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Abstract The morphology and growth behaviors of

intermetallic compounds (IMCs) of Sn–3.0Ag–0.5Cu/Cu

solder joints were investigated during isothermal aging,

thermal cycling and thermal shock. The Sn–3.0Ag–0.5Cu/

Cu solder joints were isothermal aged at 150 �C, while the

non-isothermal aging was performed within the temperature

range from-40 to?150 �C. It was observed that the Cu6Sn5

layer initially formed between the copper substrate and sol-

der, followed by the creation of a Cu3Sn layer for aging times

greater than 200 h or 200 thermal cycles. However, the

Cu3Sn could not be found in solder joints until thermal shock

800 cycles. The results showed that the initial scallop-like

IMCs layer changed into a level duplex structure with the

aging time (cycling numbers) increasing. The growth rate of

Cu6Sn5 was lower than that of Cu3Sn during isothermal

aging. While for thermal cycling, it was Cu6Sn5 contributed

more to the growth of IMCs than the Cu3Sn. The value of the

time exponent n under isothermal aging, thermal cycling and

thermal shock were about 0.58, 0.64, 0.66 respectively.

1 Introduction

In electronic packaging technology, solder joints provided

both electronic and mechanical support to the components,

which require excellent reliability [1]. It has been reported

that the reliability of an electronic device depends strongly

on the reliability of its solder joints, which is generally

controlled by the formation and growth of interfacial

intermetallic compounds (IMCs) between the solder alloy

and the substrate [2]. However, too thick IMCs may

weaken the solder joints owing to its brittle nature and

different coefficient of thermal expansion (CTE) between

the solder alloy and substrate. So it is necessary to inves-

tigate the growth mechanism of interfacial IMCs forming

between the solder alloy and substrate systematically.

In the past decades, research has focused on the for-

mation and growth of IMCs at lead-free solder owing to the

realization of the harmful influences of lead and lead

containing alloys on the environment and human healthy.

Yu et al. [3] investigated the growth mechanism of IMCs at

Sn–Ag–Cu/Cu and the results showed that the thickness of

IMCs increased linearly with the square root of aging time,

which was generally controlled by diffusion mechanism.

Wang et al. [4] studied the growth kinetics of interfacial

Cu6Sn5 at Sn2.5Ag0.7Cu(0.1RE)/Cu during isothermal

aging. They found that the Cu6Sn5 changed from scallop-

like to planar with the increasing of aging time, and the

growth mechanism according with parabolic rule. Other

research works were made to investigate the formation

mechanism and growth kinetics of the interfacial IMCs

under different thermal cycling, which was similar in ser-

vicing environment [5–8]. Moreover, there were few

studies on morphological features and growth rate of

SnAgCu solder joints during harsh conditions with the

temperatures up to 150 �C. It is important for high-tem-

perature application of electronic devices and modules,

especially in the automotive electronics.

In this paper, the effect of different thermal conditions

(isothermal aging, thermal cycling, thermal shock) on the

microstructure of wide-application Sn–3.0Ag–0.5Cu solder
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joints were investigated, and the influence of different

thermal conditions on the growth kinetics of IMCs were

also discussed. The temperatures of the thermal conditions

were chosen to simulate the complex service conditions of

high-temperature applications.

2 Experiments

2.1 The samples preparation

A 3-mm-diameter Cu bar was used as the substrate. A Sn–

3.0Ag–0.5Cu solder ball was selected to form the sand-

wich-like specimen as shown in Fig. 1. Before soldering,

the Cu bars were polished with metallographic sandpaper

to remove the oxide film and then cleaned with acetone.

The Cu bars were immersed in flux (22 %ZnCl2 ? 2 %

NH4Cl ? H2O), then a solder ball was soldered between

two Cu bars to form the solder joints. The soldering tem-

perature was about 250 �C and soldering time was about

20 s. Then the specimens were cooled down to room

temperature in the air ambient after soldering.

2.2 Aging

After soldering, the samples were divided into three groups

to investigate the morphological features and growth rate

of solid-state IMCs, which follows the JEDEC standard

temperature range of -40 to ?150 �C. One group of

samples was aged in a furnace chamber (SX-10-12) at

150 �C from 0 h to 1000 h and the samples were extracted

out every 200 h to investigate the morphological and

interfacial behavior of the solder joints.

For the second group of samples, thermal cycling was

carried out in an Accelerated Thermal Cycling Chamber

(WEISS-TS-130) for 1000 cycles at intervals of 200 cycles.

