
Scripta Materialia 49 (2003) 563–569

www.actamat-journals.com
Reactive wetting of molten Al on different oriented a-Al2O3
single crystals at high temperatures
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Abstract

The reactive wetting of molten Al on three different oriented a-Al2O3 single crystals, Rð01�112Þ, Að11�220Þ and
C(0 0 0 1), was investigated by an improved sessile drop method at temperatures between 1350 and 1500 �C in a reduced
Ar–3%H2 atmosphere. The wettability is in the order of R > A > C. The spreading is reaction-limited and the rate is
dominated by the change in the solid–liquid interfacial free energy per unit time.
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Keywords: Wetting; Al; Kinetics; Substrate orientation
1. Introduction

The wetting/spreading of a metal droplet on a
smooth solid surface is important for many diverse

technologies such as brazing, lubrication and

composite infiltration [1]. A fundamental under-

standing of the wetting/spreading kinetics is es-

sential for process control in related industrial

applications. In non-reactive systems, the wetting

is controlled by the viscous flow and the equilib-

rium can be rapidly achieved in times on the order
of 10�4–10�1 s. In reactive systems, however, the

wetting is interactively coupled with the reaction

and the time needed to reach a steady contact

angle is usually in the range of 10�1–104 s [2,3].

Two limiting cases in reactive wetting, depend-

ing on the rate of the chemical reaction at the triple
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line compared to the rate of the reactive solute

diffusion from the drop bulk to the triple line, have

been identified by Eustathopoulos, Mortensen and
their co-workers [2–10]. For systems exhibiting

relatively sluggish reaction kinetics, the diffusion

of the solute to the triple line is comparatively

rapid (or non-existent when the droplet is made of

a pure reactive metal). In this case, if the reaction

does not significantly change the droplet compo-

sition and if a steady configuration is established at

the triple junction, the spreading is reaction-limited

and the triple line velocity is constant with time

[2,4],

Rt � R0 ¼ Kt ð1Þ

where Rt and R0 are the droplet base radii at times t
and 0, respectively, and K is a system constant,

independent of the droplet volume Vd. For systems
exhibiting a rapid reaction rate, the solute diffu-

sion is rate-limiting as the contact angle continu-
ously decreases, leading to a reduction in the
hed by Elsevier Ltd. All rights reserved.

mail to: shenping@jwri.osaka-u.ac.jp


564 P. Shen et al. / Scripta Materialia 49 (2003) 563–569
diffusion field. As a result, the spreading is diffu-

sion-limited and can be characterized by [2,8]

R4t � R40 ¼ K 0Vdt ð2Þ

Among the metal–ceramic systems, Al/Al2O3 is

an intriguing system and the wettability of a-Al2O3
by molten Al has been extensively studied [11–19].

However, few specific investigations exist about

the wetting/spreading kinetics even though a con-

tinuous decrease in the contact angle with time has

been observed [14–19]. On the other hand, little

information is provided on the effect of substrate
anisotropy. In this context, this article represents

just such a study.
2. Experimental procedure

Wetting experiments were performed using an

improved sessile drop method described in more

detail in Ref. [20]. The substrates were high-

purity (99.99%) a-Al2O3 single crystals, Rð01�112Þ,
Að11�220Þ and C(0 0 0 1) (hereafter designated only
by the letters R, A and C, respectively) with a
surface roughness of less than 1 �AA and a crystal-
lographic orientation error of ±0.3�. The Al
specimens were in the form of a wire segment with

a purity of 99.99%.

Before the experiments, the samples were ultra-

sonically cleaned in acetone. The a-Al2O3 sub-
strates were placed horizontally in the chamber
while the Al segments were placed in the dropping

device outside the chamber. The chamber was first

evacuated to about 5 · 10�4 Pa at room tempera-
ture and then heated to the desired experimental

temperature. After the temperature was reached,

the chamber was purged with a purified Ar–3%H2
gas to a pressure of about 0.11MPa. The Al seg-

ment was inserted into the bottom of the alumina
tube after the temperature and the atmosphere had

