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Effect of Temperature on Strain-Induced Hardness of Lead-Free Solder Wire using

Nanoindentation Approach
(Kesan Suhu terhadap Kekerasan Terikan Teraruh Wayar Pateri Bebas Plumbum menggunakan Pendekatan
Pelekukan Nano)
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ABSTRACT

Hardness properties of SAC305 solder wire under tensile test at varied temperature was investigated. Continuous multi-
cycle (CMC) nanoindentation technique with ten cycle of indentation for each sample was performed to evaluate the
hardness behaviour of SAC305 solder wire at different depth of indentation. As a result, all investigated SAC305 solder
wire under constant strain rate of tensile test and at different temperature revealed the occurrence of indentation size
effect (ISE). At initial cycle of indentation, SAC305 solder wire at room temperature (25 °C) have higher hardness
value compared to the others sample which exposed to the varied temperature during tensile test. Besides, higher
temperature causes the higher strain or elongation to the SAC305 solder wire. Applied of strain during the tensile
test had generated the pre-dislocation activity in the SAC305 solder wire. Therefore, higher hardness values of SAC305
at room temperature is due to the existence of high dislocation density induced by the applied strain. Nevertheless, the
existence of heat at 60, 90, 120 and 180 °C during the tensile test prompt the rearrangement of dislocation and reduce
the dislocation activities, thus, allowing higher elongation of solder wire.
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ABSTRAK

Sifat kekerasan wayar pateri SAC305 di bawah ujian tegangan pada suhu yang berbeza telah dikaji. Teknik
pelekukan nano multi-kitaran berterusan dengan sepuluh kitaran pelekukan bagi setiap sampel telah dijalankan untuk
menilai kelakuan kekerasan wayar pateri SAC305 pada kedalaman pelekukan yang berbeza. Keputusannya, kesemua
wayar pateri SAC305 yang dikaji di bawah kadar terikan yang malar dan pada suhu yang berbeza menunjukkan
berlaku kesan saiz pelekukan (ISE). Pada kitaran awal pelekukan, wayar pateri SAC305 pada suhu bilik (25 °C)
mempunyai nilai kekerasan yang lebih tinggi dibandingkan dengan sampel lain yang didedahkan kepada suhu yang
berbeza semasa ujian ketegangan. Suhu yang lebih tinggi menyebabkan terikan atau pemanjangan yang lebih tinggi
terhadap wayar pateri SAC305. Terikan yang dikenakan semasa ujian tegangan telah menghasilkan aktiviti pra-
kehelan pada wayar pateri SAC305. Oleh itu, nilai kekerasan yang lebih tinggi pada wayar pateri SAC305 pada suhu
bilik adalah disebabkan oleh kehadiran ketumpatan kehelan yang tinggi teraruh oleh terikan yang dikenakan. Walau
bagaimanapun, kehadiran haba pada suhu 60, 90, 120 dan 180 °C ketika ujian tegangan menyebabkan penyusunan
semula kehelan dan mengurangkan aktiviti kehelan serta membenarkan pemanjangan wayar pateri yang lebih

tinggi.
Kata kunci: Kekerasan; pateri bebas-plumbum, pelekukan nano multi-kitaran berterusan; terikan-teraruh; ujian
tegangan

INTRODUCTION of materials and information of material hardness very

Hardness is defined as the resistance of a material to local ~ important in structural, aerospace, quality control,
plastic deformation attained by indentation or penetration ~ automotive, failure analysis, and several other forms of
of a predetermined geometry indenter onto a flat surface of industry and manufacturing (Ismail et al. 2020). Hardness
metal under predetermined load (Faraji et al. 2018; Ismail 15 dependent on ductility, elastic stiffness, plasticity,
etal. 2019). Hardness properties evaluate the performance ~ Strain, strength, toughness viscoelasticity, and viscosity
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(Armstrong & Elban 2012; Di Gianfrancesco 2017).
Information of hardness can be obtained from hardness
testing which is comparatively easy to perform and is
typically completely or minimally non-destructive and
inexpensive instrumentation when compared to other types
of material testing equipment. Hardness test commonly
applied to obtain the direct information regarding the
materials resistance towards the deformation. Common
conventional hardness test that was used since a long
years ago are known as Vickers micro hardness and
Brinell micro hardness (Walley 2012; Wan Yusoff et al.
2019). Development of nanoindentation then, become as
one of approach on evaluation of mechanical properties
of materials included hardness.

