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Abstract The fundamental issues of equilibrium and
non-equilibrium (dissolutive) wetting and spreading in the
liquid Ag/solid Cu system are studied by the dispensed
drop technique. To this end, wetting experiments of Cu,
both mono- and poly-crystalline, with two types of Ag—Cu
alloys, one non-saturated and the other saturated in copper,
are performed at 900 °C in high vacuum by the dispensed
drop technique. The results are compared with those given
in the literature for the same or similar systems as well as
with model predictions.

Introduction

In any liquid metal A/solid metal B system there is a range
of temperatures where the main reaction occurring at the
solid/liquid interface is dissolution of the solid into the
liquid. When the solubility in the liquid phase is high,
dissolution of solid B into a droplet of metal A leads to a
macroscopically non-planar interface. “Dissolutive wet-
ting” is of great interest both for fundamental research and
for several industrial processes, an important example
being soldering in microelectronics fabrication [1]. Several
studies performed with the molten Sn/solid Bi model sys-
tem have shown that dissolution improves wetting, i.e. it
increases the area of contact between the two phases [2—4].
The spreading time in dissolutive wetting (defined as the
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time needed for millimetre-sized droplets to attain a cap-
illary equilibrium) in this and similar systems are from a
few seconds to several hundred seconds [2-7]. This time is
several orders of magnitude higher than the spreading time
found in metal A/metal B systems with negligible misci-
bility, which is typically around 10 ms [8-11]. From
modelling of dissolutive spreading, performed in [3], it was
concluded that in the Sn/Bi system both the configuration
at the solid/liquid/vapour triple line and the spreading rate
were controlled by diffusion of dissolved species from the
interface to the liquid bulk. However, this approach does
not take into account the role in wetting of the change in
surface energies of the solid/liquid/vapour system caused
by dissolution. For instance, as the surface tension of liquid
Bi is 35% lower than that of Sn [10], the dissolution of Bi
is expected to modify the surface tension of the liquid thus
also affecting the wetting process. A similar situation exists
during Si dissolution in molten Cu [7].

In both Sn/Bi and Cu/Si systems mentioned above, the
solubility of the liquid metal (Sn or Cu) in the solid (Bi and
Si, respectively) is negligible. In a recent study performed
by the “transferred drop technique” for the fully miscible
couple Au/Ni (as well as for the Cu/Ni and Ge/Si couples)
a very fast spreading regime was found [11]. The spreading
time in the Au/Ni system was close to 15 ms, i.e. typical of
immiscible metal/metal systems [11]. Surprisingly, no
specific dissolutive wetting stage was found to occur at
longer times. However, the authors of this study reported
the presence of a continuous, submicronic thick film on the
substrate surface, extending hundreds of microns ahead of
the drop and this was interpreted as a Marangoni film.

The study reported in the present paper concerns the Ag/
Cu system presenting a notable solubility of Ag in solid Cu
(Fig. 1). Wetting experiments are performed at 900 °C on
pure copper substrates with two liquid Ag—Cu alloys, one
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Fig. 1 Ag—Cu phase diagram
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non-saturated in Cu (hereafter referred to as NS), the other
saturated in this metal (hereafter referred to as S). The
liquid Ag/solid Cu system was investigated previously in
two studies carried out in order to assess the fundamental
characteristics of non-equilibrium (dissolutive) wetting and
spreading. In the first of these studies, Sharp et al. [13]
carried out sessile drop experiments for various equilib-
rium and non-equilibrium conditions of solid and liquid
phases. However, in the sessile drop technique used in
these experiments, the initial stages of spreading were
obscured by metal melting. In the present study this diffi-
culty is overcome by using the dispensed drop technique
which enables the processes of melting and spreading to be
separated [7]. More recently, Webb et al. [14] studied
wetting of solid Cu by liquid Ag and Ag—Cu using
molecular dynamics simulation applied to very small
droplets, a few nanometres in size. They concluded that in
dissolutive wetting the drop base diameter increases with
time parabolically. These authors argued that the conclu-
sions drawn from this type of calculation can be extrapo-
lated to macroscopic droplets.

