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Using pressure infiltration short fibre-reinforced ceramic matrix composites with uniform
and dense microstructure can be made. Based upon this processing technique, composites
composed of silica sol, alumina particles, and alumina short fibres were fabricated. The
related processing parameters studied in this work include infiltration rate, fibre volume
fraction Vf, particle size, and infiltrate viscosity. An optimal infiltration rate was 4 mm min~1,
at which rate the composite with Vf of 8.1% and particle size of 3 lm has the highest green
density. An equilibrium between particle packing strength and applied load must be
obtained during the infiltration to obtain high green density and composite strength. The
influence of fibre volume fraction and particle size on composite green density is in
a synergistic manner because it involves particle—fibre interactions, fibre—fibre interactions,
and sedimentation. Furthermore, the increase of sol viscosity results in more sedimentation
in the infiltrate and lower composite green density. The fracture toughness of composites is
38% higher than that of monolithic alumina.  1998 Chapman & Hall
1. Introduction
Ceramic materials have several advantages for engi-
neering applications, such as high strength and hardness,
excellent performance under elevated temperature and
corrosive environment. Nevertheless, the inherent
brittleness of ceramic materials has greatly restricted
their performance. Therefore, the development of
fibre-reinforced ceramic matrix composites has attrac-
ted considerable attention to maximize the composite
fracture toughness.

Using the sol—gel method to manufacture ceramic
matrix composites has several advantages, such as
good mobility during processing, uniform microstruc-
ture, low sintering temperature, near-net-shape fabri-
cation, and versatile in producing a variety of matrix
materials [1—3]. However, a major concern of this
processing approach is excessive shrinkage of matrix
during drying which can lead to extensive matrix
cracking. Using pressure infiltration, Liu and Parvizi-
Majidi [4] have fabricated three-dimensional ceramic
matrix composites with satisfactory density and uni-
formity. In their work, the addition of solid particles to
the sol during sol—gel processing of ceramic matrix
composites can increase composite green density
and reduce cracking caused by drying stresses.
Velamakanni and Lange [5] have shown that three
conditions are required to achieve high packing den-
sity during pressure filtration of colloidal powders: (1)
strong repulsive interparticle potentials; (2) a bimodal
particle size distribution containing the optimum
composition of coarse and fine particles; and (3)
a slurry with high enough viscosity to prevent possible
particles segregation due to sedimentation. Lange
0022—2461 ( 1998 Chapman & Hall
et al. [6] also found that green density of the com-
posite decreases as the diameter ratio of particles to
fibres increases, which inferred that particles have to
be small to allow satisfactory fibre packing. Lange and
coworkers [7] demonstrated that dry powders behave
more like flocced slurry, i.e. the packing density is very
sensitive to the applied pressure and is lower com-
pared to dispersed slurries. Thus, pressure filtration is
required to achieve high packing densities.

In this paper, a short fibre ceramic matrix compo-
site was fabricated in which short fibres, as reinforcing
elements, could provide an improved through-the-
thickness stiffness/strength and a better ability to for-
mulate complex shapes. The infiltrate is obtained by
mixing silica sol, alumina powders, and alumina short
fibres. A pressure infiltration apparatus incorporated
with a MTS testing machine were used. The MTS
testing machine provides the necessary pressure for
infiltration and a controllable crosshead speed (infilt-
ration rate). The processing parameters include infilt-
ration rate, fibre volume fraction, viscosity of sol, and
particle size of solid additions. Their effects on green
density, infiltration pressure, drying behaviour, and
mechanical properties are investigated.

2. Material processing and characterization
2.1. Sol and infiltrate preparation
The silica sol was prepared using a modified recipe of
Klein’s work [8]. In this recipe, tetraethyl-orthosili-
cate (TEOS), ethanol, deionized water and 7 wt % of
HNO

3
were mixed at a volume ratio of 1 :1 : 1.6 : 0.06.

