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Au�Sn based candidate alloys have been proposed as a substitute for high-lead content solders that are
currently being used for high-temperature soldering. The changes in microstructure and microhardness
associated with the alloying of Ag and Cu to the Au rich side as well to the Sn rich side of the Au�Sn binary
system were explored in this work. Furthermore, the effects of thermal aging on the microstructure and
microhardness of these promising Au�Sn based ternary alloys were investigated. For this purpose, the
candidate alloys were aged at a lower temperature, 150 �C for up to 1 week and compared with aging
at 200 �C for respective durations. It was determined in this work that the candidate alloys on the Sn rich
side were relatively more stable, i.e. only the aging temperature had a substantial impact on the micro-
structure and not the aging duration. The candidate alloys aged at 200 �C were substantially softer on the
Au rich side than the candidate alloys on the Sn rich side. However, the difference in hardness narrowed
down considerably between the candidate alloys on the Au rich side and the Sn rich side when subjected
to aging at 150 �C.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

High-temperature soldering is a key technology for electronic
components and assemblies and requires a high level of process
control. This technology can provide value-added characteristics
to the products including excellent heat conductivity, high reliabil-
ity and also facilitate the drive for miniaturization [1]. High-lead
containing solders have been commonly used as high-temperature
solders. The main applications for high-temperature solders within
the electronics industry are for advanced packaging technologies.
Advanced packaging technology is required because electronic de-
vices are operating faster and becoming smaller, lighter and more
functional. As a result many advanced packaging technologies
employing high-temperature solders such as ball grid array (BGA),
�ip-chip technology, chip-scale package (CSP) and multi-chip mod-
ule (MCM) have been developed [2]. The development of high-tem-
perature lead-free solders has become an important issue now
because of the health and environmental concerns associated with
lead usage. Unfortunately, limited choices are available as high-
temperature lead-free solders [3].

The solder design for high-temperature applications needs to
consider the proper regime of melting temperature because the sol-
dered parts have to sustain with no melting until it passes the last
step of the assembling process. Therefore, the melting temperature
ll rights reserved.
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range (270�350 �C) has been de�ned by the industries in order to
ensure ef�cient process control [4]. Modifying the Sn based solders
towards higher temperatures by alloying with inexpensive metals,
in order to achieve the required melting range remained unsuccess-
ful till present. Thus, for soft solder alloys in the high-temperature
regime, a suitable alternative to the high-lead containing alloys
covering the whole spectrum of properties is still to be developed
[5].

Au�20 wt.% Sn, which corresponds to the Au rich eutectic com-
position with a melting point of 280 �C, directly �ts to the require-
ment. Au�20 wt.% Sn is an example of a hard solder, which is
commonly used for opto-electronic packaging. It is brittle since it
involves the f0 (Au5Sn) hard phase. Phase-equilibria calculations
show that the addition of small amounts of either Ag or Cu to
the Au�Sn eutectic would suppress the precipitation of f0 (Au5Sn)
and instead precipitate relatively ductile phases. Thus, small addi-
tions of Ag/Cu to the Au�Sn eutectic would transform this hard sol-
der to soft solder alloys [6]. Phase-equilibria calculations also show
that the required solidi�cation criterion could also be achieved on
the Sn rich side of the Au�Sn�Ag/Au�Sn�Cu system. The region
with high Sn content and still adhering to the required solidi�ca-
tion criterion is of commercial interest since it involves less gold
[7]. Thus, the effect of Ag/Cu on Au�Sn eutectic as well as on the
Sn rich side with respect to microstructure and its corresponding
mechanical properties has been investigated in this work.

The operating temperature that the high-temperature solders
are being exposed to varies between 150 �C and 200 �C depending

http://dx.doi.org/10.1016/j.matdes.2010.05.035
mailto:vchi@mek.dtu.dk
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on the applications [3]. At high-temperatures, the microstructure
of these promising solder candidates could signi�cantly change
and consequently their mechanical properties could be affected
[8,9]. Therefore, in this work, the high-temperature stability of
microstructures and mechanical properties of Au�Sn based candi-
date alloys in the lower end as well as in the higher end of the
operating temperature range are extensively reported. This work
only characterizes the properties of bulk solders and does not con-
sider factors such as reactions with joining materials, which may
affect the mechanical performance of actual solder joints. Instead
the work focuses on speci�c microstructural features that can ex-
plain solder performance at elevated temperatures.
2. Experimental methods

