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Abstract: The effects of Ag content on the microstructure and shear strength of Sn—xAg—0.5Cu solder joints under
rapid thermal shock were investigated using high-frequency induction heating equipment. The results show that the
increased Ag content can make the surface of the solder joint denser and smoother and reduce the generation of long
strips of CueSns intermetallic compound (IMC) inside the solder joint, thus enhancing the oxidation resistance of the
solder joint. Ag accelerates the growth rate of the IMC layer at the solder joint interface, the growth rate of the CusSns
layer is determined by both bulk diffusion and grain boundary diffusion, and the growth rate of the Cus3Sn layer is
determined by both bulk diffusion and interfacial reaction. In the rapid thermal shock environment, the fracture mode of
the solder joint converts from ductile fracture to brittle fracture. At the same time, the high Ag content shortens the
fracture mode transition time of the solder joint and reduces the thermal fatigue resistance of the solder joint.
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1 Introduction

The application of traditional Pb—Sn solder is
hindered by its polluting Pb content [1], and
Sn—Ag—Cu (SAC) lead-free solder is widely used in
the electronics industry as an alternative to Pb—Sn
solder [2—5]. Compared to traditional Pb—Sn solder,
Sn—Ag—Cu (SAC) lead-free solder is expensive,
which prevents the broader use of high Ag content
SAC lead-free solder. However, if the Ag content
of the solder is reduced to save solder cost, a
series of problems will occur, for example, the
increased melting temperature of the solder,

decreased spreading rate [6], deteriorated wetting
performance [7], electromigration resistance [8],
and strength [9], among others. Therefore, there is a
need to study the differences in the microstructure
and mechanical properties of Sn—Ag—Cu alloys
with different Ag contents to reduce the Ag content
and achieve cost reduction while ensuring the
reliability of solder joints.

SYED et al [10] found that the reliability of
SAC solder joints in temperature cycling tests
increased with increasing Ag content. When the
Ag content was 3.0-3.2 wt.%, the solder joints
showed good temperature cycling reliability,
and the service strength, tensile strength, and shear
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strength all showed maximum values. When the
Ag content exceeded 3.2 wt.%, the mechanical
properties of the solder joint no longer changed
significantly. CHE et al [11] performed tensile tests
on Sn—xAg—0.5Cu (x=1, 2, and 3, wt.%) solders
and found that higher Ag contents corresponded to
higher solder strength and lower solder ductility.
Therefore, high Ag-content SAC solder joints had
poor drop resistance.

The modern microelectronics industry is
moving toward high performance, high power, and
integration. The size of microsolder joints in
components will be less than 20 pm, leading to a
significant increase in the heat flow density of
electronic packages [12]. Due to different thermal
expansion coefficients of the components in the
packaged devices and the effect of stress, thermal
fatigue damage occurs in the solder joints [13],
especially in insulated gate bipolar transistor
(IGBT)-type  high-power devices [14]. The
environment in which components are used has
become severer, and people are therefore demanding
higher thermal reliability of solder joints in
components [15]. Conventional temperature cycling
tests have a low number of cycles and a
low-temperature change rate, mainly with thermal
cycling rates less than 20 °C/min and thermal shock
rates no less than 30 °C/min [16]. Compared to
thermal cycling, thermal shock reflects the changes
in solder joints under high-power, and high-
performance operating conditions.

Electromagnetic induction heating (EMIH) is a
noncontact heating method that relies on the
principle of electromagnetic induction to heat metals
directly through the eddy current effect. ZHANG
et al [17] studied the changes in SAC305 solder joints
during thermal shock by electromagnetic induction
heating and found that fatigue cracks appeared first
at the boundaries of the joints in this environment,
which became webbed and spread throughout the
joints after 72 h of thermal shock. However, under

the conventional thermal shock and thermal cycling
tests, SAC solder joints showed only minor cracks
at the solder—substrate connection [18]. TIAN
et al [19] compared the effects of conventional and
electromagnetic induction thermal shocks on solder
joints and found that the latter caused large and
deep cracks. This is because the rapid thermal
shock generated by induction heating brings
about faster temperature changes in the solder
joint, resulting in increased thermal stress and
contributing to the development of cracks.

