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Morphologies of intermetallic compound phases
in Sn-Cu and Sn-Co peritectic alloys during
directional solidification
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Abstract: The morphologies of intermetallic phases (IMCs) during directional solidification of the Sn-Cu
(L+CuzSn—CugSn;) and Sn-Co (L+CoSn—CoSn,) peritectic systems were analyzed. The primary Cu,Sn and
peritectic CusSn; phases in Sn-Cu alloy are IMCs whose solubility ranges are narrow, while both the primary
CoSn and peritectic CoSn, phases in Sn-Co alloy are IMCs whose solubility ranges are nil in equilibrium
condition. The experimental results before acid corrosion shows that the dendritic morphology of both the CugSng
and CoSn, phases can be observed. The investigation on the local dendritic morphology after deep acid corrosion
shows that these dendrites are composed of small sub-structures with faceted feature. Faceted growth of the
primary Cu;Sn and CoSn phases is also confirmed, and a faceted to non-faceted transition in their morphologies
is observed with increasing growth velocities. Further analysis shows that the dendritic morphology is formed in
the solidified phases whose solubility range is larger during peritectic solidification.
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1 lntrodu(‘tion exhibit more complex morphologies as compared with
the solid solution phases: planar, cellular to dendritic ™.

Numerous research works have been performed for
peritectic alloys which can be used in broad industrial
applications "% The peritectic reaction: L+a—p occurs
during solidification of these systems, where a is the
primary phase and P is the peritectic phase . Three
different types of peritectic systems can be defined
depending on whether the solid phases involved are solid
solution phases or intermetallic compound phases (IMCs)
with nil solubility or narrow solubility range """, Different
from the solid solution phases which have been
commonly analyzed, the growth of IMCs from melt is
of practical interest because the appropriate morphology,
size, and distribution of IMCs can lead to significant
optimizing properties of alloys *"*. Furthermore, IMCs
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Faceted growth with a strong anisotropy can often be
observed during solidification of IMCs. In addition, the
transition from faceted growth to nonfaceted growth with
increasing cooling rates have also been confirmed "> '*,
However, the current analyses on the morphology
of solidification microstructure are usually based on

. . . 8
two-dimensional observation """

1 which is limited
since the three-dimensional information of the growth
morphology can not be fully revealed "”. In recent
decades, many methods have been developed to
characterize the three-dimensional morphology of
solid phases. Three of these methods have been most
widely used: three-dimensional reconstruction on the
basis of three-dimensional successive sectioning ** ',

synchrotron radiation **

, and the deep etching method
using appropriate acid/alkali corrosion. Among them,
the deep etching method has shown strong applicability,
and its only difficulty lies in choosing an appropriate
corrosive to better exhibit the morphology information.
For this reason, the morphology information of many
[8-13]

phases including both solid solution phase and IMCs

have been obtained through the deep etching method.
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The IMCs can be frequently encountered in solidification of
different peritectic systems. Among them, the Sn-Cu and Sn-Co
alloys have shown wide application. As one of the most
popular lead-free solders, Sn-Cu alloys are commonly
applied in the electronics industry owing to their excellent
weldability and non-toxic property %
Sn-Cu solders of high Sn content is of great interest since

| Investigation on the

the operating temperature of solders can be enhanced by
increasing the content of Cu. Sn-Co alloys are also widely
used in lead-free solders, negative electrode materials, etc [30-33]
In Sn-based solders used in electronic packaging, Co can form
a good diffusion barrier between solder and substrate due to its
low solubility B¢,

Despite the numerous reports on Sn-Cu and Sn-Co peritectic
systems, the study on the three-dimensional morphology of
these peritectic systems containing IMCs has been rarely
reported. Further experimental evidences are required for
understanding the growth of the IMCs in detail in these
peritectic alloys. In this work, the morphology features of
IMCs were analyzed in the Sn-Cu and Sn-Co peritectic alloys
through deep etching method. Furthermore, the dependence of
the formation of dendritic morphology on the solubility range

of the solidified phases was also investigated.

