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Abstract The aim of this study was to apply the transient

liquid phase (TLP) bonding technique to low-temperature

Sn–Bi-based solders to enable their use in high-tempera-

ture applications. The microstructure of the eutectic Sn–Bi

solders with and without added Cu particles was investi-

gated with the solders sandwiched between two Cu sub-

strates. The flux of the Cu atoms successfully consumed the

Sn phase and resulted in the formation of Sn–Cu inter-

metallic compounds and a Bi-rich phase in the solder joint.

This caused the melting point of the solder joint to increase

from 139 to 201 �C. The results of this study show the

potential of using low-temperature solders in high-tem-

perature applications. This study also provides new insight

into the advantages of using particles in the TLP bonding

process.

1 Introduction

Solder joints are one of the main materials for intercon-

nects in microelectronic packaging; they must form reliable

electrical and mechanical connections that retain their

integrity throughout the subsequent manufacturing process

and operating conditions. Sn–Pb solder alloys have been

widely used in the electronics industry to connect elec-

tronic devices to substrates because of their excellent

properties. However, because of the harmful effects of Pb

on human health and the environment, the use of Pb in the

electronics industry has been restricted. Therefore, Pb-free

solders have replaced the conventional Sn–Pb solders. Sn–

Bi solder has been recognized as a promising substitute

because its mechanical properties are comparable to that of

Sn–37Pb (the number represents the mass%) eutectic sol-

der alloy [1–3]. The eutectic composition of the Sn–Bi

system is Sn–58Bi, which has a melting point of 139 �C.

Low-temperature soldering is necessary when the devi-

ces to be soldered are prone to thermal damage. Some of

the major failure mechanisms of integrated circuit pack-

ages, such as warpage, whisker growth, delamination, and

internal cracking, are caused by the high temperatures

during the solder reflow process [4–8].

Even though the low melting point of Sn–Bi solder is an

advantage for low-temperature soldering, it means Sn–Bi

solder can only be used for applications with working

temperatures below 139 �C [9]. One method that can

increase the melting point of solder during processing is

transient liquid phase (TLP) bonding. TLP bonding con-

sists of the isothermal solidification of an initially molten

joint through the disappearance of the liquid as a result

from the interaction between the molten solder and the

substrates and formation of solid IMC phases(s) [10–12].

Thus, a TLP joint can be processed at a relatively low

temperature, but results in the formation of a new in situ

alloy with a higher re-melting point. Recently, the appli-

cation of TLP processing to low-temperature soldering in

the microelectronics industry has attracted more interest.

The principle behind TLP processing is the solid–liquid

interdiffusion (SLID) between the atoms of two materials,

and has been primarily applied to the low-temperature

bonding of power semiconductor dies [13].

Several studies have reported the application of TLP

techniques, e.g., the fluxless soldering of multilayers of Sn–

50Cu [14, 15], Ag–20In [16], and Au–20Sn [17], for die

attachment processing [18]. However, there has been little
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research on applying this technique to the solder pastes

used in conventional soldering applications, which could

be used to replace common Pb-free solders (e.g., Sn–Ag–

Cu, melting point = 217 �C). In addition, in these studies,

the low-melting-point phase is consumed by the base

metals on either side of the joint through dissolution, which

forms a bulk interlayer. However, in the case of large

joints, the consumption of the low-melting-point phase,

especially deep in the middle of a joint, takes a consider-

able amount of time because of the relatively large dis-

tances separating the solid solute from the base metals on

either side [19, 20].

The TLP technique can also be used to create Sn–Bi-

based solders that are suitable for high-temperature appli-

cations. This involves converting the entire Sn phase of the

solder to Sn–Cu intermetallic compounds (IMCs) by add-

ing a sufficient concentration of Cu particles to the solder

before being reflowed. The behavior of a ternary alloy

system during TLP processing has been previously inves-

tigated [21], and the compositional shifts during the TLP

processing of a ternary Sn–Bi–Cu system have recently

been reported by others [22]. However, the microstructural

transformation in this system and analysis of the remaining

eutectic phase require further study. Figure 1 shows a

schematic of the conversion of eutectic Sn–Bi solder into

Sn–Cu IMCs and a Bi-rich phase.

