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Joining of sialon ceramics by Sn-5 at % Ti based
ternary active solders
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72 Wenhua Road, Shenyang 110015, Peoples Republic of China

The effect of a third element, such as silver, copper, indium, nickel or aluminium, on the
joining of sialon ceramics with tin-5 at % titanium based ternary active solders was
investigated. The content of the third element in the Sn-based solders was varied from
5-40% for Cu, from 5-10% for Ag and Al from 5-20% for In and from 1-5% for Ni. The joining
was carried out in vacuum at 1100 K for 20 min. The four point bend testing of a butt joint
of a ceramic/ceramic structure with dimensions 40 mm long, 3 mm wide and 4 mm high was
used to study the bond strength between the ceramic and the Sn-based solders. The results
show that the bond strength of the Sn-based solder with the sialon ceramic varied from
54-103 MPa. Small additions of Cu or Ag (about 5-10%), In (about 5-10%), or Ni (about
1-3%) to the solder is beneficial, but too much Ni (more than 5%) or In (more than 10%) is
detrimental. On the other hand, Al in the active solder considerably decreased the bond
strength of the solders with the ceramic. Suggestions are made for the selection of the third
element in order to improve the bond strength of the soft solders with the ceramic. These

include a high surface energy, improving the wetting of the solder on the ceramic and

strengthening of the solder.

1. Introduction

In the design of an active braze for joining ceramics to
metals, there are three criteria [ 1], namely, excellent
wettability, a strong interfacial bond with the ceramic
and a good ductility of the solder, that must be satis-
fied in order to obtain a strong ceramic/metal joint.
The last criteria, a high degree of ductility for a braz-
ing filler metal, is of extreme importance for relaxing
the interfacial stress in the ceramic/metal joint caused
by the mismatch of thermal expansion between the
ceramic and the metal. Klomp [2] suggested that in
order to avoid harmful thermal stresses, a hard and
brittle brazing filler metal cannot be used, therefore,
a sufficiently ductile brazing filler metal is necessary.
In fact, it is impossible to directly braze a ceramic and
a metal unless the braze has enough ductility. For
example, since a high residual stress develops during
cooling from the brazing temperature [ 3, 4], the join-
ing of a ceramic and steel by Ni-based brazes without
an interlayer is unsuccessful. This is in spite of a strong
bond between the brazes and the ceramic. This is the
basic reason why Ag-based active brazes [5-14] and
Al-based brazes [15, 16], both with relative low yield
strength and good ductility, have been rapidly
developed.

The recent development of Sn-based active solders
[1, 17-20] has enabled the production of metal—ce-
ramic joints with little, or no residual stress. In com-
parison to Ni and Cu-based brazes, Sn has a very low
melting point, (505 K) and the solder does not transfer
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stress until it is completely solidified. While Sn has
a low yield strength, most of the residual stress, will
still be relaxed by yielding of the solder.

Although the operating temperature of a ce-
ramic—metal joint with low melting point Sn solder
will be decreased, it is still useful for relatively low
temperature applications such as electrical lead-
throughs. The use of a low melting point solder with
its low residual stress values raises the possibility
of producing large ceramic/ceramic or ceramic/
metal joints that do not require the use of an inter-
layer.

In earlier papers [19,20], it was reported that
Sn—Ti based ternary active solders have a good wetta-
bility on sialon ceramics at 1100 K. Also the wettabil-
ity could be further improved by the addition of
a third element such as Cu or Ni. Good wettability is
the basic criterion that must be satisfied by an active
solder, but it is not the only one. Changes in interfacial
chemistry by the addition of the third element will
influence not only the wetting behaviour but also the
interfacial bond strength between the active solder
and the ceramic [21]. In spite of the importance of the
problem of this bond strength to the development of
a practical active solder, little effort appears to be
currently invested in understanding this effect. This
paper reports work that is focused on the effect of
a third element in the Sn-based solders on the inter-
facial bond strength with a ceramic with the objective
of obtaining a new active solder.
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2. Experimental

The sintered sialon ceramic was supplied by the
Shanghai Institute of Ceramics, Academia Sinica, in
the form of bars 3 mm wide, 4 mm high and 20 mm
long. The ceramic, with a density of 3.44 gmm > and
a coefficient of thermal expansion of 3.2x 107 ¢ K ™!
was made by sintering active Si3;N, powders with AIN
and Y,O; additives at 2073-2123 K for 2 h in nitro-
gen. The flexural strength of the ceramic bars was
about 400 MPa. Full details of the procedure are
reported in reference [22].

