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Abstract 
 

The addition of carbon nanotube (CNT) to the solder alloy has gained the 

attention due to its beneficially improve the mechanical properties of the 

solder alloy. Because of the miniaturization progress of electronic 

component, micromechanical properties of solder joint need to be 

focused instead of conventional mechanical properties. In this study, 

micromechanical properties, and deformation behaviour of SAC305 

solder joints with the different CNT doping (weight percentage of 0.01, 

0.02, 0.03 and 0.04) were investigated. Localized micromechanical 

properties included hardness, reduced modulus and stress exponent were 

determined via nanoindentation approach. Microstructural analysis was 

performed via optical microscope and field emission scanning 

microscope (FESEM). Doping of CNT in the SAC305 solder matrix changed 

the microstructure phase distribution. It was found that, doping of CNT, 

increase the near eutectic phase and decrease the primary -Sn phase 

area. Furthermore, hardness values of SAC305 solder joint increased with 

increasing of CNT doping weight percentage. Hardness values of SAC305 

solder joint increase about ~7 - 40% with the doping of CNT from 0.01 wt. % 

to 0.04 wt. %. However, localized reduced modulus and stress exponent 

show random values and no correlated trend with CNT doping were 

observed. Random values trend of stress exponent revealed that, SAC305 

solder joint with the CNT doped involved the combination of deformation 

mechanism. This is due to the response of phase and CNT in the solder 

matrix to the localized indentation. In conclusion, a localized approach to 

hardness properties influenced by the CNT doping weight percentage. 

Contrary with the reduced modulus and stress exponent, which are not 

reliable on the CNT doping weight percentage. 

 

Keywords: Lead free solder, carbon nanotube, nanoindentation, localized 

micromechanical properties, solder joint 
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1.0 INTRODUCTION 
 

Lead free solder alloy is still widely used as the 

interconnection means for the electronic devices. This 

is due to its maturity and flexibility of usage in the 

manufacturing process [1–3]. Electronic products have 

wide range of applications and nowadays, higher 

performance in terms of robustness and electrical 

properties are critically demanded in the consumer 

product [4,5]. Thus, it has urged to the introduction of 

new type of solder alloys that can cater for the higher 

performance of robustness and electrical properties of 

electronic products. The reliability of soldered joint in 

electronic packaging depends on mechanical 

integrity. Occurrences of mechanical failure can 

cause electrical failure [6]. Mechanical integrity in turn, 

depends on mechanical properties. The mechanical 

properties of solder alloys are extremely important 

because solder joints must retain their mechanical 

integrity under a numerous of conditions such as 

creep, thermal fatigue, and mechanical shock and 

drop resistance [7]. 

Composite type of solder alloys has been widely 

introduced as one of the approaches to increase the 

mechanical properties of solder joints [8,9]. Carbon 

nanotube (CNT) is one of the discrete secondary 

particles that has been used to form composite solder 

alloys. This is because CNT has exceptional 

mechanical properties and by mixing the CNT with 

solder alloy, some mechanical properties of that 

composite solder alloy could be improved.  Several 

researchers have conducted to evaluate the 

mechanical properties of CNT doped solder alloys or 

joints composite. Kumar et al., (2008) reported that the 

doping of CNT into Sn-Ag-Cu lead free solder has 

reduced the secondary phase of solder that lead to 

the increase of the hardness [10]. They also reported 

that the melting temperature of CNT-based composite 

solder was slightly reduced due the high surface 

energy and interfacial instability created with the 

doping of CNT into lead free solder. Niranjani et al., 

(2011) observed that the addition of CNT into Sn-Ag-

Cu lead free solder has increased the tensile properties 

of the solder [11]. They noted that the addition of 0.05 

wt.% CNT to SAC387 lead free solder alloy has 

increased yield and ultimate tensile strength at varied 

temperatures and strain changes. Zhu et al., (2018) 

doped into SAC307 solder joints with three different 

diameter of CNT and found that the moderate 

diameter of 40-60 mm has performed better in 

mechanical strength compared to that of either larger 

or smaller CNT [12]. Ismail et al., (2022) that addition of 

CNT into Sn-Ag-Cu solder improve the mechanical 

properties of solder joint [13]. Besides, the existence of 

Abstrak 
 

Penambahan karbon nanotiub dalam aloi pateri telah menarik perhatian 

kerana bermanfaat dalam meningkatkan sifat mekanik aloi pateri. 

