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Intermetallic compounds formed in solder joints have a substantial effect on reliability. Because
Sn-based alloys are alternatives to lead-containing solders, phase equilibria of the Cu-Si-Sn
system were investigated for quenched samples annealed at 700 and 500 �C for 30 days. Nine
three-phase equilibria were well established at 700 �C, and a previously unknown ternary s
phase with a possible homogeneity interval in the range Cu76Sn7.8Si16.2-Cu85Sn7.6Si7.4 was found
for the first time. The s phase has a hexagonal structure with a = 8.012 nm and c = 5.04 nm. Six
three-phase regions were identified in the isothermal region at 500 �C. In contrast with the
isothermal region at 700 �C, the new ternary s phase was not observed at 500 �C. The solubility
of Si in e-Cu3Sn decreases from 12.8 to 1.4 at.%, and only small variations occur in the
homogeneity ranges of g-Cu3Si and c-Cu5Si.
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1. Introduction

Lead-containing solders, mainly Sn63-Pb37 eutectic
alloy, have been widely used in electronics packaging for
more than 50 years. However, because lead is a toxic metal
and is harmful to health, the requirement to ban the use of
lead in the electronics industry, at least in consumer
electronics, is increasing throughout the world. Therefore,
development of environment-friendly solder, i.e. Pb-free
solder, has been of great concern in recent years.[1-4]

Sn-based alloys are well known Pb-free solders. A Cu-Sn
intermetallic compound (IMC) forms at the solder-copper
interface.[5-8] Recently, it has been reported that growth of
the Cu-Sn IMC layer has a crucial effect on solder joint
reliability. With increasing thickness of the Cu6Sn5 IMC
layer, the thermal fatigue life,[9,10] isothermal shear fatigue
life,[11] tensile strength,[12] and fracture toughness[13] of
solder joints decrease. Therefore, restricting the growth of
the Cu-Sn IMC should be an effective means of improving
the reliability of solder joints. To develop Sn-based solder, it

is important to identify the intermetallic compounds formed
in microelectronic joints and study their mechanical prop-
erties.[14] Because it is well known that addition of silicon to
silicon monel alloys has improved this alloy’s strength,
ductility, corrosion resistance, and wear resistance,[15] we
investigated addition of silicon to the Cu-Sn system to
improve the mechanical properties of the solder. Little
attention has been devoted to the Cu-Si-Sn ternary system,
no information is available about it, so research on the phase
equilibria of this system is necessary.

There are three boundary binary systems, Cu-Si, Cu-Sn
and Si-Sn, in the Cu-Si-Sn ternary system. According to
Okamoto[16] ten solid phases (fcc-Cu, diamond-Si, b-bcc
and j-Cu6.69Si, d-Cu33Si7, c-Cu5Si, e-Cu15Si4, g-Cu3Si, g¢-
Cu3Si, and g¢¢-Cu3Si) are present in the Cu-Si system.
Except for diamond-Si all of these phases have solubility
ranges. In the latest thermodynamic assessment by Shin
et al. [17] the ordered intermetallic phases (d-Cu33Si7, c-
Cu5Si, e-Cu15Si4, g-Cu3Si, g¢-Cu3Si, and g¢¢-Cu3Si) were
regarded as stoichiometric and the polymorphs of the g-
Cu3Si phase were ignored, i.e. the review by Okamoto was
accepted. The Cu-Sn system has been optimized by Shim
et al.,[18] Miettinen,[19] Liu et al.,[20] Gierlotka et al.,[21] and
Li et al.[22] by use of Calphad software. More recently,
Fürtauer et al.[23] investigated the Cu-Sn system, devoting
special attention to the high-temperature phases b(W-type)
and c(BiF3-type), and a higher-order transformation be-
tween these two phases was described. The new findings
were included in a new thermodynamic assessment of this
Cu-Sn system, in which ten phases are included, namely,
liquid, fcc-Cu, b-bcc (A2), c-bcc (D0_3), d-Cu41Sn11, f-
Cu10Sn3, e-Cu3Sn, g-Cu6Sn5, g¢-Cu6Sn5, and Sn.[24] To
facilitate reading, the experimentally determined Cu-Sn
phase diagram is shown in Fig. 1. The data for the Si-Sn
system are from Ref 25, in which no IMC was reported. The
main crystallographic data and phase stability of the
boundary of the unary and binary phases of the Cu-Si-Sn
system are summarized in Table 1.
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Table 1 Crystallographic data for the binary compounds in the Cu-Si-Sn system

