
A

H
t
H
m
w
m
©

K

1

f
m
o
t
t
R
t
m
a
t
t
e
t
t
i
L

0
d

Available  online  at  www.sciencedirect.com

Journal of the European Ceramic Society 32 (2012) 2557–2563

Microstructure refinement and mechanical properties improvement of
HfB2–SiC composites with the incorporation of HfC

De-Wei Ni, Ji-Xuan Liu, Guo-Jun Zhang ∗
State Key Laboratory of High Performance Ceramics and Superfine Microstructures, Shanghai Institute of Ceramics, Shanghai 200050, China

Received 11 September 2011; received in revised form 29 January 2012; accepted 12 February 2012
Available online 8 March 2012

bstract

fB2 and HfB2–10 vol% HfC fine powders were synthesized by carbo/boronthermal reduction of HfO2, which showed high sinterability. Using
he as-synthesized powders and commercially available SiC as starting powders, nearly full dense HfB2–20 vol% SiC (HS) and HfB2–8 vol%
fC–20 vol% SiC (HHS) ceramics were obtained by hot pressing at 2000 ◦C/30 MPa. With the incorporation of HfC, the grain size of HHS was
uch finer than HS. As well, the fracture toughness and bending strength of HHS (5.09 MPa m1/2, 863 MPa) increased significantly compared

1/2
ith HS (3.95 MPa m , 654 MPa). Therefore, it could be concluded that the incorporation of HfC refined the microstructure and improved the
echanical properties of HfB2–SiC ceramics.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

As a member of the ultrahigh temperature ceramics (UHTCs)
amily, transition metal carbides (MC, M = Hf, Zr) has a higher
elting temperature and refractory.1 Accordingly, the addition

f MC to MB2–SiC (one of the main systems of UHTCs)
o form a ternary composite of MB2–SiC–MC might adjust
he microstructure and properties of MB2–SiC composite.
ecent years, a variety of research has been carried out on

he ZrB2–SiC–ZrC system, including the densification behavior,
icrostructures evolution, as well as the fabrication processing

nd properties.2–6 Corresponding studies have confirmed that
he MB2–SiC–MC ceramics have superior resistance to abla-
ion than the corresponding MB2–SiC ceramics under an arc-jet
nvironment.7 To the best of the author’s knowledge, studies on
he HfB2–SiC–HfC system are very limited. Monteverde studied

he in situ synthesis of HfB2–SiC–HfC by reactive hot press-
ng using Hf metal with B4C and silicon as starting materials.8

icheri et al. studied the densification and microstructures of
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fB2–SiC and HfB2–HfC–SiC composites by self-propagating
igh-temperature synthesis (SHS) followed by spark plasma sin-
ering (SPS).9 In the ZrB2–SiC–ZrC system, Guo and Zhang
ointed out that the addition of ZrC improved the densification
nd mechanical properties of ZrB2–SiC ceramics evidently.6

owever, the effect of HfC addition on the microstructure devel-
pment and the resulted different properties in the HfB2–SiC
ystem is still not clear.

On the other side, ultrafine powders have been widely demon-
trated good sinterability and resulted in superior properties. In
ur previous study, HfB2 was synthesized via carbo/borothermal
eduction of HfO2 with B4C and carbon.10 Combining the
haracteristics of carbo/borothermal reduction, HfB2–HfC com-
osite powders could also be synthesized by adjusting the
tarting powder ratio via carbo/borothermal reduction route. It
s believed that the in situ synthesized HfB2–HfC powders must
ead to much more homogeneous distribution, which is much
eneficial for the properties improvement of ceramics.