2 Experimental procedure

Pure copper (99.9wt.%), pure tin (99.9wt.%) and cobalt (99.9wt.%)
were used as raw materials to prepare the Sn-32at.% Cu
and Sn-9at.% Co alloys by melting in a vacuum induction
furnace. The rods (®6 mmx80 mm) were cut from the ingot
and placed into the Al,O, tubes [¢6.5(®7.5) mmx110 mm)].
Directional solidification was carried out in a Bridgman-type
apparatus. First, the furnace was heated up above their melting
temperature (600 °C for Sn-Cu and 850 °C for Sn-Co), and held
for 30 min. Second, the Sn-32at.% Cu and Sn-9at.% Co samples
were fabricated at different growth velocities: 10, 20 pm-s™
for Sn-32at.% Cu alloy and 1, 5, 10, 100 pm-s™ for Sn-9at.% Co
alloy. After that, the tube was quickly quenched into the liquid
Ga-In-Sn alloy. The temperature gradient during directional

(@)

solidification of both alloys is 32 K-mm™', which was
obtained from the temperature profiles of the PtRh30-PtRh6
thermocouples near the solid/liquid interface. Finally, the
microstructures on the longitudinal sections of the samples
were analyzed using scanning electron microscopy (SEM,
Apreo-S) equipped with energy dispersive spectrometer
(EDS). An etchant solution of 10 g FeCl;+40 mL HC1+160 mL
C,H,OH was used to dissolve the eutectic matrix and preserve
the 3D morphologies of the IMCs.

3 Results

According to phase diagrams shown in Fig. 1, the Sn-32at.% Cu
alloy experiences the solidification of the primary Cu,;Sn
phase at 530 °C *****”; L—Cu,Sn, then the peritectic reaction
at 7,=415 °C: L+Cu,;Sn—Cu4Sn,, and the eutectic reaction
at T;=231.96 °C. The Sn-9at.% Co alloy experiences the
solidification of the primary CoSn phase at 810 °C: L—CoSn,
the peritectic reaction at 7,=525 °C ®'**1: L+CoSn—CoSn,,
and eutectic reaction at 7;=231.96 °C.

The microstructures of the directionally solidified Sn-32at.% Cu
peritectic alloys before deep etching are given in Fig. 2. The
dark gray (25.7at.% Sn) and light gray (43.7at.% Sn) phases are
determined to be the Cu,Sn, CusSns phases through the EDS
analysis. As can be seen in Fig. 2, the primary &-Cu,Sn phase
exhibits a needle/plate-like morphology, and the peritectic
N-Cu¢Sn; phase shows dendritic morphology in directionally
solidified Sn-32at.% Cu peritectic alloy.

Figures 3(a) and (b) present the microstructures of the phase
transition interface of the afore-mentioned Sn-32at.% Cu
samples after deep etching, and the different phases are determined
by the EDS analysis: 24.8at.% Sn [Point A in Fig. 3(d)],
and 44.5at.% Sn [Point B in Fig. 3(d)]. The intermetallic
compound n-CusSns, whose solubility is small, exhibits
faceted feature with sharp edges. Further examination in
Figs. 3(c) and (d) shows that an interesting round scallop sub-
structure can be found in the magnified figures of Areas C
and D in Figs. 3(a) and (b). These substructures are gradually
surrounded by smooth facet planes during crystal growth, as

(b)

Fig. 1: Sn-Cu (a) and Sn-Co (b) binary alloy phase diagrams where the red vertical lines show the composition of

Sn-32at.% Cu and Sn-9at.% Co peritectic alloys in this work, respectively
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Fig. 2: Microstructures of directionally solidified Sn-32at.% Cu
peritectic alloy before deep etching at growth
velocity of 10 um-s™: (a) longitudinal view;

(b) solid/liquid interface at Area b in (a); (c) phase
transition interface at Area c in (a)

(a)

(e)

presented in Figs. 3(e) and (f). Furthermore, after comparing
the microstructures at different growth velocities in Figs. 3(c)
and (d), it is found that the peritectic n-CuySn; phase becomes
hexagonal at a higher growth velocity.

