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Abstract: In order to determine the effect of Sb element on the welding reliability of Sn—Sb alloy solder, the interfacial
behavior of Sn—Sb alloys with different Sb contents on the Cu substrate was investigated. The evolution process of
interfacial layers was explained by analyzing the microstructure and interfacial reaction thermodynamics of Sn—xSb/Cu
system. The addition of Sb has a non-monotonic effect on the intermetallic compound layers. Sb can inhibit the
diffusion of Cu into solder. The addition of 3 wt.% Sb in the alloy reduces the activation energy of interfacial reaction
from 286.41 to 62 kJ/mol, which promotes the interfacial reaction. The addition of 10 wt.% Sb increases the activation
energy of interfacial reaction to 686.73 kJ/mol, which inhibits the interfacial reaction and reduces the erosion of the Cu
substrate by the solder and inhibits the formation of an excessively thick interfacial layer.

Key words: Sn—xSb alloy; interface layer; interface reaction; thermodynamics; solder

1 Introduction

Due to the harmful effect of lead on the
environment, lead-free solders have been developed
and applied in many fields. However, a new solder
to replace the Sn—Pb alloy widely used in electronic
packaging industry is still under developing due to
the poor performance of lead-free solders compared
to Sn—Pb alloys in terms of wetting and spreading
and joint strength [1,2]. Sb is one of the candidate
elements that can be added into the Sn-based alloys
instead of Pb[3—6]. Compared with other elements
such as Ag or Cu, Sn—Sb alloy is a good substitute
for Pb-containing solder because of the good
thermal fatigue resistance and high fracture
strength [1,7-9]. During the welding process, the
wetting behavior and interfacial reaction of solder

greatly influence welding quality and solder joint
performance [10—12]. ZENG et al [7] observed a
faster reaction rate and a strong dissolution effect at
the interface between Sn—Sb alloy and Cu substrate
with the increase of Sb content, although the
wetting angle did not change much.

The wetting process is usually accompanied
by the precipitation of intermetallic compounds
(IMCs). Dissolution and chemical reaction have a
great influence on the spreading kinetics and the
ultimate wettability [13—16]. However, most of the
recent studies only focused on the wetting
phenomenon, and there was little research on the
kinetics of the spreading process. Compared with
the wetting behavior of unsaturated and saturated
Cu melts on Cu substrate, it was found that the
dissolution of the substrate promoted the diffusion
of the melt [17]. Similar results have been obtained
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from studies about Sn melt on Ag and AgzSn[18].

Current research on the interface layer between
lead-free solder and substrate showed that IMC
layers with appropriate thickness and high quality
components were beneficial to improving solder
joint reliability [19,20]. The research on Sn—3Ag—
0.5Cu solder, which has been widely used at present,
showed that the interface reaction between
Sn-based solder and Cu substrate was severe, and
the thick IMC generated by the reaction reduced the
reliability of solder joints [21—23]. In addition, the
products and properties of interface layer were quite
different with different diffusion mechanisms.
For example, in Sn/Ni (polycrystalline/single
crystal) system, the interface layer formed by Ni
atoms provided by grain boundary diffusion in
polycrystalline system was Ni3Sns, while that
provided by lattice diffusion in single crystal
system was NiSns, and the corresponding IMC
layer was mainly NiSns [24]. Additionally, the
properties of Cu,Sn, IMC layer dominated by
temperature gradient were obviously different
from those of IMC layer without temperature
gradient [25].

From a thermodynamic point of view, the
formation of CueSns at the interface requires
thermodynamic conditions and the diffusion of Cu.
Studies of the evolution of IMC layers in Cu/Sn
soldering systems have shown that reverse stresses
due to non-equilibrium vacancies resulting from
imbalances in diffusion fluxes between individual
diffusers (Cu and Sn) played a fundamental role in
the evolution of IMC layers [26,27]. In a study of
hole-to-interface layer growth kinetics, it was found
that the Cu/CusSn IMC layer can hinder the
diffusion of Cu atoms into Sn and promote the
generation of the CusSns phase [28]. In the study of
IMC layers, it was found that the IMC layer with
the lowest activation energy formed first and the
CusSns had higher formation driving force [29].
Besides, the addition of Ag in Sn-based solder
promoted the formation of Agi;Sn and the
morphology of AgsSn changed from small particles
to large flake grains as Ag content increased [30].
The interface reactions occurred between the Agz;Sn
and Cu3;Sn IMC layers, which resulted in a large
number of CusSn particles embedded in the Ag—Sn
phase layer and improved the mechanical properties
and thermal reliability of the joint. However, the
influence of adding elements on the interface layer

