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Wetting and reaction of MgO single crystals by molten Al
at 1073–1473 K
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Abstract

The wetting and reaction of molten Al on three different faces of MgO single crystals, (1 0 0), (1 1 0) and (1 1 1), at 1073–1473 K in

a reduced Ar–3% H2 atmosphere were investigated using an improved sessile drop method. The wettability depends significantly on

neither the substrate orientation nor the temperature under the aforementioned conditions. The intrinsic contact angles are possibly

between 90� and 105�. The reaction layer depth does not considerably vary with the MgO substrate orientation as well. The final

reaction products are primarily a-Al2O3 phase for (1 0 0)MgO and j0-, j- and d-Al2O3 phases for (1 1 0) and (1 1 1)MgO, without a

pronounced MgAl2O4 phase. The reactive wetting kinetics is characterized by three representative stages. The reasons for the weak

dependence of the wettability on the MgO substrate crystallographic orientation and the effect of the reaction on the wetting are

presented.

� 2003 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

A comprehensive understanding of the wettability

of ceramics by liquid metals as well as the influencing

factors is not only of scientific interest but also of sig-

nificant technological importance for a variety of ap-

plications such as composite fabrication, thin film

deposition and joining. It has been realized that the

wettability is not only determined by the thermody-
namic characteristics of the metal–ceramic system such

as solubility and reactivity, but also by some external

factors such as working atmosphere (especially oxygen

partial pressure), impurities and substrate surface con-

ditions including surface roughness, crystallographic

orientation, adsorption, etc. [1], and an established

method for studying these factors is to investigate the

behavior of a molten metal sessile drop on a ceramic
substrate under different physical conditions [2].

The wetting of molten Al on MgO substrates has

been investigated by several researchers. For instance,
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Mcevoy et al. [3] studied the wetting of the Al–
(1 0 0)MgO system in a vacuum at temperatures between

1000 and 1350 K and found that the equilibrium contact

angle could not be measured and the systematic obser-

vation of the contact angle variation was of little sig-

nificance due to an extensive chemical reaction between

the molten Al and the (1 0 0)MgO substrate. They indi-

cated that the primary reaction product in the reaction

zone was spinel (MgAl2O4) with a fixed Mg/Al ratio,
while at the reacted substrate surface, the presence of an

Al2O3 phase with a small trace of Mg was also observed.

The growth of the spinel layer in the depth profile was

argued to be controlled by the reaction, not by diffusion

of the Al and Mg species through the spinel phase.

Similar reaction products at the Al–(1 0 0)MgO interface

were also identified by Weirauch [4], who studied the

interfacial phenomena between the (1 0 0) periclase sin-
gle crystals and pure Al as well as an Al–3 wt% Mg alloy

at 1073 K in both a flowing argon atmosphere and a

medium vacuum. He argued that the formation of the

Al2O3 phase at the reacted periclase surface was due to

the supply of the magnesium from the reaction front

failing to compete with its loss through volatilization.
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The contact angles were reported as 135� and 90� for

pure Al and the Al–3 wt% Mg alloy, respectively, after a

dwelling time of 100 min. In contrast, one of the authors

(Fujii [5–7]), in a previous study, found that the reaction

products were sensitive to the type of the MgO sub-
strate, i.e., whether a single crystal or a polycrystal

was used. The primary reaction product at the

Al–(1 0 0)MgO interface was a-Al2O3 while that at

the Al–polycrystalline MgO interface was the spinel

phase(s) (MgO �Al2O3 or/and CaO �Al2O3, depending

on the initial impurity in the polycrystals). On the other

hand, the wetting progress in the Al–MgO system was

characterized by four dynamic stages [8] and a criterion
for evaluation of the true wetting improvement in sys-

tems with a significant volume loss during the wetting

process was put forward [6,7].

Despite these studies, the intrinsic wettability of the

MgO substrates by the molten Al has not yet been de-

termined. The main difficulty may lie in the influences of

the molten Al surface oxidation at relatively low tem-

peratures and the chemical reaction between Al andMgO
at relatively high temperatures. The reaction products,

especially those in theMgO single crystals, are also still in

dispute, and their formation mechanisms are not very

clear. Additionally, the effect of the MgO substrate ori-

entation on the wettability in this system, to the best of

our knowledge, has never been experimentally investi-

gated even though it is an important question, particu-

larly in crystal/film epitaxial growth and adhesion. A
comparative study concerned with the effect of the MgO

substrate orientation on the wettability was performed by

one of the authors (Nogi [9]) in non-reactiveMe(Me¼Pb,

Sn and Bi)/MgO systems using the (1 0 0), (1 1 0) and

(1 1 1) faces of MgO single crystals at 873 K in a purified

hydrogen atmosphere. It was found that the wettability

was essentially dependent on the MgO substrate orien-

tation as well as heat treatment of the substrate surface.
The wettability and adhesion are in the order of (1 0 0)>

(1 1 1)> (1 1 0). This dependency was interpreted by a

simple model considering the affinity between the top-

layer oxygen atoms and the neighboring liquid metal at-

oms at the solid–liquid interface along with the influence

of the coulomb force between the top-layer oxygen ions

and the second-layer Mg ions at the MgO surfaces.