Phase
Crystal
system

Space
group

Lattice constants (nm)
Domain of

stability (�C)
Composition

range (700 �C)
Composition range

(500 �C) Refs.a b c

(Cu) Cubic Fm-3 m 3.615 3.615 3.615 <1084.87 <9 at.% Sn,

<11.5 at.% Si

<10 at.% Sn,

<10.5 at.% Si

[24,27]

[26]

Liq. Tetragonal I41/amd 5.831 - 3.182 <231.9 <65 at.% Cu,

<1 at.% Si

<23 at.% Cu,

<1 at.% Si

[23,24]

[25,28]

(Si) Diamond Fd-3m 4.737 4.502 2.55 <1414.4 <1 at.% Cu,

<1 at.% Sn

<1 at.% Cu,

<1 at.% Sn

[26]

[25]

j-Cu6.69Si Hexagonal P63/mmc 2.561 - 4.184 552-842 85.5-89 at.% Cu - [17,35]

d-Cu33Si7 Hexagonal P63/mmc 710-824 - - [17]

b-Cu0.87Si0.13 Cubic Im-3m 785-852 - - [17]

c-Cu5Si Cubic P4132 6.22 6.22 6.22 <400-729 82.4-82.9 at.% Cu 81.5-83 at.% Cu [17,36]

e-Cu15Si4 Cubic I-43d 9.694 9.694 9.694 <400-800 78.7-78.8 at.% Cu 78.7-78.8 at.% Cu [17,37]

g-Cu3Si Orthorhombic P 6.041 6.356 4.288 558-859 75.1-77.8 at.% Cu - [17,38]

g¢-Cu3Si Orthorhombic P 467-620 - 74.8-76.8 at.% Cu [25]

g¢¢-Cu3Si Orthorhombic P <400-570 - 75.1-76.5 at.% Cu [17]

b-bcc (A2) Cubic Im-3m 3.026 3.026 3.026 586-789 14-15 at.% Sn - [29]

c-bcc (D0_3) Cubic Fm-3m 6.117 6.117 6.117 520-755 16-25 at.% Sn - [29]

d-Cu41Sn11 Cubic F-43m 17.980 17.980 17.980 350-640 - 20-20.5 at.% Sn [30]

f-Cu10Sn3 Hexagonal P63/m 7.330 - 7.870 582-590 - - [31]

e-Cu3Sn Orthorhombic Cmcm 5.529 47.75 4.323 <100-678 - 24.7-25.2 at.% Sn [32]

g-Cu6Sn5 Hexagonal P63/mmc 4.192 - 5.037 186� 415 - - [33]

g¢-Cu6Sn5 Monoclinic C2/c 11.022 7.282 9.827 <100-189 - - [34]

Fig. 1 Phase diagram of the Cu-Sn binary system[21]
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Because:

1. no investigation has been devoted to the relationships
between the phases in the Cu-Si-Sn system;

2. systematic research over the whole concentration
range is helpful for finding new ternary phases; and

3. phase relationships can supply useful information
about the stability of the compounds formed in the
Sn-based alloy.

In this study we mainly determined the isothermal
sections of the Cu-Si-Sn system for two temperatures, 700
and 500 �C. Because most of the binary compounds occur
between 500 and 700 �C, phase relationships at these two
temperatures are critical to understanding the phase rela-
tionships in the vertical section. This work would be helpful
for identifying IMC formed in Cu-Si-Sn alloys and supply
useful information for the development of Sn-based solders.

