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Abstract

This paper describes an investigation on an improvement of the interface between Al and short carbon fibers (SCFs) with a-Al,O5 coating by
sol—gel technology. The composites of Al/uncoated SCFs and Al/a-Al,O3-**coated SCFs were fabricated successfully by vacuum press
infiltration. The formation of a-Al,O5 coating during calcination was analysed by Fourier transform infrared (FTIR) and X-ray diffraction (XRD).
Scanning electron microscopy (SEM), energy-dispersive analysis of X-ray (EDAX) and transmission electron microscope (TEM) were used to
observe the coated SCFs and the interface of composites. The results showed that the average thickness of the a-Al,O5 coating was about 200—
250 nm and the formation of Al,C; at the interface between Al matrix and SCFs was controlled by the a-Al,O3 coatings.

© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Carbon fibers (CFs) reinforced metal matrix composites are
widely used and studied due to the high specific strength,
specific modulus, high thermal and electric conductivity, low
expansion coefficient and good self-lubricant [1-3]. Al/CFs
composites are promising materials for aerospace and
commercial application [4-6]. However, the poor wettability
and harmful interfacial reaction between CF and aluminum
make the preparation very difficult to obtain Al matrix
composite with good interface bonding. Coating technology
on fiber surface was the most efficient method to overcome
these problems. Electroless plating and electroplating were the
simple and common technics to obtain metallic coatings such as
nickel and copper coatings, which can improve the wettability
evidently. Nevertheless the coatings dissolved in the matrix
alloy during the synthesis to give precipitation of brittle
intermetallics e.g. NiAl;, CuAl, in the interface, which result in
the poor interface bonding and the decrease of mechanical
properties largely [7-9]. Some researchers studied the
processes of vapour deposition such as PVD, CVD to obtain
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the coatings such as TiC, B4C, pyrolytic carbon, etc., and the
effects of these coatings in aluminum matrix are evident [10-
12], however, these processes are too expensive and complex to
apply in the industry.

Compared with other methods, sol-gel coating process is
simple and inexpensive method, and it can be coated on various
substrates. Generally, in a sol-gel coating process, isoprop-
oxide was used and hydrolysis proceeded, then the metallic
oxide coatings are formed [13—15]. It reported that the coatings
of Al,O5 or SiC on CFs obtained from isopropoxide solution
can protect CFs from high temperature oxidation and chemical
interaction with Al matrix [16,17]. In this paper, we developed a
simple sol-gel process by using aluminum nitrate and ammonia
to prepare the a-Al,O3 coatings on the surface of SCFs. The
sol-gel process, the phase change of Al,O; and the
characterization of interface between SCFs and Al matrix
were discussed.

2. Experimental
2.1. Preparation of precursor
SCFs used in this paper, were T300 made by Japan Toray

Co. Ltd. The polyacrylonitrile (PAN)-based CFs were desized
after being dispersed, and were cut into 2-3 mm length. The
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PAN-based fibers have a density of 1.76 g/cm® and a mean
diameter of 7 wm.

Aluminum nitrate (A.R.) and ammonia solution (A.R.) were
used as the starting materials. The transparent alumina sol was
prepared as follows: aluminum nitrate (1 mol/L) was first
dissolved in distilled water, and then it dripped into ammonia
solution (1 mol/L) at a speed of 100 drips per minute with a
rapidly stir at 95 °C. After the precipitation finished, nitric acid
(0.9 ml) was added to obtain the clear alumina sol. Four percent
polyvinyl alcohol (PVA) solution was dripped slowly into the
alumina sol. The ratio of the PVA solution and the alumina sol
solution was 1:4 in volume. The mixture was then heated for
20h at 95 °C under a vigorous stir in order to obtain the
homogeneous viscous sol.

2.2. Coating procedure and preparation of AI/SCFs
composites

After an ultrasonic dispersion of SCFs in the alumina sol the
SCFs were extracted and dried at 80—100 °C, and then calcined
at about 1050 °C to obtain a-Al,O3 coatings under hydrogen
atmosphere. 6061Al alloy was used as the matrix in this study,
the AI/SCFs and Al/Al,O3 coated SCFs composites were
fabricated by vacuum pressure infiltration technique. The
temperature of perform was 500 °C, and the melt was 730 °C.
The pressure was 7 MPa.

2.3. Characterization

The crystalline phase of the gels after calcination in nitrogen
atmosphere was evaluated using a Bruker-axs X-ray diffraction
(XRD). An investigation of the gel after calcination was
performed via Fourier transform infrared (FTIR) spectroscopy
(Bruker, Equinox). Scanning electron microscopy (SEM), field
emission scanning electron microscopy (FESEM, Fei Sirion
200) and energy-dispersive analysis of X-ray (EDAX) were
used to investigate the coated SCFs. The composites were
observed by transmission electron microscope (TEM) of
JEM2010 microscope.

