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Abstract This study examined the reaction couples of Co
substrate with liquid and solid Sn-37 wt% Pb alloys,
respectively. In the liquid/solid Sn—Pb/Co couples, one
single-phase CoSnj; layer was found at the interface at
temperatures from 210 to 250 °C. The layer thickness was
measured as a function of the reaction time. The layer
growth rate increased with increasing temperature. The
CoSnj layer growth was linear in the early stage and then
became parabolic. In addition, the similar CoSn; growth
behavior results were observed in the solid/solid Sn—Pb/Co
couples from 150 to 170 °C. Nevertheless, one Pb-rich
phase layer accumulated at the solder/CoSnj interface due
to Sn consumption. Also, the reaction kinetics of Sn-
37 wt% Pb/Co was symmetrically studied at various
temperatures. The chemical reaction constants, diffusion
constants, and the relevant activation energies were reported.

Introduction

Soldering technology is extensively applied for joining
components in the electronics industry [1, 2]. One solder
alloy wets a metal substrate to yield a solder joint at an
operation temperature above the melting point of solder.
Usually, one or more intermetallic (IMC) phases form at
the interface between solder and substrate due to atomic
diffusion during the soldering process [3]. Conventional
eutectic SnPb solder (Sn-37 wt% Pb) has been used for a
long time [1]. Nevertheless, many countries have legisla-
tion that bans the use of Pb-containing solders due to
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environmental concerns [3]. Therefore, various Pb-free
solders have been developed to replace the conventional
Sn-Pb solder [4, 5].

On the other hand, Cu is widely used as a substrate
material and Ni is a common diffusion barrier material.
Many studies have investigated the solder joints of the
eutectic Sn—Pb solder on Cu or Ni [6-12]. Previous studies
have reported that Pb does not actively participate in the
IMC formation in the eutectic Sn—Pb/Cu reaction, and only
Sn reacts with Cu to produce the CusSn and CugSns phase
[6, 7]. Similarly, only the formation of the NizSn, phase
occurs in eutectic Sn—Pb/Ni [9].

Recently, Co and its alloys, such as Ni—Co alloy, were
evaluated for their potential use as diffusion barriers and as
under bump metallurgy (UBM) materials [13-17]. In
addition, Co and its alloys are often used in surface finish
by electroplating due to their superior corrosion resistance
[18, 19]. Thus, contact takes place between Co and various
solders. The interfacial reaction of Co with solders has
been discussed in several studies [20-25], but the research
related to this topic is still limited. In our preliminary
study, CoSn; was the primary reaction phase in the binary
solid/solid Sn/Co interfacial reaction [20]. The CoSn; IMC
growth showed very fast and linear reaction times in the
initial stage, and then become parabolic. Particularly,
CoSns also exhibits a unique cruciform formation [21].
Nevertheless, minor Cu alloying in Pb-free solders signif-
icantly suppresses CoSn; growth [22].

Though Sn-37 wt% Pb alloy is no longer used as the
principal solder, it is still believed to be important for
industrial application. Therefore, a detailed understanding
of the interfacial reaction between Co and eutectic Sn—Pb
solder is needed to evaluate IMC formation and growth. Up
to now, there is, however, no available research on the
interfacial reaction of eutectic Sn—Pb solder with Co
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substrate. The objective of this study is to experimentally
examine the interfacial reactions of eutectic Sn—Pb solder
with Co in two different solid/solid and liquid/solid couples
at different temperatures. This study also focuses on
examining the kinetics of the IMC formation.

Experimental procedures

Binary Sn-37 wt% Pb alloy was prepared from the
respective pure elemental materials (Sn shots: 99.98 wt%
purity, Pb shots: 99.95 wt% purity). Appropriate amounts
of Sn and Pb were weighed and encapsulated in a quartz
tube under a vacuum of 1072 torr. The Sn—Pb alloy was
melt and homogenized in a box furnace at 500 °C for
1 week. This sample capsule was then removed from the
furnace and quenched in water. The Sn—Pb ingot was cut to
several 2 g pieces. In addition, one 0.5 mm-thick Co foil
was cut into a dimension of 5 x 20 mm and then it was
polished and cleaned. The rosin mildly activated flux
(RMA-type) was applied onto the Co substrate. The 2 g
Sn—Pb alloy was placed in a quartz tube with 6 mm inside
diameter and it was remelted at 250 °C. The Co substrate
rinsed with flux was dipped into the molten Sn—Pb alloy
and subsequently quenched immediately to finish the
preparation of Sn—Pb/Co reaction couple.

