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Abstract

SiC whisker reinfored carbide-based composites were fabricated by a reactive infiltration method by using Si as the infiltrate. Rice husks (RHs)

were pyrolyzed to SiC whiskers, particles and amorphous carbon, and were then mixed with different contents of B4C as well as Mo powders. The

mixtures were molded to porous preforms for the infiltration. The SiC whiskers and particles in the preform remained in the composite. Molten Si

reacted with the amorphous carbon, B4C as well as Mo in the preform during the infiltration, forming newly SiC, B12(C,Si,B)3 as well as MoSi2.

The upper values of elastic modulus, hardness and fracture toughness of the composites are 297.8 GPa, 16.8 � 0.8 GPa, and 3.8 � 0.2 MPa m1/2,

respectively. The influence of the phase composition of the composites on the mechanical properties and the fracture mechanism are discussed.
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1. Introduction

Carbide ceramics have high mechanical wear resistance,

hardness, thermal and chemical stability. SiC ceramics are most

important materials for advanced engineering applications due

to their excellent high-temperature strength, high hardness,

good oxidation, corrosion, wear and thermal shock resistance

[1,2]. A variety of applications of the SiC ceramics in the

industry can be found, including wear parts, light-weight armor,

cutting tools, high temperature structural parts, etc. Hot-

pressing and pressureless sintering are two common ways to

prepare the SiC ceramics. However, the former needs extra

pressure and the latter needs extremely high temperature, which

all lead to high material fabrication cost and costly equipments.

An alternative economic approach to fabricate dense SiC-based

ceramics is reactive infiltration [3–5], in which green preforms

or partially sintered preforms of carbon are infiltrated by molten

Si, forming composites after solidification. The molten Si
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reacts with the carbon, forming SiC. The residual Si remains in

the ceramics.

B4C is one of the hardest materials of the world. Its hardness

reaches as high as 27–35 GPa. The application of the B4C

ceramics in industry is also extremely important [6,7]. The

reactive infiltration method is also applicable to fabricate B4C-

based ceramics by infiltrating molten Si into B4C-based

preforms [8–10]. In the B4C/Si infiltration system, Si reacted

with B4C, forming newly SiC and other boron-rich carbides

[8,9].

In the recent years, multi-carbides ceramics based on B4C

and SiC are considered to be able to provide improved

mechanical properties compared with the single carbide

ceramics [9,11–15]. SiC and boron-rich carbides were formed

in situ in the fabrication process [12–15]. It was reported that

the in situ formed SiC in the (SiC,TiB2)/B4C composites

introduced new grain boundaries, leading to a higher grain

boundary energy and a higher crack propagation resistance,

thus improving the fracture toughness of the composite.

Introduction of whiskers or fibers is an effective strategy in

improving the fracture tolerance and/or the strength of ceramics

[16]. SiC whiskers (SiCw) are promising material in strengthen-

ing and toughening composite ceramics and light metal alloys for
d.
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Table 1

The composition and the relative density of the preforms.

Samples The composition of green preforms (wt.%) The relative

density of the

preforms (%)

Pyrolyzed HRs B4C Mo

S1 20 70 10 50

S2 40 50 10 48

S3 60 30 10 46

S4 66.7 33.3 0 46

H. Wu et al. / Ceramics International 38 (2012) 3519–35273520
structural use [17]. SiCw can enhance crack bridging and

deflection and in turn resulting in improved fracture toughness

[18]. An economic route to prepare SiCw is the pyrolysis of the

rice husks (RHs), but high content of amorphous carbon also

exists in the product. Previous studies were mostly focused on the

fabrication technique of the SiCw and the structure analysis of the

pyrolyzed RHs [19–23]. The study of the utilization of the

pyrolyzed RHs is hardly reported. Moreover, the separation of the

SiCw and the carbon is difficult. Therefore, the practical

application of the SiCw produced from pyrolyzed RHs has also

not been realized. RHs were produced year by year all over the

world, and they are mostly taken as agricultural wastes. The study

of the RHs converted SiC whiskers and also the SiC particles as

well as carbon in the application of ceramic materials should be a

meaningful work.

