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The contact angle made by molten aluminium with vitreous carbon was measured by the 
sessile drop method in vacuum at temperatures up to 1100~ The effect on wetting 
behaviour of the oxide layer on the molten metal was highlighted by using two samples of 
aluminium in different states of oxidation. The investigation involved the variation of certain 
parameters affecting the stability of the oxide film, e.g. the temperature, additions of 
Ti, Si, Cr, Be, Ca and Li to aluminium and the time held at a certain temperature. The 
state of the molten aluminium surface under various experimental conditions was 
determined indirectly by surface tension measurements. 

I. Introduction 
The wetting of carbon by aluminium using the 
sessile drop method was initially investigated by 
Naidich and Kolesnichenko [1] who found a 
wetting temperature of 1200~ Later, Nicholas 
and Mortimer [2] found that wetting took place 
at a temperature above about 1000 ~ C. However, 
the fact that the free enthalpy of the reaction 

4A1 + 3C = AI~C3 (I) 

is negative ( - 4 1  kcal mo1-1 at 660~ [3]) 
suggests that molten aluminium should wet 
carbon substrates from temperatures beginning 
at the melting point. 

On the other hand, Manning and GuIganus 
[4], and Nicholas and Mortimer [2], have 
attempted to reduce the contact angle, 0, by 
alloying additions, but their results were hardly 
conclusive and are not easy to interpret solely on 
the basis of the Young equation 

COS 0 ~ crSV - -  CrSL 

ffLV 

where crsv, aLv and aSL denote the solid-vapour, 
liquid-vapour and solid-liquid interfacial ten- 
sions, respectively. These considerations, 
together with the large scatter of the experi- 
mentally determined values of  sLY for aluminium 
(Table I), reveal the effect of the surrounding 
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layer of oxide on the surface properties of 
aluminium. 

The work reported here was concerned with 
the detailed investigation of the effect of various 
factors on the wetting of vitreous carbon, i.e. 
the prior treatment of the metal, composition of  
the gaseous and liquid phases, temperature and 
time, all of  which are liable to affect the thermo- 
dynamic and physical stability of the oxide film 
on aluminium and, hence, the wetting of carbon 
by the metal. 

2. Experimental apparatus and 
procedure 

The apparatus employed, which has been 
described previously [5], consisted mainly of  a 
silicon carbide resistance furnace incorporating 
two windows enabling the sessile drop on the 
substrate to be illuminated and photographed. 
The experimental chamber was connected to an 
inert gas supply and an oil diffusion pump 
allowing a vacuum of up to 10 -7 Torr. A 
zirconium-based getter was placed around the 
test specimen in order to reduce the oxygen 
potential of the vapour phase. Measurements 
were carried out either at a pressure of  less than 
10 -6 Torr  or using a static pressure of inert gas 
(helium or argon). In the latter case, the test 
sample on the substrate was heated at 10 -~ 
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Torr to 600~ prior to the introduction of the 
inert gas. 

The purity of the aluminium employed was 
99.99%, the principal impurities present being 
iron, silicon, copper and manganese. Tests 
based on sample weights varying from 0.15 to 
1.25 g indicated that fairly large sample weights 
of about 1 g were preferable for determination 
of surface tension, whereas the opposite was true 
for measurement of contact angle. A sample 
weight of about 0.6 g, however, enabled both 
these determinations to be carried out with 
sufficient accuracy. The vitreous carbon used 
was in the form of square plates measuring 20 
m m x  20 mm x 2 mm. Both the latter and the 
zirconium dioxide plates were polished with 
1 lam diamond and degassed for 4 h at 1200~ 
and 10 -6 Torr. 

In order to determine surface tension, O'LV, 

from the photographic enlargements, it was 
necessary to determine the shape factor, 13, of 
the drop and the radius of curvature at the 
origin b, both of which are related to G as 
follows: 

pgb 2 
O'LV ~ .  /3 

where g denotes the acceleration due to gravity 
and p the density of the liquid. The parameters/3 
and b were calculated using the method proposed 
by Kozakevitch [6]. The values employed for 
density at various temperatures were those given 
by Lucas [7], i.e. 

p = 2.369 - 3.11 x 10-4(T - Tin) (gem 8) 

where Tm is the melting point of the aluminium. 
Contact angles were measured directly from 

photographic enlargements. The reproducibility 
of determinations was Jz 2 ~ for the same 
specimen and 6 ~ for separate tests. 