The addition of Cu particles to the solder allows the Sn

phase to be consumed not only by the flux of Cu atoms

from the substrate, but also by the Cu particles that are

distributed throughout the joint. The added metallic parti-

cles and molten solder react during reflow, which results in

the nucleation and growth of IMC, at the particle/solder

interface [23–25], consuming the entire Sn phase and

leaving only Sn–Cu IMCs and a Bi-rich phase in the solder

joint that causes isothermal solidification. The IMC for-

mation due to the reflow process is directly related to the

temperature–time profile of the reflow process while the

solder is in a liquid state [26]. The addition of Cu particles

has another advantage; if considering a constant volume,

the larger surface area:volume ratio of Cu particles com-

pared to that of a Cu substrate provides a larger contact

area, which in turn allows more reactions to occur between

Sn and Cu atoms.

However, one of the major concerns when adding

reactive particles to the solder paste is preventing them

from being expelled from the joints along with the flux

during the reflow process. Therefore, the probability that

the particles are trapped within the solder joint depends on

the probability of encountering a solder surface or being

captured at the surface before leaving the solder paste.

Thus, the surface of particles without a protective coating

can be oxidized, which increases the probability of being

expelled from the solder. The probability of being captured

is further decreased by using nano-scale particles [27].

Therefore, because the primary experiments in this study

using particles in a nano size range resulted in the expelling

of particles due to the oxidation, the Cu particles used in

this study are with the diameters of 5 lm.

The aim of this study was to investigate the TLP

bonding process of a Sn–Bi solder with added Cu particles

to increase the melting point of the solder joint. In addition,

the interfacial microstructure between the solder and Cu

substrate and particles were studied.

2 The TLP bonding process

According to the comprehensive description given in the

review article by Zhou et al. [28], the TLP bonding process

can be divided into four major stages. Stage 1 is the heating

stage where the component is heated from room tempera-

ture to the melting point of the filler metal, which is

Fig. 1 The schematic illustration of the conversion of the eutectic Sn–Bi to the Sn–Cu IMCs and Bi

J Mater Sci: Mater Electron (2016) 27:4232–4244 4233

123



eutectic solder in the case of this study. Once the eutectic

temperature is reached, the eutectic solder melts, wetting

the Cu particles and substrates. As the temperature con-

tinues to increase, the compositions of the solid Cu (Cs;

both particles and substrates) and liquid solder (CL) at the

solid/liquid interface follow the phase boundaries that are

predicted by the phase diagram. This is followed by stage

2, the dissolution stage, where the Cu particles dissolve

into the liquid phase and the size of the liquid phase

increases. The liquid phase increases in size to maintain the

mass balance, as is explained below in Eq. (1) [29]:

ðCL � CSÞ:
d

dt
XðtÞ ¼ DS:

o

ox
CS � DL:

o

ox
CL ð1Þ

where X(t) is the position of the solid/liquid interface, and

DS and DL are the solute diffusivities in the solid and liquid

phases, respectively. Stage 3 is the isothermal solidification

stage where the liquid phase solidifies. During this stage,

the concentration of the liquid phase predominated by Sn

decreases continuously. Finally, stage 4 is the homoge-

nization of the solder joint and can occur wherever solid-

state diffusion takes place. In this study, stages 1, 2, and 3

were applied to investigate the eutectic Sn–Bi phase as

functions of the applied time and temperature.

3 Experimental procedure

3.1 Alloy and solder preparation

In this research, two solder alloys were used: Sn–Bi and

Sn–Bi with added Cu particles (30 mass%). The solder

pastes were prepared by Senju Metal Industry Co., Ltd.

which were made of eutectic Sn–Bi, Cu particles (Ø5 lm,

Mitsui Mining and Smelting Co., Ltd., code: 1400Y) and

11 mass% flux. Figure 2a shows a scanning electron

microscopy (SEM) image of the Cu particles. The diameter

of approximately 100 Cu particles was measured with

quantitative analysis software, and the resulting particle-

size distribution is shown in Fig. 2b. The paste was

deposited onto the top of a Cu plate (Ø10 mm 9 5 mm)

after it was cleaned with HCl and ethanol in an ultrasonic

bath by printing through a 150-lm-thick stencil. The

bondline thickness of the solder paste before reflow was

150 lm. Another Cu plate (Ø3 mm 9 2 mm), which was

cleaned by the same method, was placed on top of the paste

to make a Cu/solder/Cu sandwich without applied pressure.

Figure 3 shows a schematic of the solder joint samples.

