
K
(

E
a

b

a

A
R
R
A
A

K
L
I
D
K
X

1

t
n
s
c
r
l
A
a
c
o
s
S
n
s
F
s
c
d

o
N

(

0
d

Journal of Alloys and Compounds 509 (2011) 7052–7059

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

inetics of intermetallic phase formation at the interface of Sn–Ag–Cu–X
X = Bi, In) solders with Cu substrate

rika Hodúlováa, Marián Palcutb,∗, Emil Lechovič a, Beáta Šimekováa, Koloman Ulricha
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a b s t r a c t

The effects of Bi and In additions on intermetallic phase formation in lead-free solder joints of
Sn–3.7Ag–0.7Cu; Sn–1.0Ag–0.5Cu–1.0Bi and Sn–1.5Ag–0.7Cu–9.5In (composition given in weight %) with
copper substrate are studied. Soldering of copper plate was conducted at 250 ◦C for 5 s. The joints were
subsequently aged at temperatures of 130–170 ◦C for 2–16 days in a convection oven. The aged interfaces
were analyzed by optical microscopy and energy dispersive X-ray spectroscopy (EDX) microanalysis. Two
eywords:
ead-free solder
ntermetallic compound formation
iffusion
inetics

intermetallic layers are observed at the interface – Cu3Sn and Cu6Sn5. Cu6Sn5 is formed during soldering.
Cu3Sn is formed during solid state ageing. Bi and In decrease the growth rate of Cu3Sn since they appear
to inhibit tin diffusion through the grain boundaries. Furthermore, indium was found to produce a new
phase – Cu6(Sn,In)5 instead of Cu6Sn5, with a higher rate constant. The mechanism of the Cu6(Sn,In)5 layer
growth is discussed and the conclusions for the optimal solder chemical composition are presented.
-ray spectroscopy

. Introduction

Increasing environmental and health concerns about the lead
oxicity limit the use of traditional Sn–Pb alloys in soldering tech-
ology and stimulate the development of alternative, lead–free
older alloys for electronic applications [1,2]. Among the currently
onsidered compositions, ternary eutectic Sn–Ag–Cu alloys have
eceived a lot of attention due to their increased strength and a
ower wetting angle comparing to binary Sn–Ag eutectic alloys [3].
g and Cu elements are used in low concentrations and thus, they
re not considered to be an environmental hazard. Nevertheless,
hallenges remain with respect to the relatively high melting point
f these alloys (217 ◦C). The melting point of a traditional Sn–Pb
older is only 183 ◦C. In order to decrease the melting point of
n–Ag–Cu alloys, additional elements in low concentrations are
eeded. Bismuth and indium are potential candidates that may
ignificantly lower the melting of the Sn–Ag–Cu eutectic [4–9].
urthermore, it was found that the wetting angle between the

older and copper substrate decreases with increasing indium con-
entration [10]. On the other hand, the joint strength moderately
ecreases with increasing amount of indium [10].
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During soldering, some of the metal substrate is dissolved into
the molten solder. As a result, the solder becomes supersaturated
with the dissolved metal and a layer of an intermetallic compound
is formed at the metal–solder interface. The intermetallic layer
continues to grow after solidification due to thermally activated
solid state diffusion mechanisms. The formation and growth of
intermetallics at the solder/substrate interface affect the solder-
ability and reliability of electronic solder joints [11]. Intermetallic
compounds are generally much harder and more brittle than sol-
ders and can, therefore, cause brittle fractures at the interface
between the solder and the metal substrate [12]. Due to the high
concentration of tin, eutectic Sn–Ag–Cu solders form Cu–Sn inter-
metallic compounds at the copper substrate [13]. Vianco et al.
studied the intermetallic compound formation between copper and
95.5Sn–3.9Ag–0.6Cu (composition given in weight %) and found
that layers of Cu3Sn and Cu6Sn5 form at the interface [14]. Cu6Sn5
layer is formed during soldering and Cu3Sn forms during solid
state ageing between Cu6Sn5 and Cu substrate. The layer growth
is diffusion-limited and sensitive to the copper concentration in
the solder [14]. Higher copper concentration is shown to produce
thicker Cu3Sn layers [14].

