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Abstract This work utilizes the lap shear test to inves-

tigate the shear strength and fracture behaviour of elec-

troplated and reflowed Sn–Bi/Cu lead-free solder joints.

Particular emphasis is given on the effects of reflow tem-

perature on the interrelationships among the interfacial

intermetallic compound (IMC) morphology, shear strength

and the fracture mechanism of the solder joints. Single-lap

shear specimens are prepared by joining two commercially

pure Cu substrates with electroplated Sn–Bi solder of about

50 lm thickness. The geometry of the lap shear specimen

is designed to minimize the differences between far-field

and actual responses of the solder. Three reflow tem-

peratures (200, 230 and 260 �C) are used to investigate the

effects of reflow temperature on the microstructure and

shear strength of the solder. The specimens are loaded to

failure at a strain rate of 4 9 10-4/s. Elemental mapping of

the fracture surface is performed with field emission

scanning electron microscope coupled with energy dis-

persive X-ray spectroscopy. A reflow temperature of

200 �C yields prism-like interfacial IMC morphology,

while higher reflow temperatures of 230 and 260 �C yield

scallop-like interfacial IMC morphology. The shear

strength and elastic energy release, U, of the solder joints

increase with increasing reflow temperature. Fractographs

of the failed joints suggest that the fracture mechanism is

dependent on the interfacial IMC morphology, where sol-

der joints with prism-like interfacial IMC fail within the

bulk solder and solder joints with scallop-like interfacial

IMC failed with a mixture of bulk and interfacial fracture.

Introduction

The continual reduction in solder joint size and increasing

integration in electronic packaging demands for the im-

provement in reliability of solder joints. The properties of

the joints are highly dependent on the solder composition,

substrate material, flux, soldering conditions, joint ge-

ometry and testing conditions [1–4]. Although there are

numerous reports on the mechanical behaviour of the Sn-

based solder joints [1, 2, 4–10], it is difficult to compare the

results due to the complex interaction between the factors

mentioned above. Recent interests in the Sn–58 wt.%Bi

alloy as potential solder material [11–14] have prompted

investigations on the mechanical behaviour of the bulk

alloy itself, as well as on the soldered Sn–Bi joints. Dif-

ferent techniques have been employed to characterize the

mechanical properties of Sn–Bi alloys, such as nanoin-

dentation [11, 15], adhesion pull-off test [1] and lap shear

tests [2, 5, 7, 16], where the latter being the most com-

monly used.

Suh et al. [5] investigated the effects of interfacial in-

termetallic compound (IMC) growth on the shear strength

of electrodeposited Sn–Bi solder joints. Ageing period of

less than 24 h resulted in an increase in maximum shear

strength because the prism-like IMC with high surface

roughness binds strongly to the bulk solder alloy, hence
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giving rise to increased shearing resistance at the solder/

IMC interface. However, as the ageing period increases,

the maximum shear strength of the Sn–Bi solder joints

decreases due to the increase in IMC thickness and flatness.

Tomlinson and Fullylove [2] compared the shear strength

and ductility of several Sn-based solders at different test

temperatures (20 and 100 �C) and strain rates (0.05 and

50.0 mm min-1). At room temperature and low strain rate,

the shear strength of Sn–57Bi solder is comparable to that

of Sn–3.5Ag and Sn–5Sb solders. However, at 100 �C and

high strain rate, the shear properties of Sn–57Bi solder

deteriorates. Raeder et al. [7] found that the shear strength

of Sn–Bi/Cu solder joints is similar to that of Sn–Pb. It is

also reported in the same work that an ageing period of

30 days results in stratification of Bi-rich phase at the in-

terface, which in turn increases the strength of the solder

joints. In the as-reflowed joints, fracture occurs through

separation of the IMC/Sn-rich phase. After ageing, Bi-rich

phase formed at the solder/IMC interface upon consump-

tion of Sn during IMC growth. In the aged samples, frac-

ture occurs by cleavage through the Bi-rich phase, resulting

in an increase in joint strength and ductility.

