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Abstract

The wetting behavior of (0 0 0 1) a-Al2O3 by molten Al was studied over a wide temperature range between 700 and

1500 �C. The increase in the contact angle with time at temperatures lower than 1200 �C is attributed to the surface

structural reconstruction of the (0 0 0 1) a-Al2O3. High-temperature annealing of the substrate does not have a sig-

nificant influence on the wettability.

� 2002 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Alumina is one of the most thoroughly studied

oxide ceramics with a wide range of applications,

and wetting of alumina by molten Al has been

investigated by many researchers [1–10]. The sys-
tem seems to be a very simple if not trivial binary

Al–O system, however, it turns out that the wet-

ting is a non-equilibrium phenomenon [10] char-

acterized by the continuous oxidation of Al at

relatively low temperatures [5–9] and the reaction

between Al and Al2O3 to form a gas phase (Al2O)

and reaction rings at the triple junction line at

relatively high temperatures [1–5], which lead to a
large scatter in the reported contact angles.

Despite extensive research on this material, the

effect of anisotropy of the alumina single crystal as

well as its surface structural change on the wetting

behavior has never been systematically studied.

Brennan and Pask [2], and Ownby et al. [4] re-

ported the effect of the alumina crystallographic

orientation and concluded that the contact angle is

essentially independent of this parameter. Vikner

[11] also studied the Cu–Al2O3 system with a
random, C(0 0 0 1) and Rð1�1102Þ a-Al2O3 and

found that the contact angle difference between the

different orientated surfaces was less than 10�. In
an earlier paper on the wettability of MgO single

crystals by liquid Pb, Sn and Bi, Nogi et al. [12]

showed that the wettability was apparently de-

pendent on the crystallographic orientation and

heat treatment of the MgO substrate. Further-
more, they also observed the surface arrangement

of MgO using atomic force microscopy and sug-

gested that the wettability could be affected by the

surface arrangement. Except for these facts, few

other experimental studies have been carried out

on the relationship between wettability and sur-

face structure or crystallographic orientation, even

though this is an important question, especially in
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crystal/film epitaxial growth and adhesion. Thus,

in our recent studies, the wettability of different

oriented a-Al2O3 single crystals by molten Al has

been thoroughly investigated. In this paper, the
results for the (0 0 0 1) a-Al2O3 face are presented.

2. Experimental procedure

The high-purity (99.99%) a-Al2O3 single crystals
used in this study were from Kyocera Co. Ltd.,

Japan, with a 20 mm diameter size and 1 mm

thickness. The (0 0 0 1) face, designated by the

letter C, is the basal plane, cut at a 90� (with an

error of �0.3�) orientation from the c axis. The

surface was polished to an average roughness (Ra)

of less than 1 �AA. The Al samples were in the form

of a wire segment with a diameter of 3 mm and a
purity of 99.99%. To avoid drop distortion, the

weight of the Al segment in every experiment was

controlled to be about 0.2 g.

An improved sessile drop method [13,14] was

adopted for this experiment. Fig. 1 shows a sche-

matic of the experimental apparatus. It consists of

a vacuum chamber with a tantalum cylindrical

heater and a Mo reflector, an evacuating system
with a rotary pump and a turbo molecular pump,

a dropping device, a temperature program con-

troller with a W–5%Ra/W–26%Rh thermocouple,

a 10 mW He–Ne laser, a band-pass filter and a

high-resolution digital camera with 2000� 1312

pixels. The band-pass filter can cut all other

wavelengths except the laser beam (632 nm);

therefore, a high definition drop profile can be
obtained in our experiments.

Before the experiment, both the Al2O3 substrate

and the Al wire segment were immersed in acetone

and ultrasonically cleaned for 3 min three times,

then the Al2O3 substrate was placed horizontally
in the chamber while the Al specimen was placed

in a glass tube with a spring connector on the top

of the dropping device outside the chamber. The

chamber was first evacuated to a vacuum of about

5� 10�4 Pa and then heated to the desired tem-

perature at the heating rate of 20 �C/min. After the
experimental temperature was reached, the cham-

ber was purged with a premixed high-purity Arþ
3%H2 gas purified using platinum asbestos and

magnesium perchlorate. The Al segment was in-

serted into the bottom of the alumina tube after

the temperature and atmosphere were stabilized.

Molten Al was then forced from a small hole at the

bottom of the alumina tube and dropped onto the

a-Al2O3 substrate by a small pressure difference

between the chamber and the alumina tube. At the
same time, the initial surface oxide was mechani-

cally removed.

As soon as the molten Al came into contact with

the a-Al2O3 substrate, a photo was taken and de-

fined as the drop profile at zero time. Subsequent

photos were taken at time intervals of 10 s, 30 s, 1

min and 3 min. The captured photographs were

analyzed in a computer with automatic image
processing programs, in which the contact angle,

surface tension and density could be calculated all

at once which removed the operator�s subjectivity.