Phase-equilibria calculations in this work have been carried out
using a thermodynamic description of the phases in COST 531 Ver-
sion 3.0 [10] and SSOL2 [11] thermodynamic databases via the
Thermo-Calc (Version R) software. The promising Au�Sn based
candidate alloys with a diameter between 3.0 mm and 4.0 mm
were produced accurately using a hot-plate microscope as illus-
trated in Fig. 1 [12]. This equipment consists of three main parts:

(1) Vacuum system.
(2) Specimen chamber with heating system.
(3) Microscope and imaging system.

The high purity metal powders were carefully weighed and
mixed inside a specially designed pressing tool to form small tab-
lets. The tablet was subsequently placed inside a cylindrical alu-
minium oxide crucible on a molybdenum plate that is mounted
between the electrical contacts of the heating system inside the
specimen chamber of the hot-plate microscope. The heating sys-
tem can reach a temperature up to approximately 1400 �C and is
equipped with water cooling. A high-vacuum (<1 � 10�3 mbar)
was created in the specimen chamber and it was controlled by
pressure measurements. The melting process was carried out un-
der hydrogen �ow to prevent further oxidation of the material
and to start the reduction of oxides on the surface of the develop-
ing sphere. The solder spheres were held at the liquid state for a
short time (5 min) to ensure homogeneity. The solder sphere was
remelted a couple of times for homogenization [3,7]. A high cooling
rate (300 K/s) was employed during the production of these solder
spheres. The temperature inside the chamber was measured using
a thermocouple positioned below the Mo-plate. The calibration of
the thermocouple was done by relating the produced voltage
(measured with a digital voltmeter) of the thermocouple to the
Fig. 1. Experimental setup of the hot-plate microscope [(1) vacuum system, (2) spec
known melting temperatures of pure metal spheres of Sn, Pb, Al,
Ag and Au. This resulted in a linear relation between the measured
voltage and the temperature inside the chamber.

To investigate the effects of aging temperature, the candidate
alloys were aged at a lower temperature, i.e. 150 �C and compared
with the ones aged at 200 �C. The samples were loaded into an
ambient atmosphere resistant furnace and were heated to these
respective temperatures and annealed at the same temperatures
for 1 day and 1 week in order to investigate their structural stabil-
ity. The as-produced and thermally aged samples were embedded
in an epoxy resin, ground and polished in accordance with stan-
dard metallographic preparation methods for observations of the
microstructure and also for the testing of microhardness. Both
mechanical polishing and chemical etching were used to expose/
examine different phases of the candidate alloys.

The metallographic microstructure and morphology of the var-
ious candidate alloys were examined using a Neophot optical
microscope and a JEOL 5900 scanning electron microscope (SEM).
The microstructural composition of the candidate alloys was ana-
lyzed with an energy dispersive spectrometer (Oxford, Link ISIS)
and it was carried out on unetched samples. Since the mechanical
properties of a material are frequently quanti�ed by its hardness,
the present study used a Vickers microhardness tester (FM-7000
Future Tech) with an indentation load of 5 g and 100 g and a dwell
time of 5 s to measure the hardness of the various Au�Sn based
candidate alloys. The 5 g load was used to determine the hardness
of individual phases. However, in certain cases it was not possible
to measure the hardness of individual phase without hitting other
phases. The 100 g load was also applied so that the width of inden-
tation was large enough to span multiple phases and many eutectic
domains. Hence the test values re�ect the overall microhardness of
the candidate alloys. To ensure accurate results, 15 different
indents were performed on each sample. The average of the indi-
vidual measurements was evaluated as the results due to the slight
variance of the 15 measurements especially in the case of the 100 g
load.
3. Results and discussion

