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Sn3.5Ag4Ti(Ce,Ga) active filler was used for joining alumina with alumina
and alumina with copper at 250�C in air. The joining process was done without
flux and without the need for pre-metallization of alumina or a protective
atmosphere. After mechanical activation of the bonding surfaces of alumina
and copper, the filler showed good wetting on both alumina and copper and led
to a strong bond between alumina and copper. Through tensile testing, a
bonding strength of 23.7 MPa was found in the alumina/copper joint region.
The shear strengths for alumina/alumina, copper/copper and alumina/copper
joints were 13.5, 14.3, and 10.2 MPa, respectively. The affinity of cerium for
oxygen protects titanium from oxidation, giving rise to the reaction of titanium
with alumina at such a low temperature. Electron probe microanalyzer
(EPMA) elemental mapping revealed that titanium segregates effectively at
the alumina/solder interfaces. After aging tests at 200�C and 150�C, a double
layer of Cu3Sn and Cu6Sn5 intermetallic compound was formed at the solder/
copper interfaces. With an increase of aging periods, the amount of brittle
compound in the joints increased and resulted in decreases in the shear
strengths of the alumina/copper joints.
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INTRODUCTION

Copper bonded to alumina substrate has been
proven an excellent solution for electrical isolation
and thermal management of high quality semicon-
ductor power devices.1 Hence, copper–alumina
bonding is becoming an important technique and
has found wide application in high-performance
microelectronic packaging. Owing to environmental
concerns, the use of Pb-containing solders will be
prohibited or reduced. Among the many Pb-free
solders, Sn3.5Ag has been regarded as a promising
candidate due to the merits of high strength, longer
thermal fatigue life, good creep resistance and low
cost.2 Although binary Sn3.5Ag alloy shows a sat-
isfactory wettability and solderability with many
metallic substrates, it cannot be used for the bond-
ing of ceramic materials without pre-metallization.
In the conventional joining of ceramics, the nickel-

plated ceramic is brazed after it has been metallized
by the molybdenum–manganese method. The active
brazing method of ceramic joints is simpler than the
molybdenum–manganese methods.3–5 The molyb-
denum–manganese process metallizes the ceramic
surfaces by coating it with a mixture of molybde-
num and manganese powder, followed by a sinter-
ing treatment at high temperature. It has been
shown that the addition of active elements in filler
metals can effectively improve their wettability on
the surface of a ceramic by reducing the liquid/solid
surface free energy and formation of the subsequent
chemical reactions at the solder/ceramic inter-
faces.6,7 A commercialized Sn10Ag4Ti solder was
developed for this purpose.8 With this active solder,
sound joints have been obtained for Al2O3, SiC and
ZrO2 ceramics.9,10 However, the required bonding
temperature was up to 900�C in spite of the low
melting point of Sn10Ag4Ti (221–300�C). Also, the
bonding process must be conducted in an argon or
vacuum atmosphere to prevent the oxidation of the
active solder.11 Recently, a trace amount of rare-
earth elements (Ce or La) has been added, along
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with the active element Ti, into the Sn3.5Ag solder,
and the resulting solder can successfully join non-
wetting materials at low temperature in air. It has
been reported that the addition of rare-earth ele-
ments to the active solder can remove oxides at the
reaction interfaces of the work pieces during join-
ing, thus eliminating the need for the protective
atmosphere otherwise required for the soldering
process.11,12 In this work, the interfacial reactions
and the resultant solderability of alumina/alumina
and alumina/copper joints are investigated. The
effect of thermal aging duration on joint reliability
was studied by measurement of the joint shear
strength.

EXPERIMENTAL

The active solder Sn3.5Ag4Ti(Ce,Ga) used in this
study was supplied by Euromat Co., Heinsberg,
Germany, with a chemical composition (wt.%) of
Sn3.55Ag4.07Ti0.12Ce0.14Ga as analyzed. The
ultimate tensile stress of the solder at room tem-
perature was determined at a strain rate of 10-3 s-1.
Figure 1 shows the dimensions of the tensile test
specimens. The melting range (liquidus and solidus)
of the active filler Sn3.5Ag4Ti(Ce,Ga) was between
218�C and 229�C, as determined with differential
scanning calorimetry (DSC) at a heating rate of
10�C/min under an argon atmosphere in a prior
study.13 The bulk alumina ceramic was fabricated
by pressure casting and sintered at 1,600�C for 2 h
after 24 h drying at 60�C. The metal for joining used
in this study was commercial pure copper. The