After cooling, specimens were sectioned and 
subjected to micrographic examination and 
profile analysis using an electron microprobe. 

3. Results 
As already observed, the study of wetting by 
aluminium can be supplemented by determina- 
tion of surface tension, the advantage of which 
is that it provides an indirect check on the 
surface condition of  the molten metal. This 
being so, the effect of the degree of oxidation of 
the specimen, on wetting and surface tension 
can be observed at various temperatures. To this 

end, two types of aluminium specimen were 
employed, one having been previously pickled* 
and, therefore, coated with a fresh oxide layer 
about 20 A thick, and the other unpickled and, 
therefore, coated with an oxide layer at least 
100 A thick [8]. 

3.1. Surface  tension 
Fig. 1 illustrates the results of two runs, obtained 
with the two types of specimen described above. 
The molten drop formed by the unpickled 
specimen exhibited virtually no fluidity, as 
shown by the fact that the drop did not oscillate 
when subjected to mechanical vibration. The 
fact that a~v varied with temperature in a 
random fashion suggests that the system was 
not in equilibrium. 

o- erg crff z 

9oo 
Alumin ium 

850 ~ ~ - .  // "~ 
l 
I / 

75C 

i ! 
i 
I 

j -  
yoc 7 "  

T *C 

Figure 1 Surface tension/temperature cycles for AI. 
�9 Unpickled A1; �9 pickled A1. 

At a temperature of about 860~ the drop 
was found to exhibit the fluidity characteristic 
of a molten metal, the effect of which was to 
bring about a rapid change in the shape of the 
drop. This change of shape, which was found to 
be reproducible to within 10~ for all the 
unpickled samples employed, was such that the 
surface tension values observed were substan- 
tially the same as those obtained with previously 
pickled specimens. For the latter type of sample, 

*Pickled with 10~ sodium hydroxide solution and then washed with nitric acid, distilled water and finally alcohol. 
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Figure 2 Surface tension versus temperature for pickled A1. [] Vacuum, carbon substrates; �9 He, carbon 
substrates; O Vacuum, ZrO~ substrates. 

the values of aJ~v observed with increasing 
temperature were virtually identical to those 
subsequently observed on cooling (Fig. 1). 

A number of surface tension measurements 
were carried out, again on pickled specimens, but 
this time modifying certain experimental con- 
ditions (vacuum/inert gas atmosphere, nature of 
substrate). The results are plotted in Fig. 2, 
which indicates the relevant conditions for each 
experimental point. It will be seen that the 
results obtained are substantially independent 
of the type of substrate employed (zirconium 
dioxide or vitreous carbon) and of the surround- 
ing atmosphere (high vacuum or inert gas). 
These factors merely affect the rate of  establish- 
ment of equilibrium, the values of e l y  measured 
after holding at a certain temperature for a 
sufficiently long period (100 rain) being in every 
case substantially the same. The line obtained by 
linear regression corresponds to the following 
equation: 

aI,V = 870 - 0.195 (T - Tm) (erg cm-2). 

The precision was estimated to be within 1 
with respect to ~rLV and within 20 ~ with respect 
to the temperature coefficient. 

Table I sets out the results obtained for 
~LV and d ~ L v / d T  in the case of aluminium and 
compares them with other experimental data. 
For each determination, the Table also indicates 
the temperature region investigated, the nature 

of the gaseous phase, the purity of the aluminium 
employed and the experimental procedure. 

It will be seen that the most recent data are in 
good agreement with our results in the neigh- 
bourhood of Tin. Only the value of 760 erg cm -2 
obtained by Rhee [17] using the sessile drop 
method seems to us to be too low; this could 
perhaps be explained by the fact that the samples 
(0.3 g) employed by Rhee were too small to 
enable the shape parameter/3 to be determined 
accurately. 