was not necessarily monotonous. For example, the
CueSns IMC layer thickened gradually with the
increase of Ni content but became thinner after Ni
content exceeded 5 wt.%. On the other hand, the
thickness of CusSn decreased with increasing Ni
content and the number of voids in the Cus3Sn layer
increased with the thinning of the layer [31].

In conclusion, Sn—Sb alloy is one of the
alternatives for the high-temperature lead-free
solder. Existing studies have shown that the alloys
with a small amount of Sb element still had good
wettability and mechanical properties. However, the
interface behavior of Sn—Sb alloys during welding
process was less studied. The interface products
between solder alloy and substrate were directly
related to the reliability of solder joint research. In
this work, the interface reactions and thermo-
dynamics between Sn—xSb alloys and Cu substrate
were studied. The effect of adding Sb on solder
joint quality was analyzed from the perspective of
reaction kinetics.

2 Experimental

2.1 Materials preparation

The alloy samples were prepared by mixing Sn
powder of 99.99% purity and Sn—10wt.%Sb
powder. The powdery mixture was melted in a
WK-II-type multifunctional medium frequency
induction furnace and then cast into a cylinder with
a diameter of 5.5mm. Alloys with different
contents of Sb (0, 0.5, 3.0, 5.0 and 10.0 in wt.%)
were prepared. To ensure a uniform composition,
the samples were melted at least three times. The
cylinder sample was cut into small pieces with
a height of 5.5mm. Oxygen-free Cu plates
(15mm x 15mm) were used as the substrate.
Sandpaper was used to remove surface dirt and
oxide layer of the Sn—Sb alloy samples (the Sn—xSb
alloys were polished into a d5 mm x Smm cylinder)
and the Cu substrates before the wetting
experiment.

2.2 High-temperature wetting experiment

The wetting experiments between Sn—Sb alloy
samples and Cu substrate were carried out in the
three-phase interface measurement device using
the base drop method [32,33]. The Sn—Sb alloy
samples were placed on the Cu substrate and kept
horizontal. To observe the reaction at the interface
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layer, the samples were heated to 873 K with a
heating rate of 10 K/min to spread the solder on the
Cu substrate and observe the appearance of its
interface layer. Heating curve was shown in Fig. 1.
These molten samples after cooling were cut from
the center by a wire cutter, sealed in epoxy resin
with curing agent, and polished. At last, these
samples were eroded with 5 vol.% hydrochloric
acid alcohol solution for about 30s followed by
cleaning in distilled water and blow-drying before
observation.

900 .. 873 K, 10 min

Temperature/K
DN
S
(=)

473 K, 20 min
i s, i

0 50 100 150 200 250
Time/min

Fig. 1 Heating curve of high-temperature wetting
experiment

The morphology of the interface layer of the
samples was observed by SEM and the composition
was analyzed by EDS. The effect of Sb on the
interfacial reaction was analyzed based on the
compositional changes of the interfacial layer.

2.3 Thermodynamics of interfacial reaction

A DSA25 differential scanning calorimeter
was used to analyze the thermodynamics of
interfacial reaction between Sn—xSb alloys and Cu
substrate. Two groups of Sn—xSb alloys and Cu
discs were placed into a corundum crucible and
heated from 298 to 1073 K with the rate of 10 and
15 K/min, respectively. The heating process was
taken in Ar atmosphere.

3 Results and discussion

3.1 Interface layer morphology

Figure 2 showed the SEM images of the
interface between the Sn—xSb alloys with different
Sb contents and the Cu substrate at the spreading

stage during wetting. As can be seen, rod-shaped
grains gradually grew up in the interface layer after
adding Sb. Those rod-shaped grains grew to a
certain length and then fell off from the interface
layer to the alloy. However, with the increase of Sb
content, the distribution of rod-shaped grains at the
interface layer showed an increasing—decreasing
trend rather than a simple increase or decrease.