In the present work, RHs were converted to SiC whiskers and

particles as well as carbon, which were used as one of the starting

materials to fabricate SiC whisker introduced carbides-based

composites. The pyrolyzed RHs were mixed with B4C as well as

a little amount of Mo, and molded to porous preform, which was

subsequently infiltrated by molten Si. Molten Si is supposed to

react with the carbon and B4C in the preform, forming newly

carbides. The SiC whiskers and particles in the preform will be

preserved in the composite. The addition of Mo is intended to

form MoSi2 by the reaction with Si, which is hopefully favorable

to the overall properties of the composites, as MoSi2 is a less

brittle phase compared with Si and it has a high melting

temperature of 2030 8C, favoring high temperature properties of

the composite. The microstructure and mechanical properties

including elastic modulus, fracture toughness and hardness of the

composites have been studied. For comparison, parallel studies

of the composite prepared from preform without Mo addition

were also conducted. The results are hopefully to be able to

provide some new experiment results for the use of RHs in the

fabrication of ceramic materials.

2. Experimental

Raw RHs were pre-treated by washing, drying and sieving to

eliminate the residual rice and clay particles firstly, and then

were coked at 900 8C for 2 h in vacuum in a tube furnace. The

intermediate coke was further pyrolyzed at 1550 8C for 6 h

under Ar atmosphere in a graphite furnace. A heating rate of

10 8C/min and furnace cooling were used. The pyrolyzed RHs

powder was mixed with purchased B4C as well as metallic Mo

by ball-milling with agate balls for 3 h at a rate of 650 rpm.

Alcohol was used as milling medium. The composition of the

mixtures is listed in Table 1. The particle size of B4C ranges

from 5 to 10 mm (Dalian Jinma Technology Co., Ltd., China.

The residual free carbon is ca. 1.8 wt.%), and the particle size of

Mo powder is ca. 3 mm. Fig. 1(a) is a scanning electron

microscopy (SEM, S-4800, Hitachi) morphology of the as-

purchased B4C. The mixtures were dried and molded to porous

preforms with dimension of 50 mm � 50 mm � 5 mm by

being uniaxially cold pressed at 96 MPa in a stainless steel

mold. The preforms were pre-sintered at 1550 8C for 2 h prior

to the infiltration in order to release the organic ingredients and
intend to increase the relative density of the preforms. The

apparent density of the pre-sintered preforms was estimated

according to their mass and volume. The volume of the

preforms was measured by a conventional Vernier calliper. A

balance with accuracy of 0.1 mg was used for weighing in the

present study. The theoretical density of the performs was

calculated by the equation of

dT ¼
P

MiP
Mi=di

(1)

where Mi is the mass of the B4C, free carbon, SiC and Mo in the

preform. di is the theoretical density of B4C, carbon, SiC and

Mo, which is taken as 2.52, 1.85, 3.21 g/cm3 and 6.28 g/cm3,

respectively. The relative density of the preforms is denoted as

the percentage of the apparent density to its theoretical density.

The recorded value of the relative density for each preform is

the average of five pieces.

Infiltration was performed at 1480 8C � 30 min. The

heating and cooling rates were 5 and 10 8C/min, respectively,

for both the pre-sintering and infiltration. Sufficient Si

fragments, the amount of which was estimated by pre-testing

were put on the top of the preform. Both the pre-sintering and

the infiltration were carried out in a graphite furnace under a

vacuum of 10�2 Pa.