A review of the existing literature, as described above,

reveals that only a limited number of studies have been

devoted to the understanding of the fracture behaviour of

Sn–Bi solder joints. It has been found that information on

the fractography and discussions on fracture mechanism of

Sn–Bi/Cu joints are scarce. This paper therefore focuses on

the fracture behaviour of eutectic Sn–Bi/Cu solder joints

subjected to shear loading. The Sn–Bi solder alloy in this

work is electrodeposited from a plating bath and method

developed in the authors’ previous studies [17]. The shear

strength of electrodeposited eutectic Sn–Bi alloy is exam-

ined as a function of different reflow temperature to provide

a better understanding on the effects of temperature on the

solder joints. The geometry of the solder joints is designed to

minimize the differences between far-field and nominal

responses of the solder. The far-field response refers to the

shear response measured by the equipment for the overall

substrate-solder assembly, while the nominal response

refers to the actual shear response in the solder. The cross-

sectional area of the Cu/Sn–Bi/Cu lap shear joints is ex-

amined to study the effects of reflow temperature on the

microstructure of IMC. The effects of reflow temperature,

IMC morphology and shear strength are taken into account

in the discussion of fracture mechanism of the joints.

Experimental

Lap shear specimens were prepared by joining two pieces

of commercially pure 35 mm 9 35 mm Cu plates of 5 mm

thickness, with an overlap length of 5 mm. The joint

geometry was designed with reference to a few literature

and standards [9, 18, 19], to minimize the deformation and

bending of Cu during lap shear tests, allowing more reli-

able far-field displacement data collection. The eutectic

Sn–Bi solder alloy was electroplated onto both the Cu

plates from previously developed electroplating process

[17]. The electroplating bath was composed of 120 ml/L of

methane sulphonic acid (CH3SO3H), 30 g/L of SnSO4,

9 g/L of Bi2O3, 5 g/L of hydroquinone and 2 g/L of ge-

latin. The electroplating was performed at a current density

of 18 mA cm-2 for a plating time of 30 min which resulted

in a solder thickness of 25 lm on one face of the Cu plate.

Water-soluble flux was applied on both electroplated Cu

substrates prior to reflow. The two electroplated Cu plates

were aligned and a slight pressure of about 0.5 MPa. Re-

flow of the joints was performed with a reflow oven (C.I.F.

Forced Convection FT02), and a schematic reflow profile is

shown in Fig. 1. The joints were pre-heated to a tem-

perature of 150 �C and held for 3 min and then reflowed at

three different temperatures of 200, 230 and 260 �C for

10 min. A long reflow period was applied to provide suf-

ficient time for heat re-distribution due to the large size of

the Cu substrate in this case. The samples were cooled in

the oven for 15 min (default mode of the reflow oven) and

later removed to be cooled at room temperature.

Figure 2 shows the schematic diagram of the reflowed

solder joints. The reflowed joints (Fig. 2a) were cut into

strips of 5 mm width using electric discharge machining

(EDM). Seven samples are produced after cutting the

joined Cu plates as illustrated in Fig. 2b. The preparation

of at least five shear samples from a single bulk sample was

in accordance with ASTM D1002-10. Specimens situated

at the middle (numbered 2–6 in Fig. 2a) were mechanically

tested, while the specimens at both ends (numbered 1 and

7) were used for microstructure investigations. Lap shear

Fig. 1 Schematic reflow profile (R.T. room temperature; Maximum

reflow temperature is 200, 230 or 260 �C)
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tests were performed at room temperature using the Instron

5848 MicroTester. Cross-sectional samples of as-reflowed

Sn–Bi solder alloy joints were polished using standard

metallographic procedures down to 0.04 lm colloidal

silica suspensions. All cross-sectional samples were ex-

amined under a field emission scanning electron micro-

scope (FESEM) (Auriga Zeiss Ultra-60) in the

backscattered electron mode. The lap shear specimens were

loaded to failure at a strain rate of 4 9 10-4/s. The failed

solder joints were kept carefully without damaging the

fracture surface. Fractography was performed with FESEM

(Quanta FEG 450) coupled with energy dispersive X-ray

spectroscopy (EDX) (Oxford Instruments X-Max). Cross-

sectional analysis of failed samples was performed with

FESEM (Hitachi SU8030).