The amount of sol for one infiltration is 175 ml. All the
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Figure 1 Schematic diagram of pressure infiltration apparatus for
consolidation of the short fibre reinforced ceramic matrix com-
posites.

reaction of the mixture was at room temperature. The
viscosity of sol was varied in order to study its effect
on particle packing in green composites. All measure-
ments of low-viscosity sols were performed in a cup
and bob geometry (Model DV-II viscometer, Brook-
field, Stoughtan, MA). The sol with viscosity 0.04 Pa s
was obtained according to the procedure above, while
sols with viscosities 0.051 Pa s and 0.086 Pa s are
prepared by evaporating 250 ml and 350 ml sols,
respectively, to 175 ml. However, the sol with viscosity
higher than 0.086 Pa s can not be obtained because of
gelation. The alumina powders (a-Al

2
O

3
, Bayer pro-

cess, average particle diameters of 0.45, 1 and 3 lm,
purity of particle of 99.9%, and a density of
2.7 g cm~3) and alumina short fibres (Zircar ALBF-1,
USA, average length of 3.2 mm, average diameter of
3 lm, and a density of 3.4 g cm~3) were added to the
sol to prepare the infiltrate. The infiltrate is further
mixed both in ultrasonic bath and electromagnetic
blender in turns until the fibres and powders in the
infiltrate were dispersed uniformly and well wetted.
The infiltrate suspension was controlled to maintain
a solid content of 22.9 wt %. The fibre volume fraction
»
&

in infiltrate was predetermined as 8.1, 16.6 and
25.4%.

2.2. Pressure infiltration and consolidation
As shown in Fig. 1, the apparatus for pressure infiltra-
tion consists of a plunger, a cylinder with an inner
diameter of 50 mm, a filter assembly, and a base cavity
for collecting the liquid. The filter assembly consists of
nitrate cellulose membrane filter paper with selected
pore size, a wire cloth-stainless steel, and a perforated
solid steel disc. The filter assembly was placed on the
top of the base cavity. The wire cloth-stainless steel
was used to keep the filter paper from rupture. Cylin-
der, filter assembly, and base were tightly sealed by
thread and O-ring.

A volume of 175 ml infiltrate was poured into the
cylinder to make a consolidated body 6 mm in thick-
ness by pressure infiltration. A MTS testing machine
set at constant crosshead speeds (infiltration rates)
during infiltrations was used to provide the infiltration
pressure on the plunger. The use of a constant cross-
head speed insured a gradual increase in pressure, and
2096
allowed the alumina fibres and particles to consolidate
uniformly, and to prevent the filter paper from rup-
ture. For composites with »

&
of 8.1%, crosshead

speeds were set at 2, 4 and 7 mm min~1 in order to
study the effect of infiltration rates on composite green
density. Maximum infiltration pressure was reached
when the infiltration process stops. Both maximum
infiltration pressures and composite green densities
were recorded.

2.3. Drying and hot press
After infiltration, the specimen was ejected and dried
in an oven at 58 °C for 24 h. The weight change was
measured in an interval of 30 min during drying in
order to get the drying rate curve. The composite
green density was calculated from its dimensions and
weight after drying.

After drying, the green composite was hot pressed in
a furnace (FCPHP-R-5, Fret-20, High multi 5000,
Multi-purpose High Temperature Furnace, Japan)
under temperature 1600 °C and pressure 588 N cm~2

by flowing nitrogen gas. After hot pressing, the per-
centage theoretical density of sintered composites
were measured.

2.4. Characterization of composites
In order to facilitate the cutting of green composites
for observation, the composites were soaked in cy-
anoacrylate adhesive to protect their microstructure.
Sintered composites were also soaked in epoxy resin
and then cured at 60 °C for about 6 h, then cut as
specimen. Both green and sintered composites were
examined by a scanning electron microscope.

The indentation fracture technique was adopted to
determine the fracture toughness of composite mater-
ials. The Vickers diamond pyramid indenter was used
to produce the crack patterns onto the polished cross-
section of specimen. The indentation load was 5 kg,
which provides consistent indentation patterns with
radial crack lengths substantially larger than the in-
dentation diagonals. Thus, fracture toughness can be
calculated by measuring the lengths of diagonals and
radial cracks. The following equation [9, 10] was used
to evaluate fracture toughness of the short fibre
alumina/alumina composites

K
IC
"lR

7
(E/H)1@2(P/c3@2) (1)

where lR
7

is a constant around 0.016, E is Young’s
modulus, H is Vicker’s hardness, P is indentation load,
and c is half of the crack length.

A three-point bending test was adopted to measure
flexural strength and modulus of composites. The
span ¸, width w, and height h of the specimen were
designed to be 40, 3.5 and 2.6 mm, respectively; de-
tailed dimensions were measured for each specimen
for further calculation of the strength and modulus.
The relationship of applied load (P) versus displace-
ment (d) were recorded during the test. The ultimate
loads were taken for the calculation of flexural
strength and modulus. The flexural strength r

.!9
can



Figure 2 Crosshead velocity versus maximum infiltration pressure
(e) and composite green density (n) for composites with fibre
volume fraction of 8.1% and particle size of 3 lm.

be expressed by

r
.!9

"3P
.!9

¸/(2wh2) (2)

and flexural modulus E&
1

can be evaluated by [11]

E&
1
"P

.!9
¸3/(4wh3d) (3)

where P
.!9

is the maximum applied load, ¸ is span
between two supported points, w and h are width and
height of specimen cross-section, respectively, and d is
crosshead displacement.