2. Experimental

In this study, copper sheets (99.99 wt.%), tin blocks
(99.99 wt.%) and silicon particles (99.99 wt.%) were used
as raw material to prepare ternary alloys. The nominal
composition of the samples is listed in Table 2. The mass of
each sample was approximately 5-6 g. Calculated amounts
of the three materials were weighed with an accuracy of
0.01 mg. Under high-purity Ar gas the weighed samples
were heated to the estimated liquidus temperature by arc

Table 2 Summary of all the samples’ nominal compo-
sitions, and experimental results for the Cu-Si-Sn al-
loys annealed at 700�C

No.

Nominal compo-
sition

Phase

Phase composition

Cu Sn Si Cu Sn Si

#1 70 20 10 g-Cu3Si 76.3 5.6 18.1

c-bcc (D0_3) 76.3 21.9 1.8

Liq. 56.8 43.0 0.2

#2 30 20 50 g-Cu3Si 75.0 0.5 24.5

Liq. 53.0 45.5 1.5

(Si) 0.2 0.0 99.8

#3 75 18 7 g-Cu3Si 75.0 0.5 24.5

c-bcc (D0_3) 75.3 17.4 7.3

Liq. 40.3 59.1 0.6

#4 64 19 17 Liq. 60.3 37.5 2.2

g-Cu3Si 75.7 0.6 23.7

#5 70 20 10 g-Cu3Si 76.6 4.6 18.8

c-bcc (D0_3) 75.1 23.2 1.7

Liq. 10.8 88.6 0.6

#6 73 12 15 c-bcc (D0_3) 75.6 22.9 1.5

g-Cu3Si 74.3 19.9 5.8

Liq. 60.3 37.1 2.6

#7 76 8 16 g-Cu3Si 77.1 2.1 20.8

c-bcc (D0_3) 74.9 18.8 6.3

s 76.0 7.8 16.2

#8 77 3 20 s 77.9 9.3 12.8

g-Cu3Si 76.4 2.0 21.6

#9 76 14 10 s 76.3 7.3 16.4

c-bcc (D0_3) 76.4 12.0 11.6

#10 78 14 8 c-bcc (D0_3) 79.2 13.4 7.4

#11 79 10 11 c-Cu5Si 79.6 5.8 14.6

c-bcc (D0_3) 79.0 11.9 9.1

s 76.8 9.3 13.9

#12 80 10 10 c-bcc (D0_3) 78.7 10.5 10.8

c-Cu5Si 80.7 3.7 15.6

#13 87 8 5 (Cu) 91.3 3.3 5.4

c-bcc (D0_3) 85.3 10.3 4.4

#14 81 2 17 c-Cu5Si 80.7 3.8 15.5

e-Cu15Si4 79 0.5 20.5

s 77.6 5.4 17.0

#15 85 2 13 j-Cu6.69Si 85.9 1.0 13.1

c-Cu5Si 82.9 4.1 13

#16 89 9 2 (Cu) 91.1 8.8 0.1

b-bcc (A2) 85.2 14.4 0.4

#17 80 14 6 c-bcc (D0_3) 79.9 13.9 6.2

#18 82 13 5 c-bcc (D0_3) 81.0 15.5 3.5

#19 83 14 3 b-bcc (A2) 85.1 12.7 2.2

c-bcc (D0_3) 80.1 16.3 3.6

#20 84 15 1 c-bcc (D0_3) 81.4 15.2 3.4

b-bcc (A2) 84.5 11.5 4.0

#21 85 14 1 b-bcc (A2) 84.9 14.0 1.1

#22 80 11 9 c-bcc (D0_3) 81.5 12.1 6.4

s 85.0 7.6 7.4

Table 2 continued

No.

