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Wetting and spreading of molten aluminium

against AIN surfaces

C. TOY*, W.D. SCOTT

Department of Materials Science and Engineering, University of Washington, Seattle,

WA 98195, USA

Wetting and spreading of molten aluminium against AIN substrates were investigated
between 1100 and 1290 °C. The contact angles decreased linearly with time under isothermal
conditions between 1100 and 1200 °C. The isothermal rate of spreading of molten aluminium
against AIN substrates was constant between 1220 and 1290 °C and the rate increased
exponentially with increasing temperature. Crystals of Al,C; nucleated and grew on the
substrate surface beneath the liquid. However, the formation of Al,C; may not be solely
responsible for the changes in contact angle and spreading. It is postulated that carbon
contamination from the substrate and/or experimental equipment coupled with the low
oxygen partial pressure of the chamber in the presence of graphite, were primarily
responsible for the observed contact angle and spreading phenomena. The activation
energy for the spreading process was 448 kJ mol ', suggesting the presence of some
chemical reaction at the interface. Carbon-rich aluminium may be initiating a continuous
surface reaction with the AIN substrates by reducing the native oxide layer on the substrate

surface.

1. Introduction

Aluminium nitride (AIN) is a hard refractory material
which was considered for use as a high-temperature
structural ceramic and refractory container for molten
metals [1-3]. Oxidation of AIN into Al,Oj3 in air
occurs at a significant rate above 1000°C and this
would limit its continuous use at high temperatures in
oxidation atmospheres [4, 5]. On the other hand, AIN
is stable up to 1400 °C in a vacuum, making it useful as
a container for evaporation of metals in vacuum sys-
tems [6]. Recently, AIN has become an important
ceramic substrate material in the electronics industry
for thermal management [7]. Metallization of alumi-
nium nitride with tin, aluminium, copper and other
conductive metal alloys has been studied intensively
for joining purposes [8]. AIN is also of interest for
ceramic tile-faced lightweight armour applications
[9].

AIN, and composites of AIN with other ceramic
materials and metals, have been the subject of several
recent studies. Formation of AIN/Al composites by
directed metal nitridation [10], vacuum liquid metal
infiltration [11], pressure metal infiltration [12] and
nitrogen plasma-alloy reaction and spray deposition
[13] have all been reported. AIN/AI composites pre-
pared by pressure metal infiltration were shown to
have superior thermal conductivity, tensile ductility
and strength when compared to SiC/Al and Al,O3/Al
composites [12]. Infiltration of AIN by aluminium in
vacuum at 1220-1280 °C occurred with a relatively

high activation energy, suggesting a chemical interac-
tion between aluminium and the AIN surface [11].
AIN/AI systems and interfacial reactions are therefore
of interest for technological development of metallized
substrates and composites.

Despite the fact that AIN was used as a crucible for
molten aluminium in the past, there are only a few
data in the literature with regard to wetting [8,
14-16]. Studies by Rhee [14] and Tomsia et al. [8],
were at relatively low temperatures, up to 1000 °C,
while Nicholas et al. [15] measured wetting up to
1140°C. The results are somewhat contradictory:
Rhee [14] reported a 90° contact angle at 850 °C,
while Nicholas et al. [15] report the same angle at
950°C. Tomsia et al. [8] measured a 140° contact
angle at 900 °C. Fujii et al. [16] studied the contact
angle time dependency of molten aluminium at
1100°C against AIN substrates in the presence of
various additives in AIN compositions. The initial
contact angles were determined to be higher than 120°
and stayed constant throughout the 2.5 h experiment
duration when the AIN substrates contained the
lowest amount of additive. The contact angle started
to decrease, on the other hand, when the presence of
additives was higher than 3%, reaching some new
equilibrium value around 90° at 1100 °C. In the same
study, the aluminium metal contact angle was also
shown to decrease continuously from 115° to 95° at
1100°C when the 40% carbon-containing AIN-C
composite was used as a substrate. For both cases,
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formation of Al,O; crystals was reported at the
AIN/Al interface.

The purpose of the present work was to measure the
wetting and spreading of aluminium against AIN sub-
strates in a temperature range above which pres-
sureless infiltration of aluminium into the AIN pre-
forms was shown to occur in a previous study [11].

2. Experimental procedure

Wetting and spreading of molten aluminium was
observed on fully dense translucent AIN substrates
which were sintered using a CaC, additive [17]. They
were specified to have a thermal conductivity of
180 Wm 'K ™! and had one polished surface with
average roughness less than 0.2 um. Substrates
10 mm x 10 mm x 1 mm and 25 mm x 6 mm x 1 mm
were used for wetting and spreading experiments, re-
spectively. Substrates were cleaned in ethyl alcohol
and dried at 60 °C before use. Pre-purified aluminium
(at least 99.99%) from the same lot was used in all
experiments except in some of the wetting experiments
in which ultra-high-purity aluminium with 99.9999%
purity was used. The results were similar in both cases.
The aluminium was also cleaned in alcohol and dried.