The above study shows that the rapid thermal
shock generated by induction heating significantly
affects the microstructure, morphology, and
properties of Ag-containing materials. In contrast,
more research must be conducted on materials with
different Ag contents under rapid thermal shock
conditions generated by induction heating. Therefore,
the macroscopic morphology, microstructure,
evolution of interfacial IMC, and shear strength of
Sn—xAg—0.5Cu solder joints with different Ag
contents were investigated under the test conditions
of rapid thermal shock generated by induction
heating to investigate the thermal reliability of high
Ag (4wt.%) and low Ag (1 and 2 wt.%) solder
joints under a rapid thermal shock environment.

2 Experimental

SACI105, SAC205, and SAC405 BGA solder
balls and copper-plated printed circuit board (PCBs)
were used for the experiments. In this study, the
average roundness of all three solder balls used was
0.1, the average diameter was 600 um, and the
specific composition and properties are given in
Table 1. The total thickness of the substrate is
600 um, the thickness of copper is 35 pm, and the
final solder resist layer made is approximately
15 pm. In the reflow soldering of solder joints using
a TYRI108C-type lead-free reflow machine, the
temperature profile during soldering is divided into

Table 1 Chemical composition and physical properties of solder balls

Chemical composition/wt.% Physical properties
Solder Sn Ag Cu Melting Density/ Thermal conductivity/  Resistivity/
point/°C (grem) (Wm K™ (nQm™)
SAC105 98.5 1.0 0.5 219 7.32 60 0.133
SAC205 97.5 2.0 0.5 218 7.34 59 0.132
SAC405 955 4.0 0.5 217 7.40 62 0.132
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four parts: the pre-heating zone, holding zone,
reflow zone, and cooling zone, where the peak
temperature is 250 °C. The solder joints were held at
the peak temperature for 5 s and stayed above the
liquid phase line for 95 s.

In experiment with a high-frequency thermal
shock rate, high-frequency induction heating
equipment was selected as the heat source. High-
frequency induction heating is a noncontact method
based on the principle of electromagnetic induction,
which directly heats the metal through the eddy
current effect. SP-40AB high-frequency induction
heating equipment and homemade auxiliary devices
were used for the test. The solder joints and working
platform were quickly cooled using flowing
circulating water, as shown in Fig. 1. The test
temperature profile is shown in Fig. 2, where the
low temperature is 35 °C, the high temperature is
180 °C, the temperature rise time is 10s, the
temperature rise rate is 14.5 °C/s, the temperature
drop time is 124 s, and the temperature drop rate is
1.17 °C/s. The low-temperature insulation is 5 s, the
thermal shock cycle is 144 s, and the total cycle
time is 72 h.

Induction Solder joint

coil

Placement
table

Water outlet

L

Fig. 1 Schematic diagram of thermal shock test device
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Fig. 2 Temperature profile of thermal shock experiment

Metallographic samples of Sn—xAg—0.5Cu
solder joints with different Ag contents were
prepared after thermal shock tests to study and
analyze the internal microstructure of the solder
joints and the formation and evolution of the
interfacial intermetallic compound (IMC) Ilayer.
Since the melting points of all three types of weld
balls are below 220 °C, the samples were made
using the cold mosaic method. The specimens were
etched with 5% HCI + C,HsOH for 10—15 s, after
which they were cleaned and blown dry to observe
the interfacial IMC. To study the influence of IMCs
inside the solder joint on the macroscopic
morphology of the solder joint and the growth of
IMCs at the interface during thermal shock, HCI,
HF and C;HsOH were used to corrode the solder
joint deeply, and the base of the solder joint is
gradually corroded away. When the internal IMC of
the solder joint and the interface IMC are exposed,
the corrosion is stopped, and the joint is cleaned by
ultrasonic cleaning in an alcohol solution and then
blown dry.

The internal microstructure of the solder joints
and the IMC interface microstructure were observed
and analyzed with a field scanning electron
microscope (FSEM) from Phenom, and the
elemental composition of the solder joints was
analyzed with an energy-dispersive spectrometer
(EDS). An MFM 1200 push-pull tester was used for
shear testing of solder joints with different Ag
contents, where the displacement rate was 400 pum/s,
and the height was 40 ym. The maximum shear
forces F; on the solder joint and the solder joint arca
A; were measured, and the shear strength 7 of the
solder joint was calculated as follows:

=—Y L (1)

where 7 is the average shear strength of the solder
joint (MPa), N is the number of solder joints, F; is
the maximum shear force of the solder joint (N),
and A4, is the area of the solder joint (mm?). The
average of five solder joints was taken as the shear
strength.