The liquid compositions used in the present study are
given in Fig. 1. The mole fraction of Cu in the NS liquid is
slightly higher than that of the Ag liquidus at 900 °C
(xcy = 0.125). During a wetting experiment, Cu substrate
dissolution leads to the liquid composition denoted as S in
Fig. 1 (xcy, = 0.70). Dissolution will create a crater of
volume V. under the drop. For a volume V; of an NS
droplet, V. can be easily calculated from the mole volumes
of the saturated and non-saturated liquids and of solid Cu.
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The calculation yields V.. = 1.27V, The change in alloy
composition during dissolution results in a limited but
significant increase in the surface tension, by about 6%
[15]. For alloy S, saturated in Cu, only diffusion of Ag
from the liquid droplet into solid Cu is expected to occur
during a sessile drop experiment.

Experimental procedure

Wetting was studied by the dispensed drop method, in a
metal furnace under a vacuum of 5 x 107> Pa. The
experiment involves heating an Ag—Cu alloy (pur-
ity > 99.99%) in an alumina crucible placed above the Cu
substrate. At the experimental temperature, 900 °C, the
liquid was extruded from the crucible through a capillary
and put in contact with a Cu substrate, either mono- or
poly-crystalline, with an average surface roughness of
1-4 nm. The initial diameter of the droplets dg was
between 1.0 and 1.3 mm.

The wetting was filmed by a high-speed camera (500
frames per second) allowing the process to be recorded
over a 4-s period. Selected experiments were subsequently
filmed with 25 frames per second in order to follow the
spreading process for a longer time. The camera was
connected to a computer for automatic image analysis. The
characteristic dimensions of the drop (drop base diameter d
and visible contact angle ) were extracted with an accu-
racy of + 2° for 0 and + 2% for d. Note, however, that
during the very first moments of spreading (at t < 5 ms),
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Fig. 2 Selected images of spreading of an S alloy on monocrystalline
Cu. The dashed line shows the position of the interface

when the triple line velocity is very high (close to 0.5 m/s),
the error on 6 was estimated to be + 5°. At t > 0.5 s the
contact angle 6 becomes lower than 5° (Fig. 2). For such
small contact angles an accurate measurement of 6 on a
drop profile is difficult. At # > 20 s even the determination
of the position of the triple line becomes difficult and may
introduce a high degree of error on the drop base diameter
value. In order to evaluate this error, the final diameter was
measured both by image analysis and directly on the
solidified droplet. The difference between these two values
was found to be less than 5%.

After cooling, selected specimens were cut perpendic-
ular to the interface for SEM observation and EDXS
analysis.

Results
Spreading kinetics

Figure 3 presents the drop base diameter d and contact
angle 0 as a function of time plotted on a logarithmic scale
for two S and two NS drops spreading on the surface of
monocrystalline Cu substrates at 900 °C. Diameter d was
normalised by dy4, = (6 V/n)l/ 3 where V is the initial drop
volume. As seen in Fig. 3a, the spreading curves are nearly
superimposed up to about 20-30 ms implying that, during
this initial period of time, spreading is not linked to sub-
strate dissolution and may be attributed to non-reactive
wetting. After 30 ms, the spreading of the non-saturated
drops becomes faster than for the saturated drops leading to
higher drop base diameters for the NS drops.

Similar results were obtained with polycrystalline Cu
substrates confirming the main finding, namely, that the
spreading rate is higher for the NS liquid than for the S
liquid. As a result, the drop base radius of NS alloys after
1 s of spreading is 20-40% higher than for S alloys,
depending on the experiment.

It should be noted that the spreading curves presented in
Fig. 3 did not attain a stationary state. Indeed, the drop
base diameter continues to grow as shown in Fig. 4 for two
drops (one S and one NS) filmed until they reached a
steady drop base diameter. In both cases the spreading time
slightly exceeded 100 s. The final contact angles 0 are
very close to zero (0 < 0 <2°). The comparison of
Figs. 3 and 4 shows that the difference in drop diameter
between NS and S droplets becomes constant as spreading
proceeds.

