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Experimental Determination of Phase Equilibria
in the Ag-Cu-Sb Ternary System
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Phase equilibria of the Ag-Cu-Sb system were experimentally determined by electron probe
microanalyzer and x-ray diffraction. Three isothermal sections of the Ag-Cu-Sb ternary system
at 300, 500 and 600 °C were experimentally established, and no ternary compound was found in
this system. Experimental results show that the liquid phase region increases with the temper-
ature increase in region from 500 to 600 °C. The newly determined phase equilibria in this
system will provide important information for the development of lead-free solders.
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1. Introduction

In many available solder alloys, the lead-tin alloys have
been the most commonly used in electronic interconnection
and packaging so far, because of their low cost and good
combination of physical, chemical, mechanical properties,
manufacturability and reliability. However, in consideration
of environmental and health concerns, substantial researches
are currently being carried out to develop alternative solder
alloys that may be capable of substitution for traditionally
used lead bearing solder alloys.!'! For a variety of reasons,
the most prominent lead-free solder alloys are likely to be
tin-based alloys, with alloying elements such as Cu, Sb, Ag,
Zn and Bi, etc. In order to design such lead-free substitute
solder alloys, various phases equilibria of candidate systems
are necessary.

The family of Sn-Ag lead-free solders are considered as
the most promising candidate to replace the conventional
lead-tin solder alloy so far, and there are many experimental
and thermodynamic studies for the Sn-Ag, Sn-Ag-Cul*! and
Sn-Ag-Sb!*! lead-free solders systems. As lead-free solders
Sn-Ag, Sn-Ag-Cu and Sn-Ag-Sb systems, each has its own
superior characteristics as well as some drawbacks. Most
recently, a new solder with small amount of Sb in Sn-Ag-Cu
system has been regarded as the most promising candidate
for the replacement of Sn-Pb solders, because it has better
mechanical properties of strength, elongation, creep and
fatigue resistance than Sn-Ag solders. However, the optimal
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amount of Sb has not been reported, it is necessary to
investigate the sub-ternary systems of the Sn-Ag-Cu-Sb
quaternary database, which can further help us explore the
optimal amount of Sb. As sub-ternary systems of the
quaternary Sn-Ag-Cu-Sb system, the experimental and
thermodynamic information of Sn-Ag-Cu, 2l Sn-Ag-Sb,?!
and Sn-Cu-Sb'™! ternary systems are available. It is of great
importance to exert an experiment for the Ag-Cu-Sb ternary
systems which can further help us explore the solder alloys
possessing great properties. Based on the experimental
investigations and thermodynamic calculations, the present
authors have developed the thermodynamic database of
lead-free solder,” ! but the phase equilibria of the Ag-Cu-
Sb systems is still missing. Therefore the purpose of our
present work is to experimentally investigate the phase
equilibria of the Ag-Cu-Sb system at the temperatures of
300, 500 and 600 °C, by electron probe microanalyzer
(EPMA) and x-ray diffraction (XRD).

Three binary systems Ag-Cu,l'” Ag-Sb,!""! Cu-Sb,I'?!
constituting the Ag-Cu-Sb ternary system, are shown in
Fig. . Some researchers have investigated the phase
diagram of the Ag-Cu binary system.!'>""'>) It has been
reported that the Ag-Cu binary system is a simple system
without any intermediate phase. The Ag-Sb binary phase
diagram assessed by Okamoto et al. was adopted in this
work due to the good agreement with the experimental
data.'®! The Ag-Sb binary system has two intermediate
phases, namely { (Ag;Sb) and € (AgzSb). The £ (Ag,Sb)
phase is formed through the peritectic reaction:
L + (Ag) < £ (Ag;Sb) at 702.5 °C, and & (Ag;Sb) phase
is formed through peritectic reaction: L + { (Ag,Sb) < ¢
(Ag;Sb) at 558 °C. The phase diagram of the Cu-Sb binary
system was studied by many researchers.'?'" 2% These
previous investigations show that the Cu-Sb binary system
has six intermediate phases, € (Cu, Sb), n (Cu,Sb), B (Cu,
Sb), £ (Cu, Sb), & (Cu, Sb) and 7y (Cu, Sb). The B (Cu, Sb)
phase is formed through monotectic transition: L <« L +
(Cu, Sb) at 683 °C. The & (Cu, Sb) and { (Cu, Sb) phases
were demonstrated to be the results of these reactions: y
(Cu, Sb) + B (Cu, Sb) <= & (Cu, Sb), & (Cu, Sb) + € (Cu,
Sb) «» { (Cu, Sb). The information of the stable solid
phases in the three binary systems is summarized in Table 1.
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Fig. 1 Binary phase diagrams constituting the Ag-Cu-Sb ternary system' !
Table 1 The stable solid phases in the three binary systems!'*'?!
System Phase Pearson’s symbol Space group Prototype Strukturbericht designation References
Ag-Cu (Ag) cF4 Fm-3m Cu Al [10]
(Cu) cF4 Fm-3m Cu Al [10]
Ag-Sb (Ag) cF4 Fm-3m Cu Al [11]
¢ hp2 P63/mmce Mg A3 [11]
e-Ag3Sb tp4 P4/mmm Cu;Ti L6y [11]
(Sb) hR2 R-3m As A7 [11]
Cu-Sb (Cu) cF4 Fm-3m Cu Al [12]
B cFI6 Fm-3m BiF3 DO; [12]
% hP2 P63/mmc Mg A3 [12]
3 Hp* P6;/mmc [12]
€ oP8 Pmmn pCusTi DO, [12]
d hp26 P-3 Cu,oSb; - [12]
n tp6 P4/nmm Cu,Sb C38 [12]
(Sb) hR2 R-3m oAs A7 [12]

