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Control of interfaces in AlI-C fibre composites
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The interface of Al-C fibre composite was modified by coating a silver layer on the surface of
carbon fibres prior to making composites, in an attempt to improve the wettability between
molten aluminium and carbon fibres during infiltration. An electroless plating technique was
adopted and perfected to provide a homogeneous silver coating on the carbon fibre surface.
Al-C fibre composites were prepared using a liquid infiltration technique in a vacuum. It was
found that silver coating promoted the wetting between aluminium and carbon fibres,
particularly with polyacrylonitrile-base carbon fibres. However, due to rapid dissolution of
silver in molten aluminium, it was believed that the improved infiltration was not due to the
wetting behaviour between molten aluminium and silver. The cleaning of the fibre surface and
the preservation of the cleaned carbon surface with silver coating was considered to be the
prime reason for the improved wettability. Interfacial reactions between aluminium and carbon
fibres were observed. Amorphous carbon was found to react more with aluminium than
graphitic carbon. This is believed to be because of the inertness of the graphitic basal planes.

1. Introduction

Carbon—aluminium composites have been an area of
considerable interest over the last two decades prim-
arily for their high specific strength, high-temperature
applications and excellent thermal and electrical con-
ductivity. They have many applications in aircraft,
missiles, rocket propulsion systems, spacecraft and
electrical machinery [ 1].

The major problems associated with the processing
of Al-C composites by the liquid infiltration tech-
nique are that aluminium wets carbon only at temper-
atures around 1000 °C [2] and that the wetting causes
degradation of the fibres, due to the reaction between
carbon and aluminium forming aluminium carbide at
the interface, which reduces the strength of the com-
posite [3, 4]. One of the common ways to offset the
above problem is to coat the fibres using techniques
like electroplating, electroless plating and chemical
vapour deposition. The primary purpose of the coat-
ing is to form a diffusion barrier against fibre-matrix
reaction and to promote wetting.

Carbon fibres are generally coated with metallic or
ceramic layers. Silver coating on carbon fibres has
been seen to enhance the wetting characteristics of
aluminium [5] and prevent contamination of fibre
surface during processing. The formation of alumi-
nium carbide, which degrades the fibre, during the
fabrication process, is however one of the major con-
cerns of such a process. It is the purpose of this paper
to study the effect of silver coating on the formation of
reaction products at the metal—fibre interface during
the fabrication of Al-C composites.

2. Experimental procedure
2.1. Coating of fibres
Three types of fibre with varying degrees of graphitiz-
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ation, including polyacrylonitrile (PAN) base carbon
fibres, chemical vapour deposition (CVD) annealed
graphite fibres and pitch-base graphite fibres having
an average diameter of 10 um, were employed in this
study. The fibres were coated with a layer of silver
using a technique similar to that discussed by Cheng
et al. [6]. This coating technique involves coating the
fibres with copper and silver in sequence. Copper was
coated on the fibres by employing an electroless de-
position technique as given below:

(i) Removal of epoxy coating by immersion in
acetone for 15 min.

(ii} Etching of the fibres by immersion in 68%
HNO; for 15 min.

(i) Sensitization in an aqueous solution of
10kgm ™2 SnCl, and 4x 10" ?m*m™~? of 38% HCI
for 20 min.

(iv) Catalysis in an aqueous solution of
0.25kgm™2 PdCl, and 2.5x10 3m*m™> of 38%
HCI for 5 min.

(v) Deposition of copper for 10 min in a solution
consisting of 10kgm~® CuSO,, 25kgm?
KNaC,H,O '4H,0 (sodium potassium tartarate),
15kgm ™2 NaOH and 5x 107 *m®*m™? of HCHO
(formaldehyde). This solution was prepared every time
plating was to be done and formaldehyde was intro-
duced just before the plating to prevent deposition of
copper on to the container.

Silver was deposited on the copper-coated fibres by
soaking for 15 min in aqueous solutions consisting of

(a) 57.69 kgm ™% AgNO,, 3846kgm ° NaOH,
0.833m?*m 3 NH,OH and

(b) 40kgm ® C¢H,,04 (glucose), 4kgm™>
H,C,H,0O, (tartaric acid) 0.lm>m * C,H;OH
(ethanol).
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The fibres were rinsed with distilled water after each
treatment. Modifications, discussed elsewhere [7],
were made to the process described by Cheng et al. [6]
by setting the exact amount of formaldehyde and
NH,OH used and optimizing the sequence of the
process. The silver-coated fibres were then treated
with potassium hexafluoro zirconate, a flux used in
light-metal foundries.

