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Wettability of SiC by aluminium and AI-Si alloys 

V. LAURENT,  D. CHATAIN ,  N. EUSTATHOPOULOS 
Laboratoire de Thermodynamique et Physico-Chimie Mdtallurgiques, L TPCM, UA 29 CNRS, 
ENSEEG, Domaine Universitaire, BP 75, 38402 Saint Martin d'H~res Cddex, France 

The variations with time of the contact angle formed by molten pure aluminium or AI-Si alloys 
with single crystalline SiC were measured by the sessile drop method in a vacuum of 10 -4 to 
10 -5 Pa at temperatures ranging from 933 to 1 200 K. In the AI/SiC system, a "non-wetting-- 
wetting" transition was observed at a temperature that decreases as time increases. After hold- 
ing times of about 2 h, contact angles were stabilized to acute angles even at the aluminium 
melting point. Although additions of silicon to aluminium were in such amounts as to prevent 
AI4Ca formation at the interface, wettability in both pure AI/SiC and AI-Si alloys/SiC systems 
was not observed to differ appreciably. 

1. I n t r o d u c t i o n  
The knowledge of features of the A1/SiC interface is 
of basic concern in the properties of SiC-reinforced 
aluminium composite materials [1, 2]. Wettability in 
the A1/SiC system is a major variable for the making 
of composites by the liquid infiltration process. More- 
over, a strong thermodynamic adhesion resulting 
from atomic interaction at the A1/SiC interface contri- 
butes to the composite strength. 

Previous studies [3] showed that the A1/SiC system 
exhibits a non-wetting (contact angle 0 >> 90 °) 
behaviour up to ,~ 1223 K, where a sharp transition 
to wetting (0 < 90 °) of SiC by liquid aluminium 
occurs. This kind of transition is typically found in 
aluminium/non-metallic refractories (carbon, A1203, 
TiB2, . . . )  systems. It has been attributed to the disap- 
pearance of the effect of the oxide layer on liquid 
aluminium at about 1223 K under high vacuum [4, 5]. 
At lower temperatures, this layer prevents a true 
metal/substrate interface from developing. 

As the most interesting temperature range for com- 
posite elaboration is far below 1223 K, this study is 
predominantly aimed at studying wettability in the 
AI/SiC system within the low-temperature range: (973 
to 1173 K). The experimental conditions are selected 
with a view to restricting or preventing the oxide layer 
from developing at the interface. 

Our second aim was to investigate the effect of 
silicon addition to aluminium on the wettability in the 
A1/SiC system. In fact, prior alloying of aluminium 
allows avoidance of the development of the brittle 
A14C3 phase at the interface [1, 2]. 

Some wetting experiments with the A1/A1203 system 
were also conducted. Results obtained with this well- 
known system [4-6] are used to interpret results on 
aluminium (and A1-Si alloys)/SiC systems. 

For discussing all the results, thermodynamic data 
on the AI-Si-C ternary phase diagram in the tempera- 
ture range investigated were needed. The isothermal 
section at 1073K for the A1-C-Si system in Fig. la 
(Warren and Andersson based its construction on the 
known binary systems and educated guesswork [1], 
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Viala et al. established it experimentally [7]) shows 
three fields: a three-phase field where the three phases 
in equilibrium are an AI-Si binary liquid (referred to 
as L~), SiC and A14C3, one two-phase field corre- 
sponding to the (A1-Si)liquid-SiC equilibria, and a 
third field corresponding to the (AI-Si)liquid-A14C3 
equilibria, respectively. Fig. 1 b shows the variations of 
silicon content in the LI phase with respect to tem- 
perature. This curve defines the break point between 
two composition areas where the molten (AI-Si) alloy 
is in equilibrium either with SiC or with A14C3. 

Fig. lc shows the projection of the experimental 
liquidus of the A1-C--Si system on the composition 
plane [7]. Two specific composition points, i.e. E and 
~, deserve further consideration. They correspond to 
two invariant reactions. When the liquidus com- 
position reaches the ternary eutectic, E, composition 
at T ~- 849 + 1 K, the invariant reaction occurs: 

AI, + Sia + SiC ~ liq. 

When the liquidus composition reaches the z com- 
position at 923 K, the following ternary quasi-peritec- 
tic reaction occurs isothermally: 

SiC + Als ~ A14C3 + liq. 

