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Transient liquid phase sintering (TLPS) is a promising joining technology that can achieve
high temperature resistant solder joints at low temperature, showing excellent potential in
power electronics. In this work, Cu/Cu-In/Cu solder joints were successfully prepared by
TLPS process. The effects of bonding pressure and holding time on themicrostructure and
shear strength of Cu-In TLPS joints at 260 and 320°C were studied. The results showed
that as bonding pressure increased from 0.1–0.6 MPa, the porosity decreased and shear
strength increased significantly. No obvious change was found as bonding pressure
continued to increase to 1MPa. As holding time increased at 260°C, Cu11In9 was formed
and gradually transformed to Cu2In that can withstand elevated temperature. Meanwhile,
the porosity decreased while shear strength increased. It was calculated that volume
expansion (12.74%) occurred during the phase transition from Cu11In9 to Cu2In. When
bonding temperature increased to 320°C, only Cu2In was detected and then gradually
transformed to Cu7In3 with the growing holding time. As holding time reached 120min,
their porosity increased and lead to weak shear strength due to volume shrinkage
(15.43%) during the phase transition from Cu2In to Cu7In3.

Keywords: transient liquid phase sintering, intermetallic compound, microstructure evolution, shear strength,
porosity

INTRODUCTION

With the miniaturization and integration of power electronics, the increasing operating temperature
makes the package module withstand high temperature (Teo and Sun, 2008; Yoon et al., 2013; Chen
et al., 2015; Yoon et al., 2019; Xu et al., 2020). Traditional high lead solders are not suitable and
needed to be replaced. Although nano-particles sintering (Ag or Cu) can obtain high temperature
resistant joints, high porosity, poor electrical and thermal conductivity and Ag migration remain to
be resolved (Liu et al., 2021; Tuo et al., 2021). Recently, transient liquid phase sintering (TLPS) has
been developed for power electronic package for the advantages of low bonding temperature and
pressure, excellent high temperature resistance and high yield strength (Kejanli et al., 2009; Lee et al.,
2015; Min et al., 2020). The principle of TLPS is that low melting point metals (Sn or In) melt at
bonding temperature, and react with high melting point metals (such as Au, Ag, Ni, and Cu) to form
high melting point intermetallic compounds (IMCs) (Feng H. et al., 2017; Eom et al., 2019).

At present, some TLPS systems have been reported, such as Sn-Bi-Ag, Ag-Sn, Cu-Sn, Ag-In, Ni-
Sn, and so on (Ohnμma et al., 2012; Wu et al., 2012; Lee et al., 2015; Fujino et al., 2016; Feng H. et al.,
2017; Tatsumi et al., 2019). For Cu-In TLPS system, the melting point of In (157°C) is lower than Sn
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(232°C), which enables the bonding process to be carried out at a
lower temperature. Meanwhile, Cu is widely used in power
electronics due to excellent electrical and thermal conductivity
and low price (Li et al., 2019). Moreover, according to Cu-In
binary phase diagram (Bolcavage et al., 1993), the melting points
of Cu7In3 (δ phase) and Cu2In (η phase) both exceed 630°C,
showing excellent high temperature resistance potential.
Nevertheless, the melting point of Cu11In9 is only 307°C, and
its existence will weaken the reliability of solder joints. In order to
improve the reliability of solder joints, it is essential to obtain
Cu2In and Cu7In3 and avoid Cu11In9. It is worthwhile to explore
proper bonding process parameters such as bonding temperature,
pressure and holding time to obtain ideal phase composition and
mechanical properties. However, no works have been reported on
the effects of these parameters on the microstructure and shear
property of Cu-In TLPS joints.

In this work, Cu-In TLPS joints were successfully prepared.
The effects of bonding pressure on the microstructure and shear
strength of solder joints were investigated. Furtherly, the
microstructure evolution and variation of shear strength under
different holding times were also studied.

EXPERIMENT PROCEDURES

Cu-In solder paste was used for TLPS bonding, and Cu plates of
3 mm × 3 mm × 1 mm, and 10 mm × 10 mm × 1 mm were used

as the upper and lower substrates, respectively. Cu-In solder paste
consisted of Cu powders (99.9% purity, ∼2 μm), In powders
(99.9% purity, ∼10 μm), and absolute ethanol as an organic
solvent. The Cu content in Cu2In and Cu7In3 is 52.54 and
56.36%, respectively. Therefore, in order to make Cu content
slightly excessive, a solder paste with a Cu/In ratio of 57:43 was
used in this work. The morphology of Cu powders and In
powders is shown in Figure 1.