The reaction couples were reacted at the two different
temperature ranges, 150170 °C for solid solder/Co reac-
tion and 210-250 °C for liquid solder/Co. In the cases of
the solid/solid reactions, the Sn—Pb/Co couples were
directly placed in the furnace. In the liquid/solid reactions,
the prepared reaction couples must be encapsulated in the
quartz tube again to avoid oxidization during the reaction
period. After a predetermined reaction time, the reaction
couple was removed from the furnace for metallographic
observation. The reaction couple was mounted with epoxy
resin, cross-sectioned, and polished. The interfacial
microstructure of the reaction couple was examined using
optical microscopy and scanning electron microscopy
(SEM). The electron probe microanalysis (EPMA) was
used to precisely analyze the composition of the reaction
phase. The image analysis software was employed to
measure the average reaction layer thickness. Each thick-
ness value is an average of at least ten measurements at
different locations.

Results and discussion

Solid/solid Sn—Pb/Co interfacial reactions

Figure 1a shows the cross-sectional back-scattered electron
image (BEI) micrograph of the as-cast Sn-37 wt% Pb/Co

Fig. 1 BEI micrograph of the Sn-37 wt% Pb/Co couple of a the
as-prepared sample and b after reaction at 170 °C for 120 h

couple. On the right-hand side, the black phase is the Co
substrate. The opposite region exhibits the typical eutectic
structure of the Sn-37 wt% Pb alloy. The brighter phase is
the Pb-rich phase and the darker matrix phase is the Sn-rich
one. No IMC layer was found at the initial interface. After
aging at 170 °C for 120 h, the interfacial microstructure of
the eutectic Sn—Pb/Co couple is shown in Fig. 1b. One
uniform and continuous IMC layer was formed on the Co
substrate and its average thickness is about 41 um. The
results of EPMA analysis reveal that the IMC composition
is Sn-25.1 at% Co-0.1 at% Pb. The related phase diagram
can provide information for determining the IMC phase.
Nevertheless, no ternary Sn-Pb—Co phase diagram is
presently available. Since the IMC layer has very little Pb
solubility, it can refer to the binary Sn—Co phase diagram
[26]. Therefore, it can be determined to be a stoichiometric
CoSns; compound. The CoSn; formation in the Sn-37 wt%
Pb/Co is the same as that in the Sn/Co reaction [20].
Similar to the Cu and Ni substrates [6-9], the formed
IMC species is not affected by Pb, even with such large Pb
content. This suggests that Pb has no strong interaction
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with Co. In other words, Pb is not involved in the chemical
transformation of CoSnsz. Furthermore, according to the
Co-Pb phase diagram [27], there is only one monotectic
reaction and there is no intermediate phase. Also, Co and
Pb have very little solubility with each other. This implies
that the interatomic bond between Co and Pb is repulsive,
and thus, Pb is chemically inert to Co. This suggestion is in
good agreement with the present interfacial observation.

Remarkably, only one very bright layer exists adjacent
to the CoSnj layer, as seen in Fig. 1b. It is determined to be
Pb-rich phase with close to saturated Sn solubility of about
25 at%. Moreover, some small Sn-rich phase particulates
are dispersed in the Pb-rich layer. The CoSnj layer has very
limited Pb content. This means that both Sn and Co are
major reacting elements. In addition, Sn is the dominant
diffusion element since the CoSnj; growth front was found
occurring at the CoSns/Co interface. As the CoSny phase
grows, only the Sn of the solder is consumed. As a result,
the remnant unreacted Pb phase accumulated and gradually
thicken with reaction time owing to the great expense of
Sn. This reaction process must obey the mass balance law.
Every 10 um thick formation of the CoSn; layer needs to
consume a 9.7 um thick Sn layer. Therefore, for the
eutectic Sn—Pb solder, the accumulated Pb layer is calcu-
lated to be about 3.6 um thick. Consequently, it is quite
reasonable that the thickness ratio of Pb to CoSn; observed
in Fig. 1b is consistent with the theoretical value.

To observe whether the IMC formation exhibited a
cruciform pattern, the rectangular Co substrate was care-
fully prepared with right angles and a polished surface. The
reaction was conducted at 170 °C for 792 h. As shown in
Fig. 2a, clearly, no reaction product formed at the corners,
which is the feature of cruciform pattern formation. Unlike
the cruciform pattern observed in the Sn/Co couple at
200 °C, the endpoints of the IMC layers at the corners,
representing the beginning for layer growth, are still joined
together. This observation implies that the pile-up stress
within the reaction layer was not large enough to cause
solder alloy deformation at the corners, so the endpoints
had not yet completely split.