3.2 Reflow process and cross-section preparation

The samples with added Cu particles were pre-heated at

100 �C for 150 s and then reflowed at 170, 200, or 230 �C
for 1, 10, or 50 min. In addition, samples without Cu

particles were also pre-heated at 100 �C for 150 s and then

reflowed at 170 and 230 �C for 1 min and 6 h, respec-

tively, for comparison. The samples were reflowed in a

reflow oven (Sanyo Seiko SMT Scope SK-8000) under an

N2 atmosphere. Cross-sections of the joints were prepared

with mechanical polishing. It was followed by chemically

etching using colloidal silica suspension.

3.3 Microstructure of the solder joints

The microstructure of the solder joints was investigated

with SEM (Keyence VE-8800), field emission SEM

(FESEM, JEOL JSM-6500F), and a field emission electron

probe microanalyzer (EPMA, JEOL JXA-8530F).

3.4 Differential scanning calorimetry (DSC)

analysis

The DSC was performed with an Exstar 7020 to examine

the enthalpy of the joints. The heating rate and isothermal

period used were 10 �C/min and 10 min, respectively. In

this study in addition to the Sn–Bi–30Cu solder paste and

Fig. 2 a SEM image of Cu particles before addition to the solder paste and b the frequency of Cu particles diameters
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solder bulk, Cu/Sn–Bi–30Cu/Cu solder joints were also

examined by DSC after removal from the Cu substrates.

The mass of the samples used for the DSC measurements

ranged from 5.5 to 8.5 mg. The melting range of each

valley was considered the difference between the

solidus (hereinafter referred to as the melting onset) and

liquidus points, which were calculated from the DSC

measurements.

3.5 Elemental analysis

X-ray diffraction (XRD) measurements were performed

with a diffractometer (Rigaku Ultima IV) using Cu–Ka
radiation (k = 1.5405 Å) at an accelerating voltage of

40 kV. The diffracted beam was scanned in steps by 0.01�
across a 2h range of 10–100�. In addition, elemental

mapping was performed with the EPMA.

4 Results

4.1 Estimating the Cu content required for TLP

bonding

The scale of the reaction between the Sn and Cu to form

Cu6Sn5 was investigated. This mathematical analysis only

considered the reaction between the Sn atoms and added

Cu particles; the flux of Cu atoms from the substrates was

neglected (due to the significantly higher surface area of

particles over substrate which the detail will be discussed

later in this paper). To determine the concentration of Cu

required to convert the entire Sn phase into IMCs, three Cu

particle contents were theoretically investigated: 20, 30,

and 40 mass%. By considering the atomic weights of Cu,

Sn, and Bi which are 63.547, 118.710, and 208.980,

respectively, the atomic percentages of Cu, Sn, and Bi

required for the Sn–Bi ? 20 mass% of Cu solder were

38.5, 34.5, and 27.0 %, respectively. By similar calcula-

tions, the atomic percentages of Cu, Sn, and Bi were 51.4,

27.3, and 21.3 % for the Sn–Bi ? 30 mass% of Cu solder

and 62.5, 21.0, and 16.5 % for the Sn–Bi ? 40 mass% of

Cu solder, respectively. These values are summarized in

Table 1, where they are used to calculate the percentage of

unreacted Sn–Bi or unreacted Cu expected in the system

assuming formation of Cu6Sn5 IMCs only.

Even though Cu3Sn is a more stable phase than Cu6Sn5,

the latter forms earlier and Cu3Sn is a product of the reaction

of Cu6Sn5 and Cu substrate [12]. Thus, the formation of

Cu3Sn would not affect the consumption of Sn from the

eutectic Sn–Bi phase. Therefore, for this analysis, it was

assumed that all Sn and Cu particles fully react to form the

Cu6Sn5 IMC. Thus, in the case of the Sn–Bi alloy with

20 mass% of Cu, all of the Cu particles would react with the

Sn to form Cu6Sn5 and leave 4.29 % of the eutectic Sn–Bi

phase and 25.12 % of the Bi-rich phase in the solder. For the

Sn–Bi ? 30 mass% of Cu alloy, all of the Sn phase would

react with the Cu to form Cu6Sn5 and leave 18.64 % of the Cu

phase in the solder. Finally, for the Sn–Bi ? 40 mass% of

Cu alloy, all of the Sn phase would react with the Cu and

leave 37.3 % of unreacted Cu in the solder. Thus, only the

Sn–Bi solders with 30 or 40 mass% of Cu have a sufficient

concentration of Cu to react with and consume the entire Sn

phase inside the solder. Therefore, the Sn–Bi solder with

30 mass% of Cu particles (hereinafter referred to as Sn–Bi–

30Cu solder) was used in this study.