3.1. Design of candidate alloys

Au�20 wt.% Sn, is a �ne mixture of hard f0 (Au5Sn) phase and a
relatively soft d (AuSn) phase. Phase-equilibria calculations show
that the small additions of Ag/Cu to the Au�Sn eutectic would sup-
press the precipitation of the brittle f0 (Au5Sn) phase and in turn
proportionally precipitate relatively ductile phases. However, it
has been predicted that the liquidus temperature of the ternary
imen chamber with heating system, (3) microscope and imaging system] [12].
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alloy too would increase proportionally with the additions of Ag/
Cu to the Au�Sn eutectic [6]. The equilibrium calculation has esti-
mated that the liquid phase close to Au�Sn eutectic at 350 �C
would extend up to 0.03Ag/0.04Cu respectively. Thus, the Au�Sn
compositions close to eutectic with the maximum content of Ag
and Cu in mole-fraction and still adhering to the solidi�cation cri-
terion are Au�0.35Sn�0.03Ag and Au�0.33Sn�0.04Cu, respectively.

Phase-equilibria calculations also show that the required solid-
i�cation criterion could be achieved with a high tin content in
these alloys varying roughly in the range of 0.60�0.70 (mole-frac-
tion). These ternary combinations were optimized for a narrow
solidi�cation range since this is generally preferred for facilitating
rapid production, ef�cient process control, preventing the move-
ment of components during solidi�cation and for minimizing
segregation during solidi�cation. In addition, too much liquid at
re�ow will destroy the package by large-volume expansion.
Thus, the optimized ternary combinations in mole-fraction are
Sn�0.30Au�0.08Ag and Sn�0.29Au�0.08Cu, respectively [7].
3.2. Structural variation during aging

3.2.1. Au�0.35Sn�0.03Ag candidate alloy
The metallographic microstructure of the as-produced Au�

0.35Sn�0.03Ag samples as depicted in Fig. 2, before being sub-
jected to thermal aging was comprised of d (AuSn) phase dispersed
on Au rich phases and also f0 (Au5Sn) phase. The Au rich phases
could be either (Au, Ag) or f. It was not possible to distinguish be-
tween these two phases by EDX due to the limitations of the tech-
nique. This can be attributed to the closer solubility limit of these
two phases. The Au5Sn phase could be distinguished from the
other Au rich phases using EDX since Ag is absolutely insoluble
in this phase. SEM analysis showed that the volume-fraction of
Au5Sn phase in the matrix of the as-produced samples was too
low. This effect could be attributed to the fast cooling rate em-
ployed during the production of these alloys in the hot-plate
microscope. Thus, it can be concluded that the fast cooling rate em-
ployed during the production of these alloys has suppressed the
precipitation of the Au5Sn phase to a great extent.

It was observed that the volume-fraction of Au5Sn phase in the
matrix of the Au�0.35Sn�0.03Ag alloys subjected to aging at 150 �C
Fig. 2. SEM-BSE micrographs of the Au�0.35Sn�0.03Ag candidate alloy before and
for different durations was much higher than that of the as-pro-
duced ones. In the samples that were subjected to thermal aging
at 200 �C for 1 day, the volume-fraction of Au5Sn phase in the ma-
trix was even lower than the as-produced samples. The Au5Sn
phase did not exist in the matrix of the samples subjected to aging
at 200 �C for 1 week.
3.2.2. Au�0.33Sn�0.04Cu candidate alloy
The microstructure of the as-produced Au�0.33Sn�0.04Cu can-

didate alloy as illustrated in Fig. 3 comprised of d (AuSn) phase dis-
persed in the matrix. The matrix comprised of d (AuSn) and e
(AuSn2) lamellae dispersed on Au rich phases [(Au, Cu)) or f] and
f0 (Au5Sn). The Au5Sn phase could be distinguished from the other
gold rich phases since Cu is absolutely insoluble in this phase. The
volume-fraction of Au5Sn phase was too low in the as-produced
samples due to the lack of time for precipitation. The major differ-
ence that was observed in the as-produced Au�0.33Sn�0.04Cu
candidate alloy when compared to that of the as-produced Au�
0.35Sn�0.03Ag candidate alloy was related to the presence of a
few AuSn2 lamellae in the matrix The presence of AuSn2 phase
can be attributed to non-equilibrium solidi�cation since this phase
is not expected to precipitate for this speci�c composition.