Figure 2b and c is the local magnified micrographs of
the reaction layers at the left interface and the upper one,
respectively. Notably, the reaction layers were filled up
with bright Pb-rich phase, which were marked within a
dashed line rectangle, but the microstructures were differ-
ent. As shown in Fig. 2c, the Pb phases appear along the
CoSn; grain boundaries, perpendicular to the interface. In
contrast, the Pb-rich phases are with zigzag pattern and
parallel to the interface in Fig. 2b, indicating the CoSnj;
microstructure. The microstructural difference thus pro-
vides evidence that the reaction layers were subjected to
different interior stresses. This reveals that the reaction
layer at the corners (or at the short side) is under tensile
stress and thus it leads to CoSn; expansion. Eventually, the
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Fig. 2 a BEI micrograph of the Sn-37 wt% Pb/Co couple at 170 °C for 792 h, b local magnified image of the left interface, and ¢ local

magnified image of the upper interface
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solder atoms, especially Pb, can easily migrate into the
grain boundaries. This might relieve the tensile stress.
Accordingly, this can also explain why the pile-up stress is
not sufficient to separate the endpoint between the layers.
Moreover, it is worth noting that the reaction layer at the
corners is much thicker than that at the lateral interface.
The faster IMC growth could be because the Pb-rich phases
at the grain boundaries provide more diffusion paths for Sn.

To further investigate the IMC growth kinetics, it is
necessary to measure the IMC layer thickness at different
durations of reaction time. In previous studies, the results
for different reaction times have conventionally been
obtained from different couples. Nevertheless, this often
causes larger variations. To eliminate the discrepancy
between different couples, this study applies the method of
consecutive measurements on the same reaction couples.
This helps to precisely observe the thickness changes that
occur during the IMC growth period. Heat treatments in the
furnace and thickness measurements were carried out
repeatedly on the same couple. In addition, at least three
different couples were conducted to check the validity and
consistency of measured data. The reactions were per-
formed at various temperatures, 150, 160, and 170 °C,
respectively. Similarly, only the CoSn; layer was formed.
The plot of the IMC thickness against the reaction time is
shown in Fig. 3a—c. The reaction layer grows thicker with
increasing reaction time as well with higher reaction tem-
peratures. For example, at the same reaction time of 72 h,

Fig. 3 The plot of the reaction (a) 1907 o < poico

the layer thicknesses are 7.3, 14.2, and 32.1 pm at 150,
160, and 170 °C, respectively.

For comparison, the growth data for the Sn/Co interfa-
cial reactions [20] are also shown in Fig. 3. The growth
rate of the Sn—Pb/Co couples is slightly higher than that of
the Sn/Co couples. In the reaction at 170 °C, the reaction
layer in the Sn—Pb/Co is thinner than that of Sn/Co after
360 h of reaction. Furthermore, the reaction layer growth
of Sn—Pb/Co at 170 °C appears linear with the reaction
time in the initial 72 h of reaction. After that, it gradually
becomes parabolic. This similar growth behavior was also
found in the prior Sn/Co interfacial system [20]. This
indicates that CoSnj; layer growth is reaction controlled and
subsequently becomes diffusion controlled. The linear
relationship of time—thickness dependence is more signif-
icant in the reaction at 150 °C due to slower growth, as
displayed in Fig. 3a.

According to Dybkov’s reaction diffusion model [28],
the IMC layer formation is considered to be governed by
two steps, chemical transformation and atomic diffusion.
The relationship between the thickness and reaction time
can be described by the following equation:

t = x/kehem + X/ 2kait, (1)

where x is the reaction layer thickness and ¢ is the total
reaction time. The ke, 1S the chemical reaction constant
(m s~ 1), and kg is the diffusion constant (m? s™'). In the
initial stage, the layer growth is linear because it is only
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determined by the chemical transformation at the interface.
In the meantime, the layer is so thin that the atomic dif-
fusion is not a dominant step. The layer grows thicker with
reaction. Once the thickness exceeds one critical value, the
atomic diffusion becomes the rate-determining step.