The fracture morphology of the solder joints
after the shear test was observed to determine the
fracture location of each solder joint as well as the
fracture type to assess the effect of thermal shock
on the fracture pattern of the solder joints with
different Ag contents.
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3 Results and discussion

3.1 Evolution of macroscopic shape of solder
joint

The macroscopic morphology of the solder
joints with different Ag contents before the rapid
thermal shock is shown in Fig. 3.

As the Ag content increased, the solder joint
roughness decreased, and the solder joint surface
gradually tended to be smooth and tight. From
Figs. 3(a—c), it can be seen that the solder joints
with various Ag contents exhibited good formation.
The size of the Sn particles on the solder joint
surface shrank from 3—5 pm in SAC105 to 1-3 pum
in SAC405 joints, and the spacing between the Sn
particles also shrank, as shown in Figs. 3(d—f).

The rapid thermal shock caused oxidation of
the solder joint, which changed the macroscopic
morphology of the joint [20]. Under rapid thermal
shock, high Ag-content solder joints had fewer
holes and cracks and were less susceptible to
oxidation. The macroscopic morphology of the
solder joints with different Ag contents at various
rapid thermal shock time is shown in Fig. 4. After
18 h, the surface of the SACIO05 solder joint

became rough, and many tiny holes appeared, as
shown in Fig. 4(a). As the rapid thermal shock
continued, the roughness of the solder joint surface
increased, and the surface holes became larger, as
shown in Figs. 4(b, ¢). Holes also appeared on the
surface of the SAC205 solder joint after 18 h of
rapid thermal shock, with a raised strip on the top of
the solder joint, as shown in Fig. 4(d), which was
confirmed by EDS inspection to be the intermetallic
compound of CusSns. The CusSns strips running
through the solder joints grew, with a width of
approximately 30 um, as shown in Figs. 4(e, ).
Compared to the first two types of solder joints, the
morphology of the SAC405 solder joints was least
affected by rapid thermal shock (Figs. 4(g—1)). The
morphological changes in the SAC405 solder joints
after 18 h of rapid thermal shock were slightly
changed, and even after 72 h, there were no coarse
holes in the SAC405 solder joints.

As the Ag content increased, the size of the Sn
particles on the surface of the solder joint decreased,
making the surface of the solder joint denser;
therefore, the interior of the solder joint was less
susceptible to oxidation by oxygen. In addition, the
increased Ag content enhanced the corrosion
resistance of Sn-based solders [21]. It promoted

Fig. 3 Macroscopic morphology of solder joints with different Ag contents before rapid thermal shock: (a, d) SAC105;

(b, €) SAC205; (c, f) SAC405
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18h

72h

Fig. 4 Macroscopic morphology of solder joints with various silver contents after rapid thermal shock for various
thermal shock durations: (a—c) SAC105; (d—f) SAC205; (g—1) SAC405

the growth in AgiSn phase, which was thermo-
dynamically more stable than the Sn matrix and
reduced the solder ball oxidation rate [22]. This
demonstrated that the increased Ag content of
solder joints enhanced the oxidation resistance of
solder joints, thus reducing the effect of rapid
thermal shock on the macroscopic morphology of
SAC solder joints.

In addition, the long strips of intermetallic
compound (CusSns) found in the solder joints were
brittle, which might affect the solder joints.
Therefore, the exterior of the solder joint was
etched to study the effect of internal IMC on solder
joints with different Ag contents.

The internal IMC of solder joints with
different Ag contents at different rapid thermal

shock time is shown in Fig. 5. Large intermetallic
compounds, CusSns and Agi;Sn, were observed
inside all three solder joints. From the view point of
elemental conservation, Cu in the solder was only
0.5%, which was insufficient to generate a large
amount of CusSns, so CusSns was caused by the
reaction between Cu of the PCB and Sn of the
solder. During reflow, many Cu atoms diffused
from the PCB board to react with Sn atoms inside
the solder. IMC grew upward along the temperature
gradient created by bottom-up welding heating.