2.2. Liquid metal infiltration

The coated fibres were stacked in the lower half of a
graphite crucible (Fig. 1) and infiltrated with 6063
aluminium in a vacuum of 1.3 x 10 7 MPa at various
temperatures and times. The experimental set-up is

shown in Fig. 2. In all cases, argon was used to backfiil.

the reaction tube after 45 min to reduce the reaction.
After the experiment, the crucible was cooled natu-
rally in the furnace to room temperature.

The only known attempt to make Al-C composites
by applying a silver coating on the fibres is the work
done by Sara [5]. However, in that case the silver
coating, deposited by electroplating, was not homo-
geneous and so complete infiltration was not ob-
tained.

2.3. Examinations and testing

SEM and energy-dispersive X-ray (EDX) analysis
were used to examine the matrix—fibre interface in the
composite. The thickness of the silver layer deposited
was monitored by SEM. The degree of graphitization
in the fibres was determined by X-ray diffraction
techniques. The tensile strengths of composites were
measured by testing both round and rectangular sam-
ples using an Instron tensile testing machine.

3. Results

Composites of 6063 aluminium with reinforcements of
CVD. carbon fibres, pitch-base carbon fibres and
PAN-base carbon fibres were made. The composite
interfaces observed are presented below. For each type
of reinforcement, both with and without silver coating
on fibres, composites were prepared.

3.1. Interface in AI-CVD carbon fibre
composite

3.1.1. With silver coating

SEM examination of the interface revealed good wet-
ting of the fibres by molten aluminium (Figs 3 and 4).
The interface was a chemical bond consisting of reac-
tion products. EDX analysis of the interface showed
the presence of aluminium and zirconium. Silver, how-
ever, was not observed at the interface. In fact, it was
estimated that the silver coating would have been
dissolved completely in less than a few minutes. The
presence of zirconium at the interface could be from
the reaction of the flux (K,ZrF) with aluminium
forming Al;Zr as suggested by Rocher et al. [8].
Results from EDX analysis of NaOH-etched com-
posites appeared similar to those before etching and
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Figure 1 Sketch of graphite crucible used. 1” (1 in.) = 25.4 mm.
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Figure 2 Schematic representation of the experimental set-up: (A)
furnace, (B) reaction tube, (C} cooling system, (D) end cap, (E)
thermocouple gauge, (F) valve, (G) pump, (H) argon cylinder, (I)
platform and (J) crucible.

- did not reveal any silver. Composites were fabricated

at various temperatures and times. The reaction zone
in the case of high temperatures and short time were
almost identical to that for low temperatures and long
time. Composites fabricated at 1020 °C for 60 min and
at 1100°C for 30 min are shown in Fig. 4.

3.1.2. Without silver coating

The wetting characteristics without silver coating were
similar to those with silver coating only as far as
distribution and EDX analysis were concerned. The
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Figure 3 Aluminium-CVD fibre composite fabricated at 1000 °C for 120 min: (a, b) with silver coating, (c, d) without silver coating.
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Figure 4 Aluminium-CVD fibre composite fabricated at (a, b) 1020 °C for 60 min, (c, d) 1100 °C for 30 min.
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reaction products at the interface, as in the previous
case, analysed by EDX, showed the presence of alumi-
nium and zirconium. However, the reaction zone was
slightly reduced when a silver coating was applied
(Fig. 3). The average thickness of the reaction zone
was observed to be about 1.5 um when carbon fibres
were coated with silver and about 2.0 pm without
coating under the processing condition of 1000 °C and
120 min. The reaction zone without silver coating was
discontinuous when observed at high magnification.

3.2. Interface in Al-pitch-base carbon fibre
composite

3.2.1. With silver coating

Cross-sections of the fabricated composites (Fig. 5)

show a good distribution of the fibres. Micrographs at

higher magnification show a thin reaction zone which

appears to be discontinuous. The reaction zone is not

uniform and appears to be faceted at some areas on

the fibre surface.