In this work, we aimed to investigate the effect of HfC

n the microstructure and properties of HfB2–SiC system.
fB2 and HfB2–10 vol% HfC powders were synthesized by
oro/carbothermal reduction firstly. Then, HfB2–20 vol% SiC
HS) and HfB2–8 vol% HfC–20 vol% SiC (HHS) ceramics were

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.017
mailto:gjzhang@mail.sic.ac.cn
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.017


2 an C

h
c
t
h
o
m

2

c
f
j
B
(
h
a
c
p
d
p

9
C
H
H
T
a
e
t
a
2
s
h

(
r
t
r
m
o
s
o
d
S

t
w
o
m
t
(
w
w
t
W
i

r
t

K

w
s
(
(
c
w
w
e

E

w
r
a
d

3

3

c

H

b
c
m
1
T
t
s

H

A
w

H

t
r
B
i
w
f

H

558 D.-W. Ni et al. / Journal of the Europe

ot pressed using as-synthesized HfB2, HfB2–10 vol% HfC and
ommercially available SiC as starting powders. The densifica-
ion behavior, microstructure and mechanical properties of the
ot pressed ceramics were investigated. The emphasis is put
n the effects of HfC on the microstructure development and
echanical properties.

.  Experimental  procedure

HfO2 (purity 99.9%, main impurities include Zr 0.46%, spe-
ific surface area by BET about 11.3 m2/g, particle size < 2 �m
or 98%, Found Star Science and Technology Co., Ltd., Bei-
ing, China), B4C (D50 = 1.5 �m, purity 96%, Jingangzuan
oron Carbide Co., Ltd., Mudanjiang, China) and graphite

D50 = 1.5 �m, purity 99%, colloid chemistry Co., Ltd., Shang-
ai, China) were used as starting powders to synthesize HfB2
nd HfB2–HfC. By adjusting the amounts of HfO2, B4C, and
arbon in a desired molar ratio, HfB2 and HfB2–10 vol% HfC
owders were synthesized at 1600 ◦C in vacuum (∼5 Pa). The
etails of powder synthesis processing could be found in our
revious work.10

Commercially available SiC powder (D50 = 0.45 �m, purity
8.5%, Changle Xinyuan Carborundum Micropowder Co. Ltd.,
hangle, China) was added to the synthesized HfB2 and
fB2–HfC powders to fabricate HfB2–20 vol% SiC (HS) and
fB2–10 vol% HfC–20 vol% SiC (HHS) ceramics, respectively.
he starting mixtures were mixed for 24 h in plastic bottles using
bsolute ethanol and SiC balls as medium, and dried by rotary
vaporation at 70 ◦C. After that, the mixed powders were sieved
hrough a 200-mesh screen and then placed in a graphite die with

 BN coating. Subsequently, the composites were hot pressed at
000 ◦C for 1 h under a pressure of 30 MPa in an argon atmo-
phere with a heating rate of 10 ◦C/min. The hot pressed samples
ad dimensions of 37 mm ×  30 mm ×  4 mm.

Phase composition was determined by X-ray diffraction
XRD, D/max 2550 V, Rigaku Corporation, Japan) using Cu K�

adiation (λ  = 1.54178 Å). The mass fraction of HfB2 and HfC in
he synthesized HfB2–HfC powder was estimated based on the
elative intensity of the strongest diffraction peak using K  value
ethod.10,11 The mean diameter and particle size distribution

f the synthesized powders were analyzed using a laser particle
ize analysis (Microtrac, Nikkiso Co. Ltd., Tokyo, Japan). The
xygen and carbon content of the as-synthesized powders were
etermined by nitrogen/oxygen determinator (TC600, LECO,
t. Joseph, MI) and carbon determinator, respectively.

After removing the surface layer from the hot-pressed disks,
he bulk density was measured using the Archimedes method
ith distilled water as the immersing medium, while the the-
retical density was estimated with the rule of mixture. The
icrostructure characteristics of polished sections and frac-

ure surfaces were observed by scanning electronic microscopy
SEM). Grain sizes of the as-sintered ceramics were determined
ith an average of 100 grains using an image analysis soft-

are package (Image-Pro). The Vickers’ hardness and fracture

oughness were determined by the indentation method (Wilson-
olpert Tukon2100B, Instron, Norwood, MA), using a diamond

ndenter with a load of 5 kg for 10 s on a polished surface; the

f
r
s
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eported value was an average of 3 measurements. The fracture
oughness was calculated by the following equation12,13:

IC =  P

[
π

(
C1 +  C2

4

)]−(3/2)

(tan β)−1 (1)

here P is the indentation load (N), C1 and C2 are the mea-
ured diagonal crack length (m), and β  is an angle constant
68◦). Flexural strength was measured by a 3-point bending test
test bars 3 mm × 4 mm × 36 mm) with a span of 30 mm and the
rosshead speed was 0.5 mm/min; the reported strength value
as an average of 5 measurements. The Young’s modulus (E)
as also obtained from the bending test using the following

quation:

 = L3(P2 −  P1)

4BH3(Yt2 −  Yt1)
(2)

here P1 and P2 are the initial and final load (N) of linear range
espectively, L  is the span (mm), B  and H  are the width (mm)
nd thickness (mm) of samples respectively, Yt1 and Yt2 are the
eflection (mm) when load are P1 and P2 respectively.

. Results  and  discussion

.1.  Synthesis  of  HfB2 and  HfB2–HfC  powders

HfB2 was synthesized based on the following
arbo/borothermal reduction reaction:

fO2 +  0.5B4C +  1.5C =  HfB2 +  2CO (3)

Thermodynamic calculation showed that the above reaction
ecame favorable at ∼1500 ◦C in the standard state. And it
ould be reduced to below 1000 ◦C at PCO ∼  10 Pa by ther-
odynamic calculation. However, previous studies showed that

500–1600 ◦C was needed to ensure reaction to completeness.
herefore, 1600 ◦C was chosen as the reaction temperature in

his work. Compared with reaction (3), previous studies have
hown that HfO2 could react with B4C at lower temperatures:

fO2 + 5
7 B4C =  HfB2 + 5

7 CO + 3
7 B2O3 (4)

t the same time, the produced B2O3 would continue to react
ith HfO2 and carbon to form HfB2.

fO2 +  B2O3 +  5C =  HfB2 +  5CO (5)

If all the produced B2O3 reacted with HfO2 and carbon,
he reaction (3) could be derived by combining the above two
eactions (4) and (5) with the molar ratio 1:0.5 of HfO2 and
4C. However, B2O3 had a high vapor pressure and vapor-

zed rapidly above 1100 ◦C. Accordingly, vaporization of B2O3
ould induce an excess of HfO2 and C, which resulted in the

ormation of HfC based on reaction (6):

fO2 +  3C =  HfC +  2CO (6)
Therefore, HfC was presented in the final product synthesized
rom a stoichiometric ratio of the starting materials according to
eaction (3) owing to the vaporization of B2O3. And early results
howed that the content of HfC was 14.8 wt%. By adjusting
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ig. 1. XRD patterns of the as-synthesized HfB2 (a) and HfB2–HfC (b) powders
t 1600 ◦C for 1 h.

he amounts of starting powders HfO2, B4C and carbon, the
roportion of HfB2 and HfC could be regulated. In other words,
fB2 and HfB2–HfC powders with different HfC content could
e obtained by adjusting the amounts of B4C and C.

At first, we adjusted the amounts of B4C and C in some sort
mol ratio HfO2:B4C:C = 1:0.55:1.4). As shown in Fig. 1(b), the
s-synthesized powder was composed of HfB2 and HfC. The
elative intensity of HfC’s strongest diffraction peak is about
7.47% for the as-synthesized HfB2–HfC powder. For HfB2
nd HfC, the reference spectral intensity is 13.14 and 16.99
rom PDF cards 75-1049 and 73-0475, respectively. The mass
raction of HfC was estimated to be about 11.2 wt% for the as-
ynthesized HfB2–HfC based on the XRD using K  value method.
herefore, the volume proportion of HfB2 and HfC was about
0:10 based on the densities of 11.21 and 12.69 g cm−3 for HfB2
nd HfC, respectively. Monolithic HfB2 powder was also syn-
hesized based on previous results. As shown in Fig. 1(a), only
exagonal HfB2 phase presented in Fig. 1(a) and no evidence
f HfO2, HfC, or other impurities was observed. The oxygen
ontent of the as-synthesized HfB and HfB –HfC powders
2 2
re 0.30 wt% and 0.19 wt%, respectively. The carbon content
f HfB2–HfC powder was about 0.81 wt%, which was a little
igher than the calculated results of XRD. And the excessive