Wetting and spreading experiments were done in
a furnace with a tungsten mesh heating element ca-
pable of 1800 °C under inert gas and vacuum condi-
tions. The furnace chamber was evacuated by a
mechanical pump and maintained at less than 0.13 Pa
during vacuum experiments. In argon-atmosphere
trials, the gas was passed through a molecular sieve
and calcium sulphate for removal of H,O, followed by
hot copper turnings and titanium sponge for removal
of oxygen. The AIN specimens were placed flat and
level on some AIN bedding powder in a graphite
crucible which was threaded to the end of a graphite
tube. The graphite tube was long enough so that the
upper portion extended into the cold zone of the
furnace, thus avoiding damage to the heating element
and contamination of the hot zone by aluminium
vapour. A W5Re/W26Re thermocouple was used to
measure the temperature at the outside of the graphite
crucible. A digital optical pyrometer was also used to
monitor the molten aluminium temperature through
a quartz window in the top of the furnace.

For a wetting experiment, a piece of aluminium
metal, weighing approximately 0.25 g, was placed on
an AIN substrate. The same heating profile was ap-
plied in all experiments. On initial heating, a slight
increase in chamber pressure was observed and there-
fore a pause in the heating was required to maintain
the chamber pressure below 0.13 Pa. It usually took
35-40 min to reach the melting point of aluminium,
after which the heating rate was increased to
20°C min~'. The system was held at a constant tem-
perature for a specified time and it was then cooled to
the solidification point of aluminium in about 10 min.
After removal from the furnace, contact angles
were measured with a 10x telescope fitted with
a goniometer focused on the middle cross-section of
the solidified sessile drop. Symmetry was confirmed
for most of the drops, but if there was an asymmetry in
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Figure 1 Experimental equipment for measuring the spreading rate
of aluminium on an AIN substrate.

Figure 2 After spreading of aluminium on AIN at 1260°C, (a)
a highly bent substrate, and (b) crazing of the AIN bottom surface
due to the thermal expansion mismatch, can be seen.

the sessile drop shape, an average value was recorded
for the contact angle.

During the higher temperature wetting experi-
ments, the sessile drop did not maintain a stable fixed
position but it kept expanding towards the edges of
the AIN substrates. An experiment was designed to
measure spreading rates with different chamber condi-
tions and temperatures. As shown in Fig. 1, molyb-
denum wires were placed as markers at 4 mm intervals
along the edges of the substrate so that markers were
offset 2mm on opposite sides. An approximately
0.35 g piece of aluminium was placed at one end of the
substrate. The chamber was evacuated to the desired
pressure level and heated on a schedule similar to the
wetting studies. At the peak constant temperature,
spreading distance as a function of time was recorded
by observing the advancing front of the drop through
a window in the top of the furnace. The experiment
was terminated when the aluminium covered the en-
tire length of the AIN substrate. The final aluminium
layer was about three times thicker than the substrate,



and thermal expansion mismatch on cooling caused
the specimen to assume a concave curvature towards
the aluminium side, as shown in Fig. 2. Although the
substrate was badly cracked from tensile forces, it
remained firmly attached to the aluminium.

3. Results and discussion

The effect of temperature on the contact angle of
liquid aluminium on AIN is shown in Fig. 3. The
contact angles are reported for 10 min soaking at
a given temperature under vacuum conditions in
a graphite crucible. The contact angles after 15 min
soaking time are also reported in Fig. 3 for 1 atm Ar
(graphite crucible) and in a vacuum with a molyb-
denum (graphite-free) environment. The contact angle
becomes less than 90° above 1000 °C under ordinary
vacuum conditions when the graphite is used. Under
0.1 MPa Ar, a 90° contact angle was not obtained
until 1260 °C. At this same temperature under a vac-
uum with a molybdenum protective tube, the contact
angle was 45°, while in the graphic tube environment
it was 23°.

