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Abstract: In order to improve the wettability and bonding performance of the interface between carbon fiber and
aluminum matrix, nickel- and copper-coated carbon fiber-reinforced aluminum matrix composites were fabricated by
the squeeze melt infiltration technique. The interface wettability, microstructure and mechanical properties of the
composites were compared and investigated. Compared with the uncoated fiber-reinforced aluminum matrix composite,
the microstructure analysis indicated that the coatings significantly improved the wettability and effectively inhibited
the interface reaction between carbon fiber and aluminum matrix during the process. Under the same processing
condition, aluminum melt was easy to infiltrate into the copper-coated fiber bundles. Furthermore, the inhibited
interface reaction was more conducive to maintain the original strength of fiber and improve the fiber—matrix interface
bonding performance. The mechanical properties were evaluated by uniaxial tensile test. The yield strength, ultimate
tensile strength and elastic modulus of the copper-coated carbon fiber-reinforced aluminum matrix composite were
about 124 MPa, 140 MPa and 82 GPa, respectively. In the case of nickel-coated carbon fiber-reinforced aluminum
matrix composite, the yield strength, ultimate tensile strength and elastic modulus were about 60 MPa, 70 MPa and
79 GPa, respectively. The excellent mechanical properties for copper-coated fiber-reinforced composites are attributed
to better compactness of the matrix and better fiber—matrix interface bonding, which favor the load transfer ability from
aluminam matrix to carbon fiber under the loading state, giving full play to the bearing role of carbon fiber.
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limitations for aluminum-based alloys subjected to

1 Introduction

It is well known that carbon fiber (Cy) has been
one of the most ideal reinforcements for different
kinds of composites because of its excellent
mechanical and chemical stabilities [1,2]. Aluminum-
based alloys are important engineering materials for
the lightmass structures. However, there are some

some specific applications such as aerospace and
military vehicles. In order to further improve the
comprehensive properties of aluminum-based alloys,
incorporating carbon fiber into the aluminum and
forming the carbon fiber-reinforced aluminum-based
matrix composites are a preferring choice [3,4]. It is
expected that composites combining the excellent
mechanical properties of carbon fiber with the
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excellent ductility of aluminum alloys would have a
high priority for using in the advanced lightmass
structures.

Therefore, recently carbon fiber-reinforced
aluminum matrix composites have been considered
as the advanced lightmass structural materials for
aecrospace and other civil industries due to their
high specific strength/modulus, high anti-vibration
resistance, low coefficient of thermal expansion and
good thermal conductivity [5]. However, one of the
major issues is the poor wettability between carbon
fiber and aluminum matrix during the fabrication of
composites [6]. The poor wettability leads to the
difficulty for the infiltration of aluminum melt into
the intra-bundle area of carbon fiber. Although
increasing the process temperature can improve the
wettability between carbon fiber and aluminum
matrix to some extent, the unavoidable interface
reaction between carbon fiber and aluminum matrix
may happen and form the aluminum carbide (Al,C;)
phase which is naturally brittle. The brittle Al,C;
phase and the strongly bonded fiber—matrix
interface resulted from interface reaction may affect
the mechanical properties of composites [7,8]. In
order to alleviate the interface reaction and improve
the wettability between carbon fiber and aluminum
matrix, the surface modification of carbon fiber can
be an effective method. Particularly, to fabricate an
appropriate coating on the carbon fiber has been
demonstrated to be an effective approach for
improving the wettability and inhibiting the
interface reaction [9—13].

A great effort has been made to develop the
coating technology on carbon fiber. Generally,
carbon fiber with metallic or ceramic coating is
often used to reinforce the aluminum matrix
composites. In Refs. [9—11], nickel (Ni) and copper
(Cu) coatings were deposited on the surface of
carbon fiber by chemical plating technique, and the
coated fiber was used as the reinforcement for the
fabrication of aluminum matrix composites. The
results indicated that the coatings could effectively
improve the wetting behavior between the carbon
fiber and aluminum melt. And also, the carbon fiber
coated with ceramics such as the alumina and
silicon carbide was used to fabricate the aluminum
matrix composite [12,13]. The results were really
encouraging and the formation of Al,C; at the
interface between the aluminum matrix and carbon
fiber was refrained by the ceramic coatings.