3. Results and discussion
3.1. Influence of infiltration rate
For composites with fibre volume fraction of 8.1%
and particle size of 3 lm, the effect of infiltration rate
on green densities and maximum infiltration pressure
is shown in Fig. 2. The infiltration rate of 4 mm min~1

results in the highest infiltration pressure and highest
green density of the composite. This optimal infiltra-
tion rate implies that there is equilibrium between
particles packing strength and applied load. But for
lower (2 mm min~1) or higher (7 mm min~1) infiltra-
tion rates, the green densities and infiltration pressures
are lower. The corresponding micrographs of com-
posites are shown in Fig. 3a—c for infiltration rates 2,
4 and 7 mm min~1, respectively. As indicated from
Fig. 3b, the composite obtained by infiltration rate
4 mm min~1 yields a better fibre/particle packing and
therefore a higher density, while composites in Fig. 3a
and c show worse packing as well as lower densities.

Kuhn et al. [12] have observed the packing of
particles in which a balance can be reached between
the applied load and the strength of the particle net-
work. If the load increases up to a critical value, the
particle would be rearranged. Thus, the particle would
be forced to snap and slip into the voids inside the
network, resulting in an increase in composite green
density, and a new stable particle structure (as shown
in Fig. 4). The procedure repeats until further load
applies. When the infiltration rate is the lowest
Figure 3 The comparison of green composites with »
&
of 8.1% and

particle size of 3 lm fabricated by infiltration rates (a) 2 mm min~1;
(b) 4 mm min~1; and (c) 7 mm min~1.

("2 mm min~1), green density and maximum infilt-
ration pressure decrease. It was because the plunger
could not offer enough pressure to overcome con-
straint of fibres on consolidation, and the pressure is
not high enough to rearrange a dense particle packing;
thus, the packing of fibres and particles is loose. Fur-
thermore the loosely packed fibres and particles result
in higher permeability, lower infiltration pressure, and
lower composite green density. When the infiltration
rate is the highest ("7 mm min~1), the packing of
particles and fibres is likely to be irregular because the
flow speed of solvent is so fast that particles cannot
achieve their best packing position. Furthermore, the
fast flow of solvent induces large pores around fibres
(see Fig. 3c), resulting in a lower composite density
and infiltration pressure.

During the infiltration experiment, the swelling of
green composites was observed which significantly
influences their density. The swelling of green com-
posites was evaluated by comparing the thickness of
composites after drying to the designed thickness of
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Figure 4 Schematic of packing process with particles and fibres. (I) dispersed state. (a)P(b)P(c), the slurry has strong repulsion interparticle
potentials with better packing effect. (II) flocced state. (d)P(e)P(f ), the slurry has strong attractive interparticle potentials with bad packing
effect.
6 mm. After drying, the thickness of composites with
particle size of 3 lm and »

&
of 8.1% were found to be

6.6, 6.5 and 6.9 mm for infiltration rates 2, 4 and
7 mm min~1, respectively. The swelling is due to
fibre—fibre interactions. The swelling effect offers the
additional evidence for the results of densities that are
described above.

3.2. Influence of fibre volume fraction and
particle size

The influence of fibre volume fraction (»
&
) on green

density and maximum infiltration pressure of the
composite is shown in Table I. Most of the maximum
infiltration pressures decrease with increasing »

&
. It is

because that significant amount of fibres were en-
tangled for the composite with higher »

&
, resulting in

large voids among particles. Thus, permeability of the
composite increases and pressure decreases. Similarly,
a higher fibre volume fraction results in a lower com-
posite green density. This is due to fibre—fibre interac-
tions and fibre constraint on particle packing. These
effects can lead to the swelling of the green composite
and reduce green density. As shown in Fig. 5, the
R: diameter ratio of particle to fibre.