3. Results and discussion

Fig. 2 shows the variation in contact angle with

time for a series of temperatures. It is interesting to

note that at temperatures lower than 1200 �C, the
contact angle increases with time to different ex-
tents, while at temperatures higher than 1200 �C,
the contact angle decreases with time. At 1200 �C,
it remains nearly constant. Such a result has never

been reported by other researchers. Levi et al. [10]

and Wu et al. [8,9] also measured the contact angle

of Al on (0 0 0 1) a-Al2O3 single crystals at low

temperatures, but their results indicate that the

contact angle does not show any increase with
time. Others either only gave the relationship ofFig. 1. Schematic of experimental apparatus.
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the contact angle with time at high-temperatures

[1,3,4] or did not indicate the crystallographic

plane of the single crystals they used [6].

It should be pointed out that our results at

low temperatures (800 �C6 T 6 1100 �C) are ob-
viously not due to the oxidation of the molten Al

drop because the increasing phenomenon was re-

produced in all the low-temperature experiments,

while the alternate experiments performed on the

Rð01�112Þ and Að11�220Þ planes show contact angles

not increasing with time but remaining constant.

Moreover, the contact angle values on these faces

are much lower than those of the C face, which
demonstrates that the wettability of a-Al2O3 by

molten Al is sensitive to the crystallographic ori-

entation of the a-Al2O3 substrate, as will be pre-

sented in another paper.

The complex wetting behavior of C(0 0 0 1) a-
Al2O3 over a wide temperature range is summa-

rized in Fig. 3. From Fig. 2, it is clear that the

contact angle changes with time except at the
temperature of 1200 �C, thus, it may be difficult to
ascertain the true contact angle. Here, we assume

that when the temperature is in the range of 700–

1100 �C, the final values at 30 min are the true

contact angles, whereas in the range of 1200–1500

�C, the values at 30 s are adopted. This is reason-
able because in the former, the contact angles at 30

min change very slightly with time; while in the
latter, the contact angles progressively decrease

resulting from an interfacial reaction between Al

and Al2O3, and they may never reach a truly con-

stant value as observed from the experiment at

1500 �C with a long time of 160 min. On the other
hand, the initial values before 30 s may not be very

accurate due to drop vibration after its breakaway

from the alumina tube. Furthermore, it should be

noted that the scatter in the values taken from 2–3

runs of the experiments is also shown in Fig. 3 and

the maximum is no more than �3�. However, at a
temperature of 700 �C, the value determined at 30

min is not very accurate due to oxidation; there-
fore, a dashed line was adopted to roughly show its

tendency. Under our experimental conditions, the

oxidation of the Al drop is not very serious at

temperatures higher than 800 �C as confirmed from

the wetting behavior of all the C(0 0 0 1), Rð01�112Þ,
and Að11�220Þ a-Al2O3 single crystals as well as the

sample appearance after the experiments.

As shown in Fig. 3, the wetting of Al on
C(0 0 0 1) a-Al2O3 can be roughly divided into

three regions: (I) oxidation region (when T < 800

�C); (II) surface structural change region (when

800 �C6 T 6 1100 �C); (III) reaction region (when

1100 �C6 T 6 1500 �C). The increase in the con-

tact angle with time at 800–1100 �C can be inter-

preted by the surface structural change in the

C(0 0 0 1) a-Al2O3 substrate. The surface structural
change in C(0 0 0 1) a-Al2O3, which has been

studied and confirmed by many researchers [15–

21], can be simply summarized as follows [17]:

Fig. 3. Variation in contact angle with temperature.

Fig. 2. Variation in contact angle with time.
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The temperatures shown in the above scheme

may have an error of less than �100 �C, as pointed
out by French and Somorjai [17]. Importantly, the

surface of (0 0 0 1) a-Al2O3 is generally regarded to
be an aluminum-terminated structure [17–25], al-

though different opinions of a single oxygen-layer

termination [26] or aluminum–oxygen combined

termination [27] also exist. For the reconstructed

(
ffiffiffiffiffi

31
p

�
ffiffiffiffiffi

31
p

R� 9�) a-Al2O3, both experiments

and theoretical calculations demonstrate that in a

vacuum it is a surface oxygen-deficient structure

[17,18,22,24], which is extremely stable at high
temperatures, while the presence of excess Al or Si

can shift the transformation temperature towards

lower temperatures. Furthermore, such a struc-

tural transformation can also be made reversible

by changing the various experimental conditions

or the surface chemical composition using oxygen

or aluminum [17].

According to the above illustration and in as-
sociation with our experimental results, it is clear

that in the presence of Al, when the temperature

is lower than about 1100 �C, the (1� 1) surface

structure will transform to the ð
ffiffiffiffiffi

31
p

�
ffiffiffiffiffi

31
p

R� 9�Þ
reconstructed structure; the higher the tempera-

ture, the faster the transformation rate. Because

from the viewpoint of thermodynamics, any

change in surface structure leads to minimization
of surface/interface free energy, the solid–gas in-

terface free energy, rsg, will decrease after surface

structural reconstruction. On the other hand, if

the solid-liquid free interface energy, rsl, also de-

creases, its extent is sure to be weaker than that of

the rsg because the reconstructed ð
ffiffiffiffiffi

31
p

�
ffiffiffiffiffi

31
p

R�
9�Þ surface is an oxygen-deficient structure and the
rsl is mainly related to the interaction of molten
aluminum atoms with oxygen atoms in the a-
Al2O3 substrate. Therefore, according to Young�s
equation, rsg ¼ rsl þ rlg cos h, the decrease in

rsg � rsl will lead to an increase in the contact

angle. Also, it is easy to understand that the time

needed to reach a constant contact angle decreases

with temperature, as shown in Fig. 2, if the

structural reconstruction kinetics is taken into ac-
count.