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 gradual
decrease in the pressure inside the chamber, which

creates a small pressure difference between the

chamber and the alumina tube. At the same time,

the initial surface oxide, if still present, was me-
chanically 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. 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. The drop base di-

ameter/radius, which is a common parameter for

the assessment of the movement of the triple line,

was directly measured from the drop profiles at a

magnification of about 30 times.
3. Results

Fig. 1 shows the variations in contact angle with

time for molten Al on the R, A and C a-Al2O3
single crystals. The contact angles continuously

decrease during the isothermal dwells. The rate of

the decrease significantly increases with tempera-

ture. However, the angles in the first several tens of

seconds, typically no more than 30 s, (see small

figures with a logarithmic time scale) do not have a
remarkable change with both the temperature and

time. On the other hand, they differ rather signif-

icantly with the substrate orientation, especially

for the C face compared with the R and A faces.
Such results are completely different from those

reported by Ownby et al. [19], in which the contact

angle was concluded to be essentially independent

of the crystallographic orientation of the a-Al2O3
substrates while the initial angles considerably

varied with the temperature. The distinct wetta-

bility dependency on the a-Al2O3 substrate orien-
tation is possibly related to the different furnace

atmosphere, mainly the percent of hydrogen, used

in our experiments (Ar–3%H2) as compared to

that in Ownby et al.�s. In the latter, a highly re-
ducing H2(–He) atmosphere was employed. Ac-
cording to some recently published reports [21–24],

H2 and/or water vapor may change an aluminum-

terminated C-face a-Al2O3 surface to an oxygen-
terminated structure, which can lead to a significant

improvement on wettability [25] and hence a fi-

nally negligible difference in comparison to that of

the R and A faces.
Corresponding to Fig. 1, Fig. 2 shows the vari-

ations in the relative base radius, Rt=R0 with time t.



 
 

 

Fig. 2. Variations in the relative base radius with time during

the isothermal dwells for molten Al on the R (a), A (b) and C (c)
a-Al2O3 substrates.

Fig. 1. Variations in contact angle with time during the iso-

thermal dwells for molten Al on the R (a), A (b) and C (c) a-
Al2O3 substrates.
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The R0 is the drop base radius at 30 s. The results
show a well-developed linear relationship between

Rt=R0 and t during the isothermal dwells except for
the initial short periods for molten Al on all the R,
A and C a-Al2O3 single crystals at all the experi-
mental temperatures

Rt=R0 ¼ C1 þ k1t ð3Þ

The values of the coefficients, C1 and k1 are listed
in Table 1. Since the values of C1 are close to 1, it
yields an expression similar to Eq. (1), indicating
Table 1

Coefficients of C1 and k1 in Eq. (3) obtained from linear fit of the da

Temperature (�) R A

C1 k1 (s�1) C1

1350 1.00 5.47E)6 1.00

1400 1.00 1.55E)5 1.00

1450 1.01 2.61E)5 1.00

1500 1.00 8.18E)5 1.00
that the spreading in the Al/a-Al2O3 system at high
temperatures is reaction-limited.

Note that the coefficient k1 in Eq. (3) represents
the spreading rate, hence the data in Table 1 show

that the spreading rate depends not only on the

temperature but also on the substrate orientation.

An increase in the temperature of about 150 �C
will lead to an increase in the spreading rate of
more than one order. On the other hand, at rela-

tively low temperatures (T 6 1400 �C), the spread-
ing of the molten Al on the C face is the fastest,
whereas at high temperatures (T > 1400 �C), the
ta in Fig. 2

C

k1 (s�1) C1 k1 (s�1)

6.22E)6 1.02 9.09E)6
1.60E)5 1.00 2.14E)5
4.17E)5 1.00 3.34E)5
1.30E)4 1.01 9.84E)5
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spreading on the A face tends to be the fastest. The
magnitude of the increase for the A face is much
more significant than that for the R and C faces.
The different spreading rates on the different faces
of the a-Al2O3 crystals indicate that the substrate
orientation affects not only the wettability but also

the wetting progress.
Table 2

Assumed equilibrium contact angles for the molten Al on the R,
A and C a-Al2O3 crystals at temperatures ranging from 1350 to
1500 �C

a-Al2O3
face

Equilibrium contact angles, h0 (�)

1350 �C 1400 �C 1450 �C 1500 �C

R 77 77 77 77

A 79 80 80 81

C 89 90 90 89
4. Discussion

As indicated in Fig. 1, the wetting/spreading

process in the Al/a-Al2O3 system, from a simple

point of view, might be divided into two stages.