However, taking the engineering application into
consideration, the realistic problems are the high
cost and complex process to fabricate the ceramic
coating on the surface of carbon fiber on a large
scale. On the other hand, the ceramic coatings
might have a negative effect on the deformation
ability of aluminum matrix composites due to their
brittle nature. Thus, metallic coatings would be
more suitable for the fabrication of carbon fiber-
reinforced aluminum matrix composites because of
their high flexibility and good compatibility with
aluminum matrix. Considering the cost efficiency,
the electroplating process is a simple and
inexpensive technology and presents a weak impact
on the environment compared with the chemical
plating and other technologies [14].

During the last decade, some fabrication
techniques such as powder metallurgy, gas pressure
infiltration and squeeze casting were developed
as the main processing to prepare
composites [15—17]. Each processing route
presented some merits in fabrication of the
composite. As for the reinforcement, the large
aspect ratio is promising due to its versatile
strengthening and toughening mechanisms, such as
fiber pull-out, interface debonding, crack deflection
and fiber bridging.

Therefore, in the current work, the un-coated,
Ni- and Cu-coated continuous carbon fibers were
used to fabricate composites by the squeeze melt
infiltration technique under vacuum condition. The
use of continuous carbon fiber can consume more
work than that of short ones when they are pulled
out from the matrix, which would increase the
strength/toughness of the composites. The effects of
Ni and Cu coating on wettability, microstructure
and mechanical properties of composites were
investigated. The scanning electron microscopy
(SEM) was used to characterize the microstructure
and morphology of the coatings and composites.
The X-ray diffractometer (XRD) with energy
dispersive spectrometer (EDS) was utilized to
characterize the phase constitutions and elements,
respectively. The mechanical properties
measured by uniaxial tension test.

routes
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2 Experimental

2.1 Materials
A commercially available PAN-based carbon
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fiber (C¢: T-300, supplied by Toray Company,
Japan) was used as the reinforcement. Commercial
aluminum sheets (purity higher than 99%, supplied
by Southwest Aluminum Company, China) were
used as the matrix. Acidic nickel and copper
electroplating solutions were used as the Ni and Cu
sources to deposit the Ni and Cu coatings on the
carbon fiber, respectively. The chemical reagents
and the compositions of electroplating solutions for
the deposition of Ni and Cu coatings are presented
in Table 1.

The reason for the selection of partial chemical
reagents can refer to Ref. [14]. In order to separate
the fiber from the bundle and improve the surface
conductivity of carbon fiber in electroplating
solutions, the desizing was performed by treating
the fiber in acetone solution and heating at 673 K
for 30 min in a muffle furnace under ambient
atmosphere.

2.2 Deposition of Ni and Cu coatings on carbon

fiber

The carbon fiber is inclined to agglomerate
together in a bundle, which may lead to
inhomogeneous deposition of coating on carbon
fiber [18]. To improve the coating efficiency and
the quality, a double-anode electroplating system
assisted with ultra-sonic oscillator was applied to
depositing the Ni and Cu coatings on carbon fiber.
In both cases, with the assistance of ultra-sonic
vibration, the fiber bundles became loose, which
would be helpful not only for the homogeneous
deposition of coating, but also for the later
infiltration of Al melt into fiber bundles. In previous
researches [19-21], the effects of electroplating
parameters on the deposition quality of each coating

were systematically investigated. In this work, the
coating was fabricated wusing the optimized
deposition condition based on the previous results.
Figure 1 shows the schematic diagram of
experimental setup used for the electroplating of Ni
and Cu coatings on carbon fiber, where carbon fiber
tows acted as the cathode and were placed in the
middle of two Ni or Cu anodes in an electroplating
bath. During the electroplating, the steady electrical
current was supplied to the Ni or Cu anodes and
the Cr cathode. Both coating depositions were
conducted at room temperature with controlled
electroplating parameters (for Ni coating: pH=4,
time 8 min, current density 0.6 A/dm’; for Cu coating:
pH=1, time 8 min, current density 0.8 A/dm?).

2.3 Fabrication of composites

The composites were fabricated by the squeeze
melt infiltration technique under vacuum condition.
By this technique, the molten aluminum can not
only infiltrate into the C¢ bundle well by applied
pressure, but also avoid the oxidation of the
aluminum and carbon fiber.

