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ABSTRACT

Migration of Cu atoms from the cathode side to the anode side causes void

formation in the solder joint, which is the root cause of electromigration failures

in lead-free solder joints. This study investigates the effects of Zn nanoparticle-

doped flux on the mechanical properties of SAC305 solder joint under high

current density. Nanoparticle-doped flux is a novel technique which mainly

focused to modify the interfaces of the solder joint. Since, electromigration

mainly damages the interfaces of the solder joint, so nanoparticle-doped flux

technique was used to retard the electromigration damages. Electromigration

test was conducted under the current density of 1 9 104 A/cm2. The electro-

migration test was conducted in the silicon oil bath at a maintained temperature

of 80 ± 5 �C. Tensile test was conducted before and after electromigration tests

for undoped and Zn nanoparticle-doped solder joints. The results showed that

the mechanical strength improved after the addition of Zn nanoparticle-doped

flux before and after electromigration as compared to the undoped SAC305

solder joint. The Cu migration was suppressed by Zn nanoparticle doped due to

which the fractured path was not shifted from the solder bulk to the cathode

side. In comparison, the undoped solder showed rapid Cu migration due to

which the fracture path shifted from solder bulk to cathode interface.
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1 Introduction

According to the environmental protection agency

(EPA), both lead itself and compounds containing

lead are very dangerous for the human health [1, 2].

The lead was included in the top seventeen chemicals

that pose the greatest threat to human life and soci-

ety. On 1st July 2006, the European community waste

electrical and electronic equipment (WEEE) banned

lead-based solder joints and led to a focus on the

development of lead-free solder joints [3]. Lead plays

an important role in Sn–Pb solder. It reduces the

surface energy, interfacial energy, and brittleness of

the Sn–Pb solder joints. It minimizes the Sn whisker

growth and Sn pest [4]. It improves the wettability

and reduces the reaction rate between the solder and

under bump metallization [4].

The replacement of lead-based solder joints should

have at least equal or better material properties such

as mechanical, electrical, thermal, and structural

properties than Sn–Pb solder. Because of the good

reaction ability with the many metals, formation of

intermetallic compound and low-temperature sol-

dering, researchers suggested that Sn-based solder is

one of the good replacement options of the Sn–Pb

solder joint [5–14]. The Sn-based solder alloys include

Sn–Ag–Cu, Sn–Ag–Zn, Sn–Cu, Sn–Ag, Sn–Zn [15],

Ag–Bi and Sn–Bi [16], Sn–Ag, Sn–Cu, Sn–Bi, Sn–In,

Sn–Zn, Sn–Sb, and Sn–Ge. Out of these solder joints,

Sn-3.0Ag-0.5Cu (SAC305) solder joint was found to

be one of the good candidate due to its good

mechanical and electrical properties [17]. In this

study SAC305 solder has been used.

The downscaling of electronic devices reduced the

size of interconnects and increased the input current

density in the solder joint [18, 19], which caused

electromigration (EM) failures in the solder joint

[4, 20, 21]. The current wind collides and scatters with

the Cu atom present at the interfaces of the solder

joint. Due to this, the Cu atoms migrate rapidly from

the cathode side to the anode side of the solder joint

[22]. The cathode interfaces become weak due to the

voids formation after Cu migration. This causes the

fracture pattern to be transferred from the solder bulk

to the cathode side [23, 24]. It also changes the frac-

ture mode from ductile to brittleness which decreases

the strength of solder joint [25, 26].

To reduce these EM damages, numerous efforts

were made in the past. Past studies used different

techniques to modify the solder, such as adding

alloying elements [27, 28], microparticles [29–31], and

nanoparticles (NPs) [32–35]. Recently, another solder

modification technique was developed which uses

the NP-doped flux and mainly focuses on interfaces

of solder joints [36–38]. As the EM failure occurs at

the solder interfaces, this NP-doped flux technique

allows us to study the interfacial intermetallic com-

pounds (IMC). In earlier investigations, this approach

added metallic NPs to lead-free solders [39–42]. It

was observed that during the reflow process, reactive

dissolution of metallic NPs took place, which

increased the solder joint’s properties. Bashir et al.

found that the EM failures were reduced when Ni

and Co NPs were added to the SAC305 solder joint

[23, 33, 43]. Chan et al. studied that Zn particles also

impact the interfacial IMCs in solder joints during

reflow [41]. In past studies, researcher found that the

addition of Zn NPs improved the microstructure and

mechanical properties of the solder joint [41, 44, 45].