The phase structure of the pyrolyzed RHs and the

composites was analyzed by X-ray diffraction (XRD,

PANalytical, X’Pert PRO) using Cu Ka radiation

(l = 1.54056 Å) with a step interval of 0.028 and a count time

of 1 s per step. The phase composition of the composites was

further analyzed by XRD Rietveld refinement method. The

morphology of the pyrolyzed RHs was observed by SEM. The

microstructure of the composites was observed by both SEM

and optical microscopy (OM, Leica, DMLM). Energy

dispersive spectrometry (EDS, Horiba) under SEM was used

in the estimation of the compositions of the pyrolyzed RHs and

the phases in the composites. The content of free carbon of the

pyrolyzed RHs was estimated roughly by a burning method

based on the previous study [24], i.e., heating the pyrolyzed

RHs at 700 8C for 3 h in air atmosphere and then measuring the

weight loss, which was supposed to be caused by the oxidation

of the free carbon. The microstructure of the composites was

observed on their polished sections.

The infiltrated parts were cut into bars and further grounded

with a diamond plated wheel of 0.5 mm as final for Vickers

hardness and fracture toughness tests. Hardness of the
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Fig. 1. SEM micrographs of the purchased B4C (a), the as-pyrolyzed RHs (b), and the ball-milled mixture of 60 wt.% pyrolyzed RHs–30 wt.% B4C–10 wt.%Mo (c).
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composites was analyzed by a Vickers diamond pyramid

indenter with a load of 9.8 N and a dwelling time of 10 s. The

elastic modulus of the composites was measured by ultrasonic

technique (Olympus, 5072PR). Indentation fracture toughness

of the composites was evaluated by the following equations:

1. Niihara’s model [25]:

KIC ¼ 0:035Hv
1

f
a1=2

�
c

a
� 1

��1=2�
Ef

Hv

�2=5

(2)

2. Evans’s model [26]:

KIC ¼ Hn

ffiffiffi
a
p �

E

Hn

�0:4

10 f ðxÞ (3)

f ðxÞ ¼ �1:59 � 0:34x � 2:02x2 þ 11:23x3 � 24:97x4 þ 16:23x

x ¼ log10

c

a

� �

where c is the half length between the tips of two faced

indentation cracks of the Vickers indentation and, a, the half

length of the diagonal of the indentation, E, the elastic modulus,

Hv, the hardness, F, a constant of 2.7. Values of c and a in the

present study were measured under OM. The applicability of

Niihara’s model is that the ratio of c to a (c/a) should be in the

range of 1.25 to 3.5 [25], and the value of c/a should be in the

range of 1.5 to 7.0 for Evans’s model [26]. Values of Vickers
hardness and fracture toughness reported for each composite

are the averages of at least five tests. The microhardness of the

phases of the composites was measured by a microhardness

tester (MH-5, Shanghai, China) under a load of 100 g dwelling

for 10 s, and at least 20 points were tested for each phase.

Additionally, the fracture surface and the Vickers indentation

cracks of the composites were also observed by SEM.

3. Results and discussion

3.1. Structure characterization of the pyrolyzed RHs and

the composites

The typical SEM micrograph of the pyrolyzed RHs is

displayed in Fig. 1(b). One can see clearly that two distinct

morphologies, whiskers and particles, formed in the product.

But the whiskers and particles are not homogenously

distributed. The length of the whiskers is from several microns

to several tens of microns, and the diameter of the whiskers is in

the range of 100–300 nm. Fig. 1(c) is a SEM micrograph of the

mixture of the pyrolyzed RHs, B4C as well as Mo after the ball

milling, which is from sample S3 (Table 1). It is seen that the

distribution of the SiC whiskers is much homogenous after the

ball-milling. XRD patterns of the pyrolyzed RHs as well as the

purchased B4C are displayed in Fig. 2. b-SiC is the main crystal

phase of the pyrolyzed RHs product. The peak located at around

268 in the pattern of the pyrolyzed RHs is from carbon. The

wide peak width indicates its poor crystallinity. Carbon peak is
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Fig. 2. XRD patterns of the composites prepared from preforms with different

proportions of the pyrolyzed RHs and B4C (samples of S1, S2, S3 and S4 in

Table 1), the pyrolyzed RHs and the B4C powders.