The Sn-based active solder, Sn—5at % Ti which has
been recently developed, was used as the base alloy in
this work. The Ti content in the Sn based active solder
remained the same in the ternary Sn-based alloy in
order to isolate the effect of the third element. Earlier
investigations revealed that most of the Sn based ter-
nary active solders wet the ceramic very well at
1100 K, whilst below this temperature the wettability
varies considerably with the added third element.
Therefore, in the present work, the joining was carried
out at 1100 K for 20 min.

Five metals (Ag, Cu, Ni, In and Al) were chosen as
the additives in Sn—5 % Ti (at %, is used throughout
this paper) solder to improve the bond strength of the
solders with the ceramic. The added amounts varied
from 5-40% for Cu, from 5-10% for Ag and Al from
5-20% for In and from 1-5% for Ni. The intermetal-
lic alloys X-5at% Ti (where X is copper, silver,
nickel, indium or aluminium) were prepared as the
source material for the third element in the solder. The
Sn-based active solder was prepared by tungsten arc
melting in a protective pure Ar atmosphere, multi-
remelting was used to ensure the chemical uniformity
of the Sn based solders. The weight loss of the solders
during the arc melting was less than 1%. The solders
were cold-rolled into a 0.15 mm thick strip, and cut
into appropriate sizes for soldering. During the cold
rolling, the ductility of the Sn-based solder with high
concentrations of Cu (30% or more) was relatively
poor. In the cold-rolled product, there were several
cracks in the solder strip perpendicular to the rolled
direction. Other Sn-based active solders had good
ductility allowing them to be cold-rolled to the final
thickness. Further details of the solders preparation
route is reported in reference [1].

The facing surface of the bars was mechanically
polished with diamond paste before soldering, and the
surfaces of the Sn-based solders were polished with
emery paper (No. 500). Then both the ceramic mater-
ial and the active solder foils were carefully cleaned in
acetone before soldering. The assemblage of the joint,
consisting of two ceramic bars with a sheet of active
solder, was fixed in an iron jig to ensure the align-
ment of the joint. The assemblage of the ceramic/
ceramic joint was heated in a cold-wall type vacuum
brazing furnace to 1100 K at a vacuum of less than
8 mPa and held there for 20 min, then the furnace was
cooled to room temperature.

The flexural strength of the joints was measured by
a four point bend test in air at room temperature. The
span between the two base support points was 27 mm,
and the span between both the upper support points
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of the cross head was 18 mm. A cross head speed of
0.2 mm min~! was used. The details of the soldering
procedures and the strength measurement have been
reported in reference [1].

3. Results

3.1. Bond strength

The Sn-based active solders, except in a few cases, wet
the ceramic and form fillets very well. The thickness of
the soldering seam of the joints was held constant at
about 0.1 mm. The fracture surfaces of all the joints
joined by the Sn-based solders were along the sol-
der/ceramic interface. A layer of residual solder which
was torn out in several pieces remained attached to
the fracture surfaces of the joint as is shown in Fig. 1.
Similar fracture surfaces were observed in all cases in
the present work, which is contrary to the observed
behaviour of Ag-based active brazes [11].

Fig. 2 shows the bond strength of the Sn—5Ti—Cu
ternary active solders with the sialon ceramic. The
addition of 0-20% Cu to the Sn—5Ti solder improved
the bond strength between the solder and the ceramic,
from 78 MPa for Sn—5Ti to 103 MPa for Sn—5Ti—
20Cu. However, the strength changed little with the
increase of Cu content. If the Cu addition was more
than 30%, the plasticity of the Sn-based ternary solder
was itself low, as has been mentioned above and

Figure I The micrograph of the fracture of Sn—5Ti—1Ni soldering
at 1100 K for 20 min, this is a pair of the fracture surfaces, in which
the metal solders were peeled off the ceramic surface.
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Figure 2 The bond strength of Sn—5Ti—Cu active solders with the
sialon ceramic.
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Figure 3 The bond strength of Sn—5Ti—Ag active solders with the
sialon ceramic.
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Figure 4 The bond strength of Sn—5Ti-In active solders with the
sialon ceramic.

several cold-rolling cracks were present in the active
solder sheets.

