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Wettability and interfacial reaction of alumina
and zirconia by reactive silver-indium base
alloy at mid-temperatures
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The wettability of sintered alumina and sintered zirconia by silver—indium base alloy with smalil
titanium additions { < 5 at %) has been investigated using sessile drop tests conducted in a
vacuum of 1.1-2.0 mPa at mid-temperatures 873-1150 K. The addition of titanium can
effectively induce the silver—indium base alloy to wet the alumina and zirconia. Under the
present experimental conditions, the silver—indium—titanium alloys on the alumina exhibited
excellent wettability characterized by a minimum titanium addition for wetting transition
(contact angle < 90°) of less than 0.2 at % Ti, whereas the alloy on the zirconia exhibited the
minimum around 0.5 at % Ti. The minimum contact angle of the alioy—alumina system is about
5° and that of the alloy-zirconia system is about 15°. X-ray diffraction analysis shows that the
reaction phases formed in the interface of the silver—indium—titanium alloy on the alumina are
TiO,, TiO and Ti,0, and those formed in the interface of the alloy on the zirconia are TiO and

Ti, 0.

1. Introduction

With the advance in ceramics and the increasing use of
ceramic materials, metal—ceramic joining and the pro-
duction of composites have received considerable at-
tention. Among the various joining processes, brazing
is expected to emerge as an important technique. The
most important step in using this technique for a
metal-ceramic joint is the design of the filler metal.

The key problem in designing filler metals for braz-
ing and soldering of ceramic and metals is of the
interfacial bonding between ceramic and filler metal,
and an important area in studying the interfacial
bonding is the wettability of the ceramic by the filler
metal with its effective factors. Hence, much work has
been done in this area [1-15].

Oxide ceramics, especially alumina and zirconia,
have been used extensively in various fields. There
have been many reports on the wettability of alumina
and zirconia by liquid metals [6—157. In these reports
the wetting characteristics of the ceramics by liquid
metals were investigated at high temperatures over
1173 K, apart from that by tin base alloys, and thus
brazing would be carried out at higher temperatures.

There are several ceramic components where the
service temperature of the ceramic—metal joint is
lower than 773 K. For such components, it is prefer-
able to use a lower brazing temperature, and hence it
is necessary to design the filler-metal brazing at mid-
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temperatures: 773—1173 K. Although tin—titanium al-
loy could wet alumina at mid-temperatures [7], its
solidus temperature was very low, therefore the utiliz-
ation of the alloy as a filler wouid be restricted.

The silver-indium system alloy is an important
series of brazing material mainly used in the elec-
tronics industry. In this paper, Agqs;Inss base alloy
with a small titanium ( < 5 at %) addition was invest-
igated in the 873-1173 K temperature range; the soli-
dus temperature of the Ag—In base alloysis 873 K and
its liquidus temperature lies between 900 K and
925 K. Qualitative analysis of the experimental results
was made using reaction thermodynamics.

2. Experimental procedure

2.1. Materials

The metals used in this work were silver, indium and
titanium. Of the metals used, silver and indium were of
over 99.999% purity, titanium was of over 99.99%
purity. For the alloy samples used in the experiment,
the atomic ratio of Ag:In was a constant value,
i.e. X 41X, = 65:35. The composition of the various
alloy samples is listed in Table 1.

The various alloys identified in Table I were pro-
duced in situ by machining a disc of silver, 3 mm
diameter and about 1 mm thick, on which the re-
quired amount of alloying element and of middle alloy
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TABLE I Nominal alloy composition (at %). X ,, /X, = 65/35

Ag—In base alloy Substrate

with Ti

AgIn-0.065Ti
Agln-0.20Ti
AgIn-047Ti
AgIn-1.10Ti
AgIn-2.20Ti
AgIn-4.90Ti
Agln-0.20Ti
Agln-0.50Ti
AgIn-1.00Ti
AgIn-2.80Ti
Agln-4.70Ti

AlLO,

7O,

7Ll

W N —

N
A

Figure I In situ test of an alloy sample with (1) pure indium, (2)
Ag-In—Ti middle alloy, (3) pure silver, and {4) oxide substrates.

were placed as in Fig. 1, the total weight of the sample
being 0.1-0.125 g. The AgIn-Ti middle alloy (10 at %
Ti) was prepared by arc-melting the constituent me-
tals under a vacuum atmosphere of about 2.0 mPa,
the weight of the middle alloy nugget being 5.0 g. The
weight loss on melting was less than 1% for the alloy.
Electron probe microanalysis (EPMA) of the nugget
showed that the composition of the middle alloy was
very even. Some picces of the middle alloy nugget were
used to produce the alloy samples listed in Table I as
shown in Fig. 1.

