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Abstract

The fabrication process, formation of carbon fibers and mechanical properties of in situ transformed carbon fibers/Al,O3 ceramic
matrix composites prepared by hot-press sintering were investigated. In the sintering process, pre-oxidized polyacrylonitrile fibers (below
named as pre-oxidized PAN fibers) were used as the precursors of the in situ transformed carbon fibers at the sintering temperature of
1700 °C. Twice grade heating was employed respectively at 444 °C and 1070 °C for 10 min before reaching the sintering temperature in
order to encourage the transformation of pre-oxidized PAN fibers into carbon fibers. XRD analysis shows that the composites present
an apparent diffraction peak at 26.3°, which corresponds to (002) crystal face of carbon fibers. By EDX analysis the carbon content of
the in situ transformed carbon fibers is 92.68%. These evidences certificate the PAN fibers have been in-situ transformed to carbon fibers
during the sintering process. The fracture toughness of the composites with 20 vol. % pre-oxidized PAN fibers reaches 6.29 MPa m'?,
Compared with 4.75 Mpa m'? of alumina, it is clear that the in-situ transformed carbon fibers remarkably improve the fracture
toughness of the composites and the toughening mechanisms contribute to fiber pull-out and crack bridging.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Carbon fiber toughened ceramic matrix composites have
high toughness, high specific strength, high specific mod-
ulus, good thermal stability, etc. [1,2], which have been
used in various fields such as aviation, aerospace, trans-
portation, sports and health [3—5]. At present, carbon fiber
toughened ceramic matrix composites are prepared mainly
by the addition of commercial carbon fiber into ceramic
powder, then mixing them uniformly and sintering. During
the mixing process, the carbon fibers can be damaged [6,7].
The high cost of carbon fibers contributes to the high cost
of carbon fiber toughened ceramic matrix composites.
In this paper, the authors propose that pre-oxidized
polyacrylonitrile fiber can be used as a precursor to
prepare in situ transformed carbon fiber toughened alu-
mina ceramic matrix composite by hot-press sintering in
vacuum. The preparation process of the composites,
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formation, microstructure of carbon fiber, and the
mechanical properties of the composites were investigated.

2. Experimental details
2.1. Raw materials

Alumina powder was selected as the matrix powder.
The powder average size is about 2 um and purity is
99.8%. Its density is 3.96 g/cm’. Pre-oxidized PAN fiber
was used as the precursor of carbon fiber. The average
diameter and density of the precursor fiber are 14 pm and
1.4 g/lem?, respectively.

2.2. Structural analysis

Thermal analysis of the pre-oxidized PAN fibers was
carried out using TG/DTA differential thermal analyzer.
During the thermal analysis test, the fibers were heated up
to 1300 °C in an Ar gas environment at a heating rate of
10 °C/min. The XRD analysis was used to identify the
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crystal phase of the pre-oxidized PAN fibers and the in-situ
carbon fibers (Cy)/Al,O3 composites, using Cu target k
radiation and Ni filter at 0.02°/s scanning rate in the range
of 10-75°. The elemental composition of the in-situ
C;/Al,O3 composites was determined by EDX. The micro-
structure and fracture morphology of the in-situ C;/Al,O3
composites were observed using SEM. On the basis of
previous research [13], the content of pre-oxidized PAN
fiber and sintering temperature used in the experiment are
shown in Table 1. Samples were gold-coated for 1 min.

2.3. Properties evaluation

Density of the in-situ C/Al,O; composites was mea-
sured by the Archimedes method. Vickers hardness (HV)
measurement was carried out at 9.8 N load for 15s by
microhardness tester. The fracture toughness (K;c) was
evaluated using the single edge notched beam (SENB)
method. The notched samples were prepared with the speci-
men size of 30+ 1 mm (length) x 4+ 0.1 mm (breath) x
6 + 0.2 mm (height). The ratio of the notch depth to speci-
men height is a/W = 0.45-0.55, and the notch was cut
by diamond inner circle section (0.2 mm thickness). Three-
point bent tests were performed at a loading speed of
0.05 mm/min. The fracture toughness was calculated using
the following equation [8]:

3PL
~ 2BWA4I2Y
where P is the breaking load during three-point bending test,
L is the bending span, 24 mm, B is the specimen breath, W is
the specimen height and « is the notch depth, o is the ratio
between a and W, and Y is the calibration factor which was
calculated by the following equation [8]:

 1.99—o(1-0)(2.15-3.930+2.707)
(14 2a)(1—0)*?

Kic (1)

Y

2

3. Preparation of the composites
3.1. Preparation procedure

The pre-oxidized PAN fibers were cut into short fibers
(the length between 3 and 5 mm), then they were mixed
with the alumina powder and milled for a certain time.
The mixtures of the pre-oxidized PAN fibers and alumina

Table 1
Composites groups.

