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Interracial reactivity of aluminium/fibre systems 
during heat treatments 

S. MERCIER, P. EHRBURGER, J. LAHAYE 
Centre de Recherches sur la Physico-Chimie des Surfaces Solides, 24, Avenue du Prgsident 
Kennedy, 68200 Mulhouse, France 

The interfacial reactivity of specimens composed of aluminium coated on SiC-based fibres, 
carbon fibres and protected carbon fibres, was investigated. The woven fibres were coated 
with aluminium by physical vapour deposition and the obtained materials were heat treated 
in a furnace which was connected to a mass spectrometer. It was shown that reactions occur 
between CO and CO2 gases, which are released by the fibres, and aluminium, when the 
temperature is above 650 ~ These gases react during their passage through the aluminium 
layer and form aluminium carbide. Aluminium carbide is also produced by reactions 
between the solid-species constituents of the fibres and the metal. The amount of aluminium 
carbide formed at the fibre/metal interface during heat treatment was determined by 
hydrolysis. It was thus possible to ascertain that the aluminium carbide is mainly formed by 
the latter reactions. The efficiency of various protective coatings against the formation of 
aluminium carbide was also investigated. 

1. Introduction 
Although they have been studied for many years, the 
development of aluminium composites reinforced 
with fibres is still limited by two major problems: the 
low wettability of the fibres by liquid metals which 
hinders the infiltration of molten aluminium through 
fibre bundles [1], and the possibility of chemical reac- 
tions between the fibre and the matrix, that can lead to 
composite brittleness [2]. This second phenomenon 
accounts for the formation of aluminium carbide that 
can be beneficial in small amounts, due to the forma- 
tion of an interface that allows the charge transfer 
from the matrix to the fibres. However, if the interface 
is too important, no pull-out of the fibres can occur 
and the mechanical properties of the composites are 
lower than estimated, because of the brittleness of the 
interracial aluminium carbide. 

Many authors have studied the reaction between 
carbon and aluminium [3-7], and between silicon 
carbide and aluminium [8-13-1, both leading to the 
formation of aluminium carbide. It is also well known 
that during heat-treatment, fibres release gases such as 
hydrogen, water vapour, carbon monoxide and car- 
bon dioxide [14]. 

The purpose of the present work was to study the 
behaviour of the gases evolved by the fibres during 
heat treatment of aluminium/fibre composites, and to 
determine the amount of aluminium carbide formed at 
the interface. 

2. Experimental procedure 
2.1. Samples and sample preparation 
Several fibres have been studied: SiC-based fibres 
(Nicalon NML 202), carbon fibres (M40 and T300), 
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and carbon fibres protected with various coatings (SiC 
and B4C coatings). The coatings were fabricated by 
reactive chemical vapour deposition (RCVD). In this 
method, no carbon species are present in the initial 
gaseous phase, and the protective deposit is formed 
exclusively by a reaction with the carbon present at 
the fibre surface [15]. Unlike the classical chemical 
vapour deposition (CVD), the coating formed is uni- 
form on the fibres, even inside the bundles. 

2.2. Metallization 
Woven fibres were coated with a thin layer (200 nm) of 
aluminium (purity 99.99%)by physical vapour depos- 
ition (PVD) under vacuum. The thickness of the de- 
posit was controlled by a quartz crystal. In order to 
maintain constant the characteristics of the deposit, 
the metallization was performed in the following con- 
ditions: residual pressure in the metallization chamber 
equal to 2 x 10 .4 mbar and deposition rate close to 
2.5 nm s-1. After metallization, the samples were left 
2.5 h in air. 

2.3. XPS analysis 
In order to determine the amount of aluminium 
oxides in the deposit, aluminium is coated on a flat 
carbon surface, in the conditions mentioned in Section 
2.2 and the sample is analysed by X-ray photoelectron 
spectroscopy (XPS). The decomposition of the shape 
of the A12p signal of the aluminium surface before 
sputtering allows a characterization of the component 
corresponding to metallic aluminium, and the charac- 
terization of the component corresponding to the alu- 
minium oxide. The sample is then sputtered by argon 
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2.4. Vacuum desorption 
About 1 g aluminium-coated fibres are introduced 
into a furnace connected to a mass spectrometer. The 
samples are then heat treated under vacuum at a lin- 
ear heating rate of 300 K h -  1 and the gases evolved 
are analysed both qualitatively and quantitatively. 
This approach enables a study of the possible re- 
actions occurring between the gases and aluminium 
during heat treatment. 

2.5. Quantitative determination of 
a luminium carbide 

In order to determine the amount of aluminium car- 
bide formed during heat treatments, aluminium- 
coated samples are held at a fixed temperature for 
30 min, then cooled down, and the amount of alumi- 
nium carbide formed during this heat treatment is 
determined by the amount of CH4 released after the 
decomposition of A14C3 by water. A knowledge of the 
volume of the reactor, the total gas pressure in the 
reactor and the gas composition given by the mass 
spectrometer, permits the calculation of the amount of 
methane released. The decomposition of A14C3 by 
water is slow, but this method was chosen because the 
very thin thickness of the aluminium deposit (200 nm) 
allows the decomposition to be complete and to take 
place in a reasonable length of time. It is thus possible 
to compare the reactivity of various aluminium/fibre 
systems towards the formation of aluminium carbide. 