Figure 2(a) shows the schematic illustration
for the squeeze melt infiltration technique and the
direction of the applied load. The aluminum was
slightly treated with the low concentration acidic
solutions to remove the oxide layer formed on the
surface of aluminum. The oxide layer usually
impedes the flowing of aluminum melt. The treated
aluminum was put on the carbon fiber with Ni and
Cu coatings and confined in a graphite die. The
fiber’s volume fraction was about 8% in this work.
Finally, the graphite die was moved into the
furnace chamber and heated at 943 K for 20 min
under vacuum condition. During heating, a load

Table 1 Chemical reagents and compositions of electroplating solutions for deposition of Ni and Cu coatings

Solution Reagent Molecular formula Concentration/(g-L™")
Nickel sulfate NiSO,-6H,0 123
) ) Boracic acid H;BO; 30
N1 coating
Nickel chloride NiCl,-6H,0 32
Sodium dodecyl sulfate CH;(CH;),;0SO;Na 0.12
Copper sulfate pentahydrate CuSOy4-5H,0 80
Sulfuric acid H,SO, 68
Cu coating Copper chloride CuCl, 0.24

Sodium 3,3 "-dithiodipropane sulfonate

OP emulsifier

C6H120684N3.2 0.025
OP-10 0.4




320 Jian-jun SHA, et al/Trans. Nonferrous Met. Soc. China 31(2021) 317-330
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Fig. 1 Schematic diagram of experiment setup for
deposition of Ni and Cu coatings on carbon fiber (a),
carbon fiber with Ni coating (b) and carbon fiber with Cu
coating (c)
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Fig. 2 Schematic illustration of squeeze melt infiltration
technique (a) and macro-image of C—Cu/Al composite
polished roughly (b)

of 15 MPa was applied to the aluminum and carbon
fiber. The load was maintained until the furnace
cooling to room temperature. Hereafter, for

identifying different composites, the un-coated,
Cu-coated and Ni-coated carbon fiber-reinforced
aluminum composites were referred as the C/Al,
Ci—Cu/Al and C—Ni/Al composites, respectively.
Figure 2(b) shows the macro-image of the
fabricated C,—Cu/Al composite, which was taken
out from the graphite die and polished roughly.

2.4 Characterization

The phase constitutions of composites were
characterized by means of the X-ray diffractometer.
The bulk density of composites was measured by
Archimedes method. The relative density was
determined by dividing the measured density by
the theoretical density. The influence of Ni and Cu
coatings on the wettability between carbon fiber
and aluminum matrix was analyzed by the SEM
equipped with EDS. The tensile properties of
the composites were evaluated by a universal
mechanical testing machine (Model: WDW-100)
with a constant strain rate of 10~s' at room
temperature  following the standard ASTM
D3552—12. The composites were machined into a
dog-bone shape specimen. For each composite, the
mean value was obtained from 3 tests. The fracture
surfaces were observed by SEM to characterize the
fracture features.

3 Results and discussion

3.1 Ni and Cu coatings on carbon fiber

The as-received generally
presents a smooth surface because of the presence
of the sizing on the surface of carbon fiber as
shown in Fig. 3(a). The sizing is a kind of organic
material with low electronic conductivity, which
will act as the barrier for the electron transmission.
Particularly, in the electroplating solution, the sizing
will decrease the electrical conductivity of carbon
fiber and has a negative effect on the deposition
efficiency and the quality of coatings. Thus, it is
quite necessary to remove the surface sizing.
Figure 3(b) shows the surface morphology of
carbon fiber after desizing. The surfaces of carbon
fiber presented a textured structure with clear
grooves. It is also found from SEM observation that
the diameters of carbon fiber before and after
desizing have no visible change. Using carbon
fiber with and without the sizing, a comparative
investigation on the coating deposition was carried

carbon fiber
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Fig. 3 SEM images of carbon fiber before (a) and after (b) desizing, macro-images of Cu coatings deposited on carbon

fiber with (c) and without (d) sizing, and Ni coating deposited on carbon fiber without sizing (¢)