Table 2

The phase contents and the density of the composites prepared from preforms

with different proportions of pyrolyzed RHs and B4C.

Samples Phase contents (wt.%) Density (g/cm3)

SiC B12(C,Si,B)3 Si MoSi2 Measured Calculated

S1 29.6 40.5 26.2 3.7 2.68 2.69

S2 46.7 25.5 24.3 3.3 2.76 2.80

S3 60.9 12.6 23.4 3.5 2.89 2.90

S4 45.8 32.6 21.7 – 2.69 2.73

Goodness of fitting: the values of Sig and Rw (%) were 3 and 9, respectively.
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also found in the raw B4C powder, which confirms the existence

of free carbon in the as-supplied B4C powder. EDS analysis

under SEM shows that the main constituents of the pyrolyzed

RHs are C (ca. 79 wt.%) and Si (ca. 17 wt.%). Besides, minor

amount of O (ca. 3 wt.%) and negligible amount of Ca and other

impure elements (less than 1 wt.% for total amount) were also

detected. The oxygen is supposed from SiO2 mainly. However,

due to that the resolution of EDS for the light elements such as

C and O is low, the composition of the pyrolyzed RHs reported

is semi-quantitative. The content of free carbon of the

pyrolyzed RHs tested by the burning method was ca.

65 wt.%, which should be the maximum for the content of

free carbon, as partial SiC and the remained minor organic

substances such as SiO2 could be decomposed in the burning

process, causing extra weight loss.

The relative densities of the pre-sintered preforms with

different proportions of the pyrolyzed RHs and B4C are also

listed in Table 1. It is seen that the relative density of the

preform decreases with the increasing amount of the pyrolyzed

RHs. Moreover, the preform with comparable weight ratio of

pyrolyzed RHs to B4C does not show evident difference in the

relative density, as seen from samples S3 with S4. In addition,

the pre-sintering of 1550 8C � 2 h almost does not cause any

change in the relatively density of the prefroms.

The quality of the infiltrated samples was firstly judged by

macroscopic observation. The composite surfaces have smooth

and dense appearance, except for sample S3, in which surface

flaws was found. The densities of the composites are listed in

Table 2. Similar as the relative density of the preform, the

density of the composites also increases with the amount of the

pyrolyzed RHs in the preform. The density of the composite

without Mo addition is slightly lower than that of the one with

Mo addition from preforms with similar weight ratio of the

pyrolyzed RHs to B4C.

The XRD patterns of the composites are also displayed in

Fig. 2. As seen from Fig. 2, SiC, B12(C,Si,B)3 and Si are the

main phases in the composites. For the samples with Mo
addition in the preform, MoSi2 was formed via the reaction of

Mo and Si. The original added B4C almost could not be

detected in the composites. The formation of the new ternary

boron-rich carbide of B12(C,Si,B)3 by the reaction of B4C and

molten Si during the infiltration of molten Si into porous B4C

preform was also reported in previous literature [8,10].

Diffraction signal of carbon is hardly found in the composites,

indicating that the free carbon either in the pyrolyzed HRs or in

the raw B4C reacted mostly with Si, forming newly carbides.

The phase contents of the composites obtained from the

XRD Rietveld refinement are also listed in Table 2. The

theoretic density of the composites calculated from the phase

contents is also listed in Table 2, where the theoretic density of

B12(C,Si,B)3 and MoSi2 is taken as 2.52 (from its JCPDS cards,

No. 19-0178) and 6.28 g/cm3, respectively. From Table 2, it is

seen that the composites are highly dense. Further seen from

Table 2, the content of SiC increases and accordingly that of

B12(C,Si,B)3 decreases with the increasing proportion of the

pyrolyzed RHs in the preform, which is related to a higher

original contents of SiC (whisker and particles) and free carbon.