Although each AIN/Al study given in the literature
was not carried out under similar conditions, com-
parison of our results to earlier studies can be made at
particular points. Contact angles here are at least 50°
higher at 900 °C than those reported by Rhee [14]. On
the other hand, after 60 min holding time, our results
for the same temperature are consistent with those of
Tomsia et al. [8] and slightly higher than those ob-
served by Nicholas et al. [15]. These differences are
believed to result from the different sample prepara-
tion and furnace conditions used in each study. Rhee
etched the aluminium in NaOH and HCI solutions to
eliminate the thick oxide layer [ 14]. This was not done
in the present study. In the present work, one alumi-
nium sample was etched in HCI before the wetting
experiment and the resulting contact angle was about
10° lower after 10 min at 1100 °C. Therefore, consis-
tent with this observation, the change in slope between
1000 and 1100°C in Fig. 3 can be attributed to the
reduction of alumina skin on the molten aluminium
surface. Similar slope changes were observed for
Al,0O3/Al [18] and Al/C [19] systems at 870 and
860 °C, respectively, and experiments with oxidized
and clean aluminium materials indicated that the ef-
fects were due to the alumina skin on the aluminium
surface. This hypothesis was also recently verified by
others [20, 21].

Although change of contact angle as a function of
temperature is a well established observation and is
related to temperature-induced changes in the surface
free energies of phases, the change in contact angle as
a function of time at constant temperature is not very
well understood. Under isothermal conditions, while
equilibrium may be achieved after certain holding
times for non-reactive systems, it may never be
achieved for reactive systems. Particularly at high
temperatures, compositions of solid and liquid may
change continuously in the vicinity of the interface
during an experiment and a reaction product may
form between the liquid and solid.
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Figure 3 Contact angle of aluminium on AIN substrates as a func-
tion of temperature after holding for (O) 10 and (A,0)15 min, in (A)
1 atm Ar, C, (O) vacuum, C, and ((J) vacuum, Mo.
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Figure 4 Change of the contact angles as a function of time under
isothermal conditions.

Fig. 4 shows the contact angles for aluminium on
AIN as a function of time for three different temper-
atures. We also included the measurements of Halver-
son [22] at 1200 °C. As is evident from the figure, the
contact angle decreases linearly with time over this
range. There is no theoretical justification for such
linear behaviour if the system is at equilibrium. These
results suggest that our system is apparently not
reaching equilibrium within the conditions and the
time period investigated. Owing to the high evapor-
ation rate of molten aluminium above 1200°C in
vacuum, higher temperatures and longer holding
times could not be studied.

Continuous decrease of contact angles as a function
of time at constant temperature was also reported for
the BN/AI system [23]. AIN and aluminium bond
formation at the solid/liquid interface was shown to
be responsible [24]. It was also shown that the contact
angle slowly approached a constant value at temper-
atures below about 1100 °C, while complete wetting
was obtained at 1196 °C. Tomsia [8] showed that the
contact angle of aluminium on AIN decreased very
slowly, changing from an obtuse to an acute angle
after 7h at 1000°C under high vacuum conditions,
and decreasing to 53° after 30 h. Although no reaction
products were identified at the interface, the decrease
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of the contact angle with time at 1000 °C was thought
to be caused by a slow reaction of aluminium with
impurities in the AIN [8]. Our observations presented
in Fig. 4, indicate a nearly linear decrease of the
contact angles in the time/temperature range studied,
similarly suggesting the presence of a continuous reac-
tion at the interface.

Examination of the solid/liquid interface after re-
moving the solidified aluminium drop with acid, dis-
closed the presence of small crystals at the interface, as
shown in Fig. 5. X-ray diffraction analysis of the
sample surface indicated that these crystals were
Al,C;. It appears from the morphology of the crys-
tal/substrate interface that Al,Cj crystals nucleate on
the solid AIN surface and grow towards the liquid
aluminium (Fig. 6). This morphology strongly indi-
cates that the molten aluminium was contaminated
with carbon during the wetting studies so that wetting
and spreading were occurring with molten Al-C alloy
rather than pure aluminium. It is not known whether
Al,C; forms at high temperature or precipitates dur-
ing the cooling stage, because of the decreasing solu-
bility limit of carbon in the molten aluminium.

There are several possibilities for the source of car-
bon contamination: the graphite crucible and tube,
hydrocarbons back streaming from the pump oil, or
the existence of the dissolved carbon in the AIN
and/or aluminium metal. Experiments were conduc-
ted to identify the source of carbon. For example, the
graphite crucible and tube were replaced with a mol-
ybdenum system, a liquid-nitrogen cold trap was used
to stop hydrocarbon back-streaming and ultra-high-
purity aluminium (99.9999%) was used in some wet-
ting experiments. Despite all off these precautions,
Al,C; formation could not be avoided. When the AIN
substrates were replaced with another type of AIN
sintered with a different sintering aid, the amount of
aluminium carbide was somewhat reduced, but not
completely eliminated. All these trials indicated that
the CaC, sintering additive in the substrates was the
main source of carbon contamination.