Nominal
composition

Phase

Phase
composition

Cu Sn Si Cu Sn Si

#23 86 7 7 c-bcc (D0_3) 81.4 12.8 5.8

j-Cu6.69Si 85.3 5.9 8.8

(Cu) 90.5 2.2 7.3

#24 87 8 5 c-bcc (D0_3) 82.3 14.9 2.8

(Cu) 84.1 14.0 1.9

#25 87 3 10 (Cu) 89.7 2.3 8

j-Cu6.69Si 85.4 8.3 6.3

#26 87 4 9 c-bcc (D0_3) 86.0 1.2 12.8

j-Cu6.69Si 82.0 11.0 7.0

(Cu) 85.2 5.9 8.9

#27 81 8 11 c-Cu5Si 80.8 5.5 13.7

c-bcc (D0_3) 81.1 12.3 6.6

The alloy compositions are all in at.% in this paper. Compositions of the c-
bcc (D0_3) phase were determined by using the quenched phases at room

temperature
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melting. The samples were overturned three times to
achieve homogeneity. The samples were then re-sealed in
evacuated quartz tubes and annealed at 500 or 700 �C for
30 days. Finally, all were quenched in cold water.

All of these equilibrated samples were cut into two parts.
One part was used to identify the structures of phases by use
of x-ray diffraction (XRD) analysis. XRD patterns were
generated by use of a D/max 2500 PC x-ray diffractometer
with Cu Ka radiation and steps of 0.02� in the 2h angle. Si

powder was used as external calibrated standard. The Jade
software package was used to index and calculate the XRD
patterns. Samples studied by use of XRD were ground
powders. The other part was used for micro-structural and
analysis of phase composition by scanning electron
microscopy (SEM), by use of a JSM-6510, and energy-
dispersive x-ray spectroscopy (EDS) with an Oxford INCA
with probe diameter of 1 lm and an accelerating voltage of
20 kV.

Fig. 2 Images of the microstructure of typical ternary Cu-Si-Sn alloys annealed at 700 �C for 30 days. (a) #7 sample (Cu76Sn8Si16), (b)
#11 sample (Cu79Sn10Si11), (c) #14 sample (Cu81Sn2Si17), (d) #23 sample (Cu86Sn7Si7), (e) #6 sample(Cu73Sn12Si15)
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3. Results and Discussion

3.1 Phase Equilibria of the Cu-Si-Sn System at 700 �C

Figures 2a-e show images of the microstructure of
typical ternary Cu-Si-Sn alloys annealed at 700�C for
30 days. XRD patterns of these representative ternary alloys
are presented in Fig. 3-5. The nominal compositions of the
alloys and the phases in the phase equilibria identified by a
combination of XRD and SEM-EDS are listed in Table 2.

On the basis of backscattered electron images (BEI) and
XRD patterns of the samples, shown in Fig. 2 and 3,
respectively, four binary phases, g-Cu3Si, e-Cu15Si4, c-

Cu5Si, and j-Cu6.69Si were confirmed in the Cu-Si system.
The solubility of Sn in these four Cu-Si phases was 5.6, 0.5,
5.8, and 1.2 at.%, respectively. No compound was present
in the Sn-Si phase diagram, in accordance with Ref 25.
However, the Cu-Sn system was much more complicated.
According to the Cu-Sn phase diagram shown in Fig. 1,
binary compounds c-bcc (D0_3) and b-bcc (A2) should be
stable at 700 �C. However, the binary phases determined
from the quenched samples were d-Cu41Sn11, e-Cu3Sn, or
even g-Cu6Sn5. The detailed reasons will be explained
during the interpretation of the experimental results, below.

In the isothermal section of the ternary Cu-Si-Sn system
at 700 �C, a new ternary phase s was found while analyzing
BEI images and XRD patterns of the equilibrated samples in
the Cu-rich region of 70-80 at.% Cu. Figure 2(a) shows the
BEI image of alloy #7 containing 76 at.% Cu, 8 at.% Sn,
and 16 at.% Si, in which g-Cu3Si phases exist in addition to
the ternary s compound, and there is another phase with a
composition close to c-bcc (D0_3). According to earlier
reports on Cu-Sn alloys, c-bcc (D0_3) should transform into
d-Cu41Sn11 or e-Cu3Sn during quenching, and it is impos-
sible to obtain a micrograph of c-bcc (D0_3) at room
temperature.[23] XRD analysis was therefore conducted to
verify the phase constituents of sample #7. As shown in
Fig. 3, the peaks denoted by filled square and unfilled circle
symbols were a good match with the characteristic peaks of
the g-Cu3Si phase and d-Cu41Sn11, respectively, whereas
the other peaks belong to be the ternary compound s. So the
phase in quenched sample #7 is g-Cu3Si phase, d-Cu41Sn11,
and s. It must be pointed out that because d-Cu41Sn11 or e-
Cu3Sn labeled in micrographs (Fig. 2) and XRD patterns
(Fig. 3-5) was originally c-bcc (D0_3) before quenching,
phase label c-bcc (D0_3) is kept in the ternary phase
diagram of the Cu-Si-Sn system at 700 �C, and c-bcc
(D0_3) is also used to name the phase region. For the same
reason as for sample #7, although the BEI image and XRD
pattern of sample #11 sample containing 79 at.% Cu,
10 at.% Sn, and 11 at.% Si provided evidence of the