2. Experiments and apparatus 
The wettability is expressed as the 0 angle formed by 
the liquid metal on the surface of the refractory (SiC 
or A1203) and evaluated by the sessile-drop method. 
The "shadow technique" was used to obtain the drop 
pattern. A x 30 magnification lens was used. 

The investigation was carried out in an ultra-high 
vacuum apparatus. Fig. 2 shows a sketch of the hori- 
zontal cylindrical water-cooled double-wall-stainless- 
steel enclosure. The working chamber is closed at both 
ends by two removable disks, incorporating two view- 
ports enabling the sessile drop on the substrate to be 
illuminated and photographed. A molybdenum resis- 
tance heater allowed a maximum temperature of 
1873 K to be obtained. Thermal insulation is achieved 
through four molybdenum screens. The thermocouple 
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Figure 1 AI-C-Si ternary phase diagram ([7]; experimental results). 
(a) Isothermal section at 1073 K, (b) variation of silicon content in 
the liquid Lm as a ftmetion of temperature. (e) Projection on the 
composition plane of the liquidus. 
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is located under an alumina platform, bearing the 
drop on its substrate and allows temperature measure- 
ments within error limits of + 3 K .  Vacuum is 
produced by three pumps (membrane, nitrogen- 
cooled zeolite and oil diffusion pumps) and a liquid 
nitrogen trap. This system allows a total pressure of 
less than 10 -s Pa and an oxygen partial pressure as 
low as 10-~Pa at room temperature (Po2 measure- 
ments were previously performed with an oxygen elec- 
trochemical gauge). 

The purity of the aluminium employed was 
99.9999%. Sample weight was approximately 10 mg. 
Aluminium specimens were previously pickled with a 
10% sodium hydroxyde solution for 2h and then 

washed with alcohol. The impurities content in silicon 
was less than 5 p.p.m. 

In order to obtain homogeneous hypereutectic and 
outectic AI-Si alloys, a two-step fabrication process 
was used: melting and holding at 1373K for 1 h in 
~acuum, followed by suction of the molten metal in an 
alumina tube. The hypoeutectie alloys were produced 
by conventional melting at 1373 K in vacuum. 

Since aluminium would have been etched first, a 
NaOH solution could not be used for alloy pickling 
purposes. Fresh surfaces were obtained by cutting 
samples just before initiating the experiments. SiC 
plane substrates are made up of the hexagonal struc- 
ture single crystals (a-SiC). The ESCA observation of 

M o l y b d e n u m  resistance h e a t e r  

M o l y b d e n u m  r a d i a t i o n  s h i e l d s  

C a m e r a  

A1203 rotating stage 

regulation thermocouple - -  

Thermoeouple 

Rotating vacuum seal - -  

Figure 2 Sketch of the apparatus. 
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Figure 3 Variation of contact angle with 
time for the /d /S iC system at 973 K. P = 
10 -4 to 5 x 10 -~ Pa. 

the SiC substrate showed evidence of an oxide film 
that developed by oxidation in air at room tempera- 
ture. To eliminate this detrimental condition, the SiC 
surface of random orientation was polished with 
O. 1 #m diamond lading compound just before putting 
the substrate into the furnace. Moreover, the polish- 
ing action produced a smooth surface (roughness 
measurements performed with a Talysurf 10 were 
found to range from 0.02 to 0.035 #m only). 

The sapphire substrate was previously polished (to 
a roughness below 0.02/~ra) and heat treated at 1373 K 
for lh.  

As soon as the ultra-high vacuum condition is estab- 
lished within the work chamber, the temperature was 
rapidly increased to T m -  50 K, then gradually up to 
the melting point (I"=) and measured. When the metal- 
drop was well shaped, contact-angle changes with 
time were observed until a stable condition developed. 
The precision of measurement of 0 was -t-3 °. This 
procedure is repeated at increasing fixed temperatures 
(T ~<1173K). All contact angles measured were 
advancing angles. 

3. R e s u l t s  
Fig. 3 shows contact angles 0 for the A1/SiC system 
at 973 K as a function of time. This curve pattern 
exhibits the ~hree areas of variation of 0 with respect 
to time that were observed in our experiments: the first 
showing a sharp slope, the second typified by a slighter 
slope, and [he third where the value of 0 is nearly 
constant. 

More than 100 min were generally required to obtain 
a constant angle. The constant values of 0 (referred 
to as O,t) were obtained from single fixed tempera- 
ture curves in order to show O,t as a function of 
temperature. 