Nanoindentation has been recognized as a powerful
tool technique for measuring mechanical properties at
nano and micro-scale. From load-depth nanoindentation
profile data, hardness values of indented material can
be extracted (He & Swain 2017; Jalar et al. 2020).
Nanoindentation has lately gained a great attention in
solder alloy characterization. An advancement of the
nanoindentation technique depends on the utilization of
a fine indenter tip (down to 20 nm), along with dynamic
load control capability. Most of the hardness evaluations
on lead-free solders by nanoindentation are generally
associated with the fine Berkovich diamond indenter.
This is because such an indenter type is the most common
equipment from current manufacturers (Abdullah et al.
2018; Song et al. 2009). Briefly, nanoindentation provides
an in-depth hardness evaluation of lead-free solder alloys.
Nanoindentation can offer the localized measurement
such as the ability to carry out individual hardness
measurement on specific intermetallic compound (IMC)
phases in solder matrix (Yahaya & Mohamad 2017). The
best thing that nanoindentation offers is another additional
analysis part called cyclic nanoindentation test or also
known as continuous multicycle (CMC) nanoindentation
test. Commonly, only single indentation can be applied in
standard micro hardness test like Vickers and Brinell. In
CMC nanoindentation, sample is reloaded immediately to
even higher loads/depth than the previous loading cycle.
Hardness changes or behaviour can be observed via CMC
nanoindentation. CMC nanoindentation could be used
to effectively extract certain sensitive information about
material behaviour such as surface response to the plastic
deformation due to external load at the same indentation
location and different depth (Li & Bhushan 2002; Saraswati
et al. 2006).

During the last decade, bulk nanostructured materials
or materials with submicron structure produced by
severe plastic deformation have been studied, as well
as their microstructure development and its relation to
mechanical properties. Plastic deformation usually initiated

by induced certain level of strain by various technique
such as high-pressure torsion and hot rolled. Studies on
strain induced plastic deformation in alloys becomes
one approach to improve the mechanical performance of
material by understanding the deformation mechanism
involved. Panigrahi et al. (2009) investigated the effect of
severe plastic deformation on mechanical properties of
aluminium alloy Al 6063 subjected to rolling at cryogenic
temperature and room temperature. They found that at
certain deformed conditions, significantly improve the
mechanical properties such as hardness and yield strength.
Onuki et al. (2018) conducted time-of-flight neutron
diffraction experiment to study the mechanisms of plastic
deformation in strain induced rolled-Co based alloys. They
found that, dislocation densities of the matrix phases of
Co based alloys increased similarly with the increasing in
the rolling reduction.

In this study, strain induced plastic deformation was
introduced to the SAC305 lead-free solder wire at varied
temperature. Hardness properties which response to
the surface deformation behaviour was analysed using
continuous multicycle (CMC) nanoindentation. Samples
were deformed at room temperature and high temperature
subjected to constant strain rate until failure. Hardness
and deformation behaviour of deformed solder wire further
discussed.