During the interfacial reaction between
Sn—xSb alloys and Cu substrate, the substrate
dissolved into the Sn—xSb alloys and formed the
IMC layers. The structure of double or treble
interface layer appeared obviously with the rising
temperature. The phase in the red-dotted line is
CueSns, which appeared at the interface layer when
0.5 wt.% of Sb was added into the alloy. This is
because AGg, g, 1s more negative than AG, q,
and therefore CusSns is more likely produced first.
However, the addition of Sb changed the diffusion
rate of Cu and the activation energy of the reaction
between Cu and Sn, and the CueSns phase in the
red-dotted lines disappeared. While Sb content was
10 wt.%, the CusSns compound layer was formed
again. Square particles appeared outside the
interface layer, which were Sn3Sb, compounds
formed by Sb segregation. The segregation of Sb
inhibited the diffusion of Cu into the alloy. Cu
atoms accumulated at the interface layer and thus
formed the CueSns IMC layer near the junction of
Cu and CusSn IMC layer.

Figure 3 showed the cross-section morphology
of Sn—xSb alloys after wetting and spreading on Cu
substrate. Under the same heating system, the
dissolution rate of alloy melt on Cu substrate can be
reflected by the dissolution erosion depth, as shown
in Table 1. The maximum dissolution erosion depth
of Sn—0.5Sb/Cu alloy on Cu substrate was the
largest and the interface was the most irregular. The
dissolution erosion depth of Sn—10Sb/Cu alloy on
Cu substrate was the smallest and the interface was
the smoothest. The addition of Sb can inhibit the
dissolution of Cu into the alloy and reduce the
content of Cu,Sn, IMCs in the alloy. It can be seen
from Fig. 3 that the left side of the Sn—0.5Sb/Cu
alloy interface layer was similar to that of the Sn/Cu
interface layer, and the deepest place on the right
side of Sn—0.5Sb/Cu alloy interface layer was
similar to that of the Sn—xSb/Cu (x=5,10) interface
layer. It was presumed that less Sb content led to
the uneven effect on the erosion process.
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Fig. 2 SEM images of interface between Sn—xSb alloys with different Sb contents and Cu substrate at spreading stage
during wetting (10 K/min, 873 K): (a) Sn; (b) Sn—0.5Sb; (c) Sn—3Sb; (d) Sn—5Sb; (e) Sn—10Sb
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Fig. 3 Complete morphology comparison of interface layer between spread Sn—xSb alloy melts and Cu substrate

The thickness of the interfacial layer of the
Sn—xSb alloys after spreading on the Cu substrate
was shown in Fig.4. The interfacial layer was
mainly composed of CuszSn layer and CusSns layer.

The thickness of the boundary layer was estimated
by measuring 10 sets of different interfacial layer
thicknesses for each sample and taking the average
value. As can be seen from Fig. 4, the addition of
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Table 1 Dissolution erosion depth of Sn—xSb alloy melts
on Cu substrate

Maximum erosion  Average erosion

Sample depth/pm depth/um
Sn/Cu 644.69 319.65
Sn—0.5Sb/Cu 899.22 455.12
Sn—3Sb/Cu 732.45 525.15
Sn—5Sb/Cu 550.40 488.04
Sn—10Sb/Cu 559.17 378.79
250
® Cu;Sn
200 e Cu,Sn;
A Total
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Fig. 4 Statistics of interface layer thickness with different
Sb contents

0.5 wt.% Sb significantly thickened the interfacial
layer from 133 to 201 um, especially the CuszSn
layer increased from 99 to 125 um, which can
significantly reduce the reliability of the solder joint
due to its brittle nature. While the addition of Sb
content was up to 10 wt.%, the thickness of the
interfacial side decreased to 81 pum (less than that of
pure Sn). Combined with the results of the previous
study, it is believed that the Sn3Sb, compound
formed in the Sn—10Sb alloy precipitates near the
interfacial layer, blocking the diffusion channel and
producing a shielding effect [30]. It was speculated
that the addition of Sb element increased the
diffusion energy barriers of elements in the IMC
layer, which inhibited the excessive formation of
IMC layer and improved the reliability of solder
joints.

