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Abstract. Alumina matrix composites reinforced with the laminated and stitched carbon fibre cloth preform were fabricated
through the infiltration—drying—heating route using the Al,O3 sol with a high solid content as raw materials. The investigation
was focussed on the characteristics of sol and the mechanical properties and high-temperature resistance of C/Al,O3
composites. a-AlpO3 with favourable sintering activity can be obtained after heat treatment of sol at 1200°C. The as-
received C/Al,O3 composites with a total porosity of 16.8% exhibit a flexural strength of 271.3 MPa and a notch toughness
of 13.0 MPa m!/ 2, respectively. As a result of the evolution of interface and matrix, the flexural strength of C/Al,O3
composites is decreased by 28.5% after heat treatment at 1600°C for 1 h under inert atmosphere. At the same time, fracture
mode of composites is transformed from tough to brittle behaviour.
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1. Introduction

Alumina (Al,O3) ceramics have attracted much interest for
structural and functional applications owing to outstanding
general properties [1-3]. However, brittle fracture problem
should be resolved before its wide applications as structural
materials. Continuous fibre with outstanding damage toler-
ance was considered to be the best reinforcement.

So far, oxide fibre was paid the most attention for rein-
forcing Al,O3 ceramics [4]. Oxide/Al,O3 composites can be
used at 1100°C for a long time and at 1300°C for a short
time, which is decided by high temperature resistance of oxide
fibre [5]. Due to high price and large diameter of SiC fibre,
SiC/Al,O3 composites are rarely reported [6,7]. There are
not many studies on carbon fibre-reinforced Al,O3 compos-
ites [8—12], although carbon fibre was extensively employed
to reinforce non-oxide ceramics. Apart from reaction-bonding
aluminium oxide (RBAO) [6,7], sol-gel [8,11,12] and elec-
trophoretic deposition (EPD) [13]; slurry impregnation and
heat treatment (SIH) [4,9,10] are dominant routes to prepare
fibre-reinforced Al,O3 composites.

Thanks to flexibility in structure design, desirable com-
prehensive performance and adaptability to complex shape,
three-dimensional (3D) fibre preform was extensively adopted
to fabricate composites for applications in astronautic and
aeronautic equipments. To prepare 3D fibre-reinforced Al O3
composites, especially large-size complex parts, gas infiltra-
tion and solution impregnation are preferred for the sake of
homogeneous distribution of matrix and low fabrication tem-
perature. At present, for the deposition of Al,Os3, there is
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no proper gaseous raw material. As a result of large-size
particles i.e., prone to sedimentation, 3D fibre-reinforced
Al,O3 composites with heterogeneous distribution of matrix
are fabricated through SIH route at high temperature [10].
When Al-containing solution was selected as a raw material,
the transformation efficiency from solution via gel to Al,O3
is very low, creating 3D fibre-reinforced Al,Os composites
with high porosity and low strength [8,11,12,14].

Recently, 3D fibre-reinforced mullite, ZrO,—SiO, and
SiO, composites were fabricated through the route of sol
impregnation—drying—heat treatment (SIDH) using sols with
high solid content (20~25 wt%) as raw materials [15-20].
These studies indicate that SIDH route improves fabrica-
tion efficiency of solution impregnation route and reserves
its advantages of homogeneous distribution of matrix and low
fabrication temperature. In this study, processing, microstruc-
tures and mechanical properties of 3D carbon fibre-reinforced
Al,O3 (C/Al,03) composites prepared via SIDH route were
reported.

2. Experimental

2.1 Raw materials and processing

The reinforcement was 3D carbon fibre (T300 3k, ex-PAN
carbon fibre, Toray) preform with a fibre volume fraction
of 35% and a fibre density of 1.76 g cm~>. The structure
of preform was laminated and stitched carbon fibre cloth.
The raw material for matrix was an alumina sol with a
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Figure 1. Sketch map of fracture toughness testing method.

solid content of 30 wt% and a colloid particle diameter of
20~30 nm.

Carbon fibre preform was heated at 1400°C for 1 h to
remove surface size, followed by vacuum impregnation of
sol. After soaked in sol for 6 h, preform was dried at 200°C
for 4 h and then, heated at preset temperature for 1 h in inert
atmosphere with a heating rate of 10°C min~!. The cycle of
vacuum impregnation—drying—heat treatment was repeated to
densify composites. When the weight gain of composites was
<1%, the fabrication of C/Al,O3 composites was accom-
plished. During densification, heat treatment was carried out
at 1100°C, if the weight gain of composites was >3% and at
1400°C, if the weight gain of composites was <3%.