i
H
s

Fig. 2. SEM micrographs of the as-synthesized HfB2 (a
ig. 3. Particle size distribution of HfB2 (a) and HfB2–HfC (b) powders syn-
hesized at 1600 ◦C.

arbon should be residual graphite or boron carbide, which will
e discussed in the following section.

Fig. 2 shows the SEM micrographs of the as-synthesized
fB2 and HfB2–HfC. It is clear that the diameter of HfB2

nd HfB2–HfC powders distributes from sub-micrometer to
icrometer. It also can be found that the synthesized powders

how quasi-column morphology with some extent of agglom-
ration and it is hardly to identify HfB2 and HfC from their
orphology. However, it is easy to see that there is some smaller

articles distributed in HfB2–HfC powders, EDS showed that
hese small particles were HfC (not shown here). As shown

n Fig. 3, the mean diameter of the as-synthesized HfB2 and
fB2–HfC powders were presented by laser particle size analy-

is. Monolithic HfB2 had a very narrow particle size distribution

) and HfB2–HfC (b) powders at 1600 ◦C for 1 h.
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ig. 4. Shrinkage behavior and temperature profile of HS and HHS composites.

nd its mean diameter was determined about 0.66 �m. However,
he particle size of HfB2–HfC distributed in two regions. The
maller particle size was about 0.1 �m, which was correspond-
ng to HfC. And the larger one was about 1.12 �m, which was
orresponding to HfB2. The small particle size of HfC could
scribe to its low content. As is known, grain growth was asso-
iated with mass transfer. And mass transfer process between
fC particles should mainly completed via surface diffusion.
herefore, the low content of HfC reduced the chance of parti-
le contact and hindered grain growth. The particle size of HfB2
etermined by laser particle size analysis seemed a little differ-
nt from the SEM images (Fig. 2). As is known, laser particle
ize analysis could be influenced by a lot of factors, especially
he dispersion, agglomeration and the particles’ shape, etc. In
ur case, the HfB2 particles showed quasi-column morphology
ith some extent of agglomeration, which was likely to result in

 certain degree of “distortion” of the determined particle size by
aser particle size analysis. Therefore, it was much more reliable
o combine with the SEM images to evaluate the particle size.

.2. Densification,  microstructure  and  mechanical
roperties  of  the  hot-pressed  HS  and  HHS  ceramics

.2.1. Densification  behavior
HS started shrinking at 1650 ◦C (Fig. 4) and required a max-

mum temperature of 2000 ◦C to achieve a nearly full density
ith a dwell time of 1 h. Its final bulk density was 9.47 g cm−3,

orresponding to 98.6% of its theoretical density. For HHS, the
ixture started shrinking at 1680 ◦C and the densification was

lso completed at 2000 ◦C with a holding time of about 1 h
Fig. 4). The final bulk density was 9.65 g cm−3, correspond-
ng to 99.2% of its theoretical density. With the incorporation
f HfC, the relative densities of HfB2–SiC ceramics increased
rom 98.6% to 99.2%, which indicated that HfC could pro-
ote the densification of HfB2–SiC ceramics to some extent.

t is considered that the following two factors might relate to
he densification promotion of HfC. Firstly, the incorporation

f HfC remarkably inhibited the grain growth (as shown in
he next part), which administered to the densification process
f HfB2–HfC–SiC ceramics. On the other hand, it is known

c
i
s

Fig. 5. XRD patterns of hot pressed HS and HHS ceramics.