2098
amount of swelling of green composites increases as
fibre volume fraction increases. The amount of swell-
ing was evaluated by linear expansion ratio (LER),
where LER"(t

2
!t

1
)/t

2
, t

2
is thickness of green com-

posites after drying, and t
1

(6 mm) is designed thick-
ness of green composites. The result in Fig. 5 implies
that the increase of »

&
leads to more fibre—fibre inter-

actions. Once the green composites are released from
the mould, fibres expand without the constraint of
infiltration pressure. The amount of expansion is
proportional to »

&
. This can be demonstrated by the

comparison between Fig. 6 and Fig. 3b, with »
&
of 25.4

and 8.1%, respectively. In Fig. 6, more fibre—fibre
interactions result in large pores among fibres and
loosely packed particles; but fibres and particles in the
composite with lower »

&
can pack more densely, as

shown in Fig. 3b.
The effect of particle size on the processing of com-

posite is shown in Table I. The results show that
composite green density is proportional and max-
imum infiltration pressure is inversely proportional to
the particle size as well as diameter ratio R of particle
to fibre. During the processing, the sedimentation of
both short fibres and particles were observed. It is
TABLE I The influence of fibre volume fraction and particle size on maximum infiltration pressure and green density of composites

Composite type Density % Maximum pressure (MPa)

Particle size Particle size
3 lm 1 lm 0.45 lm 3 lm 1 lm 0.45 lm
(R"1) (R"1/3) (R"0.15) (R"1) (R"1/3) (R"0.15)

»
&
"8.1 vol% 55.9 52.4 43.3 11.0 14.3 22.6

»
&
"16.6 vol% 53.8 49.8 35.6 12.2 13.2 21.7

»
&
"25.4 vol% 48.2 48.6 30.2 6.9 11.6 15.7



Figure 5 The influence of fibre volume fraction and particle size on
linear expansion ratio of green composites. (h) 0.45 lm; (s) 1.0 lm;
(j) 3.0 lm.

Figure 6 The green composite with »
&
of 25.4% and particle size of

3 lm fabricated by infiltration rate 4 mm min~1.

inferred that the sedimentation rate of both short
fibres and larger particles is similar such that they still
can pack together to obtain a green composite with-
out large swelling. But the higher sedimentation rate
of short fibres than smaller particles results in serious
fibre—fibre interaction in the fibre packing layer, al-
though particles can pack above the fibre layer. The
consequence is significant swelling of fibre layer as
well as lower green density. This result can be found
from Fig. 5 indicating that the smaller particles lead to
larger swelling of green composites. Fig. 7 shows that
the drying rate decreases with the decrease of particle
sizes for the composite with »

&
of 8.1%, showing that

permeability is proportional to square of particle dia-
meter [13].

3.3. Influence of sol viscosity
As shown in Table II, a higher sol viscosity leads to
lower composite green density and infiltration pres-
sure. The sol viscosity influences sedimentation of
infiltrate which further affects particle packing. There-
fore an experiment of effect of sol viscosity on sedi-
Figure 7 The relationship for drying time versus solvent content of
composites with »

&
of 8.1% and different particle sizes fabricated by

infiltration rate 4 mm min~1. (e) 3 lm; (n) 1.0 lm; (h) 0.45 lm.

Figure 8 The effect of sol viscosity on sedimentation of infiltrate
with »

&
of 8.1% and particle size of 3 lm. (h) 0.0405 Pa s; (r)

0.0507 Pa s; (j) 0.0861 Pa s.

mentation of infiltrate was conducted. The results are
shown in Fig. 8. The sedimentation height of fibres
and particles increases with the increase of sol viscos-
ity. During the infiltration process, very fine silica
particles in the sol with higher viscosity serves as
a strong binder to connect alumina particles or
alumina fibres as agglomerates, therefore, they easily
result in sedimentation. The above effect leads to the
results shown in Table II in which both green densities
and maximum infiltration pressures decrease as sol
viscosities increase. When the sedimentation height of
fibres and particles is large, density of randomly
packed particles in the sedimentation layer is low
because of a segregation effect. Therefore, the thicker
the sedimentation layer, the lower is the green density
of the composite. In addition, the permeability of thick
2099



TABLE II The influence of sol viscosity on composite green density
and maximum infiltration pressure for the composite with »

&
of

8.1%

Viscosity Composite Maximum Crosshead
of sol green density pressure speed
(Pa s) (%) (MPa) (mm min~1)

0.041$0.001 45.4 11.0 4
0.051$0.001 43.8 8.4 4
0.086$0.001 43.7 6.9 4

sedimentation layer is high such that the correspond-
ing maximum infiltration pressure is low. This result is
consistent with Darcy’s law [14], since Darcy’s law
implies that a compact’s resistance to fluid flow is
caused by the viscous flow of fluid over the particles of
the compact. Because under constant infiltration rate,
the increase of sol viscosity and the decrease of max-
imum infiltration pressure imply that the permeability
increases, which is compatible with the results de-
scribed above.