The original SiC in the preform is maintained in the composite

and the free carbon further reacted with Si forming newly SiC,

causing the higher content of SiC in the composite.

To convert the weight percentage of the residual Si listed in

Table 2 into volume percentage, a close value of ca. 29–

30 vol.% is obtained for the composites with Mo addition

despite the different proportions of the pyrolyzed RHs and B4C

in the preforms, and a slight lower value of 26 vol.% is obtained

for the composite without Mo addition. The volume percentage

of the residual Si in the composites is much lower than the

porosity of the preforms. This indicates that large volume

expansion occurred during the formation of the newly formed

carbides, resulting in the reduction of the volume of the residual

Si in the composite compared with the original free space of the

preform. The slightly lower content of residual Si in the

composite prepared from preform without Mo addition (sample

S4) should be due to the slightly higher content of free carbon in

the preform, which caused a slightly higher content of the

carbides. The formation of surface flaws in sample S3 should

also be due to the high content of free carbon as well as the

existence of Mo in the preform which caused a high content of

SiC and the formation of MoSi2, both of which led to large

volume expansion and severer strain after solidification.

Table 2 further shows that the apparent density of the

composites (S1–S3) increases slightly with the ratio of the
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pyrolyzed RHs to B4C in the preforms, which is almost linearly

correlated with the weight ratio of SiC to B12(C,Si,B)3 in the

composites. The result is in accordance with the higher density

of SiC compared with that of B12(C,Si,B)3. Additionally, the

composite without Mo addition (sample S4) shows the lowest

density among all of the composites. One of the possible

reasons is that sample S4 lacks of MoSi2, which has the largest

density among all of the phases in the composites.

Fig. 3(a)–(d) displays the SEM micrographs of the

composites prepared from preforms with different proportions

of the pyrolyzed RHs and B4C with and without Mo addition.

SEM observations showed that the composites are almost dense

inside, even for sample S3, which has surface flaws. Driven by

the capillary pressure, Si infiltrated through and filled up almost

all of the free space of the preform. Three visible contrasts can

be found in Fig. 3(a)–(c), dark gray particles, light gray matrix

and an offwhite phase, whereas no offwhite phase was observed

in Fig. 3(d). Combining the results of XRD analysis mentioned

above, it is identified that the dark gray particles are

B12(C,Si,B)3; the light gray matrix involves both the Si phase

and the SiC particles. SiC and Si have close contrast and they

can only be vaguely distinguished under SEM. But compared

with Si, SiC shows slightly lighter contrast. The offwhite phase

in Fig. 3(a)–(c) is MoSi2. The distribution of MoSi2 is

inhomogenous. Moreover, particles of slightly darker contrast

were seen in some B12(C,Si,B)3 particles, but it was not so

often. Fig. 4(a) displays a large magnification SEM image for

showing the darker contrast inside the B12(C,Si,B)3 particle,

which is from sample S2. Fig. 4(b) and (c) shows the result of

the EDS analysis of the dark gray phase of B12(C,Si,B)3 and the
Fig. 3. SEM micrographs of the composites prepared from preforms
slightly darker contrast inside, respectively. The corresponding

composition of the two phases is also listed in Fig. 4(b) and (c).

Due to the limited resolution of EDS for the light elements of C

and B, the composition of the two phases is only semi-

quantitative, however, Fig. 4(b) and (c) and their data are still

helpful on identifying the phase with the darker contrast.