The thermal cycling temperature range was -40 to

?150 �C with a cycle time of 60 min. The temperature

profile of thermal cycling was shown in Fig. 2. The tem-

perature change rate was about 12.7 �C/min and dwell time

of specimens at extreme temperature was 15 min.

The third group samples were subjected to thermal

shock in a Thermal Shock Tester (CJ602S3I). The maxi-

mum and minimum temperature in test was ?150 and

-40 �C, respectively and samples were aged in each

chamber for 15 min with a cycle time of 45 min. The

change rate of temperature was about 25.3 �C/min and the

samples were taken out of chamber every 200 cycles. The

thermal parameters under thermal cycling and thermal

shock were listed in Table 1.

2.3 Identification and thickness measurement

of IMCs

After metallographic procedures including grinding and

polishing, the samples were etched with a solution of HCl

(2 vol%) ? HNO3 (6 vol%) ? H2O (92 vol%) for several

seconds to obtain ideal contrast with IMCs and solder

matrix. A JSM-6510 scanning electron microscope (SEM)

equipped with a thermo-electron X-ray energy dispersion

spectrometry (EDS) was used to examine the microstruc-

ture and determine the phase in the interfacial region.

Figure 3 shows the schematic diagram of IMCs layers.

AutoCAD software was used to measure the area of IMCs

layers, aiming at calculating average thickness of IMCs

layers. While, the average thickness of the IMCs layers

(x) in liquid aged solder joints were calculated through

dividing the integrated area (A) by the length of the IMCs

(L), as shown in the following equation:

x ¼ A

L
ð1Þ

3 Results and discussion

3.1 Interfacial microstructure of soldered joint

Figure 4 presents the SEM images of Sn–3.0Ag–0.5Cu/Cu

soldered joints during isothermal aging at 150 �C for dif-

ferent aging time. These figures show the acceleratedFig. 1 Schematic diagram of the specimens

Fig. 2 The temperature profile of thermal cycling
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growth of the IMC layer with the aging time during

isothermal aging. It can be seen that each solder joint

consists of three colonies: Cu substrate, IMCs layer and

soldering matrix. As an EPMA analysis results, the inter-

metallic layer next to the solder possesses a compositions

(at.%) of Cu:Sn = 6.1:5, which corresponds to the Cu6Sn5

phase. The compositions of the intermetallic layer next to

the copper is Cu:Sn = 3:1, which corresponds to the Cu3Sn

phase. After soldering, the Cu6Sn5 IMCs located at the

solder/Cu interface was identified by means of EDS anal-

ysis and the thickness of the intermetallics was approxi-

mately 2.12 lm, but Cu3Sn IMCs was not found as shown

in Fig. 4a. With the increase of isothermal aging time, the

thickness of IMCs increased obviously. That’s because the

thermal energy which the solder, Cu substrate and inter-

facial IMCs, diffusion and rearrange needed was provided

during the isothermal aging, resulting in the changing of

the morphology of interface IMCs. In addition, the inter-

facial IMCs gradually changed from scallop-like to a level

duplex structure with the increasing of aging time. The

main reason lies in the scallop-like interfacial IMCs has a

larger surface area, so the interface energy is higher than

that the level duplex structure interfacial IMCs. Due to the

Gibbs–Thomson effect, in phase transformation, the

microstructure contains interface will constantly adjust in a

variety of ways to reduce the interface area, and then make

the interface energy lowest. This leads to the transforma-

tion from scallop-like to a duplex structure. After isother-

mal aging for 200 h, the Cu3Sn was found between the Cu

substrate and Cu6Sn5 layer. The thickness of Cu3Sn layer

increased with the aging time. These findings support

previous research on this system by Kang et al. [9]. They

investigated the interfacial IMCs growth during solid-state

isothermal aging for Sn–3.5Ag–0.7Cu solder on Cu sub-

strate. They found that the interfacial IMCs exhibited a

duplex structure of Cu6Sn5 and Cu3Sn intermetallics. They

also found that the thickness of Cu6Sn5 and Cu3Sn almost

equal with the increase of aging time, which keep a

dynamic balance and all contribute to increase the thick-

ness of IMCs layers.

Thermal cycling or thermal shock testing of solder joints

is very important as far as the reliability of the solder joint

is concerned. Because of large difference in the CTE of the

different constituents in the packaged assembly, stresses

and strains vary with temperature leading to cyclic strain or

inelastic energy damage and fatigue failure of the solder

joints.