Since the liquid infiltration process is more concer- 
ned with 0 values after short holding times, contact 
angles measured after the first 15 (and 60) rain, noted 
0~5 (0~o), were also plotted. 

3.1. The AI/SiC system 
0~5 changes with respect to temperature are shown in 
Fig. 4. This curve was plotted from results of seven 
separate experiments conducted on the A1/SiC system. 
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Figure 4 Variation o f  the contact  angle measured after 15rain with temperature in the AI/SiC system. P = 10 -4 to 10 -5 Pa. 
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Figure 5 Variation of contact angles (a) 015 (b) 0~0 and (¢) 0~t measured after 15 rain, 60 rain and ",~ 2 h, respectively, with temperature in the 
A1/SiC system. (P = 10 -4 to 10 -s Pa.) 

Three temperature ranges, in which the wetting of the 
SiC substrate by aluminium differs significantly, are 
shown. In the first temperature range from 933 to 
about 973 K, contact angles are very high (=  130°). A 
contact melting was observed in all experiments. This 
phenomenon takes place at the bottom of the alu- 
minium samples 10 K below the melting point in line 
with the phase diagram (point ~ in Fig. lc). That 
denotes the existence of an actual A1/SiC interface, but 
the 0 value scattering observed in this area would 
denote that the oxide film surrounding the aluminium 
has not yet completely disappeared [8]. 

Within the range 973 to 1073K, contact angle 
decreases appreciably. The "non wetting-wetting" 
transition occurs at T~ ,-~ 1013 K. The 0 values are still 
scattered. In the third temperature range, i.e. over 
1073 K, contact angles are about 50 °. The 0 values 
scattering lies within the experimental error. 

The variations of contact angles 060 and 0,t with 
temperature are plotted in Fig. 5 compared to those of 

Figure 6 Scanning electron micrograph showing the bottom of the 
solidified aluminium drop on its SiC substrate after heating to 
I173K (x  420). 

015. Transition temperature decreases with increasing 
holding times and ultimately the 0~ curve does not 
show the transition, as wetting has already occcurred 
at the melting point in the curve. The scanning elec- 
tron micrograph in Fig. 6 shows the bottom of the 
solidified aluminium drop on its SiC substrate after 
heat treatment up to 1173 K ( × 420). 

A reaction product was observed following the drop 
solidification shrinkage which was identified as alu- 
mina, resulting from an attack on A14C3 by air 
moisture. 

With a view to considering the effect of SiC surface 
oxidation, a wetting experiment on an oxidized SiC 
surface was performed. The SiC substrate was oxi- 
dized in air for 1 h at 1173 K. The thickness of the 
oxide film was evaluated as "~ 25 nm [9]. Table I shows 
contact angles for the A1/SiC and Al/oxidized SiC 
systems. The holding time at each temperature and the 
relevant temperature are indicated. The values of con- 
tact angle obtained at 973 and 1003 K are constant 
and higher than those measured at the same tempera- 
ture and holding time with the AI/SiC system. 1.20 min 
were required at 1043 K to obtain a value of contact 
angle similar to that measured in the AI/SiC system. 

The SiC oxidation appears to have an adverse effect 
on the wetting of SiC by aluminium. 

T A B L E  I Contact angle values in the A1/SiC and A1/oxidized 
SiC systems at different holding times and temperatures 

Temperature (K) Holding time 
(rain) 

Contact angle, 0 (deg) 

A1/SiC A1/oxidized SiC 

973 15 120 133 
60 106 133 

1003 15 100 130 
60 75 125 

1043 15 70 121 
60 58 8O 

120 53 44 
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Figure 7 Effect of additions of silicon to aluminium on wettability (a) contact angles 0~5 measured after 15 rain plotted against temperature: 
(e) A1-5 wt % Si/SiC, (*) A1-12 wt % Si/SiC, (O) AI-18 wt % Si/SiC, compared to those obtained with the pure M/SiC system and its 
uncertainty range (hatched area): Co) as (a), but for contact angles measured after 60rain. 

3.2. AI-Si alloys/SiC systems 
The effect of various additions of silicon to aluminium 
on contact angle was investigated. Several wetting 
experiments were run with three AI-Si alloys: i.e. 
hypoeutectic (5 wt % Si), nearly eutectic (12 wt % Si) 
and hypereutectic (18 wt % Si). 

For all alloys, contact melting was observed to 
occur by ~ 15 K below the AI-Si eutectic temperature, 
in good agreement with the A1-C-Si ternary phase 
diagram (point E in Fig. lc). 