The effect of minor Fe, Co and Ni additions (0.03 wt.%) on the
reaction between the Sn–Ag–Cu solder and Cu substrate was inves-
tigated by Wang et al. [15,16]. In the solid-state ageing study,

the authors found that both Cu6Sn5 and Cu3Sn phases formed.
However, the addition of Fe, Co and Ni produced a much thin-
ner Cu3Sn layer. The thickness of Cu3Sn was only one third of
the layer formed between the Cu substrate and Sn–Ag–Cu solder
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Fig. 1. Microstructure evolution of the Cu/SAC in

ithout any additives [15]. Wang et al. observed that Ni additions
o lead–free solders produced more of the Cu6Sn5 phase during
he reflow stage [16]. It was therefore suggested that this thicker
u6Sn5 phase becomes a better diffusion barrier for the Sn atomic
ux necessary for the Cu3Sn growth [16]. Yoon et al. studied the

ntermetallic growth rate between Sn–Ag–(Cu/Ni) solders and ENIG
electroless nickel–immersion gold) substrates and found that the
rowth rate was about 3.3 times slower comparing to Cu substrates
17]. The same group studied the sequential intermetallic com-
ound formation of Cu6Sn5 and Ni3Sn4 between SnAgCu solder
nd ENEPIG (electroless nickel–electroless palladium–immersion
old) substrate during the reflow process [18]. Initially, a discon-
inuous polygonal-shape (Cu,Ni)6Sn5 phase formed at the interface.
owever, during the reflow process for up to 60 min, a (Cu,Ni)3Sn4

ntermetallic phase appeared and started to grow. At later stages, it
mbedded the discontinuous (Cu,Ni)6Sn5 phase [18]. It was sug-
ested that the interfacial product variation resulted from the
referential consumption of Cu within the solder and continuous
i diffusion from the Ni(P) layer [18].

The interfacial reactions between Sn–Ag–Cu solder with Ni
0.05 wt.%) and Ge (0.01 wt.%) additions and Au/Ni/Cu substrate

ere studied by Yen et al. [19]. The authors reported that the Ni

nd Ge additions did not influence the interfacial reaction. How-
ver, the Ge aggregation on the solder ball surface was found to
nhance the solder’s anti-oxidation ability [19]. The effects of Ce
e after soldering and solid state ageing at 150 ◦C.

and Zn additions on the microstructure and mechanical properties
of Sn–Ag–Cu solder joints have recently been investigated by Lin
and Chuang [20]. Xue and co-workers studied the effects of rare
earth elements on the properties and microstructures of lead–free
solders and found that the Cu6Sn5 growth rate could be efficiently
reduced by adding a trace amount Ce [21]. Therefore, the rare earth
elements could be labeled as the “vitamins” of metals [22]. Laurila
et al. recently reviewed the impurity and alloying effects on inter-
facial reaction layers in lead–free soldering [23]. The authors found
that the elements may have three major effects:

1. The elements can change the reaction rate between the solder
and metal substrate.

2. The additives can alter the physical properties of the intermetal-
lic (IMC) phases formed at the solder–substrate interface.

3. The elements can form additional reaction layers at the inter-
face or they can displace the binary phases that would normally
appear and form other reaction products instead.

Furthermore, the alloying element effect was found to depend
on their solubility in the IMC layer. The elements that have a marked

solubility in the IMC layer have the most pronounced effect on the
IMC formation [23].

The influence of dopant on the growth of intermetallic layers
in Sn–Ag–Cu solder joints with copper has recently been inves-
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By using the software it was possible to calculate the area occupied by each phase.
The mean layer thickness was then calculated by dividing the total phase area by
the image length. The chemical composition of the phases was investigated by EDX
microanalysis (JEOL-JXA-840A). The results are presented below.

