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Abstract

The ambient and elevated temperature mechanical properties of two kinds of hot-pressed fused silica matrix composites, SiO2+5

vol.% Si3N4 and SiO2+5 vol.% Si3N4+ 10 vol.% Cf, were investigated. Si3N4 additions greatly enhanced the ambient strength and
fracture toughness, while, further incorporation of chopped carbon fibers only but sharply increased the fracture toughness value
from 1.22 to 2.4 MPa m1/2. The strength of the two composites synchronously exhibited anomalous gains at certain elevated tem-
perature range especially from 1000 to 1200 �C, and reached their maximum values at 1000 �C, 168.9 and 130.6 MPa, which were

77.0 and 77.4% higher than their ambient strength, respectively. The two composites exhibited catastrophic fracture even at
1000 �C, but manifested prominent plastic deformation at 1200 �C and usually no fracture occurred during the strength test.
Vickers’ indentation crack propagation behavior, combined with fractographs studies, suggested that toughening from carbon fiber

was attributed primarily to the fiber bridging, pull-out and crack deflection.
# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Fused silica is an essential material for many engi-
neering applications because of its prominent proper-
ties, such as, characteristically low thermal expansion
coefficient, low thermal conductivity, high softening
temperature, excellent chemical inertness, low dielectric
dissipation fraction and high dielectric strength, etc. For
aerospace applications, where reliability should be the
first considered factor, monolithic fused silica is rarely
used due to its intrinsic brittleness and very low fracture
strain.1 Thus, continuous fibers particularly carbon and
silica fibers are generally used as the reinforcements.1�4

The carbon or silica fibers are usually used in form of
unidirectional state, two dimensional cloth and three or
multi-directional woven truss, fracture strain and frac-
ture work can be dramatically increased,4 and thus cat-
astrophic fracture are avoided. Yet, as a result, some
shortages are generated, such as, relative low density,
low bending strength, intrinsic property anisotropy,

poor processing reproducibility and very high final cost.
These problems can be readily solved if short fibers,
whiskers or particles rather than the continuous fibers
are used as reinforcements since traditional Powder
Metallurgical (PM) processing technique can be used.
Some studies have been done on fused silica matrix
composites reinforced by Si3N4

5,6 and BN7 particle, SiC
and Si3N4 whisker, short carbon fiber,

8 aluminoboro-
silicate fiber9 or fused silica fiber10,11 etc., and many
exhilarating results have been achieved. So far, however,
the elevated temperature mechanical properties are
rarely reported, which are also very important for engi-
neering applications. Thus, in this paper, the bending
strength as well as the bending fracture behavior with
increasing temperature of fused silica matrix composites
incorporated Si3N4 particles and with or without short
carbon fiber are comparatively investigated.

2. Experimental procedure

Fused silica (SiO2) powder (99.9% in purity and �7.5
mm in average diameter), a-silicon nitride (Si3N4) pow-
der (99.5% in purity and �0.5 mm in average diameter),
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chopped carbon fiber (Cf) (which is less than 2 mm in
length and 6–8 mm in diameter) were used as the starting
materials. They were blended to yield two compositions:
(1) SiO2+5 vol.% Si3N4; (2) SiO2+5 vol.% Si3N4+10
vol.% Cf. Si3N4 powder was incorporated into SiO2
matrix powder by conventional wet ball milling method.
Chopped Cf was pre-deconglomerated by a supersonic
vibrator in ethanol, and blended with the wet ball milled
SiO2+Si3N4 suspension, then directly dried using a
boiler in air atmosphere. During the drying process, the
slurry was stirred slowly but continually to avoid or
mitigate powder sedimentation too quickly till the slurry
lost its fluidity. Finally, the two kinds of dried composite
powders were hot-pressed in a vacuum atmosphere better
than 103 Torr to obtain highly densified composites.
Flexural strength were tested at room temperature,

800, 1000 and 1200 �C in air, using four-point loading
with outer and inner spans of 40 and 20 mm, respec-
tively, at a crosshead rate of 0.5 mm/min. The dimen-
sions of the flexure specimens were 3 mm � 4 mm � 50
mm. Single-edge-notched-beam (SENB) samples were
fabricated by notching the segments of tested flexure
specimens with a 0.15 mm thick diamond wafering saw.
The SENB samples with dimensions of 2 mm � 4 mm �

20 mm were tested in three-point loading with a 16 mm
span at a cross-head speed of 0.05 mm/min.
Vickers indentation crack propagation path and frac-

tographs of the composites were observed on a scanning
electron microscope (SEM) to obtain information about
composites fracture characteristics needed for analyzing
the toughening mechanisms.