3.2 Intermetallic compound in melts

Figure 5 showed the internal microstructure of
Sn-based alloys with different Sb contents spread
on Cu substrate. The higher temperature improved
the spreading of the alloys on the Cu substrate, and

more Cu was dissolved into the alloy to form the
rod-like phases. The size of the rod-like phases was
dependent on Sb content in the alloys. The rod-like
phase became longer and more evenly distributed
inside the alloy with the increase of Sb content.
These phases were CusSn in the core surrounded by
CusSns. When Sb content was high, as shown in
Figs. 5(d, e), some square particles appeared in the
alloy, as mentioned above. These particles were
Sn3Sb, compound according to EDS analysis,
which were formed by density segregation of Sb in
the alloy. The presence of Sb was not detected in
the interface layer or the rod-like structure in the
alloy, indicating that Sb did not react with Sn in the
alloy or Cu in the substrate. Instead, a tiny
concentration gradient of Sb was formed in the
alloy as the proceeding of the reaction between Sn
and Cu, which caused the segregation of Sb
from alloy and aggregation in these small square
particles. For the samples in the melting
equilibrium stage, the small particles precipitated,
the rod-like structures shed off and the heat
convection in the heating process became stronger
than that in the spreading samples.

The content of Sb influenced the formation of
Cu,Sn, compounds in the melt. This effect could be
characterized by the amount of rod-like structure in
the melt. The area proportion of rod-like structure
was obtained by Matlab image recognition after
binarization processing of SEM images. As shown
in Fig. 6, trace addition of Sb contributed to the
formation of thick rod-like structure. However, with
the increase of Sb content, the generated rod-like
structure became longer and thinner compared with
the case of pure Sn sample. The rod-like structure
with Cu,Sn, compound on the cross-section of the
alloy melt occupied only 34.69% of the area when
Sb content was 10 wt.%. This was because Sb
gathered near the interface layer due to segregation,
which inhibited the diffusion of Cu into the alloy
melt. Cu accumulated at the interface to form
CueSns. As shown in Fig. 5(d), the rod-like
structure in Sn—5Sb alloy accounted for 51.80% of
the area, and there were less CusSn in the central
part and more CueSns in the shell part.

The line in Fig. 6 is the spreading time of
alloys. The temperature was around 873 K. The
spreading time became longer with increasing Sb
content. The spreading time was delayed by 290 s
when Sb content increased from 0 to 3 wt.%. When
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Fig. 5 Comparison of rod structure of solder with different Sb contents: (a) Sn/Cu; (b) Sn—0.5Sb/Cu; (¢) Sn—3Sb/Cu;

(d) Sn—5Sb/Cu; (e) Sn—10Sb/Cu
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Fig. 6 Rod-shaped structure area rate and spreading time
of samples with different Sb contents

Sb content increased from 3 wt.% to 10 wt.%, the
spreading time changed slightly, only 108 s larger.
LANDRY and EUSTATHOPOULOS [34] believed

that the spreading of melt was controlled by the
formation of new phases, which changed the
surface tension between solid and liquid, and
provided a driving force for the spreading of melt.
In our experiment, the addition of Sb improved the
surface tension of the melt. Therefore, the spreading
was delayed due to the increased resistance.

3.3 Thermodynamics of interfacial reactions

The interfacial reactions between the Sn—xSb
alloy and the Cu substrate had a significant
influence on the weld quality and welding process
parameters. The thermodynamics of the reaction
of the Sn—xSb alloy with the Cu substrate
was investigated by differential thermal analysis
(DTA). Figure 7 showed the DTA curves of the
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Fig. 7 DTA curves of reactions between Sn alloy and Cu with different Sb contents: (a) Sn/Cu; (b) Sn—0.5Sb/Cu;

(¢) Sn—3Sb/Cu; (d) Sn—5Sb/Cu; (e) Sn—10Sb/Cu

Sn—xSb/Cu system at the temperature rise rates
of 10 and 15 K/min, respectively. A strong heat
absorption peak appeared around 500 K, containing
the melting of the Sn—xSb alloy and the chemical
reaction process of interfacial reactions to form
the intermetallic compounds. As the temperature
increased, a small heat absorption peak appeared
at around 800 K, where further reactions occurred
with the further diffusion of Cu atoms into the

interfacial products.