Fig. 3 XRD patterns of typical alloys consisting of the new s
phase

Fig. 5 XRD pattern of #6 alloy (Cu73Sn12Si15)

Fig. 4 XRD pattern of alloy #23 (Cu86Sn7Si7)
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existence of c-Cu5Si, d-Cu41Sn11 and s, sample #11 is
actually located in the c-Cu5Si, c-bcc (D0_3) and s ternary-
phase region. The equilibrated sample #14 containing
81 at.% Cu, 2 at.% Sn, and 17 at.% Si is a three-phase
equilibrium of c-Cu5Si, e-Cu15Si4, and s (Fig. 2c). In
addition, the s phase was also identified in alloys #8, #9, and
#22, as listed in Table 2. The XRD patterns of the three
alloys, #7 (Cu76Sn8Si16), #11 (Cu79Sn10Si11), and #14
(Cu81Sn2Si17), are presented together in Fig. 3, for compar-
ison, where the presence of the s phase is confirmed.
According to EDS analysis on the samples containing the s

phase, the Cu and Sn content were 77-78.7, 5.8-9.8 at.%,
respectively, and the surplus is Si content. The crystal
structure of the new s phase was analyzed by use of Jade 5.0
software. As shown in Fig. 3, characteristic peaks of the s
phase coincide well with that of d-Cu33Si7, so the s phase is
inferred to have the same hexagonal structure as d-Cu33Si7;
the space group is P63/mmc, a = 8.012 nm, and
c = 5.04 nm. The s phase might be the d-Cu33Si7 phase
with added Sn. Because d-Cu33Si7 exists in the temperature
range 710-824 �C,[21] dissolution of Sn in d-Cu33Si7 leads
to stability of this phase at 700 �C, or even lower

Fig. 6 Phase relationships for the Cu-Si-Sn system, constructed from samples heat-treated at 700 �C

Table 3 Summary of all the samples’ nominal compositions and experimental results for Cu-Si-Sn alloys annealed
at 500 �C

No.

Nominal composition

Phase

Phase composition

Cu Sn Si Cu Sn Si

#31 30 30 40 (Si) 1.2 0.8 98

Liq. 8.5 89.9 1.6

g¢-Cu3Si 72.9 2.6 24.5

#32 73 14 13 Liq. 85.1 14.1 0.8

g¢-Cu3Si 75.5 3.8 20.7

e-Cu3Sn 75.5 23.9 0.6

#33 77 6 17 g¢-Cu3Si 74 4.5 21.5

d-Cu41Sn11 79.1 17.1 3.8

e-Cu3Sn 75.4 23.2 1.4

#34 79 7 14 c-Cu5Si 82.2 1.1 16.7

g¢-Cu3Si 76.5 4.8 18.7

d-Cu41Sn11 80 15.6 4.4

#35 84 6 10 (Cu) 89.8 1.4 8.8

c-Cu5Si 82.9 1.7 15.4

d-Cu41Sn11 81 16.7 2.3
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temperature. However, more experiments are needed to
verify this inference.