Although we observed Al,C; formation in all wet-
ting experiments, the continuous change of contact
angle was only observed under vacuum with the
graphite tube conditions. Based on this observation, it
is certain that formation of Al,Cj; is not solely respon-
sible for the continuous change of contact angle, and
some other mechanism is operating. We suggest that
the amount of carbon dissolved in molten aluminium
can enhance the wettability and result in spreading in
the following way. The solubility limit of carbon in
molten aluminium can vary depending on the experi-
mental conditions. It has been reported that more
carbon is soluble in molten aluminium under vacuum
than in the 0.1 MPa inert gas atmosphere [25]. There-
fore, the presence of more carbon in the case of
vacuum and very low oxygen partial pressure may
activate the aluminium metal for some type of conti-
nuous surface reaction. Naidich [20] has shown that
addition of oxygen to molten metal can enhance the
wetting behaviour in the case of oxide surfaces. The
similar situation, i.e. addition of carbon into the mol-
ten aluminium under low oxygen partial pressure,
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Figure 5 (a,b) Al/AIN interface after the removal of aluminium
metal.

Figure 6 A growing Al,C; crystal exposed at the solid/liquid inter-
face, by etching away the aluminium in HCL

may be responsible for the enhancement of wettability
of the nitride. It has been shown that the wetting of
Al,0; by liquid aluminium can be improved consider-
ably by the presence of an extremely thin carbon layer
at the interface [26, 27]. Analysis of the gas composi-
tion with a mass spectrometer during wetting of
Al,0; showed that enhanced wetting was associated
with an increased concentration of hydrocarbons, car-
bon monoxide and carbon dioxide [26]. Furthermore,
the presence of a carbon film on the alumina surface
was shown to increase the etching of the alumina
surface by molten aluminium [27], suggesting a strong
interaction between the two phases. The AIN surface
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several temperatures.

may also contain a small amount of native oxide from
exposure to air. Therefore, the continuous change in
contact angle is associated with the reaction of molten
aluminium containing carbon with the native alumina
layer on the AIN substrates during the wetting and
spreading.

As the contact angle decreases with time at a fixed
temperature, the area of the solid-liquid interface in-
creases. The rate of advancement of a molten drop was
studied in the experimental arrangement shown in
Fig. 1. After reaching the constant experimental tem-
perature, the spreading rate of the drop was recorded
along the AIN substrate. Fig. 7 shows the spreading
distance as a function of spreading time and temper-
ature. Spreading rates were determined from the slope
of each line. The spreading rate was constant along the
full length of AIN substrates at temperatures between
1220 and 1290°C. At 1200 °C the spreading rate de-
creased after 35 min and only the linear portion of the
data is shown in Fig. 7 for the 1200°C curve. When
argon was passed through the chamber to maintain
1330 Pa (10 torr) chamber pressure, the spreading rate
was significantly reduced and also changed from the
linearity observed under vacuum conditions. Spread-
ing experiments were only reproducible in the case of
the graphite crucible and tube under vacuum above
1200 °C. No spreading was observed when the graph-
ite was replaced with molybdenum. This suggests that
the oxygen partial pressure influences the observed
spreading. All these observations show that the cham-
ber pressure and temperature have a major effect on
the rate of spreading. An Arrhenius plot of the spread-
ing rate versus reciprocal temperature is given in Fig.
8, from which the activation energy was determined to
be 448 kJ mol ~ 1. This high activation energy indicates
that spreading is not a simple viscosity-controlled
phenomenon but is a chemical reaction process, as is
suggested above for the wetting experiments. The
exact nature of the chemical reaction is not known,
but we suspect that it is activated by the presence of
carbon at the interface and/or in the molten alumi-
nium above 1100°C. We also suspect that the high
vaporization rate of aluminium may also contribute to
the continuous spreading by evaporation and conden-
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Figure 8 Arrhenius plot to determine the activation energy for
spreading, AH = 448 kJ mol ™ 1.

Figure 9 The spreading edge of aluminium on AIN substrate, show-
ing the presence of aluminium droplets at the head of the periphery
and Al,C; crystal at the solid/liquid interface after the solidification
shrinkage of molten aluminium.

sation because small aluminium droplets were also
observed ahead of the periphery as shown in Fig. 9.

4. Conclusion

Wetting and spreading of molten aluminium against
an AIN substrate indicate non-equilibrium conditions
under vacuum and low oxygen partial pressure above
1100°C. Formation of Al,C; crystals at the
liquid/solid interface was found for all the experi-
mental conditions considered. However, Al,C; forma-
tion is not primarily responsible for the presence of
non-equilibrium conditions. Contact angle decrease
and spreading were linear with time under isothermal
conditions. The activation energy of the spreading
process was high, 448 kJ mol™!, suggesting that
a chemical interaction between Al-C alloy and AIN
substrate, other than the formation of Al,Cj, is prim-
arily responsible for the continuous contact angle
change and the spreading process.
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