As the Ag content of the solder joint increased,
the content of CueSns decreased, while that of AgzSn
increased. The increased content of Ag inhibited the
oxidation of solder joints. After reflowing, several
thick and long hollow CusSns appeared inside the
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Fig. 5 Internal IMC morphology of solder joints before and after rapid thermal shock for 30 h: (a—d) SAC105;

(e—h) SAC205; (i-1) SAC405

SACI105 solder joint and ran through the entire joint,
reaching 36 pm at the widest point, as shown in
Figs. 5(a, b). The rapid thermal shock was carried
out for up to 36 h. The CusSns size increased to
42 um, and thin flakes of AgzSn compounds
appeared inside the solder joints, as shown in
Figs. 5(c,d). Several long strips of CusSns
compound running through the entire solder joint
also appeared inside SAC205, with the broadest
part reaching 65 pm (Figs. 5(e, f)). A hole (shown
as a yellow elliptical dashed line) was also observed,
which might be a channel for the corrosion solution
provided by the gap between the IMC and the
solder joint during the corrosion process. This
further indicated that the IMC inside the solder joint
provided a channel for the oxidation of the solder
joint during the rapid thermal shock process, which
in turn affected the macroscopic shape of the joint.
The AgsSn that appeared inside the solder joint
after 36 h aggregated into a larger size and more
numerous thin flakes, as shown in Figs. 5(g, h). In
the SAC105 and SAC205 solder joints, many tiny

cracks appeared at the junction of CusSns and solder,
which were caused by the difference in thermal
expansion coefficients between CueSns [23] and
solder and the extrusion stress generated by internal
IMC growth [24]. Cracks allowed oxygen to seep
into the solder joint, allowing the oxidation to
extend to the inside of the joint, making it loose and
porous.

Unlike SAC105 and SAC205 solder joints
with low Ag content, a large amount of AgsSn in the
form of plates precipitated in the reflowed SAC405
solder joints, with approximately 2 pm in thickness,
as shown in Figs. 5(i, j). The number of long strips
of CueSns and thin flakes of Agi;Sn inside the
SAC405 solder joint was significantly less than that
in the SACIO05 and SAC205 solder joints
(Figs. 5(k, 1)). This was due to the slight solubility
of Ag in the solder; solder joints with a high Ag
content were prone to bias Ag during reflow
soldering, and the bias Ag and Sn in the solder
together rapidly generated plate Ags;Sn [21]. AgzSn
prevented the diffusion of Cu from the Cu substrate,
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thus inhibiting the formation of CusSns [25].
Therefore, SAC405 solder joints had fewer cracks
and holes and were less affected by oxidation. Most
Ag was used to form large plates of Ag:Sn,
resulting in a decreased amount of Ag distributing
inside the solder joint and, thus, a reduction of thin
flakes of AgzSn.

3.2 Evolution of interface IMC morphology

Figure 6 shows the microstructural change
of IMC layers during rapid thermal shock for
solder joints with different Ag contents. As the
rapid thermal shock time increased, the IMC layer
of the solder joint grew, and higher Ag contents
corresponded to thicker IMC layers of the solder
joint. SAC105 solder joints were distributed with
jagged CueSns after reflow, implying metallurgical
bonding between the solder and the PCB board [26]
(Fig. 6(a)). The interface was transformed from a
monolayer CuesSns to a CueSns—CusSn bilayer
structure after 18 h of rapid thermal shock, as
shown in Fig. 6(b).

The interfacial IMC layer gradually thickened

as the rapid thermal shock proceeded (Figs. 6(c, d)).
After the reflow of SAC205 solder joints, the
interfacial IMC layer had a jagged shape similar to
that of SAC105, and the interfacial IMC layer also
thickened with rapid thermal shock (Figs. 6(e—h)).
The junction of the IMC with solder and Cu at the
SAC405 solder joint interface after reflow was
rough and contained Cu particles (Fig. 6(i)). This
was due to the violent interfacial reaction during
welding, where liquid Sn rapidly reacted with Cu to
generate CueSns compounds, resulting in some of
Cu particles that failed to react with Sn in time
being surrounded by CueSns in the middle. It was
demonstrated that the increased Ag content could
reduce the interfacial energy and promote the
reaction of Cu and Sn to form CusSns. Long strips
of AgiSn were found at the interface of IMC solder,
and CueSns was cross-grown with AgsSn (Fig. 6())).
After 54 h, CueSns grew to 14.63 um toward the
interior of AgzSn. The extension length of CusSns
was larger than that of other CueSns layers with an
average thickness of 8.74 pm in the same plane, as
shown by the yellow dashed line in Fig. 6(k). The