MATERIALS AND METHODS

In this study, Sn-3.0Ag-0.5Cu (SAC305) lead-free
solder wires was go through the tensile test followed
by nanoindentation test. SAC305 solder wire was
provided by Red Ring Solder (M) Sdn. Bhd. and have
approximate melting point of ~215 °C. The SAC305
solder wire was cut into lengths of 100 mm and epoxy
resin were attached within 25 mm of each end of the wire
as shown in Figure 1. Attachment of epoxy resin to the
both end of the solder wire is to avoid the deformation to
solder wire by the gripper. Tensile tests were conducted
by using Instron testing machine (Instron 5564 Universal
Testing Machine) at different chamber temperatures of
room temperature (25 °C), 60, 90, 120, and 180 °C. Load
cell applied for this test is 1kN and strain rate was set
up at 0.1 mms'. After the tensile test, all tested SAC305
solder wire underwent sample preparation before going
through nanoindentation test. Selected area of tensile test
samples was cutted into 20 mm of length. The cutted area
was chosen far from the necking area. Samples were then
undergoing the mounting process before grounded with
600, 800, and 1200 grit silicon carbide (SiC) abrasive
papers. Then, polishing process was conducted by using
the silk polishing cloth with 3 pm and 1 pm of diamond
spray suspension.
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FIGURE 1. SAC305 solder wire with the attachments of epoxy resin

Nanoindentation test was performed using Micro
Materials Nano Test P3 system equipped with a Berkovich
diamond tip. Continuous multi-cycle nanoindentation
(CMC) was performed with ten cycles of indentation up to
10 mN load. First indentation starts with 1 mN load then
followed by next indentation or cycle with the increasing
of 1 mN load. Nanoindentation testing was performed at
room temperature of 25 °C with loading and unloading
rates of 0.1 mNs™ and total dwell time of 60 s. The data
was obtained from the nanoindentation test according
to the Oliver and Phar (1992) method. This method
determines the value of hardness based on the depth
sensing indentation of load-indentation displacement data.

400

RESULTS AND DISCUSSION

Figure 2 shows the stress versus strain curve for SAC305
solder wire at variation temperature obtained from the
tensile test. This stress-strain curve showed the different
profile due to expose to the different temperature during
the tensile test. Material used in this study was a Pb-free
solder of Sn-based alloy. The melting point of this alloy
is approximately ~215 °C. The temperature used up to
180 °C. The stress-strain behaviour followed the typical
trend for soft metal (Padilla et al. 2012; Wong et al. 2008).
The ultimate tensile strength (UTS) values decrease with
increasing temperature and elongation or strain at failure
increase with temperature.
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FIGURE 2. Stress versus strain curve of SAC305
solder wire at varied temperature

Table 1 indicates the values of UTS and strain at
failure for SAC305 solder wire at varied temperature.
On the plastic region, the stress values are dropped
significantly for 25 °C sample and 60 °C sample. For 90,

120 and 180 °C samples, larger elongation was observed.
This is in line with recrystallization temperature and
related dislocation activities on soft material with low
melting point (Abdullah et al. 2019).
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TABLE 1. Ultimate tensile strength (UTS) and strain at failure for investigated SAC305 solder wire at varied temperature

Temperature (°C) UTS (MPa) Strain (¢) at failure
25 389.00 876
60 367.00 1646
90 17.34 1837
120 216.00 3825
180 0.87 5241

Hardness behaviour of tensile test SAC305 solder
wires were extensively discussed from continuous
multi-cycle (CMC) nanoindentation data. The CMC
nanoindentation test results are shown in Figures 3 and 4.
Figure 3 is the P-4 profiles of indentation for each SAC305
solder wire samples at varied temperature. There are ten
cycle or indentation for each sample as indicated in
Figure 3(a). Each cycle shows the loading, dwell time and
unloading process as can be seen in a single indentation
technique. Constant load at 1 mN is applied to every
cycle up to 10 mN. Indentation depth increase with the

increasing of indentation cycle. Nanoindentation hardness
is defined as the indentation load divided by the projected
contact area of the indentation. It is the mean pressure that
a material can support under load (Li & Bhushan 2002).
From the P-h profile of CMC nanoindentation, hardness
values can be obtained by applied the following equation.