3.2.2. Without silver coating

As with CVD fibres, composites could also be
produced using pitch-base fibres without the silver
coating. The reaction products are not uniform in all
directions perpendicular to the fibre axis. The thick-
ness of the reaction zone is nearly the same as that of
CVD fibre composites under similar conditions of
fabrication. It is about 1.5 pm with silver coating and
about 2.0 um without silver coating.
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3.3 Interface in AI-PAN-base carbon fibre
composite
3.3.1. With silver coating
Composites fabricated at temperatures of 980 to
1020°C and a processing time of 60 to 120 min are
shown in Fig. 6. It can be seen that the layer of
reaction zone of Al,C; at lower temperatures and
holding time is discontinuous. However, at higher
temperatures and time the reaction zone appears to be
continuous. This is probably because aluminium car-
bide forms as platelets on the fibre surface. These
platelets grow with time and temperature until they
impinge upon each other, giving the layer an appear-
ance of continuity, as suggested by Khan [4]. Also the
reaction zone is thinner at lower temperatures and
time. The effect of argon backfilling to reduce the
reaction is quite apparent from Fig. 7. The composites
produced without argon backfilling had fibres ex-
cessively reacted, whereas with argon backfilling the
reaction products were much thinner. Eustathopoulos
et al. [2] had seen that the contact angles of Al on
carbon were 77 and 110° at 1000 °C under a vacuum of
10~ torr and in argon, respectively. The lower con-
tact angle in a vacuum than that in argon could
account for the greater extent of the reaction in a
vacuum.

3.3.2. Without silver coating

Aluminium-matrix composites with PAN-base car-
bon fibre reinforcement could not be fabricated with-
out the silver coating because the wettability of alumi-
nium on PAN-base fibres was poor. It appears that

4 pm

W 4 um

Figure 5 Pitch-base fibre—aluminium composite fabricated at 1000 °C for 120 min: (a, b) with silver coating, (c, d) without silver coating.
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Figure 6 Aluminium-PAN-base fibre composite fabricated at (a) 1000°C for 120 min. (b) 1000°C for 60 min, (c) 1020°C for 90 min,
(d) 980°C for 90 min.

Figure 7 Aluminium—-PAN-base fibre composite fabricated at 1000°C for 120 min: (a, b) without argon backfilling, (¢, d) with argon
backfilling after 45 min.
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with only amorphous carbon in PAN fibres, the
wetting of molten aluminium on fibres was poor.

4. Discussion
4.1. Effect of silver coating on interfacial
reaction

Silver coating plays a significant role in the fabrication

of both carbon and graphite fibre composites. In the

case of carbon fibres, the coating was necessary for

infiltration and in the case of graphite fibres, the

coating decreased the interfacial reaction slightly.
Although at the operating temperature of 1000 °C

both silver and aluminium exist in the liquid form, the

penetration of aluminium into the lower half of the

crucible may start near 900 °C. Thus, as the liquid J

aluminium front proceeds through the silver-coated
fibre bundle, silver will be quickly dissolved into bulk
aluminium. Assuming that the diffusion coefficient of
silver in liquid aluminium is of the order of 1073
cm? s~} the dissolution of I pm of silver coating
takes only a very short time. Also, silver was not
observed at the interface during EDX analysis after
fabrication of the composite, thus suggesting that
aluminium could have completely dissolved the silver.
In fact, using a rapid heating furnace, we have found
that a silver foil of 0.125 mm thickness was dissolved
in molten aluminium at 800 °C within 90 s. In other
words, the silver coating could not have acted as a
diffusion barrier. The primary function of the coating
might have been to clean and protect the fibre from
contamination during processing.

Since the silver is initially on the fibre, at the
beginning of infiltration the solution immediately next
to the fibre will be rich in silver. The whole solution
will ultimately get homogenized because the pro-
cessing time is relatively long. A process which goes on
simultaneously is the formation of aluminium carbide
from the reaction of aluminium and carbon. Two
separate mechanisms are likely to have occurred: (i)
diffusion of aluminium from the aluminium-rich solu-
tion to the carbide—metal interface through the silver-
rich area, and (ii) diffusion of carbon across the Al,C,
barrier to the carbide—metal interface. The diffusion of
aluminium can also occur through the carbide layer to
carbon to form aluminium carbide. Khan [4] sug-
gested that since carbon has a lower atomic mass, the
diffusion of carbon would be faster through the reac-
tion zone. The diffusion of aluminium which is in the
liquid form through liquid alloy is relatively faster
than that of carbon, which has to diffuse through solid
Al,C5. Thus the rate-controlling step has to be the
diffusion of carbon through the carbide layer.

