
Abstract Silicon carbide (SiC) composites containing

0–50 mass% of chopped Tyranno� Si–Al–C (SA) fiber

(mean length: 214 lm (SA(214)), 394 lm (SA(394)),

and 706 lm (SA(706)) were fabricated using the hot-

pressing technique at 1800 �C for 30 min under a

uniaxial pressure of 31 MPa in Ar atmosphere. The

maximum flexural strength of the SiC composite was

344 MPa for 30 mass% of SA(706) fiber addition, whilst

the maximum fracture toughness was 4.7 MPa m1/2 for

40 mass% of SA(706) fiber addition. Increasing the

mean fiber length from 214 to 706 lm decreased the

flexural strength from 380 to 281 MPa for 30 mass% of

fiber addition, whilst the fracture toughness increased

from 3.4 to 4.7 MPa m1/2 for 40 mass% of fiber addition.

Through use of a treated SA(706) fiber containing an

approximately 100 nm surface layer of carbon, the

fracture toughness further increased to 6.0 MPa m1/2 for

40 mass% of fiber addition; this value was more than

twice that of the monolithic SiC ceramic and is believed

to be the highest so far achieved for this type of SiC/SiC

composite containing chopped fibers.

Introduction

Silicon carbide (SiC) ceramics are known to possess

excellent corrosion and oxidation resistance and,

therefore, various potential applications exist which

make use of these properties at elevated temperature,

e.g., structural and aerospace development materials,

and semiconductor devices [1]. However, the relatively

low fracture toughness of monolithic SiC ceramic [2]

has resulted in significant attention being paid to the

fabrication of ceramic matrix composites (CMCs)

containing continuous fibers within a SiC matrix [3],

that would be expected to result in increased fracture

toughness. For example, the fracture toughness of SiC

ceramic reinforced with continuous Tyranno� Si–Ti–

C–O fibers has attained 40 MPa m1/2 [4]. In addition,

ceramic fibers often possess a relatively high strain to

failure (typically > 0.5% [5]), compared to that of the

SiC matrix. When these ceramic fibers are used in

conjunction with a suitable fiber/matrix interface, the

failure of the composite was shown to be ‘‘pseudo-

ductile’’, due to crack deflection and debonding at the

fiber/matrix interface, followed by fiber pull-out [6–8].

Much work has, therefore, been carried out on

continuous fiber-reinforced CMCs. In contrast to this,

relatively little attention has been paid to the rein-

forcement of CMCs by discontinuous fibers [9–13],

mainly due to their low fracture toughness compared

to that of continuous fiber-reinforced composites.

Nevertheless, there are other advantages, such as

precise control of the fiber amount, reduced fabrica-

tion costs, and simpler production of complex shapes.

The present authors have fabricated and evaluated

the mechanical properties of hot-pressed SiC ceramics

containing chopped Tyranno� Si–Zr–C–O (SZ) fibers
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(mean length: � 0.5 mm) and noted an increase in

fracture toughness of 40% compared to the mono-

lithic case [10]. The recent development of crystalline

near-stoichiometric Tyranno� Si–Al–C (SA) fiber [14]

has further increased the potential operating temper-

ature range of SiC/SiC composites, due to the excel-

lent heat resistance of these fibers, e.g., >2.5 GPa

tensile strength between room temperature and

1900 �C in an inert atmosphere [14]. Lee and Yano

[13] have investigated the properties of SiC/SiC

composites containing chopped SA fiber (mean

length: � 1 mm) with a maximum three-point bend

strength of 260 MPa being achieved at room tem-

perature. The present authors have recently con-

ducted a preliminary investigation of the fracture

toughness of hot-pressed SiC/SiC composites con-

taining chopped SA fibers (mean length: 394 lm) with

a maximum value of 5.8 MPa m1/2 being achieved

[15]. In the present work the authors have extended

their previous investigation and examined the effect

of mean fiber length and fiber amount on the

mechanical properties (flexural strength and fracture

toughness) of high density hot-pressed SiC/SiC com-

posites reinforced with chopped SA fiber.

Experimental procedure

Preparation of the powder and compacts

The starting SiC and sintering aid (aluminum carbide

(Al4C3)) powders were prepared by the pyrolysis of

triethylsilane ((C2H5)3SiH; Kantoh Chemical, Tokyo,

Japan) and trimethyl aluminum ((CH3)3Al; Nippon

Aluminum Alkyls, Ltd., Tokyo, Japan), respectively, at

1100 �C. In order to eliminate any residual carbon, the

SiC powder was further heated at 500 �C for 2 h in air;

the Al4C3 powder was not similarly treated, due to its

low oxidation resistance to form Al2O3.