The initial linear growth of the Sn—Pb/Co couples is
clearly exhibited in Fig. 3. Moreover, as shown in Fig. 4a—c,
the plot of the square of the reaction layer thickness versus
the reaction time reveals the later parabolic growth.
According to the above-mentioned IMC growth equation,
the chemical reaction constant, k.pem, can be determined by
slope-fitting on the initial linear portion in Fig. 3a—c.
Similarly, the diffusion constant, kg;s, can also be obtained
from the results in Fig. 4a—c. The respective chemical
reaction constants and diffusion constants for various
temperatures are summarized in Table 1.

These two constants can be given by an Arrhenius
expression:

k = koexp(~Q/RT), (2)

where kg is the temperature-independent prefactor, Q is the
activation energy, R is universal gas constant, and 7 is the
absolute temperature. Figure 5a and b is the plots of
the logarithm of the coefficient versus the reciprocal of the
absolute temperature for the chemical reaction constant and
diffusion constant, respectively. Hence, the slope and the

(a) 107 150°C
0.8

0.6 4

0.4

X?(10%um)

0.2 H

0.0 R

Table 1 The chemical reaction constants, diffusion constants, and
critical thickness in the Sn-37 wt% Pb/Co interfacial reactions at
various reaction temperatures

T (°C) Kehem (m s™h) kair (m%s™Y) Critical
thickness (pm)
150 2.58 x 1071 1.51 x 1079 58.4
160 536 x 107" 262 x 1071° 48.8
170 1.21 x 10710 429 x 1077 35.4
210 193 x 107° 298 x 10712 154.1
230 6.58 x 107° 7.04 x 1071 106.9
250 1.50 x 1078 1.29 x 10712 85.8

Reaction time (hr)

(c) 1%

1.6

170°C

1.4
124
1.0

0.8+

X}(10*um)

0.6+
0.4+

0.2+

0 200 400 600 800 1000 1200

0.0

Reaction time (hr)

0 100 200 300 400 500 600 700

intercept can determine the activation energy and the cor-
responding prefactor, respectively, by fitting a straight line.
Accordingly, the activation energy and the prefactor for the
chemical reaction constant are 120.4 kJ/mol (1.248 eV)
and 18306 m s~!. For the diffusion constant, they are
81.5 kJ/mol (0.845 eV) and 1.76 x 107> m* s™'. The rel-
evant values are also summarized in Table 2. The activa-
tion energy for the chemical reaction constant is greater
than that of the diffusion constant.

As the reaction layer grows above the critical thickness,
the chemical transformation-limited interfacial reaction
starts to become diffusion-controlled. The critical thickness
is defined as kgif/kchem. Accordingly, the critical thickness

(b) 2°7 160°C
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Fig. 4 The plot of the square of the reaction layer thickness versus reaction time in the Sn-37 wt% Pb/Co couples reacted at a 150 °C, b 160 °C,

and ¢ 170 °C

@ Springer



J Mater Sci (2011) 46:2654-2661

2659

(a) T(°C)
170 165 160 155 150
-22.6 T T T T T T T T T
-22.8
-23.0
-23.2 slope = -Ea/R = 14.478
-23.4 -
"% 236
g J
£ -23.8
-24.0
-24.2 —
-24.4 <
-246 T T T T T
2.25 2.30 2.35
10%/T (K"
(b) T(°C)
170 165 160 155 150
-33.0 T T T v T
-33.2
3344 slope = 9.803
X -336-
X
E
-33.8 1
-34.0 4
-342 . - T r T T
2.25 2.30 2.35
10%T (K"

Fig. 5 Arrhenius plot showing temperature dependence of a chemi-
cal reaction constant and b diffusion constant in the solid/solid
Sn-37 wt% Pb/Co reaction

can be obtained, as shown in Table 1. It is about 35, 49,
and 58 pm for the Sn—Pb/Co reactions at 170, 160, and
150 °C, respectively. The critical thickness increases with
decreasing reaction temperature. Nevertheless, a previous
study [20] revealed that the critical thicknesses at different
reaction temperatures in the Sn/Co couple are almost the
same, about 80 um. The insignificant temperature depen-
dence of the critical thickness occurs because the activation
energies of both the chemical reaction and diffusion con-
stant are nearly similar. Accordingly, the critical thickness
in the Sn—Pb/Co changes with varying reaction tempera-
tures, which is consistent with the above results suggesting

Table 2 The prefactor and activation energy for the chemical reac-
tion constant and diffusion constant in the Sn-37 wt% Pb/Co inter-
facial reactions

Prefactor Activation
energy
Solid/solid reactions
Reaction constant (kepem) 18306 m s~ 120.4 kJ/mol
(1.248 eV)
Diffusion constant (kgi) 176 x 10> m?>s™'  81.5 kJ/mol
(0.845 eV)
Liquid/solid reactions
Reaction constant (kcpem) 1533 m s~} 107.8 kJ/mol
(1.117 eV)
Diffusion constant (kg;f) 6.37 x 107> m? 57! 76.9 kJ/mol
(0.797 eV)

that the activation energies for these two constants are
significantly different.