hat oxygen contamination is very harmful to the densifica-
ion of MB2-based ceramics. Therefore, the remove of oxygen
ontamination can promote the densification of MB2-based
eramics. As shown in the above section, the oxygen content
f HfB2–HfC (0.19 wt%) was lower than HfB2 (0.30 wt%). At
he same time, the small quantity of residual carbon or boron car-
ide in HfB2–HfC was helpful to remove the residual oxygen
ontaminate.1 Consequently, the above factors resulted in the
mproved densification of HHS ceramics. The shrinkage behav-
or of HS and HHS was very similar and their rapid densification
rocess occurred in the temperature range 1750–1950 ◦C. After
welling at 2000 ◦C for 1 h, the shrinkage of HS and HHS could
e negligible.

.2.2.  Phase  composition  and  microstructure
As shown in Fig. 5, the hot pressed HS ceramic was composed

f hexagonal HfB2 and SiC, while HHS ceramic was composed
f hexagonal HfB2, SiC and cubic HfC. Therefore, the phase
ompositions of hot pressed HS and HHS ceramics were con-
istent with the designed compositions. From the XRD patterns,
e can also learn that there is no reaction occurred during hot
ressing, which was agreed with the above analysis.

The SEM images of HS and HHS ceramics are shown in
ig. 6, and the measured average grain sizes are summarized

n Table 1. As inspected by SEM, both of the ceramic bulks
id not reveal any residual porosity, which congruently agreed
ith their final relative density of higher than 98.5%. Resulting

rom the low content of oxygen impurity and other impuri-
ies of the as-synthesized powders, grain boundaries in both
S and HHS were very clean. At the same time, it could be

ound that every phase appeared well distributed throughout the
amples. In HS ceramics, HfB2 grains (gray phase) grew up
o around 3.14 �m, and some SiC grains (black phase) became
longated, with an average grain size of about 1.25 �m. Com-
ared with the starting HfB and SiC particles, the grains in HS

eramics coarsened markedly. In HHS ceramics, EDS analysis
ndicated that the gray-white phase was HfC. The average grain
ize of HfB2 was approximately 2.07 �m, the SiC grain size
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Fig. 6. SEM images of polished and fracture surfaces

as about 0.69 �m and the HfC grain size was about 0.4 �m.
he incorporation of HfC remarkably inhibited the grain growth.
owever, the content of HfC seemed far less than the designed

omposition (8 vol%). It is considered that composition con-
rast might relate to this phenomenon. The composition contrast
etween HfB2 and HfC is very limited, which becomes negli-
ible under secondary electron image mode. This phenomenon
as also observed in Monteverde’s results.8

In addition, it could be observed that some microcracking
t HfB2/HfB2 and HfB2/SiC interfaces presented in HS ceram-

cs (indicated by arrows in Fig. 6(a)). Analogous microcracking
henomenon was also reported by Monteverde in HfB2–SiC
eramic as well as Guo et al. in ZrB2–SiC ceramic.6,8 According

able 1
easured grain size, densities and mechanical properties of hot pressed HS and
HS ceramics.

roperties HS HHS

rain size (�m) HfB2 3.14 2.07
SiC 1.25 0.69
HfC – 0.4

rue density (g cm−3) 9.47 9.65
pparent porosity (%) 0.11 0.09
elative density (%) 98.6 99.2
v5 (GPa) 21.1 19.6

 (GPa) 489.6 499.2

IC (MPa m1/2) 3.95 5.09

 (MPa) 654 863
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t pressed HS (a and c) and HHS (b and d) ceramics.