geometry and dimensions of the two types of the
soldered specimens subjected to tensile and shear
testing are demonstrated in Figs. 2a and 3a,
respectively. The bond surfaces of the specimens
were wet ground with SiC paper down to
grade 1200. Prior to soldering, the alumina speci-
mens were preheated on a heating plate at 250�C for
5 min. The active solder was then placed on the
bond surfaces. The molten solder was agitated for
30 s for wetting on the bond surfaces, and then a
copper or alumina specimen was placed on the
molten solder to be joined with an alumina speci-
men by being rubbed together for 30 s. The joints
were held firmly in place and cooled, leading to the
solidification of the molten solder. The bonding
strengths were measured via tensile and shear
testing, as shown in Figs. 2b and 3b, respectively.
The effect of thermal aging on joint reliability was
studied at 150�C for different periods. After aging
tests, the bonding strengths were measured by
shear testing. Fractured surfaces were character-
ized using scanning electron microscopy (SEM)
coupled to energy dispersion X-ray (EDX). A set of
bonded specimens was cut into cross-sections. The
microstructures were analyzed by an electron probe
microanalyzer (EPMA) to ascertain the bonding
mechanism and related interfacial reactions.

RESULTS AND DISCUSSION

The microstructure of the Sn3.5Ag4Ti(Ce,Ga)
solder observed by SEM is shown in Fig. 4. A large
number of coarse clusters is seen embedded in the
solder matrix. These particles reveal a two-phase
structure. The chemical composition of the phase in
the middle of the coarse clusters (black) was iden-
tified by EPMA as Ti:Sn = 54.4:44.5 (at.%), which
corresponds to the Ti6Sn5 phase. The EPMA anal-
yses indicated that the surrounding phase (gray) in
Ti:Sn = 38.40:61.6 (at.%), which corresponds to the
Ti2Sn3 phase. The solder had both large plate-type
and small particle type Ag3Sn, as shown in Fig. 4
(seen in white). After two tensile tests, the
Sn3.5Ag4Ti(Ce,Ga) solder was found to have an
average ultimate tensile stress of 57.3 MPa.

The scanning electron microscopy micrograph of
the bonding interfaces of alumina/alumina and
alumina/copper joints using the Sn3.5Ag4Ti(Ce,Ga)
solder at 250�C is shown in Fig. 5. That demon-
strates a good wettability of the filler metal on the
alumina as well as on the copper. It is somewhat
difficult to identify the reaction phases of the
interface between alumina and solder using only
SEM and EDX. EPMA elemental mapping of the
alumina/alumina joint (Fig. 6), bonded with
Sn3.5Ag4Ti(Ce,Ga) active solder, indicates the seg-
regation of Ti at the alumina/solder interface, as
shown in Fig. 6b. Similar enrichment was also
observed in prior studies of indium tin oxide (ITO)
joints.13,14 The trace amount of cerium segregates
slightly at the interface (Fig. 6c). Owing to the high

Fig. 1. Schematic representation of the geometry of tensile speci-
mens.
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affinity of cerium for oxygen, the cerium diffuses to
the alumina and reacts with it. Moreover, cerium in
the solder can protect titanium from oxidation.
Thus, the activity of titanium was enhanced, thus
promoting the reaction of titanium with alumina.

Figure 7 shows that copper dissolves irregularly
to form a scallop-shaped intermetallic compound at
the solder/copper interface of the alumina/copper
joints. The EPMA analyses indicated that the
composition of these scallop-shaped intermetallics
was Cu:Sn = 53.6:46.4, which corresponds to the
g-Cu6Sn5 phase. Through tensile testing, a higher
bonding strength of 23.7 MPa was found in the
alumina/copper joints region. Figure 8 indicates
that the fractured surface of the copper specimen
was covered with some alumina particles. It is
obvious that the alumina/copper joint fractured at
the alumina/solder interface.

The shear strengths of alumina/alumina, copper/
copper, and alumina/copper joints using the
Sn3.5Ag4Ti(Ce,Ga) solder are given in Fig. 9. The
alumina/copper joint possessed a shear strength of
10.2 MPa, which is considerably lower than those
for the copper/copper and alumina/alumina joints of
similar materials. The thermal expansion coefficients

Fig. 4. Microstructure of the Sn3.5Ag4Ti(Ce,Ga) active solder filler.

Fig. 2. Schematic representation of the soldered specimens ready for tensile testing in this study.