Disebabkan oleh perkembangan pengecilan komponen elektronik, sifat 

mikromekanik sambungan aloi pateri perlu difokuskan berbanding sifat 

mekanik konvensional. Dalam kajian ini, sifat mikromekanik dan tingkah 

laku ubah bentuk sambungan pateri SAC305 dengan pengedopan CNT 

yang berbeza (peratusan berat 0.01, 0.02, 0.03 dan 0.04) telah dikaji. Sifat 

mikromekanik setempat termasuk kekerasan, modulus terkurang dan 

eksponen tegasan ditentukan melalui pendekatan pelekukan nano. 

Analisis mikrostruktur dilakukan melalui mikroskop optik dan mikroskop 

pengimbasan pelepasan medan (FESEM). Pengedopan CNT dalam 

matriks pateri SAC305 telah mengubah taburan fasa mikrostruktur. 

Didapati bahawa, pengedopan CNT meningkatkan fasa hampir eutektik 

dan mengurangkan kawasan fasa -Sn primer. Tambahan pula, nilai 

kekerasan sambungan pateri SAC305 meningkat dengan peningkatan 

peratusan berat pengedopan CNT. Nilai kekerasan sambungan pateri 

SAC305 meningkat kira-kira ~7 - 40% dengan  pengedopan CNT daripada 

0.01 wt. % hingga 0.04 wt. %. Walau bagaimanapun, modulus terkurang 

setempat dan eksponen tegasan menunjukkan nilai rawak dan tiada 

corak yang berkaitan dengan pengedopan CNT diperhatikan. Corak 

rawak nilai eksponen tegasan menunjukkan sambungan pateri SAC305 

yang didopkan dengan CNT melibatkan gabungan mekanisma ubah 

bentuk. Ini disebabkan oleh tindak balas fasa dan CNT dalam matriks 

pateri terhadap pelekukan setempat. Kesimpulannya, pendekatan 

setempat terhadap sifat kekerasan dipengaruhi oleh peratusan berat 

pengedopan CNT. Bertentangan dengan modulus terkurang dan 

eksponen tegasan, yang tidak bergantung pada peratusan berat 

pengedopan CNT. 

 

Kata kunci: Pateri bebas plumbum, karbon nanotiub, pelekukan nano. 

sifat mikromekanik setempat, sambungan pateri 

 

© 2022 Penerbit UTM Press. All rights reserved 
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CNT in the Sn-Ag-Cu solder system also increases the 

resistance of solder joint when expose to the blast 

wave. 

Micromechanical properties of SAC doped CNT 

solder joints composite still requires further analysis to 

determine a more comprehensive data. Noticeably, 

many researchers have been studied the mechanical 

properties on the bulk solder form rather than on solder 

joint form [14-16]. In the application, solder joint 

involves the chemical reaction of the solder and the 

substrate, which is opposite to the solder bulk 

condition. Therefore, it is vital to evaluate the 

micromechanical properties of solder joint as 

compared to solder bulk to get the accurate 

properties. Nanoindentation become the valuable 

approach to determine the micromechanical 

properties of solder joint due to its localized 

measurement which is suit the down scale of solder 

joint. Nanoindentation provides viable and fast 

method to study the deformation behaviour of 

materials via creep data compared to conventional 

methods such as tensile test and compression test [17, 

18]. Investigation on microstructure and localized 

micromechanical properties such as hardness, 

reduced modulus and stress exponent of SAC305 

doped by variation composition of CNT were reported 

in this paper. 

 

 

2.0 METHODOLOGY 
 

Multiwalled carbon nanotube (CNT) nanoparticles 

with 10-20 nm diameter (Figure 1) were used as a 

dopant to the Sn-3.0Ag-0.5Cu (SAC305) solder paste 

system. SAC305 doped CNT solder paste were 

prepared by mechanically mixed the CNT 

nanoparticles that have different weight percentage 

(wt.%) of 0.01 wt.%, 0.02 wt.%, 0.03 wt.% and 0.04 wt.% 

with SAC305 solder powder and flux using vacuum 

mixer.  

