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Abstract

Purpose — This paper aims to discuss the effect of surface treatment on the wettability between copper and a lead-free solder paste. The industrial
applications of laser technologies are increasing constantly. A specific laser treatment can modify the surface energy of copper and affect the wetting
properties.

Design/methodology/approach — The surfaces of copper plates were treated using an Nd:YAG laser with varying laser powers. After laser surface
treatment, wetting experiments were performed between the copper plates and SAC305 lead-free solder paste. The effect of laser treatment on
copper surface was analysed using optical microscopy and scanning electron microscopy (SEM).

Findings — The experimental results showed that the wetting contact angles changed with the variation in laser power. Furthermore, it means that
the surface energy of copper plates was changed by the laser treatment. The results demonstrated that the contact angles also changed when a
different soldering paste was used.

Originality/value — Previous laser surface treatment can be a possible way to optimize the wettability between solders and substrates and to
increase the quality of the soldered joints.
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1. Introduction and matched materials plus processes (Garner et al., 2000;
Casey and Pecht, 2002). Pb-free alloys are used exercising
tremendous caution nowadays (compared to the well-
established Sn—Pb soldering system) because of the lack of
legislation, the high cost and insufficient backup data on the
usage of such alloys (Zhong er al., 2006; Du ez al., 2015).
Therefore a lot of investigations deal with lead-free soldering
and properties of soldered joints made using lead-free solders
(Chen et al., 2015; Du ez al., 2015). The Sn—Ag—Cu system is
one of the potential choices recommended by some
organizations (Zhong ez al., 2006, Koscielski and Sitek, 2014).

Soldering may be defined as the joining of metals by
utilizing another metal, whose melting point equals or ranges
below 450°C approximately and is lower than that of the
metals to be joined (Groover, 1996).

In the soldering process, the molten solder wets the
substrates, and the interfacial reaction occurs at the solder—
substrate interface, thus forming the soldering joints.
Therefore, the wetting property of solders and substrates is
crucial to the reliability of the soldering joints (Chen ez al.,
2000; Yost ez al., 1993; Nobari ez al., 2016; Fima ez al., 2012).

Soldering is the most popular joint technique in microelectronic
and optoelectronic industries, the technologies of which are
widely used in the vehicle industry (Baumli, 2015a, 2015b; Judd
and Brindley, 1999; Lau, 1997; Tu, 2007, Kaptay, 2016).
Because of worldwide environmental concerns, public
sentiments and market strategies, as well as governmental
regulations on the use of toxic Pb in electronic products, the
conventional Sn—-Pb solders are wunder strict scrutiny.
Therefore, many Sn-rich alloy systems have been developed as
alternative candidate Pb-free solders, which have attracted
much research and trial applications in recent years (Abtew
and Selvaduray, 2000; Lau ez al., 2016). With a combination
of process attributes (modest melting point and reasonable
solderability), comparable electrical performances and good
mechanical properties, the Sn—Ag—Cu system is one of the
potential choices (Zhong et al., 2006; Liang ez al., 2007).
Although great effort has been made for more than 10 years
to get Pb out of the electronic industry, until now, there are
still some tough barriers needed to override for a widespread
and uniform industrial acceptance of favourable solder alloys
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Soldering requires a solder, substrate and flux system that
are compatible with a specified soldering atmosphere and
temperature profile.

In the past years, a number of researches have clarified the
effects of the laser irradiation on different material surfaces,
such as metals, semiconductors, polymers and multilayer
materials. However, very little work has been focused on
improving the material’s wettability by modifying surface
properties of materials using laser (Zhao ez al., 2006).

Lawrence er al. (1999a, 1999b), Lawrence and Li (1999a,
1999b), Hao and Lawrence (2004a, 2004b) found that the
wettability of carbon steel and alumina/silica-based oxide
could be improved by high-power diode laser irradiation and
the change in wettability was attributed to three aspects:
surface oxygen content; surface roughness and surface
microstructure. They also found that phase change and
increase in crystal size could lead to changes in surface energy.

This work experimentally determines the changes in the
wetting property of copper following Nd:YAG laser treatment.
The changes in surface energy were investigated using contact
angle measurements of solders on copper.

2. Materials and methods

The measurements were taken applying Senju M705-GRN?360-
KV lead-free SAC305 solder paste, a common commercial
soldering paste, with properties of a solder alloy powder,
consisting of Sn (96.5 wt %), Ag (3 wt %) and Cu (0.5 wt %),
and a low activity flux system.