The volume-fraction of Au5Sn phase increased proportionally
with the aging durations when subjected to aging at 150 �C while
decreased gradually during aging at 200 �C. SEM analysis also
showed that the volume-fraction of AuSn2 lamellae in the matrix
decreased gradually during aging at 150 �C and this phase did
not exist in the microstructure of the samples that were subjected
to aging for 1 week. Both the Au5Sn and the AuSn2 phases did not
exist in the microstructure of the samples aged at 200 �C for
1 week.
3.2.3. Sn�0.29Au�0.08Ag candidate alloy
Before thermal aging, the microstructure of the as-produced

Sn�0.30Au�0.08Ag candidate alloy comprised of the dark d (AuSn)
phase and the white Au rich phase dispersed in the matrix, as de-
picted in Fig. 4. The matrix consisted of e (AuSn2) phase and an Ag
rich ternary phase. It was not possible to identify the white Au rich
phase with EDX. After thermal aging at different temperatures for
different durations, the major difference observed in the aged
after thermal aging: (a) as-produced, (b) 150 �C � 1 week, (c) 200 �C � 1 week.



Fig. 3. SEM-BSE micrographs of the Au�0.33Sn�0.04Cu candidate alloy before and after thermal aging: (a) as-produced, (b) 150 �C � 1 week, (c) 200 �C � 1 week.

Fig. 4. Optical microstructures of Sn�0.30Au�0.08Ag candidate alloy before and after thermal aging for 1 week: (a) as-produced, (b) 150 �C, and (c) 200 �C.
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samples was in relation to the dark AuSn phase dispersed on the
matrix (Figs. 4 and 5). The volume-fraction of the Au rich phase
was much lower in the aged samples when compared to that of
the as-produced ones. It was determined that only the aging tem-
perature had a dramatic impact on the precipitation of the dark
AuSn phase and not the aging duration.
Fig. 5. SEM-BSE micrographs of Sn�0.30Au�0.08Ag candidate all
It was observed that the volume-fraction of the dark AuSn
phase dispersed in the matrix of the samples aged at 150 �C for dif-
ferent durations was much lower when compared to that of the as-
produced ones. The AuSn phase did not exist in the samples that
were aged at 200 �C for different durations. EDX analysis of the
as-produced samples and the samples that were aged at different
oy after thermal aging for 1 week: (a) 150 �C and (b) 200 �C.
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aging temperatures for different durations showed that the Ag con-
tent in the Ag rich ternary phase varied between 60 and 68 at.%
while the Sn content varied between 24 and 30 at.% and the Au
content varied between 4 and 14 at.%.

3.2.4. Sn�0.29Au�0.08Cu candidate alloy
Before thermal aging, the microstructure of the Sn�0.29Au�

0.08Cu candidate alloy comprised of the dark d (AuSn) phase and
the gray Sn rich ternary phase dispersed on the e (AuSn2) matrix
as depicted in Fig. 6. The volume-fraction of the dark d (AuSn)
phase dispersed in the matrix of the as-produced Sn�0.29Au�
0.08Cu candidate alloy was higher when compared to that of the
as-produced Sn�0.30Au�0.08Ag candidate alloy. After thermal
aging at different temperatures for different durations, the major
difference observed in the aged samples was in relation to the dark
d (AuSn) phase dispersed on the matrix as illustrated in Fig. 7. Sim-
ilar to the Sn�0.30Au�0.08Ag candidate alloy only the aging tem-
perature had a substantial impact on the precipitation of the
dark d (AuSn) phase and not the aging durations.

It was observed that the volume-fraction of the AuSn phase dis-
persed in the matrix of the samples aged at 150 �C for different
durations was relatively lower than the as-produced ones. The vol-
ume-fraction of the AuSn phase in the samples aged at 200 �C for
different durations was even lower than the ones aged at 150 �C.
Slight coarsening of the dark AuSn phase was observed in the sam-
ples aged at 200 �C for different durations as depicted in Fig. 7.
Thus, unlike for the Sn�0.30Au�0.08Ag candidate alloy, the AuSn
phase existed in the samples aged at 200 �C for different durations.
EDX analysis of the as-produced samples and the samples that
Fig. 6. SEM-BSE micrographs of Sn�0.29Au�0.08Cu candidate all

Fig. 7. Optical microstructures of Sn�0.29Au�0.08Cu candidate alloy before and
were aged at different aging temperatures for different durations
showed that the Sn content in the Sn rich ternary phase varied be-
tween 51 and 53 at.% while the Au content varied between 24 and
33 at.% and the Cu content varied between 15 and 25 at.%. The sol-
ubility of Cu in the ternary phase of the as-produced samples was
much lower when compared to that of the samples that were sub-
jected to thermal aging for different durations irrespective of the
aging temperatures.