Specimens designated Pre-oxidized PAN fiber content (vol%)

AF00 -

AF15 15
AF20 20
AF25 25
AF30 30

powder were hot-pressed in a graphite die (placed in the
sintering furnace) under a pressure of 40 MPa and at
1700 °C for 120 min in vacuum, and then cooled in the
furnace to room temperature. Monolithic Al,O5 specimens
were also prepared by hot-press sintering in order to
compare with the in-situ C;/Al,O3 composites. The content
of pre-oxidized PAN fiber is in the range of 0-30 vol% and
the specimens were designated as in Table 1. The specimen
sizes were 55 mm x 10 mm x 6 mm.

3.2. Sintering parameters optimizing

In carbonization process of pre-oxidized PAN fibers a
series of cyclization, cross-linking, and pyrolysis chemical
reactions take place along with the release of a large
number of small molecules. Differential thermal analysis
was used to determine the structural evolution of the pre-
oxidized PAN fibers during the carbonization progress in
order to determine optimization parameters for the sinter-
ing process.

The DTA curve, as shown in Fig. 1, exhibits an
endothermic peak at about 102 °C which is due to the eva-
poration of the moisture absorbed from air. An exothermic
peak at around 444 °C is caused by cyclization reaction of
unreacted PAN molecules. An endothermic peak at about
1073 °C is due to the complex carbonation reaction and the
release of small molecules [9].

The TG curve shows a rapid weight loss below 102 °C,
which is caused mainly by the moisture loss of the fibers.
Between 102 and 444 °C, the curve exhibits a plateau,
which indicates that there are not small molecules released
during the reaction process of non cyclization chain
structures. Between 444 and 1300 °C, the fibers exhibit
almost uniform weight loss due to the release of small
molecules.

Based on the above differential thermal analysis results
of the pre-oxidized PAN fibers and combined with the
sintering temperature of Al,O; powder, the sintering
process parameters for the pre-oxidized PAN fibers and
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Fig. I. DTA/TG curves of the pre-oxidized PAN fibers.
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alumina composite were optimized, as shown in Fig. 2. The
temperatures of 444 °C and 1070 °C are maintained for
10 min each to insure that the pre-oxidized PAN fibers
could smoothly transform into carbon fibers. Initial pres-
sure is 20 MPa, and the pressure begins to increase when
the temperature reaches 1070 °C and finally the sintering
pressure is held at 40 MPa.

4. Results and discussion

4.1. Phase structure analysis of in-situ transformed carbon
fibers

The pre-oxidized PAN fibers, monolithic Al,O3, and the
composites with different content of pre-oxidized PAN
fibers were characterized by XRD. The diffraction patterns
are shown in Figs. 3 and 4.

From the XRD pattern of the pre-oxidized PAN fibers,
shown in Fig. 3, the diffraction peak at 17.9° (100) is the
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Fig. 2. The sintering process of the composites.
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Fig. 3. XRD pattern of the pre-oxidized PAN fibers.
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Fig. 4. XRD patterns of: (a) monolithic Al,O3; (b) AF20 composite;
(c) AF25 composite; and (d) AF30 composite.

chain structures of PAN molecules that are not completely
transformed into trapezoidal structure at the preoxidation
stage. The diffraction peak at 26.3° (002) is the heat-
resistant trapezoidal structure. It is the foundation of
forming a carbon layer structure [10].

Fig. 4 shows the XRD patterns of sintered monolithic
Al,O3; and the composite with different fiber content.
There are only peaks of crystalline a-Al,O5 for monolithic
Al,O3 in Fig. 4(a). However, the composites with lower
content of pre-oxidized PAN fibers (Fig. 4(b, c)) also only
exhibit the peaks of Al,O; but not any obvious peaks
associated with carbon fibers. To verify the existence of
carbon fibers, the composite with 30 vol% pre-oxidized
PAN fibers content was prepared and its XRD pattern is
shown in Fig. 4(d). In the Fig. 4(d), besides the peaks of
AlyO3, the typical peak of carbon fibers in (002) crystal
face appears at 26.3°. The position of the diffraction peak
of carbon fibers is always between 25° and 27° in XRD
patterns, which is related to the quality of the pre-oxidized
PAN fiber [11]. Fig. 4(d) shows that the pro-oxidized PAN
fibers have been in situ transformed into carbon fibers in
the sintering process.

The interlayer spacing of standard graphite single crystal
(d002) is 0.3354 nm [9]. By Bragg's law, the calculated
(d002) interlayer spacing of the in situ carbon fibers is
0.3425 nm. That is to say that the arrangement of carbon
layers may be slightly disordered and the in situ carbon
fibers is a polycrystalline turbostratic structure [9,12,13].

In the preparation process of the composites, non cycliza-
tion PAN fibers cause the structure to change by the
cyclization and cross-linking reaction at the preoxidation
stage with temperature increase, which reflects in the diffrac-
tion peaks at 17.9° (shown in Fig. 3) but has disappeared in
Fig. 4. This change also confirms that the pre-oxidized PAN
fibers have transformed into carbon fibers.
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The energy spectrum analysis for the fibers in the AF15
sample is shown in Fig. 5. The atomic percentage of
carbon element accounts for 92.68%, and there are small
amounts of Al,O5 and SiO, retained on the surface of the
carbon fiber. Therefore, the pre-oxidized PAN fibers in the

Fig. 5. Energy spectrum analysis for the carbon fiber in AF15.

composite have been in situ transformed into carbon fibers
after the sintering.