o their argument, microcracking was attributed to the emergence
f high residual stresses, which appeared at the grain boundaries
s a consequence of the mismatch of thermal expansion. Previ-
us studies have widely shown that thermal residual stresses
ould be developed during cooling from the processing temper-
ture owing to mismatch of thermal expansion.14 In HfB2–SiC
ystem, the thermal expansion coefficient of HfB2 and SiC is
.3 ×  10−6 K−1 and 4.7 ×  10−6 K−1. Under the experimental
ondition in this work, a residual stress as high as ∼1.24 GPa13

ould be developed due to the mismatch of thermal expansion
etween HfB2 and SiC, which resulted in the microcracking phe-
omenon as shown in Fig. 6(a). However, no microcracking was
bserved in HHS ceramic, which could be ascribed to its fine
rain size. Early results have revealed that the development of
esidual stresses was strongly related to the grain size.15 Micro-
racking did not occur in fine-grained materials, while some
racks appeared when the grains reached a certain critical size.14

herefore, it could be concluded that the incorporation of HfC
liminated microcracking and stabilized the microstructures.

Actually, microcrack can weaken grain boundary, increase
he possibility of intergranular fracture and energy dissipation

echanism to some extent. However, the microcrack density in
S is not very high. Resulting from its large grain size and high

trength for grain boundaries, the fracture mode of HS was pre-
ominant transgranular and nearly no intergranular fracture was
bserved (Fig. 6(c)) even if there’s some microcrack existing.

s shown in Fig. 6(d), the dominant fracture mode of HHS com-
osite was transgranular as well. However, a certain amount of
ntergranular behavior was also observed in HHS, partly due to
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Fig. 7. SEM images of indentation crack propa

ts fine grain size. This implied that HHS might have relatively
igher fracture toughness than HS.

.2.3.  Mechanical  properties
The tested values of the mechanical properties are sum-

arized in Table 1. The Vickers’ hardness of HS ceramic
as 21.1 GPa, which is consistent with the reported values

19–21 GPa) for HfB2–20 vol% SiC by Marschall et al.16 and
asch et al.17 With the incorporation of HfC, the Vickers’ hard-
ess of HHS decreased to 19.6 GPa, which is close to the value
f reactive hot pressed HfB2–HfC–SiC composite reported by
onteverde.8 In ZrB2–ZrC–SiC system, the addition of ZrC

sually increases the hardness of ZrB2–SiC ceramics partly
ue to the higher hardness of ZrC than ZrB2.6 However, the
ntrinsic hardness of HfC (29 GPa) and HfB2 (28 GPa) is very
lose,18 the incorporation of HfC to HfB2–SiC system usu-
lly result in the decrease of hardness, which has also been
eported by Licheri et al. in spark plasma sintered HfB2–SiC
nd HfB2–HfC–SiC composites.9 Generally, the finer grain size
an increase the frequency with which dislocations encounter
rain boundaries, thus heightening the amount of stress required
or deformation. At a given indent load, less deformation zone
nd higher hardness could be expected in grain-refined material.
owever, grain-refined HHS had a lower hardness compared
ith HS, which seemed object to the above analysis. Therefore,

here should be some other factors determining the hardness
f HHS. In the future work, we will study further the factors
hat influence the hardness with the aim of obtaining higher
alues.

In terms of absolute value, the Young’s modulus (E) of HS and
HS ceramics was 489.6 GPa and 499.2 GPa respectively, which

grees well with that reported values for similar compositions.17

s well, the Young’s modulus of HS and HHS are in very good
greement with the calculated values (i.e. 513 GPa and 508 GPa
or HS and HHS, respectively) using a rule of mixture,19 namely
he arithmetic average �QiEi, where Ei and Qi are the Young’s

odulus and volume fractions of phases constituting the com-
osites. For Young’s modulus calculation, the following data

20 21
f Ei was used: 530 GPa for HfB2, 460 GPa for HfC, and
48 GPa18 for SiC.

