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Wetting behavior of Zrss Cuso AlioNis melt on alumina”
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Abstract: The wetting behavior of molten Zrss Cuzo AligNis on Al O3 was studied by the sessile drop method in high
vacuum. The results show that wetting kinetic at 1 163 K is composed of three stages: incubation, quasrsteady de

crease and trend constant. Precursor film forms surrounding the wetting tip when wetting temperature is above 1 163

K. Formation of precursor film is related to the change of triple line configuration and results in good wettability.

Chemical reaction dos not occur at the wetting interface. Al,Os is an excellent reinforcement for Zrss Cuzo AlioNis ma-

trix composite in terms of wettability and reactivity. The kinetic relationship of spreading ratio with spreading time

was also investigated.
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1 INTRODUCTION

Wetting of ceramic by molten metals is one of
the most important phenomena to be considered
when designing a metal matrix composite. Wetta-
bility and reactivity determine the quality of the
bonding between the constituents and, thereby,
greatly affect the final properties of the compos-
ite!™ . Therefore, in order to produce metalce
ramic composites by liquid-phase processing it is
necessary to characterize the wetting behavior of
molten metals on ceramics.

Investigations of multicomponent deep eutec
tic metallic systems have led to the development of
bulk metallic glasses with extremely high glass
forming ability. Some studies have indicated that
bulk metallic glass formers are excellent matrix
materials for composites””” . Some bulk metallic
glass matrix composites had been synthesized by
melt infiltration casting. A good reinforcement
should have good wettability and controllable reac-
tivity with bulk metallic glass formers, and have
little effect on the glass forming ability of matrix.
However, as a new kind of matrix material, data
on wettability of these molten alloys on reinforce-
ments are rather scarce. Alumina particles or fi-
bers are usually used as reinforcement for metal
matrix composites. ZrssCuz AlioNis alloy is one of
the potential bulk metallic glass matrix materials
for composites. In this study, wetting behavior of

ZrssCuoAliNis melt on alumina was investigated.

The possibility of alumina as reinforcement for
ZrssCuzAlioNis metallic glass matrix was dis-
cussed from the viewpoint of wettability and reac
tivity.

2 EXPERIMENTAL

2.1 Materials and method

Zrs5CuzoAlioNis(molar fraction, %) alloy was
prepared by arc melting a mixture of Zr, Cu, Ni
and Al in an argon atmosphere. Of the metals
used, Zr and Cu were of > 99. 999% purity, and
Al and Ni were of > 99.99% purity.

The ceramic substrates used in this work were
hot-pressed sintered alumina. The surface of the
substrates was polished with SiC powder and 1. 5
HBm diamond paste before used. The chemical com-
positions of alumina substrate are 99. 0% Al,03,
0.4% MgO and 0. 6% SiO-.

The sessile drop method was employed to
measure the contact angle between the melt and
oxide substrate at the temperature range from
1153 K to 1273 K. The apparatus consists essen-
tially 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 dimensions required for
the calculations of the contact angles and spreading
ratio were measured directly from the image of the
drop section.

All of the wetting experiments were done in
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vacuum of 1. 8% 10"’ Pa. The samples were cooled
under vacuum by turning off the heater. After
completion of the sessile drop experiments, the so-
lidified samples were sectioned and polished to ex-
amine the ZrssCusAloNis/ALOs
scanning electron microscopy (SEM) and electron
probe micro analyzer( EPMA). Some of the sam-

interfaces by

ples were etched in the chemical solution ( 90%
HNOs+ 10% HF). In order to identify the interfa-
cial reaction product, after the solidified droplet
was separated from the oxide substrate mechanical-
ly, the surface of the interaction layer on the sub-
strate was analyzed by X-ray diffractometry

(XRD).

2.2 Definition of spreading ratio

T he sessile drop method is an effective method
to investigate the wetting and spreading betw een
liquid and solid. Much valuable information can be
obtained from it, such as the surface tension of liq
uid phase, wetting angle of liquid-solid interface,
the spreading area and radius. In previous studies
on spreading kinetics, the spreading radius was u-
sually measured as an object of study'®®'. Evident-
ly the difference masses of the drop would result in
differences in the spreading radius. The change of
spreading area per unit mass with different time
was also measured to describe the spreading kinet-
ics. But this treatment is influenced by the drop
mass too. For example, supposing the liquid drop
is spherical cap, two drops 1 and 2 possess the
same density( O, the volume ratio of the two drop-
lets is ¢, i.e. Vi/Va= & If the wetting angle( 0) of
them with the solid substrates are alike, the two
spread areas per unit mass are given by S =
TRIsin’ & (V10 and 2= TR3sin® & (V20), respec
tively, where Ri and R:» are the principal radii of
the two spherical caps, respectively. Then S 1/ 2
= & ? therefore the volume of the droplet is lar-
ger and the spread area per unit mass is smaller.