In the case of PAN-base carbon fibres, the necessity
of silver coating for aluminium infiltration could be
due to the enhancement of the wetting characteristics
of otherwise non-wetting carbon fibre. The presence of
silver, however, was not necessary for graphite fibres
which have better wetting characteristics than carbon
fibres. The way silver helps to reduce aluminium
carbide formation in pitch and CVD carbon fibres is
not obvious. The decrease in reaction zone thickness is
from about 2.0 pm without coating to about 1.5 pm

with coating. One of the possible explanations can be
that transfer of aluminium through the silver-rich zone
may not be as easy as it appears.

4.2. Effect of degree of graphitization on
interfacial reaction

The reactions observed in the case of PAN base carbon
fibres are more extensive than in the case of ecither
CVD or pitch-base carbon fibres. The size of the
reaction zone for 1000°C and 120 min holding is
about 3 um in the case of PAN and about 1.5 um in the
case of both CVD and pitch. The degree of graphitiz-
ation of the fibres, calculated on a relative scale with

- pure graphite and determined, by X-ray diffraction

(Figs 8 to 11), gave 96% for CVD fibres, 66% for pitch-
base fibres and 0% for PAN-base fibres. The basal
planes in graphite fibres are relatively unreactive as
compared to the basal edges, so the nucleation of
Al,C5 should occur on the basal edges. Once a layer
of Al,C; is formed on basal plane edges, further

" reaction can occur either by the reaction of the inactive

basal planes or by the diffusion of carbon through the
Al,C; layer on the basal edges. Thus the formation of
aluminium carbide, primarily caused by carbon diffu-
sion [4], will be greater in the case of amorphous
carbon than graphite. Kohara and Muto [9] suggested
that pitch-base fibres are less degraded by molten
aluminium than PAN-base fibres. Kitamura [ 10] indi-
cated that high-modulus PAN-base fibres were less
degraded than high-strength PAN-base fibres. This
study shows that the degradation of the PAN-base
fibres, which are not graphitic, is greater than that of
CVD and pitch-base graphitic fibres.

4.3. Effect of interfacial reaction on tensile
strength
In a fibre-reinforced composite the volume fraction of
the fibre reinforcement, f, has to be greater than the
minimum amount of fibres for reinforcement (f,,;,) to
warrant the making of composites. Values of f,;, for
materials in this study were calculated by using the
formula [11] ’

’
m

()

f _ mu
min ’
Oty + Omuy — Om

— 0

where o, and oy, are the ultimate tensile strength
(UTS) values for the metal and the fibre, respectively;
o, 18 the flow stress in the matrix at a strain equal to
the fibre breaking stress.

The value of o), was nearly equal to the UTS of
aluminium. The value of f;, calculated from the
above formula was very low. Thus, reinforcement of
the aluminium matrix occurred with very little
amount of carbon or graphite fibre reinforcement.
This value of f,;, was much lower than the amount of
fibre used (about 7 vol % maximum).

Table I shows tensile test results for Al-C with
CVD and pitch-base fibres. A substantial increase in
tensile strength was observed in both CVD and pitch-
base fibre-reinforced aluminium composites. The max-
imum value of tensile strength observed for CVD is
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Figure 8 X-ray diffractograph of pure graphite (Cu-K,, A = 0.154178 nm): (a) scanned at 1° min "' (range = 3 x 10, time constant = 0.3);

(b) scanned at 0.25° min "' (range = 10*, time constant = 0.1).
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Figure 9 X-ray diffractograph of CVD graphite fibres (Cu-K,, 4 = 0.154178 nm: (a) scanned at 1° min ! (range = 3 x 103, time constant
= 0.3); (b) scanned at 0.25°min"! (range = 10*, time constant = 0.1).
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Figure 10 X-ray diffractograph of pitch-base graphite fibres (Cu-K,, 1 = 0.154178 nm: (a) scanned at 1° min ~

! (range = 3x 103, time

constant = 0.3); (b) scanned at 0.25° min ~! (range = 3 x 103, time constant = 0.3).
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Figure 11 X-ray diffractograph of PAN-base carbon fibres (Cu-K,,
4 = 0.154178 nm); range = 3 x 103, time constant = 0.3.