Fig. 3 shows the bond strength of the Sn—5Ti—-Ag
active solders with the sialon ceramic. As for Cu, small
additions of about 5% Ag in the solder is beneficial to
the bond strength, which increased from 78 MPa for
Sn—5Ti to 98 MPa for Sn—5Ti—5Ag. After this concen-
tration the bond strength was relatively constant with
increasing Ag content. The joints employing the
Sn—5Ti—Ag ternary active solders ruptured along the
solder/ceramic interface, similar to the behaviour of
the Sn—5Ti—Cu solder. However, the addition of too
much Ag (40%) in the solders was detrimental to the
fluidity of the Sn—5Ti—Ag ternary solder in wetting
experiments [20]. We observed the appearance of
a spreading droplet on the ceramic in a typical “straw
hat” configuration, and that a layer of grey film existed
on the top of the hat. Based on these results, it is
suggested that a 5% addition of Ag should be suitable
in the solder.

Fig. 4 shows the bond strength of the Sn—5Ti—In
active solders with the sialon ceramic. Small additions
of In were slightly beneficial to the bond strength.
However, Indium additions in large concentrations
is detrimental to the bond strength. For example,
the joint strength decreased from 90 MPa for
Sn-5Ti-10In to only 55MPa for Sn-5Ti-20 In.
Fig. 5 is a set of micrographs of the fracture surface of
the joints prepared at 1100 K for 20 min. A tear band

Figure 5 The microstructure of fracture observed by SEM (a) the
panorama of the fracture surface (b) the microstructure of the
solder peeled off the ceramic.
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Figure 6 The bond strength of Sn—5Ti—Ni active solders with the
sialon ceramic.

with low strength existed on the fracture surfaces. This
suggests that greater additions of In decrease the
strength of the solder itself, which may be caused by
the formation of a low strength phase because of
a non-equilibrium solidification. Moreover, when the
addition of In in the solders is greater than 30%,
similar to the behaviour of Ag in the solder, the fluid-
ity of the Sn—5Ti—In ternary solder is very poor [19].

Fig. 6 shows the bond strength of the Sn—5Ti—Ni
active solders with the sialon ceramic. Small additions
of Ni (about 1%) were slightly beneficial to the joint
strength. The addition of more Ni (about 3-5%) in the
solder caused the bond strength to reduce slightly.
However, when the Ni content was more than 5%, for
example a Sn—5Ti—10Ni solder, the bond strength of
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the active solder with the sialon ceramic was too low
to obtain an acceptable strength. Based on early ob-
servations as reported in references [1, 19, 20], the
solder has in fact not completely melted because of the
formation of a Sn—Ni compound with a high melting
point.

Fig. 7 is a set of micrographs of the fracture of
soldered joints using Sn—5Ti—5Ni. Obviously, a typi-
cal intergranular fracture is present, this implies that
a grain-segregation may exist. A little Ni (1-3%) is
beneficial to the wetting of the Sn based solder [1, 20]
which results from enhanced formation of a wetting
precursor film [19]. It is suggested that 1% Ni addi-
tion to the Sn based solder should be sufficient.
Greater amounts of Ni in the solder may be detriment-
al to the bonding.

Figure 7 The microstructure of the fracture observed by SEM,
typical intergranular fracture. (a) The panorama of the fracture
surface, a part of the solder is stuck on the other fracture surface,
(b) the intergranular fracture in the solder, corresponds to area
marked A in Fig. 7(a), (c) the surface of the ceramic where the solder
peeled off, corresponds to area marked B in Fig. 7(a), in which there
were many traces of solders with very small sizes.
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On the other hand, the addition of Al in the solder is
harmful to the bond strength of the solder with the
ceramic. When the Al content in the solder was 5%,
the bond strength of the active solder decreased from
78 MPa to only 54 MPa, about half the value of the
Sn—-Ti—Cu ternary solders. It was observed that the
solder wetted the ceramic poorly, and after rupture of
the joint, a trace metal with a weak yellow colour
existed on the fracture face. Moreover, the bond
strength rapidly decreased to zero when the Al content
in the solder increased to 10%. Hence Al is very
harmful to the Sn based solders and it should be
avoided in the solder preparation.