Figure 5 presents the SEM images of Sn–3.0Ag–0.5Cu/

Cu soldered joint during thermal cycling between -40 and

?150 �C. It can be seen that the interfacial Cu3Sn was

detected after thermal cycling 200 times. With the increase

of cycling number, the thickness of IMCs also increased

and the surface of IMCs flattened gradually, as the IMCs

showed.

Figure 6 presents the SEM images of Sn–3.0Ag–0.5Cu/

Cu solder joints during thermal shock between -40 and

?150 �C. As be shown in Fig. 6, the thickness of IMCs

also increased with the increase of thermal shock. It can be

clearly seen that the Cu3Sn could not be found in samples

until thermal shock 800 cycles.

3.2 The growth of interfacial IMCs

Figure 7 shows the relationship between thickness of IMCs

(Cu6Sn5 and Cu3Sn) and aging time in isothermal aging,

where it can be clearly seen that the growth rate of Cu3Sn

was higher than that of Cu6Sn5, so the increase of inter-

facial IMCs mainly due to the growth of Cu3Sn rather than

Cu6Sn5. The Cu atoms diffuse through the grain boundaries

of Cu3Sn and arrive at the interface of Cu3Sn/Cu6Sn5, the

following interfacial reaction happens [5]:

9Cu þ Cu6Sn5 ! 5Cu3Sn ð2Þ

By this reaction, Cu6Sn5 transform to Cu3Sn at the

interface. So the mount of Cu atoms that can diffuse to the

Table 1 The parameters under different thermal conditions

Test Temperature range (�C) Cycling time (min) Ramping rate (�C/min) Soak time at max and min temperature (min)

Thermal cycling -40 to 150 60 12.7 15

Thermal shock -40 to 150 45 25.3 15

Fig. 3 Schematic diagram of IMCs layers
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interface of Cu6Sn5/solder is greatly reduced. As the result,

Cu3Sn grows rapidly with temperature and time by con-

suming Cu6Sn5 at the interfacial of Cu3Sn/Cu6Sn5. How-

ever, the growth of Cu6Sn5 on the solder side was mainly

controlled by the availability of Cu atoms in the solder

matrix. With the Cu atoms decreases, the mount of free Cu

atoms is very small, greatly limiting the growth of Cu6Sn5

on the solder side. That’s why Cu6Sn5 grew slower than

Cu3Sn at 150 �C.

It must be noted that the temperature is constant over

time for the isothermal conditions, while for the thermal

cycling aging, temperature variation is a function of time in

thermal cycling and thermal shock. To compare IMCs

growth rate subject to isothermal aging, thermal cycling

aging, and thermal shock, John et al. [10] defined a

effective time, teff. They found that the approximation error

is only about 1–2 % when using total time at up soak

temperature as teff in short non-isothermal cycle. That

means that the equivalent aging time of thermal cycling

and thermal shock tests are all 15 min.

Based on the above definition, the relationship between

thickness of IMCs in this paper and aging time in thermal

cycling can be calculated, as be shown in Fig. 8. It can be

seen that the growth rate of Cu3Sn was smaller than that

of Cu3Sn, which was opposite to the rule during

isothermal aging. The different growth mechanism of

IMCs among the isothermal aging, thermal cycling and

thermal shock may owing to the different micromor-

phology features and stress conditions under different

thermal conditions.

Fig. 4 Microstructure of IMCs in Sn3.0Ag0.5Cu/Cu solder joints during isothermal aging. a As soldered, b aging for 200 h, c aging for 400 h,

d aging for 600 h, e aging for 800 h, f aging for 1000 h
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3.3 Growth mechanism of interfacial IMCs

Figure 9 shows the relationship between thickness of IMCs

and aging time during different thermal conditions. The

empirical power-law function has been widely used to

describe the growth of IMCs in this stage, the function was

as follows [11]:

x ¼ x0 þ Atn ð3Þ

where x is the thickness of interfacial IMCs at time t, for

the thermal cycling and thermal shock, x is the thickness of

interfacial IMCs at equivalent time teff, x0 is the initial

thickness of interfacial IMCs, A is the growth constant and

n is the time exponent. Under a particular temperature, the

value of n can be obtained with multiple linear regression

analysis [12]:

ln x� x0ð Þ ¼ lnAþ n ln t ð4Þ

As be shown in Fig. 10, the time exponent n can be con-

cluded through fitting the ln(x - x0) and lnt by Origin

software. In this paper, the value of the time exponent

n under isothermal aging, thermal cycling and thermal

shock were about 0.58, 0.64 and 0.66, respectively. It can

be seen clearly that the growth rate of interfacial IMCs

during thermal cycling was higher than that of isothermal

aging, the growth rate was the highest under thermal shock.