4.2 Microstructure of the solder joints

Figure 4 shows a comparison of the microstructure of the

conventional Sn–Bi and Sn–Bi–30Cu solders after being

reflowed at 170 �C for 1 min. The bright and dark gray

regions in the images represent the Bi and Sn phases,

respectively. The dark spots in Fig. 4b are Cu particles that

have partly reacted with the Sn phase. In addition, there is a

very thin, sunflower-shaped IMC layer around each Cu

particle. Even though the addition of Cu particles in this

study is because of their advantage in reducing the reflow

period in comparison with the Cu/Sn–Bi/Cu solder joint, to

investigate the required reflow period for the complete

isothermal solidification, investigation on the longer period

of reflow is needed. Therefore, samples were subjected to

10 and 50 min reflow periods at 170 �C. Figure 5 shows

the different microstructures of the Sn–Bi–30Cu solder

after being reflowed at 170 �C for 10 and 50 min.

As can be seen, there is not a large difference between

the thickness of the IMC layers around the Cu particles in

Figs. 4b and 5a. However, Fig. 5b shows a large difference

compared to the previous images, revealing that 50 min of

reflow is highly effective for reacting Sn with Cu. On the

other hand, even though Fig. 5b shows that the reactions

between Sn and Cu increase significantly, the Sn and Bi

phases are still clearly visible.

Fig. 3 The schematic illustration of the solder joint sample
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Therefore, reflow at 170 �C for 1, 10, or 50 min does not

provide enough heat input for the complete reaction of the

Sn phase with the added Cu particles, and thus, new reflow

profiles at higher temperatures were tested. Figure 6 shows

the microstructure of the Sn–Bi–30Cu solder after being

reflowed at 200 and 230 �C for 1, 10, or 50 min. For both

of these reflow temperatures, as the reflow period increases,

the thickness of the layer of IMCs around the Cu particles

also increases. This indicates that more reactions occur

between the Sn phase and Cu particles as the reflow period

increases. Of all the reflow periods and temperatures tested,

only the samples reflowed at 200 and 230 �C for 50 min

appear to have successfully completed the reaction

between the Sn phase and Cu particles.

Figure 7 shows the EPMA elemental mapping results of

the Sn–Bi–30Cu solder after being reflowed at 200 �C for

50 min. As can be seen, there are two Sn–Cu IMCs: one is

a thin layer around the Cu particles and the other is the

large phase distributed throughout the solder joint.

According to the literature [30], it is well established that

the two IMCs are the e-phase (Cu3Sn) compound that has

grown around the Cu particles and g-phase (Cu6Sn5)

compound adjacent to the solder.

To evaluate the effect of added Cu particles in

reducing the required heat input for complete isothermal

solidification, in addition to the Sn–Bi solder paste with

added Cu particles, eutectic Sn–Bi paste without added

Cu particles was subjected to reflow at 230 �C for 6 h

and the cross-sectional microstructure is shown in

Fig. 8. The reflow profile with significantly large heat

input was attempted to achieve the complete isothermal

solidification. However, as can be seen in Fig. 8, even

Fig. 4 The microstructure of a Sn–Bi and b Sn–Bi–30Cu after reflow at 170 �C for 1 min

Fig. 5 The microstructure of Sn–Bi–30Cu after reflow at 170 �C for a 10 min and b 50 min

Table 1 Mathematical calculation of sufficient amount of Cu particle additions to convert the whole Sn phase to the Sn–Cu IMCs

Mass% Cu at.% Cu at.% Sn at.% Bi Remained

Cu at.%

Remained eutectic

Sn–Bi at.%

Remained

Bi-rich at.%

Sn–58Bi? 20 38.5 34.5 27 – 4.29 25.12

30 51.4 27.3 21.3 18.64 – 21.3

40 62.5 21 16.5 37.3 – 16.5
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though a large IMC layer is formed within the solder

joint, the eutectic Sn–Bi regions are still remained

indicating the significant effect of added Cu particles in

reducing the required heat input for isothermal

solidification.