For each specimen, 5 mol% of Al4C3 powder was

added to the SiC powder and mixed in the presence of

n-hexane using an alumina mortar and pestle. Fol-

lowing this, 0–50 mass% (0–47 vol%) of chopped

Tyranno� Si–Al–C (SA) fiber (Ube Industries Ltd.,

Ube City, Japan) was added to the mixture; approxi-

mately 1.5 g of the resulting powder was uniaxially

pressed at 50 MPa and then isostatically pressed at

100 MPa in order to form a disk of diameter 20 mm

and thickness 1.5 mm. The compact was then hot-

pressed at 1800 �C for 30 min in an Ar atmosphere

under a uniaxial pressure of 31 MPa. The heating rate

of the furnace was 30 �C min–1 from room temperature

up to 1100 �C and then 10 �C min–1 from 1100 �C up to

1800 �C; the specimens were furnace cooled after the

hot pressing procedure.

Evaluation

Crystalline phases of the powders and ceramic com-

posites were identified using an X-ray diffractometer

(XRD) (Model RINT2000PC, Rigaku, Tokyo). The

relative density of the ceramic composite was calcu-

lated by dividing the bulk density by true density. The

bulk density was measured on the basis of mass and

dimensions, whereas the true density was measured

picnometrically at 25 �C, using n-hexane as a replace-

ment liquid after the specimen had been pulverized

using an alumina mortar and pestle.

Flexural strength and fracture toughness measure-

ments were carried out on rectangular specimens of

dimensions 15 · 3 · 1.5 mm3 cut from the hot-pressed

compacts using a diamond saw and then polished to a

1 lm surface finish. For both cases the specimens

were cut so that the load was applied parallel to the

direction of hot pressing. The flexural strength mea-

surement was conducted using the three-point bend

configuration on a universal testing machine (Model

YZ500-PC, Yasuda Precision Instruments, Tokyo)

with a crosshead speed of 0.5 mm min–1 and a span of

10 mm. The flexural strength was calculated from the

average of five specimens. Fracture toughness, KIC,

was determined using the single-edge notched beam

(SENB) technique for specimens containing a notch

(depth 1 mm and width 0.3 mm) introduced using a

diamond saw. A span and cross-head speed of 10 mm

and 0.5 mm min–1 were utilized, respectively, with

each KIC value being calculated from the average of

five specimens.

It should be noted that whilst the saw blade thickness

was nominally 0.3 mm, microscopy investigations indi-

cated the notch tip radius to be 0.1 mm (100 lm) with

the ‘‘true’’ notch radius being smaller and related to the

size of the diamond saw grit [16]. For the present case,

the notch radius due to machining-induced damage

from the diamond saw grit was estimated to be on the

order of 10 lm. It is known that the accurate determi-

nation of fracture toughness is dependent on several

factors [16–19], particularly notch radius which should

be no larger than the scale of the relevant microstruc-

tural or machining-induced defects. The grain size of

the SiC matrix was typically submicrometer-scale; the

fiber diameters and pore dimensions were similar to the

dimensions of expected machining-induced damage,

whilst the fiber lengths were at least an order of
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magnitude larger. Thus, the likely scale of microstruc-

ture-limiting features (e.g., fiber dimensions) in the

present composite would be significantly larger, com-

pared to that found in fine-grained monolithic ceramics,

i.e., larger notch radii would be allowed in the chopped

fiber composite. The authors consequently considered

the notch radius utilized in the present work to be

appropriate for the chopped fiber composite under

investigation.

Specimen fracture surfaces were investigated using a

field emission scanning electron microscope (SEM)

(Model S-4500, Hitachi, Tokyo; acceleration voltage,

5 kV) after the specimen surface had been coated with

Pt–Pd using an ion coater (Model E-1030, Hitachi,

Tokyo) in order to avoid charging effects.

Results and discussion

Properties of the component materials

The specific surface areas (SSA) of the starting SiC and

Al4C3 powders were determined to be 53.4 and

58.0 m2 g–1, respectively, with primary particle sizes

(calculated on the basis of SSA and density) of 42 nm

(SiC) and 39 nm (Al4C3). The XRD results (not pre-

sented here) indicated the SiC powder to be essentially

amorphous, whereas the Al4C3 powder was composed

of a single Al4C3 phase. Ultrafine SiC powder was

utilized in the present work in order to minimize the

hot pressing temperature and thus reduce any potential

thermal degradation of the SA fiber, which is known to

occur above 1900 �C [14]. Previous work by the au-

thors had demonstrated the present mixture of SiC and

Al4C3 powders to have been successfully densified at

1800 �C [10].