Based on these observations, the faster spreading of the
NS liquid in the time interval between 0.03 and ~1 s is
attributed to dissolution of Cu into the molten Ag—Cu
alloy. Further evidence of this statement will be given
below.
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Fig. 4 Normalised drop base diameter as a function of time for
saturated S and non-saturated NS alloys on monocrystalline Cu
(experiments followed until capillary equilibrium)
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Fig. 5 Cross-section of NS (a) and S (b) drops on monocrystalline
Cu. The holding times at 900 °C are 690 and 60 s, respectively. E
indicates the edge of the crater formed by NS drop

Characterisation of solidified droplets

SEM observations of cross-sections of a sample obtained
for a NS alloy show the formation of a crater in the Cu
substrate (Fig. 5a). The crater diameter is considerably
smaller than that of the final drop and corresponds
approximately to the drop base diameter after 0.7-1 s of
spreading, depending on the experiment. In the middle of
the crater, the thickness e of the liquid is close to 100 um
and it decreases progressively to a few tens of microns at
its edge (point E in Fig. 5a).

Outside the crater, the drop extends over a distance of
2-3 mm, forming a liquid film the thickness of which
gradually decreases from a few tens of microns at the crater
edge towards zero at the triple line. Figure 6 shows over-
head views of this layer in the vicinity of the crater (a) and
some 1600 pm away from it (b) for a Ag—Cu drop held for
690 s at 900 °C. To understand the observed patterns, the
diffusion of Ag from the liquid film into solid Cu must be
taken into account. This diffusion results in the formation
of primary Cu at the experimental temperature (isothermal

@ Springer

Fig. 6 Overhead views of a solidified droplet formed by an NS alloy
on a Cu substrate: in the vicinity of the crater (a) and about 1600 pm
away from it (b). The holding time at 900 °C is 690 s

Fig. 7 Overhead view of an NS solidified droplet on a Cu single
crystal. 1 and 2 are parts of the solidified droplet: 1 shows the zone
above the dissolution crater and 2 the zone of liquid film (see also
Fig. 8). The holding time at 900 °C is 690 s

solidification). Moving further out from the crater edge, the
liquid thickness decreases and the fraction of primary Cu
on the surface increases.

Figure 7 presents an overhead view of an NS droplet
maintained at 900 °C for 690 s. A central, rich in Ag, drop
area corresponding to the crater formed during the dissol-
utive stage, and a peripheral region, corresponding to the
liquid film where the formation of Cu dendrites led to a
change in the drop colour is clearly visible.

Figure 5b shows the SEM micrographs of an S alloy/Cu
solid cross-section. As expected for a Ag—Cu liquid alloy
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saturated in copper, the solid Cu/liquid interface remains
flat. As for the solidified alloy, it consists of Cu—Ag
eutectic and Cu rich dendrites.

Discussion

Figure 8a presents schematically the three spreading
sequences evidenced for NS liquid on Cu monocrystals.
The second, dissolutive stage results in the formation of a
crater under the drop and in saturation of the liquid with
Cu. In the third stage, spreading outside the crater proceeds
without dissolution, only diffusion of Ag into solid Cu
occurs.

The results for the Ag/Cu system are compared in
Table 1 with those for the Cu/Si system obtained previ-
ously by the dispensed drop technique at 1100 °C using
(111) Si single crystals [7]. For the saturated alloys, the
spreading time t,, for the Ag/Cu couple (noted S-Ag/Cu) is
four orders of magnitude higher than for the S-Cu/Si sys-
tem. This considerable difference is not due to the different
experimental temperatures (900 °C against 1100 °C) or to
differences in the dynamic properties of the two saturated
liquid alloys. Indeed, as shown by Fig. 3a contact angle of
22° is attained for the S-Ag/Cu couple in a few ms, just like
the S-Cu/Si couple. The difference in t,, is certainly due to
the very different equilibrium contact angles O of these
systems: 22° against only (about) 1°. As indicated by the

(a) (b)
. fp~0.028 | : / '
| || |
It ~1s
ll. t,, ~100 s

spr

Fig. 8 Schematic presentation of the spreading stages for NS (a) and
S (b) Ag—Cu alloys on solid Cu. Stages I and III correspond to non-
reactive spreading while stage II is the dissolutive stage

Table 1 Spreading regimes in NS (Ag-rich alloy)/solid Cu system

Time Drop base Spreading Average

interval (s) diameter (d/dy,) regime spreading
evolution rate (m/s)

0-0.03 0-2.6 Non-reactive 107!