 

 
 

Figure 1 FESEM image of CNT raw material 

 

 

Figure 2 show the FESEM image of SAC305 doped 

CNT solder paste. SAC305 doped CNT solder paste 

were soldered on the copper, Cu pads with size of 

(0.33 × 0.33) mm2 on the printed circuit board (PCB) 

using infrared (IR) reflow based on the J-STD-020D 

JEDEC standard to create fine-pitch SAC305 doped 

CNT solder joints [19]. Figure 3 shows the location of 

fine pitch of SAC305 solder joints.   

 

 
 
Figure 2 FESEM image of SAC305 doped CNT solder paste 

 

 
 

Figure 3 Location of fine-pitch SAC305 solder joints 

 

 

Sample preparation for microstructure examination 

and nanoindentation test of SAC305 doped CNT 

solder joints were carried out using metallography 

technique. Firstly, cut samples were mounted using the 

resin. After the samples were cured, wet grinding was 

carried out with 600, 800, 1200 and 2000 grits of 

abrasive papers followed by polishing with 1 µm and 

0.25 µm diamond suspensions on silk cloth. The samples 

were immersed into an etchant solution of 5% 

hydrochloric acid (HCL) and 95% methanol for 10 s 

then rinsed with deionized (DI) water. Microstructure 

examination of cross sectioned of SAC305 doped CNT 

solder joints were performed using Raxvision MM10A 

high power metallurgical microscope. The obtained 

optical micrograph images of the SAC305 doped CNT 

solder joints were further analysed using ImageJ 

processing software of ImageJ to determine the 

microstructural evolution due to CNT doping. 

Representative SAC305-CNT sample was characterize 
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using field emission scanning electron microscope 

(FESEM) Carl Zeiss brand Model Gemini SEM 500 to 

determine the existence of CNT in the solder matrix. 

Nanoindentation test was carried out using a Micro 

Materials Nanotest™ nanoindentation machine 

equipped with a Berkovich diamond tip. Three 

indentations with 10 mN of load were indented on 

each sample with spacing of 12 µm as shown in Figure 

4. Summary of experimental procedure was indicated 

in Figure 5. Nanoindentation test was performed at 

room temperature with loading and unloading rates of 

0.5 mNs-1, 30 s hold time at the peak (dwell time) and 

30 s hold time at 90 % unloading for thermal drift 

correction. Oliver and Pharr method were applied to 

measure the nanoindentation micromechanical data 

of hardness and reduced modulus [20]. 

 

 
 
Figure 4 Location of indentations on the SAC305 solder joints 

 

 

Stress exponent which reflected to the deformation 

behaviour of SAC305 doped CNT solder joints was 

determined using the constant load method due to its 

popularity and maturity [21, 22]. To further analyse the 

deformation mechanism that could occurred during 

nanoindentation test on SAC305 doped CNT solder 

joints, the log-log graph of strain rate versus stress is 

plotted using the following equations: 
 

P

F

A
 =

                                                                   (1) 

 

1 dh

h dt
 =

                            (2) 

 

where   is stress, F is applied load, PA is indentation 

projected area, h is depth dh is depth gradient and dt 

is time gradient. PA for Berkovich indenter is 24.5 h2. 

 

 

 
 
Figure 5 Summary of experimental procedure (drawing not to 

scale) 

 

 

3.0 RESULTS AND DISCUSSION 

 
Figure 6 shows the micrograph images of the SAC305 

doped CNT solder joints with CNT weight percentage 

of 0 wt.% (SAC305), 0.01 wt.% (SAC305-CNT1), 0.02 wt.% 

(SAC305-CNT2), 0.03 wt.% (SAC305-CNT3) and 0.04 

wt.% (SAC305-CNT4). Microstructure of SAC305 and 

SAC305 doped CNT generally contain the primary -Sn 

phase, near eutectic region (-Sn and Ag3Sn) and 

intermetallic compound Cu6Sn5 [23]. CNT doping in the 

solder matrix was known is not react with the solder 
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elements. Therefore, there is no additional phase form 

in the microstructure of SAC305 solder joint [24].  

