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The wetting behavior and interfacial phenomena of alumina, Zr-coated alumina, and bulk Zr with liquid alumi-
num at 700 °C was investigated by the sessile drop technique. Zirconium film deposited on alumina improved
thewettabilitywith aluminumand promoted the formation of the precursor film.With the increase of zirconium
film thickness from 160 nm to 670 nm, the terminal contact angle decreases gradually and spreading rate in-
creased and the precursorfilm becamewider and thicker.Marangoni flow resulting from the surface tension gra-
dient due to the interfacial interaction is a major factor resulting in the formation of the precursor film.
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1. Introduction

Wettability of solid by liquidmetal is important for the fabrication of
metal-matrix composites by liquid routes and the joining of metals and
particularly of ceramics by brazing, because wettability at high temper-
ature has a significant influence on the properties of the final product.
Coating of ceramic is one of the successful techniques adopted to en-
hance the interfacial bonds and improve the wettability between ce-
ramic and liquid metals. Various coating techniques such as chemical
vapour deposition (CVD), physical vapour deposition (PVD), thermal
spraying, sol-gel process, the formation of in-situ coatings, electrolytic
and electroless plating methods are applied to deposit coatings (such
as Ni, Cu, Ti, Mo, TiC etc.) on the surface of ceramic to promotewettabil-
ity [1–5]. The interaction and the variation of wettability between mol-
ten metals and ceramic depend on the properties of the phases in
contact, the structure and the thickness of the deposited metallic coat-
ings. Investigations on the wettability and interfacial interaction be-
tween molten metals and metal-coated ceramic form a basis for the
design of interlayer coatings and development ofmethods of deposition
of metals on ceramic materials.

The amount of published articles on wetting of metal-coated sub-
strate by liquid metals is far less than the wide range of practical appli-
cation ofmetal-coated nonmetallicmaterials in the fabrication ofmetal-
matrix composites by liquid routes and the brazing of ceramics [3,6–12].
However, wetting behaviors become more complex when a coating is
used. Wettability studies of liquid metals on coated substrates are in
short supply compared to demand because of the many possible

variables onwettability (e.g., substrate, coating, andmolten-metal com-
positions, which can range from simple [pure elements] to complex al-
loys; surface roughnesses; temperature dependence; atmospheric
dependence [e.g., O2 partial pressure]; path to molten state, as slower
heating can allowmore time for reactionwith the substrate and/or coat-
ing, possibly producing different initial or boundary conditions [compo-
sitions] or the complete alloying of diffusion of what would have been
the molten metal; effect of gravity, etc.). In general, the limitations
come up when specific combinations of compositions and/or tempera-
tures are desired or required.

The addition of Zirconium to themetalmeltmay promotewetting of
ceramics. However, wettability study of Zr-coated ceramics by molten
metal is scare. In this study, sputter deposited zirconium thin films
were used to improve the wettability of alumina by molten aluminum.
The influence of film thickness on the wetting, interfacial interaction
and the precursor film in the Al/Zr-coated α-Al2O3 system was
investigated.

2. Experimental procedure

Wetting studies were carried out on alumina, Zr-coated alumina,
and Zr. Cubic pieces of 120 ± 10 mg of high purity aluminum
(99.99 wt.%) were used. Pure Zr sheets (99.5 wt.%) of 1.5 mm in thick-
ness were used as the wetting substrate and the sputtering target. Zr
films were deposited on high purity polycrystalline α-Al2O3

(99.9 wt.%) substrates by RF magnetron sputtering of a 50-mm-diame-
ter Zr target at room temperature. The substrates rotated at a speed of
10 rpm. The target to substrate distance was kept constant at 65 mm.
Base pressure in the process chamber was 5 × 10−4 Pa and theworking
gas was pure argon (purity 99.99%) at 0.5 Pa in a continuous flow
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(15 sccm [Standard-state Cubic Centimeter perMinute]). Zr thinfilms in
various thicknesses (about 70 nm, 160 nm, 350 nm, 550 nm and
670 nm)were deposited on the alumina substrate. Fig. 1 shows the sur-
face micrograph of Zr thin film deposited on alumina by RF magnetron
sputtering. It can be seen that the Zr film showed nanocrystalline mor-
phology with few voids. Each substrate was polished using 1.0 μm dia-
mond paste before sputtering or wetting experiment. Before use,
substrates and pieces of Al were cleaned ultrasonically in anhydrous al-
cohol and acetone.

Wetting examinations were performed using a sessile drop tech-
nique at 700 °C under high vacuum of 1.6 × 10−3 Pa. The apparatus es-
sentially consisted of a molybdenum resistance furnace fitted with two
windows, enabling the illumination of the sessile drop on the substrate
and the projection of its image on a screen. The contact angles were
measured directly from the image of the drop section. After the experi-
ments, the solidified samples were analyzed using scanning electron
microscope equipped with energy dispersive spectrometers (EDS).