The objective of this study was to investigate the
wettability of the MgO single crystals by molten Al at

temperatures between 1073 and 1473 K with a particular

interest in the effect of the MgO substrate orientation as

well as the effect of the interfacial reaction on the wetting

behavior.
2. Experimental procedure

Pure Al (> 99:99 wt%) and pure MgO single crystals

(Nakazumi Crystal Laboratory Co. Ltd., Japan) were
used as the raw materials. Small Al segments weighing

about 0.1–0.15 g were cut from a 3-mm diameter Al

wire. The MgO single crystal wafers with dimensions of

20 mm� 20 mm� 0.5 mm were cut along (1 0 0), (1 1 0)

and (1 1 1) crystallographic planes with an orientation
error of �0.5�. One side of these surfaces was polished

to an average roughness of 200 �A (20 nm) (measured by

a DEKTAK 3 Surface Profilometer, Japan). Before the

experiment, both the MgO wafer and the Al segment

were carefully cleaned in acetone using an ultrasonic

machine.

An improved sessile drop method [10] was employed

in this study and the experiments were conducted in a
stainless-steel chamber, using a tantalum cylindrical

heater shielded by five-layer concentric Mo reflectors.

The experimental apparatus also consists of an evacu-

ating system with a rotary pump and a turbo molecular

pump (TMP), a gas purification system, a dropping de-

vice, a temperature program controller using aW-5%Ra/

W-26%Rh thermocouple, a 10mWHe–Ne laser, a band-

pass filter, a high-resolution (2000� 1312 pixels) digital
camera with a remote controller, a video and an image

automatic transmission and processing system. The

band-pass filter can cut all other wavelengths except for

the laser beam (632 nm). As a result, the reflection light

inside the chamber at high temperatures can be removed

and high definition drop profiles can be obtained.

After the MgO wafer was set in a horizontal position

on an Al2O3 supporter inside the chamber and the Al
segment was placed in a glass tube with a spring con-

nector on the top of the dropping device outside the

chamber (a schematic diagram was given in Ref. [10]),

the chamber was evacuated to about 5� 10�4 Pa and

then heated to the desired temperature in vacuum at the

heating rate of 20 �C/min. For the experiments per-

formed at temperatures lower than 1373 K, the tem-

perature was first raised to 1373 K, maintained for 10
min and then cooled to the desired experimental tem-

perature. Such a procedure was to remove substrate

surface contaminants as well as to obtain a higher vac-

uum. The chamber was then purged with a premixed

Ar–3% H2 gas purified using platinum asbestos

and magnesium perchlorate and the pressure was con-

trolled to about 120 kPa (approx. 1.2 atm). The oxygen

partial pressure was estimated to be less than 10�14 Pa
[11]. After the temperature and the atmosphere had

stabilized, the Al segment was inserted into the bottom

of the alumina tube and kept for 1 min in order for it to

melt and reach the experimental temperature. The

molten Al was then forced out from a small hole

(£ ¼ 1 mm) in the bottom of the alumina tube and

dropped onto the MgO substrate by a gradual decrease

in the pressure inside the chamber to about 110 kPa
(approx. 1.1 atm). At the same time, the initial oxide on

the Al surface was mechanically removed as the liquid

passed through the small hole.



Fig. 1. Variation in contact angle with time for molten Al on three

faces of MgO single crystals during dwelling at 1073 K as plotted on a

logarithmic timescale.

P. Shen et al. / Acta Materialia 52 (2004) 887–898 889
To avoid the droplet impact with the substrate and

thus producing a receding contact angle [12], the drop-

ping distance was controlled to no more than 4 mm, at

which the droplet could contact both the substrate and

the bottom of the Al2O3 dropping tube when it fell from
the small hole. The Al2O3 supporter stage was then

slowly and slightly lowered to let the droplet break away

from the Al2O3 dropping tube. As soon as the droplet

separated from the dropping tube, a photo was taken

and defined as the drop profile at zero time. Subsequent

photos were taken at specific time intervals. The cap-

tured photographs were analyzed using an axisymmet-

ric-drop-shape-analysis (ADSA) program, by which the
contact angle, surface tension and density could be si-

multaneously calculated. This program offers a high

degree of accuracy while being free of the operator�s
subjectivity.