The 0x5 and 060 contact-angle changes with tem- 
perature for the A1-Si alloys/SiC systems compared to 
those for the pure A1/SiC system are plotted in Figs 7a 
and b, respectively. The hatched areas refer to uncer- 
tainty ranges of contact-angle values observed with 
the AI/SiC system. Wetting is not significantly affected 
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by the addition of silicon but is slightly improved for 
18 wt % Si alloys at high temperatures. The scanning 
electron micrograph in Fig. 8 shows the bottom of a 
solidified AI-18 wt % Si drop in contact with SiC sub- 
strate (x  350). The specimen has been heated to 
1043 K. No reaction product could be seen by means 
of drop solidification shrinkage. This observation is in 
agreement with Fig. lb since the AI-18 wt % Si alloys 
are found to lie within the "AhC3 non-formation" 
composition region within the investigated tempera- 
ture range. 

3.3. AI/AI203 (sapphire) system 
A wetting experiment was performed with the At/ 
A1203 system under the same experimental conditions. 
The variations of contact angle with holding time at 



Figure 8 Scanning electron micrograph showing the bot tom of  an 
A l - 1 8 w t %  Si drop on its SiC substrate after heating to 1043K 
( × 350). 

three increasing temperatures (973, 1003 and 1223 K) 
are plotted in Fig. 9. Here, aluminium melting on the 
A1203 substrate occurred at 933 + 3 K. The contact 
angle measured at 973K decreases rapidly before 
reaching a constant value after 15 min. The contact 
angle is virtually unaffected by time at the next hold- 
ing temperature (1003 K). One explanation for these 
two quite dissimilar wetting behaviours is that an 
A1/AI203 interface does actually exist through the 
oxide layer at 973 K. Therefore an equilibrium con- 
dition is observed to rapidly develop at 1003K. 
The last kinetic curve (at 1223 K) does not show a 
stabilization of contact angle. 0 values show a regular 
pattern with respect to time up to about 30 rain. This 
kinetic wetting behaviour is due to corrosion of the 
substrate by aluminium which occurs from 1173 K 
upwards in accordance with Pask and Champion's 
observations [5, 6]. (A typical ring can be observed 
through the sapphire by optical microscopy in the 
A1/AI203 interface.) 
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Figure 9 Variation of  contact angle with time for the A1/AI203 
system: (a) at 973 K; (b) at 1003 K; (c) at 1223 K. P = 5 x !0 -4 to 
5 x 10 - sPa .  

4. D i s c u s s i o n  
The kinetic wetting curves obtained with the AI/SiC 
and AI-Si alloys/SiC systems exhibited three areas of 
variation of 0 with respect to time. The first area, 
typified by a rapid 0 decrease, can be observed in the 
AI/AI203 system when the specimen is held at 973 K 
(Fig. 9). This wetting behaviour, combined with the 
fact that a contact melting is observed with the A1/SiC 
and AI-Si/SiC systems at temperatures lower than the 
melting point indicates that already at low tempera- 
ture an actual interface develops between metal and 
substrate through the oxide film. 

The second area typified by a smaller slope is 
observed, both with (in AI/SiC system) and without 
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Figure 10 Variation of  contact angle with temperature for the A1/SiC system (measurements after 30 rain): (a) according to K6hler [3], P = 2 
to 8 x l0 -4 Pa; (b) present work, P = l0 -4 to 5 x l0 -s Pa. (*) Value of  contact angle measured by Naidich at 1373 K (P -~ 5 x 10 -3 Pa 
[13]). 

249 



(in Al-18wt % Si/SiC and Al-12wt% Si/SiC (T < 
1163K) systems) A14C3 formation. This area of 
contact-angle variation with time is similar to that 
observed with the AI/AI203 system when the system is 
reactive, i.e. at 1223 K. The only reaction common to 
the three systems investigated is an ordinary dissolv- 
ing reaction: SiC dissolving into AI or A1-Si alloys and 
A1203 dissolving into aluminium. 

Wettability improvement due to the development of 
a new phase was emphasized in previous work [10, 11] 
on metal/refractory systems. From above results, the 
same does not hold true for the A1/SiC system since 
the dissolving kinetic typifying the A1/SiC system is 
observed to be unaffected by A14C3 development. 
A14C3 phase might grow as a discontinuous layer, 
according to observations by Viala [12], The third 
region (0 constant values) corresponds to saturation 
of liquid in SiC. 