Comparing Fig. 4(b) and (c), it is seen that the relative intensity

of B and C is lower in Fig. 4(b) than that in Fig. 4(c). Moreover,

only a minor fraction of Si was detected from the spectrum of

Fig. 4(c), while the Si content is much higher as seen from

Fig. 4(b). In addition, both phases are B rich, therefore, it is

suggested that the darker phase is possibly B4C. Due to the

extremely low amount, B4C was not detected by XRD. The

dark gray phase is confirmed to be B12(C,Si,B)3. That partial

B4C remained in the B4C/Si infiltration system was also

reported in previous literature [8]. The mechanism of the

formation of B12(C,Si,B)3 in the B4C/Si infiltration system was

considered to be a dissolution–precipitation process [8]. When

the dissolution–precipitation process was not fully achieved, a

core-rim structure with B4C as core and B12(C,Si,B)3 as rim

formed [8,9]. In the present study, B4C transformed mostly to

B12(C,Si,B)3 and only tiny amount remained, which may be due

to the higher infiltration temperature and the longer isothermal

dwelling time (1480 8C � 30 min) than those used in the

literature (1450 8C � 15–20 min) [8,9], in which much amount

of B4C maintained. Almost complete transformation of B4C to

B12(C,Si,B)3 was also reported when infiltration parameters of

1480 8C � 15 min were used [8]. Moreover, small light gray

particles inside some B12(C,Si,B)3 particles could also be

found, as shown in Fig. 4(a). These light gray particles are SiC.
 with different compositions: (a) S1, (b) S2, (c) S3, and (d) S4.



Fig. 4. A SEM image (from sample S2), which shows the darker contrast and the light gray particles inside the B12(C,Si,B)3 particles (a); EDS spectra for the

compositions of the B12(C,Si,B)3 phase (b) and the darker phase inside the B12(C,Si,B)3 particles (c).
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The formation of SiC inside the B12(C,Si,B)3 particles indicates

the reaction of the free carbon inside the B4C particles and/or

the combined carbon from B4C with molten Si.

Though SiC is difficult to be distinguished from Si by SEM,

different contrast between SiC and Si was found by OM. Fig. 5

is a representative OM image of the composites, which is from

sample S3. Different from the SEM images, SiC and
Fig. 5. A representative OM image of the composites, which is from sample S3.
B12(C,Si,B)3 turn to be difficult to be distinguished in the

OM image, but basically, the B12(C,Si,B)3 phase displays

slightly darker contrast compared with the SiC phase. Si shows

slightly lighter contrast compared with both SiC and

B12(C,Si,B)3. The write phase in Fig. 5 is MoSi2. Further seen

from Fig. 5, besides the graininess morphology, biomorphic

morphology is observed often for the SiC phase. The

biomorphic structure of the pyrolyzed carbon originally from

RHs maintained to the SiC phase in the composites. Some of

the SiC particles are of very small size, which is attributed to the

original small carbon particles in the pyrolyzed RHs. The small

SiC particles should favor the toughness of the composites.

Unreacted carbon was occasionally found in the composite, as

shown in Fig. 5. SiC whiskers cannot be distinguished at the

polished cross-section of the composites either by SEM or by

OM. However, from the strong etched fracture surface of the

composite in which considerable Si was removed by the

dissolution of NaOH, bare SiC whiskers are observed, as shown

in Fig. 6, which is from sample S4. SiC whiskers derived from

the preform are preserved in the composites.

3.2. Mechanical properties of the composites

The Vickers hardness, elastic modulus and indentation

fracture toughness of the composites are listed in Table 3. The



Fig. 6. A SEM micrograph of the fracture surface of the composite (sample S4)

etched in 3 M/L NaOH for 18 h at room temperature, showing the SiC whiskers. Fig. 7. A representative OM image of the Vickers indentation of the compo-

sites, which is from sample S2.
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values of c/a of the Vickers indentation of the present composites

are in the range of 2.13–3.07, which fit the requirement of

Niihara’s and Evens’s models. Fig. 7 is a representative OM

image of the diamond pyramid indentation of the composites,

which is from sample S2. Table 3 shows that the Vickers hardness

and the elastic modulus of the composites increase slightly with

the content of the pyrolyzed RHs in the preforms (with Mo

addition), which is corrected with the increase of the SiC content

and the decrease of the B12(C,Si,B)3 content in the composites.