Generally, two runs of the experiments were per-

formed at every experimental temperature, however, if

the contact angles measured in the two runs differed

more than a few degrees, the third or more repeated
experiments were conducted.

After the wetting experiments, some samples were

vertically sectioned to prepare the metallographic spec-

imens and some were etched in a 15 wt% NaOH dis-

tilled-water solution to remove the Al droplet. The latter

treatment allows the measurement of the surface to-

pography using a DEKTAK 3 surface profilometer.

Microstructures were observed by a laser 3D profile
microscope (Keyence, VK-8550, Japan) and an envi-

ronmental scanning electron microscope (ESEM-2700,

Nikon Co., Japan), and the reaction phases were iden-

tified by EDAX and X-ray diffraction (XRD).
Fig. 2. Variation in contact angle with time for molten Al on three

faces of MgO single crystals during dwelling at 1173 K as plotted on a

logarithmic timescale.

Fig. 3. Variation in contact angle with time for molten Al on three

faces of MgO single crystals during dwelling at 1273 K as plotted on a

logarithmic timescale.
3. Results

3.1. Contact angle phenomena

Figs. 1–5 show the variations in contact angles of the

molten Al on the three faces of MgO single crystals at

temperatures between 1073 and 1473 K as plotted on a

logarithmic timescale. As can be seen, at low tempera-

tures (up to T ¼ 1273 K), the contact angle does no

considerably vary with time during the isothermal
dwellings. However, at high temperatures (T > 1273 K),

a noticeable decrease in the contact angle with time is

observed. The initial contact angles, typically at times

less than 60 s, do not show a significant difference in the

above temperature range and are generally between 90�
and 105�, except for those at 1073 K, which are much

higher and possibly affected by the molten Al surface

oxidation. More importantly, the initial contact angles,
on the whole, do not show a remarkable and constant

dependence on the MgO substrate orientation. On the

other hand, they exhibit a relatively larger scatter in the



Fig. 6. Effect of substrate annealing on the wettability of the Al–MgO

system at 1173 K.

Fig. 5. Variation in contact angle with time for molten Al on three

faces of MgO single crystals during dwelling at 1473 K as plotted on a

logarithmic timescale.

Fig. 4. Variation in contact angle with time for molten Al on three

faces of MgO single crystals during dwelling at 1373 K as plotted on a

logarithmic timescale.
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different runs of the experiments as compared to other

systems such as Al/a-Al2O3 under the same experimen-

tal conditions [10], which may mask this weak depen-

dence if it really presents.

Fig. 6 shows the effect of MgO substrate annealing on

the wettability of this system at 1173 K. It seems that the

high temperature annealing does not have a significant

effect on the wettability if the experimental scatter is
taken into account, or alternatively, it may slightly

weaken the wettability due to the MgO surface faceting

[13–16] and/or reconstruction [17,18] during the an-

nealing process, which decrease their surface free ener-

gies. This result is essentially different from that in the

non-reactive Me (Me¼Pb, Sn and Bi)/MgO systems at

873 K [9], in which the wettability was found to be

promoted by annealing the MgO substrates at 1400 K
for 3600 s.
3.2. Interfacial reaction and reaction products

Microstructural observations indicate that the inter-

facial reaction occurred in all the Al–MgO samples after

experiments at the temperatures higher than 1073 K.

The reaction zone, typically characterized by the reac-

tion layer length and depth [5], increases with both the

temperature and time. A representative reaction zone

profile of an Al–(1 1 0)MgO sample is illustrated in

Fig. 7. Note that the reaction zone extended out of the
triple junction and the reaction layer length was larger

than the depth after dwelling at 1473 K for 3600 s, in-

dicating that the reaction proceeded more easily in the

horizontal-surface direction than that in the vertical-

depth direction. However, the reaction layer length at

the periphery of the Al droplet differs relatively largely

at different surface directions, as indicated in Fig. 7(b),

therefore, only the reaction layer depth was used here
to characterize the reaction extent. Table 1 shows the

reaction layer depths in the Al–MgO samples after

dwelling at 1273–1473 K for 3600 s. As can be seen, the

reaction layer depths are quite similar, without a sig-

nificant dependence on the substrate orientation, except

for that of the (1 0 0) face being slightly smaller at

1273 K.

The EDAX and XRD analyses indicate that the re-
action products in all the reacted samples are mainly