The ceramic substrates used in this work were hot-
pressed sintered alumina and zirconia, 15 mm dia-
meter and 2 mm thick. The surface of the substrates
was polished with SiC powder and 0.5 pm diamond,
and then cleaned with nitric acid. Finally it was heated
to 1273 K in air, for a holding time of 20 min prior to
use. The chemical composition of the alumina sub-
strate was 99.0% AL, O;, 0.4% MgO, 0.6% SiO,, and
of the zirconia substrate was 96.8% Zr0,, 2.2% Y,0,,
1.0% ALO,.

2.2. Apparatus and methods

The sessile drop method was employed to measure the
contact angle between molten alloys and the ceramic
substrates at the mid-temperatures. The apparatus for
measurement consisted of two groups as shown in
Fig. 2, i.e. the furnace and the measuring television
and microcomputer processing system. The furnace
part was quite similar to that in earlier reports [16,
17], and the measuring system principle was as
follows: first, the video frequency signal of the camera
is amplified and clipped, and then the specific feature

1318

Figure 2 Principles of the apparatus used for measurement of the
surface tension of the liquid metal and the contact angle on the solid
substrate. 1, furnace; 2, black and white camera; 3, picture monitor;
4, specific feature signal separater and digital window; 5, data
acquisition card; 6, interface; 7, microcomputer; 8, sync-signal allot-
ter.

Figure 3 Picture moniter: 1, digital window; 2, scanning line; 3, test
sample picture.

signals, which are representative of geometrical para-
meters of the test sample, are separated by control of
the digital window, as shown in Fig. 3.

In Fig. 3, only the picture signals in the digital
window can pass through the specific feature circuit.
The signals are features which are only representative
of geometrical parameters of the test sample after time
synchronous signals and background signals of the
window are filtered out. Then the signals are collected
on a data-in acquisition card, where they are sampled
and undergo analogue-to-digital conversion. After
data sampling, the surface tension and density of the
liquid alloy and the contact angle between the molten
alloy and substrate can be calculated by CPU using
the data and calculus.

Both ceramic substrates and metal samples were
cleaned by ultrasonic vibration in acetone for 20 min
before the experiments. The ceramic substrate then
was placed in the furnace, its upper surface levelled
carefully, and the alloy sample positioned on it as in
Fig. 1 before the furnace was closed. After the system
was evacuated down to a pressure of 2.0 mPa, the
samples were heated at 5 K min~* to 700 K, and held
there to outgas for 90 min. The samples were then
heated at the same rate to 850 K, then to other
temperatures at 50 K intervals and held at each tem-
perature for 30 min to establish an equilibrium con-
tact angle between the molten alloy and the ceramic
substrate. The vacuum in the chamber during the test
was held at 1.1-2.0 mPa. To keep the atmosphere



around the samples as clean as possible, Zr—10RE
alloy filings (RE: rare-earth, (~wt %) 50Ce, 25La,
16Nd, 6.0Pr) were placed in the chamber and around
the substrate.

3. Results and discussion
3.1. Wettability of alumina and zirconia by
molten Aggsin,s alloy
In order to study the effect of reactive elemental
additions on the wettability between the alloy and the
ceramic substrates, the wetting of AggsIn,s alloy on
both oxides was investigated. The contact angles be-
tween the Ag,:In,s alloy melt and Al,O5 and ZrO, at
various temperatures are shown in Fig. 4. [t is obvious
from this figure that the contact angles of the molten
Ag—In alloy on Al,O4 and ZrO, show values higher
than 140° in the test-temperature range. No clear
temperature dependence of contact angle can be ob-
served in the molten Ag-In alloy/Al,O; and
Ag-In/ZrO, systems. After the experiments, the sol-
idified droplet of Ag—In alloy was completely separ-
ated from the substrate, thus indicating that there is
no chemical adhesion force between the molten alloy
and the ceramic substrates in this temperature range,
i.e. no chemical reaction took place in the interface of
the molten Ag-In alloy on both oxides, and only
physical adhesion existed between them.