54h 72h

Cu;Sn

Cu;Sn

20 pm

Fig. 6 Interfacial IMC morphology of solder joints after different rapid thermal shock durations: (a—d) SAC105;

(e~h) SAC205; (i-1) SAC405
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average thickness of the IMC layer of the SAC405
solder joint after 72 h was 12.02 um, the average
thicknesses of the IMC layer of the SAC105 and
SAC205 solder joints with the same rapid thermal
shock time were 7.97 and 8.2 um, respectively, and
the IMC layer of SAC405 was the thickest. This
demonstrated that Ag under rapid thermal shock
had a promotional effect on the growth of
interfacial IMC layers.

Cracks appeared at the interface of the
SAC205 and SAC405 solder joints, and coarse
holes appeared at the interface of the SACI105
solder joints. This shows that the oxidation
extended to the solder joint interface, and the
SAC105 solder joint with the lowest Ag content
was oxidized the most severely.

The exposed IMC grains of solder joints with
different Ag contents at different rapid thermal
shock time are shown in Fig. 7. With rapid thermal
shock, the CusSns grain size of the SAC105 solder
joint increased, and the grain spacing decreased.
The CueSns grain boundaries were pinned with
AgsSn particles, as shown in Figs. 7(a—d).
Compared to the AgiSn particles in the SAC105

Fig. 7 Surface IMC morphology of solder joint after di

(e—h) SAC205; (i-1) SAC405

1929

solder joints, SAC205 had a larger size and a higher
number of AgsSn particles (Figs. 7(f—h)). As shown
in Fig. 7(i), the grain size of CusSns with AgiSn
was larger in SAC405 solder joints after reflow than
that in other Ag-containing solder joints. Because
SACA405 is a peri-eutectic alloy, the excessive Ag
content caused a large number of Ag atoms to
precipitate during reflow soldering, forming a
sizeable AgizSn compound attached to the top of
CueSns (Figs. 7(j—1)), exacerbating CueSns grain
boundary distortion and thus generating larger
CueSns grains [27]. With rapid thermal shock,
cracks appeared in the IMC grains of the solder
joints with different Ag contents.

3.3 Growth mechanism of interfacial IMC layer

The variation in IMC layer thickness at the
interface of solder joints with different Ag contents
with rapid thermal shock time is shown in Fig. 8.

As shown in Fig. 8(a), the CusSns layer at the
interface of the solder joint grew in a parabolic
manner, and the higher the Ag content of the solder
joint, the thicker the CusSns layer. The CueSns
layer thickness of the SAC405 solder joints was
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Fig. 8 Thickness evolution of different IMC layers under
rapid thermal shock: (a) CueSns layer; (b) CuszSn layer

always larger than that of the other two. As shown in
Fig. 8(b), the thickness of the CusSn layer was
the same for all three solder joints within 18 h.
However, after 18 h, the CusSn layer of the solder
joints with higher Ag content grew faster.

To elucidate the growth mechanism of the
interfacial IMC layer, an empirical power-law
equation was used to describe the growth
mechanism of the interfacial IMC layer [28]:

x=xotkt" )
. X —nxo 3)
t
I _
in(x-x) “
Int

where xo and x are the IMC layer thicknesses (um)
before and after thermal shock, respectively; £ is the
growth rate coefficient; ¢ is the thermal shock time;
n is the kinetic growth index.

The Sn-based solder interfacial IMC growth
mechanism varies with n. At n=1, in the interfacial
reaction control phase, the atomic diffusion rate
controlled the IMC growth rate, and the growth rate

was high. At n=1/2, the bulk diffusion-controlled
phase, where the IMC growth rate was governed by
the rate at which Cu atoms reached the IMC
interface controlled the IMC growth rate, and the
growth rate was low. At n=1/3, the grain boundary
diffusion controlled the IMC growth rate, being
related to the rate of Cu atoms crossing the
grain boundary, and the growth rate was extremely
low [29-31].