Table 1
Chemical composition (in weight %) of the investigated solders.
Fig. 2. Element distributions across the Cu/SAC inte

igated by Li et al. [24] The authors studied the interactions of
n–3.5Ag–0.7Cu–xSb alloys with different antimony concentra-
ions (0.2–2.0%) [24]. They found that antimony increases the
ctivation energy of Cu6Sn5 layer formation, reduces the atomic dif-
usion rate and thus inhibits the excessive growth of intermetallic
ompounds. The authors suggested that the effect of Sb addi-
ions can be explained by grain boundary obstruction mechanism
24]. Similarly, Rizvi et al. observed a beneficial effect of bismuth
dditions in Sn–Ag–Cu solder alloy on the decrease of inter-
etallic layer growth [25]. The authors found that the parabolic

ate constant for the intermetallic layer growth decreases from
.21 × 10−17 m2 s−1 to 1.91 × 10−17 m2 s−1 at 150 ◦C upon addition
f 1% Bi into Sn–2.8Ag–0.5Cu [25]. To the best of our knowledge, the
ffect of indium on the intermetallic compound formation during
olid state ageing at the Cu/Sn–Ag–Cu–In interface has not been
nvestigated yet. The effect of indium is expected to be signifi-
ant since this element is known to substitute tin in intermetallic
ompounds [9]. The formation of Cu6(Sn,In)5 compound has been
bserved in Cu/In–Sn couples [26]. The substitution of tin may alter
he atomic diffusion and growth mechanism of this compound.

In the present work, the kinetics of intermetallic phase forma-
ion between Cu substrate and Sn–1.5Ag–0.7Cu–9.5In solder alloy

s studied and compared to Sn–Ag–Cu and Sn–Ag–Cu–Bi solders.
n–1.5Ag–0.7Cu–9.5In alloy is a candidate material for lead–free
oldering at temperatures close to 200 ◦C due to significant amount
f indium.
measured by EDX, after solid state ageing for 384 h.

2. Experimental

The lead free solder samples were prepared by melting the pure metals (Sn,
Ag, Cu, Bi, In), in the respective concentrations, in alumina crucibles. The metals
used were of 99.99% purity. The chemical compositions of the samples, measured
by the energy dispersive X-ray spectrometry (EDX, JEOL-JXA-840A), are given in
Table 1. Technical copper plate (99.99%) was used as the substrate material. The
copper surface was ground, polished with diamond paste (1 �m finish) and cleaned
with an ultrasonic cleaner.

The soldering of the copper plate was conducted at 250 ◦C for 5 s. After soldering,
the samples were quenched to room temperature. The joints were subsequently
aged at temperatures of 130–170 ◦C for 2–16 days in a convection oven. The samples
were gradually taken from the furnace after 2, 4, 8, 12 and 16 days. The samples
were mounted in epoxy resin and cross sections were made. Prior to the analysis,
the interface was polished with diamond paste and etched in a nitric acid solution
(5% HNO3 + 2% HCl + 93% methanol) for 2–4 s. The microstructure of the soldered
joints and the morphology of intermetallic phases were investigated by the optical
microscope. The intermetallic phases were analyzed by the image analysis software.
Acronym Sn Ag Cu Bi In

SAC 95.6 3.7 0.7 – –
SACB 97.5 1.0 0.5 1.0 –
SACI 88.7 1.5 0.7 – 9.5
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Fig. 5 shows the microstructure of the Sn–Ag–Cu–In(SACI)
solder joint with Cu substrate. The interface layer consists of
the Cu6(Sn,In)5 mostly, with a considerable amount of tin sub-
stituted by indium. The Cu3Sn layer is discontinuous and its

Table 2
Thickness of the Cu3Sn layer in the SAC–Cu, SACB–Cu and SACI–Cu solder joints at
423 K.

t/h SAC–Cu SACB–Cu SACI–Cu

0 0 0 0
48 0.88 0.52 1.07
Fig. 3. Microstructure evolution of the Cu/SACB in

. Results

The microstructure of the Sn–Ag–Cu(SAC) solder joint with Cu
ubstrate is presented in Fig. 1. Immediately after soldering, the
nterface layer between the materials consisted of a scallop-shaped
u6Sn5, with an average thickness of 1.2 �m. During the subse-
uent solid-state ageing, this layer continued to grow. Moreover,
continuous Cu3Sn layer appeared and started to grow between

he copper substrate and Cu6Sn5. The chemical composition of the
ross section is presented in Fig. 2. It is possible to observe that
esides the Cu6Sn5 and Cu3Sn layers located at the interface, there
re also isolated intermetallic phase precipitates located inside the
older bulk (Ag3Sn, Cu6Sn5).