Results and discussion

Effects of reflow temperature on microstructure

of solder joints

Representative micrographs of Cu/Sn–Bi/Cu solder joints

reflowed at 200, 230 and 260 �C are shown in Fig. 3a–c,

respectively. EDX point analysis showed that the lighter

shade (white) regions are Bi-rich phase, while the darker

shade (greyish) regions are Sn-rich phase. EDX area ana-

lysis was also performed on five randomly selected areas

measuring 20 9 20 lm, and the average composition is

found to be Sn–59.8 wt%Bi, which is near to the eutectic

composition. Micrographs taken at a higher magnification

at the Sn–Bi/Cu interface of the joints reflowed at 200, 230

and 260 �C are shown in Fig. 3d–f, respectively. Spot EDX

analysis shows that the irregular layers form at the interface

are Cu6Sn5 IMC, while the thin and flat layers are Cu3Sn

IMC. Figure 3d shows that the morphology of the

interfacial Cu6Sn5 layer formed at a reflow temperature of

200 �C is of prism type. While the reflow temperatures of

230�C and 260 �C yield scallop-type interfacial IMC

morphology (Fig. 3e, f). The nucleation and growth of

IMC is highly dependent on the soldering temperature,

cooling rate and concentration of Cu and Sn [20–22]. At a

lower reflow temperature of 200 �C, the formation of

prism-like IMC at the interface shows that nucleation is the

dominant factor. While at higher temperatures of 230 and

260 �C, the formation of scallop-like IMC at the interface

suggests that grain growth is the dominant factor. A very

thin layer of Cu3Sn IMC is also found between the Cu6Sn5

layer and the Cu substrate in all cases. The thickness of the

Cu3Sn layer increases with increasing reflow temperature.

It is also worth mentioning that there are some thickness

variations for specimens reflowed at different temperatures.

During joint preparation, pressure had to be applied to the

joints at the reflow stage to improve adhesion and minimize

void formation. But the applied pressure caused the molten

solder to flow out of the joint area, resulting in a lower

thickness as seen for the sample reflowed at 260 �C

(Fig. 3c). These variations will be taken into account dur-

ing discussion in the next section.

Effects of reflow temperature on shear strength

of solder joints

The lap shear solder joints were loaded to failure in a

tensile mode at a strain rate of 4 9 10-4/s. Figure 4a

shows the representative shear stress–shear–strain curve of

samples taken from positions numbered 2–6 (Fig. 2). The

elastic regime of the shear stress–shear strain curve of the

solder joints is similar for all three reflow temperatures.

This indicates that the shear modulus is not affected by

varying the reflow temperature which is expected as the

modulus is a structure insensitive property. Beyond the

elastic regime, work hardening occurs in the solder joints

until the maximum shear strength is reached, at which the

solder joints fracture.

The average maximum shear strength shown in Fig. 4b

is the average value from 15 samples, with the standard

deviation shown as the error bar. It is found that the shear

strength increases with increasing reflow temperature.

During crack growth in metals, energy is expended by the

formation of a new plastic zone at the tip of the advancing

crack. The energy required for crack growth must be de-

livered as a release of the elastic energy. For stable crack

growth, the energy release rate equals to the crack resis-

tance of the material. If the energy release rate is larger

than the crack resistance, crack instability occurs which

leads to crack propagation and eventually fracture [23].

Hence, the higher the elastic energy release required for

Fig. 2 Schematic diagram of a as-reflowed solder joint and b solder

joint of 5 mm width machined with EDM
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crack growth, the higher the crack resistance. The elastic

energy release (per unit volume) required for crack

propagation in Sn–Bi alloys, U, is calculated from the

stress–strain curve for each reflow temperature and shown

in Fig. 4a. A line parallel to the elastic zone of the curve is

drawn from the fracture point to the x-axis. Another ver-

tical line is extended from the fracture point to the x-axis to

form a right-angled triangle. The area of the triangle

indicates the elastic energy release per unit volume of

solder. The elastic energy release increases by 225 % (from

960 to 2160 kJ m-3) when reflow temperature is increased

from 200 to 230 �C. This indicates an increase in the crack

resistance of Sn–Bi solder joints. Sn–Bi solder joints re-

flowed at 260 �C yield a smaller elastic energy release

increment of 150 % compared to joints reflowed at 230 �C

(from 2160 to 3190 kJ m-3). This suggests that the reflow

temperature increment from 230 to 260 �C has a less

profound effect on the crack resistance of the solder joints,

compared to reflow temperature increment from 200 to

230 �C.

Table 1 shows the comparison of the shear properties of

Sn–Bi/Cu lap shear solder joints reported in the literature.