Al2O3 phases, without a pronounced spinel (MgAl2O4)

phase. The Mg and Al species at the MgO–Al2O3 in-

terface, both in a vertical depth profile (see Fig. 8(a))

and a horizontal surface profile (see Fig. 8(b)), vary

rather sharply. However, in places where a transition

phase is present (see Fig. 9), the Mg and Al composi-

tional alterations are not so drastic, implying that the
reaction progress and the growth of the reaction layer

might be still partly controlled by diffusion of the

Mg and Al atoms through the transition phase, which,

as demonstrated by the EDAX analysis, does not



Fig. 8. Microstructures and elemental composition alternations at a

vertical-section interface (a) and a horizontal triple-junction interface

(b) (after removal of the Al droplet) in an Al–(1 1 1)MgO sample after

dwelling at 1273 K for 3600 s.

Fig. 7. A reaction zone in a vertical-depth profile (a) and a horizontal-

surface profile (b) of an Al–(1 1 0)MgO sample after dwelling at 1473 K

for 3600 s.

Fig. 9. Composition alternations of the Al, Mg and O elements at a

triple junction with a transition phase in an Al–(1 0 0)MgO sample

after dwelling at 1273 K for 3600 s. Detailed compositions of the Al

and Mg species at the labelled points are given in Table 2.

Table 1

Reaction layer depths in the Al–MgO samples after dwelling at 1073–

1473 K for 3600 s

System Reaction layer depth (lm)

1273 Ka 1373 K 1473 K

Al–(1 0 0)MgO 42 70 112

Al–(1 1 0)MgO 49 73 112

Al–(1 1 1)MgO 50 71 115
aThe values at 1273 K are the maximum depths of the separated

reaction layers beneath the reacted MgO surface.
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correspond to the MgAl2O4 phase but to a Mg–Al–O

compound (see Table 2). The sharp elemental alteration

at the MgO–Al2O3 interface is thought to be a result of

Mg rapid evaporation either directly from the reacted

surface/interface or through the liquid Al after it was

displaced from the MgO substrate or the transition

phase. In fact, fine Mg powders were found deposited

on the chamber wall after every high-temperature
experiment.



Table 2

Mg, Al atomic compositions of the points labelled in Fig. 9

Element Atomic composition (at.%)

1 2 3 4 5 6 7 8 9 10

Mg 60.50 59.37 47.97 42.60 41.34 42.17 22.51 7.59 5.84 5.16

Al 39.50 40.63 52.03 57.40 58.66 57.83 77.49 92.41 94.16 94.84
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On the other hand, the XRD results reveal that the

formed Al2O3 products are sensitive to the substrate

orientation. Figs. 10–12, respectively, show the XRD

spectra of the Al–(1 0 0), (1 1 0) and (1 1 1)MgO interfa-

cial (and surface) phases after removal of the solidified

Al droplet as compared to those of the as-received and

annealed MgO surfaces. Clearly, the primary reaction

product at the Al–(1 0 0)MgO interface is a-Al2O3 while
that at the Al–(1 1 0)MgO and Al–(1 1 1)MgO interfaces

is j0-, j-, and d-Al2O3 phases. The latter phases are

usually obtained during the dehydration of the hydrated

a-Al2O3 phase [19,20], therefore, it was first conjectured

that the H2 atmosphere employed in the experiments

was responsible for their formation. However, our later

experiments under purified Ar atmosphere (>99.999%

purity) demonstrate that the same reaction products
were produced at the Al–(1 1 0) and (1 1 1)MgO inter-

faces. As a result, the H2 atmosphere should not be the

decisive factor. The true reasons for their formation

remain unclear at the present time.
Fig. 10. XRD spectra of the interfacial (and surface) phases in the

Al–(1 0 0)MgO samples after removal of the solidified Al droplet as

compared to the as-received (unheated) and annealed (1 0 0)MgO

specimens. (Some strong peaks of the major phases are cut in order to

show all the minor phases.)