3. Results and discussion

3.1. Ambient temperature mechanical property

Room temperature mechanical properties testing
results of the two composites including bending
strength, Young’s modulus, fracture toughness and
fracture strain are summarized in Table 1. The ambient
temperature Young’s modulus for SiO2+5 vol.% Si3N4
kept basically at the same level with that of the fused
silica in spite of the stiffness of Si3N4 (>220 GPa) is
much higher than that of the fused silica matrix. This
may be due to its low addition content as well as its
detrimental effect on the densification of the composite.
In contrast, the flexural strength, fracture toughness and

fracture strain were sharply improved. The good
strengthening and toughening effect from the addition
of Si3N4 particles was attributed to the crack deflection
and microcracking induced by the Si3N4 particles.

12,13

When chopped short carbon fiber was incorporated,
room temperature flexural strength of 10 vol.% Cf/
SiO2+5 vol.% Si3N4 composite was about 77% of the
value for SiO2+5 vol.% Si3N4, which was similar to the
strength change when chopped and milled
aluminoborosilicate fiber was incorporated into slip-cast
fused-silica composites reported by Lyons et al.9 This
was mainly attributed to the presence of fiber aggregates
in 10 vol.% Cf/SiO2 composite, and it in turn led to the
early failure of the composite at relatively lower stress
or lower strain level than it could be since the fiber
aggregates resulted in strength-reducing flaws. The
composite Young’s modulus was 58 GPa, which was at
the same level with its matrix. This suggested that elastic
stiffness improvement from the high modulus carbon
fibers was de-compensated by the decreased relatively
density of the composite due to the presence of the
pores resulted from the fiber aggregates.
In spite of the strength and elastic stiffness changes,

the fracture toughness achieved a very high value, 2.40
MPa m1/2, which was nearly twice of the value of the
monolithic SiO2+5 vol.% Si3N4 composite without
carbon fiber. This was attributable to the fiber pull-out,
fiber bridging and crack deflection14�18 due to the rea-
sonable bonding strength between carbon fibers and the
matrix. So, in can be concluded that short carbon fiber
tends to play an important role of toughening rather
than strengthening for this composite matrix.

3.2. Elevated temperature mechanical property

The curves of the two composites flexural strength vs.
the testing temperature are shown in Fig. 1, and the
elevated temperature strength values and their increas-
ing rate compared with their room temperature strength
values are summarized in Table 2. The trends in the
flexural strength with increasing testing temperature
were clearly shown. At 800 �C, the flexural strength of
the two composites only slightly increased. At 1000 �C,
the bending strength of the two composites got anom-
alous gains and reach their maximum values, 168.9 and
130.6 MPa, which were 77.0 and 77.4% higher than
their ambient temperature strength values, respectively.
As temperature further increased, the bending strengths