In addition to the peritectic CusSns phase formed through
peritectic reaction, Figs. 3(g) and (h) show the dendritic
morphology of the peritectic CusSn; phase which grows
directly from the melt. Similar to Figs. 3(c) to (f), the scallop-
shaped sub-structure can be seen at both growth velocities;
the faster the growth velocity, the more obvious the hexagonal
characteristics of the peritectic CusSns phase. Figures 4(a)
to (c) exhibit the SEM images of the peritectic | phases at
different positions of the sample at growth velocity of 10 pm-s™.
It can be found that the peritectic CuySn; phases have different
morphologies even at a constant growth velocity. At the
positions of higher temperature of the sample, the peritectic
Cu,Sn, grains maintain a round scallop shape morphology. As
the temperature decreases, the Cu,Sn, grains become faceted
with sharp edges and corners near the phase transition interface,
and the grain size is obviously larger. In addition, as shown
in Fig. 4, the long prismatic structure of Cu,Sns grains can be
observed at lower temperature near the initial growth interface,
and the center of these prismatic structures are empty.

Figure 5 exhibits the phase morphologies in the Sn-9at.% Co
peritectic alloy at the growth velocity of 1 pm-'s" before and
after deep etching. The EDS results (65.6at.% Sn) show that
the dendrites are composed of peritectic CoSn, phases. The

(b)

(d)

(f)
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Fig. 3: Microstructures of directionally solidified Sn-32at.% Cu peritectic alloy after deep etching: the phase transition
interface at growth velocities of 10 pm-s™ (a) and 20 ym-s™ (b); the sub-structures of the peritectic phases at
growth velocities of 10 pm-s™ (c) and 20 pm-s™ (d); (e) partial enlarged view of (c); (f) partial enlarged view of (e);
dendritic morphologies of peritectic phases at growth velocities of 10 pm-s™ (g) and 20 pm-s™ (h)

Fig. 4: Microstructures of peritectic n phases at different positions of directionally solidified Sn-32at.% Cu

peritectic alloy at the growth velocity of 10 ym-s™

(@)

(b)

Fig. 5: Microstructures of the directionally solidified Sn-9at.% Co peritectic alloy at the growth velocity of

1 um-s™ before (a) and after (b) deep etching

sub-structure of primary CoSn phase cannot be observed
even after deep etching. As can be seen in Fig. 5, the leading
phase which first precipitates from the melt during directional
solidification changes from primary CoSn phase to peritectic
CoSn, phase when the temperature reaches the phase transition
temperature (7;). After etching, it can be observed that there
are coarse peritectic CoSn, dendrites and bulk primary CoSn
phases above and below T, respectively, which are consistent
with those observed before etching. The primary CoSn phase
shows a typical faceted morphology while the CoSn, phase has
a dendritic morphology. It is interesting to find that the CoSn

414

and CoSn, phases are both IMCs with nil solubility according
to the equilibrium phase diagram, but their morphologies are
quite different. Besides, after etching, it can be observed that
the secondary arms of the CoSn, dendrites show quadrangular
prism-like morphologies.

Similarly, Figs. 6(a) and (b) present the morphologies of
the Sn-9at.% Co sample at the growth velocity of 5 um-s™
before and after deep etching, respectively, and the dendritic
morphologies of peritectic CoSn, phase can also be clearly
observed. Besides, the dendritic structures of peritectic CoSn,
phases at the growth velocity of 5 um-s™ are finer and more
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regular than that at 1 um's™. As shown in Fig. 7(a), it is
interesting to find that the secondary dendrite arms of CoSn,
phase show stepped morphologies although the peritectic
CoSn, phase displays a typical dendritic morphology. After
measuring in Fig. 6(b), it can be obtained that the angle
between the growth direction of the primary dendrite and
the secondary arm is nearly 45°. Simultaneously, the growth
direction of most secondary arms is close to the temperature
gradient direction.