3. Results and discussion

Fig. 1 shows XRD patterns of the as-synthesized precursor
calcined at different temperatures for 1 h. It is shown that the
precursor to be amorphous as well as the powder calcined at
500 °C. The characteristic peaks of y-Al,O5 appear at 700 °C
with a rather weak intensity, and the amorphous disappear at
800 °C, which means the amorphous to y-Al,Oj3 transition is
completed at 800 °C. With the increase of calcination
temperature up to 900 °C, the crystallinity of y-Al,O3 improve
and a-Al,O; appear with weak peaks, which indicate the
transition of y-Al,03 to a-Al,O3. At 1000 and 1100 °C there
are only the a-Al,O5 peaks, indicating the y-Al,O3 to a-Al,O3
phase transition be almost completed when the temperature
higher than 1000 °C.

The FTIR at 4000-400 cm ™" for the precursor calcined at
different temperatures are shown in Fig. 2. The broadband at
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Fig. 1. XRD patterns of the as-synthesized precursor calcined at different
temperatures (a) gel, (b) 500 °C, (c) 700 °C, (d) 800 °C, (e) 900 °C, (f) 1000 °C,
(g) 1100 °C.

3445 and 1638 cm ™ is attributed to the stretching and bonding
vibrations of the absorbed and inner water. The curves (a) and
(b) are very similar, which means the alumina sol has the same
contents of the alumina gel. In the two curves, the characteristic
bands at 1053, 810 and 470 cm ™! indicate the stable boehmite
formed during the preparation of precursor. Peaks localized at
1356 and 1041 cm ™" are the vibration of NO*~ group, which
were disappeared when calcined at 700 °C. As for the curve (c),
weak characteristic bands indicate that the water, NH4+, NO3~
and other impurities were decomposed and volatilized
completely. As the calcined temperature at 1000 °C, significant
spectroscopic bands at 640, 588 and 449 cm ™" appear which are
identified to be the characteristic absorption bands of a-Al,O3
[18]. And the weak absorption bands of a-Al,O3 can be seen
form curve (d), indicating the phase transition of a-Al,Oj
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Fig. 2. FTIR spectra of as-synthesized precursor calcined at different tem-
peratures (a) sol, (b) gel, (c) 700 °C, (d) 900 °C, (e)1000 °C.
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Fig. 3. SEM micrograph of (a) a-Al,0Os-coated SCFs and (b) the EDAX analysis of the SCFs surface.

started at 900 °C, which is in accordance with the results of
XRD analysis.

Fig. 3(a) shows the SEM image of a-Al,O5 coated SCFs. It
can be seen that the diameters of the fibers are uniform. The Al
and O elements peaks, as Fig. 3(b) shown, prove that the «-
Al,O3 coatings exist in the surface of SCFs. Fig. 4 is the
FESEM image of a-Al,03 coating on the SCF surface, which
shows the coating bond with the SCF well and the thickness is
about 200-250 nm.

TEM observation (see Fig. 5) reveals that there are chemical
reactions of the interface between aluminum matrix and
uncoated SCF, the presence of needle phase and the SAD
analysis indicate that the Al,C; formed in the SCF surface. The
brittle and fiber-like phase of Al,C; will result in the weakening
interfaces, destroy the fibers and drastically reduces the
mechanical properties. Compared with the uncoated composite,
the Al/a-Al,O3-coated SCFs composite presents neater inter-
face. The SCF is coated a-Al,O5 uniformly and the thickness is
about 200 nm, as Fig. 6 shown. Fig. 7 is the high magnification
of the interface zone, it can be seen clearly that SCF bond with
a-Al,Oj3 coating quite well and no harmful phases formed on
the fiber surface. The analysis of the SAD pattern indicates the
coating is a-Al,O3, which is agreed with the XRD results. The
a-Al,O3 has good chemical stable and heat resistance, so it can

a-ALO. coating

Det WD
TLD 49

CC. Spot Maan
00KV 40 42909x

Fig. 4. FESEM micrograph of a-Al,O5 coating on SCF surface.

play as a barrier layer in the Al/a-AlOz-coated SCFs
composite. Though no other compound can be formed in the
Al/a-Al,O5 interface, Al and a-Al,O3 form quite a strong
interface, and it is help to obtain higher mechanical properties
[19,20]. Generally, the a-Al,O3 coating improved the interface
between aluminum matrix and SCFs greatly.

Fig. 5. TEM image and SAD of the interface between aluminum matrix and
uncoated SCF.

Fig. 6. TEM micrograph of the interface between a-Al,O5-coated SCF and
aluminum matrix.
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Fig. 7. High magnified TEM image of the interface zone and SAD of the a-
Al,03 coating.

4. Conclusions

The «-Al,O3 coatings with 200-250 nm thickness on
SCFs surfaces were successfully fabricated by sol-gel
method using aluminum nitrate and ammonia solution.
The analyses of the calcinations of precursor reveal that the
sol is composed of boehmite. As the temperature increase,
the amorphous transit to y-Al,O5; at 700 °C, and then +y-
Al,O3 to a-Al,Oz at 1000 °C. The uncoated Al/SCFs
composite has interfacial reactions between Al matrix and
SCF, and brittle phase of Al4C; formed in the interface zone.
The interface of Al/Al,O5-coated SCFs composite was
improved by the a-Al,O3 coating protecting fibers from the
reaction with Al matrix.
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