The Cu powders and In powders were mixed and crushed with
a pestle and mortar for 3 min, and then uniformly dispersed in an
organic solvent for 30 min with an ultrasonic cleaner. Afterwards,
Cu-In solder paste was coated on polished Cu plates by a stainless
mask with a thickness of 100 μm, assembled into a Cu/Cu-In/Cu
sandwich structure. The schematic diagram of the sandwich
structure is shown in Figure 2A. During the bonding process,
the temperature ramped from room temperature to bonding
temperature (260 and 320°C) at a rate of 10°C/min, then kept
for 30–180 min, and finally cooled to room temperature with the
furnace. The bonding process was carried out in a vacuum
furnace (vacuum degree < 10–3 Pa). The macroscopic picture
of the sandwich sample after bonding is shown in Figure 2B.

The microstructure and composition of solder joints were
characterized by scanning electron microscope (SEM, Zeiss Ultra
Plus) with energy dispersive spectroscopy (EDS, X-Max 50). The
porosity was measured by ImageJ software along with SEM
photos. The shear strength was tested by electronic universal
testing machine (UTM6202) with a shear rate of 0.5 mm/min.

FIGURE 1 | Microscopic morphology of powders: (A) Cu and (B) In.

FIGURE 2 | Cu/Cu-In/Cu sandwich structure: (A) Schematic diagram and (B) Macroscopic photo.
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RESULTS AND DISCUSSION

Effect of Bonding Pressure
Figure 3 shows the cross-sectional morphology of Cu-In TLPS
joints after holding for 90 min under different bonding pressures
(0.1, 0.3, 0.6, and 1 MPa) at 260 and 320°C, respectively. When
0.1 MPa was chosen as bonding pressure, large voids appeared in
the bonding layer, as shown in Figures 3A,E. As bonding
pressure increased to 0.3 MPa, the bonding layer tended to be

dense (see Figures 3B,F). The number of voids significantly
decreased, and the size of voids was about 1–2 μm. Then as
bonding pressure continued to increase to 0.6 MPa (see Figures
3C,G), only a few voids of sub-micron size existed in the bonding
layer. Finally, when bonding pressure reached 1 MPa, no obvious
change in the compactness of the bonding layer can be observed,
as shown in Figures 3D,H. Figure 4 shows the partially enlarged
cross-sectional morphology of Cu-In TLPS joints after holding
for 90 min under a pressure of 0.3 MPa at 260 and 320°C, and
corresponding EDS results are shown in Table 1. It is worth
noting that the bonding layer was composed of Cu11In9, Cu2In,
and Cu at 260°C, while the composition of bonding layer was
Cu2In, Cu7In3 and Cu at 320°C. The existence of low temperature
phase Cu11In9 will reduce high temperature resistance of solder
joints, which can be avoided by increasing bonding temperature
to 320°C.

The porosity and shear strength of Cu-In TLPS joints at 260
and 320°C under different bonding pressures are also shown in
Figure 5. It can be seen that the porosity decreased and shear
strength increased significantly as bonding pressure increased

FIGURE 3 | The cross-sectional morphology of Cu-In TLPS joints after holding for 90 min under different bonding pressures: (A) 0.1 MPa, (B) 0.3 MPa, (C)
0.6 MPa, and (D) 1 MPa at 260°C, (E) 0.1 MPa, (F) 0.3 MPa, (G) 0.6 MPa, and (H) 1 MPa at 320°C.

FIGURE 4 | The partially enlarged cross-sectional morphology of Cu-In TLPS joints after holding for 90 min under a pressure of 0.3 MPa at (A) 260°C and (B) 320°C.

TABLE 1 | The chemical composition (at.%) of each marked point in Figure 4.

Point Cu In Phase

A 100 0 Cu
B 55.08 44.92 Cu11In9
C 64.13 35.87 Cu2In
D 62.47 37.53 Cu2In
E 68.78 31.22 Cu7In3
F 64.94 35.06 Cu2In
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from 0.1–0.6 MPa. When bonding pressure was 0.6 MPa, a
relatively dense bonding layer with a porosity of 1.8% and a
shear strength of 12.1 MPa was obtained at 260°C, while a
porosity of 1.5% and a shear strength of 21 MPa was obtained
at 320°C. As bonding pressure continued to increase to 1 MPa, the
porosity decreased and shear strength increased slightly at 320°C,
while the porosity increased and shear strength decreased slightly
at 260°C. The reason is highly likely that the bonding process was
relatively slow at 260°C, and part of the liquid In was squeezed out
under a pressure of 1 MPa. Therefore, in order to obtain a
relatively high degree of compactness and shear strength
under a small bonding pressure, 0.6 MPa is an optimal solution.