XRD patterns for the fibers indicated the presence

of b-SiC, with the (111) and (220) reflections being

unusually intense, i.e., the presence of anisotropic

b-SiC crystals, together with a small amount of a-SiC,

whilst the chemical composition obtained from the

manufacturer’s data was: Si, 67.8 mass%; Al, £
2 mass%; C, 31.3 mass%; and O, 0.3 mass%.

The influence of mean fiber length on composite

properties was investigated using three batches of SA

fiber with fiber length distributions for each batch

being checked using SEM. The results are shown in

Fig. 1. The fiber lengths for the three batches were

distributed in the ranges of 133–333 lm (mean:

214 lm), 200–600 lm (mean: 394 lm), and 350–

1150 lm (mean: 706 lm), respectively; the fiber bat-

ches are referred to as SA(214), SA(394), and SA(706),

respectively.

Densification of SiC/SiC composites containing

SA(706) fiber

The densification process of the SiC/SiC composites

containing SA fiber was examined using the SA(706)

fiber. The influence of fiber amount on relative density

is shown in Fig. 2. Whilst the relative density of the

monolithic SiC ceramic was 98.1 %, this decreased to

96.8% for the case of 20 mass% of SA(706) fiber

addition and then increased to reach a maximum value

of 98.5% for the case of 30 mass% fiber addition, i.e.,

the relative densities of the SiC composite specimens

always exceeded 95%.
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Fig. 1 Fiber length distributions for the Tyranno� Si–Al–C (SA)
fibers with the mean length of (a) 214 lm, (b) 394 lm, and (c)
706 lm
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Fig. 2 Effect of SA(706) fiber addition on the relative density of
SiC/SiC composites hot-pressed at 1800 �C for 30 min
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In order to examine the alignment of SA(706)

fibers within the composite specimens, microstruc-

tures of the SiC/SiC composites were observed using

SEM. Typical SEM micrographs are shown in Fig. 3.

It is apparent from the micrographs that most of the

chopped SA(706) fibers were arranged perpendicular

to the hot-pressing direction. This alignment is

attributed to the initial uniaxial compaction of the

powder mixture, together with the effect of the con-

tinuous uniaxial pressure during hot pressing. A

similar alignment of fibers, i.e., perpendicular to the

hot-pressing direction, has previously been observed

by the authors in SiC/SiC composites containing

chopped SZ fiber [10].

The crystalline phases of the SiC/SiC composites

containing SA(706) fiber were examined using XRD.

Whilst not shown here, the presence of b-SiC and

a-SiC, together with a small amount of Al2O3, was

noted for all composites; moreover, no appreciable

changes in XRD patterns were noted for the different

fiber amounts. The presence of Al2O3 is attributed to

the dehydration of a thin Al(OH)3 layer often present

on Al4C3 particles as a result of atmospheric moisture

[20] and/or the solid-state reaction of Al4C3 with SiO2

often present as a thin layer on the surfaces of SiC

particles [21, 22].

According to the phase diagram of the Al–C system

[23], the liquid phase may form when the temperature

exceeds 1400 �C. It is, therefore, reasonable to assume

that the liquid phase within the Al–C system is formed

through the thermal decomposition of Al4C3. In addi-

tion, the liquid phase in the mullite (3Al2O3Æ2SiO2)-

SiO2 system may be formed (e.g., eutectic liquid at

1587 ± 10 �C [24]) during hot pressing. As is the case

for many ceramic systems, the liquid phase formed

during hot pressing would contribute to optimization of

grain rearrangement, thereby leading to increased

densification.

Mechanical properties of SiC/SiC composites

containing SA(706) fiber

Following the fabrication of dense SiC/SiC compos-

ites containing SA(706) fiber addition, the flexural

strength and fracture toughness were examined as a

function of fiber amount. The results are shown in

Fig. 4. Whereas the flexural strength of the mono-

lithic SiC specimen was 293 MPa, this increased to a

maximum of 344 MPa for 30 mass% of SA(706) fiber

addition; however, it decreased to approximately

250 MPa with increasing fiber amount. The maxi-

mum value of 344 MPa was approximately 30%

higher compared to that of previous researchers [13].