The peak temperature of Sn—3Sb/Cu decreased
from 529 to 516 K as the heating rate increased
from 10 to 15 K/min (Fig. 7(c)), while the other
four samples did not change significantly as the
heating rate increased and gradually increased with
the increase of the Sb addition.

The thermodynamics of the interfacial reaction
was investigated using the Kissinger method [35,36].
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The kinetic equations for the system were as
follows:

d77 n

—=k, (1- 1
5 = (1-1) (1)
kn ZACXP[—Ea /(RT)] (2)

where # is the reaction conversion rate; k, is the
reaction rate constant; ¢ is the reaction time; » is the
order of reaction; 4 is the preexponential factor; R
is the molar gas constant; 7 is the thermodynamic
temperature; E, is the reaction activation energy.
According to the Kissinger equation:

dlin(B/T)] _ E

—= 3
d1/T,) R @
where S is the heating rate and T, is the peak
temperature.
The order of reaction 7 is
n=126&" 4)

where ¢ is the peak shape index.

The thermodynamic parameters calculated
from the above equations and the DTA data were
shown in Table 2. The effect of the addition of Sb
on the interfacial reaction free energy of the system
was non-monotone. With the addition of small
amount of Sb, the interfacial reaction activation
energy first decreased and then increased. The
activation energy of the reaction decreased from
286.41 to 62.00 kJ/mol at 3 wt.% Sb addition, but
increased to 686.73 kJ/mol at 10 wt.% Sb addition.

The order of reaction of Sn—0.5Sb/Cu was 1.92 and
that of Sn—3Sb/Cu was 2.14. This was due to the
fact that the process was accompanied by multiple
processes of melting, dissolution, chemical reaction
and diffusion. While the increase of Sb content
reduced the reaction activation energy, the
dissolution and diffusion processes did not receive a
similar multiplicative increase. The interfacial layer
of the Sn—3Sb/Cu system was therefore thinner
than that of the Sn—0.5Sb/Cu system (as shown in
Fig. 4).

Table 2 Comparison of thermodynamics parameters of
interfacial reaction of Sn—xSb/Cu

Sample  EJ(kJ'mol™) A/st n kn/s™!
Sn/Cu 286.41 1.83 2.12 5.54x1073°
Sn—0.5Sb/Cu 251.96 1.60 1.92 2.02x1072%
Sn—3Sb/Cu 62.00 0.38 2.14 2.07x1077
Sn—5Sb/Cu 234.85 1.45 1.72 2.43x1072
Sn—10Sb/Cu 686.73 412 1.64 1.72x1078

Figure 8 showed the changes of the interfacial
layer after natural aging treatment at room
temperature for 180 d. The comparison revealed a
diffuse distribution of dark grey particles in the
interfacial layer of the Sn—3Sb/Cu samples, which
were uniformly distributed in the interfacial layer
close to the Cu substrate side. Figure 9 showed the
results of the mapping analysis of these dark grey

Fig. 8 Microscopic morphologies of interface layer after nature aging treatment at room temperature for 180 d:
(a) Sn/Cu; (b) Sn—0.5Sb/Cu; (c) Sn—3Sb/Cu; (d) Sn—5Sb/Cu; (¢) Sn—10Sb/Cu; (f) Particles dispersed in interface layer

of Sn—3Sb/Cu
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particles using EPMA. The molar ratio of Cu to Sn
in these dark grey particles was 9.21:1, while the
molar ratio in the dark grey IMC layer close to the
substrate side was 1.33:1.

During the natural ageing treatment, the slow
diffusion and bonding of Cu and Sn atoms still
occurred, but the presence of Sb in the alloy
changed the activation energy and diffusion
coefficient of the interfacial reaction. Sn—3Sb had
the lowest free energy for the interfacial reaction
with Cu and was the easiest to react with.