The growth kinetic index n and growth rate
coefficient £ were obtained by nonlinear regression
analysis (Fig. 9 and Table 2).
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Fig. 9 Fitting results of IMC layer growth kinetic index
for solder joints with different Ag contents: (a) SAC105;
(b) SAC205; (c) SAC405
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Table 2 Growth rate of IMC layer growth of solder joints

Solder IMC layer k/(um-h7) R?
CueSns 0.41440.021 0.983
SAC105
CusSn 0.529+0.068 0.955
CusSns 0.453+0.041 0.978
SAC205
CusSn 0.601+0.042 0.989
CueSns 0.479+0.036 0.981
SAC405
CusSn 0.695+0.054 0.985

Figure 9 depicts the kinetic growth indices of
CusSns and CusSn layers for solder joints with
different Ag contents. The n values of CugSns for
SAC105, SAC205, and SAC405 were 0.404, 0.410,
and 0.422, respectively, indicating that both grain
boundary diffusion and bulk diffusion controlled
the growth of CusSns layer in solder joints. As the
Ag content increased, the effect of grain boundary
diffusion control on CueSns layer growth continued
to drop, CueSns layer growth was gradually
controlled by body diffusion, and the growth rate of
CueSns layer in solder joints became higher because
the increased Ag content reduced the interfacial
energy at the grain boundary and promoted the
diffusion of Cu atoms. The »n values of CuszSn for
SAC105, SAC205 and SAC405 were 0.580, 0.632
and 0.692, respectively, and the growth of CusSn
layer was controlled by both bulk diffusion and
interfacial reaction. This indicated that the
increased Ag content was more favorable to the
growth of CusSn layer than CueSns layer under
rapid thermal shock.

Figure 9 indicates that the IMC layers at the
interface are all dominated by bulk diffusion, so
the IMC growth kinetic index of each layer is
taken as 1/2 and linearly fitted with Eq. (3), and the
results are given in Table 2. The growth rate
coefficients of the CusSns and CusSn layers
increased with Ag content, confirming that Ag
could promote IMC growth. In addition, the growth
rate coefficients of Cu3Sn under rapid thermal
shock in different solder joints exceeded those of
CusSns, indicating that Cus;Sn grew faster than
Cussns.

3.4 Shear strength and fracture behavior

Figure 10 shows the shear strength of solder
joints with different Ag contents. The shear strength
of SAC405 solder joints before rapid thermal shock

was the highest, and that of SAC205 and SAC105
solder joints was the lowest. This was related to the
diffusely distributed Ags;Sn and dense Sn particles
inside the solder joint, which could slow down slip
generation during the shear process and thus
improve the strength [32]. The shear strength of the
solder joints all decreased linearly with rapid
thermal shock duration. From 0 to 72 h, the shear
strength of SAC405 solder joint decreased from
56.9 to 27.6 MPa, by 52.24%, the shear strength of
SAC205 solder joint dropped from 51.7 to
33.1 MPa, by 36.03%, and the shear strength of
SAC105 solder joint decreased from 49.5 to 29.8
MPa, by 39.81%.

60 —a— SACI105
—o— SAC205
o —4— SAC405
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=
&0
o)
i:’ 40 +
g
17
30r
20 1 1 1 1 1
0 18 36 54 72
Time/h

Fig. 10 Shear strength of solder joints with different Ag
contents for various rapid thermal shock durations

Figure 11 shows the fracture profile of three
types of solder joints after reflowing. The SAC105
solder joint fracture surface was relatively flat, and
there were a large number of dense small dimples
inside, as shown in Figs. 11(a, d). The SAC205
solder joints had many unevenly sized dimples
(Figs. 11(b, e)). When the Ag content increased to
4 wt.%, the fracture surface of the solder joint was
uneven and had coarse holes and dimples, as shown
in Figs. 11(c, f). AgsSn probably left coarse holes,
with coarse tough nests indicating high toughness
of SAC405, consistent with the highest shear
strength of this solder joint. The fracture
morphology of these three types of solder joints
indicates that the reflowed solder joints were
fractured inside the solder joints, and their fracture
mode was ductile.