The wetting angle of the solder was examined on Cu ETP
R240 (CWO004A) copper plates as substrates. This type of
copper is widely used for electrical and electronic applications.
Before the measurements the copper plates were ground and
polished to remove the oxide layer and to reach similar surface
properties in every sample and washed with 96 per cent
ethanol (C,H,O).

The laser used in the study was Rofin DY 027-type, Nd:
YAG pulsed laser with emission of 1,064 nm wavelength. The
laser beam was focused directly onto a 0.4 mm diameter spot
on the surface of the copper plate. During the laser surface
treatment, the laser beam was traversed across the copper
samples by means of a laser scanner at a speed of 500 mm/
min. The laser scanning speed must be controlled properly to
ensure that a 40 x 40-mm?® area can be treated by laser.
Different laser powers, from 100 W to 2000 W, were used in
this process. The laser was used in a continuous-wave mode.
Argon gas was used as the shielding gas to protect the samples
from oxidation during laser irradiation with a flow-rate of
12.5 V/min.

The wetting experiments were performed by measuring the
wettability using the sessile drop method (Abtew and
Selvaduray, 2000), taking into account the methodological
issues summarized by Sobczak ez al. (2005).

The measurements can be performed in air or inert
atmosphere. The heat required for the measurements was
provided by a heat-resistant tube furnace which can ensure
measuring temperatures of up to 1,473 K. In this paper, the
measuring temperature was not high, and the melting
temperature of the investigated solder is below 523 K.

In the initial part of the wetting angle measurements, the
samples were positioned into the furnace under ambient
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conditions. When the measurements were performed in an
inert atmosphere, the pressure was then reduced in the
chamber and the vacuum was replaced by 99.999 per cent Ar
or Ni gas at 10° Pa. The vacuuming and the inert gas filling
processes were repeated three times. When the measurements
were performed in air, these vacuuming and inert gas refilling
steps were not required. Thereafter, the temperature was
raised up to the measuring temperature. The contact angle
values of the drop were measured directly from its images. The
total uncertainty of the measured values was *+0.75°.

After the wetting angle measurements, the furnace was
switched off and left to cool to ambient temperatures. After
that, the furnace was dismounted and the sample was
removed. It was then mounted onto a resin, and one-half of it
was polished. This half cross section of the alloy was used for
further investigations (optical microscopy, scanning electron
microscopy (SEM), etc.).

To analyse the influence of the laser treatment on
microstructure, the specimens, before and after laser
treatment, were sectioned using a cutting machine with a
diamond-rimmed cutting blade. The sectioned specimens
were mounted with epoxy and then, subsequently, polished
using a cloth and a 0.1-um diamond suspension paste. The
cross-sectioned samples on the copper surface were examined
using an optical microscope and SEM.

SEM investigations were carried out using a Philips X1.-30
FEG SEM machine.

3. Results and discussions

3.1 Surface microstructure after laser irradiation
Figure 1 shows the surface layer microstructures of the optical
metallographic samples before and after laser irradiation with
varying laser power. It may be seen by comparing Figure 1(a)-(d)
that the laser treatment did not cause noticeable changes on the
copper surface layer. The observations indicate that when the
laser power was 2,500 W, the heat absorbed by copper did not
create molten pools, which are typically formed in case of laser
surface treatments.

The absorptivity of different metals depends on the
wavelength of the radiation. The used Nd:YAG laser has
a wavelength of 1,064 nm. The absorptivity of copper at this
wavelength is 2-3 per cent (Beyer and Wissenbach, 1998). The
surface roughness measurements of the laser treated surfaces
shows similar results. The roughness parameters affect
wettability, which is why it is important that the laser treatment
does not change the roughness parameters of the surfaces.

3.2 SEM observations of treated surfaces

An SEM was used for analysis of the laser-treated surfaces.
Figure 2 shows the top surfaces of untreated and laser-treated
(300 W, 600 W, 2,500 W) samples. The surface of Cu
substrates is almost flat; however, after laser treatment,
random ridges and grooves were observed.

Using laser irradiation, a fraction of the laser beam energy is
absorbed by the material, thus promoting material melting,
surface morphological modifications and the formation of a
thermal oxide layer. The comparison among the SEM pictures
reported in Figure 2 demonstrates the effect of the parameters
of laser. The SEM observations demonstrated that the
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Figure 1 Optical microphotographs of the surface layer microstructures after laser irradiation using varying laser power

Notes: (a) Untreated; (b) 300 W; (c) 600 W; (d) 2,500 W

Figure 2 SEM image of the Cu surface after laser irradiation using
varying laser power

(©)
Notes: (a) Untreated; (b) 300 W (c) 600 W: (d) 2,500 W

(d)

range of laser beam power used in this study did not affect the
level of surface modification.