3.2. Microstructure

In order to observe the microstructure of the solders
after wetting and reaction with the ceramic, an ingot
weighing about 50 mg of the Sn based solder was put
on the sialon ceramic and subjected to heat treatment.
This consisted of being heated in vacuum to 1100 K
and held for 20 min followed by furnace cooling to
room temperature. The specimen was sectioned by
a diamond saw, then carefully polished on a glass
plate with fine diamond paste. In order to avoid the
formation of a corrosion channel at the solder/ceramic
interface, the metallographic section was not etched
with a chemical etchant. Hence the image is slightly
fuzzy. In spite of this, combined with the result from
the X-ray maps, the images are still informative.

Fig. 8a is the microstructure of the Sn—5Ti—5Cu
active solder after wetting on a sialon ceramic, as seen
in the scanning electron microscope. Fig. 8(b—d) is
a set of X-ray maps for Ti, Cu and Sn, respectively.
The microstructure is composed of the pure Sn mat-
rix and second phases which are interspersed in the
matrix. The X-ray maps reveal that the second phases
are Sn—Ti and Sn—Cu compounds, and that there is no
Cu segregation at the interface. Instead, the Cu in the
solder can form a Cu—Sn binary compound. A segre-
gation layer of Ti is present at the metal/ceramic
interface. This is similar to the behaviour observed for
most active brazes wetting a ceramic.

Similarly, Fig.9a is the microstructure of the
Sn—5Ti—-5Ag active solder after wetting a sialon ce-
ramic, while Fig. 9(b—d) is a set of X-ray maps for Ti,
Ag and Sn, respectively. The microstructure is com-
posed of three parts, there is the pure Sn matrix, with
a few blocks and many small particles dispersed in the
Sn matrix. The X-ray maps reveal that the block
observed in Fig. 9a is a Sn—Ti compound, whereas the
small particles are Ag—Sn compounds, which uniform-
ly distribute in the solder matrix. As in the case of Cu,
a segregation layer of Ti is present at the metal/ce-
ramic interface, whilst a Ag segregation layer is not
observed at the interface.

Thus, there are some similarities in the general
features of the microstructure for the Sn-based active
solders. In both cases, the matrix is pure Sn, some Ti in
the solder segregates at the interface, and the remain-
ing Ti forms a Sn—Ti compound with a block appear-
ance. The third element in the solder forms small
Sn—X binary compounds dispersed in the matrix



Figure 8 The microstructure and the X-ray map of the Sn—5Ti—5Cu solder wetting on the sialon ceramic at 1100 K for 20 min (without
etching). (a) Microstructure, (b) Ti X-ray map, (¢) Cu X-ray map, (d) Sn X-ray map.

when its concentration level is small. However, as
a comparison, the segregation layer of Ti is relatively
thin and discontinuous in the case of the addition of
Ag to the solder.

4. Discussion

In a chain-linked system of ceramic—solder—ceramic,
the joint strength is only dependent on the weakest
link in the series [23]. Because the strength of the
solder itself is much less than that of the ceramic, the
weakest link should be the solder/ceramic interface or
the solder itself. Since all joints tested in the present
work ruptured along the solder/ceramic interface, the
interface strength is regarded as the weakest link in the
system. As a comparison, it was observed that a thick
layer of the solder had stuck on the fracture face after
soldering with Sn—Hf or Sn-V active solders [1],
which corresponded to a higher joint strength.

For the case of no residual stress, the interfacial
bond strength of the solder—ceramic is related to
the work of adhesion between the metal and ceramic.
For an inactive solid—liquid interface, the work of
interfacial adhesion can be estimated from the
Young—Dupré equation [24, 25]

W, = o,(1 + cos9) (1)

where W, is the work of interfacial adhesion between
liquid and solid, ), is the surface energy of the liquid
and 0 is the contact angle of the liquid on the solid.
Although the relation is deduced from liquid—solid
interfacial equilibrium, it is regarded as applicable to
a solid—solid interfacial system. Nicholas showed [26]
that there is a linear relationship between the bond
strength of metal/ceramic interfaces and the value of
the work of interfacial adhesion in the systems
Al,03-Ag, Al,O3;—Cu, Al,03-Ni and Al,Oz—Fe. In
fact, both the interfacial bond strength and the work
of interfacial adhesion reflect directly the interaction
between the metal and the ceramic. In general, the
addition of a high surface energy element will cause an
increase of surface energy of the alloy. Although exact
data on the surface energies in Sn—5Ti solders with
a third element addition is still lacking, it can be
predicted that the surface energies of the Sn-based
solders with additions of Ag, Cu or Ni will tend to
increase due to the higher surface energy of the ele-
ments. Also, in the case of chemical wetting in active
solder/ceramic systems, the small addition of the third
element, such as Cu, is beneficial to the wettability of
the Sn based solder on the ceramic as reported in
references [19, 20]. The contact angle decreases with
the small additions of the elements in certain condi-
tions. Based on the two effects, therefore, the work of
adhesion at the interface tends to be increased by the
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Figure 9 The microstructure and the X-ray map of the Sn—-5Ti-5Ag solder wetting on the sialon ceramic at 1100 K for 20 min (without
etching). (a) Microstructure, (b) Ti X-ray map, (¢) Ag X-ray map, (d) Sn X-ray map.