Values obtained in the present work are also shown in the

last three rows of table for comparison. Comparing the

work by Raeder et al. [7] and the present work (compare

rows no. 1, 2 and 8), it is observed that at the same applied

strain rate and same reflow temperature, the maximum

shear strength value is rather comparable, regardless of the

solder thickness and ageing period. The work of Tomlinson

and Fullylove [2] employed a higher reflow temperature of

250 �C, and their reported shear strength and strain values

are lower than those obtained in all other cases (rows no. 3

and 4). In the work of Tomlinson and Fullylove [2], when

strain rate was increased from 8.3 9 10-5 to 8.3 9 10-2, a

drop in maximum shear strength is observed. This opposes

the normal trend where lower strain rate should lead to

lower maximum shear strength due to creep and stress

relaxation effects. The authors concluded that Sn–57Bi

joints often do not follow the general behaviour under

different test conditions. Suh et al. [5] electrodeposited Sn–

(a)

(b)

(c)

Cu6Sn5

Bi

Bi

Cu6Sn5

Cu6Sn5

Bi

Sn

Sn

Sn

Cu

Cu

Cu

(e)

(f)

(d)

Cu3Sn

Cu3Sn

Cu3Sn

Fig. 3 Cu/Sn–Bi/Cu joint

reflowed at a 200 �C, b 230 �C,

c 260 �C, with the magnified

micrograph of IMC morphology

shown in (d, e and f),
respectively
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58Bi solder and reflowed the joints under a slightly dif-

ferent reflow temperature of 220 �C and applied a slightly

lower strain rate of 3.3 9 10-4/s compared to our work

(rows no. 5–7). For ageing period of less than 1 day, the

maximum shear strength increased due to the bonding

effect of prism-like IMC grains. As ageing time increases,

the IMC layer thickened and flattened which caused the

reduction in strength. Generally, the shear strength values

of Sn–Bi/Cu solder joints obtained in this work are com-

parable to literature reports.

Fracture surface analysis of solder joints

To investigate how the IMC morphology affects the shear

strength of solder joints in this work, Sn–Bi solder was

chemically removed to reveal the IMC layer. Figure 5

shows the difference between IMC morphology of sample

reflowed at 200 and 260 �C. The prism-like IMC mor-

phology (Fig. 5a) may have provided a stronger binding

effect to prevent the shearing at the interface. Yang et al.

[22] studied the Cu6Sn5 morphology transition under dif-

ferent thermal conditions for the Sn–Ag/Cu system and the

effects of the transition on the shear strength of the joints.

Three types of interfacial IMC morphology were studied in

their work: prism-like, scallop-like and layer-like. It is

found that prism-like IMC binds stronger to the solder by

penetrating into the solder matrix. As the binding effect

increases the interfacial strength, the joints are more likely

to fail in the bulk solder matrix. While for scallop-like and

layer-like IMC structures, interfacial fracture is more

dominant [22]. From Fig. 5b, it is seen that higher reflow

temperature imposes a coarsening and flattening effect on

the IMC grains. The scallop-like IMC morphology is more

prone to shearing and crack initiation [22, 24]. The Sn–Bi/

Cu joints soldered at 230 and 260 �C are likely to fail at the

solder/IMC interface. Studies on the fracture surface are

expected to give more insight on the shear behaviour of the

solder joints.

Fig. 4 a Shear stress–shear strain curve of samples reflowed at

different temperatures and b the average maximum shear strength

taken from 15 tests

Table 1 Comparison of shear properties of eutectic or near-eutectic Sn–Bi/Cu lap shear solder joints

Row no. Solder preparation and thickness (lm) Thermal history Strain rate (s-1) Maximum Shear

Stress (MPa)

References

1 Sn–58.5Bi solder foil, 250 lm Reflow at 200 �C,

Aging at 80 �C (3 days)

4 9 10-4 30 [25]

2 Sn–58.5Bi solder foil, 250 lm Reflow at 200 �C,

Aging at 80 �C (30 days)

4 9 10-4 35 ± 1

3 Sn–57Bi solder paste, 200 lm Reflow at 250 �C (1 min) 8.3 9 10-5 25.3 ± 2.6 [21]

4 Sn–57Bi solder paste, 200 lm Reflow at 250 �C (1 min) 8.3 9 10-2 19.6 ± 4.2

5 Electrodeposited Sn–58Bi solder, 20–25 lm Reflow at 220 �C 3.3 9 10-4 41.9 [19]

6 Electrodeposited Sn–58Bi solder, 20–25 lm Reflow at 220 �C

Aging at 80 �C (1 day)