The fracture toughness for HS ceramic was 3.95 MPa m1/2,
hich was close to the reported value (4.1 MPa m1/2) for hot

s
d
A
s

 of hot pressed HS (a) and HHS (b) ceramics.

ressed HfB2–20 vol% SiC ceramic fabricated using commer-
ial HfB2 powder by Gasch et al.,17 but much lower than the
eported value (6.29 MPa m1/2) of hot pressed HfB2–20 vol%
iC ceramic based on HfB2 powder synthesized by borothermal
eduction of HfO2 in our previous work.13 With the incorpora-
ion of HfC, the fracture toughness for HHS ceramic increased
o 5.09 MPa m1/2, which was 29% higher than HS. As shown in
ig. 7, the Vickers-indentation induced crack propagation path
n polished surfaces of HS and HHS ceramics were observed by
EM, where we can get some useful information to discuss their

oughening mechanisms. As the predominant fracture mode of
S was transgranular, crack deflection appeared neglectable in

he crack propagation path (Fig. 7(a)). However, the indenta-
ion crack path in HHS ceramics seems much more tortuous.
rack deflection and bridging (indicated by arrows in Fig. 7(b))

ncreased energy dissipation during crack propagation, resulting
n higher fracture toughness for HHS ceramic.

The flexural strength of HS and HHS ceramics were 654 MPa
nd 863 MPa respectively. With the incorporation of HfC, the
ending strength of HHS ceramics increased significantly. Pre-
ious studies have shown that grain size was a critical factor
etermining the strength of MB2–SiC (M = Zr, Hf), and grain
rowth (especially the grain growth of SiC) would lead to the
trength reduction.22,23 Zhu et al. reported that the bending
trength of ZrB2–SiC decreased from around 909 MPa with
iC grain size of about 1 �m to approximately 389 MPa with
iC grain size of about 6 �m.23 Therefore, the relatively low
trength of HS could mainly ascribe to its larger average grain
ize, especially SiC. With the incorporation of HfC, the reduc-
ion of grain size led to the increase of bending strength. On the
ther side, according to the Griffith equation, a small flaw size
hould increase strength22:

 = KIC

Y
√

a
(7)

here σ  is the flexural strength of the material, KIC is the frac-
ure toughness, Y  is a geometric constant, and a  is the critical
aw size in the material. According to fracture mechanics, the

trength and, thus, the reliability of ceramics are governed by
etrimental flaws, one of which behaves as a fracture origin.

 wide variety of features is known to behave as detrimental
tructures, such destructive cracks, pores and coarse particles.
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23. Zhu SM, Fahrenholtz WG, Hilmas GE. Influence of silicon carbide
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enefitting from the relative densities higher than 98.5%, no
isible residual porosity was detected from SEM images for
oth HS and HHS (Fig. 6(a) and (b)). As well, no abnormal
oarse particles or inclusions were detected from SEM images.
etailed analysis of the tensile fracture surfaces of HS and HHS

n bending test showed similar morphology to Fig. 6(c) and (d),
espectively. No destructive large defects were identified in the
racture origins. Therefore, the critical flaw size could be pre-
iminarily regarded as the characteristic grain size of HS and
HS. Besides, fracture toughness is also an important factor for
aw tolerance. Therefore, the high fracture toughness of HHS is
lso an important factor contributed to its high bending strength.

. Conclusion

In this work, we mainly investigated the influence of HfC
n the microstructure and properties of HfB2–SiC system.
irstly, HfB2 and HfB2–10 vol% HfC powders were synthe-
ized by carbo/borothermal reduction. Then, HfB2–20 vol% SiC
HS) and HfB2–8 vol% HfC–20 vol% SiC (HHS) ceramics were
ot pressed using as-synthesized HfB2, HfB2–10 vol% HfC
nd commercially available SiC as starting powders. Analysis
ndicated that the incorporation of HfC promoted the densifica-
ion and fined the microstructure of HfB2–SiC ceramics. With
he incorporation of HfC, the fracture toughness and flexural
trength of HHS (5.09 MPa m1/2, 863 MPa, respectively) were
uch higher than HS (3.95 MPa m1/2, 654 MPa, respectively);

he elastic modulus of HHS (499.2 GPa) and HS ceramics was
imilar (489.6 GPa), while the hardness of HHS (19.6 GPa) was

 little lower than HS (21.1 GPa).
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