Fig. 11. XRD spectra of the interfacial (and surface) phases in the

Al–(1 1 0)MgO samples after removal of the solidified Al droplet as

compared to the as-received (unheated) and annealed (1 1 0)MgO

specimens. (Some strong peaks of the major phases are cut in order to

show all the minor phases.)
4. Discussion

4.1. Possible intrinsic contact angles of the Al–MgO

system

In a reactive wetting system, wetting is usually cou-

pled with reaction and the contact angle progressively

decreases as the reaction proceeds, especially during the

initial reaction period. Consequently, the intrinsic con-

tact angle of the original system might either fail to be

detected or wrongly characterized. As mentioned earlier,
Mcevoy et al. [3] argued that the equilibrium contact

angle of the Al–(1 0 0)MgO system could not be ob-

tained and their systematic observation of the contact

angle variation was of little significance in establishing

the adhesion of the Al–MgO system because of the

change in interfacial phases as well as the lack of a

steady equilibrium state. In fact, the intrinsic wettability

of a reactive system, particularly for a strong reaction
system, cannot be accurately determined without using



Fig. 12. XRD spectra of the interfacial (and surface) phases in the Al–

(1 1 1)MgO samples after removal of the solidified Al droplet as

compared to the as-received (unheated) and annealed (1 1 1)MgO

specimens. (Some strong peaks of the major phases are cut in order to

show all the minor phases.)
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an improved sessile drop method and an instantaneous

drop-profile recording technique [12].
In our experiments, as presented in Figs. 1–5, the

contact angles of the Al–MgO system at low tempera-

tures do not significantly vary with time during the iso-

thermal dwellings, while those at high temperatures

progressively decrease with time. The decrease obviously

results from the interfacial reaction between Al and

MgO, which changes the interface/surface conditions

either by release of the reaction energy [21] or by change
in the interfacial chemistry at the triple junction [22], and

those contact angles, in nature, no longer represent the

original Al–MgO system. In contrast, the initial contact

angles, which remain almost constant, typically at times

between 10 and 30 s, might be the intrinsic ones of the

Al–MgO system if they are not significantly affected by

the molten Al surface oxidation and/or H2 adsorption on

the MgO surfaces. For a clear comparison, Table 3
lists the values of the contact angles at 30 s (h30) in the
Table 3

The contact angles at 30 s (h30) for molten Al on the three faces of MgO su

System Contact angles at 30 s, h30 (deg.)

1073 K 1173 K 1

Al–(1 0 0)MgO 110� 5 98� 3 9

Al–(1 1 0)MgO 114� 6 98� 1 9

Al–(1 1 1)MgO 110� 8 96� 2 9
Al–MgO samples as presented in Figs. 1–5. It seems that

they depend strongly on neither the temperature nor the

substrate orientation. The contact angles at 1073 K are

much larger and more scatter as compared to those at

higher temperatures, which is mainly attributed to the Al
surface oxidation. A prior Al–Al2O3 wetting study under

the same experimental conditions indicated that the Al

surface oxidation could not be completely avoided at

T < 1223 K, however, at T ¼ 1173 K, the effect was

minor and at T > 1223 K, the effect was negligible [12].

In this context, the relatively large scatter in the contact

angles as well as some abnormally large values at high

temperatures may not be wholly attributed to the Al
surface oxidation, other factors such as H2 adsorption

[23–32], MgO surface faceting [13–16] and/or recon-

struction [17,18] may also account for them.

4.2. Explanation for the weak dependence of the wetta-

bility on the MgO substrate orientation

The result of the weak dependence of the Al–MgO
wettability on the MgO substrate orientation seems

somewhat unexpected. As in the previous study on the

non-reactive Me (Me¼Pb, Sn and Bi)/MgO systems at

873 K in a purified H2 atmosphere [9], the wettability was

found essentially dependent on the MgO substrate ori-

entation which is in the order of (1 0 0) > (1 1 1) > (1 1 0).

On the other hand, theoretical studies of the transition

metals, such as Pd, Cu and Ag, deposition on the MgO
substrates [33–36] indicated that the work of adhesion on

the (1 1 0) and (1 1 1) surfaces was much stronger than

that on the neutral (001)MgO surface, i.e., the wettability

of the former two was better than that of the latter as

deduced from the Young-Dupr�e equation

Wad ¼ rlvð1þ cos hÞ; ð1Þ
where Wad is the work of adhesion and rlv is the liquid–

vapor interfacial free energy.

The exact reasons for the different results in the

aforementioned metal–MgO systems are unclear, how-
ever, as far as the Al–MgO system is concerned, the

following factors are noteworthy which may explain the

results obtained in this study:

First, although the (1 1 1)MgO surface is polar and

known as energetically unstable as compared to the

(1 0 0) surface [37], and the surface free energies of the

three faces at ambient temperature are in the order of
bstrates at various temperatures as presented in Figs. 1–5

273 K 1373 K 1473 K

6� 4 99� 2 101

6� 5 97� 3 100� 3

5� 3 102� 1 93� 1



Fig. 13. Schematic diagrams of the (1 0 0), (1 1 0), (1 1 1)MgO surface

structures (a) and bulk structures (b) [45].