One interesting aspect of Fig. 4 may be that the

trend in flexural strength closely followed that of

relative density (Fig. 2), suggesting the flexural

strength of this composite to be limited by the

amount of residual porosity. The rationale behind

this hypothesis may be that larger pores, generally

formed by the coalescence of smaller pores at the

latter stage of sintering, often lower the initial mi-

crocracking stress in the matrix. Thus the composite

would fail either at, or close to, the stress required

for initial microcracking, which indicates the tough-

ening effect of the fibers to be minor in comparison

with the case of continuous fiber-reinforced CMCs.

Fig. 3 SEM micrographs of the (a) surface and (b) cross
section of the SiC/SiC composite containing SA(706) fiber
addition hot-pressed at 1800 �C for 30 min. Note that the
surface is located perpendicular to the hot-pressing direction,
whereas the cross section is located parallel to the hot-pressing
direction
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Further evidence for this hypothesis is the linear

nature of the stress–strain curves prior to failure.

The effect of SA(706) fiber addition on the com-

posite fracture toughness is presented in Fig. 5.

Whereas the fracture toughness of the monolithic SiC

specimen was 2.8 MPa m1/2, this increased with

increasing fiber amount to reach a maximum of

4.7 MPa m1/2 for 40 mass% of fiber addition. Further

increases in fiber addition, however, decreased the

fracture toughness down to 3.15 MPa m1/2. Whilst

these values are somewhat lower than those of con-

tinuous fiber-reinforced CMCs [4, 25], the degree of

toughening behavior noted in these specimens is con-

sistent with that reported for other discontinuous fiber-

reinforced CMC systems [10].

In order to clarify the fracture toughness behavior,

fracture surfaces of SiC/SiC composites containing

SA(706) fiber were investigated using SEM. Regard-

less of the increase in fracture toughness, no signifi-

cant pullout of fibers was observed in any of the

specimens. Only a limited degree of fiber debonding

and porosity between individual fibers may have

contributed to the increased fracture toughness.

Whilst models exist for the mechanical behavior of

discontinuous fiber reinforced CMCs [26, 27], the lack

of experimental data makes further analysis of the

present data difficult. However, the SEM analysis,

when combined with the fracture toughness, flexural

strength, and relative density data, appears to confirm

that the present SiC/SiC composites failed either at,

or shortly following, the onset of matrix microcrack-

ing. It is thus clear that potential exists for the further

optimization of fracture toughness behavior within

this system.

Effect of fiber length on the mechanical properties

of SiC/SiC composites containing SA fiber

Thus far, the fabrication conditions required for the

production of dense SiC/SiC composites containing

SA(706) fiber have been clarified. In this section, the

effect of SA fiber length on relative density and

mechanical properties was further examined. The rel-

ative density and flexural strength of SiC/SiC com-

posites containing 40 mass% of SA fiber are shown in

Fig. 6, as a function of mean fiber length. Whereas the

relative densities of the specimens always exceeded

96%, the flexural strength decreased from 380 to

281 MPa with increasing mean fiber length from 214 to

706 lm. The maximum value achieved, i.e., 380 MPa,

was significantly higher compared to that obtained

from similar SiC/SiC composites [13].

The effect of mean fiber length on fracture tough-

ness is shown in Fig. 7. The fracture toughness

increased almost linearly with mean fiber length, i.e., a

value of 3.4 MPa m1/2 being achieved for the compos-

ite containing SA(214) fiber and a maximum of

4.7 MPa m1/2 for the case of SA(706) fiber. It is thus

clear, as might be expected, that mean fiber length, i.e.,

aspect ratio, is an important factor in the toughening

behavior of discontinuous fiber-reinforced CMCs [27].

It is, therefore, recommended that future work should

investigate the effect of longer mean fiber length

on the fracture toughness of this composite in order

to determine the upper limit for this toughening

mechanism.

400

300

200

100

0

Amount of fiber / mass%

0 10 20 30 40 50

F
le

xu
ra

l s
tr

en
gt

h 
/ M

P
a

Fig. 4 Effect of SA(706) fiber addition on the flexural strength
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Effect of SA fiber with carbon interface

on the fracture toughness of SiC/SiC composites

As shown earlier the fracture toughness of the SiC/

SiC composite containing 40 mass% of SA(706) fiber

(4.7 MPa m1/2) was approximately 70% higher com-

pared to that of the monolithic case (2.8 MPa m1/2).