 

 

 

 

 
 

Figure 6 Micrograph of SAC305 doped CNT solder joints with 

CNT weight percentage of a) 0 wt.%, b) 0.01 wt.%, c) 0.02 

wt.%, d) 0.03 wt.% and e) 0.04 wt.% attached with the 

nanoindentation loading-unloading profiles 

 

 

Figure 7 shows the representative FESEM 

micrograph of SAC-CNT solder. Existence of CNT in the 

solder matrix can be observed by the detection of 

carbon elements in the solder matrix. CNT tends to 

allocate near the eutectic region as similar with the 

observation done by Kumar et. al [10]. Measurement 

of area fraction performed by using ImageJ analysis 

revealed that the area of near eutectic increases with 

the addition of CNT up to 0.03 wt.% and slightly 

decrease at 0.04 wt.% of CNT as shown in Figure 8. 

Meanwhile, the β-Sn primary phase area trend is 

decrease with the addition of CNT up to 0.03 wt.% and 

slightly increase at 0.04 wt.%. Three indentations 

randomly perform in solder matrix from different 

location (as shown in Figure 4) resulted to the variation 

of P-h profiles respectively. Variations of P-h profiles are 

due to the different phase existence in the solder 

matrix. It was known that β-Sn phase has a soft 

property compared to the near eutectic phase which 

also contain Ag3Sn [25]. However, based on the 

indentation sizes, each of the indents were found to 

cover both phases included β-Sn and near eutectic 

phases. Thus, obtained P-h profiles are in almost similar 

and acceptable range. 
 

 
 

Figure 7 Representative FESEM micrograph and EDS analysis 

of SAC305-CNT solder joint 

 

 
 

Figure 8 Variation of near eutectic and β-Sn primary phase 

area of SAC305 and SAC305 doped CNT solder joints 

 

 

Figure 9 illustrates the variation of hardness versus 

SAC305 doped CNT solder joints. Hardness value is one 

of the quantitative micromechanical properties 

obtained from nanoindentation test. Hardness 
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properties of indented solder joint depend on the 

resistance of the material to the applied load towards 

deformation [26]. From Figure 8 it is noted that the 

hardness value increased with the increment of the 

CNT weight percentage. Existence of CNT in the solder 

matrix induced the high resistance to the deformation. 

CNT act as barrier to the applied load [27]. Although 

the measurements of the hardness properties are 

localized, the obtained values follow the trend of CNT 

addition weight percent. This is due to the indentation 

size covered both phase area which is near eutectic 

and β-Sn primary phase. This finding agrees with the 

other studies, reported that the addition of CNT have a 

significant effect towards increasing the hardness of 

solder alloys [28, 29, 30].  

 

 
 

Figure 9 Variation of hardness towards the SAC305 doped 

CNT solder joints 

 
Table 1 Hardness of SAC solders by CNT addition and other 

nanoparticles 

 
Types of 

solder 

Types of 

Nanopar

ticles 

Types of  

Form 

Test 

approach 

Hardness 

(GPa) 

Ref. 

 

SAC305 

SAC305-

CNT1 

SAC305-

CNT2 

SAC305-

CNT3 

SAC305-

CNT4 

 

 

Carbon 

nanotub

e (CNT) 

 

 

Solder 

joint 

 

 

Berkovich 

Nanoinde

ntation 

 

0.207 

0.236 

0.245 

0.252 

0.345 

 

 

 

Current 

work 

 

SAC357 

SAC357-

CNT1 

SAC357-

CNT4 

 

Carbon 

nanotub

e (CNT) 

 

Solder 

bulk 

 

 

Vickers 

Microhard

ness 

 

0.159 

0.163 

0.166 

 

[31] 

 

SAC387  

SAC387-

0.01SiC  

SAC387-

0.05SiC  

SAC357-

0.20SiC  

 

 

Silicon 

carbide 

(SiC) 

 

 

Solder 

bulk 

 

 

Vickers 

Microhard

ness  

 

0.158 

0.206 

0.229 

0.207 

 

 

[32] 

Types of 

solder 

Types of 

Nanopar

ticles 

Types of  

Form 

Test 

approach 

Hardness 

(GPa) 

Ref. 