On the other hand, there is much less agree- 
ment with regard to surface entropy, which, 
based on the Gibbs equation for a pure sub- 
stance 

dcr = - S ' d T  

is equal to the absolute values at temperature 
coefficient. The value we propose lies between 
that of 0.05 erg cm -2 K -1 found by Davies [16] 
and a value higher by about ten times as indicated 
by K6rber [18 ]. This divergence is not surprising 
in view of the lack of accuracy with which 
surface entropy can be determined, which, i~ 
certain cases, may be due to the fact that the 
temperature regions investigated are fairly 
restricted. 

3.2. Contact  angle 
3.2.1. P u r e  a l u m i n i u m  

Fig. 3 illustrates the variation with temperature, 
T, of contact angle, 0, measured after holding the 
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Figure 3 Variation of contact angle with temperature for the AI-C system. �9 Unpickled AI ; �9 pickled A1. 

specimen at temperature for 100 min. The curve 
obtained for unpickled aluminium samples 
features three temperature regions in which the 
wetting of the carbon substrate differ sig- 
nificantly. 

The first temperature region, from 660 to 
860~ is associated with contact angles of 
about 150 ~ . These are of the same order of 
magnitude as the values obtained at 800~ by 
Naidich and Kolesnichenko [1] (0 = 157 ~ and 
by Nicholas and Mortimer [2] (0 ~ 145~ 
Microprobe examination did not point out the 
formation of carbide at the liquid/solid interface. 

Towards 860~ (-b 100C), the contact angle 
reduced appreciably and approached about 
110 ~ There was then little change up to about 
1000~ Observation of the interface formed 
from 860~ upwards indicated the presence of 
carbide in quantities which increased with the 
time for which the specimen was held at tem- 
perature. 

At about 1000~ the liquid wetted the solid 
and the contact angle decreased very rapidly 
from 95 to 65 ~ A layer of carbide about 20 ~tm 
thick was observed at the liquid/solid interface. 

The second curve in Fig. 3 refers to specimens 
of aluminium which were previously pickled but 
nevertheless coated with a thin oxide layer 
(about 20 /~). This curve shows only two 
temperature regions and 0 varies monotonically 
with respect to T up to about 1000 ~ C. 

Microprobe examination revealed the forma- 
tion of carbide as from 800~ This type of 
specimen also exhibited wetting at about 
1000~ accompanied by the formation of a 
thick carbide layer at the interface. This latter 

result agrees with experimental data obtained by 
Nicholas and Mortimer [2]. Naidich and 
Kolesnichenko [1], however, found that the 
sharp change in contact angle accompanying the 
formation of carbide occurred at 1200~ This 
difference might be due to an excessively rapid 
increase of temperature, thus emphasizing the 
importance of the rate of establishment of 
equilibrium in the system, which is itself 
determined by temperature. This is illustrated 
by the fact that 60 min were required at 850~ 
to obtain a constant contact angle, as against 
only 30 rain at 900~ 

3.2.2. Aluminium alloys 
With a view to rounding off the experimental 
data obtained on wetting of a carbon substrate 
by aluminium, the effect of various alloying 
elements on contact angle was studied. Pre- 
liminary results confirmed those of Manning and 
Gurganus [4], who have reported that wetting is 
not significantly affected by the addition of small 
quantities (2 to 3 ~  wt/wt) of surface-active 
elements such as bismuth and lead. 

Table II shows contact angles for pure 
aluminium and various aluminium alloys con- 
taining titanium, silicon, chromium, beryllium, 
calcium and lithium under the same experi- 
mental conditions. The time held at a certain 
temperature, the relevant temperature and the 
atmosphere employed are indicated in each case. 
A static pressure of argon of 760 Torr was 
employed in the case of elements exhibiting high 
vapour pressure, e.g. calcium and lithium. The 
time held at temperature was in every case 
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TABLE II Contact angles of aluminium alloys on carbon substrates. 