T o make the experimental values of the vari-
ous volume drops be comparable with each other
and have no effect on the law of the spreading ki
netics, we take the ratio of the spreading area(S)
in the experimental process to the intrinsic cover
area( So) of the drop (the equatorial plane of liquid
drop when 0= 180°) as the spreading ratio( a) of
liquid on solid. As mentioned above, the two in-
trinsic cover areas are given by Sor= 7R3 and S =
TR%, then Soi/S;= ¥
gles are the same, the spreading areas of drops 1
and 2 are given by Si= TRTsin*0and S2= TIR3sin’0,
then ai/ = S1S0w2/SuS2= ¢#* & = 1, therefore
the spreading ratio aof various mass samples is the
same for the same system and experimental condi

When two wetting an-

tion. In this paper, kinetic relationship of the
spreading ratio aof the ZrssCusoAlioNis/ Al2O3 sys-

tem with wetting time was investigated.

3 RESULTS AND DISCUSSION

3.1 Wettability

Fig. 1 shows a typical example of the contact
angle as a function of time for the wetting of AL2Os
by ZrssCusAlioNis melt. The relation curve of 0 a
gainst ¢ at 1 163 K is composed of three stages: in-
cubation, quasrsteady decrease and trend con-
stant. At 1153 K, the wetting angle is larger than
90° and holds constant. When the wetting temper-
ature is 1 193 K, incubation stage vanishes, and 6
decreases at a larger slope during the initial stage.

Fig. 1 Variation of contact angle 0 with
time ¢ for molten ZrssCusAlioNis on
Al,03 at various temperatures

The equilibrium contact angle 6. as a function
of temperature is shown in Fig. 2. It is clear that
the equilibrium contact angle decreases dramatical-
ly when the wetting temperature increases from
1153 K to 1173 K and then decreases slowly with
increasing temperature. The equilibrium contact
angle is about 16° at high temperatures, which is
much lower than that of typical metal-ceramic sys-
tem. Small contact angle means that ALOs is an
excellent material for using as reinforcement for
Zrss Cuso AliNis bulk metallic glass matrix compos-
ites from the viewpoint of wettability.

Precursor film forms surrounding the wetting
tip of Al03 by ZrssCusoAlioNis melt when the wet-
ting temperature is higher than 1 163 K. Figs. 3(a)
and (b) show the top view and cross-sectional view
of the precursor film, respectively. EPM A results
indicate that the precursor film mainly consists of
Zr and Cu. The width of precursor film is sensitive
to the experimental condition and has a larger
difference even for the same temperature and hold-
ing time. It is difficult to analyze the effect of tem-
perature and holding time on the growth of the
precursor film. In this study the narrow precursor
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has been proposed that such films result from the
Lot diffusion of melt over the surface of the solid. The
%; formation of precursor film depends on the kinds of
& 90Ff melt and substrate.
?50 Fig. 4 shows the SEM images taken from
g 70} cross-section perpendicular to the interface in
§ ZrssCuzoAlioNis/ Al,Os after wetting experiment.
g 50} No reaction product has been detected at the
'_:ED:’ ZrssCusAligNis/ AL Os interface from the results
2 30k of XRD analysis at the wetting interface( Fig. 5)
2 and SEM images. However, in some authors
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Fig. 2 Equilibrium contact angle of
molten Zrss CuxAlioNis on AL O3 as
function of temperature

Fig. 3 Images of precursor film formed in

wetting of Al2Os by molten Zrss CusoAlioNis
(a) —Top view of sample at 1223 K for 3 min;
b) —Cross-section view of sample at 1 223 K for 30 min

film is about 20 ¥m in width, but the broad one is
about 2 mm in width. Precursor film is usually ob-
served in the metaFmetal system, such as the wet-
ting of SnrPb solder on Cu sheet and 72A g-28Cu
solder on 1Cr18Ni9 stainless steel'” "', However,
precursor film has only been detected in several
special liquid metalceramic systems, such as the
wetting of CusoTiso solder on Sialon and Sn-base

active solder containing Ti or Zr on Sialon'” "' Tt

studies about the wetting and interfacial reaction of
ALOs with brazing alloys containing Zr, such as
Ag28% Cu5% Zr and AglIn-(0. 36 = 10) % Zr,
they found the formation of a reaction layer of
7102 because of a redox reaction between Zr in the

4151 The effectiveness of

brazing alloy and Al>03'
Zr as a reactive metal is linked to its higher activity
coefficient in those brazing alloys. However, there
is a higher affinity for Zr to other elements in Zrss-
CusAlioNis melt. The microstructural observation
and EPMA results indicate that a larger volume
fraction of intermetallic compound( Zr2Cu, Zr2Ni)
is evident in the main body of Zrss Cuso Alio Nis al-
loy. Higher affinity to other elements would de-
crease evidently the activity of Zr in ZrssCuso A lio-
Nis melt. Hence, it is not feasible to form ZrO: at
the interface between ZrssCusAliwNis melt and
Al20;. Al20s is also an excellent reinforcement for
ZrssCusoAlioNis bulk metallic glass matrix compos-
ite in terms of interfacial reactivity.