 

SAC305 

SAC305-

1CeO2 

 

 

Cerium 

oxide 

(CeO2) 

 

 

Solder 

joint 

 

 

Vickers 

Microhard

ness 

 

0.1628 

0.1824 

 

[33] 

 

 

 

Figure 10 shows the reduced modulus of SAC305 

and SAC305 doped CNT solder joint. From the graph, 

doping of CNT decrease the reduced modulus values. 

However, obtained reduced modulus does not follow 

the CNT doping trend as indicated in hardness 

properties. Random values of reduced modulus can 

be observed in Figure 10 which is at 0.01 wt. %, the 

reduced modulus decrease before increase until up to 

0.03 wt. % and slightly decrease at 0.04 wt. %. Contrast 

to the hardness properties which is represent the 

surface properties of materials, reduced modulus 

represents the intrinsic properties of the indented 

materials. Reduced modulus indicates the bond 

strength of the atoms of the materials [34]. The higher 

reduced modulus of the materials, the stiffer of the 

materials. Reduced modulus properties of SAC305 

doped CNT obtained in this study remarkably opposite 

with other findings due to localized and sample form 

[28, 35]. 
 

 
 

Figure 10 Variation of reduced modulus SAC305 doped CNT 

solder joints 

 

 

Figure 11 indicates the plot of log   versus log   to 

determine the stress exponent, n of flow stress of 

nanoindentation test for the SAC305 and SAC305 

doped CNT solder joints. the log-log graph of strain 

rate versus stress is plotted using the equations as 

stated in experimental procedures. From the plotted 

graphs, there are variation for each indentation of 

each sample due to localized indentations. In Figure 

12 it is noted that the average stress exponent value 

increases from SAC305 to SAC305-CNT1 solder joints. 

Then the average stress exponent is reduced for both 
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SAC305-CNT2 and SAC305-CNT3 samples and 

increases again for SAC305-CNT4 sample.  

As comparison with Figure 10, obtained stress 

exponent also random and shows no trend with the 

CNT doping weight percentage. Stress exponent can 

be used to explain the deformation mechanism of the 

materials due to applied load during the indentation 

[36] According to Mahmudi et al., (2004) the 

responsible deformation mechanism of solder alloys 

can be determined based on the value of stress 

exponent [37]. Stress exponent more than 7 indicates 

that the deformation mechanism associated with the 

dislocation movement like dislocation creep. Whereas 

stress exponent 6 until 7 associated with dislocation 

climb. For the current study, random average of stress 

exponent due to CNT doping and variation of stress 

exponent for each sample revealed that deformation 

mechanism of investigated solders does not depend 

on certain mode of mechanism. This is due the 

response of different phase and CNT distribution in the 

solder matrix to the localized indentation. 

 

 

   

 
 

          

 

Figure 11 Plot of log   versus log   to determine the stress 

exponent, n of flow stress of nanoindentation test for the 

SAC305 solder joints with CNT weight percentage of a) 0 

wt.%, b) 0.01 wt.%, c) 0.02 wt.%, d) 0.03 wt.% and e) 0.04 wt.% 
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Figure 12 Variation of stress exponent of flow stress towards 

SAC305 doped CNT solder joints 

 

 

4.0 CONCLUSION 
 

This work was concentrated to access the localized 

micromechanical properties and deformation 

behaviour of SAC305 solder doped CNT with the 

variation of weight percentage (0.01 up to 0.04). This 

was performed by investigating the micromechanical 

properties included hardness, reduced modulus, and 

stress exponent by nanoindentation approach. 

Doping of CNT changed the microstructure phase 

distribution. The doping of CNT increases the near 

eutectic phase area and reduce the primary β-Sn 

phase area. Localized hardness properties were 

proportional to the amount of CNT doping. Hardness 

increases by about ~7% to 40% with CNT doping. 

Nevertheless, the localized approach by 

nanoindentation indicates that reduced modulus and 

stress exponent are random and have no trend with 

the amount of CNT doping. From the stress exponent 

results, it was concluded that the deformation 

mechanism participating in SAC305-CNT solder joint is 

combination mode and does not rely on one mode 

only due to the localized indentation. Since the 

nanoindentation has limitations, future work will focus 

on analysing the microstructure using transmission 

electron microscope (TEM) and electron back 

scattering diffraction (EBDS) to understand and obtain 

an image of how the mechanism occur at atomic 

scale. 
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