Alloy/composition Time held at Atmosphere Contact angle (degrees) at temperature, ~ 
(~  w t / w t )  temperature (min) 

700~ 800~ 900~ IO00~ 

30 10 -6 Torr  160 140 102 77 
AI 30 Ar 160 150 140 110 

100 10 -6 Torr  140 125 102 65 
A1-Ti 0.1 30 10 -6 Torr  135 127 95 68 
A1-Si 19 30 10 -6 Tor t  150 124 90 58 
A1-Cr 0.5 30 10 6 Torr  155 144 103 68 
A1-Be 0.8 30 10 -6 Torr  ~--170 ~ 1 7 0  ~ 1 7 0  ~ 1 7 0  
A1-Ca 11 15 Ar 87 77 - -  - -  
A1-Li 6 15 Ar ~ 2 9  at 640~ 

limited to 30 rain in order to obviate any sub- 
stantial change in composition during the test. 

4, Discussion 
The thick oxide layer surrounding the unpickled 
aluminium appears to be mainly responsible for 
the high contact angles (0 > 150 ~ observed 
between Tm and 860~ (Fig. 3) and for the 
random variation of crLv in this temperature 
range (Fig. 1). The fact that this type of metal 
exhibits no fluidity up to 860~ shows that the 
oxide layer prevents the establishment of 
equilibrium of the liquid phase. The metal only 
becomes fluid from 860~ and this coincides 
with (i) reproducible values of e l y  and (ii) values 
of 0 which are substantially the same as those 
obtained with pickled aluminium. 

The above results, combined with the fact that 
A14C z is formed at the aluminium-carbon inter- 
face at 800~ in the case of pickled specimens, 
but only from 860~ in the case of unpickled 
specimens,indicate that at 860 ~ C the compactness 
of the thick oxide layer seems to disappear. This 
transformation permits the establishment of 
equilibrium between aluminium and the external 
phase (gaseous or solid), whereas in the case of 
pickled specimens the establishment of equilib- 
rium occurs as soon as the melting point is 
reached. 

Several explanations may be advanced to 
explain the reduction in the compactness of the 
oxide layer observed at 860~ One possible 
mechanism, originally suggested by Taylor [20] 
in the case of sodium and subsequently by 
Brennan and Pask [21] for aluminium, is based 
on "solubility of oxide particles in the molten 
metal". Brennan and Pask suggest that the 
"disappearance" of the oxide layer observed at 
about 870~ may be ascribed to a sharp 
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increase in the solubility of the oxide in alumin- 
ium arising from a structural transformation in 
the thin film. However, this structural trans- 
formation, accompanied by the formation of the 
suboxide A10 in the form of a spinel, is thought to 
occur at a temperature of between 900 and 
1000~ [21], which is higher than the tempera- 
ture of 870~ determined by Brennan and 
Pask. The mechanism suggested would, there- 
fore, appear to relate more to the second 
transformation observed, i.e. the occurrence of 
wetting at a temperature of about 1000~ 

A further mechanism may be envisaged, which 
involves the formation of a gaseous substance, 
A120, according to the equation 

4A1 + A12Oa = 3A120 �9 (2) 

The partial pressure at 860~ of the volatile 
substance A120 is approximately 10 -6 Torr  [3], 
i.e. very close to the pressure in the experimental 
chamber. Hence, defects may occur in the solid 
film as a result of a partial deoxidation of the 
oxide phase as from 860~ This mechanism 
does not, however, provide an explanation for 
the fact that, in the case of a pickled specimen, 
equilibrium is established immediately at the 
melting point at which the equilibrium pressure 
of AI~O is very low. 

Consideration also has to be given to a 
physical effect which may contribute to the loss 
of compactness of the oxide layer, arising from 
stresses which may occur at the metal-oxide 
interface owing to a relatively substantial change 
in the volume of the specimen on melting ( ~  7 
[7]). The subsequent temperature rise can only 
increase any such stresses in view of the consider- 
able difference in the coefficients of expansion 
of aluminium and alumina [22]. 