Table 4

Number of oxygen atoms at the MgO surfaces and in the bulk crystals

Crystal Number of oxygen atom (�10�5 molm�2)

Surface Bulk

(1 0 0) 3.15 1.85

(1 1 0) 3.85 1.32

(1 1 1) 3.87 2.13

Fig. 14. Comparison of the contact angles in the Al–(1 1 1)MgO

samples at 1373 K under the Ar–3% H2 and pure Ar atmospheres.
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(1 1 1) > (1 1 0) > (1 0 0) [38–41], a number of experimen-

tal and theoretical studies support the main idea that the

(1 1 0) and (1 1 1)MgO surfaces spontaneously facet into

the (1 0 0) (or other low-energy) face(s) in a microscopic

size [13–16], and/or reconstruct [17,18] in order to lower
their relatively high surface free energies during an-

nealing. The surface faceting, as observed by Henrich

[13] and Chern et al. [14], can occur even after annealing

the substrate at 900 K. At higher temperatures, the

faceted scale is greater than a few micrometers [13,14]

and the surface reconstruction is distinguishable [16,18].

The reconstruction, on the other hand, can also be dri-

ven by desorbed hydroxyl group after annealing the
substrates at low temperatures as observed on a polar

(1 1 1)NiO surface [42], which is similar to MgO in

crystal structure. Accordingly, the weak effect of the

high temperature annealing on the wettability (as indi-

cated in Fig. 6), to a certain extent, might be attributed

to the initiation of surface faceting at low temperatures,

while the relatively large scatter in the measured contact

angles might be explained by an increase in surface
roughness induced by a significant surface faceting and/

or reconstruction.

Second, as demonstrated by theoretical density

functional calculations [43], the bonds at the Al/oxygen-

terminated (1 0 0)MgO interface are much stronger than

those at the Al/magnesium-terminated (1 0 0)MgO in-

terface. Therefore, the adhesion and the wettability are

primarily determined by the quantity, or more exactly,
the density of the oxygen atoms at the top-layer of the

MgO surfaces, which is very similar to that found in the

Al/a-Al2O3 system as we have described in detail in Ref.

[44]. In addition, theoretical calculations and experi-

mental observations both favor that the geometry of the

MgO surfaces can be characterized by surface rumples

with the Mg atoms moving inwards and the oxygen

atoms moving outwards [40,41]. Atomic force micro-
scope (AFM) observation on the MgO surfaces further

provides the images of the MgO surface structures,

which are quite different from the bulk ones [45]. Fig. 13

shows schematic diagrams of different oriented MgO

surface and bulk structures, from which the number of

the oxygen atoms both at the surface and in the bulk can

be calculated and the results are presented in Table 4.

Apparently, the densities of the oxygen atoms at the
three surfaces are not very different, implying similar

Al–O bonds at the Al–MgO interfaces and hence the

similar adhesion and wettability of the different oriented

MgO substrates by molten Al.

Finally, the H2 atmosphere employed in the experi-

ments might also have an influence on the wettability.

Fig. 14 compares the contact angles in the Al–

(1 1 1)MgO samples at 1373 K under the purified Ar–3%
H2 and pure Ar atmospheres. As can be seen, the initial

contact angles under the Ar atmosphere are a few de-

grees smaller than those under the Ar–3% H2 atmo-
sphere. Similar results were also obtained in the Al–

(1 1 0)MgO samples. However, due to the relatively large

scatter of the contact angles in the Al–MgO system as
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well as the relatively minor difference in the results under

these two atmospheres conditions, we are not very cer-

tain to draw the conclusion of the influence of H2 and its

extent. It is numerously reported that H2 can adsorb on

and further interact with the MgO surfaces [23–32]. Ab
initio total-energy calculations performed by Refson

et al. [46] showed that a chemisorption reaction in-

volving a reconstruction to form a (1 1 1) hydroxyl MgO

surface was strongly preferred. They even claimed that

the protonation stabilized the otherwise unstable (1 1 1)

surface and that this, not the neutral (1 0 0), was the

most stable MgO surface under ambient conditions. The

hydroxylation is regarded as a particularly efficient
mechanism for stabilization of the (1 1 0) and

(1 1 1)MgO surfaces since it decreases their surface en-

ergies. However, considering that dehydroxylation usu-

ally occurs at temperatures higher than 1073 K, the

function of H2 may be limited since the gas was intro-

duced after the experimental temperature was reached.