Table 1

Room temperature mechanical properties of the fused silica matrix composites

Materials Bending

strength, �b/MPa

Young’s

modulus, E/GPa

Fracture toughness,

KIC/MPa m
1/2

Fracture strain,

"f/%

SiO2+5 vol.% Si3N4 95.4 57.0 1.22 0.17

10 vol.% Cf/SiO2+5 vol.% Si3N4 73.2 58.0 2.40 0.13
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slightly decreased, but even at 1200 �C, they still could
retain very high values, 145.9 and 119.7 MPa, which
were still 53.0 and 63.5% higher than their respective
room temperature strength. The anomalous strength
gain behavior of the two hot-pressed fused silica matrix
composites at certain elevated temperature range is also
reported on monolithic slip-cast fused-silica and its cor-
responding composites reinforced by aluminoboro-
silicate fiber9 For example, the strength of the
monolithic slip-cast fused-silica increased from 49.8
MPa at ambient temperature to 76.9 MPa at 1000 �C,
with an increasing rate of about 54.4%. This kind of
strength gain behavior at high temperature was attrib-
uted to increased atom mobility, which led to a limited
amount of crack-tip blunting19 and/or to the compres-
sive stress states in the surface layer20 relevant discus-
sion on this topic will be made in a later paper. From
the strength increasing rate values listed in the Table 2,
it can be indicated that the composite added short car-
bon fibers seemed to have better heat resistance than the
other one. This might be due to the better thermal sta-
bility of Cf/SiO2 interface than that of Si3N4/SiO2
interface at high temperature, which is more beneficial
to retain the reinforcement effect to higher temperature.
Furthermore, load-deflection curves recorded during the

four-point-bending-strength test of the two composites

are shown in Fig. 2. At 1000 �C, where the highest
strength values were exhibited, little plastic deformation
was observed and the typical brittle fracture was exhib-
ited for the two composites. In contrast, prominent
plastic deformation was exhibited at 1200 �C for both of
them due to the viscous flow of the fused silica matrix,
and no fracture usually occurred for the specimens dur-
ing four-point bending strength test till their tensile
surfaces touched the upper surface of the clamp appa-
ratus, so the bent specimens are still in good condition,
typical morphologies of the tested specimens are shown
in Fig. 3.
According to the above, it can be inferred that the

brittle to plastic transition temperature (Tb-p) of the two
kinds of fused silica matrix composites corresponded to
a certain temperature around 1200 �C. At a temperature
lower than Tb-p, the intrinsic crack propagation stress
operates the fracture of the composites, while, at a
temperature higher than Tb-p, the plastic deformation
stress determines the failure of the composites. At a
temperature higher than Tb-p, though the strength value
of the composites begin to decrease due to the disloca-
tions movement, the fine Si3N4 particles still can serve as
effective obstacles for dislocations movement. There-
fore, the composites can retain relatively much higher
strength values at temperature higher than Tb-p. This

Table 2

Elevated temperature flexural strength and increasing rate compared with their room temperature strength values of the fused silica matrix com-

posites

Materials Room

temperature

800 �C 1000 �C 1200 �C

SiO2+5 vol.% Si3N4 95.4 98.9 (3.6%)a 168.9 (77.0%) 145.9 (53.0%)

10 vol.% Cf/SiO2+5 vol.% Si3N4 73.6 79.1 (7.5%) 130.6 (77.4%) 119.7 (62.6%)

a Values in brackets are the increasing rates compared with their respective room temperature strength.

Fig. 1. Flexural strength vs. testing temperature of the two fused silica matrix composites: (a) SiO2+5 vol.% Si3N4; (b) SiO2+5 vol.% Si3N4+10

vol.% Cf.
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suggested that the strengthening effect from the Si3N4
particles and carbon fiber didn’t seem to be affected by
the brittle to plastic transition of the fused silica matrix.

3.3. Indentation crack propagation path and fractograph
observation

The Vickers’ Indentation crack propagation path
(shown in Fig. 4) and the room temperature fracto-
graphs (shown in Fig. 5) of the composites were char-
acterized to explain the toughening mechanisms of
carbon fibers at ambient temperature. As indicated, the
crack propagation path was in a zigzagged shape
(Fig. 4a and b) as a result of crack deflection from car-
bon fiber due to Cf/SiO2 interface debonding when car-
bon fibers were in relatively lower angles with the main
crack plane, when the angle between a carbon fiber and
the main crack plane is relatively higher, crack bridging
(Fig. 4c) from the carbon fibers was usually observed.