3.3 9 10-4 47.8 ± 5.6

7 Electrodeposited Sn–58Bi solder, 20–25 lm Reflow at 220 �C,

Aging at 80 �C (3 days)

3.3 9 10-4 40.9 ± 5

8 Electrodeposited Sn–59.8Bi solder, 39–42 lm Reflow at 200 �C (10 min) 4 9 10-4 32.4 ± 5.6 Present work

9 Electrodeposited Sn–59.8Bi solder, 39–42 lm Reflow at 230 �C (10 min) 4 9 10-4 48.4 ± 4.1

10 Electrodeposited Sn–59.8Bi solder, 28–32 lm Reflow at 260 �C (10 min) 4 9 10-4 52.0 ± 6.1
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Figure 6a shows the representative micrograph of the

fracture surface of solder joint reflowed at 200 �C. The

fracture pattern is parallel to the shear direction. Under

high magnification, the fracture surface reveals the pres-

ence of elongated dimples (Fig. 6b). This suggests that the

fracture mode of this sample is ductile shear [23]. The

spherical features found at the fracture surface (indicated

by arrows) are voids caused by entrapped gas within the

solder. Elemental mapping was performed to determine the

elemental distribution at the fracture surface (Fig. 6c). Bi is

mapped in green colour (Fig. 6c), while Sn is mapped in

red (Fig. 6d). The composite map (Fig. 6e) shows some

yellowish regions which are merely the mixture of green

and red colour, indicating the mixture of both Bi and Sn

phases. The absence of Cu in the elemental mapping data

indicates no sign of exposed IMC from the elemental maps

throughout the fracture surface. This can be related to the

previous discussions on prism-like IMC morphology of

joints reflowed at 200 �C, where the high surface area of

IMC grains binds strongly to the bulk solder and avoid

shearing at the joint interface.

A representative micrograph of samples reflowed at

230 �C shows an irregular area with darker shade (Fig. 7a).

Such areas have been observed to cover about 25 % of the

5 3 5 mm fracture surface area. These areas are irregular

in shape and are not due to void formation caused by gas

entrapment. Under higher magnifications, the irregular area

with darker shade shows granular features (Fig. 7b), and

areas with brighter shade show fracture patterns that follow

the shear direction (Fig. 7c). For elemental mapping, Bi is

mapped in green colour (Fig. 7d), Sn is mapped in red

colour (Fig. 7e) and Cu is mapped in blue colour (Fig. 7f).

Fig. 5 Cu6Sn5 IMC morphology of Sn–Bi/Cu joints soldered at a 200 �C and b 260 �C

(e)

(a) (b)

(c) (d)

Shear direction

Fig. 6 a Micrograph

b Magnified micrograph c Bi

element mapping d Sn element

mapping e composite mapping

of fracture surface of joint

reflowed at 200 �C
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Shades of magenta colour are seen at the middle of the

irregular area from the EDX mapping micrograph in

Fig. 7d. Basically, Cu is exposed at the area along with Sn,

with low intensity of Bi counts as seen in the individual

colour maps (indicated by arrows). This indicates that there

is interfacial fracture with exposure of Cu6Sn5 grains. The

occurrence of interfacial fracture in samples reflowed at

230 �C could be due to the transformation of IMC mor-

phology from prism-like to scallop-like structure. Scallop-

like IMC grains have a lower surface roughness and have

less ability to resist shearing. However, in our work, in-

terfacial fracture covers only about 25 % of the fracture

area, while the remaining area fails with ductile shear

within the solder. Maximum shear strength values obtained

(Fig. 4) show that there is a remarkable increase in shear

strength and elastic energy release, U, when reflow tem-

perature is increased from 200 to 230 �C. It may be in-

ferred that the propagation of fracture from the interface to

the bulk solder, and vice versa, has increased the shear

strength and U.

Figure 8a depicts fractograph of solder joint reflowed

at 260 �C. It is notable that the surface consists of sharp-

edged features, some irregular areas (similar to joints

reflowed at 230 �C), and the fracture patterns deviated

from the shear direction. Fracture paths at different

depths are observed from the magnified micrograph

(Fig. 8b). Figure 8c shows a magnified view of fracture

features that are parallel to the shear direction. But at the

lower left corner, features show deviation from the shear

direction. The sharp-edged features are Bi-rich phases

(mapped in green, Fig. 8d) and are deviated from the

shear direction, while Sn-rich phases (mapped in red,

Fig. 8e) are found to follow the original shear direction.