out. Figure 3(c) shows a macro-image of Cu-coated
fiber bundle with sizing. The surface of the fiber
tow is not so bright and the quality of Cu coating
seems poor. The low brightness is attributed to the
non-homogeneous deposition of Cu coating. This is
due to the fact that the existence of sizing has a high
electrical resistance and the Cu coating is difficult
to deposit on the surface of fibers. In contrast, for
the desized carbon fibers, after deposition of the
coatings, they present uniform and shining surfaces
with different colors as shown in Figs. 3(d) and (e).
Figure 4 shows the morphologies of different
coatings on carbon fiber observed by SEM. From
the surface morphologies of Ni- and Cu-coated
carbon fiber as shown in Figs. 4(a) and (b), it can
be seen that Ni and Cu were homogeneously
electroplated on the surfaces of carbon fiber. Along
the length direction of the fiber, the surface image
presented a flat and straight profile, which indicated
that a continuous and uniform coating was formed

on the carbon fiber. Only a small difference was
that the surface of Ni-coated fiber was somewhat
rougher than that of Cu-coated fiber. Moreover,
from the cross-sections of fibers with Ni and Cu
coatings as shown in Figs. 4(c) and (d), respectively,
it can be seen that the coating and fiber formed a
core—shell structure. The thickness of Ni and Cu
coatings was about 1.3 um and the coatings were
firmly adhered on the surface of carbon fiber. From
these observations, again it was confirmed that the
smooth and continuous metallic coating with a
uniform thickness was deposited on carbon fiber by
the present process. The main reason for the
formation of high quality coating could be
attributed to the fiber’s desizing and ultrasonic
vibration dispersion, which can make the carbon
fiber completely contact with the electroplating
solution. On the other hand, the electroplating
additives also play an important role in the quality
of coatings. The addition of NiCl,-6H,0 and CuCl,
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Fig. 4 SEM images of Ni- and Cu-coated carbon fiber: (a) Surface of Ni-coated carbon fiber; (b) Surface of Cu-coated
carbon fiber; (c) Cross-section of Ni-coated carbon fiber; (d) Cross-section of Cu-coated carbon fiber

in electroplating solutions can keep the activation of
Ni and Cu anodes during the electroplating process.
Particularly, the ClI generated from the additives
(NiCl,-6H,0 and CuCl,) can inhibit the production
of O, which can oxidize Ni*"/Cu’" and form
the insoluble NiO;/CuO, in the -electroplating
solutions [14]. The solid Ni,O3/CuQ, particles can
deposit on both Ni/Cu anodes and carbon fiber
cathode. If NiyO;/CuQ, particles deposit on the
Ni/Cu anodes, they will prevent the Ni/Cu anodes
from dissolving and the electroplating process will
be compelled to stop. If Ni-NiO; or Cu—CuO,
co-deposits on the carbon fiber, it will increase the
internal stress of coatings and decrease the
brightness, resulting in a rough coating surface.
CH3(CH;);;0S0O;Na and OP-10 can reduce the
surface tension stress between electrode and
electroplating solution. Furthermore, during the
electroplating process, H' is reduced and the
amount of H, bubbles formed on the carbon fiber
cathode becomes small. H, bubble acting as a
barrier can stop the deposition of Ni and Cu on

carbon fiber. CH;(CH,);;0OSO3;Na and OP-10 can
adsorb on carbon fiber and decrease the surface
energy Dbetween carbon fiber and solution,
making the H, bubbles hardly adsorbed on carbon
fiber [22,23]. Additionally, C¢H;,0¢S4Na, acting as
a brightener, can be also adsorbed on the surface of
carbon fiber cathode. The C4H,0OsS4Na, enlarges
the electrochemical polarization of carbon fiber,
which could refine the grain size of Cu coating.

3.2 Microstructure and phase constitution

In order to know the influence of Ni and Cu
coatings on the wettability of interface between
carbon fiber and Al, the microstructures of
composites were observed. Figure 5 shows the
SEM micrographs of composites. In case of the
C¢#/Al composite as shown in Fig. 5(a), a dense Al
matrix was observed, but a great number of pores
appeared in the area of fiber bundles. The
wettability is quite dependent on the contact angle
of Al melt and carbon fiber. Due to the poor
wettability between Al melt and carbon fiber, a
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Fig. 5 SEM micrographs of composites: (a) C#/Al composite; (b) C—Ni/Al composite; (c) Magnified image of selected
area A4 in (b); (d) Magnified image of selected area B in (b); (¢) C;—Cu/Al composite; (f) Magnified image of selected

area C in (¢)

large contact angle would be formed at the interface.