As shown in Fig. 10, Cu atoms diffused into
the Sn melt to form the interface layer of Cu.Sn,
compound. The Cu atoms dissolved into the
Sn—Sb alloy and reacted near the interface layer as
follows:

/ Rod structure
is incorporated
into solder

Cu substrate

9 Sn;Sb, 9 CugSny
% Sn % Cu;Sn (indirect) ® Cu

3Cu+Sn=CusSn &)
6Cu+5Sn=CueSns (6)
CueSns+9Cu=5CusSn @)

The Sn—xSb alloy wetted and spread on the Cu
substrate and reacted with it after melting. The solid
Cu dissolved into the Sn melt while the liquid Sn
diffused into the Cu substrate. When Cu saturated
near the interface, the IMC layer nucleated and
grew on the Cu substrate, formed the CusSns which
aggregated at the Cu/CusSn interface. However,
CueSns was not thermodynamically stable and
therefore continued to react with the dissolved Cu
to form CusSn during continuous heating, as shown
in Fig. 10. The thickness of the interfacial layer was
determined by both the rate of atomic expansion

® Cu;Sn (direct)

Fig. 10 Illustration of Sn—xSb/Cu interfacial reactions and behavior of intermetallic compounds



1848 Rong-yue WANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 18391850

and the rate of interfacial reaction. As the reaction
progressed, the interfacial products gradually grew
into a rod-like structure with an outer layer of
CusSns and an inner layer of Cus;Sn. Due to the
thermal convection inside the melt and the brittle
nature of the CusSn, they fell off from the
interfacial layer and moved towards the interior of
the melt. Due to the concentration gradient and
temperature gradient of the materials, the
convection currents generated in the melt affect the
diffusion rate of the components within the melt.
The diffusion rates of the Cu and Sn atoms differed
and so did the growth rate of the interfacial layer.
The thickness of the interfacial side was determined
by the atomic diffusion rate. Bias of Sb inhibited
the growth of the interfacial layer, mainly by
reducing the diffusion of Sn and Cu.

4 Conclusions

(1) Through the analysis of samples after
wetting experiment between Sn-based alloys with
different Sb contents and a Cu substrate, it was
found that when the interfacial reaction attained
equilibrium, there may be three interface layers, due
to the difference in diffusion rate of elements. The
addition of Sb had obvious influence on the
diffusion rate of Cu.

(2) With the addition of Sb, the initial reaction
time of Sn—xSb alloy and Cu showed an increase—
decrease tendency. The elements in the alloy
affected the growth of the interface layer. Sb
inhibited Cu diffusion, thus inhibited the formation
of the interface layer. However, this effect was only
obvious when the content of Sb in the alloy was
high.

(3) The CueSns phase formed between Cu and
CusSn layers in the case of Sn—0.5Sb alloy. This is
because during the transition from CusSn layer to
CueSns layer, Cu diffusion was inhibited, the
reaction rate of CueSns and Cu decreased near the
solder. This trend caused the rod to fall off more
quickly into the alloy bulk, resulting in more cracks
in the interface layer.

(4) The Sb content of less than 10 wt.%
promoted the interfacial reaction process, generated
a thicker interfacial layer, and reduced the quality of
the solder joint. However, when the Sb addition
reached 10 wt.%, it reduced the interfacial reaction
activity. It inhibited the interfacial reaction process

to reduce the erosion of the Cu substrate and the
production of an excessively thick interfacial layer,
which improved the quality of the solder joint.
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Sn—xSb &€ 5 Cu 2R EARNITRERIE

EEE, RER, REKL B K, AR

1. AR BRI ER R P R GE H0, dEaT 1000835
2. WEFBER SRR TR AR, dba 1001905
3. PUWIREE TR, i 310024

W E: WAE Sb & Sn—Sb A& FE Cu SR R THAT Y, LA Sb JTE X Sn—Sb & &R RHEH T FE LY
S IR AT Sn—xSb/Cu M4 R R LT R BLITT 2, RS IEREE R . 455 % M, W Sb Xf
SIEEIEWENAKIFIER RN, Sb fefIH] Cu TEAENF I . ¥ 3% Sb (5 & 43 H0) i S 1 R RS AL A8 A
286.41 [#KF] 62 kl/mol, fidk T i T . & Sb S EMINE 10% Sb (&%), MG LEEHRE =
F 686.73 kJ/mol, 1§ FH R SHEEIE N, YRR Cu A 1l FEHDH R S E K A
KR Sn—xSb A& FAME; RMXPL #I1% 12K

(Edited by Wei-ping CHEN)