The BEI image and XRD pattern of alloy #23
(Cu86Sn7Si7) are shown in Fig. 2d and 4, respectively. In
Fig. 2d, the dark gray areas correspond to the (Cu) phase,
the light gray areas are the j-Cu6.69Si phase with the
composition 85.4 at.% Cu-8.3 at.% Sn-6.3 at.% Si, and the
composition of the white areas is close to that of the
transformed c-bcc (D0_3) phase. Its XRD pattern is
presented in Fig. 4, where the characteristic peaks of the
(Cu) and j-Cu6.69Si phases are well marked by unfilled
square and unfilled circle symbols, respectively, and all the
other peaks correspond to the d-Cu41Sn11 phase. Because
the d-Cu41Sn11 phase at room temperature originated from
the c-bcc (D0_3) phase by a peritectoid reaction (c-bcc
(D0_3) + f-Cu10Sn3 fi d-Cu41Sn11), sample #23 located
in the three-phase region of (Cu), j-Cu6.69Si and c-bcc
(D0_3).

Because s is in equilibrium with g-Cu3Si or e-Cu15Si4, as
observed for alloys #7 and #14, respectively, on the basis of
the phase rule it is believed that a ternary-phase region of
s + g-Cu3Si + e-Cu15Si4 at 700 �C should exist. A three
phase equilibrium between c-Cu5Si, c-bcc (D0_3), and j-
Cu6.69Si has been observed for alloy #27 in the Cu-rich
corner of 80-90 at.% Cu.

Figure 2d shows the BEI image of alloy #6, three regions
with different contrast are illustrated: the dark gray, light
grey, and white part region. The dark gray region part
contains 75 at.% Cu and 24.5 at.% Si with small Sn
solubility. It corresponds to the g-Cu3Si phase, on the basis
of the binary phase diagram. The light grey part contains
76.3 at.% Cu, 21.9 at.% Sn, and a limited amount of Si,
with a composition close to that of c-bcc (D0_3). The white
region with the black particles, with a mean area compo-
sition of 56.8 at.% Cu, 43 at.% Sn, and 0.2 at.% Si,
corresponds to the liquid phase at 700 �C. However, it is
difficult to identify the phase composition of the very small
black particles. XRD analysis of this alloy was conducted,
and its XRD pattern is illustrated in Fig. 5. In addition to the
typical peaks for g-Cu3Si and Sn, additional peaks of e-
Cu3Sn and g-Cu6Sn5 are obvious. According to the Cu-Sn
phase diagram, the solubility of Cu in the liquid phase is
33.1 at.% at 700 �C, and e-Cu3Sn could be formed by
decomposition of c-bcc (D0_3) during solidification if the
cooling rate is not quite fast enough; the g-Cu6Sn5 might be
formed by the peritectic reaction e-Cu3Sn + Liq. fi g-
Cu6Sn5. Therefore, the average chemical composition of the
Liq. and g-Cu6Sn5 in the white region was regarded as the
liquid composition. This ternary phase region (c-bcc

Fig. 7 Phase relationships for the Cu-Si-Sn system at 500 �C
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(D0_3) + g-Cu3Si + Liq.) was also evident for alloys #1,
#3, and #5.

The Cu-poor part of the triangle is a unique ternary-phase
region consisting of the Si, Liq., and g-Cu3Si phases
according to SEM-EDS analysis of alloy#2 (Cu30Sn20Si50).

On the basis of the results obtained in this work an
isothermal section of the Cu-Si-Sn system at 700 �C was
constructed, as shown in Fig. 6. This isothermal section
consists of eight ternary-phase regions:

1. g-Cu3Si + c-bcc (D0_3) + s,
2. c-bcc (D0_3) + c-Cu5Si + s,
3. c-Cu5Si + s + e-Cu15Si4,
4. c-bcc (D0_3) + (Cu) + j-Cu6.69Si,
5. s + g-Cu3Si + e-Cu15Si4,
6. c-Cu5Si + c-bcc (D0_3) + j-Cu6.69Si,
7. g-Cu3Si + c-bcc (D0_3) + Liq., and
8. g-Cu3Si + Liq. + (Si).