109 MPa. The rule of mixtures (ROM) strength for
5 vol % reinforcement is 168 MPa (UTS of CVD fi-
bres = 2.07 GPa). The observed percentage of the
ROM value (% ROM) is 65%. The tensile strength
without silver coating was found to be less (79 MPa)
which is about 47% of the ROM value. This clearly

shows that silver coating helps to increase the strength
of the composite. In the case of pitch-base fibres,
tensile strength values observed were 130 MPa with
silver coating and 124 MPa without silver. The ROM
strength for 7 vol % fibre is 210 MPa (UTS of pitch-
base fibres = 2.07 GPa). The % ROM value for
silver-coated fibre composite is 62% and for that
without coating is about 59%.

Fig. 12 shows the tensile strength of aluminium-
~PAN-base fibre composite as a function of pro-
cessing parameters. It was observed that the max-
imum value of the tensile strength was obtained at a
processing temperature of 1000°C and at a holding
time of 120 min. The tensile strength of the 6063 Al
used was 68 MPa. Using the ROM, the theoretical
strength calculated was 135 MPa for 2.5vol% C
fibers with a UTS of 2.75 GPa. The observed strength
(78 MPa) was about 58% of the ROM strength. In
order to check whether the increase in strength was
due to transfer of load to the fibres and not due to any
hardening mechanism in the matrix, tensile tests were
done for a second time on the same sample by
modifying the shape of the sample to permit two pulls.
The tensile strength value in the second pull was about
33% lower than the original value. The fact that the
second pull showed a 33% reduction in strength
suggests that the matrix has not been hardened and
that the strengthening of the aluminium-matrix com-
posite observed in the first pull was indeed due to the
fibre reinforcement.

The reason for low % ROM values of strength
(maximum 65%) could be due to interfacial reactions
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TABLE I Tensile test data for fibre-reinforced composites

Material Fibre Coating Processing Processing UTS
temperature time (MPa)
0 {min)

Al-6063 - - 1000 120 68

C-Al CVD Silver 1000 120 109

C-Al CVD None 1000 120 79

C-Al CVD Silver 1020 120 71

C-Al Pitch Silver 1000 120 130

C-Al Pitch None 1000 120 124
80 carbon fibres than in graphite fibres. Inert basal
planes, which lic parallel to the fibre axis in graphite
eyl fibres, were tho.ught to bg: responsible for this 'behavi—
s our. The reaction zone in all Al-C composites ap-
- peared to be continuous at low magnification but at
S 60 | higher magnification, discontinuity was observed.
p This indicated that Al,C; formed as platelets, upon
s growth, impinged upon each other giving the reaction
z or zone a look of continuity. Tensile tests indicated that
- the strength of the composite decreased with increas-
40 |- ing processing temperature, possibly due to the grea-
ter amount of reaction. The lowest value of percentage
30 T T T rule of mixtures (%ROM) strength was seen in
970 980 990 1000 1010 1020 1030 PAN-base fibre composites. The greater extent of

Temperature (°C)

Figure 12 Variation in tensile strength of PAN-base carbon
fibre—aluminium composite with processing parameters: ()
60 min, (@), 90 min, (1) 120 min.

which result in degradation and loss of strength of the
fibre. Also the sharp edges of Al,C, could act as
potential sites for crack initiation. Percentage ROM
values were always higher when the fibres were coated
with silver. This could be due to lower interfacial
reactions between the fibre and the matrix in the
presence of silver.

The appearance of an optimum processing para-
meter in Fig. 12 can be explained by the fact that
higher temperatures of processing and a longer hold-
ing time cause excessive reaction to occur, resulting in
a decrease-in strength. On the other hand, at lower
temperatures and time, incomplete penetration was
observed which again resulted in lower strength.

5. Conclusions
Silver coating on carbon and graphite fibres helps the
infiltration of fibre bundles by molten aluminium. This
could be due to the formation of an eutectic between
silver and aluminium, and to the silver coating pre-
venting contamination of fibres during processing.
The coating was found to be necessary for infiltration
of PAN-base carbon fibres and was seen to reduce the
reaction in CVD and pitch-base graphite fibres. The
decrease in the reaction zone in the case of graphite
fibres, could be due to a diffusion barrier formed by
the aluminium-silver system. The need for silver in the
case of PAN fibres indicated that the wettability of
aluminium on graphite is better than that on carbon.
The reaction zone, primarily consisting of platelets
of aluminium carbide, was observed to be larger in
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reaction in PAN-base fibres, as compared to CVD and
pitch-base fibres, was thought to be responsible for its
low strength. The low %ROM values of strength
could be due to interfacial reactions which result in
degradation of the fibres and the creation of sites for
crack initiation.
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