3. Results

Fig. 2 shows the variation in apparent contact anglewith time during
the isothermal wetting of molten aluminum on alumina, Zr-coated alu-
mina, and Zr at 700 °C. Non-wetting behavior is evident in Al/Al2O3 sys-
tem. The terminal contact angle after 1 h holding was about 137°. The
contact angle of aluminumon alumina is sensitive to O2 partial pressure
and surface rough, hence much of the variability in the reported litera-
ture (ranges from about 90 to 167° at 700 °C [13]). This indicated that
the surface of molten aluminum was oxidized to a certain extent in
this experiment. Compared with alumina, bulk zirconium showed ex-
cellent wettability with molten aluminum. The contact angle decreases
rapidly in the initial severalminutes and then quickly approaches a very
low steady value (about 8°). Zirconium thinfilms applied to the alumina
plates improved wettability with molten aluminum. The wettability of
molten aluminum on the 70 nm thick Zr film is still poor and the termi-
nal contact angle is 118°. A sharp transition from non-wetting to wet-
ting appears in the film thickness from 70 nm to 160 nm. With further
increase in the thickness of a zirconium film on alumina, the incubation
time before spreading, the time needed to reach the steady value and
the terminal contact angle decrease gradually. The terminal contact an-
gles of aluminum on zirconium film with thickness of 160 nm, 350 nm,
550 nm and 670 nmare 35, 31, 29 and 22°, respectively, which progres-
sively approaches the terminal contact angle of molten aluminum on
bulk zirconium.

Fig. 3 shows the top-view macrographs of aluminum on Zr-coated
alumina and bulk zirconium substrate after wetting at 700 °C for 1 h.
Clearly, a precursor film, which looks like a halo with the naked eye, de-
taches from the bulk drop on the surface of Zr-coated alumina and bulk
zirconium substrate. With the increase of the thickness of zirconium
film, the precursor film significantlywidened and a brightwhite narrow

ring forms in the halo frontier (Fig. 3(b) and (c)). Although the spread-
ing area of aluminum on bulk zirconium is larger than that on Zr-coated
alumina, only a narrow precursor film forms in the aluminum-bulk zir-
conium system. Pronounced cracking occurs at the center of solidified
droplet on bulk zirconium.

Fig. 4 shows the surface micrographs of the solidified precursor film
on Zr-coated aluminawith Zr film thickness of 550 nm at 700 °C for 1 h.
A concentric ring forms in the solidified precursor film, one wide inner
ring in front of the droplet and one narrow outer ring in the front of
the precursor film (Fig. 4(a)). In the wide inner ring, there are some
fine Zr-rich phases dispersed in aluminum and the concentration of
Zr-rich phase occurrence increases with the distance from the droplet.
There are a small amount of Zr-rich phases with larger size uncovered
by aluminum in the narrow outer ring (Fig. 4(c)). The outer edge of
the precursor film is not uniform but spreads preferentially along the
boundaries of Zr-rich phases (Fig. 4(d)). EDS analysis results of the sur-
face of solidified wetting sample is shown in Fig. 5 and Table 1. The zir-
conium concentration at the surface of droplet is very limited and only
about 0.03 at.%, which is smaller than the solubility of zirconium inmol-
ten aluminum at 700 °C (about 0.08 at.%) [14]. Zirconium concentration
increases gradually from the droplet frontier (0.42 at.%) to the outer
edge of the inner ring (about 8.27 at.% at position 5 in Fig. 5) and then
has a very slight decrease in the outer ring (about 7.93 at.% at position
6 in Fig. 5) of the precursor film. Owing to the very limited solubility
of zirconium in aluminum at 700 °C, the high zirconium content indi-
cates that zirconium at the surface of precursor film exists in two
forms, Al-Zr solution and Al-Zr compound. EDS analysis indicates that
the composition of Zr-rich phase (about 77 at.% Al, 23 at.% Zr) at the sur-
face of precursor film is close to ZrAl3. Clearly, there is a positive concen-
tration gradient of zirconium in the sample surface from the droplet to
the precursor film, and correspondingly the content of ZrAl3 phases at
the surface of precursor film increases gradually. Sample surface con-
tains a certain amount of oxygen,which indicated that the surface is ox-
idized to some extent, especially in the areas with high zirconium
content.

The cross-sectional microstructures and the corresponding EDS
analysis for the map of elements of the wetting sample with zirconium
film thickness of 550 nm are shown in Fig. 6. Obviously, a discontinuous
reaction layer appears at the interface from the droplet adjacent to the
triple line to the front edge of the precursor film and the reaction prod-
uct increases progressively along the spreadingdirection. But there is no
discernible reaction product at the interface far behind the triple junc-
tion (Fig. 6(c)). Fig. 6(d) and Fig. 6(e) are cross-sectional images of the
precursor film at the spreading frontier and adjacent to the droplet, re-
spectively. The precursor film is thicker than the interfacial reaction
layer and reduces in thickness toward the spreading frontier (Fig. 6(d)

Fig. 1. Surface micrograph of Zr thin film deposited on alumina by RF magnetron
sputtering.

Fig. 2. Variation in macroscopic contact angle with time during the isothermal wetting of
molten aluminumon zirconium, plain and zirconium coated alumina substrates at 700 °C.
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