Thus, interestingly none of the brittle Cu�Sn intermetallics
precipitated in any of the as-produced and the aged Sn�0.29Au�
0.08Cu candidate alloy for this speci�c composition and tempera-
tures. All the Cu in both the as-produced and the aged samples
existed only in the Sn rich ternary phase. It has to be mentioned
that Cu�Sn intermetallics are more brittle than any of the Au�Sn
intermetallics.

Thus, both the aging temperature and the aging duration had a
notable impact on the microstructure of the candidate alloys close
to the Au�Sn eutectic. The candidate alloys on the Sn rich region
were considerably more stable, i.e. only the aging temperature
had a substantial impact and not the aging durations.

3.3. Microhardness of candidate alloys before and after aging

Microstructural features, such as grain size, particle distribution
and phase distribution determine the microhardness of solder al-
loys [13]. The microhardness measurement technique is a very
sensitive technique to detect structural changes of various candi-
date alloys at different temperatures. Microhardness testing is
one of the easiest ways to determine the mechanical properties
oy after thermal aging for 1 week: (a) 150 �C and (b) 200 �C.

after thermal aging for 1 week: (a) as-produced, (b) 150 �C, and (c) 200 �C.



Fig. 8. Microhardness values of the Au�0.35Sn�0.03Ag candidate alloy using the 100 g load before and after thermal aging.
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of the different phases of the structure. The rule of thumb is the
higher the hardness, the higher the mechanical strength but with
a compromise on ductility [14].
3.3.1. Au�0.35Sn�0.03Ag candidate alloy
The overall microhardness of the Au�0.35Sn�0.03Ag candidate

alloy aged at 200 �C was lower than the as-produced ones while
the overall microhardness of the Au�0.35Sn�0.03Ag candidate al-
loy aged at 150 �C was higher than the as-produced samples as de-
picted in Fig. 8. The microhardness of the Au�0.35Sn�0.03Ag
candidate alloy aged at 200 �C decreased proportionally with the
aging duration despite the solid-solution strengthening of the Au
rich phases [(Au, Ag)/f] as listed in Table 1. This age-softening
Table 1
Vickers hardness measurement of individual phases in the Au�0.35Sn�0.03Ag
candidate alloy using the 5 g load.

Candidate alloy Phases Aging time Hardness (HV)

150 �C 200 �C

Au�0.35Sn�0.03Ag d (AuSn) As-produced 140a 140a

1 Day 139 143
1 Week 142 138

(Au, Ag)/f As-produced 144a 144a

1 Day 148 154
1 Week 155 160

f0 (Au5Sn) As-produced 215a 215a

1 Day 213 217
1 Week 216 �

a Without heat treatment � unstable.

Fig. 9. Microhardness values of the Au�0.33Sn�0.04Cu candidat
can be attributed to the gradual disappearance of the hard Au5Sn
phase.

The relatively higher hardness of the Au�0.35Sn�0.03Ag candi-
date alloys aged at 150 �C can be attributed to the increase in the
volume-fraction of the hard Au5Sn phase. The slight decrease in
the hardness of the Au�0.35Sn�0.03Ag candidate alloy aged at
150 �C for 1 week when compared to the ones aged at 150 �C for
1 day can be attributed to the sensitivity of this technique not
resulting in reproducibility within very narrow tolerances.