The contact angle between the molten Ag-In alloy
and ZrO, was higher than that between the molten
Ag-In alloy and ALLOj; at various test temperatures;
the difference was about 3°-10°. This may be caused
mainly by a difference in the solid surface energy of
both oxides. The calculated values of the solid surface
energy of the oxides are: Al,O,, v, =905mJm™?
[18]; ZrO,, y, = 800 mJ m~2 [18] ; thus the surface
energy of Al,O, is higher than that of ZrO,.

3.2. Wettability of Agln-Ti/ZrO, system

The temperature dependence of the contact angle
between the Ag-In base alloy with titanium addition
and a ZrQ, substrate is shown in Fig. 5a. From this
figure it can be seen that a small titanium addition to
the Ag—In base alloy significantly promotes the wet-
ting of ZrO, by the molten alloy, and the contact
angle of the system is lowered with increasing temper-
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Figure 4 Dependence on temperature of the wettability of the
sintered oxides by AgesIn,s alloy: (o) alumina, (e) zirconia.
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Figure 5 (a) Dependence on temperature of the wettability by
Agln-Ti alloys of the sintered zirconia. Ti(at %) :(0)0.2,( ) 0.5,
(0) 1.0, (@) 2.8, (e)4.7.(b) Dependence of the contact angle between
the alloy melts and the sintered zirconia on titanium content, T (K):
(0) 950, (©) 1000, ( © ) 1050, (e) 1150.

ature. The contact angle of AgIn-0.2Ti/ZrO, de-
creased in the test-temperature range from 156° at
900 K to 1217 at 1150 K. With increasing titanium
addition, the wettability of the system became sensi-
tive to temperature in the 900-950 K range. For
example, at 0.5 at % Ti addition to the Ag-In base
alloy, the wettability obviously increased with increas-
ing temperature; the contact angle of the system was
rapidly lowered from 163° at 900 K to 87° at 950 K.

Examination of Fig. 5a reveals two distinct stages
in the variation of contact angle with temperature.
Stage 1 is the melting stage. On melting, the temper-
ature of the alloy samples was lower than 923 K under
the liquidus temperature, and thus there existed some
solid clusters in the molten samples. The activity of
titanium in the alloy samples was lower, and the
interfacial reaction between the molten alloy and
ZrO, was weak at this stage. Hence, the contact angle
of the AgIn-Ti/ZrO, system, other than the Agln-
4.7Ti alloy, was higher than 90° in the “no-wetting”
state. In stage 2, the contact angle was rapidly re-
duced. By the end of this stage, the droplet equilib-
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rated to a steady contact angle. From this figure it is
clear that the contact angle of the system, except for
the AgIn-0.2Ti alloy, is close to equilibrium over
1000 K.

Fig. 5b depicts the isotherms of the variation in
contact angle with titanium content in the alloy. The
contact angle of the system rapidly decreases with
increasing titanium addition in the low titanium con-
tent region ( < 1.0 at % Ti), and then the contact angle
decreases slowly with titanium addition. On the
1000 K isotherm, on increasing the titanium content
from 0 at % to 1.0 at %, the contact angle was lowered
from 155° to about 50°, and with further rise in
titanium content from 1.0 at % to 4.7 at % the contact
angle was lowered from about 50° to 26°.

3.3. Wettability of the AgIn-Ti/Al,O; system
The wetting of Al,O5 by the molten Agln-Ti alloys is
shown in Fig. 6a, which represents the variation in
contact angle with temperature. From this figure it is
obvious that a small titanium addition to the Ag-In
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Figure 6 (a) Dependence on temperature of the wettability by
Agln-Ti alloys of the sintered alumina. Ti (at %) : (o) 0.065, (©)
0.2,(0)047, (@) 1.1, (™) 2.2, (#) 4.9. (b) Dependence of the contact
angle between the alloy melts and the sintered alumina on titanium
content. T (K) : (o) 950, ( ©) 1000, (&) 1050, (e) 1150.
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base alloy can more significantly improve the wetting
of Al,O; by the molten alloy and the contact angle of
this system is more sensitive to temperature than is
that of the Agln-Ti/ZrO, system. The contact angle
of the Al,O, substrate with the alloy containing only
0.065 at % Ti in the 950-1150 K temperature range, is
lowered from 143° to about 93°. Similar to that of
Agln-Ti/ZrO,, the variation of the wetting with tem-
perature of this system also exists at two stages, i.e. the
melting stage and the rapidly reducing contact angle
stage.