4.3 Spalling of the Cu6Sn5 IMC

One phenomenon of the solder/substrate reaction is the spalling

of intermetallic compounds from the solder/substrate interface

into the bulk solder. Figure 9 shows that after being reflowed at

Fig. 6 The microstructure of Sn–Bi–30Cu after reflow a at 200 �C for 1 min, b at 200 �C for 10 min, c at 200 �C for 50 min, d at 230 �C for

1 min, e at 230 �C for 10 min, f at 230 �C for 50 min

Fig. 7 The EPMA mapping results of the Sn–Bi–30Cu after reflow at 200 �C for 50 min
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170 �C for 10 min, the Cu6Sn5 IMC spalls away from the Cu

particles. However, the Cu6Sn5 IMC layer does not exhibit the

same behavior at the Cu substrate. Figure 10 also shows that

after being reflowed at 200 �C for 50 min, the Cu6Sn5 IMC

layers on both the Cu particles and substrate show spalling

behavior. As can be seen in Fig. 9c, d, the comet-like appear-

ance of the Cu6Sn5 IMC shows the spalling direction.

4.4 Thermal analysis of the compositional shift

by DSC

Figure 10 shows the DSC curves of the Sn–Bi–30Cu solder

before and after the reflow treatment of both the bulk solder

and the solder sandwiched between Cu substrates. The

microstructures of the solders tested are shown in Figs. 6b,

c and 8e, f. In Fig. 10a, a melting event of the bulk solder

occurs at approximately 139 �C, which represents the

melting of the eutectic Sn–Bi phase. In addition, two val-

leys are present at approximately 667 and 700 �C, which

represent the melting of the Cu6Sn5 and Cu3Sn IMCs,

respectively. Even though the solder paste does not contain

these Sn–Cu IMCs, once the temperature reaches a certain

level during the DSC test, it allows Sn and Cu to react and

form the Sn–Cu IMCs. The DSC curves in Fig. 10b, c have

a new valley indicating a melting event at approximately

201 �C.

Figure 10b shows that after the solder is reflowed at

200 �C for 10 min, peaks representing eutectic Sn–Bi and

new melting event co-exist, while Fig. 10c shows that

almost all the Sn phase has been consumed. In Fig. 10c, the

curve representing the bulk solder with added Cu particles

has a small valley at 139 �C, which represents the trivial

amount of the eutectic Sn–Bi phase that has not reacted

with the Cu particles. However, when the Sn–Bi–30Cu

solder is sandwiched between Cu substrates and subjected

to the same reflow profile (the dotted line), there is not a

valley at 139 �C. The melting point of Bi is 271 �C, and

therefore, the new valley in Fig. 10b, c does not represent

the melting of Bi. The DSC results are summarized in

Tables 2 and 3.

In Fig. 10a, the initial melting endotherm, DhEutectic, is

proportional to the area of the endothermic melting valley.

Fig. 8 The microstructure of eutectic Sn–Bi solder after reflow at

230 �C for 6 h

Fig. 9 The spalling of Cu6Sn5 interfacial IMCs after reflow: at 170 �C for 10 min a solder/Cu substrate, b solder/Cu particle, and at 200 �C for

50 min c solder/Cu substrate, d solder Cu/particle
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By integrating the area of the endothermic melting valleys,

the specific heat of fusion, Dhf, for each reflow profile can

be determined [17]. Therefore, the remaining eutectic

phase can be quantified with Eq. (2):

Remaining eutectic phase ð%Þ ¼ Dhf Avg

DhEutectic

� �
� 100 ð2Þ

where Dhf_Avg is the average of two samples per reflow

profile. The results are summarized in Tables 2 and 3, and

Fig. 10 The DSC results of Sn–Bi–30Cu a before reflow (paste), b after reflow at 200 �C for 10 min, and c after reflow at 200� for 50 min

Table 2 Results of DSC experiments with Sn–Bi solder with added Cu particle

Solder bulk

Reflow

temperature (�C)

Reflow

period (min)

1st peak 2nd peak

Melting

onset (�C)

Melting

range (�C)

Remaining eutectic

phase (%)

Melting

onset (�C)

Melting

range (�C)

170 1 138.8 4.0 80.3 201.0 2.2

10 139.1 3.8 55.2 201.1 3.8

50 138.2 3.2 13.7 201.0 4.7

200 1 139.1 3.4 66.5 200.5 2.2

10 138.1 2.7 37.9 197.4 6.3

50 137.0 3.1 3.3 194.8 10.4

230 1 138.8 3.0 28.1 199.2 5.3

10 137.7 2.9 11.4 194.9 10.4

50 137.5 3.5 4.1 192.8 12.7
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Fig. 11. As can be seen, increasing the reflow period or

temperature increases the percentage of the Sn phase that

reacts with the Cu. Furthermore, even though the per-

centage of the remaining eutectic phase is slightly lower for

the bulk solder sandwiched between Cu substrates when

subjected to higher heat inputs, it appears that the effect of

Cu atoms from the substrates on consuming the Sn phase is

negligible when compared to that of the added Cu particles.