0.03-1 2.6-4.6 Dissolutive 1073

1-100 4.6-7.3 Diffusion into the solid 1073

T =900 °C

shape of 0 (log ¢) and d(f) curves (Figs. 3b and 4), the
spreading rate decreases dramatically when 0 tends
towards very small values. The behaviour found in the
present study for the S-Ag/Cu system, i.e. long time
spreading without the occurrence of a significant reaction
between the solid and liquid phases, could also be observed
for any liquid metal forming very low equilibrium contact
angles. As discussed in [10], such systems may be metal/
metal couples with a small difference in composition
between the solid and liquid phases implying a low solid—
liquid interfacial energy. An example is Ni-11 wt% P
droplets spreading at 1020 °C over pure Ni for several
hundred of seconds [6].

The differences in the 0 of S alloys can also explain the
different final configurations observed for NS alloys in the
two systems, with and without a liquid film outside the
dissolution crater (Table 1). For the NS -Ag/Cu couple, at
the end of the dissolutive stage, occurring at t =~ 1 s, the
contact angle is close to 4°, which is still higher than the
equilibrium contact angle (& 1°). As a consequence,
spreading can continue outside the crater forming the
observed liquid film. In contrast, for the NS-Cu/Si couple,
the contact angle at the end of the dissolutive stage is 6°,
lower than the equilibrium contact angle of 22°. As a result,
no further spreading of the liquid on the flat solid substrate
outside the crater can occur in this case. From the above
analysis, it can be seen that while in the Cu/Si system non-
reactive spreading and dissolutive spreading are two suc-
cessive stages with different time scales, in the Ag/Cu
system non-reactive spreading occurs not only before
(t < 0.02 s) but also after (+ > 1 s) the dissolutive stage.
Note that the configuration III in Fig. 8a was observed
previously in the Sn/Au system at 430 °C and was
explained by the nearly perfect wetting of Sn on Au
induced by the formation at the interface of an Au rich
Au-Sn intermetallic compound [5].

The results described in the diagram of Fig. 8 do not
match those given in [11] for the Au/Ni system (a fully
miscible system for which a very small equilibrium contact
angle is expected to form as indicated above). Indeed, even
if the liquid films observed in our study can be compared
with those reported for the Au/Ni system, the explanation
given for their origin is very different: Marangoni films
extending ahead of the drop (in [11]) and primary wetting
films (present study). Moreover, while the total spreading
time in our study was found to be as long as 100 s, in [11]
it was only 15-20 ms, i.e. typical of the spreading time in
immiscible systems. Note that in the transferred drop
technique used in [11], the excess energy liberated during
drop detachment from the auxiliary substrate and its
transfer to the substrate under study, can disturb the
spreading process and affect the results (see for instance
the results of [8] reported also in [10]).
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Figure 9 shows the variation in drop base radius R with
time, in a log—log presentation, for the two Ag—Cu alloys,
one NS, the other S, both on monocrystalline Cu. For the S
alloy, all the results obtained for the time interval between
1072 and 10% s can be described by a single straight line
LL’ corresponding to R" ~ At with n = 9.78. A second
experiment with an S alloy led to n = 9.26. Both n values
are close to the theoretical value n = 10 predicted by the
hydrodynamic model of spreading assuming that spreading
is limited by the viscous dissipation in the drop bulk [16,
17]. As for the constant A, its value, calculated from the
slope of the straight line, is 4 x 1072® against a theoretical
value of 8 x 107", The latter value was calculated using
the expression A = 3}‘7/2" taking for drop volume
V=5 x 1071 m, the viscosity # = 4.3 x 103 Pas [18]
(Table 2), surface tension ¢ = 0.95 N/m [14] and for the
parameter K (an empirical model constant) K = 10 [16].
Even taking K = 16, which is the maximum value of this
parameter with a physical meaning, the theoretical value A
remains one order of magnitude higher than the experi-
mental value. The overestimation of the spreading rate of
low viscosity liquids by the hydrodynamic model has been

0.6

0.4

logR (mm)

0.2 ~

Fig. 9 Drop base radius R as a function of time in log-log
presentation for S (open circles) and NS (filled squares) alloys
spreading over monocrystalline Cu

Table 2 Data on the physico-chemical properties in liquid Ag—Cu/
solid Cu system

Drop base radius after non-reactive wetting, r, 1.3E—03 m

Ao 0.05 N/m
Cu-Ag alloy density”, pag_cu 9.80E+03 kg/m®
Equilibrium contact angle, 6y 13 deg
Cu-Ag alloy viscosity®, i 43E—03 N s/m?