Nevertheless, there are also reports that the faceted

(1 1 1)MgO surface has a higher absorptivity and reac-
tivity [47] and the binding energy of water on an Al-

doped (1 0 0)MgO surface is much higher that that on

the pure (1 0 0)MgO surface [48]. Therefore, if the H2

molecules could indeed adsorb on and interact with the

MgO surfaces at high temperatures, the differences in

the surface free energies of the three faces would be

reduced.

4.3. Wetting kinetics

Fig. 15 shows an example of the variations in contact

angle and droplet characteristic size (base diameter, D

and height, H) with time in an Al–(1 0 0)MgO sample

during dwelling at 1473 K as plotted on a linear time-
Fig. 15. Variations in contact angle and droplet characteristic size

(base diameter and height) with time in an Al–(1 0 0)MgO sample

during dwelling at 1473 K as plotted on a linear timescale (a) and a

logarithmic timescale (b).
scale (a) and a logarithmic timescale (b). Similar wetting

behaviors were also observed in the Al–(1 1 0)MgO and

Al–(1 1 1)MgO samples. As suggested by Fujii et al., the

wetting kinetics can be characterized by the following

stages: (I) an initial rapid spreading stage, (II) a quasi-
equilibrium stage and (III) a chemical-reaction-wetting

stage [6–8]. The wetting (or spreading) in stage (I) is

driven by mechanical force for balancing the interfacial

free energies as described by Young�s equation. Typi-

cally, this stage is very short and is essentially similar to

that in an inert system, which usually finishes in less

than 1 s after the droplet contacts the substrate [8].

However, in our experiments, it takes several seconds
due to the droplet vibration after its breakaway from the

dropping tube. The wetting in stage (II) can be regarded

as in a quasi-equilibrium state since the contact angle

and droplet characteristic size remain almost constant.

No interfacial reaction has occurred or yet substantially

affected the wetting equilibrium. The contact angle in

this stage, as we have indicated, may represent the in-

trinsic wettability of the Al–MgO system if they are not
experimentally influenced. The duration of this stage

dramatically decreases with temperature. For instance,

it takes more than 2000 s at 1273 K while less than 720

and 180 s at 1373 and 1473 K, respectively, as in the Al–

(1 0 0)MgO samples. In stage (III), the contact angle and

droplet height continuously decrease as the reaction

proceeds, whereas, the droplet base diameter first in-

creases and then remains constant. In view of the dif-
ferent changes in the droplet base diameter, this stage

can again be divided into an interfacial front (as well as

the contact angle) advancing stage (labelled as III-a in

Fig. 15) and the advancing stopping yet the contact

angle continuously decreasing stage (labelled as III-b).

Stage (III-a) is relatively shorter as compared to stage

(III-b). An interfacial front receding stage, as previously

described by Fujii and Nakae [8], however, was not
observed in this study possibly due to the relatively short

experimental time.

4.4. Effect of reaction on wetting

The advance of the interfacial front (i.e., the triple

line) in stage (III-a) is essentially related to the interfacial

reaction between the molten Al and MgO substrate.
However, the interfacial reaction does not always lead

the triple line to advance. A simple example is that the

interfacial reaction between Al and all the MgO sub-

strates at 1273 K is comparatively developed after 1800 s,

especially at or near the triple junctions as illustrated in

Fig. 16, however, the contact angle, as well as the droplet

base diameter, does not show a noticeable decrease even

after dwelling at that temperature for 3600 s except for a
minor change displayed in one of the Al–(1 0 0)MgO

samples as indicated in Fig. 3. Another example is that

the interfacial reaction at higher temperatures continues



Table 5

The ultimate advancing contact angles, had, and the times when they

reached, tad, at temperatures of 1373 and 1473 K

System had (deg.)/tad (s)

1373 K 1473 K

Al–(1 0 0)MgO 97/4500 92/1800

95/2520 93/1980

Al–(1 1 0)MgO 91/4200 88/1800

93/3600 87/1800

Al–(1 1 1)MgO 93/1080 88/720

92/1980 90/720

Fig. 17. A vertical-section interfacial microstructure in an Al–

(1 1 0)MgO sample after dwelling at 1373 K for 1800 s, indicating that

the interface has been transformed to an Al–Al2O3 rather than the

original Al–MgO one at or before that time.
Fig. 16. Microstructures at and near the triple junction in an Al–

(1 1 0)MgO sample dwelling at 1273 K for 1800 s after removal of the

Al droplet. Image (b) shows the magnified microstructure of the frame

area in image (a). EDAX analysis identified that the newly formed

phases were Al2O3.
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to progress yet the advance in the triple line stops after a

certain time.