Fig. 4 Interfacial morphology in
ZrssCusoAlioNis/ A2 O3 wetting system at
1223 K for 10 min
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Fig. 5 X-ray diffraction pattern
(Cu Kq radiation) of ZrssCusAlioNis/ Al Os
wetting interface at 1223 K for 30 min

Formation of precursor film usually results in
a good wettability. Good wettability of Zrss Cuso-
AlioNis melt on Al2Os is also related to the forma-
tion of precursor film. In order to explain this
characteristic phenomenon, a schematic diagram is
drawn in Fig. 6. The driving force for wetting cor
relates with the triple line configuration''”. Al
though no new phase forms at the liquid/ solid in-
terface, the formation of precursor film can change
the interfacial chemistry at the triple line. Below the
critical wetting temperature, precursor film can not
form( Fig. 6(b) and Fig. 6(c)) and the equilibrium
contact angle is given by the following equation:

cosbh= (%v— %)/ Wy (1)
where Vis the interfacial tension, S denotes the

Al203 substrate, L liquid and V vapour. Above
the critical wetting temperature, due to the fact
that the formation of precursor film would form
surrounding the wetting tip( Fig. 6(d)), spreading
is a quasi two-dimensional growth of a well wetted
precursor film.

When contact angle reaches the equilibrium
value of melt on precursor film, the triple line
stops and the lateral extension of precursor film on
the free surface of the substrate continues( Fig. 6
(e)). In this case, the equilibrium contact angle is
determined by:

cosB= ( Yov-—
where

Yor.) / Yoy (2)
P denotes precursor film.

3.2 Spreading kinetics

Fig. 7 shows the spreading ratio curves for
ZrssCuzAlioNis melt on Al2O3 at various tempera
tures, as plotted on a normal spreading ratio —
normal time curve( Fig. 7(a)) and a logarithmic
spreading ratio —logarithmic time curve (Fig.7
(b)) . Similar to the contact angle curve shown in
Fig. 1, the spreading ratio o Fig. 7(a)) can be seen
to progress through three stages: incubation, qua-
ststeady increase and trend constant. Above 1 193
K incubation stage vanishes and the relationship
between spreading ratio a and spreading time is
closed to the exponential function. At the quasr
steady increase stage, plot of In( ) against In(t) at
various temperatures gives approximately straight
lines as shown in Fig. 7(b). The linear ranges are
the so-called “quasrsteady spread range”'" . The
spreading ratio of molten ZrssCusAlioNis on Al2Os
with the spreading time in this range can be given by

Fig. 6 Spreading mechanism of molten Zrss CusoAlioNis on Al,03
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Fig. 7 Spreading ratio dependence of spreading time ¢ for ZrssCuzAlioNis molten on

Al03 at various temperatures
(a) —Linear time scale and linear spreading ratio scale; (b) —Logarithmic time scale and logarithmic spread ratio scale

(a-a)”= k(1= (3)
where « and Tare constants, k the spreading rati-
o constant(s” ') and n the spreading index, relating
to the viscosity of the melt and the interaction be
tween molten and interface.

Following the example of the treatment meth-
od of chemical reaction kinetics, plots of Ink
against 1/ T are shown in Fig. 8. The plot of Ink
against 1/ T is a straight line and follows Arrhenius
behavior. Thus the apparent activation energy (
for spreading could be calculated from Fig. 8 and is
about 156 kJ/ mol. The molten metal spreading on
the ceramic is chiefly affected by the viscosity of
the melt, diffusion, interfacial reaction and the re-
sulting triple line configuration. As mentioned a-
bove, AlbOs does not react with the molten Zrss-
CuzoAlioNis at the interface, but the formation of
precursor film changes the triple line configura-
tion. Thus the spread activation energy consists of
three parts: the activation energy for the formation
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Fig.8 Variation of Ink with 1/ T for
spreading of molten Zrss CusAlioNis on ALOs

of precursor film, the activation energy for the
melt diffusion at the interface and that for the melt
movement on precursor film.

4 SUMMARY

Wetting behavior of molten Zrss CusoAlioNis on
alumina was studied. Due to the formation of pre
cursor film when wetting temperature is higher
than 1 163 K, ZrssCusAlioNis molten spreads on
ALOs well. This is related to the change of triple
line configuration. No reaction product has been
detected at the interface. Thus, Al203 is an excel-
lent reinforcement for Zrss Cuzo AlioNis bulk metal-
lic glass matrix composite material in terms of wet-
tability and reactivity.
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