The first stage is very short, typically no more than
30 s and can be characterized by the very rapid

wetting (for the R and A faces) or near wetting (for
the C face) under the driving force of balancing the
interfacial tensions. A transient static equilibrium

may exist in this stage since the contact angles

remain almost constant [26]. These angles are also

the true contact angles because the contact surface

is smooth; while after a relatively long dwell time,
the surface, especially at the triple junction, is no

longer smooth due to the a-Al2O3 dissolution and
reaction with the molten Al, therefore, the angles

measured in the later periods, in a strict sense, are

no longer the true contact angles as described by

Young�s equation but the apparent ones. The
second stage is a long and progressive spreading

stage, mainly characterized by a constant spread-
ing rate with a continuous decrease in the contact

angle and increase in the drop base diameter/ra-

dius as the a-Al2O3 substrate progressively reacts
with the molten Al. The linear spreading in the Al/

a-Al2O3 system seems similar to that in other re-
action-limited systems such as Al/C [4,5], CuSi/SiC

[6] and CuSi/Cv [7]. However, a major difference is

that the reaction product at the Al/a-Al2O3 inter-
face is a gas phase (Al2O) which can easily run

away either directly from the triple line or through

the liquid bulk. As a consequence, the contact

phases at the liquid–solid interface are perma-

nently the molten Al and solid a-Al2O3 and the
reaction between them will never end as long as the

partial pressure of the Al2O gas in the atmosphere

does not reach its equilibrium value, leading to an
inaccessible steady equilibrium angle even after
isothermal dwells for 8 h as demonstrated in

Ownby et al.�s experiments [19]. Whereas, in most
reactive wetting systems, the substrate dissolves in

the liquid and usually forms novel compounds
(different from the substrate phase), initially as

discrete crystals nucleating on the preferred sites at

the solid–liquid interface and later growing into a

continuous layer of the reaction product(s). Such

reactions yield one or more interfaces rather than a

single one as in the Al/a-Al2O3 system, and the
final static wetting equilibrium is established at the

newly formed liquid–solid interface after either a
short or long wetting period. As a result, the

equilibrium contact angles in these systems are

usually represented by the final static wetting an-

gles.

Here, we assume the first stage in the Al/a-Al2O3
system as a transient static equilibrium stage and

the contact angles in this stage, or more definitely,

at the time of about 30 s as the equilibrium angles
(h0). Table 2 gives their values (they may have
some errors in comparison to the true equilibrium

contact angles). Note that they vary only slightly

with the temperature but relatively significantly

with the substrate orientation. The reasons for the

dependence of the wettability on the substrate

orientation have been presented elsewhere [27].

The static equilibrium is broken and the triple
line starts to move when the chemical reaction

between the molten Al and a-Al2O3 substrate oc-
curs and causes a reduction in the solid–liquid

interfacial free energy, rsl,

rsl ¼ r0sl þ DrðtÞ ð4Þ

where r0sl is the initial equilibrium solid–liquid in-
terfacial free energy and DrðtÞ is the change in the
solid–liquid interfacial free energy. At this time, a



 
 

 

Fig. 3. Plots of lnðht=h0Þ vs. t for the molten Al on the R (a), A
(b) and C (c) a-Al2O3 substrates at various temperatures.
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driving force for the initiation of the spreading is

produced. Assuming that the solid–vapor and

liquid–vapor interfacial free energies, rsv and rlv,
do not change with time, the substrate surface is
flat and the viscous resistance can be neglected, the

driving force can be expressed by

F ðtÞ ¼ rsv � ðr0sl þ DrðtÞÞ � rlv cos ht ð5aÞ

or

F ðtÞ ¼ �DrðtÞ þ rlvðcos h0 � cos htÞ ð5bÞ

As the reaction progresses, the spreading goes into

a dynamic equilibrium stage [26,28] since the

spreading rate is constant as reflected in Fig. 2,

which also means that the driving force decreases

again to zero, otherwise, the spreading rate will

not be constant but further increase. It is con-

ceivable that from the static equilibrium stage to
the dynamic equilibrium stage, a non-equilibrium

transition stage must be experienced, in which the

spreading rate is accelerated to the constant value

under the action of the driving force. In this sense,

the entire wetting/spreading process may consist of

three stages rather than two, i.e., (i) a transient

static equilibrium stage, (ii) a non-equilibrium

transition stage, and (iii) a dynamic equilibrium
spreading stage. However, a detailed analysis on

the non-equilibrium transition stage is not pre-

sented in this article.