In addition, as shown in Fig. 7(b), further examination on
the roots of the secondary dendrite arms reveals the existence
of flake-like microstructures which are perpendicular to
the direction of the temperature gradient. These flake-like
microstructures are surrounded by rod-like microstructures,
and these sub-structures cannot be observed in the morphologies
before etching. To determine the compositions of these sub-
structures, EDS analysis was carried out, and the results
show that the flake-like sub-structure and the rod-like sub-

structure are CoSn, phases. CoSn, phase is a metastable phase,
which cannot be formed in equilibrium solidification. Its
formation in this sample is caused by quenching. Li et al. ©”
proposed that the CoSn, grains tend to grow in the [001]
direction and exhibit a quadrangular prism-like morphologies,
while the CoSn, grains grow in a spiral manner and have a
multi-layer structure.

4 Discussion

As discussed above, different growth types have been
observed on the IMCs in both Sn-Cu and Sn-Co peritectic
systems. The facted morphologies of the IMC Cu,Sn phase
which should present a non-faceted growth type in theory were
found. Similarly, the non-facted dendritic morphologies of
the IMC CoSn, phase which should present a faceted growth
type in theory were also observed. To determine which phase
is more likely to grow in a non-faceted way, Saroch et al. !

Fig. 6: Microstructures of the directionally solidified Sn-9at.% Co peritectic alloy at the growth velocity of

5 pm-s™ before and after deep etching

(b)

Fig. 7: Sub-structures of the secondary dendrite arms of CoSn, phase in directionally solidified Sn-9at.% Co
peritectic alloy at the growth velocity of 5 um-s™ after deep etching: (a) the stepped microstructure;
(b) the flake-like microstructure which are penetrated with the rod-like microstructures
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proposed that the smaller the calculated values of AS®" (entropy
of solution) and dAS®"/dT (the changing rate of entropy of
solution with temperature), the more likely the non-faceted
morphology occurs. dAS®"/dT can be expressed as “"":

aas®™ 1 aas®t 1 aastt
- (M

dr mg 6xes my 6x§

where mg and m, are the slopes of the solidus and liquidus
lines, respectively. xs is the solute (Sn) concentration in the
solid phase, 6ASSL is the changing rate of entropy of solution

with the solute concentration in the solid phase. In this work,

the values of (6AS SL) / (Eixes) of these two phases are assumed

SL
to be equal for simplicity. Then, the effect of (GAS )/ (ax}? )

on dAS®"/dT can be ignored. For the convenience of description,

S; was defined as:

S =—+— 2

Therefore, for a solid phase, the smaller S; means the smaller
value of dAS®'/dT, then the non-faceted morphology is more
likely to occur. The values of mg and m; are usually obtained

from the phase diagram >***"". Here, the Sn-Co peritectic alloy
is taken as an example for analysis. As shown in Fig. 1(b), since

both CoSn, and CoSn phases are IMCs with nil solubility, and
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their solidus lines are perpendicular to the horizontal axis, their
inverse values of mg are approximately equal to zero. Thus,
S; = 1/m, According to Fig. 1, the value of m; of CoSn, phase
is smaller than that of CoSn phase. For CoSn, phase, larger
S, also means larger value of dAS®"/dT. Therefore, it can be
concluded that the dendrite growth of the CoSn, phase cannot
be observed, which is contrary to the experimental results.

To resolve this discrepancy, the solubility of the IMCs should
be re-examined. It should be noted that if the solubility of the
IMC is not nil, the inverse values of mg for these phases are
not zero. According to Eq. (1), the difference in mg between
CoSn and CoSn, phases will influence the values of dAS®'/dT,
which will lead to a different result. Then, to determine the
solubility ranges of these IMCs, the compositions of both the
CoSn and CoSn, phases in the Sn-9at.% Co samples at each
growth velocity were identified with EDS.