2.2 Characterization methods

The gel powders that were obtained by drying sol at 200°C
were heated at different temperatures. Then, phase composi-
tion of powders was determined by X-ray diffraction, which
was carried out on a diffractometer (Bruker D8 advance)
with CuKa radiation. Data were digitally recorded during a
continuous scan in the range of angle (26) from 10 to 80°
with a scanning rate of 4° min~!. At the same time, the gel
powders were cold-pressed at 120 MPa to form wafer. After
heat treatment at different temperatures, linear shrinkage and
microstructure of the wafer were measured and observed.

Apparent density (p,) of as-received C/Al,O3 compos-
ites was computed from the weight-to-volume ratio. The
bulk density and open porosity were measured according to
Archimedes’ principle with deionized water as immersion
medium. The true density (py,) of matrix was measured on
powdered sample using a pycnometer. Then, the theoretic
density (p1) of C/Al,O3 composites was calculated from the
equation:

IOTZ‘/prf—"_VmXIOm! (1)

where V; and V,,, are volume fractions of fibre and matrix, p¢
and pp, are densities of fibre and matrix, respectively. Thus,
total porosity was equal to 1 — (p,/pr) and open porosity
subtracted from total porosity gives close porosity.

The as-received C/Al,O3 composites were annealed in
high purity Ar atmosphere at 1600°C for 1 h to characterize
its thermal stability. Three-point bending test was employed
to evaluate flexural strength of composites with a span/height
ratio of 15 and a cross-head speed of 0.5 mm min~". As shown
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in figure 1, the notch toughness was determined by the single
edge notched beam (SENB) method with a sample size of
40 mm x 8 mm (H) x 4mm (B) and a cross-head speed of
0.05 mm min~'. The span (S) was 32 mm. The notch was cut
by programme-controlled diamond blade, followed by size
measurement under microscope. The notch width was 0.28
mm and the ratio of notch depth (a) to specimen height (H)
was 0.496. The notch toughness (K;) was calculated accord-
ing to the equation [21]:

Ku=[(PS)/BH?]x f (a/H), )

where f(a/H) =2.9(a/H)"*—4.6(a/H)**+21.8(a/H)?
—37.6(a/H)"* 4+ 38.7(a/H)°/*> and P was the maximum
load. Five specimens were tested to obtain the average
flexural strength and notch toughness. Scanning electron
microscopy (SEM, Quanta-200 EDAX) was employed to
observe microstructures of wafers and composites.

3. Results and discussion

3.1 Characteristics of sol

Phase compositions of gel powders at various temperatures
after heat treatment are presented in figure 2. Only faint
diffraction peaks of V-Al,O5; are found before 1100°C. At
1100°C, a-Al,O3 phase which is transformed from Y-Al,O3
is detected, although its diffraction peaks are not obvi-
ous. All sharp-pointed diffraction peaks can be assigned to
a-Al, O3 phase at 1200°C, indicating complete transforma-
tion of Y-Al,Os. Crystallization of a-Al,Oj3 is enhanced with
increasing the temperature to 1400°C, as reflected by the ele-
vated intensity and sharpness of diffraction peaks.

Linear shrinkage of gel powder wafers at various temper-
atures after heat treatment is shown in figure 3. A linear
shrinkage of 16.8% is observed at 800°C. This value is
enlarged with increasing the temperature, displaying 18.2% at
1000°C and 24.3% at 1200°C, respectively. Low crystallinity
of gel powder before 1200°C is responsible for the high sinter-
ing activity. The obvious crystallization of a-Al, O3 at 1200°C
reduces sintering activity of gel powder, leading to minute
increase in linear shrinkage at 1400°C (24.5%). However,
the driving force for solid state sintering of a-Al,Os is high
enough at 1600°C. Thus, linear shrinkage is further increased
to 29.2%. Due to the notable sintering shrinkage, a compact
fracture surface of gel powder wafer after heat treatment at
1400°C is observed in figure 4. It is noted that micrometre
grains bond tightly with each other, which is beneficial to
mechanical properties.

3.2 Microstructure and mechanical properties of 3D
C/Al, O3 composites

The true density (pp,) of the matrix was measured as
3.80 g cm~ and the theoretic density (or) of composites was
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Figure 2. XRD patterns of gel powders after heat treatment at different

temperatures.

calculated as 3.09 g cm~>. Thus, C/Al,O3; composites with
a total porosity of 16.8% were obtained since the apparent
density of composites was measured as 2.57 g cm™>. An
open porosity of 13.3% was verified by Archimedes’ prin-
ciple. Hence, the close porosity of composites was 3.5%.