3. Results and discussion 
3.1. Characterization of the aluminium 

deposit 
The profiles of aluminium, carbon and oxygen during 
sputtering are shown in Fig. 1. Owing to a roughness 
in the carbon substrate, the interface metal/carbon is 
not totally abrupt, and thus a determination of the 
exact sputtering time required to reach the carbon 
substrate is not possible. This time is estimated to be 
160 min according to Fig. 1. 

From the decomposition of the A12p signal in two 
components corresponding to metallic aluminium and 
aluminium oxide, and the integration of the obtained 
curve between time 0 (corresponding to no sputtering) 
and time 160 (corresponding to the aluminium/carbon 
interface), the total amount  of metallic aluminium in 
the coated layer can be calculated. This amount, as 
shown in Fig. 2, is equal to 6 0 % - 6 5 %  of the total 
deposit. The high quantity of aluminium oxides in the 
deposit is attributed not only to the oxidation of the 
deposit when in air, but mainly to the incorporation 
of oxygen in the metallic layer during PVD. This 
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Figure 1 XPS profile of a carbon substrate coated with aluminium. 
(el) AI2p, (O) C' ls, (A) O' ls. 

ions with an energy of 1.5 kV. Assuming that the 
characteristics of the metallic aluminium are not affec- 
ted by sputtering, the amount  of metallic aluminium 
in the total deposit is then proportional to the area of 
the peak corresponding of the signal of metallic alumi- 
nium divided by the area o f  the total signal A12p. 
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Sput ter ing t ime ( min ) 

Figure 2 Cumulative amount of metallic aluminium in the deposit. 

incorporation is due to the residual gases H=O and 
Oa present in the metallization tank. 

3.2. T h e r m a l  t r e a t m e n t  
As already mentioned in Section 1 the fibres release 
some gases when heat treated. Fig. 3 represents the 
amounts of gases present during heat treatment in 
a closed reactor containing the fibres or the alumi- 
nium-coated fibres. The curves representing the ther- 
modesorption of hydrogen have the same profile for 
the fibres and the aluminium-coated fibres (Fig. 3a). 
This effect is not observed for some other gases. 
Fig. 3b and c show the amount  (gmol g-  1) of c O  and 
CO2 present in the closed reactor during heat treat- 
ment between 400 and 1000 ~ for M40 carbon fibres. 
For  a temperature higher than 650 ~ the amount of 
these two gases decreases clearly in the presence of 
aluminium. This effect is also observed for other PAN- 
based carbon fibres and for SiC-based fibres. It is thus 
assumed that CO and CO2 react with aluminium 
according to the following reactions 

6A1 + 3CO.~-AI20 3 + A14C3 (1) 

8AI + 3CO2~.~-2AlzO3 + A14C3 (2) 

Taking into consideration the CO and CO2 pressure 
in the reactor, the variation of the free enthalpy of 
these two reactions is lower than - 4 0 0  kJ tool i be- 
tween 400 and 1000 ~ The two reactions are hence 
thermodynamically possible. 
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Figure 3 Amounts of gases present in the reactor during heat treat- 
ment of (~) M40 fibres, (13) aluminium-coated M40 fibres, for 
(a) H2, (b) CO and (c) CO2. 

In order  to verify that the reaction between alumi- 
nium and carbon monoxide  actually occurs and that  
the decrease in the amoun t  of  CO is not  due to 
a t rapping of this gas in the aluminium layer, an 
amoun t  of CO, much greater than that  produced 
during the thermodesorpt ion  of the fibres, is intro- 
duced at room temperature into the reactor contain- 
ing a luminium-coated fibres. The system is then heat 
treated up to 1000 ~ Fig. 4 shows that the amoun t  of 
CO initially int roduced decreases sharply for temper- 
atures above 650~ The phenomena  already ob- 
served in Fig. 3b and c are thus confirmed. 

After this first set of experiments, it is possible to 
assert that  a luminium reacts with the C O  and CO2 
produced during thermal t reatment  of  the fibres when 
the temperature is above 650 ~ However,  it is not  
possible to gain any information about  where and 
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Figure 4 Evolution of the pressure of CO introduced. 
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Figure 5 Heat treatment of Nicalon fibres. (*) Nicalon fibres, ( + ) 
aluminium-coated Nicalon fibres, for (a) H2, (b) CO, (c) CO2. 

when these reactions occur, for the gases accumulate  
in the closed reactor. If  the evolved gases are continu- 
ously evacuated out  of the reactor  by pumping,  they 
do not  linger in the reactor and a reaction between 
them and aluminium can take place only at the 
fibre/metal interface, that  is during the migrat ion of 
the gases th rough  the aluminium layer. Fig. 5 shows 
the results of  such a thermal t reatment  for Nicalon 



fibres and aluminium-coated Nicalon fibres. Similar 
curves are obtained for PAN-based carbon fibres. The 
amounts of CO and CO2 detected above 650 ~ are 
lower when the fibres are coated with aluminium 
(Fig. 5b an dc), whereas the amounts of Hz remain the 
same (Fig. 5a). 