Neither of the two mechanisms suggested 
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Figure 4 Contact angle versus temperature for pickled A1. -A1 on carbon (present work); "kA1 on ~sapphire [23 ]; 
Ik A1 on sapphire [21 ]. 

provides a satisfactory explanation of the 
transformation observed. The loss of com- 
pactness of the oxide film can only be explained 
by a combination of both these mechanisms, in 
conjunction with the suggested effect of increase 
in volume. 

This conclusion contrasts with the hypothesis 
advanced by Brennan and Pask [21], who 
suggest that the oxide layer disappears com- 
pletely at about 870~ Comparison of our 
results for the system aluminium-carbon and 
those obtained for the system aluminium- 
alumina (Fig. 4) shows that contact angle is 
unaffected by the nature of the substrate 
employed up to about 1000~ This result, 
together with the fact that wetting is observed 
to occur in the case of both systems at the same 
temperature (1000 ~ C), would appear to indicate 
that the oxide layer is still present on the surface 
of the molten metal up to this temperature and 

that the transformation observed at 860~ 
affects only the compactness of the layer. 

Additionally, at 1000~ ( •  50~ depending 
on the prior treatment of the specimen, rate of 
temperature rise and the experimental atmos- 
phere) the carbon substrate is rapidly wetted by 
the aluminium, the contact angle falling from 
above 95 ~ to about 65 ~ . This sharp reduction in 
contact angle, in conjunction with the simul- 
taneous formation of a thick layer (20 ~tm) of 
aluminium carbide, indicates that a change in the 
nature of the interface also occurs at around this 
temperature. Comparison of results obtained for 
aluminium which has (Fig. 4) or has not (Fig. 5) 
been previously pickled would appear to indicate 
that the wetting observed at this temperature in 
the case of both systems is ascribable to the same 
effect. This effect could arise from solution of the 
oxide layer in the molten aluminium and/or from 
the production of A120 according to reaction [2] 

L I I I t i 

% 

817 

4O 
I I i I I I 

700 800 900 1000 1100 1200 T ~ 

Figure 5 Contact angle versus temperature for unpickled AI. - A1 on carbon (present work); A AI on sapphire [21 ]. 
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Figure 6 Contact angle versus time. Pickled aluminium on carbon. 

20 

as observed by Brennan and Pask [21], Wolf 
et al. [24] and Champion et al. [23]. Examination 
of Figs. 4 and 5 indicates that at temperatures 
above about 1000~ the contact angle made by 
aluminium on alumina assumes values of less 
than 90 ~ . The molten metal could, therefore, 
infiltrate through defects in the oxide layer and, 
in the case with which we are concerned, lead to 
contact between the molten metal and the solid 
substrate and, hence, to the formation of 
considerable amounts of aluminium carbide. 
In these circumstances, the contact angle 
observed is a "dynamic" angle depending on the 
rate of the reaction. In effect the contact angle 
of 104 ~ of A1 over the AI~Cz substrate, measured 
by Belyaev and Zhemchugina [25] at 1000~ in 
vacuum, is much higher than an angle of 65 ~ that 
we have determined at this temperature. 

Since the suggested mechanism by which the 
molten metal could enter into contact with the 
solid substance is a kinetic process, it may be 
expected that the same process should be 
observable at temperatures below 1000~ 
provided the specimen is held at the temperature 
concerned for an extended period. Thus, it can 
be seen from Fig. 6 that, where the temperature 
is held for long enough periods, the contact 
angles observed at 870 and 900~ are sig- 
nificantly less (by 13 and 22 ~ respectively) than 
those observed after short periods at tempera- 
ture. On the other hand, the fact that both the 
angles concerned are observed to be the same at 
800~ would apparently indicate that, at this 
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temperature, the rate at which the molten metal 
enters into contact with the solid substrate is very 
low. 

The explanations advanced with regard to the 
transformations observed are consistent with the 
results obtained on the alloys investigated. Thus, 
only those alloying elements which affect the 
compactness of the oxide layer were found to 
have any significant effect on the contact angle 
(Table II). For instance, the addition of beryl- 
lium, which lowers the permeability of the oxide 
layer, gives a very large contact angle which is 
virtually not affected by temperature or time 
held at this temperature. On the other hand, 
calcium and lithium lead to rapid dislocation-of 
the oxide film and react strongly with the 
substrate to bring about wetting. 