SEM appearances of as-received C/Al,O3 composites are
presented in figure 5. As shown, a comparatively uniform dis-
tribution of matrix is realized without large pores and cracks.
The inter- and intra-bundle spaces in preform are effectively
filled and the mono-fibres are well surrounded by matrix. The
microstructure is formed due to low viscosity and nanometre
size of sol. In early stages, it is easy for sol to impregnate into
spaces in preform. Space size is reduced with increasing the
density of composites. Simultaneously, the diffusion chan-
nels to space become narrow and wandering. Thus, it is more
and more difficult for sol to diffuse into composites during
late stages, resulting in some micropores. At the same time,
microcracks are observed as a result of thermal expansion
mismatch between fibre and matrix.

The flexural strength and notch toughness of as-received
composites are 271.3 & 46.1 MPa and 13.0 & 2.8 MPam!/?,
respectively. The mechanical properties are satisfying with
regard to absence of interfacial coating and a total porosity of
16.8%. In figure 6a, a maximum displacement of ~1.1 mm
at invalidation point and circuitous decline of load after this
point are observed. Figure 7 shows extensive fibre pull-out and
long pull-out length. The non-catastrophic fracture behaviour
demonstrates the prominent toughening effect of continuous
fibre reinforcement.

After annealed at 1600°C for 1 h under inert atmosphere,
C/Al,03 composites show a flexural strength of 194.1 MPa,
which is 71.5% that of as-received composites. It is clear
from figure 6b that the annealed composites show a maximum
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Figure 3. Linear shrinkage of gel powder wafers after heat treat-
ment at various temperatures.

Figure 4. Fracture surface of gel powder wafer after heat treatment
at 1400°C.
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Figure 5. Cross-section morphology of as-received C/Al,O3
composites.
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Figure 6. The representative load—displacement curves of
C/Al,O3 composites: (a) as-received and (b) after annealing.

displacement of ~0.7 mm at invalidation point and vertical
decline of load after this point. The conversion from tough to
brittle fracture behaviour indicates that interfacial bonding is
enhanced after heat treatment at 1600°C.

The heat treatment at 1600°C promotes further sintering
densification of matrix since an obvious increase of linear
shrinkage from 24.5% at 1400°C to 29.2% at 1600°C is
observed in figure 3. This sintering shrinkage strengthens the
physical bonding between fibre and matrix.

Figure 7. Fracture surface of C/Al,O3 composites.
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Figure 8. XRD patterns of Al;O3 powders after heat treatment at
1600 and 1800°C.

When gel powder wafers were heated at 1800°C for 1 h in
high purity Ar, a new Al,CO phase is detected in figure 8 and
deep dark appearance is observed in figure 9. The reaction
between active carbon atmosphere in graphite furnace and
a-Al,Os, is supposed to explain this phenomenon. For
C/Al,O3 composites, it is very likely that the amorphous
active carbon on fibre surface derived from decomposition
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Figure 9. Optical photos of gel powder wafers after heat treatment at various temperatures.

of surface size would react with matrix at this temperature.
After heat treatment at 1800°C for 1 h, C/Al,O3; composites
showed a weight loss of only 0.77%, implying a slight
reaction between carbon and Al,Os.

At 1600°C, a darkish wafer was obtained (figure 9) and
a weight loss of 0.34% of C/Al,O3 composites was found,
suggesting occurrence of the reaction between carbon and
AlL,O3. The reaction is considered to be slighter because of
the absence of Al,CO phase in figure 8 and much less weight
loss. However, tensile strength loss of carbon fibre and strong
interfacial bonding are created due to the slight reaction, lead-
ing to degradation in flexural strength and fracture toughness
of composites. So, interfacial coating is necessary to improve
mechanical properties and thermal stability of C/Al,O3 com-
posites. This will be focussed in subsequent studies.

4. Conclusion

An AL, O3 sol with high solid content was used to fabri-
cate C/Al,O3 composites. After heat treatment at 1200°C,
a-Al,O3 with favourable sintering activity was obtained.
3D carbon fibre-reinforced Al,O3 composites with a total
porosity of 16.8% were fabricated via vacuum impregnation—
drying—heat treatment route, exhibiting 271.3 MPa in flexural
strength and 13.0 MPa m'/2 in notch toughness. After anneal-
ing at 1600°C for 1 h under inert atmosphere, C/Al,O3
composites display degradation in flexural strength and trans-
formation of fracture behaviour from tough to brittle mode.
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