The main observation of the fractured joints reflowed at

260 �C is that the Bi-rich phase is seen to serve as a

boundary to prevent the Sn-rich phase from sliding

through during shear (indicated by arrows). At higher

reflow temperature, Bi-rich phase has much higher ten-

dency to coarsen. It is reported that coarsening can lead

to adverse effects on the reliability of the solder joints

because the Bi-rich phase is more brittle than the Sn-rich

phase [1, 7, 25, 26]. However, in this work, Bi-rich

phases do not seem to coarsen with increasing reflow

temperature (Fig. 3), and the maximum shear strength is

higher compared to lower reflow temperatures. On the

other hand, it is apparent that the deviation in shear di-

rection prolonged the fracture path of the joints, hence

resulting in a higher U value.

(e) (f)

Shear direction

(a) (b) (c)

(d)

(g)

Fig. 7 a Micrograph b,

c Magnified micrograph d Bi

element mapping e Sn element

mapping f Cu element mapping

g composite mapping of fracture

surface of joint reflowed at

230 �C
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The cross-sectional views of the fractured solder joints

were examined to provide a better insight into the fracture

mode. Figure 9 shows the cross-sectional view of a rep-

resentative fracture site of solder joints reflowed at 200 �C.

The joints are observed to have failed within the bulk

solder with very slight changes in fracture path. This is

consistent with earlier suggestions, where samples re-

flowed at 200 �C tend to fail within the bulk solder. This

could be due to the prism-like IMC morphology that

formed at 200 �C bonds stronger to the solder matrix be-

cause of higher interfacial area. The crack initiation and

propagation then occur within the bulk solder. The ease of

crack propagation, without much change in fracture path,

resulted in a relatively lower U value.

Figure 10 shows the cross-sectional view of the failed

solder joints reflowed at 230 �C. Figure 10a is the micro-

graph taken at the edge of one of the failed samples. The

scallop-like IMC grains became preferred crack initiation

sites due to their low shear resistance [22, 24]. However,

the crack propagation path changes when Bi-rich (light

colour) phases are encountered (indicated with arrow). The

micrographs of failed joints (Fig. 10b, c) show that the

fracture path tends to propagate from bulk solder to IMC

(g)

(e) (f)

Shear direction
(a) (b) (c)

(d)

Fig. 8 a Micrograph b,

c Magnified micrograph d Bi

element mapping e Sn element

mapping f Cu element mapping

g composite mapping of fracture

surface of joint reflowed at

260 �C

Fig. 9 Cross-sectional FESEM view of fractured solder joints

reflowed at 200 �C a top half b bottom half
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and vice versa. This mode of propagation of fracture is

suggested to give rise to the higher U value for these

samples.

A representative fracture site of failed solder joints re-

flowed at 260 �C is shown in Fig. 11. Similar to the sam-

ples reflowed at 230 �C, the samples reflowed at 260 �C

also show propagation of fracture path from bulk solder to

IMC and vice versa. This could be due to the same scallop-

like IMC morphology formed at higher reflow tem-

peratures. These IMC grains became preferred crack ini-

tiation sites, and fracture propagates along the IMC layer

until some point. Abrupt changes in fracture path are ob-

served for the solder joints reflowed at 260 �C (indicated

with arrow).

Micrographs taken at another representative fracture site

of solder joints reflowed at 260 �C show the mixture of

bulk solder and interfacial fracture. It can be seen in

Fig. 12a that the fracture proceeds along the Bi-rich phase

within the bulk solder. When the Bi-rich phase in this

eutectic structure approached the solder/IMC interface, the

fracture path also propagates towards the IMC (indicated

with arrow no.1). The magnified view where the crack

propagates to the interface is shown in Fig. 12b. Fracture

then proceeds along the solder/IMC interface for a short

distance, before the fracture path propagates back into the

solder matrix. This change in fracture path is seen to occur

when the crack encounters another Bi-rich phase (indicated

with arrow no. 2, magnified view in Fig. 12c). This phe-

nomenon is observed only in solder joints reflowed at 230

and 260 �C.

