

acancies and unique quasi-monophasic microstructure with low- 

attice-misfit coherent precipitates, the toughness enhancement of 

C 1- x involves an innovative self-toughening strategy combined 

ith coherency toughening and amorphous bridging toughening. 

he unadulterated STF and crack deflection caused by the strong 

oherent interfaces and the amorphous bridging caused by the 

igh-concentration carbon vacancies all increase the energy dissi- 

ation in the crack propagation, thus resulting in the extraordinary 

oughening enhancement. Even so, we believe that the fracture 

oughness and hardness can be further improved by controlling 

he grain sizes of matrix and precipitates. Additionally, although 

he lattice-misfit coherent structure design has been successfully 

eveloped in many alloy systems, such as nanostructured alloys, 

teels, and also HEAs, it has not been reported in binary RTMCs 

ntil now. Thereby, understanding the origin of the coherent struc- 

ure and extending it to other strongly covalent ceramics will be 

he next frontier. 
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