Effect of Holding Time
Based on above research results, the effect of holding time on the
microstructure of bonding layer at 260 and 320°C under a
pressure of 0.6 MPa was studied. Figure 6 shows the
microstructure of bonding layer with different holding times
at 260°C. After holding for 60 min, a large amount of round-
like Cu11In9 compound was formed in the bonding layer, and
their sizes were about 5–20 μm, as shown in Figure 6A. Many
small Cu2In compound was formed around Cu11In9, and their
sizes were about 2 μm. In addition, plenty of Cu also existed in the
bonding layer. Then as holding time increased to 120 min, the
proportion of Cu11In9 significantly decreased, and a great deal of
Cu2In appeared in the bonding layer, as shown in Figure 6B.

When holding time reached 180 min in Figure 6C, a relatively
dense bonding layer was obtained, which was composed of Cu2In
and a small amount of Cu. By extending holding time, the low
temperature phase Cu11In9 transformed into the high
temperature phase Cu2In, showing excellent high temperature
resistance.

Figure 7 shows the microstructure of bonding layer with
different holding times at 320°C. After holding for 30 min,
only Cu2In compound was generated in the bonding layer, as
shown in Figure 7A. Besides, a large amount of Cu existed, and
many voids appeared in the bonding layer. As holding time
increased to 90 min in Figure 7B, large area of Cu2In was
densely bonded, and Cu7In3 was gradually formed around
Cu2In, as a result of the phase transition from Cu2In to
Cu7In3. When holding time reached 150 min, a dense bonding
layer was obtained, which consisted of Cu2In and Cu7In3, as
shown in Figure 7C. Cu2In was in a round-like shape with a size
of about 5–10 μm, surrounded by continuous and dense Cu7In3.
During the whole bonding process, only high temperature phases
Cu2In and Cu7In3 existed, making the solder joints possess
excellent high temperature resistance.

After holding for a relatively long time, a dense bonding layer
was obtained at both 260 and 320°C. Figure 8 shows the variation
of porosity with holding time at 260 and 320°C. It can be seen that
at 260°C, as holding time increased, the porosity of bonding layer
generally decreased, and the porosity dropped to 0.9% at 180 min.

FIGURE 5 | Porosity and shear strength of Cu-In TLPS joints under different bonding pressures at (A) 260°C and (B) 320°C.

FIGURE 6 | The microstructure of bonding layer with different holding times at 260°C: (A) 60 min, (B) 120 min and (C) 180 min.
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At 320°C, the porosity of bonding layer decreased from 7.6% at
30 min to 1.5% at 90 min. However, the porosity increased to
4.2% at 120 min, which was caused by volume shrinkage during
the phase transition fromCu2In to Cu7In3. Afterwards, as holding
time continued to increase, the porosity dropped to 0.5% at
180 min. The change in porosity can be evaluated by volume
change during the phase transition. The chemical reactions of the
phase transition from Cu11In9 to Cu2In and Cu2In to Cu7In3 are
shown in Eqs (1), (2), respectively.

Cu11In9 + 7Cu→ 9Cu2In, (1)

3Cu2In + Cu→Cu7In3. (2)

The volume before and after the phase transition from 1 mol of
Cu11In9 to 9 mol of Cu2In is V1 and V2, as shown in Eqs 3, 4.

V1 � MCu11In9

ρCu11In9
+ 7MCu

ρCu
(3)

V2 � 9MCu2In

ρCu2In
(4)

The volume change is ΔV1, and the volume change rate is η1, as
shown in Eqs 5, 6.

ΔV1 � V2 − V1 (5)

η1 �
ΔV1

V1
(6)

The volume before and after the phase transition from 3 mol of
Cu2In to 1 mol of Cu7In3 is V3 and V4, as shown in Eqs 7, 8.

V3 � 3MCu2In

ρCu2In
+MCu

ρCu
(7)

V4 � MCu7In3

ρCu7In3
(8)

The volume change is ΔV2, and the volume change rate is η2, as
shown in Eqs 9, 10.

ΔV2 � V4 − V3 (9)

η2 �
ΔV2

V3
(10)

where the density of Cu is ρCu � 8.96 g/cm3, the density of Cu11In9
is ρCu11In9 � 8.28 g/cm3, the density of Cu2In is ρCu2In � 7.46
g/cm3, and the density of Cu7In3 is ρCu7In3 � 8.94 g/cm3 (Koster
et al., 1980; Debiaggi et al., 2012).