Fig. 6a also indicates that when the titanium con-
tent in the alloy is higher than 1.1 at %, the contact
angle of this system decreases to less than 90° in the
stage 1 temperature region, and a “no-wetting” to
“wetting” transition takes place.

Fig. 6b depicts the isotherms of the variation of the
contact angle with titanium content in the alloy.
Similar to the Agin-Ti/ZrO, system, the contact angle
of the system rapidly falls with increasing tita-
nium content in the region where Ti < 1.0 at %. At
1000 K isotherm, the contact angle is reduced from
150° at 0 at % Ti to about 27° at 1.1 at % Ti, and then
when the titanium content is higher than 1.1 at %, the
contact angle changes slowly and reaches a minimum
value; thereafter the contact angle increases slowly
with titanium addition. This tendency has also been
observed in the molten Sn—Ti alloy/Al,O4 system [7].

From the above results, it is obvious that titanium is
an intensive reactive element of the interface between
the molten alloy and the oxides, and it can very
significantly improve the wetting of the molten alloy
on the oxides at mid-temperatures. However, a clear
difference exists in the wettability of the Agln-Ti alloy
on the alumina substrate and the zirconia substrate.
Comparing the test results for Agln-Ti/Al,O, with
those of AgIn-Ti/ZrO,, it is seen that the contact
angle of the AgIn-Ti/Al,O; system is lower than that
of the AgIn—Ti/ZrO, system at the same temperature
and titanium content, i.e. the wettability of the
AgIn-Ti/Al,O, system is better than that of the
AgIn-Ti/ZrO, system under the same experimental
conditions. This phenomenon is similar to that of the
wetting of pure aluminium on both oxides [12, 14].

This may be caused mainly by the difference in the
surface energy of both solid oxides and the interfacial
energy between them and the molten alloy. The differ-
ence in the surface energy between Al,O; and ZrO,
has been discussed in Section 3.1. The difference in the
interfacial energy between the solid oxides and the
molten alloy can be expounded by a contact thermo-
dynamic model between the solid and the liquid.
According to Warren’s simple two atomic layer inter-
face thermodynamic model [19], the interfacial energy
of the solid-liquid is in direct ratio with the melting
temperature of the solid. Because ZrO, possesses a
higher melting point than Al,QOs, the melting temper-
ature of ZrO, is 2950 K and that of Al,O, is 2290 K
[20], the interfacial energy of AgIn-Ti/ZrQ, is higher
than that of Agin-Ti/Al,O5, and thus the contact
angle of the Agln-Ti/ZrO, system is larger than that
of the AgIn-Ti/Al,O, system, in accordance with
Yong’s equation.



3.4. Interfacial reaction of the Agln-Ti alloy
with ZrO, and Al,O,

Some studies on the interaction phase formed between
the alloy containing titanium and the oxides have
been reported previously [1, 15, 21, 22], but some
differences exist in their results. For instance,
Naidich [1] reported that TiO formed in the contact
zone between Cu-Ti alloy and Al,O,, and Ti,0,
formed when Al,0; was reacted with Sn—Ti alloy or
Au-Ti alloy. Santella et al. [21] examined the ZrO,
reaction with Ag—Cu-Ti alloy, and found that the
reaction layer was TiO phase. Contrary to these res-
ults, after investigating the interaction layer of
Ag—Cu-Ti/Al,O,, Pak et al. [22] indicated that the
interaction layer consisted of Ti,O, and Naka et al.
[15] found that a series of Ti—-O compounds, TiO,,
formed in the interfacial zone between Ag—Cu-Ti and
alumina. From the previous studies, it can be con-
sidered that the various interaction phases formed
depend on the experimental conditions.

In present work, the interfacial reaction zones of
Agln-3.7Ti/Al,O; and AgIn-4.0Ti/ZrO, were exam-
ined using X-ray diffraction. The alloy samples also
produced in situ, as in Fig. 1, were heated to 1173 K at

5K min~?, and held at that temperature for about
30 min. The weight of the sample was about 0.5 g.
After the solidified droplet was mechanically separ-
ated from the oxide substrate, the surface of the
reaction layer on the substrate was analysed by XRD.