While the fracture toughness shows an inverse variation

tendency, but the difference is extremely small and almost can

be ignored. The microhardness of SiC and B12(C,Si,B)3 particles

is 23 � 2 Hv and 27 � 2 Hv, respectively, and that of Si is 13 � 1

Hv, as measured in the present study. As seen from Tables 2 and 3,

the composite with lower content of the harder phase of

B12(C,Si,B)3 does not correspond to a lower hardness and it even

shows a slightly higher hardness. One of the relevant reasons is

that the composite with lower content of B12(C,Si,B)3 has a

higher content of the SiC whiskers due to the higher content of the

pyrolyzed RHs in the preform, and the large amount of SiC

whiskers acted as strong framework, increasing the hardness.

Another possible factor that caused somewhat the higher

hardness of the composite with lower content of B12(C,Si,B)3

is the slightly lower content of Si, which has low hardness. The

hardness of the composite is compromised by the contribution

from the different phases in the composites.
Table 3

Mechanical properties of the composites prepared from preforms with different

contents of pyrolyzed RHs and B4C.

Samples Vickers

hardness

(GPa)

Elastic

modulus

(GPa)

Fracture toughness (MPa m1/2)

Niihara Evans

S1 15.4 � 0.9 294.1 3.7 � 0.3 3.9 � 0.2

S2 16.2 � 0.8 295.3 3.6 � 0.5 3.8 � 0.4

S3 16.8 � 0.8 297.8 3.5 � 0.3 3.8 � 0.3

S4 16.4 � 0.5 281.6 3.4 � 0.4 3.7 � 0.5
For the composite without Mo addition, the Vickers

hardness, elastic modulus and fracture toughness are all

slightly lower than those of the composite with Mo addition

from the preform with similar proportion of the pyrolyzed RHs

and B4C, as seen from the values of the samples S3 and S4 listed

in Table 3. Though the distribution of MoSi2 is inhomogeneous

in the composites, the addition of metal Mo in the preform

favors the mechanical properties tested presently. Besides,

MoSi2 has high melting point and has very good oxidation

resistance at high temperatures. The introduction of MoSi2 into

the composite is expected to be favorable to the overall

properties of the composites.

Fig. 8 shows a representative SEM micrograph of the

Vickers indentation crack of the composites under the load of

9.8 N, which is from sample S2. It reveals that both

transgranular fracture of the B12(C,Si,B)3 phase and the de-

bonding of the interface of B12(C,Si,B)3 and Si occur in the

failure mode of the composite. As SiC could not be

distinguished from Si, the failure mode of SiC could not be

known from the SEM observation of the indentation cracks. But
Fig. 8. A representative SEM micrograph of the Vickers indentation crack of

the composites, which is from sample S2.
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deflection of the cracks in the Si and SiC area were frequently

observed, as shown also in Fig. 8. The deflection of the crack

could be caused by the transgranular fracture of the SiC and Si

phases, and could also be caused by the de-bonding of the

interface of SiC and Si. The action of the SiCw could not be

educed from the indentation crack at the polished surface.

However, from the fracture surface of the composites,

Fig. 9(a)–(d), which is from sample S3, much information of

the fracture characteristics is obtained. Fig. 9(a) is an overall

image of the fracture surface. It is seen that two kinds of

fracture features existed generally. One has large factured

surfaces and the other has very small fractures surfaces. The

area with the large fractured surfaces is suggested as being from

the B12(C,Si,B)3 particles as well as the Si phase of large size.