The calculation results of above volume change rates are η1 �
12.74% and η2 � −15.43%. Therefore, it can be seen that the
volume expands 12.74% during the phase transition fromCu11In9
to Cu2In. The volume expansion can reduce the porosity in the
bonding layer, but at the same time it can easily cause the
initiation and propagation of cracks (Chung and Park, 2008;
Wu et al., 2020). However, during the phase transition from
Cu2In to Cu7In3, the volume shrinks 15.43%, making it easy to
form voids in the bonding layer. The porosity at 320°C for
120 min is 4.2%, much smaller than the theoretical volume
shrinkage, which is similar to the result of Ni-Sn TLPS system
(Feng H. L. et al., 2017). The reason is that under the action of
bonding temperature and pressure during bonding process, the
voids in the bonding layer decreased, and the bonding layer was
denser. The result of this densification is conducive to improving
the quality of Cu-In TLPS joints.

FIGURE 7 | The microstructure of bonding layer with different holding times at 320°C: (A) 30 min, (B) 90 min and (C) 150 min.

FIGURE 8 | Porosity with different holding times at 260 and 320°C.
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Shear Strength and Fracture Morphology
Figure 9 shows the effect of holding time on shear strength at 260
and 320°C. Figure 10 shows the fracture morphology, and
corresponding EDS results are shown in Table 2. When
bonding temperature was 260°C, the shear strength increased
with the extension of holding time. As holding time increased, the
transition from Cu11In9 to Cu2In occurred. The proportion of
both Cu11In9 and Cu decreased while the proportion of Cu2In

increased, which can also be observed from the fracture
morphology in Figures 10A–C. It can be concluded that the
shear strength of Cu2In is better than Cu11In9, which is consistent
with the research result by Liu et al. (2021). As shown in
Figures 10A–C, many small holes appeared on the surface of
Cu11In9 and Cu2In. The fracture occurred at the interface of
Cu11In9/Cu and Cu2In/Cu, showing an inter-granular fracture.

When bonding temperature was 320°C, the shear strength
continuously increased from 12.9 MPa at 30 min to 21 MPa at
90 min. After holding for 60 min, a large number of rock sugar-
like fractures can be seen from the fracture morphology in
Figure 10D, showing an inter-granular fracture. However, the
shear strength decreased to 19.1 MPa at 120 min, which was due
to the increase of porosity caused by volume shrinkage. Some
rock sugar-like fractures can also be seen in Figure 10E.
Moreover, fractures were observed across the Cu7In3 phase,
showing a combination of inter-granular and trans-granular
fractures, which is similar to the result in Cu/Au-Sn/Cu
system (Peng et al., 2018). As holding time reached 150 min,

FIGURE 9 | Shear strength with different holding times at 260 and
320°C.

FIGURE 10 | Fracture morphology with different holding times at 260 and 320°C: (A) 60 min, (B) 120 min, (C) 180 min at 260°C, (D) 60 min, (E) 120 min, (F)
180 min at 320°C.

TABLE 2 | The chemical composition (at.%) of each marked point in Figure 10.

Point Cu In Phase

A 57.40 42.60 Cu11In9
B 61.55 38.45 Cu2In
C 61.49 38.51 Cu2In
D 63.88 36.12 Cu2In
E 66.22 33.78 Cu2In
F 70.78 29.22 Cu7In3
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the shear strength increased to 21.8 MPa because a dense bonding
layer was obtained. The shear strength changed little as holding
time continued to increase. As shown in Figure 10F, many
smooth Cu7In3 fractures appeared at 180 min, showing a
trans-granular fracture. Besides, the fracture occurred at the
interface of Cu2In/Cu7In3 in some areas, so the fracture mode
at 180 min was also a combination of inter-granular and trans-
granular fractures.

CONCLUSION

In this work, the effects of bonding pressure and holding time
on microstructure and shear strength of Cu-In TLPS joints at
260 and 320°C were studied. Conclusion can be drawn as
follows:

1. The compactness and shear strength of solder joints were
positively correlated with bonding pressure in a range of
0.1–0.6 MPa. No obvious change was found as bonding
pressure increased to 1 MPa.

2. As holding time increased, low temperature phase Cu11In9
transformed into high temperature phase Cu2In at 260°C,
while no Cu11In9 was generated in the entire bonding
process at 320°C.

3. The porosity generally decreased due to volume expansion
(12.74%) during the phase transition from Cu11In9 to Cu2In at
260°C, and the shear strength increased with the extension of
holding time. The fracture occurred at the interface of
Cu11In9/Cu and Cu2In/Cu, showing an inter-granular
fracture.

4. The porosity increased and shear strength decreased after
holding for 120 min at 320°C due to volume shrinkage
(15.43%) during the phase transition from Cu2In to Cu7In3.
The fracture was shown as an inter-granular fracture at 60 min
and a combination of inter-granular and trans-granular
fractures at both 120 min and 180 min.
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