Fig. 8 Images of the microstructure of typical ternary Cu-Si-Sn alloys annealed at 500 �C for 30 days. (a) sample #31 (Cu30Sn30Si40),
(b) sample #32 (Cu73Sn14Si13), (c) sample #33 (Cu76Sn6Si17), (d) sample #34 (Cu79Sn7Si14), (e) sample #35 (Cu84Sn6Si10)
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The deduced ternary-phase region is illustrated with a
dotted line in Fig. 6. Most of the equilibria are located at the
Cu-rich corner, and the c-bcc (D0_3) phase equilibrates at
700 �C with all the binary phases except e-Cu15Si4.

3.2 Phase Equilibria of the Cu-Si-Sn System at 500 �C

The isothermal section of the Cu-Si-Sn system at 500 �C
was studied in the whole concentration range with special
attention to the region in the vicinity of the new ternary
phase s, which was first found at 700 �C. In this region,
most of the changes observed at 700 �C were evidenced. On
the basis of the compositions determined in the two-phase
and three-phase regions summarized in Table 3, the phase
equilibria of the Cu-Si-Sn system at 500 �C are shown
graphically in Fig. 7.

The unary and binary phases in the Cu-Si and Cu-Sn
binary systems at 500 �C were confirmed except for the e-
Cu15Si4 phase. Although the e-Cu15Si4 phase should be
stable at 500 �C according the binary phase diagram of the
Cu-Si system,[3,4] only g¢-Cu3Si and c-Cu5Si were observed
experimentally and only small variations of the homogene-
ity ranges of g¢-Cu3Si and c-Cu5Si occurred. For the Cu-Sn
binary system, the e-Cu3Sn and d-Cu41Sn11 phases were
present and a small solid solution limited to less than
1.4 at.% Si in e-Cu3Sn was formed. Because the newly
determined phase s was not observed at 500 �C, the phase
relationships in the Cu-rich region have obviously changed.

The microstructures of alloys #30-35 observed by SEM
are shown in Fig. 8a-e, respectively. Because phases in an
alloy can be easily differentiated on the basis of on the
relief, color, and chemical composition, ternary phase
regions of:

1. (Si) + Liq. + g¢-Cu3Si,
2. Liq. + g¢-Cu3Si + e-Cu3Sn,
3. g¢-Cu3Si + d-Cu41Sn11 + e-Cu3Sn,
4. c-Cu5Si + g¢-Cu3Si + d-Cu41Sn11, and
5. (Cu) + c-Cu5Si + d-Cu41Sn11

can be easily identified by referring to Fig. 8a-e,
respectively. Except for the above three-phase regions,
coexistence of g¢-Cu3Si, e-Cu15Si4 and c-Cu5Si was not
observed in this work. However, it can be deduced on the
basis of the phase relationships in the vicinity according to
the phase rule. This ternary region has been included,
denoted with the dotted line in Fig. 7.

4. Summary

SEM-EDS analysis and XRD studies were used to
construct phase relationships for the Cu-Si-Sn ternary
system at 700 and 500 �C on the basis of equilibrated
alloys. The isothermal section at 700 �C consists of nine
single-phase regions, sixteen two-phase regions, and eight
three-phase regions.

A previously unknown ternary phase s with a possible
homogeneity interval in the range Cu76Sn7.8Si16.2-Cu85Sn7.6-
Si7.4 was found at 700 �C for the first time. The s phase has
the same hexagonal structure as d-Cu33Si7; the space group is
P63/mmc with a = 8.012 nm and c = 5.04 nm. The maxi-
mum solid solubility of Sn in g¢-Cu3Si is 5.6 at.%, and that
of Si in c-bcc (D0_3) is 12.8 at.%. Dissolution of Sn in d-
Cu33Si7 leads to this phase becoming stable at 700 �C, or at
an even lower temperature. However, more experiments are
needed to verify this inference.

Eight single-phase regions, thirteen two-phase regions,
and six three-phase regions were observed in the isothermal
region of the Cu-Si-Sn system at 500 �C. The solubilities of
Sn in g¢-Cu3Si and c-Cu5Si, and those of Si in e-Cu3Sn and
d-Cu41Sn11 were 4.8, 1.7, 1.4, and 4.4 at.%, respectively.
Study of the isothermal region at 500 �C revealed no
evidence of the newly identified ternary phase s.
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