Based on the theoretic investigation, when the
contact angle is greater than the threshold contact
angle of spontaneous infiltration, the melt is not
easy to infiltrate into the fibrous preform [24]. With
the support of this knowledge, the contact angle of
carbon fiber and Al should be larger than the
threshold wvalue, resulting in the generation of
anti-spreading force. Such force expels the Al melt

from the intra-bundle area, leading to a poor
infiltration behavior as shown in Fig. 5(a). As for
the C—Ni/Al composites (Fig. 5(b)), the infiltration
behavior is affected by the local volume fraction of
carbon fiber. For the area with high fiber volume
fraction, although some micro-pores are found in
the central area of intra-fiber bundle, most of fiber
bundles are embedded in aluminum matrix as
shown in the selected area A (Fig.5(c)). The
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existence of the micropores might be caused by the
high melting point of Ni. On the other hand, the
micropores could act as the structural defects and
affect the mechanical properties of composites. For
the area with small fiber volume fraction, the fiber
intra-bundle areas are well infiltrated with the Al as
shown in the selected area B (Fig. 5(d)). For the
Ci—Cu/Al composite shown in Fig. 5(e), both
inter-bundle area and intra-bundle area are very
dense (Fig. 5(f)). The carbon fiber incorporates very
well with the Al matrix, and no apparent pores and
defects are found in intra-bundle areas shown in
Fig. 5(e).

Based on the microstructure observations, it
could be easily found that both Ni and Cu coatings
significantly improved the wettability between
carbon fiber and Al matrix. This was because the
wetting took place under chemical non-equilibrium
condition. The chemical non-equilibrium developed
because both the solid and liquid phases were
unsaturated with respect to each other, and the
formation of the compounds occurred at the
interface [25,26]. In the present work, during the
fabrication, the Ni and Cu coatings dissolved into
the Al melt and formed the liquid solutions.
Simultaneously, the fiber’s surface exposed to the
melt directly improved the wettability [27,28].

Although both Ni and Cu coatings could
improve the infiltration behavior of Al melt, Cu
coating is better than Ni. Probably, the following
mechanism would be responsible for this
phenomenon. According to the AI-Ni phase
diagram, Ni became saturated in the Al melt when
the Ni concentration reached about 8 wt.% at
943 K [29]. Upon saturation, the intermetallic phase
would be precipitated, which may prevent further
infiltration of Al melt into fiber bundles. For the Cu
dissolving into the Al melt, the saturation
concentration was as high as 62 wt.% at 943 K.
Therefore, the Al melt could completely infiltrate
into the fiber bundles.

Figure 6 shows the XRD patterns for different
specimens. For carbon fiber, only a broaden peak at
20 of 26.5° was observed. The broadening of
carbon peak was attributed to the low graphitization
of carbon fiber. The T300 carbon fiber usually has a
disordered graphite structure because of low
processing temperature (1573—1773 K) resulting in
low graphitization degree [30]. For pure Al, only
one phase appeared. For the C/~Ni/Al and

Ci—Cu/Al composites, besides the diffraction peaks
of Ni and Al phases, the diffraction peaks for the
intermetallic compounds Al;Ni and Al,Cu were also
clearly observed, respectively. The peak for brittle
Al4C; phase was not detected, which was viewed as
the harmful phase and often appeared in the C/Al
composites. In the current work, the formation of
Al4C; was suppressed. The suppression of Al4C;
could be associated with the Ni and Cu coatings on
carbon fiber. When the Al melt is formed, the
dissolution and diffusion of Ni and Cu from
coatings can form the liquid solutions and
intermetallic compounds with Al melt, which act as
the isolation barrier against the dissolution of
carbon atoms and the reaction between carbon fiber
and Al melt [9,31]. Therefore, the Ni and Cu
coatings not only improved the wettability between
carbon fiber and Al matrix, but also suppressed the
formation of harmful phase Al,C;.