But no study was done to investigate the effect of Zn

NP on electromigration failures. Henceforth, further

research is needed to determine the effects of adding

Zn NP-doped flux to the SAC305 solder joint during

the EM test. This study aimed to investigate the

effects of Zn NP-doped flux in the SAC305 solder

joints on mechanical properties after the reflow pro-

cess and EM test.

2 Methodology

The NP-doped flux was made by mixing a water-

soluble flux with 2-wt% Zn NPs. 2 wt% of Zn NPs

was mechanically mixed for 30 min with the flux. The

average size of Zn NP was 25 ± 5 nm. Two copper

wires with a length of 12 mm and a diameter of

0.5 mm were used. The wires were cleaned and

polished from one end. To remove any oxide from

wires, 10% H2SO4 and distilled water were used. The

sample was kept in the solution for 30 s. After that,

the polished ends of both wires were carefully dip-

ped into the flux so that flux remained at the end of

the wires and placed on the aluminium die. A 0.5-

mm solder disk of SAC305 with a thickness of 2 mm

was inserted between the cleaned ends of the copper

wires. The sample was then reflowed in the reflow

oven at 245oC for 45 s and a line-type solder joint is

prepared as shown in Fig. 1. Further details of the

sample preparations are given in our previous stud-

ies [23, 36, 46].
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After reflow, the EM test was run. The samples

were kept in a silicon oil bath to maintain the tem-

perature at 80 ± 5 �C. For the EM test, a 5-A DC

current was applied for a period of 192 h. After the

EM test, tensile tests were carried out on a solder joint

in a Shimadzu AGS-X Universal tensile testing

machine using a 50-N load cell. The tests were

repeated 5 times at a strain rate of 6.59 9 10- 5 s- 1.

During testing, stress–strain curves and ultimate

tensile strength were obtained.

3 Results and discussion

Figure 2 shows the SEM images of interfaces for the

SAC305 and SAC305 ? 2-wt% Zn NP-doped solder

joint. The common scallop-type Cu6Sn5 IMCs were

found at both interfaces of the SAC305 sample [23].

After the addition of Zn NP-doped flux, the minor

influence of Zn NP-doped was observed on the

interfaces. The interfacial IMC thickness was slightly

reduced [44]. Some Cu6(Sn, Zn)5 particles were also

observed in the solder matrix and near the substrate.

Leong et al. discovered that adding Zn particles to

SAC105 solder increased the amount of scallop-type

Cu6Sn5 IMC after reflow [45]. Chan et al. observed

that the interfacial IMC thickness of Cu6Sn5 was

decreased after adding Zn NP to SAC387 using the

paste mixing technique [41]. Park et al. discovered

that by electroplating Zn NP on Cu pads in SAC305,

the thickness of Cu6Sn5 was decreased after reflow

[44]. Due to a small amount of Zn NP being dissolved

during reflow in Cu6Sn5, they also discovered Cu6(-

Sn, Zn)5 IMC at the SAC/Cu–Zn interfaces.

Optical micrographs of SAC305 and SAC305 ? 2-

wt% Zn NP solder joints after EM tests are shown in

Fig. 3. Samples 1 and 2 for the SAC305 solder joint

exhibited the brittle fracture at the interfaces after

192 h of EM test. In our previous studies, it was

detected that as reflowed SAC305 solder joint exhib-

ited cup-and-cone fracture at the solder matrix. But in

the current study, the EM process of Cu atoms

weakened the cathode interface due to which the

fracture path was found to be on the cathode inter-

face, and the ductility changed to brittleness. In the

case of the Zn NP-doped solder joint, the fracture

remained in the solder matrix and did not shift to the

cathode interface as shown in Fig. 3. Addition of Zn

NP-doped maintained the ductility of the solder joint

after the EM.

Bashir et al. studied the effects of Co and Ni

addition in SAC305 solder joint after EM [36, 46].