Fig. 3. Schematic representation of the soldered specimens ready for shear testing in this study.
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are about 5 · 10-6, 17 · 10-6 and 19 · 10-6 1/�C for
alumina, copper and Sn3.5Ag4Ti(Ce,Ga) solder,
respectively.15,16 The residual stresses generated
from the thermal mismatch for the alumina/alu-
mina or alumina/copper joints were larger than

those for the copper/copper joint. Hence, the lower
shear strength of alumina to alumina as well as
alumina to copper joints could be attributed to the
residual stress caused by the large thermal expan-
sion mismatch between solder and alumina. Frac-
tography of the specimens after shear tests revealed
that the soldered copper/copper joint fractured
along the Cu6Sn5 intermetallic layer.

Figure 10 shows the back-scattered electron
images of the interface of the alumina/copper joints
after thermal aging testing at 200�C for 24 h. A
double layer of intermetallic compounds was found
at the solder/copper interfaces. The EPMA analyses
indicated that the composition of the out layer was
Cu:Sn = 54.8:45.2, corresponding to an intermetal-
lic compound Cu6Sn5 phase. The internal layer
achieved a composition of Cu:Sn = 74.6:25.4, which
corresponded to a Cu3Sn phase. The thickness of the
intermetallic compounds increased as aging time
increased. The shear strengths of alumina/copper

Fig. 7. SEM micrographs of copper/solder interfacial microstructure.

Fig. 6. Micrograph and EPMA analyses of the alumina/alumina joint bonded with Sn3.5Ag4Ti(Ce,Ga) active solder. (a) The interfacial micro-
structure; (b) and (c) elemental mappings of Ti and Ce, respectively.

Fig. 5. SEM micrographs of alumina/alumina (a) and alumina/copper (b) interfacial microstructure bonded with Sn3.5Ag4Ti(Ce,Ga) active
solder.
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joints after aging testing at 150�C are shown in
Fig. 11. The results indicate that joint strength
decreased as aging time increased. The cross-
sectional SEM micrograph of the alumina/copper
joints after aging testing at 150�C for 100 h is given
in Fig. 12. The micrograph clearly indicates that the

solder is consumed and that quantities of interme-
tallic compounds are formed. It is argued that the
presence of the brittle intermetallic compound
resulted in the decrease in shear strength.

CONCLUSION

A fluxless low temperature bonding technique
was developed to join alumina/alumina and

Fig. 9. Shear strengths of copper/copper, alumina/alumina and
alumina/copper joints bonded with Sn3.5Ag4Ti(Ce,Ga) active solder.

Fig. 10. Micrographs of alumina/copper interfacial microstructure
after aging test at 200�C for 24 h.

Fig. 11. Shear strengths of alumina/copper joints bonded with
Sn3.5Ag4Ti(Ce,Ga) active solder after aging testing.

Fig. 12. Micrograph of the alumina/copper joint bonded with
Sn3.5Ag4Ti(Ce,Ga) active solder after aging test at 150�C for 100 h.

Fig. 8. Fractographs of alumina/copper joint with Sn3.5Ag4Ti(Ce,Ga) active solder after tensile testing. (a) The copper specimen side; (b) the
alumina specimen side.
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alumina/copper. The high affinity of cerium for
oxygen caused the reaction of cerium with oxygen in
solder and alumina. The cerium in the solder is
believed to lower the energy of interfacial reaction
that promotes the reaction of active element Ti with
alumina at a low bonding temperature (250�C).
Hence, EPMA elemental mapping revealed a strong
tendency of Ti and a slight disposition of cerium to
segregate at the alumina/solder interface. During
soldering, copper was found to dissolve into
Sn3.5Ag4Ti(Ce,Ga) solder to form scallop-shaped
Cu6Sn5 intermetallic compounds. For the active
solder, its Sn content tended to react with copper to
form a double layer of intermetallic compounds of
Cu6Sn5 and Cu3Sn during aging testing. The
bonding strengths of copper/copper, alumina/alu-
mina and alumina/copper joints as measured by
shear testing were 14.3, 13.5, and 10.2 MPa,
respectively. The lower shear strength of the alu-
mina to copper joint could be attributed to the
residual stress caused by the large thermal expan-
sion mismatch. Aging tests at 150�C caused the
formation of quantities of brittle intermetallic com-
pounds (Cu6Sn5 and Cu3Sn) and reduced the bond-
ing strengths of the alumina/copper joints.
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