These results prove that the reactions between CO, 
CO2 and aluminiurn occur during the passage of 
the gases produced by the fibres in the aluminium 
layer. 

3.3. Quantitative determination of the 
aluminium carbide 

Owing to the results presented in Section 3.2, it is 
possible to assert that aluminium reacts with some of 
the gases released by the fibres during heat treatment 
to produce A14C3. However, it is well known that 
A14C3 is also formed by the reactions between alumi- 
nium and the carbon of the fibres [16], or the carbon 
and the silicon carbide for SiC-based fibres [17]. The 
total amount of A14C3 formed during heat treatment 
of the aluminium-coated fibres was quantitatively de- 
tected as explained in Section 2.2. after the decomposi- 
tion of A14C 3 to CH 4. It was thus found that the 
maximum amount of A14C3 that could be formed 
during heat treatment corresponds to 60% of the 
initial amount  of aluminium, this latter being cal- 
culated assuming that all the deposit is composed of 
metallic aluminium, which is of course, not the case. 
The previous study of the aluminium deposit by XPS 
(cf. Section 3.1) showed that only 6 0 % - 6 5 %  of the 
deposit is made of metallic aluminium. So, only alumi- 
nium in the metallic state is able to react to form 
aluminium carbide. 

It is possible to calculate the amount  of A14C3 
formed by reactions with CO and CO2 during a given 
heat treatment by the decrease of the amount of these 
two gases detected by mass spectrometry. The amount 
of the total A14C3 formed during the same heat treat- 
ment is known after the hydrolysis of the carbide. It is 
hence possible to calculate the amount of A14C3 due to 
the reactions between the gases released by the fibres 
and aluminium. This amount  is equal to less than 
0.4% of the total aluminium carbide. Reactions be- 
tween gases and aluminium thus produce only a very 
small amount of A14C3, this amount depending on the 
amount of gases released by the fibres, and so on the 
thermal treatment. 

Using the methane decomposition method, the pro- 
tective effect of various coatings on fibres, against the 
formation of aluminium carbide can be compared. 
The thermal treatment chosen to compare these sam- 
ples consists of holding them for 30 min at 640~ 
before cooling. On the one hand, these conditions are 
sufficient to produce enough aluminium carbide for 
carbon fibres and SiC-based fibres coated with alumi- 
nium, to be determined with enough accuracy. On the 
other hand, they are not sufficient to transform all the 
metallic aluminium into A14C3 and thus provide 
a good means of comparing the reactivity of several 
samples. Besides, SiC and B4C are not decomposed by 
water [18]. 
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M40 6.8h 

T300 

M40B ( SiC ) 

T300 ( SiC ) 

M40B ( B4C ) 

T300 ( B4C ) 
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Figure 6 Reactivity of different aluminium-coated fibres towards 
the formation of aluminium carbide. 

Fig. 6 shows the amount of aluminium that reacted 
to produce carbide for different fibres and different 
coatings on the fibres. Before atmospheric ageing (usu- 
ally 2.5 h) the coated fibres were heated at 640 ~ for 
30 min. The results are given in micromoles of alumi- 
nium converted into carbide per cm 2 for an hydrolysis 
time of 70 h (with the exception of Nicalon(2) for 
which the hydrolysis time was 160 h). 

The M40 fibre coated with aluminium is taken as 
a reference. For  2.5 h ageing before hydrolysis, a value 
of 0.41 btmol cm -2 is found (dotted vertical line). The 
values obtained for 1.2 and 6.8 h ageing are somewhat 
different. When the amount of aluminium converted 
into carbide is located in (or close to) the hatched 
rectangle, the reactivity with aluminium of the fibre is 
considered as identical to those of the M40 fibre. 

The reactivity of all the samples is approximately 
the same, except for T300 carbon fibre coated with 
B4C. 

These results can be explained knowing that the 
nitrogen in T300 carbon fibres is 7.3% by weight and 
in M40 carbon fibres 0.2%. The RCVD coating on 
T300 that was supposed to form B4C produced, in 
fact, a mixture of B4C and BN, BN being present in 
a relatively large amount [19], whereas the RCVD 
coating on M40 is formed only of B4C. 

4. C o n c l u s i o n s  
1. For  temperatures higher than 650 ~ aluminium 

reacts with carbon monoxide and dioxide evolved by 
the fibres to form aluminium carbide. These reactions 
occur during the migration of the gases through the 
aluminium layer. 

2. The amount of aluminium carbide formed by 
these reactions is much lower than the amount of 
aluminium carbide formed by the reactions between 
the solid-species constituents of the fibres and alumi- 
nium. 

3. Amongst the coatings tested on the fibres, the 
only real protective coating against the formation of 
aluminium carbide is that containing B4C and BN. 
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