They found that the SAC305 solder joint after the EM

test exhibited a brittle fracture and the fracture path

was shifted from the solder bulk to the cathode side

after 192 h of the EM test. After the addition of Co

NP, the fracture remained in the solder bulk after

192 h of the EM test. Similar results were also found

by Ren et al. when reflowed samples of SAC387 sol-

der joints were subjected to an EM test [25]. Other

studies also found that the fracture path was shifted

to the cathode side after the EM test in the Sn-3.8Ag-

Cu wires 

NP Doped flux 

Solder material 

Cu/solder/Cu prepared sample 

Aluminium 
die 

Fig. 1 Preparation of line-type

Cu/solder/Cu sample

J Mater Sci: Mater Electron (2023) 34:321 Page 3 of 8 321



0.7Cu solder joint [47]. This is due to the formation of

voids and cracks at the cathode side, which causes

EM damage in the solder joint. The addition of Zn

NP-doped flux has been found to suppress the EM

damages at the cathode side.

Figure 4 shows the stress–strain curves at 0 and

192 h of the EM test of the SAC305 solder joint and

SAC305 ? 2-wt% Zn NP solder joint. Figure 4a

shows the stress–strain curve of the SAC305 solder

joint at 0 h of the EM test. The stress values range

from 58 to 63 N/mm2 at 0 h for all samples of the

SAC305 solder joint. From the curves, the SAC305

solder joint exhibits plastic deformation. The strain

values are higher than 0.6% for most of the samples.

A�er reflow 0 
wt% Zn NPs 

Cu Solder 

Cu6Sn5

Voids 

20 μm 

A�er reflow 
0 wt% Zn NPs

Solder Cu 

Cu6Sn5

Voids

20 μm 

A�er reflow 2 
wt% Zn NPs 

Solder 
Cu 

Cu6(Sn, Zn)5

Voids

20 μm 

A�er reflow 2 
wt% Zn NPs 

Cu Solder 

Cu6(Sn, Zn)5

Voids

20 μm 

(a)  (b)  

(d)  (c)  

Fig. 2 a, b show SEM images

of the cathode and anode side

of the SAC305 sample, and

c, d show the cathode and

anode side of the

SAC305 ? 2-wt% Zn sample,

respectively

SA
C

305
 

SA
C

305 + Zn N
P

 

Sample 1 

Sample 3 

Sample 2 

Sample 4 

Cu 

Cu 
Cu 

Cu 

Solder 

Solder 

Solder 

Solder 

Cu 

Cu 
Cu 

Cu 

Fig. 3 Optical micrographs of

tensile fracture for SAC305

and SAC305 ? Zn NP
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Figure 4b shows the stress–strain curve of the

SAC305 solder joint at 192 h of the EM test. The fig-

ure exhibits that all the samples of SAC305 solder

joint were broken below the stress value of 35 N/

mm2. Figure 4c shows the stress–strain curve of

SAC305 ? 2-wt% Zn NP solder joint at 0 h of the EM

test. The stress values range from 60 to 70 N/mm2 at

0 h for all samples and strain values are less than

0.6% for most of the samples. From the curves, the

SAC305 ? 2-wt% Zn NP solder joint exhibited duc-

tile fracture. Figure 4d shows the stress–strain curve

of SAC305 ? 2-wt% Zn NP solder joint at 192 h of the

EM test. The stress of SAC305 ? 2-wt% Zn NP solder

joint was decreased after 192 h of the EM test. The

stress values range from 45 to 55 N/mm2 at 192 h for

all samples of SAC305 ? 2-wt% Zn NP solder joint.

The stress values of SAC305 ? 2-wt% Zn NP were

higher than the SAC305 solder joint at 192 h of the

EM test.

It was found that the stresses were higher after the

addition of Zn NP doped to the SAC305 solder joint.

Bashir et al. found that adding Ni NP to the SAC305

solder joint increases the stress compared to the

SAC305 solder joint at 0 h of EM [46]. The stress was

decreased after 192 h of EM for Ni NP-added solder

but the reduction was lower than the SAC305 solder

joint. Similar results were also found by Bashir et al.

when Co NP was added to the SAC305 solder joint

[36]. As a result, Zn NP-doped solders showed higher

stresses after EM and the fracture behaviour was

found to be ductile.