3.3.2. Au�0.33Sn�0.04Cu candidate alloy
Similar to the Au�0.35Sn�0.03Ag candidate alloy, the overall

microhardness of the Au�0.33Sn�0.04Cu candidate alloy aged at
200 �C was lower than the as-produced ones while the overall
microhardness of the Au�0.33Sn�0.04Cu candidate alloy aged at
150 �C was higher than the as-produced samples as depicted in
Fig. 9. The overall hardness of the as-produced Au�0.33Sn�
0.04Cu candidate alloy was higher than the as-produced Au�
0.35Sn�0.03Ag candidate alloy. This can primarily be attributed
to the presence of the hard AuSn2 lamellae in the matrix. Solid-
solution strengthening of the Au rich phases [(Au, Cu)/f] too was
observed irrespective of the aging temperatures as shown in Table
2. The solid-solution strengthening of the Au rich phases induced
by the Cu atoms was determined to be relatively higher than the
ones induced by the Ag atoms. It was not possible to measure
the hardness of the AuSn2 phase without hitting the surrounding
Au rich phases due to its lamellae structure as shown in Fig. 3.
The slight increase in the hardness of the AuSn2 phase (Table 2)
irrespective of the aging temperatures can be attributed to the
solid-solution strengthening of the surrounding Au rich phases.
e alloy using the 100 g load before and after thermal aging.



Table 2
Vickers hardness measurement of individual phases in the Au�0.33Sn�0.04Cu
candidate alloy using the 5 g load.

Candidate
alloy

Phases Aging
time

Hardness (HV)

150 �C 200 �C

Au�0.33Sn�
0.04Cu

d (AuSn) As-
produced

141a 141a

1 Day 143 138
1 Week 143 142

(Au, Ag)/f As-
produced

157a 157a

1 Day 158 161
1 Week 163 168

e (AuSn2) distributed on Au
rich phases

As-
produced

180a 180a

1 Day 183 185
1 Week � �

f0 (Au5Sn) As-
produced

214a 214a

1 Day 216 211
1 Week 216 �

a Without heat treatment � unstable.

Table 3
Vickers hardness measurement of individual phases in the Sn�0.30Au�0.08Ag
candidate alloy using the 5 g load.

Candidate alloy Phases Aging time Hardness (HV)

150 �C 200 �C

Sn�0.30Au�0.08Ag e (AuSn2) As-produced 205a 205a

1 Day 207 204
1 Week 207 206

d (AuSn) As-produced 104a 104a

1 Day 106 105
1 Week 104 106

Ag rich ternary
phase Ag: [60�68
at.%] Sn: [24�30
at.%] Au: [4�14
at.%]

As-produced 216a 216a

1 Day 219 220
1 Week 220 219

Au rich phase As-produced 161a 161a

a Without heat treatment.
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The overall hardness of the Au�0.33Sn�0.04Cu candidate alloy
aged at 150 �C was higher than the as-produced samples despite
the gradual disappearance of the hard AuSn2 lamellae from the
matrix. This age-hardening effect can be attributed to the increase
in volume-fraction of the hard Au5Sn phase. The age-softening ef-
fect observed at 200 �C can be attributed to the disappearance of
both the hard phases, i.e. Au5Sn and AuSn2 from the matrix.

3.3.3. Sn�0.30Au�0.08Ag candidate alloy
The trend in the overall hardness of the candidate alloys in the

Sn rich region was different from the candidate alloys close to the
Au�Sn eutectic. The overall hardness of the samples aged at 150 �C
for different durations was higher than the as-produced ones. The
overall hardness of the samples aged at 200 �C was even higher
than the ones subjected to aging at 150 �C. Unlike the compositions
close to the Au�Sn eutectic, only the aging temperature had a nota-
ble impact on the microhardness of the Sn�0.30Au�0.08Ag candi-
date alloy as depicted in Fig. 10 and not the aging duration. The
slight difference in the overall hardness with respect to aging dura-
tions irrespective of the aging temperatures can be attributed to
the sensitivity of the technique.

The overall hardness values of the Sn�0.30Au�0.08Ag candidate
alloy were primarily controlled by the precipitation of the soft
AuSn phase. This phase was measured to be relatively softer than
the ones measured on the candidate alloys close to the Au�Sn eu-
tectic composition as listed in Table 3. This could probably be
attributed to the difference in the morphology of the AuSn phase.
Fig. 10. Microhardness values of the Sn�0.30Au�0.08Ag candida
The as-produced Sn�0.30Au�0.08Ag candidate alloy was much
softer than the aged samples due to the high volume-fraction of
this soft AuSn phase (Fig. 4). The Sn�0.30Au�0.08Ag candidate al-
loy subjected to aging at 150 �C was harder than the as-produced
ones due to the presence of low volume-fraction of the soft AuSn
phase. The Sn�0.30Au�0.08Ag candidate alloy subjected to aging
at 200 �C was the hardest due to the complete disappearance of
this soft AuSn phase. It was not possible to measure the hardness
of the Au rich phase in the aged samples without hitting the ma-
trix, i.e. Ag rich ternary phase dispersed on the AuSn2 phase.