4.5 The investigation on the new melting event

To investigate the newly appeared melting event, the ele-

mental composition was determined via EPMA, with the

results shown in Fig. 12 and Table 4. As can be seen, Sn and

Cu are present in the Bi-rich phase. To investigate the phases

present in the sample in more detail, XRD analysis was also

performed. Figure 13 shows the X-ray diffraction pattern of

the solder after being reflowed at 200 �C for 50 min. By

matching the results with data from the International Centre

for Diffraction Data, it appears that all the peaks are identified

exhibiting Bi phase with the highest intensity which co-exists

with Sn, Cu, Cu6Sn5, and Cu3Sn phases. In addition, there is

no sign indicating formation of a new phase.

Fig. 11 Remaining eutectic phase for each reflow profile: a solder bulk with Cu particle additions and b solder with Cu particle additions

between Cu substrates

Table 3 Results of DSC experiments with Sn–Bi solder with added Cu particle between Cu substrates

Cu/solder/Cu

Reflow

temperature (�C)

Reflow

period (min)

1st peak 2nd peak

Melting

onset (�C)

Melting

range (�C)

Remaining eutectic

phase (%)

Melting

onset (�C)

Melting

range (�C)

170 1 138.7 2.5 97.0 200.3 2.9

10 138.6 2.6 79.0 200.4 3.3

50 138.2 2.7 22.3 200.4 4.8

200 1 138.2 3.0 66.7 199.6 3.3

10 138.1 2.3 30.2 198.4 5.3

50 137.5 2.4 3.2 194.1 10.7

230 1 137.7 3.0 27.8 198.3 5.5

10 137.9 2.4 7.2 194.1 10.6

50 137.2 2.8 2.9 192.3 12.3

Fig. 12 Back-Scattered image of the solder after reflow at 200 �C for

50 min. Numbers (1–5) represent the atomic composition analysis

spots performed by EPMA which illustrated at Table 4
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4.6 Theoretical investigation on Cu particles size-

effect and their enhanced free energy

In addition to the pronounced advantages of particle

addition in TLP bonding process, application of particles

can provide a further advantage. Based on the analysis by

Porter and Easterling [31], if a solvent phase, a, is acted on

by a pressure of 1 atm, a very small solid particle, b, in the

a phase is subjected to an extra pressure DP, because of the

curvature of the a/b interface. DP can be quantified with

Eq. (3) [31]:

DP ¼ 2c
r

ð3Þ

where c, is the a/b interfacial energy and r is the radius of

the spherical particle. According to the ‘‘PV’’ term in the

Gibbs free energy, an increase in P increases the free

energy, G, when the system is kept at a constant temper-

ature, as shown in Eq. (4) [31]:

DG ¼ DP:V ð4Þ

Therefore, by combining Eqs. (3) and (4), the free

energy increases as the curvature of the a/b interface

increases, which can be calculated with Eq. (5) [31, 32]:

DGc ¼
2cVm

r
ð5Þ

where Vm is the molar volume of the b phase. This increase

in G due to the interfacial energy is known as the capillary

effect or Gibbs–Thomson effect. By assuming the a phase

is a regular solution and the b phase is a nearly pure phase,

Eq. (6) is obtained [31]:

Cr ¼ C1 exp
2cVm

RTr
ð6Þ

where Cr is the equilibrium concentration of the solute

across a curved interface, C? is the equilibrium concen-

tration of the solute across a planar interface, R is the gas

constant, and T is the absolute temperature. For small

values of the exponent, Eq. (6) can be simplified into

Eq. (7):

Cr ffi C1 1 þ 2cVm

RTr

� �
ð7Þ

Using c = 2500 mJ/m2 (assumed to be the incoherent

solid/solid interfacial energy) [33, 34], Vm = 7.11 9

10-6 m3/mol, R = 8.31 J/mol K, and T = 500 K gives

Eq. (8):

Cr

C1
ffi 1 þ 2:73 � 10�9

r
ð8Þ

Finally by using r = 2.5 lm in Eq. (8), Cr/

C? & 1.003. This ratio appears to be negligible for par-

ticles in the range of micron-size; however, in addition Cr/

C? ratios for the case of small particles with a higher

curvature (smaller diameters) were investigated theoreti-

cally. The Cr/C? ratios for the Cu particles with the

diameter of 500 and 100 nm were estimated to be 1.03 and

1.17, respectively. These results show that particles in the

range of nano-size would have an additional effect in

accelerated consumption of the Sn phase.