Furthermore, one method commonly used to enhance

the fracture toughness of CMCs is the utilization of a

weakly bonding layered material, such as pyrolytic

carbon (py-C) [28] or hexagonal boron nitride (h-BN)

[29], at the fiber/matrix interface in order to promote

crack deflection and fiber pullout [30]. Therefore, an

additional batch of chopped SA fiber was used in this

paper. This fiber had been surface-treated by the

manufacturer by heating the standard SA fiber at

1700 �C for 1 h in a carbon monoxide atmosphere

with the intention of producing a layer of py-C at the

fiber interface. Typical SEM micrographs are shown

in Fig. 8. Whereas the surface of the standard fiber,

i.e., no carbon interface, was smooth, that of the
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Fig. 6 Effect of SA fiber length on the (a) relative density and
(b) flexural strength of SiC/SiC composites containing 40 mass%
of SA fiber addition hot-pressed at 1800 �C for 30 min

200 400 600 700

F
ra

ct
ur

e 
to

ug
hn

es
s

/ M
P

a 
.  m

1/
2

6

5

4

3

2

1

0 0 500300100

Fiber length (µm)

Fig. 7 Effect of SA fiber length on the fracture toughness of SiC/
SiC composites containing 40 mass% of fiber addition hot-
pressed at 1800 �C for 30 min

Fig. 8 SEM micrographs of the chopped SA fiber (a) without
and (b) with a carbon interface.

J Mater Sci (2006) 41:7466–7473 7471

123



surface-modified fiber was relatively rough in nature

[15]. According to Auger depth profiles provided by

Ube Industries Ltd., the carbon concentration of the

surface-modified fiber was almost 100% at the surface

and decreased with increasing depth to reach a con-

stant value for depths of greater than 100 nm; the

carbon interface thickness was, therefore, estimated

to be 100 nm.

In light of this, SiC/SiC composites containing

40 mass% of SA(706) fiber with a carbon interface

(named ‘‘SA(706)/C’’) were fabricated using the same

conditions as before. Typical fracture toughness val-

ues of SA(706) and SA(706)/C are shown in Fig. 9.

Whereas the fracture toughness of the SiC/SiC com-

posite containing 40 mass% of SA(706) fiber was

shown to be 4.7 MPa m1/2 (Fig. 9a), the use of

SA(706)/C fibers increased this value to 6.0 MPa m1/2

(Fig. 9b). To the authors’ knowledge, this value is

believed to be the highest so far achieved for this

type of chopped fiber-reinforced SiC/SiC composite.

The main result of this work is that the fracture

toughness of the SiC/SiC composite containing

SA(706)/C fiber was more than double that of the

monolithic case. The high fracture toughness may be

attributed to the carbon layer at the fiber surface. In

spite of this further improvement in fracture tough-

ness behavior, however, SEM micrographs for this

composite still revealed the lack of any distinct

pullout phenomenon and, therefore, there most likely

exists the potential for further increases in the frac-

ture toughness, e.g., through the use of larger mean

lengths.

Conclusion

The conditions required for the fabrication of dense

silicon carbide (SiC) composites containing chopped

Tyranno� Si–Al–C (SA) fiber, together with the

mechanical properties (flexural strength and fracture

toughness) of the resulting composites were investi-

gated for SiC/SiC composites containing 0–50 mass%

of SA fiber (mean length: 214 lm (SA(214)), 394 lm

(SA(394)), and 706 lm (SA(706)) manufactured using

the hot-pressing technique at 1800 �C for 30 min under

a uniaxial pressure of 31 MPa. The results obtained are

summarized as follows:

(1) The relative densities for all SiC/SiC composites

containing SA(706) fiber exceeded 96% with

maximum values of flexural strength (344 MPa)

and fracture toughness (4.7 MPa m1/2) being

achieved for 30 mass% and 40 mass% of SA(706)

fiber, respectively. Increasing the mean fiber

length from 214 to 706 lm indicated the flexural

strength to decrease from 380 to 281 MPa for

30 mass% of fiber, whereas the fracture tough-

ness increased from 3.4 to 4.7 MPa m1/2 for

40 mass% of fiber.

(2) SA(706) fibers containing an approximately

100 nm surface layer of carbon (SA(706)/C) were

also used as a reinforcement for the composite.

The fracture toughness of the composite con-

taining 40 mass% of SA(706)/C fiber was

6.0 MPa m1/2, which is more than double that of

the monolithic case.
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