Liquid/solid Sn—Pb/Co interfacial reactions

The liquid/solid Sn—Pb/Co interfacial reactions were also
conducted above the melting point of eutectic Sn—Pb sol-
ders. Figure 6 shows the interfacial microstructure of
Sn—Pb/Co after reaction at 250 °C for 2 h. Similar to the
solid/solid interfacial reaction, one uniform CoSnjz phase
layer is found, but the growth rate is much faster. The
average thickness is about 110 pm. Nevertheless, unlike
the observation in Fig. 1b, the accumulated Pb layer does
not appear due to liquid solder reaction. The reactions were
carried out with different reaction lengths to investigate the
growth rate. Figure 7 shows the average layer thickness
versus reaction time at 210, 230, and 250 °C, respectively.
In contrast from the measurements of solid/solid reactions,
each data point is measured from the different reaction
couples. Similar growth behavior is observed. Also, the

Fig. 6 BEI micrograph of the liquid/solid Sn-37 wt% Pb/Co couple
after reaction at 250 °C for 2 h

@ Springer
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by a parabolic growth. Similar analysis was carried out 272 — T
based on the experimental results. The correlated chemical 974 1
reaction constants and diffusions at different temperatures o
are shown in Table 1. For the sake of comparison, the -27.6 1
Sn/Co reactions were also preformed at 250 °C. The IMC 1 slope = 9.251
growth rate is similar to that of Sn—Pb/Co. 2781
The calculated critical thicknesses are about 154, 107, 28.0 4
and 86 pm at 210, 230, and 250 °C, respectively, for the :% 1
liquid/solid Sn-Pb/Co reactions. The critical thickness T 21
decreased with higher reaction temperatures. A similar 28.4
trend was also found in the solid/solid couples. The critical 1
thickness in the liquid/solid Sn—Pb/Co reaction is greater -28.6 4
that for the solid/solid reaction. It is likely that the atomic 28 8_-
diffusion is relatively much faster in the liquid/solid cou- |
ple, so the chemical transformation stage becomes more 29.0 y T y T T T
dominant. Accordingly, the critical thicknesses of the 190 195 s 2'001 205
liquid/solid reactions are greater. The temperature depen- 10°/T (K)

dence of the related constants is discussed. Figure 8a and b
is the Arrhenius plots for the chemical reaction constant
and diffusion constant, respectively. As shown in Table 2,
the activation energy for the reaction constant and diffusion
constant can be calculated as 107.8 kJ/mol (1.117 e¢V) and
76.9 kJ/mol (0.797 eV), respectively, and the correspond-
ing prefactors are 15.33 ms~' and 6.37 x 107> m* s~ !,
respectively. The activation energy of the reaction constant
is higher than that of the diffusion constant. This indicates
that the effect of temperature on the chemical reaction
constant is greater than on the diffusion constant. There-
fore, with increasing reaction temperature, the increment of
the reaction constant is larger than that of the diffusion
constant, making the diffusion stage become more domi-
nant. Consequently, the critical thickness is reduced at
higher temperatures.

@ Springer

Fig. 8 Arrhenius plot showing temperature dependence of a chemical
reaction constant and b diffusion constant in the liquid/solid
Sn-37 wt% Pb/Co reaction

Conclusions

The interfacial reactions of the eutectic Sn—Pb solder and
Co substrate have been examined at various temperatures.
The intermetallic growth kinetics were analyzed under the
two temperature zones, 210-250 °C for molten solder
reaction and 150-170 °C for solid-state reaction, respec-
tively. Only one uniform CoSnjz phase layer was formed.
Initially, the CoSnjz growth is linear with the reaction time.
Later, it becomes parabolic. This indicates that the rate-
controlling step changes from chemical transformation
to atomic diffusion. In addition, the experimental
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results regarding temperature dependence reveal that the
activation energies for the chemical reaction constant and
diffusion constant are 107.8 and 76.9 kJ/mol, respectively,
for the liquid/solid reaction, and 120.4 and 81.5 kJ/mol,
respectively, for the solid/solid reaction.
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