T =900 °C
* Average values for Ag-12.5 at.%Cu and Ag-58 at.%Cu
" Viscosity value for eutectic alloy
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recognised both for room temperature liquids [19, 20] and
for molten metals [11]. In [11, 19] it was argued that this
overestimation is due to the fact that, for this type of liquid,
the dissipative process in the vicinity of the triple line
described in Blake’s model [21] is also significant if not
predominant. However, when the process at the triple line
is predominant, the exponent n is no longer equal to 10 but
its value is close to 7 [19].

For the non-saturated alloy, dissolution enhances the
spreading rate. Indeed, the average spreading rate Us, for
the NS alloy in the time interval between 0.03 and 1 s is
0.9 mm/s, ~70% higher than Uspr for the S alloy during
the same period. This cannot be explained by the change in
the a/n ratio affecting the rate of viscous spreading. Indeed,
using experimental data for ¢ [15] and # [18] of Cu-Ag
alloys, it can be seen that this ratio for the NS alloy is lower
than for S alloy. The increase in Uspr due to dissolution
may be caused by the solutocapillary (Marangoni) con-
vection generated by the variation in surface tension Ac
between the top of the drop, where the liquid is rich in Ag
and its surface tension comparatively low, and the triple
line where the liquid is rich in copper and its surface ten-
sion comparatively high (Fig. 10). An order of magnitude
of the initial convective velocity Uy, of the liquid
induced by the o gradient at the beginning of the dissolu-
tive process can be calculated from a balance between
surface tension and viscous forces as Ugony &~ A“’—‘”“’ [22].
With Ag = 0.05 N/m and 0 = 13° (Table 2) a value of
Uconv ® 2 m/s is obtained. Such a value is certainly an
overestimation, since with such a high velocity; inertia
should be taken into account in the force balance. Never-
theless, it can be safety stated that the fluid flow is quite
intense within the drop. It is worth noting that, by both
model calculations and experimentally with organic liquids
[23], it was found that thermocapillary convection can
affect spreading limited by viscous friction. There is no
reason why solutocapillary convection should not have a
similar effect.

A final remark concerns the comparison between our
results and those of Webb et al. [14], obtained by simula-
tion for Ag nanodroplets on Cu. For the dissolutive stage
(straight line LM of the curve in Fig. 9), n lies between
0.14 and 0.17 depending on the experiment. This is much

D

Fig. 10 Solutocapillary convection pattern in an Ag-rich droplet on
a Cu substrate. Convection is driven by the difference in surface
tension ¢ between the top of the drop (low ¢) and the triple line region
(high o)
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lower than the value 0.5 found by Webb et al. Note that the
spreading rates computed by Webb were several m/s, i.e.
three orders of magnitude higher than the spreading rates
measured in the present study for the dissolutive stage. This
indicates that either the results given in [14] concern the
initial, non-reactive stage of spreading rather than the
dissolutive stage or that the drop size has a very strong
effect on spreading kinetics.

Conclusions

In the present work, the equilibrium and non-equilibrium
spreading of Ag—Cu alloys over solid Cu at 900 °C were
studied. The key factor for the spreading kinetics in this
system is the nearly zero equilibrium contact angle. This
leads to a spreading time f, for the Cu-saturated liquid
several orders of magnitude higher than #y,, measured
previously in metal/metal systems with contact angles
lying in the range 20-50°. The drop base radius R
decreases with time according to a power law R" ~ At
with n lower than but close to 10 which strongly suggests
that spreading is limited by viscous dissipation. However,
it is not clear if the dissipative process occurs only in the
drop bulk or also at the triple line. Furthermore, the very
small contact angle and the slow spreading kinetics are
responsible for the configuration observed during non-
equilibrium (dissolutive) spreading consisting in a central
crater and a liquid film spreading on the flat substrate
surface outside the crater. Dissolution of copper in the drop
increases the spreading rate significantly (factor 1.7). This
effect is attributed to the solutocapillary (Marangoni)
convection induced by differences in surface tension
between the top of the drop (low o) and the triple line
region (high o). It is expected that the conclusions drawn in
the present study will also be valid for a metal/solid metal
system with total miscibility in the liquid and a significant
solubility of the solid.
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