The microstructure of the Sn–Ag–Cu–Bi(SACB) solder joint with
u substrate is presented in Fig. 3. Similarly to the previous case,
he interface layer between the materials immediately after the
oldering consisted only of a scallop-shaped Cu6Sn5. The average
hickness of Cu6Sn5 was 0.85 �m. During the subsequent solid-
tate ageing, this layer continued to grow. Cu6Sn5 layer is formed
y nucleation during soldering between the solid copper substrate
nd liquid Sn-based lead free solder. At early stages, the layer

s expected to grow in the horizontal direction until the grains
tart impinging one another. The scallop-like shape of this phase
s probably a result of the grain coarsening. The scallop-like shape
isappears at later stages of ageing which suggests a change in
e after soldering and solid state ageing at 150 ◦C.

the growth mechanism to the steady growth in the perpendic-
ular direction to the interface. The chemical composition of the
cross section is presented in Fig. 4. Bismuth does not significantly
influence the chemical composition of intermetallic phases. This
is probably due to the low concentration. The element is located
mostly in the solder bulk. Nevertheless, bismuth seems to sup-
press the formation of the second layer, Cu3Sn. The thickness is
smaller comparing to the Cu3Sn layer formed at the Cu–SAC inter-
face. Table 2 provides the Cu3Sn layer thickness for each solder
composition.
96 1.24 0.9 1.16
192 1.45 1.29 1.66
288 2.72 2.33 1.86
384 3.25 2.75 1.96
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In this equation x is the layer thickness, t is the ageing time, kp

T
R
c

Fig. 4. Element distributions across the Cu/SACB inte

hickness is small compared to the previous samples after 16
ays of ageing. The chemical composition of intermetallic lay-
rs is given in Fig. 6. A significant amount of indium is present
n all phases, except Cu3Sn. Indium concentration in the Ag3Sn
s much higher comparing to other intermetallics. This is prob-
bly due to the partial transformation of this phase into Ag2In

7,9]. The time evolution of the Cu6(Sn,In)5 layer thickness is given
n Fig. 7. The Cu6(Sn,In)5 layer grows with a significantly higher
ate comparing to Cu6Sn5. The formation of Cu3Sn is significantly
uppressed.

able 3
ate constants and parameters EA and A in the Arrhenius equation for intermetallic com
oefficients of Cu and Sn in Cu6Sn5.

kp (m2 s−1)

130 ◦C 150 ◦C 1

SACI/Cu Cu6(Sn,In)5 4.21 × 10−16 1.25 × 10−15 2
SAC/Cu Cu6Sn5 2.97 × 10−16

SACB/Cu Cu6Sn5 1.91 × 10−16

SAC/Cu Cu6Sn5 4.04 × 10−17 1.61 × 10−16 2
SAC/Cu Cu6Sn5 1.32 × 10−16 4.19 × 10−16 5
SAC/Cu Cu6Sn5 8.41 × 10−19 2.99 × 10−18 5
SAC/Cu Cu6Sn5 2.21 × 10−17

SACB/Cu Cu6Sn5 1.91 × 10−17

Cu Cu6Sn5 7.04 × 10−16

Sn Cu6Sn5 6.49 × 10−16
measured by EDX, after solid state ageing for 384 h.