H = Imax (M
A
where P, is maximum load, and A4 is the projected

contact area.
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FIGURE 3. P-h profile of continuous multi-cycle nanoindentation for investigated SAC305
solder wire (a) 25 °C (b) 60 °C (c) 90 °C (d) 120 °C, and (e) 180 °C tensile test samples



Figure 4 indicates the hardness values of investigated
samples for CMC nanoindentation at variation
temperature. Ten cycle of indentation resulted in the ten
values of hardness for each sample. There are obviously
can be seen that the variation of hardness values with the
indentation depth for each sample. Different hardness
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values at different indentation depth showed that, all
investigated samples experienced the indentation size
effect (ISE). ISE usually occurred due to the dependent of
hardness properties to the applied indentation test load
(Bhattacharya et al. 2019).
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FIGURE 4. Variation of hardness with indentation depth for investigated solder

Figure 5 illustrates the typical hardness-indentation
depth curve and related ISE that usually occurred during
the continuous multi-cycle nanoindentation. Generally,
there are three regions occurred which is reverse
indentation size effect (RISE), indentation size effect (ISE)

and non-region of ISE (Wang et al. 2019). RISE region
occurred when the hardness value increase with the
increasing of applied test load meanwhile ISE occurred
when the hardness value decrease with the increasing of
applied test load (Sangwal 2000).
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FIGURE 5. Typical hardness-displacement curve showing three recognized regions
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In the current study, SAC305 solder wire under
constant applied strain rate and variation of temperature
followed the RISE behaviour at the initial cycle of
indentation before following the ISE behaviour and then
reach the steady state or non-ISE region. At the initial
cycle of indentation, penetration of indenter tip attributed
to the local increase of geometrically necessary dislocations

Material surface

(GND) (Kim et al. 2017). Existence of GND increase the
stress flow of material and increase the hardness value.
Deeper penetration of indenter tip decreases the GND
density until reach the steady state where the hardness
value dependent on statistically stored dislocation (SSD).
Figure 6 indicates the schematic of generated GND by
penetration of indenter tip.
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FIGURE 6. Schematic of generated geometrically necessary

dislocations (GNDs) by penetration of indenter tip

Based on Figure 4, at initial cycle of indentation,
hardness value of room temperature sample is higher than
hardness values of others investigated sample. Although
the applied strain rate and loading rate are constant,
different testing temperature during the tensile test affect
the hardness values. Higher temperature resulted to the
lower values of hardness at initial cycle of indentation or
at RISE region. When reach to the ISE region, SAC305
solder wire at room temperature has a higher slope
compared to others. Higher the temperature contributed
to the lower slope of hardness at ISE region. Existence of
heat not only affects the strain or elongation of the solder
wire but also influence the hardness behaviour of solder
wire (Htun et al. 2008). During the tensile, applied of
strain generate the formation of dislocation. When strain

was applied with the existence of heat, it may cause the
rearrangement of dislocation and allow the elongation
of solder wire (Ivanov et al. 2020). Higher hardness of
room temperature solder wire sample is due to the higher
dislocation activity occurred during the tensile test opposite
with the solder wire exposed to heat that have lower
dislocation activity (Li et al. 2000). To investigate the effect
of temperature on hardness due to the cycles test, hardness
values were plotted against temperature of tensile test
condition, as shown in Figure 7. Obviously, temperature
play a role in factor affecting the hardness values, such
as dislocation activities. It is generally accepted that
re-arrangement of crystallographic imperfection such as
dislocation activities can be appeared due to thermally
activated process (Luo et al. 2019).

Hardness (GPa)

25°C 90°C

1st cycle
©2nd cycle
B3rd cycle
B 4th cycle
= 5th cycle
= 6th cycle
7 7th cycle
28th cycle
59th cycle
210th cycle

120°C 180°C

Temperature (°C)

FIGURE 7. Hardness values of ten cycle indentation for
investigated samples at variation temperature



CONCLUSION

This work was devoted to evaluate the strain-induced
hardness behaviour of SAC305 solder wire at varied
temperature by continuous multi-cycle (CMC)
nanoindentation. Hardness values of SAC305 solder wire
were influenced by the applied strain and the variation
of testing temperature during the tensile test. Higher
temperature produced the higher strain on SAC305 solder
wire. Higher strain produced the lower slope at ISE
region before it reaches to the steady state region of the
hardness versus depth graph. It was found that continuous
multi-cycle nanoindentation was able to investigate the
strain-induced hardness behaviour.
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