The fracture morphology of solder joint with
different Ag contents with different rapid thermal
shock durations is shown in Fig. 12. With rapid
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Fig. 11 Fracture profile of solder joints with different Ag contents before rapid thermal shock: (a, d) SAC105;

(b, €) SAC205; (c, f) SAC405

thermal shock, the fracture mode of the solder joints
converted from ductile fracture to brittle fracture,
and the transition time of the fracture mode of the
solder joints first increased and then dropped.

The rapid thermal shock caused the area of the
SAC105 solder joint fracture in the IMC layer
to increase, and at 72 h, the entire lower half of
the SACI105 solder joint was cracked, indicating
low reliability of the solder joint at this time
(Figs. 12(a—c)). At 18 h, the SAC205 solder joint
fractured inside the joint, and the fracture had many
tear ribs and dimples, which had more obvious
toughness characteristics than the SACI105 joint
(Figs. 12(d—f)). The SAC405 solder joint fracture
mode transition time was shorter than that of the
other two solder joints. The solder joint even broke
between CueSns and CusSn in the IMC layer after
72 h (Figs. 12(h, 1)). TIAN et al [33] have studied
the reliability of BGA solder joints with
Sn—3.0Ag—0.5Cu solder in conventional thermal
shock tests. Their results showed that the fracture
mode of the SAC305 solder joint transformed from
ductile fracture to brittle after 312.5 h of thermal
shock, and the CuszSn phase appeared in the fracture
after 375 h. In this study, the fracture mode of
different solder joints completed the transition from
ductile fracture to brittle fracture within 72 h. The

fracture of SAC405 solder joints under rapid
thermal shock was similar to that of SAC305 joints
under conventional thermal shock but with a higher
transition rate. This indicated that the final damage
effect of rapid thermal shock on solder joints was
similar to that of conventional thermal shock, but
the damage occurred much faster.

Different fracture mode transition time of
solder joints with different Ag contents was related
to the thickness of the IMC layer of solder joint and
the oxidation behavior during rapid thermal shock.
For SACI105 solder joints, the lowest Ag content
aggravated the oxidation of SACI105 joints. This
caused the solder to become loose and porous,
significantly reducing the solder—interface bonding.
The high Ag content of SAC405 solder joints
facilitated the growth of IMC layers, making it easy
for the joints to fracture on the brittle IMC layers
during shear. Additionally, because CuzSn was much
brittler than CueSns [34] and was more likely to
fracture due to the difference in thermal expansion
coefficients between the two, the fracture mode
transition time of SAC405 joints was less than that
of SAC105 joints. The shear strength of SAC405
joints after 72 h was lower than that of SAC105
joints. The Ag content of the SAC205 solder joints
was between that of SAC105 and SAC405 joints,
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Fig. 12 Fracture profile of solder joint with different Ag contents with

(a—c) SAC105; (d—f) SAC205; (g—i) SAC405

inhibiting the solder oxidation compared to that of
SACI105 joints and making the IMC layer thinner
than that of SAC405. Therefore, SAC205 had the
longest fracture mode transition time and the
highest shear strength after rapid thermal shock.

4 Conclusions

(1) The increased Ag content of the solder joint
reduced the size of the Sn particles in the solder
joint, hindering the diffusion of oxidation and
promoting the AgsiSn phase generation, thus
improving the corrosion resistance of the solder
joint.

(2) As the Ag content of the solder joint
increased, plate-like AgiSn appeared inside the
solder joint after rapid thermal shock, and long

18h 54h

72h

Cu,Snj

differeﬁt fapid thermal shock durations:

strips of CueSns were reduced. Long strips of
CusSns contributed to the generation of holes and
cracks in the solder joint, aggravating the oxidation
of solder joint. The Agi;Sn plate hindered the
diffusion of Cu atoms, thus reducing the generation
of long strips of CusSns.

(3) The increased Ag content promoted the
growth of interfacial IMCs under rapid thermal
shock. The growth of the CusSns layer in solder
joints upon rapid thermal shock was controlled by
grain boundary and bulk diffusion. In contrast, the
growth of the CusSn layer was controlled by both
bulk diffusion and interfacial reaction.

(4) The increased Ag content before rapid
thermal shock improved the shear strength of the
solder joint. However, the increased Ag content
after rapid thermal shock promoted the fracture
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mode transition from ductile to brittle fracture in
the solder joints, resulting in the most significant
decrease in the shear strength of SAC405 joints.
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