Figure 5 shows the ultimate tensile strength (UTS)

at 0 and 192 h of the EM test for SAC305,

SAC305 ? 2-wt% Zn NP, SAC305 ? 2-wt% Ni NP

[46], and SAC305 ? 2-wt% Co NP [36] solder joint.

Fig. 4 Stress–strain curves of

a, b SAC305 solder joint at 0

and 192-h EM [16], c,

d SAC305 ? 2-wt% Zn NP

solder joint at 0- and 192-h

EM test

Fig. 5 Ultimate tensile strength of SAC305, SAC305 ? 2-wt%

Zn NP, SAC305 ? 2-wt% Ni NP [24], and SAC305 ? 2-wt% Co

NP [16] solder joints at 0- and 192-h EM test
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The average value of UTS for the SAC305 solder joint

at 0 h was 60.34 N/mm2 and after 192 h of EM was

22.36 N/mm2. The UTS was drastically decreased

after 192 h of EM for the SAC305 solder joint. The

average value of UTS for SAC305 ? 2-wt% Zn NP

solder joint at 0 h was 65.7 N/mm2 and after 192 h of

EM was 52.68 N/mm2. The UTS was not drastically

decreased after 192 h of EM. The average values of

UTS for SAC305 ? 2-wt% Ni NP and SAC305 ? 2-

wt% Co NP solder joint at 0 h were 100.99 N/mm2

and 88.18 N/mm2, respectively. While, the average

values of UTS for SAC305 ? 2-wt% Ni NP and

SAC305 ? 2-wt% Co NP solder joint at 192 h of EM

were 77.23 N/mm2 and 78.16 N/mm2, respectively.

This showed that the Zn NP, Ni NP, and Co NP

containing solder joints had higher UTS as compared

to the UTS of the SAC305 solder joint at 0 and 192 h

of EM test. The UTS of the SAC305 solder joint was

decreased by 63%, while UTS of Zn NP, Ni NP, and

Co NP containing solder joints were decreased only

by 20%, 24%, and 11%, respectively.

From Fig. 5, it has been found that UTS signifi-

cantly reduced in the SAC305 solder joint after 192 h

of EM. The UTS of SAC305 was less than the

SAC305 ? 2-wt% Zn NP solder joint at 0 h of EM,

while the ductility of SAC305 ? 2-wt% Zn NP solder

joint was less than the SAC305 solder joint. The UTS

of SAC305 ? 2-wt% Zn NP solder joint was reduced

after 192 h of EM. The reduction of UTS in the

SAC305 ? 2-wt% Zn NP solder joint after 192 h of

EM was also less than the SAC305 solder joint. After

the addition of Zn NP, degradation in the UTS was

suppressed after the EM test. Bashir et al. found that

when Ni NP was added to the SAC305 solder joint,

the tensile strength was increased at 0 h of EM as

compared to the SAC305 solder joint [46] as shown in

Fig. 5. The tensile strength after 192 h of EM was

reduced, but the reduction was less than the SAC305

solder joint. Bashir et al. also found that after the

addition of Co NP to the SAC305 solder joint, the

tensile strength was increased at 0 h of EM but

decreased after 192 h of EM and the reduction was

lower than the SAC305 solder joint [36] as shown in

Fig. 5. As a result, the solder joints with Zn NP added

have a significant persistence of UTS.

4 Conclusion

The effects of Zn NP-doped flux on the mechanical

properties of the SAC305 solder joint under high

current were examined. SAC305 and SAC305 ? 2-

wt% Zn samples were prepared and an EM test was

conducted. The results showed that before the EM

test, the mechanical strength was improved after the

addition of Zn NP-doped flux. After the EM test, the

reduction in mechanical strength was controlled for

the Zn NP-doped flux samples. The fractured path

did not shift from the solder bulk to the cathode side

after EM in SAC305 ? 2-wt% Zn NP-doped solder

joint. In SAC305 ? 2-wt% Zn NP-doped solder joint,

the fracture was found to be ductile at 0 h and

remained ductile after the EM test for 192 h.
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