The kinetics of the Cu6(Sn,In)5 layer formation at three differ-
ent temperatures is given in Fig. 8. The layer growth follows the
parabolic rate law

x2 = kpt + x2
0 (1)
is the parabolic rate constant and x0 is the layer thickness before
ageing (at t = 0 h). The experimental parabolic rate constants are
given in Table 3.

pound formation at the solder–copper interface. The last two entries are diffusion

EA (kJ mol−1) A (m2 s−1) Reference

70 ◦C

.83 × 10−15 70.9 6.58 × 10−7 Present data
Present data
Present data

.41 × 10−16 64.8 1.55 × 10−8 [16]

.85 × 10−16 53.92 1.84 × 10−9 [15]

.69 × 10−18 69.42 1.32 × 10−9 [14]
[19]
[19]
[21]
[21]
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Fig. 5. Microstructure evolution of the Cu/SACI in

The growth kinetics is thermally activated (Fig. 9). The parabolic
ate constants obey the Arrhenius equation

ogkp = logA − 0.434
EA

RT
(2)

n this equation, A is the pre-exponential factor, EA is the activation
nergy, R is the molar gas constant and T is the ageing temperature.
he apparent activation energy for the Cu6(Sn,In)5 layer formation
s 70.9 kJ mol−1.

. Discussion

Bismuth decreases the rate of Cu3Sn layer formation (Table 2).
he effect of indium on the intermetallic layer formation is two-
old:

. It decreases the rate of Cu3Sn layer formation after 288 h;

. It increases the rate of Cu6(Sn,In)5 layer formation.

Indium has not been observed in Cu3Sn (Fig. 6). However, since
t is very difficult to measure the Cu3Sn chemical composition
ue to the very small layer thickness, it cannot be concluded

hat indium does not substitute tin in this compound. The for-

ation of indium-substituted Cu3(Sn,In) has been observed during
n–49Sn/Cu soldering reactions [26]. It is, therefore, probable that
ome tin was substituted by indium also in this compound. Since
e after soldering and solid state ageing at 150 ◦C.

Cu3Sn layer is located between Cu and Cu6Sn5, two growth mecha-
nisms are possible. At the Cu/Cu3Sn interface, the layer grows due to
the reaction between Cu and diffused Sn according to the following
equation

3Cu + Sn = Cu3Sn (3)

At the Cu6Sn5/Cu3Sn interface, the layer grows due to interac-
tion between Cu6Sn5 with diffused Cu

Cu6Sn5 + 9Cu = 5Cu3Sn (4)

The relative ratio of Cu and Sn diffusivities in Cu3Sn determines
whether mechanism (3) or (4) dominates. Chao et al. found that
Cu diffusivity in Cu3Sn is about ten times less than Sn diffusivity
at 150 ◦C [27]. This suggests that Cu3Sn layer formation is given by
Sn diffusion and the layer grows at the Cu/Cu3Sn interface. Wen-
ming et al. recently observed the formation of Kirkendal voids at
the Cu/Cu3Sn interface [28]. This observation suggests that the layer
may grow by copper diffusion instead. On the other hand, Laurila
et al. did not observe any voids for high purity copper soldered
with pure Sn or Sn–Ag–Cu but they did observe them for electrolytic
and electroless deposited copper with both Sn and Sn–Ag–Cu alloys
[29]. This indicates that the voids are not formed due to the Kirk-

endall effect but rather due to the redistribution of impurities or
volume changes upon formation of intermetallic compounds. Wen-
Ming et al. used electrodeposited Cu substrate which might have
influenced the void formation [28]. We did not observe any void
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ormation in our samples and we used high purity Cu substrate

99.99%).

Based on the previous discussion, it can reasonably be suggested
hat the Cu3Sn layer formation is limited by Sn diffusion. Gener-
lly, elements diffuse through grain boundaries more rapidly than
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ig. 7. Thickness of the Cu6Sn5 layer (Cu6(Sn,In)5 for SACI) versus ageing time for
he three investigated solder systems at 423 K in air.
measured by EDX, after solid state ageing for 384 h.

through the grain interior. A sufficient flux of Sn is needed to main-
tain the Cu3Sn growth. Li et al. suggested that, in Sb-doped samples,
antimony can substitute tin and form Cu3(Sn,Sb) particles at grain

boundaries of Cu3Sn [24]. These particles may obstruct the tin dif-
fusion in Cu3Sn which may lead to the lower growth rate. A similar
explanation is possible for solder samples containing Bi and In.
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Fig. 8. Parabolic plot of the Cu6(Sn,In)5 layer thickness versus time for the Cu/SACI
interface.
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ince indium has a comparable atomic diameter to tin, it might have
greater tendency to substitute tin in intermetallic compounds,

specially at high concentrations. Therefore, the retardation effect
ould be more pronounced for indium-containing solder com-
ounds comparing to bismuth-doped samples. Nevertheless, the
i effect is also significant. It has already been shown that 1% Bi
ay lead to an approximately 10% decrease in the rate constant

25]. The reduction of the intermetallic rate growth decreases the
ate of joint degradation and increases the durability.