The variation of contact angle with temperature for 
the AI/SiC system measured by Kthler [3] and our 
experiments are plotted in Fig. 10. (The contact angle 
is measured upon completion of a 30 rain holding time 
at each temperature.) The curve obtained by KShier 
shows a flattened section at low temperature which 
may be ascribed to an aluminium oxide film prevent- 
ing an actual A1/SiC interface from developing. In 
Kthler's experiments, the inhibiting effect of the oxide 
layer on wetting begins to disappear from 1123 K 
upwards. Therefore the "non wetting-wetting" tran- 
sition occurs at 1233 K in the KShler's curve whereas 
our curve shows the transition at 1003 K. Beyond the 
transition, both curves show a flattened section along 
which contact angle retains similar values within the 
limits of experimental error. 

Naidich measured a contact angle of 34 ° at 1373 K 
and 1 to 7 x 10 -~ Pa for the A1/SiC system [13]. The 
contact angles are found to be in good agreement in 
the high-temperature range, as wetting is no longer 
affected by the oxide film. 

5. Conclusion 
The wettability of SiC single crystals by aluminium 
and A1-Si alloys was investigated in the 973 to 1173 K 
temperature range under experimental conditions 
(low total pressure, low oxygen partial pressure, fresh 
metallic surfaces) allowing an actual molten metal- 
substrate interface to develop as early as at the melting 
point of aluminium (or AI-Si alloys). 

In all cases (pure aluminium or AI-Si alloys), the 
common reaction occurring at the interface (SiC dis- 
solving into aluminium) leads to changing contact 
angles for about 30 to 120rain depending on the 
temperature. 

In the case of the AI/SiC system, spreading of the 
aluminium drop is observed to occur concurrently for 
both A14C3 development and the dissolving reaction. 
The "non-wetting-wetting" transition temperature 
decreases with increasing holding time and for com- 
paratively long times (,-~ 2 h), no transition exists at 
all: aluminium wets SiC even in the vicinity of its 
melting point (0 ~- 75 ° at T = 950 K). 

Wettability in metal/refractory systems was found 
to be improved by the development of a new phase. 
Here, the development of AI4C~ compound at the 
initial A1/SiC interface has no measurable effect on the 
wetting behaviour in this system: additions of silicon 
to aluminium allow avoidance of A14C3 development 
which would promote reactions, but do not affect 
wettability. 

Oxidation of SiC substrates appears to affect detri- 
mentally the wetting by liquid aluminium. Further 
studies are currently underway in our laboratory for 
the purpose of quantifying this effect. 

Acknowledgement 
This work was done under a contract with Pechiney 
Voreppe who the authors thank for the assistance 
given. 

References 
1. R. WARREN and C. H. ANDERSSON, Composites 15 

(1984) 16. 
2. T. ISEKI, T. KAMEDA and T. MARUYAMA, J. 

Mater. Sci. 19 (1984) 1692. 
3. W. KOHLER, Aluminium 51 (1975) 443. 
4. L. COUDURIER, J. ADORIAN, D. PIQUE and N. 

EUSTATHOPOULOS, Rev. Int. Hautes Temp. Rdfract. 21 
(1984) 81. 

5. J. J. BRENNAN and J. A. PASK, J. Amer. Ceram. Soc. 
51 (1968) 569. 

6. J. A. CHAMPION, B . J .  KEENE and J . M .  SILL- 
WOOD, J. Mater. Sci. 4 (1969) 39. 

7. J. C. VIALA, P. FORTIER, C. BERNARD and J. 
BOUIX, "Developments in the Science and Technology of 
Composite Materials" (A.E.C.M., Bordeaux, 1985). 

8. N. EUSTATHOPOULOS, J. C. JOUD, P. DESRE and 
J. M. HICTER, J. Mater. Sei. 9 (1974) 1223. 

9. R. PAMPUCH, W. PTAK, S. JONAS and J, STOCK, 
Mater. Sci. Monograph 6 (1980) 435. 

10. Ju. V. NAIDICH and Ju. N. CHUVASHOV, J. Mater. 
Sci. 18 (1983) 2071. 

11. M. G. NICHOLAS, T. M. VALENTINE and M . J .  
WAITE, ibid. 15 (1980) 2197. 

12. J. C. VIALA, private communication. 
13. Ju. v. NAIDICN, "Progress in Surface and Membrane 

Science", Vol. 14 (Academic, 1981) p. 354. 

Received 24 January 
and accepted 6 May 1986 

250 