3.3.4. Sn�0.29Au�0.08Cu candidate alloy
The trend in the overall hardness of the Sn�0.29Au�0.08Cu

candidate alloy was similar to that of the Sn�0.30Au�0.8Ag candi-
date alloy as depicted in Fig. 11. The overall hardness of the aged
Sn�0.29Au�0.08Cu candidate alloy was higher than the as-pro-
duced ones despite the solid-solution strengthening of the ternary
phase induced by the Cu atoms as listed in Table 4. This age-
hardening effect can be attributed to the slight reduction in the
volume-fraction of the soft AuSn phase. The as-produced Sn�
0.29Au�0.08Cu candidate alloy was even softer when compared
to the as-produced Sn�0.30Au�0.08Ag candidate alloy. This could
be attributed to the relatively higher volume-fraction of the soft
AuSn phase.

Similar to the Sn�0.30Au�0.08Ag candidate alloy, the aging
temperature had a notable impact on the microhardness of the
Sn�0.29Au�0.08Cu candidate alloy and not the aging duration.
The aged Sn�0.29Au�0.08Cu samples were substantially softer
than the Sn�0.30Au�0.08Ag candidate alloy subjected to aging at
the respective aging temperatures. This effect can be attributed
te alloy using the 100 g load before and after thermal aging.



Fig. 11. Microhardness values of the Sn�0.29Au�0.08Cu candidate alloy using the 100 g load before and after thermal aging.

Table 4
Vickers hardness measurement of individual phases in the Sn�0.29Au�0.08Cu
candidate alloy using the 5 g load.

Candidate alloy Phases Aging time Hardness (HV)

150 �C 200 �C

Sn�0.29Au�0.08Cu e (AuSn2) As-produced 204a 204a

1 Day 204 203
1 Week 204 204

d (AuSn) As-produced 103a 103a

1 Day 105 104
1 Week 106 104

Sn rich ternary phase
Sn: [51�53 at.%]
Au: [24�33 at.%]
Cu: [15�25 at.%]

As-produced 241a 241a

1 Day 270 277
1 Week 282 285

a Without heat treatment.
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to the fact that the reduction in the volume-fraction of the soft
AuSn phase during aging was substantially lower when compared
to that of the Sn�0.30Au�0.08Ag candidate alloy. More impor-
tantly, the soft AuSn phase existed in the samples subjected to
aging at 200 �C. No change in the hardness of the AuSn phase in
the samples aged at 200 �C for different durations was noticed
despite the slight coarsening of the AuSn phase.

Thus, among the four candidate alloys investigated in this work,
the ones close to the Au�Sn eutectic were softer than the ones on
the Sn rich side. For applications involving an operating tempera-
ture of 200 �C, candidate alloys close to the Au�Sn eutectic were
relatively more ductile than the candidate alloys on the Sn rich
side. However, for applications involving an operating temperature
of 150 �C, the difference in hardness between the alloys on the Au
rich side and the Sn rich side was small but still the Au rich candi-
date alloys had a slight edge over the latter with respect to ductil-
ity. This can be attributed to the stabilization of the brittle Au5Sn
phase on the Au rich side and to the presence of a high volume-
fraction of the soft AuSn phase on the Sn rich side.
4. Concluding remarks

The currently used high-lead content solders (Pb�Sn) are being
applied for various applications irrespective of the operating
temperatures (150�200 �C) and this is primarily because their
microstructure does not consist of any intermetallic compound.
Thus, the operating temperatures do not have a major impact
on their microstructure. In the case of lead-free, a single high-
temperature solder cannot coverall the applications ranging from
150 �C to 200 �C. Au�0.35Sn�0.03Ag and Au�0.33Sn�0.04Cu are
promising candidate alloys for applications in the higher end of
the temperature range, i.e. close to 200 �C. For applications,
involving the lower end of the temperature range, i.e. close to
150 �C, both the candidate alloys close to the Au�Sn eutectic as
well as the ones on the Sn rich side can be considered. In this
work, the AuSn IMC was determined to be one of the softest
Au�Sn IMCs.
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