When the temperature is higher than 1100 �C,
the (

ffiffiffiffiffi

31
p

�
ffiffiffiffiffi

31
p

R� 9�Þ structure would be stable

even in the absence of Al, thus the contact angle

does not further increase. On the contrary, an in-

terfacial reaction between Al and Al2O3 occurs

and becomes more and more pronounced as the

temperature increases. Actually, from surface pro-
file measurements and microstructural observa-

tions of the a-Al2O3 substrates after the Al drop

was etched away in a 10 wt.% NaOH solution, no

reaction rings could be detected outside or beneath

the Al drop when the temperature is lower than

1100 �C. In contrast, when the temperature is

higher than 1100 �C, reaction rings, whose depths

from less than 1 lm for samples at 1100 �C for
30 min to about 6 lm at 1400 �C for 30 min

and further to more than 50 lm at 1500 �C for

160 min, were found beneath or outside the Al

drop. As has been pointed out, the decrease in

contact angle may not end with a constant value,

and the observed continuously changing angles are

not the true contact angles because the interface

close to the triple junction line is no longer straight
and smooth due to the Al attack and reaction with

the substrate. Thus, the values at 30 s were used as

the true contact angles.

In the latter two regions, a linear relationship

between the determined true contact angle and

temperature was also indicated in Fig. 3. When

800 �C6 T 6 1100 �C, h1 ¼ 217� 0:11T ; andwhen
1100 �C6 T 6 1500 �C, h2 ¼ 122� 0:022T . Obvi-
ously, the decrease in the true contact angle with

temperature is much more significant in the low-

temperature region than that in the high-temper-

ature region. However, at a temperature lower

than 800 �C, the true contact angle is difficult to

estimate due to the presence of oxidation.

In addition, the effect of high-temperature an-

nealing on the wettability of the Al/(0 0 0 1) a-
Al2O3 system was also investigated and the results

are shown in Fig. 4. It seems that annealing of the

(0 0 0 1) a-Al2O3 substrate does not have a signifi-

cant effect on the true contact angle measured once

the surface structure becomes stable. This result

implies that the reconstructed (
ffiffiffiffiffi

31
p

�
ffiffiffiffiffi

31
p

R� 9�)
structure at 1400 �C can be quickly reversed to the

(1� 1) structure during cooling to 900 �C in a
relatively short time. After that, the (1� 1) struc-

ture transformed again to the (
ffiffiffiffiffi

31
p

�
ffiffiffiffiffi

31
p

R� 9�)
structure in the presence of molten Al. Such a re-

versible transformation in the (0 0 0 1) a-Al2O3
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surface was also demonstrated by Charig using

low-energy electron diffraction [15].

At the end of this paper, it might be necessary

to point out that the H2 atmosphere may exert

an influence on the wettability of molten Al on

(0 0 0 1) a-Al2O3 since according to some reports,

H2 can change the aluminum-terminated (0 0 0 1)

a-Al2O3 surface to be oxygen-terminated [19,28–
30]. If so, the wettability is expected to be im-

proved. This possibility will be examined in our

future research.

4. Conclusions

1. The wetting behavior of (0 0 0 1) a-Al2O3 by
molten Al over a wide temperature range be-

tween 700 and 1500 �C was studied. The wetting

can be divided into three regions: (I) oxidation

region; (II) surface structural change region;

(III) reaction region. In the latter two regions,

the true contact angle linearly decreases with

temperature, which can be respectively ex-

pressed as

h1 ¼ 217� 0:11T ðwhen 800 �C6 T 6 1100 �CÞ

h2 ¼ 122� 0:022T ðwhen 1100 �C6 T 6 1500 �CÞ

2. The surface structural reconstruction of (1� 1)

into ð
ffiffiffiffiffi

31
p

�
ffiffiffiffiffi

31
p

R� 9�Þ exerts a significant in-

fluence on the wettability of (0 0 0 1) a-Al2O3

by molten Al. At temperatures lower than

1200 �C, the contact angle increases with time

and then reaches a constant value. The time

needed to reach a constant contact angle de-

creases with temperature. At a temperature of

1200 �C, the contact angle remains nearly con-
stant, implying that the surface structure be-

comes stable. However, at temperatures higher

than 1200 �C, the contact angle progressively

decreases with time and never reaches a con-

stant value due to an interfacial reaction be-

tween Al and Al2O3.

3. The high-temperature annealing of the (0 0 0 1)

a-Al2O3 substrate does not have a significant ef-
fect on the wettability of the Al–Al2O3 system

since the surface structural transformation is

reversible.
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