Ambient fractograph observations of two composites
showed that the fracture surfaces of SiO2+ 5 vol.%
Si3N4 composite were relatively flat and smooth
(Fig. 5a), while, the composite containing carbon fibers
exhibited much rougher fracture surface with many
pulled-out carbon fibers, holes resulted from the pull-
out carbon fibers as well as the grooves left by the
debonded fibers (Fig. 5b). This was in good agreement
with the observed results about the indentation crack
propagation path, hence, it can be concluded that the
fiber bridging, fiber pull-out as well as crack deflection
induced by carbon fibers were the dominating toughen-
ing mechanisms of the composites at ambient tempera-
ture. It should also be noted that all the above were
based on the ‘weak’ interface between the carbon fiber
and the fused silica matrix, just as Evans21 has pointed
out that ‘weak’ interface is a prerequisite for attainment
of fracture resistances that appreciably exceed those of
the matrix.

Fig. 3. Typical morphologies of the fused silica matrix composite samples after flexural strength test at 1200 �C: (a) SiO2+5 vol.% Si3N4; (b)

SiO2+5 vol.% Si3N4+ 10 vol.% Cf.

Fig. 2. Load-deflection curves of the fused silica composites corresponding to their flexural strength tests at different temperature: (a) SiO2+5 vol.%

Si3N4; (b) SiO2+5 vol.% Si3N4+10 vol.% Cf.
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Elevated temperature fractographs of the composites
were observed. For SiO2+5 vol.% Si3N4 composite
fractured at 1000 �C, the fractured surface (Fig. 6a) was
only slightly rougher compared with the room tem-
perature fractured surface (Fig. 5a), this was in con-
sistent with their identical catastrophic failure manner.
For the composites with carbon fibers addition, how-
ever, the fracture surface was scattered with many
grooves and holes resulted from that the carbon fibers
had been burned out during the sample stayed at the
high testing temperature in air.
As aforementioned, the two composites samples

exhibited apparent plastic deformation when they were
tested at 1200 �C and no fracture occurred. To know the
oxidation degree of the carbon fibers at 1200 �C, one

composite sample incorporated carbon fibers was arbi-
trarily selected and intentionally broken-off for SEM
observation, typical fractographs are shown in Fig. 7.
The oxidation of carbon fibers only took place in the
surface layer of about 150–180 mm in depth, and the
fibers was completely burned out within the surface
layer of 100 mm in depth (Fig. 7a). Fig. 7b showed the
morphology of the degraded carbon fibers partly oxi-
dized and the increased interstice formed at the interface
area between carbon fiber and the matrix. While, most
carbon fibers in the composites still maintain their ori-
ginal state, and they were bonded very well with the
matrix, Fig. 7c showed a typical morphology of the
carbon fibers in good state. So, it can be suggested from
the above that the reinforcement from carbon fibers

Fig. 4. SEM Vickers’ indentation crack propagation path of 10 vol.% Cf/SiO2+5 vol.% Si3N4 composite.
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were affected slightly but not radically, and it was in
good agreement with the elevated temperature strength
testing results.

4. Conclusions

1. Si3N4 additions greatly enhanced the ambient
temperature flexural strength and fracture
toughness of the hot-pressed fused silica matrix
composites, the additions of chopped short car-
bon fibers further increased the fracture tough-
ness the values from 1.22 to 2.40 MPa m1/2 due

to the effective fiber bridging, pull-out and crack
deflection toughening effects.

2. Both of the composites, SiO2+5 vol.% Si3N4
and 10 vol.% Cf/SiO2+5 vol.% Si3N4, exhibited
anomalous gains in strength at certain elevated
temperature range especially at 1000–1200 �C. At
1000 �C, the flexural strength of the two compo-
sites reached their respective maximum values,
168.9 and 130.6 MPa, which were 77.0 and
77.4% higher than their respective ambient tem-
perature strength.

3. At a temperature lower than or equal to 1000 �C,
the two composites exhibited little plastic defor-
mation and the failure belonged to a typical

Fig. 6. Typical bending fractographs of SiO2+5 vol.% Si3N4 (a) and 10 vol.% Cf/SiO2+5 vol.% Si3N4 (b) composite tested at 1000
�C.

Fig. 5. Ambient SEM fractograph of SiO2+5 vol.% Si3N4 (a) and 10 vol.% Cf/SiO2+5 vol.% Si3N4 (b) composite.
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brittle mode. In contrast, prominent plastic
deformation was exhibited at 1200 �C for both of
them and no fracture occurred for the specimens
during four-point-bending strength test.
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