As the dynamic equilibrium is reached, the

driving force, F ¼ 0. Therefore, from Eq. (5b), we
obtain

DrðtÞ ¼ rlvðcos h0 � cos htÞ ð6Þ

Considering that the spreading kinetics can also be

reflected from the variations in the contact angle

(ht) with time (t), Fig. 3 shows the plots of lnðht=h0Þ
vs. time (t) at various temperatures. It seems that
Table 3

Coefficients of C2 and k2 in Eq. (7) obtained from linear fit of the da

Temperature (�) R A

C2 k2 (s�1) C2

1350 )0.03 )1.15E)5 0

1400 )0.01 )3.02E)5 0

1450 )0.01 )4.96E)5 )0.01
1500 0.01 )1.71E)4 0.01
the time-dependent contact angles fit well with the

following linear equation

lnðht=h0Þ ¼ k2t þ C2 ð7Þ

where k2 and C2 are coefficients and their values
are listed in Table 3. Note that the values of C2 are
close to zero, thus Eq. (7) can be simplified as

lnðht=h0Þ ¼ k2t ð8Þ

or written as

ht ¼ h0e
k2t ð9Þ
ta in Fig. 3

C

k2 (s�1) C2 k2 (s�1)

)1.04E)5 )0.04 )1.62E)5
)2.97E)5 0 )3.31E)5
)7.06E)5 0 )6.23E)5
)2.43E)4 0.01 )1.76E)4
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Fig. 4. Plot of ðcos h0 � cos htÞ vs. (h0 � ht)/rad for the molten

Al on the C a-Al2O3 substrates at the temperatures of 1400 and
1450 �C, showing that ðcos h0 � cos htÞ � �ðh0 � htÞ=ðradÞ,
where rad is the unit of h (radian).
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i.e., the time-dependent contact angle exhibits an
exponential decay law for the molten Al on all the

a-Al2O3 substrates.
Furthermore, if we only consider a relatively

short spreading period, Eq. (9) is approximated to

ht � h0 þ kt ðk ¼ k2h0Þ ð10Þ

which shows a linear relationship between the

dynamic angle and time.

Since ðcos h0 � cos htÞ � �ðh0 � htÞ=ðradÞ, (as
an illustration, Fig. 4 shows the plot of ðcos h0�
cos htÞ vs. ðh0 � htÞ=ðradÞ and the linear fit results),
we can further derive from Eq. (6)

DrðtÞ � �rlvðh0 � htÞ=ðradÞ � rlvðk=radÞt ð11Þ

or

Drt ¼ DrðtÞ=t � k0rlv ðk0 ¼ k=radÞ ð12Þ

i.e., when a dynamic equilibrium of spreading is

established, the change in the solid–liquid interfa-

cial free energy per unit time (Drt, Nm
�1 s�1) is

approximately equal to the product of the

spreading rate (k0, s�1) and the liquid–vapor in-
terfacial free energy (rlv, Nm�1).
5. Conclusions

The initial equilibrium contact angles of the

molten Al on the a-Al2O3 single crystals do not
significantly change with the temperature but vary

relatively significantly with the substrate orienta-
tion at high temperatures between 1350 and 1500

�C in a reduced Ar–3%H2 atmosphere. The wet-
tability of the three faces of the a-Al2O3 single
crystals is in the order of R > A > C.
The high-temperature reactive wetting kinetics,

from a strict point of view, consists of three stages:

(i) the transient static equilibrium stage, (ii) the

non-equilibrium transition stage, and (iii) the dy-

namic equilibrium spreading stage. Both of the

first two stages are very short while the third one

can experience a long time. In stage (iii), the

spreading is reaction-limited, characterized not
only by a linear relationship of the drop base ra-

dius (Rt) vs. time (t), Rt=R0 ¼ 1þ k1t, but also by
an exponential decay law of the dynamic contact

angle (ht) vs. time (t), ht ¼ h0 expðk2tÞ. Most im-
portantly, the spreading rate ðk0Þ is essentially
dominated by the change in the solid–liquid in-

terfacial free energy per unit time ðDrtÞ:
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