A *—C
A—Al
¢—AlCu
e—Ni

4 +— Al;Ni

CNi/Al 4
o b
(CrCuw/AL, |

-

Pure Al

Carbon fiber

20 30 40 50 60 70 80
20/(°)

Fig. 6 XDR patterns of different specimens

To further know the influence of coatings on
the wettability and microstructure, the EDS
mapping was performed on the cross-section of
composites. Figure 7 shows EDS mapping of
the cross-sections of Cg—Ni/Al and Cq~Cu/Al
composites. For C—Ni/Al composite, the Ni-rich
phase around the carbon fiber was clearly observed
as shown in Figs. 7(a) and (c), and it was proved to
be Al;Ni phase by XRD in Fig. 6. From Fig. 7(b), it
was evidenced that the molten Al infiltrated into the
intra-bundle area of fibers and contacted with the Ni
under pressure. Simultaneously, the Ni dissolved
into Al melt and formed the Al3Ni. When the Ni
reached the saturation state, the Al;Ni precipitated
at the interface between carbon fiber and Al. The
precipitated Al;Ni around carbon fiber might slow
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Fig. 7 EDS mappings of cross-sections of composites: (a—d) C—Ni/Al composite; (e—h) C—Cu/Al composite
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down the infiltration of melt into the intra-bundle
area, resulting in the formation of micro-pores.
However, in the case of Ci~Cu/Al composite as
shown in Figs. 7(e—h), the Al melt completely
infiltrated into the intra-bundle area of fiber, which
was evidenced by the high intensity of Al in
Fig. 7(f). It is unlike Ni coating that almost all Cu
coatings diffused into Al matrix as shown in
Fig. 7(g), and some light spots near the interface of
fiber and matrix in Fig. 7(g) convinced the
formation of intermetallic compound AlLCu
observed in Fig. 6. It seems that the diffusion
modes for Ni and Cu are different in the Al matrix,
which would lead to different influences on
wettability and properties of composites. According
to the classical Arrhenius equation, the diffusion
coefficient of Ni and Cu in the Al can be written as

D=D, exp(—R—QTj

where D, is the frequency factor (m%s), Q is
the activation energy (J/mol), R is the molar
gas constant (8.314 J/(mol'K)), and T is the
thermodynamic temperature (K). The diffusion
coefficient of Cu coating in Al is 2.45x10™"° m?/s at
943 K [32], and that of Ni coating in Al is
6.58x107"*m?/s at 943 K [33]. Therefore, compared
with Ni coating, Cu coating is easier to diffuse into
Al at the processing temperature. This is consistent
with the observed phenomenon.
3.3 Mechanical and fracture
characteristics

Using the stress—strain curves, the tensile
properties were calculated and listed in Table 2. The
yield strength, ultimate tensile strength and elastic
modulus of the C—Ni/Al composite are about
60 MPa, 70 MPa and 79 GPa, respectively. The
yield strength, ultimate tensile strength and elastic
modulus of the C~Cu/Al composite are about
124 MPa, 140 MPa and 82 GPa, respectively. The
ultimate tensile strength and yield strength of
Cs—Cu/Al composite are almost twice as those of

properties

Table 2 Mechanical properties of different materials

Jian-jun SHA, et al/Trans. Nonferrous Met. Soc. China 31(2021) 317-330

CiNi/Al composite. The mechanical properties of
both composites are much higher than those of pure
Al. As we know, Cu is a cheaper metal compared to
Ni. Thus, the current result can lay a foundation for
further development of Al-based matrix composites.
Due to a good bonding at the interface between the
carbon fiber and the Al matrix, the elongations of
the CgCu/Al composite and the Cq—Ni/Al
composite reach 8.1% and 19.8%, respectively.

Figure 8 shows the SEM micrographs of
fracture surfaces for C~—Ni/Al and C~Cu/Al
composites. Some micro-cracks could be found in
the C—Ni/Al composite as shown in Figs. 8(a) and
(b). The cracks were mainly located in the intra-
bundle area. It seemed that the propagation of
cracks was along the fiber bundle. The formation
and propagation of micro-cracks could be related to
the stress state and the existence of micro-pores
formed during the fabrication process. In Fig. 5, it
was found that the micro-pores appeared in the
inner area of fiber bundles. Such micro-pores as the
structural defects easily led to the pull-out of carbon
fiber, and they were prone to cause the stress
concentration during the tensile test. On the other
hand, because of the formation of AI3Ni around
carbon fiber, it enhanced the interfacial strength
and made the CgNi/Al composite relatively
brittle [34,35]. These were the main reasons why
the C—Ni/Al composite exhibited a lower tensile
strength compared to the Cq~Cu/Al composite.
In the case of Ci/—Cu/Al composite as shown in
Figs. 8(c) and (d), because the Cu coating promoted
the wettability between the carbon fiber and Al
better than Ni coating, the Al melt was well
infiltrated into the fiber bundle areas and made a
modest interface bonding. Compared with the
Ci—Ni/Al composite, the number and size of
micro-cracks in C—Cu/Al composite were much
less, and the fracture surfaces of Ci—Cu/Al
composite were rather rough. Furthermore, the
crack density and crack width were also smaller
than those of Ci—Ni/Al composite.