5 Discussion

In this section, the isothermal solidification of Sn–Bi solder

joint will be discussed. This will be followed by a dis-

cussion of the changes in composition due to the TLP

bonding process.

5.1 Isothermal solidification of Sn–Bi solder joints

The microstructure analysis of the Sn–Bi solders with and

without added Cu particles after being subjected to high heat

inputs were conducted and the former revealed the formation

of extensive networks of Sn–Cu IMCs, which is consistent

with the results reported by other researchers [22]. In addi-

tion, the isothermal solidification as a result of consumption

of the entire Sn phase in Sn–Bi solder joints with and without

added Cu particle was investigated using SEM. Complete

isothermal solidification was achieved in Sn–Bi solder joint

with added Cu particles after reflow at 200 �C for 50 min

Fig. 13 XRD pattern of the Sn–Bi–30Cu solder after reflow at

200 �C for 50 min

Table 4 The quantitative results of atomic composition analysis by

EPMA

Atomic (%)

1 2 3 4 5

Cu 4.54 5.73 5.92 3.99 5.61

Sn 1.79 1.74 1.68 1.29 5.71

Bi 93.67 92.53 92.40 94.72 88.67
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while Sn–Bi solder joint without added Cu particles did not

achieve complete isothermal solidification even after reflow

at 230 �C for 6 h indicating the advantage of using particles

in accelerating the isothermal solidification.

5.2 The spalling of Cu6Sn5

The spalling of the Cu6Sn5 IMC in this research occurred

through two driving forces: the compressive stress during

the early stages of reflow and the thermodynamic force

during the final stages of reflow. As can be seen in Fig. 9b,

after being reflowed at 170 �C for 10 min, the Cu6Sn5

IMCs have spalled away from the Cu particle, while the

Cu6Sn5 IMCs remain attached to the Cu substrate. As was

reported by other researchers, as the IMC layer becomes

thicker it generates a compressive stress, r, which even-

tually results in the spallation of the IMCs [35]. Here, the

driving force for spalling during the early stages of reflow

can be attributed to a similar phenomenon where, because

of the curvature of the Cu particles, the compressive stress

is split into two forces, one pointing towards the neigh-

boring grain and the other in-line with the center of the Cu

particle, but pointing outwards. Accordingly, the latter

provides the driving force that causes the IMCs to spall

away from the Cu particles, as shown in Fig. 14b. How-

ever, the magnitude of the driving force required for the

IMCs on a Cu substrate to spall away is higher (Fig. 14a).

The second type of spalling that occurs during the final

stages of reflow appears to be a typical example of massive

spalling. Massive spalling occurs once the original reaction

product at the interface is no longer in local thermody-

namic equilibrium with the solder, resulting in the massive

spalling of interfacial IMCs away from the original loca-

tion to provide room for the nucleation and growth of the

equilibrium phase [36, 37]. One common case of massive

spalling that has been previously reported is the spalling of

Cu6Sn5 during the reaction between Sn–3Ag–0.5Cu on Au/

Ni substrates. In this case, the initial concentration of Cu in

the solder is low, and because of the reactions that occur,

the concentration of Cu decreases significantly as the

concentration of the Cu6Sn5 phase increases, which results

in the spalling of Cu6Sn5 [36]. However, in some cases, the

decreasing Sn concentration as the formation of Cu6Sn5

increases can also induce massive spalling [36, 38]; this

phenomenon has occurred in the present study. The added

Cu particles react with a large amount of Sn in the solder

joint, and thus, there is a sudden drop in the concentration

of Sn in the solder joint while there is no concentration

drop of Cu as is not entirely consumed. This new driving

force results in the massive spalling of Cu6Sn5 from both

the Cu particles and substrates into the solder to achieve

local thermodynamic equilibrium. As can be seen in

Fig. 9c, d, after being reflowed at 200 �C for 50 min, the

spalling of Cu6Sn5 has occurred at both the Cu particles

and substrates.