2. Experimental Procedure

Copper (99.9 wt.%), Silver (99.9 wt.%), Antimony
(99.9 wt.%) were used as starting materials. The elements
were weighted with an accuracy of 0.001 g and sealed in
quartz capsules in an argon atmosphere against oxidation.
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Each sample was heated at 800 °C and remained at this
temperature for 1 days, followed by quenching in water
using a bottom-quenching technique to minimize the loss of
Sb. It is a special quenching technique in order to minimize
the development of porosity in the samples during cooling.
It was found that by immersing only the bottom half of the
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quartz tube in the cooling water, so that the surface of the
liquid alloy was kept above the water level, a relatively
compact sample could be obtained. In this way, a temper-
ature gradient was established along the length of the quartz
tube which favoured the condensation of Sb vapour in the
space above the liquid back onto the liquid, and discouraged
the evaporation of the liquid.*'! The weight of sample was
around 20 g, and the weight of loss during melting was
generally less than 0.2%. Afterwards, the samples were cut
into small pieces for heat treatments. The specimens were
annealed at 300, 500 and 600 °C, respectively. The time of
heat treatment varied from 2 h to 2 months depending on
the annealing temperature. After the heat treatment, the
specimens were quenched into iced water.

After annealing and standard metallographic preparation,
optical microscope (OM) was used to confirm the metallo-
graphic preparation was fine and then the microstructure
images of specimens were carried out by back-scattered
electron (BSE). The equilibrium compositions of the phases
were measured by EPMA (JXA-8100R, JEOL, Japan). The
measurements were carried out at a voltage of 20.0 kV with
the standard of pure elements. Microprobe measurements
for each equilibrium phase was taken on seven points to get
high accuracy. The composition of the liquid phase was
determined via area analysis using EDS at 20.0 kV. Seven
area measurements on liquid phase were made to decrease
the statistical error. At the same time, the maximum and
minimum values were removed, and the final values were
the average of remaining. The constituent phases of the
alloys were further determined by analyzing XRD patterns
generated by a Phillips PANalytical X-pert diffractometer,
operating at 40.0 kV and 30 mA with Cu Ko radiation. The
data were collected in the range of 20 from 20° to 80° at a
step of 0.0167°.

3. Results and Discussion

3.1 Microstructure and Phase Equilibria

BSE images of typical ternary Ag-Cu-Sb alloys annealed
at 300, 500 and 600 °C are presented in Fig. 2. Phase
identification was based on the equilibrium composition
measured by EPMA (Table 2) and XRD results (Fig. 3).