The trend observed from the shear stress–strain curves

and fractography suggests that the fracture behaviour of

these Sn–Bi/Cu joints is dependent on the IMC mor-

phology. A schematic diagram of possible fracture path is

shown in Fig. 13. The schematic representation of joints

reflowed at 200 �C (Fig. 13a) shows that the prism-like

IMC layers, having a higher surface area, bound on to the

bulk solder more effectively and avoid fracture along the

interface. The flat fracture surface with dimpled features

and the absence of Cu in elemental mapping (Fig. 6)

indicate that the joints are sheared through the bulk solder

without significant deviation in fracture path. The smooth

fracture path of solder joints reflowed at 200 �C indicates

poorer crack resistance, hence resulting in a lower shear

strength and U value.

Figure 13b is the schematic representation for joints

reflowed at 230 and 260 �C where both reflow

Fig. 10 Cross-sectional FESEM view of fractured solder joints

reflowed at 230 �C a at the edge of bottom half b top half c bottom

half

Fig. 11 Cross-sectional FESEM view of fractured solder joints

reflowed at 260 �C a top half b bottom half
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temperatures yield scallop-like IMC morphology. The

scallop-like structure has lower shear resistance which may

promote interfacial crack initiation and fracture [22, 24].

However, it may be suggested that the eutectic Sn–Bi alloy

may be hardened when this alloy is reflowed and soaked at

a higher temperature. This alloy hardening effect may be

attributed to the precipitation of hard Bi out of the super-

saturated Sn-rich phase. The hard Bi-rich phases (shown in

Fig. 13b) provide a hardening and blocking effect, similar

to that of a second phase particle and interstitial hardening

effect. This hardening effect increases the crack resistance

of the solder joints, thus the crack propagation direction

deviates from the original shear direction as can be seen

from the fractographs in Figs. 8 and 12. In some cases, the

abrupt change in fracture path (Fig. 11) is not along the Bi-

rich phase entirely but a mixture of the phases. This may be

related to the precipitation of hard Bi out of the super-

saturated Sn-rich phase as suggested by Miyazawa and

Shear direc�on

(a)

(b) (c)

1 2

1
2

Fig. 12 a Representative

fracture site of solder joint

reflowed at 260 �C b,

c magnified view of crack

propagation

Fig. 13 Proposed fracture

propagation a within bulk solder

for joints reflowed at 200 �C

and b with mixture of interfacial

and bulk solder shearing for

joints reflowed at 230 and

260 �C (not to scale)
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Ariga [27]. There might be small Bi precipitates in the Sn-

rich phase which provide the hardening effect to effectively

deviate the fracture path. From the observations, it may be

suggested that joints with scallop-like IMC morphology are

prone to fail at the solder/IMC interface. However, the

eutectic Sn–Bi alloy may have hardened when reflowed at

higher temperatures. This leads to crack propagation from

solder/IMC interface to bulk solder when the crack tip

encountered Bi-rich phase. The diversion of fracture path

resulted in a higher elastic energy release and higher shear

strength of solder joints reflowed at higher temperatures.

Conclusions

The shear strength and fracture behaviour of electroplated

Sn–Bi solders on Cu substrates were investigated in this

work. Cross-sectional observations revealed that different

interfacial IMC morphology was obtained at different

reflow temperature. A reflow temperature of 200 �C

yields prism-like interfacial IMC morphology, while 230

and 260 �C yield scallop-like IMC morphology. The

maximum shear strength and elastic energy release (crack

resistance) increase with increasing reflow temperature.

Fractography of the failed joints showed that the fracture

mechanism changes from dimpled fracture of bulk solder

for joints reflowed at 200 �C, to mixture of interfacial and

bulk solder fracture for joints reflowed at 230 and 260 �C.

The difference in fracture behaviour is attributed mainly

to the different reflow temperature and interfacial IMC

morphology. For solder joints with prism-like IMC mor-

phology, the higher surface area of IMC resulted in

stronger bonding near the interface, hence fracture occurs

rather smoothly across the bulk solder. Scallop-like IMC

grains having less resistance to shearing are suggested to

be crack initiation sites. Solder joints with scallop-like

IMC are prone to fail at the solder/IMC interface first, but

the Bi-rich phase near the interface provides hardening

effect and deviates the fracture path. The crack

propagation from solder/IMC interface to bulk solder and

vice versa resulted in a higher shear strength and elastic

energy release.
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