5.3 The effect of the large surface area of the Cu

particles on the DSC results

As was mentioned in Sect. 1, the larger ratio of surface

area to volume of the particles compared to planar sub-

strates is another advantage of using particles in the TLP

bonding process. Therefore, the contribution of Cu flux

from the particles and substrates as a function of the sur-

face area:volume ratio has been investigated. It is well

established that the dissolution of a solid metal in a liquid

metal can be quantified with Eq. (9) [39, 40]:

dc

dt
¼ k

S

v
ðcs � cÞ ð9Þ

where c is the concentration of the dissolved metal in the

liquid metal (kg m-3), t is the time (s), cs is the saturation

concentration (kg m-3), k is the dissolution rate constant

(m s-1), S is the surface area of the solid specimen (m2),

and v is the volume of the melt (m3). Therefore, the flux of

Cu atoms into the melt is proportional to the ratio of the

surface areas (S) of the Cu sources (particles and sub-

strates). Thus, the surface area of the Cu particles and

substrates were determined. The mean weight of a solder

joint before reflow was on average 0.0269 g (5 measure-

ments, standard deviation = 9.28 9 10-4) with a volume

of 3.93 mm3. By assuming all the Cu particles have a

diameter of 5 lm, the total surface area of the Cu particles

inside the solder melt is 1.08 9 109 lm2, while the Cu

substrate above and below the solder have surface areas of

7.07 9 106 and 2.67 9 107 lm2, respectively. Therefore,

the total surface area of the Cu particles is approximately

40-times larger than the total surface areas of the Cu sub-

strates on both side of the solder. Using similar calcula-

tions, the total surface areas of Cu particles and substrates

as a function of the particle diameter was estimated, and

shown in Fig. 15.

Fig. 14 Illustration of compressive stresses between Sn–Cu IMCs on

a a Cu substrate and b Cu particle
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The DSC results of the Sn–Bi–30Cu solder before and

after reflow at 200 �C for 10 and 50 min were shown in

Figs. 10 and 11, and the TLP bonding process with and

without Cu flux from the Cu substrates was examined.

According to the DSC results, the Cu flux from the sub-

strates proved negligible compared to that of the Cu par-

ticles. The insignificant effect of the Cu substrates on the

TLP bonding process can be attributed to the trivial surface

area of the Cu substrates compared to the large surface area

of the Cu particles.

5.4 Analysis of the Bi-rich phase

The presence of Sn and Cu in Bi-rich phase obtained by

EPMA elemental analysis and known peaks acquired by

XRD, which suggested that the new melting event at 201 �C
cannot represent any new phase. By combining these results

and considering the Cu–Sn–Bi ternary phase diagram [41], it

may suggest that the new melting event represents a mixed

phase consists of Bi phase and Sn–Cu IMCs which is con-

sistent with the results reported by D’Hondt and Corbin [22].

6 Conclusions

The microstructures of the Sn–58Bi eutectic solders with

and without 30 mass% of added Cu particles were com-

pared after various reflow profiles and the effects of adding

Cu particles on the TLP processing of Sn–Bi solder were

investigated. The results obtained in this study are sum-

marized below:

1. By adding 30 mass% of Cu particles and being

reflowed at 200 �C for 50 min, the Sn phase was

successfully consumed by the Cu, leaving Sn–Cu

IMCs and a Bi-rich phase in the solder joint.

2. The difference between the equilibrium concentration

of the atoms from the added particles with relatively

small diameters and the planar substrate was deter-

mined, theoretically. Accordingly, the advantages of

using fine particles with high curvatures in TLP

processing were understood.

3. By adding 30 mass% of Cu particles, the formation of

Cu6Sn5 results in a sharp decrease in the Sn concen-

tration, which in turn induces massive spalling in the

Cu6Sn5 layers of both the Cu particles and substrates.

The spalling direction is towards the solder to revive

the local thermodynamic equilibrium. The spalling of

the Cu6Sn5 IMCs around the Cu particles occurs earlier

in the TLP bonding process compared to that of the

Cu6Sn5 on the Cu substrates because of the compres-

sion stress generated.

4. The new melting event that appeared in the DSC

curves at 201 �C is believed to be attributed to the

local compositions of Sn–Cu IMCs and Bi in the

ternary Cu–Sn–Bi system. Therefore, it could be

concluded that the melting point of the Sn–Bi solder

was increased by approximately 62 �C.

5. The DSC results of the solders formed with and

without Cu substrates were compared, with the results

showing the significance of the larger surface area of

the Cu particles compared to that of the planar Cu

substrates. In addition, the surface area of the Cu

particles was found to be approximately 40-times

larger than the total surface area of the Cu substrates

on both sides of the solder.

6. To achieve the complete conversion of the Sn phase to

Sn–Cu IMC phases with lower heat inputs, decreasing

the size of the Cu particles is recommended. However,

surface modification (e.g., protective coatings) of the

Cu particles will be required to prevent oxidation.
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