The size of the fracture area is consistent with that of the

B12(C,Si,B)3 particles as displayed in Figs. 3–5. Moreover,

transgranular cleavage is the main fracture mode of such area,

as marked by ‘‘A’’ in Fig. 9(a). In addition, de-bonding of the

carbide phase (B12(C,Si,B)3 probably) and the Si phase is also

found in such area, as marked by ‘‘B’’, though it is not so

frequently found. Fig. 9(b) is the amplification of the ‘‘B’’ area

in Fig. 9(a), showing better the interfacial de-bonding of the

carbide and Si phases. The results from Fig. 9(a) and (b) are

consistent with those obtained from in Fig. 8. Fig. 9(c) is a large

magnification image for showing the details of the fracture area

with small fractured faces. This area is the reacted area of the

pyrolyzed RHs with Si. Fine SiC particles, whiskers and
Fig. 9. Typical SEM micrographs of the fracture surfaces of the composites, wh

amplification of the marked area of (a); (c) a large magnification image for showing t

(A: transgranular cleavage; B: Interfacial de-bonding of the carbide (B12(C,Si,B)3 p

interfacial de-bonding of the small SiC and Si).
biomorphic structures are involved in such area. Cavities of the

pullout of the SiC whiskers (marked by ‘‘C’’), the extrusion of

the SiC whiskers (marked by ‘‘D’’) and the interfacial de-

bonding of the mall SiC particles and Si (marked by ‘‘E’’) are

seen. Moreover, most of the pullout of the SiC whiskers

occurred at the tip of the whisker, indicating that the SiC

whiskers were strong enough for transferring the load from the

matrix to themselves. On the other hand, some of the pullout of

the SiCw display somewhat deep traces, indicating that the

bonding strength of the SiCw and the Si phase was still

somewhat weaker with respect to the strength of the SiCw. Si

always displays a transgranular cleavage fracture mode. The

small SiC particles also show weaker interfacial bonding

strength with Si. As reported by Yang et al. [16], interfacial

bonding between the reinforcement of SiC fiber/nanowire and

the matrix should be neither too strong nor too weak. Some

degree of fiber/nanowire pullout allows energy to be released in

breaking the reinforcement–matrix bonding, which may result

in an increased strength and toughness. The existence of

interfacial de-bonding of the carbides and Si, including the SiC

particles, especially for the small ones, and some of the

B12(C,Si,B)3, suggested the somewhat weak interfacial

strength, which should also favor the fracture toughness by

providing energy absorbing fracture paths [27,28]. Mixed

fracture modes of transgranular cleavage and de-bonding of the

interfaces of the SiC whiskers, carbide particles and Si

coexisted in the composites.
ich are from sample S3: (a) an overall image of the fracture surface; (b) the

he details of the fracture features; (d) the amplification of the marked area of (c).

robably) and Si; C: cavity of the pullout of SiCw; D: extrusion of the SiCw; E:
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4. Conclusions

Multi-carbides-based composites were fabricated by infil-

trating molten Si into porous preforms prepared from mixtures

of pyrolyzed RHs, which contained SiC whiskers, particles and

amorphous carbon, and B4C as well as Mo powders. The SiC

whiskers and particles in the preform remained in the

composites after infiltration. Molten Si reacted with the

amorphous carbon and B4C as well as Mo, forming newly

SiC and B12(C,Si,B)3 as well as MoSi2.

The content of SiC increases and that of B12(Si,C,B)3

decreases with the increasing proportion of the pyrolyzed RHs

in the preform. Upper values of 16.8 � 0.8 GPa, 297.8 GPa and

3.9 � 0.2 MPa m1/2 were obtained, respectively, for the Vickers

hardness, elastic modulus and fracture toughness of the

composites. The difference of the properties of the composites

prepared from preforms with different compositions is small.

Sufficient amount of SiC whiskers acted as strong framework,

favoring the hardness of the composites. Mo addition favors the

mechanical properties tested. Transgranular cleavage is the

main fracture mode of the composites. But de-bonding of the

interface of the carbides and Si, especially for the small SiC

particles, coexisted in the fracture mode of the composites.

Cavities of the pullout of SiC whiskers and the extrusion of the

SiC whiskers also existed at the fracture surface of the

composites.
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