Results obtained by Manning and Gurganus 
[4] at low temperatures for unpickled aluminium 
alloys on graphite, boron carbide and beryllium 
substrates, respectively (Table III), prompt the 
same conclusions. Of the alloying elements 
investigated by Manning and Gurganus, only 
magnesium, an element which could reduce the 
compactness of the alumina layer, brought 
about a significant reduction in the contact angle 
of aluminium on the three substrates employed. 

5. Conclusions 
1. The surface tension and surface entropy of  
specimens of molten aluminium determined by 
the sessile drop method in a 10 .6 Torr  vacuum 
or in an atmosphere of helium, up to 1000~ 
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TABLE I I I  Manning and Gurganus [4] results on contact angles of aluminium alloys on graphite, boron carbide 
and beryllium substrates. 

Alloying element Composition Atmosphere 
( ~  wt/wt) 

Contact angle (degrees) on 

G r a p h i t e  BaCa Be 

Cu 

Mg 

1 . 6 2  

5.04 
9.82 

1 . 3 9  

4.52 
9.98 

20.00 

Si 2.58 
10.38 

Pb 0.94 
B1 0.90 
Mn 1.24 

134 148 148 
10 -5 Torr 132 - -  - -  

127 136 136 

145 154 150 
He 131 - -  - -  

115 110 109 
- -  - -  68 

10 -5 Torr 146 140 125 
- -  130 140 

10 -5 Torr > 130 

were found  to be respectively 870 ( ~  10) erg 
cm -2 at  Tm and  0.195 ( •  0.04) erg cm -2 K -1. 

2. The  ra te  at  which the a lumin ium comes into  
contac t  wi th  the vapou r  or  sol id phase,  as the 
case m a y  be, depends  on the na ture  o f  the p r io r  
t r ea tment  o f  the metal .  Where  a thin, fresh layer  
o f  oxide is present ,  contac t  occurs rapidly ,  and  
seemingly as soon as the mel t ing po in t  o f  
a lumin ium is reached,  by  diffusion th rough  the 
oxide  layer.  In  the case of  specimens aged in air, 
con tac t  is no t  observed unt i l  abou t  860 ~ C, when 
the th ick oxide film present  appears  to lose its 
compactness .  

3. N o n e  o f  the mechanisms considered 
provides  a sat isfactory explana t ion  o f  the 
t ransformat ion .  Only  i f  a phys ico-chemical  and  
a physical  effect are considered in conjunc t ion  
can the observat ions  be expla ined quali tat ively.  

4. The react ivi ty  between A1 and  C appears  to 
be weak  at  t empera tures  be low 1000~ The 
presence o f  an oxide film at  low tempera tures  is a 
supp lementa ry  bar r ie r  in this case. A b o v e  
1000~ the oxide layer  appears  to have no  
fur ther  effect. Mo l t en  a lumin ium is able  to  
infil trate th rough  the defects in the oxide layer  
and  wet the subs t ra te  to fo rm a th ick film o f  
carbide.  

5. Only  those a l loying elements which affect 
the compactness  o f  the oxide layer  were found  to 
br ing abou t  any  significant change in contac t  
angle.  

6. The exper imenta l  condi t ions ,  par t i cu la r ly  

the p r io r  t r ea tment  o f  the metal ,  the a tmosphe re  
employed,  the t empera tu re  and t ime held at  a 
certain tempera ture ,  have a decisive effect on the  
wett ing of  ca rbon  by  a luminium.  

7. The s imul taneous  de te rmina t ion  of  surface 
tension and contac t  angle, made  possible  by  the  
jud ic ious  choice o f  the weight of  s amp le  
employed ,  would  appear  to  be of  real in teres t  
with a view to the indirect  examina t ion  of  the  
surface state o f  an oxidizable  metal .  
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