Figure 8 shows the Sn concentrations in the CoSn and CoSn,
phases at different growth velocities. Taking the sample at the
growth velocity of 1 pm-'s” for instance, the difference between
the maximum and minimum Sn content in the CoSn phase is
0.55%. The difference between the maximum and minimum
Sn content in the CoSn, phase is 0.74%. Thus, the solubility
range of Sn content in the CoSn, phase is 34.5% larger than
that in the CoSn phase. Similarly, for other samples, the
solubility range of the CoSn, phase is also greater than that of
the CoSn phase. This means that the CoSn, phase has a larger
solubility than the CoSn phase.

65.0 —
(b) e Peritectic phase
64.5F . m Primary phase
&\o, 64.0 - L .o... .o o 0% %0 . ¢
Saasf * T T Tt
Z 630}
c = =
3
e 475}
o]
5]
c 470
o [] "I . gt []
4651  ma e e ow ta TRTTER ety
| |
46.0 L L L L
0 10 20 30
Point number
65.0 | (d) e Peritectic phase
64.5 m  Primary phase
R 640 o % e .
\éf 635__ °® o..o ...00. ..0.... ® 0,
€ e30f *
C = =
g 7
e 4751
Q L
5]
c 470}
® [ FLL] " FLLI - [ ]
465} n .ll... ..l..l. "an" a
L n
46.0 1 1 1 1 1 1

0 5 10 15 20 25 30
Point number

Fig. 8: Sn compositions in the primary and peritectic phases in Sn-9at.%Co peritectic alloys at different
growth velocities: (a) v=1 um-s™; (b) v=5 pm's™; (c) v=10 ym-s™; (d) v=100 pm-s™
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Although the exact values of myg of these two phases cannot be
obtained from the equilibrium phase diagram in Fig. 1(b), a rough
calculation can still be performed by the solubility range (C):

. 201)

Cr

where T, is peritectic reaction temperature which can be found
in the equilibrium phase diagram, which are 936 °C and 525 °C
for CoSn and CoSn, phases, respectively. 7, is the room
temperature (7,=25 °C). Integrating the data of these two phases
at the growth velocity of 1 um's” into Eq. (3), the mg values of
CoSn and CoSn, phases can be obtained as -3,312.7 K-(at.%)"
and -1,351.4 K-(at.%)"', respectively. Then, the S, values
of CoSn and CoSn, phases are -1.05x107 (at.%)-K™" and
-1.07x10™ (at.%)-K"', respectively. Obviously, the Si values
of CoSn, phase are smaller, thus, the calculated values of
AS®" and dAS®"/dT of CoSn, phase are smaller. Therefore, the
dendritic morphology of the CoSn, phase can be observed. In
addition, the dendritic growth of Cu,Sn, phase in Fig. 1 can
also be analyzed with the same method.

5 Conclusion

In this work, the growth morphologies of IMCs were analyzed
during directional solidification of both the Sn-Cu and Sn-Co
peritectic systems. The examination on solidified microstructure
before acid corrosion shows that the dendritic growth of both
the peritectic CugSns and CoSn, phases can be observed in the
Sn-Cu and Sn-Co alloys, respectively. However, the analysis
on the dendritic morphologies of both the CusSn; and CoSn,
phases after deep acid corrosion shows that these dendrites are
composed of small sub-structures with faceted morphology.
In addition, different growth types are observed on the IMCs
in both Sn-Cu and Sn-Co peritectic systems. The facted
morphologies of the Cu;Sn and CoSn, IMCs are found in the
experiment, which should present non-faceted growth type
in theory. In order to clarify this phenomenon, the solubility
ranges of these IMCs have been estimated, which confirms the
dendritic morphology of the solidified phases whose solubility
ranges are greater during peritectic solidification.
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