This phenomenon can be explained by the faster diffusion

rate of Sn and Cu atoms because of the re-crystallization of

Fig. 5 Microstructure of IMCs in Sn3.0Ag0.5Cu/Cu solder joints during thermal cycling. a As soldered, b thermal cycling for 200 cycles,

c thermal cycling for 400 cycles, d thermal cycling for 600 cycles, e thermal cycling for 800 cycles, f thermal cycling for 1000 cycles
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solder and higher compressive stress at the solder joints

generated from thermal shock and thermal cycling

processes.

It is well known that when solder alloy is subject to hot

deformation (T[ 0.5Tm), the processes of strain hardening

and softening concur. Hot deformation may involve the

process of dislocation redistribution due to vacancy climb,

the formation of re-crystallization nuclei and their growth

by migration of large angle boundaries under appropriate

condition (temperature, amount and rate of deformation).

During non-isothermal aging, thermal stress was induced

by the CTE mismatch between the solder alloy and the

copper substrate in every temperature cycle. When the

temperature increased from -40 to ?150 �C, the dynamic

re-crystallization occurred, new grains formed and the

stress released. Then the next temperature cycle came and

new deformation was involved before the enlargement of

the grains and formation of new grains [13]. It was reported

that the single crystal solder joints are always changed into

polycrystalline solder joints after thermal shock or thermal

cycling [14–16]. This phenomenon could be attributed to

the influence of a large difference in the CTE between the

solder alloy and the copper substrate, which leads to higher

thermal stresses generated from thermal cycling and ther-

mal shock, and then the crystal orientation of the solder

joints changed easily [17, 18]. With the increase of the

number of polycrystalline solder balls and grain bound-

aries, there were two paths for Sn atoms in solder balls to

Fig. 6 Microstructure of IMCs in Sn3.0Ag0.5Cu/Cu solder joints during thermal shock. a As soldered, b thermal shock for 200 cycles, c thermal

shock for 400 cycles, d thermal shock for 600 cycles, e thermal shock for 800 cycles, f thermal shock for 1000 cycles
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diffuse into solder/Cu6Sn5 interface (lattice diffusion and

grain boundary diffusion), while there was one path (lattice

diffusion) for for Sn atoms in solder balls to diffuse into

solder/Cu6Sn5 interface. It is estimated that faster Cu6Sn5

growth occurred during non-isothermal aging because

grain boundary diffusion is much faster than lattice diffu-

sion. In addition, the higher thermal mechanical stress

generating from non-isothermal aging also contributes

to faster diffusion of Cu atoms [19–22]. Thus, both the

Cu6Sn5 and Cu3Sn during thermal cycling increased faster

than that under isothermal aging because of faster diffusion

rate of Sn atoms in solder alloy and Cu atoms from Cu

bars. As for the thermal shock, the temperature change rate

(25.3 �C/min) was much faster than that during thermal

cycling (12.7 �C/min). This lead to higher hot deformation

and thermal mechanical stress, resulting in much higher

diffusion rate of Sn and Cu atoms and faster IMCs growth

than that during thermal cycling.

4 Conclusions

1. The thickness of interfacial IMCs increased and the

morphology converted from scallop-like to a level

duplex structure during isothermal aging and non-

isothermal aging. The main reason lies in the scallop-

like interfacial IMCs have a larger surface area, so the

interface energy is higher than the level duplex struc-

ture interfacial IMCs. Due to the Gibbs–Thomson

Fig. 7 Relationship between thickness of IMCs and aging time in

isothermal aging

Fig. 8 Relationship between thickness of IMCs and aging time in

thermal cycling

Fig. 9 Relationship between thickness of IMCs and aging time

during different thermal conditions

Fig. 10 Ln plot of the growth of total IMCs layer in different

conditions
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effect, in phase transformation, the microstructure

contains interface will constantly adjust in a variety of

ways to reduce the interface area, and then make the

interface energy lowest.

2. The growth rate of IMCs under the non-isothermal

aging was faster than that of during isothermal aging.

The possible reasons lied in that the non-isothermal

aging leaded to the increase of the number of

polycrystalline solder balls and grain boundaries, and

then there were two paths for Sn atoms in solder balls

to diffuse into solder/Cu6Sn5 interface: lattice diffusion

and grain boundary diffusion when compared with

mainly one path (lattice diffusion) during isothermal

aging.
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