3.4. Mechanical properties
Table III depicts the results of fracture toughness of
short fibre alumina/alumina composites. In general,
fracture toughness is achieved by modifying the
microstructure of the matrix to reduce stresses near
the crack tip. For composites with particle size of 1 lm
and »

&
of 8.1 and 16.6%, fracture toughness is propor-

tional to »
&
, indicating that short fibres offer major

fracture resistance by the following mechanisms:
microcracking, load transfer, bridging, and crack de-
flection. The fracture toughness of composites is at
most 38% higher than that of monolithic alumina.
However, with »

&
of 25.4%, fracture toughness of

composites decrease, because of significant fibre en-
tanglement. The limited improvement of fracture
toughness may be explained as follows. Silica sol in the
infiltrate may react with both alumina fibres and par-
ticles and produce mullite with lower melting point,
which is beneficial for interfacial strength but worse
for fracture toughness of the composite. This can be
demonstrated by the observation that fibre pull-outs
were seldom found in the fracture surface of the speci-
men. Another possible fracture resistance mechanism
which is not offered by short fibres is energy absorbing
pores. The presence of porosity in the samples could
2100
Figure 9 Sintered composites showing different pore size, shape,
and distribution with particle sizes (a) 0.5 lm and (b) 1 lm.

make brittle fracture more tortuous, and therefore
raise the toughness somewhat, because the energy of
sharp cracks would be dissipated when they meet the
pores. Some of the pores were observed for composites
with particle size of 0.5 lm (Fig. 9a), and with particle
size of 1.0 lm (Fig. 9b). However, the quantitative
effect of pore size, shape, and distribution on fracture
toughness of composites need to be further studied.
Particle size also influences fracture toughness of com-
posites as shown in Table III. The composite com-
posed of smaller particles has higher density and
higher fracture toughness as fewer number of residual
pores in the composite reduces the probability of
crack initiation during the indentation test.

The results for flexural strength and modulus are
shown in Table IV. Both flexural strength and
modulus increase as fibre volume fraction increases,
indicating that more fibres strengthen the composites
better by crack bridging and deflection. Fibre pull-
outs was seldom found in the fracture surface of the
TABLE III The results of fracture toughness using indentation fracture technique

Al
2
O

3(f)
/Al

2
O

3(m)
Powder size K

IC
(MPa m1@2) H

V
Green density Final density

Vol% (lm) (GPa) (%TD) (%TD)
Matrix Composite Increase

(%)

8.1 0.45 4.0 5.5$0.5 38 16.0 51.8 92.1
8.1 1 4.0 4.6$0.3 16 13.1 55.0 82.4

16.6 1 4.0 5.3$0.6 33 13.7 52.2 94.0
25.4 1 4.0 3.8$0.4 !5 17.0 51.8 97.6

TD: theoretical ensity.



TABLE IV The results of mechanical properties

Composite type Flexural strength Flexural modulus
(MPa) (GPa)

8.1 vol% fibres 293.2$51.2 264.9$35.5
25.4 vol% fibres 388.8$29.3 293.7$29.9

Fibre, modulus of elasticity"300 GPa; Poisson’s ratio"0.136.
Matrix; modulus of elasticity"343 GPa; Poisson’s ratio"0.22.

specimen; this means that the specimen have good
interfacial strength because of mullite phase. The re-
sult is consistent with the data shown in Table IV that
composite strength is proportional to fibre volume
fraction.

4. Conclusions
Pressure infiltration is a viable method to fabricate
dense short fibre alumina/alumina composites with
well-controlled properties by mixing silica sol,
alumina particles, and short alumina fibres. For the
composite with fibre/particle diameter ratio R of 1 and
»
&

of 8.1%, the optimal infiltration rate for highest
green density is 4 mm min~1. Both higher or lower
infiltration rates result in lower densities. A higher
fibre volume fraction leads to a lower composite green
density. Smaller particles result in lower composite
green density and lower drying rate. When infiltrate
viscosity increases, green density and maximum infil-
trate pressure of composites decrease due to sedi-
mentation. Fracture toughness of composites with
»
&
of 8.1 and 16.6% are approximately 16 and 38%

higher than those of monolithic ceramics, respectively.
Smaller particles lead to less residual pores and result
in higher fracture toughness due to lower possibility
of crack initiation. Flexural strengths of composites
with »
&

of 8.1 and 25.4% are 293.2 and 388.8 MPa
respectively.
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