The observed obedience to the parabolic rate law indicates
hat the Cu6(Sn,In)5 layer formation is diffusion-limited (Fig. 8).
he diffusion coefficients of Sn and Cu in Cu6Sn5 at 150 ◦C are
omparable. This observation suggests that the Cu6Sn5 layer prob-
bly grows by counter-diffusion of Sn and Cu. Table 3 compares
he parabolic rate constants from the present study with the rate
onstants for the Cu6Sn5 growth studied previously. The activa-
ion energies are comparable, with only a slightly higher value
or Cu6(Sn,In)5. This suggests that the growth mechanism, i.e.,
he counter-diffusion of Sn and Cu, is probably maintained. How-
ver, the parabolic rate constants for the Cu6(Sn,In)5 formation are
igher, which can be speculated to be due to higher amount of point
efects in Cu6(Sn,In)5. We have previously investigated the com-
osition of the Cu6(Sn,In)5 phase formed by the solidification of the
n–1.5Ag–0.7Cu–9.5In alloy [9]. It has been found that the ratio of
u:(Sn,In) is close to 1 rather than 6:5. This suggests that the crystal
tructure is probably defective, with some copper atoms missing.
herefore, indium can be suggested to increase copper diffusion.
his suggestion is in line with observations of Šebo et al. who stud-
ed the indium effect on the microstructure of the interface between
n–3.13Ag–0.74Cu–xIn and Cu [30]. The authors found that for all
ndium concentrations studied (4–75%) the phase formed at the
older–substrate interface was copper-rich. Indium increases cop-
er diffusion and leads to the formation of In-based phases at the
older–copper interface. Intermetallic phase precipitates with the
u6(Sn,In)5 composition are also formed in the solder bulk (Fig. 5).
hese phases could reinforce the solder joint. However, they seem
o grow rapidly and join the Cu6(Sn,In)5 phase formed at the inter-
ace. The chemical composition of these precipitates is probably not
onstant. Therefore, further concentration gradients in the layer
evelop. They, in turn, may increase the copper diffusion and the
rowth of the layer at later stages of ageing. The excessive inter-
etallic phase formation may lead to a premature degradation of

he working solder joint (Fig. 6).
. Conclusions

The effect of bismuth and indium in Sn–Ag–Cu solders on the
inetics of intermetallic phase formation at the solder–copper

[

[
[

ompounds 509 (2011) 7052–7059 7059

interfaces was investigated. The interface layer consisted of two
parallel layers – Cu3Sn and Cu6Sn5. Cu6Sn5 was formed during
soldering and grew parabolically during subsequent solid state age-
ing. Cu3Sn was formed during solid state ageing and its growth
rate was decreased by Bi and In additions in the lead-free sol-
der. It is suggested that Cu3Sn grows by Sn diffusion. Since indium
and possibly also bismuth can substitute Sn in intermetallic com-
pounds, Cu3(Sn,In) or Cu3(Sn,Bi) compounds may form at Cu3Sn
grain boundaries where they inhibit Sn diffusion.

The parabolic rate constant of the intermetallic layer forma-
tion is increased and some tin is substituted by indium in Cu6Sn5
at the Cu/Sn–Ag–Cu–In solder joint interfaces. It is suggested that
indium increases copper diffusion in Cu6(Sn,In)5 and leads to the
formation of In-based compounds at high concentrations. At later
stages of ageing, the Cu6(Sn,In)5 layer growth is further enhanced
by intermetallic phase precipitation in the solder bulk, which may
lead to a pre-mature degradation of the solder joint. The indium
concentration should, therefore, be lowered to avoid the excessive
precipitation of Cu6(Sn,In)5 in the bulk.
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