4.2. Microstructure of composites

The microstructure images of the composites with
different content of pre-oxidized PAN fibers are shown
in Fig. 6(a—c), and (d) is the high magnification image of
Fig. 6(b).

The carbon fibers in situ transformed from the pre-
oxidized PAN fibers are uniformly distributed in the
alumina matrix, however slight interspaces exist in the
interfaces between the fiber and matrix as an arrow shown
in Fig. 6(d).

4.3. Mechanical properties of composites

The content of pre-oxidized PAN fibers influences the
density, microhardness and fractural toughness of the
composites, as shown in Figs. 7 and 8.

The density of the composites decreases with the
pre-oxidized PAN fiber content increase. This is due to
the increase of pre-oxidized PAN fiber content resulting in
a slight increase of the interspaces of matrix/fiber interface
(as shown in Fig. 6d); also, the density of carbon fibers is
lower than that of alumina. The composites then exhibit a
lower density. Above 20 vol% pre-oxidized PAN fibers the
density of the composites decline due to the fibers agglom-
eration causing more porosity.

From Fig. 8, it can be seen that the average microhard-
ness of the composites decreases with the increase of the
pre-oxidized PAN fibers. It is considered that the reduction
of microhardness is related to the density of the composites.

Carbon fiber

>4

Interspaces

Fig. 6. Microstructure images of the composites: (a) AF15; (b) AF20; (c) AF25 and (d) high magnification image of (b).
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The fracture toughness of the composites with different
pre-oxidized PAN fibers content is shown in Fig. 8. It can
be concluded that the fracture toughness of alumina
ceramics (4.75 MPa m'?) is improved by the addition of
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Fig. 7. Density of the composites with different pre-oxidized PAN fibers
content.
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Fig. 8. Microhardness and fracture toughness of the composites with
different pre-oxidized PAN fibers content.
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the fibers. The fracture toughness of the composites with
20 vol% pre-oxidized PAN fibers reaches a maximum value
(6.29 MPa m'”) and then decreases with the increase of pre-
oxidized PAN fiber content. It shows that as the content of
pre-oxidized PAN fibers increases in the composites there
are more fibers bearing the stress which is transmitted from
the ceramic matrix to the fibers, which avoids stress
concentration and the emergence of micro-cracks. At higher
stress, debonding and pull-out of the fibers from the ceramic
matrix contributed to the improvement in toughness via an
energy dissipation mechanism. Fig. 9(a) shows the fiber
pull-out features, providing evidence for the mechanism.
With the increase of fiber volume fraction, more fibers are
pulled out from the matrix, and more fracture energy is
absorbed in this process thus improving the fracture tough-
ness of the composites. When the content of pre-oxidized
PAN fibers is excessive (over 25 vol%), the fracture tough-
ness will decline due to the agglomeration of fibers
(Fig. 6(c)) which strongly inhibit the diffusion mechanism,
resulting in depressed density (Fig. 7), hardness and weak
interfacial connection between carbon fibers and matrix.
Thus, the possible toughening mechanisms are not fully
operative, resulting in obviously reduced fracture toughness.

It is observed that carbon fibers formed bridges across the
alumina matrix, as displayed in Fig. 9(b), which can
effectively prevent crack propagation, improving the tough-
ness of composites. SEM images (Fig. 9(a) and (b))
demonstrate the pull-out features and bridging features of
carbon fibers, indicating the fiber pull-out and crack
bridging toughening mechanism.

5. Conclusions

(1) Well-dispersed in situ transformed carbon fibers/Al,O3
ceramic composites have been prepared in the opti-
mized process parameters. Twice grade heating sepa-
rately at 444 °C and 1070 °C for 10 min and a sintering
temperature of 1700 °C was used to ensure the forma-
tion of in situ carbon fibers.

(2) XRD analysis shows that the composites present a
typical diffraction peak at 26.3°, which corresponds to
the (002) crystal face of carbon fibers, and the inter-
layer spacing dgg>=0.3425 nm. The carbon content of
the in situ transformed carbon fibers is 92.68%.

Fig. 9. SEM images of AF20 composites: (a) carbon fibers pull-out and (b) crack bridging.
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(3) The fracture toughness of the composites with 20 vol%
pre-oxidized PAN fibers reaches 6.29 MPa m'/?. Com-
pared with 4.75 Mpam'? of alumina, it is clear that
the in situ transformed carbon fibers remarkably
improve the fracture toughness of the composites and
the toughening mechanisms contribute to fiber pull-out
and crack bridging.

(4) The density and microhardness decrease with the
addition of pre-oxidized PAN fibers, which may be
due to slight interspaces between the fiber/matrix
interfaces. Therefore, the next work will focus on
improving the interfacial bonding between the carbon
fibers and alumina matrix.
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