It is worthwhile to pay more attention to the ultimate

advancing contact angles since they reflect the magni-

tude of the wetting enhancement by the chemical reac-

tion and may be used for estimation of the equilibrium
contact angle of the reacted system, as done by Fujii and

Nakae [8]. Table 5 gives their values at 1373 and 1473 K

together with the times when they reached. Note that the

values are quite close in different runs of the experiments

despite the relatively large scatter in the initial contact

angles (see Figs. 4 and 5) and the difference in the times

when they reached. Also, the contact angles of

(1 1 0)MgO and (1 1 1)MgO are very close and they are
slightly smaller than those of (1 0 0)MgO. It is reason-

able to regard these contact angles as being from the

reacted Al–Al2O3 system rather than the original Al–

MgO system if one takes into account the interfacial

structures at the times when they reached. Fig. 17 shows
a vertical-section interfacial structure in an Al–

(1 1 0)MgO sample after dwelling at 1373 K for 1800 s.

As can be seen, the interface has been transformed to

Al–Al2O3 rather than the original Al–MgO. On the

other hand, the similar ultimate advancing contact an-

gles in the (1 1 0)MgO and (1 1 1)MgO samples are

possibly related to the similar Al2O3 phases (j0, j and d
phases) formed at the solid–liquid interfaces while their
difference from those of the (1 0 0)MgO samples is at-

tributed to the different Al2O3 phases. Nevertheless, it

should be borne in mind that these ultimate advancing

contact angles are not the equilibrium ones for the Al–

Al2O3 system because the wetting at the times when they

reached is not in a chemical-equilibrium state [21]. The

stop of the triple line advance, to a great extent, may be

caused by an increase in the substrate surface roughness,
particularly at the triple junctions, due to the MgO

surface faceting, reconstruction, chemical reaction and

subsequent formation of the Al2O3 products. Fig. 18

shows a surface profile in an Al–(1 1 0)MgO sample after

dwelling at 1273 K for 1800 s, corresponding to the

triple junction with a similar microstructure indicated in



Fig. 18. Surface topography at the triple junction in an Al–(1 1 0)MgO

sample after dwelling at 1273 K for 1800 s.
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Fig. 16. Clearly, the surface topography at the triple

junction is undulating, which can easily obstruct the

advance of the triple line.
5. Summary and conclusions

The wetting and reaction of molten Al on three dif-

ferent oriented MgO single crystals, (1 0 0), (1 1 0) and

(1 1 1), were investigated at 1073–1473 K mainly in a

reduced Ar–3% H2 atmosphere using an improved ses-

sile drop method. The results show that the possible

intrinsic contact angles in the Al–MgO system are be-

tween 90� and 105�, neither significantly depending on
the substrate orientation nor on the temperature. The

weak dependence of the wettability on the MgO surface

orientation is explained by the similar densities of the

oxygen atoms at the three MgO surfaces, the MgO

surface faceting and reconstruction at high tempera-

tures, and the H2 molecules possible dissociative

chemisorption on the MgO surfaces. The latter two are

considered as favoring stabilization of the high energy
(1 1 0) and (1 1 1) surfaces and thus alleviating the dif-

ference in the surface free energies among these three

surfaces.

The reaction layer depth does not significantly vary

with the MgO substrate orientation as well, although

that in the (1 0 0)MgO samples appears to be slightly

smaller at relatively low temperatures as compared to

that in the (1 1 0) and (1 1 1)MgO samples. The final
reaction products in the reaction zone are mainly Al2O3

phases, without a pronounced MgAl2O4 phase. How-

ever, the nature of the Al2O3 products is somewhat

different. For (1 0 0)MgO, it is a-Al2O3, while for (1 0 0)

and (1 1 1)MgO, it is j0-, j- and d-Al2O3. The reasons for

the formation of the different Al2O3 phases at the dif-

ferent faces of MgO surface (Al–MgO interface) are

unclear at the present time.
The reactive wetting kinetics of the Al–MgO system is

characterized by the following representative stages: (I)

an initial rapid spreading stage, (II) a quasi-equilibrium

stage and (III) a chemical-reaction-wetting stage. Stage

(III) can be further divided into an interfacial front
advancing stage (III-a) and an advancing stopping yet

the contact angle continuous decreasing stage (III-b).

The ultimate advancing contact angle represents the

reacted Al–Al2O3 system rather than the original Al–

MgO system. The advance in the triple line, i.e., the

wetting enhancement, is essentially produced by the in-

terfacial reaction, but on the other hand, the interfacial

reaction does not always lead the triple line to advance.
The increase in surface roughness, particularly at the

triple junctions, can substantially drag the triple line

from further advance.
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