Fig. 7 shows the X-ray diffraction pattern of the
interfacial reaction layer between the AgIn-4.0Ti
alloy and the ZrO,. From this figure it can be seen
that the interfacial reaction phases consist of TiO and
Ti,0. The X-ray diffraction pattern of the reaction
layer of the Agln-3.7Ti alloy on Al,Oj is shown in
Fig. 8. From Fig. 8 it is noted that the interfacial
reaction phases are Ti0O,, TiO, and Ti,O. On com-
parison with previous works, the XRD results of the
interaction layer of the AgIn-Ti alloy with the
oxides are similar to those reported by Naka et al.
[15]. However, the interfacial reaction phases of
AgIn-Ti/Al,O; clearly differ from those of Agln—
Ti/Z1O,.

This phenomenon may be attributed to the differ-
ence between the thermodynamic reaction in the alloy
with alumina and in the alloy with zirconia. If it is
considered that the reaction phases are only TiO and
TiO,, for the Ti/Al,O; the chemical reaction is as
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Figure 7 XRD pattern from CuK, radiation for the interfacial reaction layer for Agln— 4.0Ti on the sintered zirconia. (o) Peaks belonging to
the alloy sample and oxide substrate. The other peaks belong to the reaction layer: () Ti,O (©) TiO.
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Figure 8 XRD pattern from CukK, radiation for the interfacial reaction layer for AgIn— 3.7Ti on the sintered alumina. (o) Peaks belonging to
the alloy sample and oxide substrate. The other peaks belong to reaction layer: (1) Ti, O, (©) TiO, (®) TiO,.
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follows

AG ; .
Ti 4340, 24T SAL L THO, (1)

AG ; .
2Ti + 2A1,0, —_AMT0 4 A1 4 2TiO )

and for the Ti/ZrO,

AG i .

Ti + ZrO, —_*~1% Zr + TiO, (3)
AG ;

OTi + ZrO, __2%"°  Zr + 2TiO (4)

At 1173 K their free energy change can be calculated
from the data given by Weast and Astle [20] :
AG a1 1i0, = 324 kecal mol™', AG, 10 = 12.6 kcal
mol ™!, AGy, 110, = 33.7 keal mol™*, AG, 1io = 13.8
kcal mol~!. According to the free energy changes, the
relation of the activity of titanium at interface with
that of the product of the various reactions at equilib-
rium, aluminium and zirconium, can be calculated as
follows:

for Reaction 1

ay = 2.97x 10 3(ag)>* (35)
for Reaction 2

ay = 1.73x10 " *(a)>"* (6)
for Reaction 3

a,, = 525107 7ay, (7)
for Reaction 4

az, = 2.68x 107 3(ay)? (8)

The activity coefficient of titanium in Ag—Cu-3.1 at %
Ti melt measured by Pak et al. is about 1.8 at 1000 °C,
and indium has no clear effect on it [22]. Hence, the
estimated value of 0.1 of the activity of titanium in the
molten Ag—In alloy containing about 4 at % Ti in the
test, is reasonable. By substituting the estimated value
of the activity of titanium into Equations 5-8, the
activity of the reaction products aluminium and zir-
conium in Reactions 1-4, can be obtained. Comparing
them with each other, and measuring the interaction
phase, TiO, which formed in Reaction 3, is very
difficult, because the activity of the zirconium product
is very low.

On the other hand, zirconia possesses a higher
melting point and larger chemical stability, so its
dissociation rate in the molten Agln-Ti alloy is lower
than that of alumina. Hence it can hinder more effect-
ively the penetration of titanium so that excessive
titanium may exist in the interface. The excessive
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titanium in the interface would result in the formation
of low-valence Ti—O compound.

4. Conclusion

The effects of titanium addition on the wettability of
alumina and zirconia by molten Ag—In alloy were
measured using the sessile drop method at temper-
atures between 873 and 1150 K. The results show that
small titanium additions can significantly improve the
wetting of the Ag—In base alloy on alumina and
zirconia. Furthermore, the contact angle in both sys-
tems indicates that the wettability of the Agln-
Ti/Al, O, system is better than that of the alloy with
the ZrQ, system. X-ray diffraction analysis shows
that the interaction phases of the alloy on alumina are
TiO,, TiO, and Ti, O, and on zirconia are TiO and
Ti, O. This result was explained from the reaction
thermodynamics viewpoint.
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