The three-phase equilibrium of the A 7 (Sb)+¢
(Ag3Sb) +  (Cu,Sb) is identified in the AgyyCuypSbag
(at.%) alloy annealed at 300 °C for 60 days, its microstruc-
ture is shown in Fig. 2(a). The crystal structure of its three-
phase is identified by the XRD in Fig. 3(a), where in which
characteristic peaks of the A 7 (Sb), € (AgzSb) and n
(Cu,Sb) phase are marked by different symbols. Figure 2(b)
shows the three-phase microstructure n (Cu,Sb) + 6 (Cu,
Sb) + £ (Ag;Sb) of the Ag,oCugoSbyg (at.%) alloy annealed
at 300 °C for 60 days. Its XRD result is shown in Fig. 3(b).
Figure 2(c) presents the three-phase microstructure of the
FCC(Cu) + 8 (Cu, Sb) + £ (Ag;Sb) in the AgsCugsSbyg

(at.%) alloy annealed at 300 °C for 60 days. Two-phase
microstructure can be observed in the Ag,oCu;oSbyq (at.%)
alloy quenched from 500 °C for 2 days and the same alloy
quenched from 600 °C for 2 h, as showed in Fig. 2(d).
Figure 2(e) shows the typical BSE image of the three-phase
microstructure of the Liquid + A_7 (Sb) + 1 (Cu,Sb) in the
AgroCuyoSbgg (at.%) alloy annealed at 500 °C for 2 days.
The three-phase equilibrium of the Liquid + FCC (Cu) + {
(Ag;Sb) is identified in the Ag,,Cu;5Sbs (at.%) alloy
annealed at 500 °C for 2 days, as indicated in Fig. 2(f). In
the AgsCugsSbyy (at.%) alloy annealed at 500 °C for
2 days, a three-phase equilibrium Liquid + FCC (Cu) + B
(Cu, Sb) is found, as shown in Fig. 2(g). Figure 2(h)
presents the three phase microstructure of the Liquid + B
(Cu, Sb)+ A 7(Sb) in the AgyoCu,yoSbey (at.%) alloy
annealed at 600 °C for 2 h. Figure 2(i) shows the three-
phase microstructure of the Liquid + FCC (Cu) + {
(Ag;Sb) in the AgyoCuysSbs (at.%) alloy and Fig. 2(j)
shows the three-phase microstructure of the Liquid + B (Cu,
Sb) + FCC (Cu) in the AgsCugsSb;q (at.%) alloy annealed
at 600 °C for 2 h.

3.2 Isothermal Sections

The equilibrium compositions of the Ag-Cu-Sb ternary
system at 300, 500 and 600 °C determined by EPMA are
summarized in Table 2. Based on the obtained experimental
data mentioned above, the isothermal sections at 300, 500
and 600 °C have been constructed in Fig. 4. Undetermined
three-phase equilibria are labeled in dashed lines.

In the isothermal section at 300 °C (Fig. 4a), three three-
phase regions of the A_7 (Sb) + € (AgzSb) + n (Cu,Sb), n
(Cu,Sb) + 6 (Cu, Sb) + £ (Ag,Sb) and FCC(Cu) + 6 (Ag,
Sb) + £ (Ag,Sb) were experimentally determined in this
work. The solubility of Ag and Cu in (Sb) is extremely low,
and the solubility of Cu in the &€ (Ag;Sb) and { (Ag;Sb) is
about 2.6 and 2.5 at.% through the determined isothermal
section. In addition, the solubility of Ag in & (Cu, Sb) is
measured to be about 1.5 at.%, and the solubility of Ag in n
(Cu,Sb) is about 1.2 at.%.

Figure 4(b) shows the isothermal section at 500 °C,
where the three-phase equilibrium of the Liquid + A 7
(Sb) + n (Cu,Sb), Liquid + FCC (Cu) + £ (Ag,Sb) and
Liquid + B (Cu, Sb) + FCC (Cu) were experimentally
determined in this work. Three three-phase regions, the {
(Ag;Sb) + € (AgzSb) + Liquid, FCC (Cu) + FCC (Ag) +
(Ag;Sb) and m (Cu,Sb) + B (Cu, Sb) + Liquid were not
determined in this work because their regions are too small.
In the isothermal section at 600 °C, shown in Fig. 4(c),
three three-phase regions of the Liquid + A_7 (Sb) +  (Cu,
Sb), Liquid + FCC (Cu) + { (Ag,Sb) and Liquid + B (Cu,
Sb) + FCC (Cu) were experimentally determined. Com-
pared with the isothermal sections determined by the present
work, it is clearly shown that there is a large area of liquid
phase at 500 and 600 °C isothermal sections. In the present
work, no ternary compound in this system was found. In the
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«Fig. 2 Typical ternary BSE images obtained from: (a) the Agyg
CuyoSbyo (at.%) alloy annealed at 300 °C for 60 days; (b) the
Agr0CugoSbyg (at.%) alloy annealed at 300 °C for 60 days; (c)
the AgsCugsSby (at.%) alloy annealed at 300 °C for 60 days;
(d) the Ag,(Cu,0Sb (at.%) alloy annealed at 500 °C for 2 days;
(e) the AgyoCuyoSbgo (at.%) alloy annealed at 500 °C for 2 days;
(f) the AgyoCuy5Sbs (at.%) alloy annealed at 500 °C for 2 days;
(g) the AgsCugsSbyg (at.%) alloy annealed at 500 °C for 2 days;
(h) the AgrpCuySbg (at.%) alloy annealed at 600 °C for 2 h; (i)
the Ag,oCu;5Sbs (at.%) alloy annealed at 600 °C for 2 h; (j) the
AgsCugsSbyg (at.%) alloy annealed at 600 °C for 2 h