Figure 9 shows SEM micrographs of the

Material Densi‘g// Rela}tive Ultimate tensile Elastic Yield strength/ Elongation/
(grem”)  density/% strength/MPa modulus/GPa MPa %
Pure Al 2.70 100 54.545.1 69.6+3.7 422429 29.7
CNi/Al 2.60 99.0 70.4+4.6 78.5+1.0 59.5+2.3 19.8
Ci—Cu/Al 2.62 99.8 140.3+8.7 81.5+2.2 123.5+1.5 8.1
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Fig. 9 SEM micrographs of lateral surfaces of composites after tensile tests: (a, ¢) C—Ni/Al composites; (b, d) C—Cu/Al
composites
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lateral surfaces of specimens after tensile tests. It
could be found that the profiles of fracture surfaces
in both composites presented zigzag shape, as
shown in Figs. 9(a) and (b). The formation of the
zigzag profiles could be attributed to different
deformation ability between carbon fiber and Al
matrix. It is well known that the failure strain of
carbon fiber is much smaller than that of aluminum.
This is consistent with the observed phenomenon
that the intra-bundle area shows lower elongation
than that of the inter-bundle area. Furthermore, if
we carefully observe the lateral surfaces of the
fractured specimens, it can be seen that the
intra-bundle areas are broken into many small
segments with a length about 0.16 mm (Fig. 9(a)).
In contrast, for the C/—Cu/Al composite, the length
of segments formed by the fracture of intra-bundle
areas is about 0.25 mm (Fig. 9(b)). This is because
the failure strain of carbon fiber is much smaller
than that of the aluminum matrix. Therefore, the
continuous release of the fracture energy during the
tension would lead to the formation of fiber bundle
fragments, which confirmed that carbon fiber
played a very important role in the mechanical
properties of the composites. During the tension,
the load was effectively transferred from the Al
matrix to carbon fiber. Due to large difference in
deformation ability between carbon fiber and Al
matrix, at the tension state, the load was mainly
borne by the carbon fiber. With continuous increase
of tensile strain, the rupture of carbon fiber would
be possible. Subsequently, the
interface debonding, sliding and even the fiber’s
pull-out led to the fragment formation. The length
of fragment should be related to the interface

fiber—matrix

bonding state and the fiber—matrix bonding strength.

On the other hand, the plastic deformation of the
matrix may absorb part of the fracture energy and
hinder the propagation of cracks. And also, the
plastic can weaken the
concentration, thus resulting in the
redistribution until carbon fiber failed [7].

stress
stress

deformation

4 Conclusions

(1) The microstructure analysis of composites
revealed that both Ni and Cu coatings can not only
improve the wettability between carbon fiber and Al
matrix, but can also act as the isolation barrier at
interface, which suppress the formation of brittle

phase Al/C; from the interface reaction. The Cu
coating presents better wettability and interface
bonding than Ni coating in the current processing
condition.

(2) The improved wettability and interface
bonding between carbon fiber and Al matrix in the
Ci—Cu/Al composite could be attributed to the high
diffusion coefficient of Cu in Al. Better wettability
and interface bonding favor the load transfer ability
from matrix to fiber under the loading state.

(3) The yield strength, ultimate tensile strength
and elastic modulus of the C,—Cu/Al composite are
about 124 MPa, 140 MPa and 82 GPa, respectively.
The yield strength and ultimate tensile strength the
CsCu/Al composite are almost twice as those of
CiNi/Al composite. Furthermore, the C—Ni/Al
composite exhibits better elongation than C—Cu/Al
composite.
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