addition of the third element. This results in the in-
crease in bond strength between the active solder and
ceramic. Based on the same reasoning, because Al in
the Sn-based active solders can strongly decrease the
wettability of the solders on the ceramic [20], the
bond strength between the sialon ceramic and the
Sn—5Ti—Al ternary active solders was very poor.

On the other hand, the strength of pure Sn is only
13MPa [27], which is far less than the strength of the
joints (about 80—100 M Pa) soldered with the Sn-based
active solders. Although the soft soldering seam may
be strengthened by the constraint of the hard ceramic
on both sides and alloying with other elements, the
large difference in strength implies that it is quite
possible, that the fracture of the joint can partly take
place in the soft solder. Hence it is helpful to
strengthen the Sn-based solder itself in order to in-
crease the joint strength. From this view point, the
small additions of Ag or Cu are beneficial. Based on
the binary phase diagram of Sn—Ag and Sn—Cu [28],
Ag or Cushow only a small solubility in Sn, in fact, the
element forms many small second phase particles with
Sn, such as the intermetallic compound Ag;Sn
(melting point 753 K) or Cu;Sn, (melting point
688 K), which are dispersed in the solder matrix. This
resulted in the increase of the strength of the solder
alloy. On the other hand, based on the binary phase
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diagram of Sn—In [28], there is a d-solid-solution zone
of Sn if the In content is less than about 7% at room
temperature, and an intermetallic compound of 1-
phase if the In content is about 9% at 476 K or from
15-22% at room temperature. When the In content is
more than about 22% and less than about 60%, there
is a eutectic reaction at 388 K to form the intermetallic
compounds of the t and  phase, the last one having
a very low melting point. As a result, when the In
content is less than about 10%, the strength of the
Sn—In alloy would be increased by the effects of the
solid-solution and the intermetallic compound with
a relatively high melting point. However, when the
In content is more than 10%, the intermetallic
compound of the B-phase with a low melting point
should form because of a non-equilibrium solidifica-
tion. The strength of the intermetallic compound with
more than 60% In may be very low, which will tend to
decrease the alloy strength. This is the reason why the
joint strength drops rapidly at 20% In content in the
experiments.

As has been mentioned previously, it is suggested
that, when the third element is selected to add into
a soft active solder for improving the interfacial bond
strength between the solder and the ceramic, the fol-
lowing three selection criteria should be observed;
(1) a high surface energy, in general, corresponding to



a metal whose melting point is higher than that of the
matrix metal; (2) an improved wettability of the solder
on the ceramic and (3) strengthening the solder alloy
itself.

5. Conclusions

The bond strength of the Sn based ternary active
solders, Sn—5Ti with various contents of Ag, Cu, In,
Ni, or Al, with sialon ceramic has been reported. The
main results are:

(1) The bond strength of Sn—5Ti solder with the
sialon ceramic after soldering at 1100 K for 20 min is
about 80 MPa, it can be increased to 90—-100 MPa by
small additions of Ag or Cu (about 5-10%)).

(2) Small concentrations of Ni (about 1-3%) in the
solder is slightly beneficial to the bond strength, how-
ever beyond about 5% it becomes harmful.

(3) Small additions of In (less than 10%) are benefi-
cial to the bond strength, but too much In strongly
decreases the bond strength.

(4) Small additions of Al in the active solder are
harmful to the bond strength of the Sn-based solders,
which is decreased from 78 MPa for Sn—5Ti to only
54 MPa for Sn—5Ti—5Al.

We have suggested that in order to increase the
bond strength of the soft solders with the ceramic then
the solder should have a high surface energy, excel-
lent wetting characteristics and show good strength
properties.
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