light of the experiment results, the addition of Sb to the
family of Sn-Ag lead-free solder must be less than 5 at.%,
because excessive Sb may promote the formation of some
brittle compounds, such as € (AgzSb), { (Ag;Sb) and m
(Cu,Sb), which may worsen the mechanical properties of
the solder joints.

4. Conclusions

The isothermal sections of the Ag-Cu-Sb system at 300,
500 and 600 °C are determined experimentally, and no
ternary compound was found in this system. Experimental
results show that the liquid phase region increases with the
increase in temperature region from 500 to 600 °C. The
phase equilibrium of the Ag-Cu-Sb ternary system deter-
mined in the present work will provide additional support
for the thermodynamic assessment of this system and
practical application for the lead-free solders.
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Fig. 3 X-ray diffraction patterns obtained from: (a) the Agyo
CuypSbyo (at.%) alloy annealed at 300 °C for 60 days; (b) the
Agr0CugoSbyg (at.%) alloy annealed at 300 °C for 60 days

Table 2 Equilibrium compositions of the Ag-Cu-Sb ternary system determined in the present work

Phase equilibria

Composition, at.%

Phase 1 Phase 2 Phase 3
Temperature, °C Alloy, at.% Annealed time Phase 1/Phase 2/Phase 3 Sb Ag Sb Ag Sb Ag
300 AgroCuySbyg 60 days Cu,Sb/Ag;Sb/(Sb) 33.34 1.14 23.56 75.14 99.1 0.84
Ags0CusSbg 60 days Cu,Sb/Ag;Sb/(Sb) 34.12 1.06 22.95 75.15 98.9 1.02
AgroCusSbag 60 days Cu,Sb/Ag;Sb/(Sb) 33.89 1.16 23.22 75.21 99.3 0.65
Agr0CugoSbag 60 days Cu,Sb/6/Ag,;Sb 32.56 0.98 19.76 1.56 12.79 85.04
Ag>oCuy5Sbs 60 days Cu/d/Ag;Sb 3.79 1.05 18.91 1.46 10.78 86.75
AgsCugsSbyo 60 days Cu/d/Ag;Sb 3.78 1.09 19.23 1.39 10.98 86.57
500 Agr0CuySbyg 2 days Liquid/(Sb) 43.78 42.56 99.76 0.03
Ags0CusSbg 2 days Liquid/Cu,Sb/(Sb) 39.58 40.56 35.23 1.65 99.61 0.01
AgsCuySbss 2 days Liquid/Cu,Sb/(Sb) 38.81 41.27 34.02 1.83 99.50 0.06
Ag>0Cu75Sbs 2 days Liquid/(Cu)/Ag;Sb 22.97 35.35 2.63 1.21 11.92 87.68
AgsCugsSbyg 2 days Liquid/(Cu)/B 22.38 29.16 2.84 1.02 22.50 3.16
600 AgroCu;oSbyg 2h Liquid/(Sb) 46.37 32.56 99.59 0.11
Ag>0Cus0Sbeo 2h Liquid/p/(Sb) 36.45 33.16 32.64 2.93 99.03 0.14
AgsCuyoSbss 2h Liquid/p/(Sb) 35.36 32.44 33.23 3.21 98.86 0.07
AgroCuy5Sbs 2h Liquid/Ag;Sb/(Cu) 17.87 32.16 10.17 87.72 2.45 2.34
AgsCugsSbyg 2h Liquid/p/(Cu) 20.16 25.85 23.14 3.21 3.68 1.23

Five analyses were carried out for each phase and the standard deviation of the measured concentration is +0.5 at.%
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Fig. 4 Experimentally determined isothermal sections of the Ag-Cu-Sb system: (a) 300 °C, (b) 500 °C, (c) 600 °C
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