To understand how the variation in surface morphology
affects wettability, the contact angle is analysed next.

3.3 Contact angle measurements

According to the Young—Dupre equation, the contact angle is
determined by the surface tensions between the solid—vapour,
solid-liquid, and liquid-vapour interfaces. For the
liquid-vapour interface, surface energy is not affected by the
surface condition of the solid. In the wetting procedure of
solder on copper, a layer of intermetallic compound (IMC) is
formed at the solder—copper interface. Consequently, the
surface tension of liquid and solid at the equilibrium stage is

n

the surface tension of the solder and the IMC formed at the
interface (Figure 3). Because the surface tension of solder and
IMC is the same, before and after the laser surface treatment,
the contact angle is only determined by surface tension at the
vapour-solid interface. In Figure 3(c), the thickness of the
IMC layer is more (5 wm) than that in Figure 3(a), (b) and (d)
(3 wm). It is mean that the 300 W laser power results in
surface properties which prefer the IMC layer growing.

Figure 4 shows nine different measurements of the natural
copper surface without laser treatment. The measured results
are shown in Table I. The maximum deviation of the
measured contact angles from the average is = 0.6°.

Figure 5 shows the micrograph of Sn—Ag—Cu solder from
the untreated surface to the 2,500-W laser-treated surface.
The micrograph shows the wettability characteristics of Sn—
Ag-Cu solder on the copper plate after laser surface
irradiation. The contact angle is observed to decrease from

Figure 3 SEM image of the IMC layer of the measured samples
using varying laser power

(a)
(©)

" 20um |
20 ym

(d)
Notes: (a) Untreated; (b) 300 W; (c) 600 W; (d) 2,500 W
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Figure 4 Measured contact angles of polished, untreated Cu and
SAC305 solder paste
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Table | Measured contact angles of polished, untreated Cu and
SAC305 solder paste

No. of measurements Contact angle, O (°)

26.7
25.9

26.5
25.9
25.9
26.8
26.6
25.5
26.6
Average 26.2

W oo NGOV WN=

26.5 to 19.2, which indicates that the surface energy increased
after the 2,500-W Nd:YAG laser irradiation. The results in
Table II indicate the variation in wetting angles corresponding
to variation in laser power. The average contact angles at any
laser power are calculated from three different measurements.

When the laser power was 100-400 W, the contact angles of
Sn—Ag- Cu solder on copper increased compared with that on
the untreated one. When the laser power was 400-2,500 W,
the contact angles decreased. This results are in rapport with
Figure 2, where the IMC layer thickness is the biggest at a
laser power of 300 W. This mean there is a connection

Volume 29 - Number 2 - 2017 - 69-74

Table Il Measured contact angles of laser-treated Cu and SAC305
solder paste

Laser power, Average of
P (W) contact angles, © (°)
Untreated 26.2
100 26.5
200 275
300 29.1
400 29.2
430 26.1
600 249
700 24.1
800 23.7
1,000 229
1,200 22.6
1,250 221
1,500 21.4
1,750 21.1
2,500 19.2

between the laser power, IMC layer thickness and contact
angle.

Measured contact angles are shown in Figure 6. The
pictures show the silhouette of the solder drop and the copper
substrate. The horizontal green line indicates the surface of
the copper substrate, and the two other green lines are the fit
to the contact point and are tangential to the drop’s silhouette.

Wettability measurements were performed using another
SAC305 solder paste to get some information about the effect
of the solder paste used in this study. The measurements were
performed on copper substrates which were untreated and
treated with 300 W, 700 W and 1,200 W laser power. The line
on Figure 7 shows the average contact angle of the SAC305
solder paste on untreated copper substrate. The results show
similar changes in contact angles as a function of laser power.
The results can confirm that the contact angle changes are
caused by the effect of the laser surface treatment.

The copper substrates were heat treated at 350°C in hydrogen
for 30 min to change the copper properties and change the
surface layers created by the laser treatment. The dashed line

Figure 5 Measured contact angles of laser-treated Cu and SAC305 solder paste
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Figure 6 Contact angles of Cu and SAC305 solder paste using varying laser power

Notes: (a) Untreated; (b) 400 W; (c) 2,500 W

Figure 7 Measured contact angles of laser-treated and heat-treated
(H) Cu and SAC305 solder paste and measured contact angles of
laser-treated Cu and another SAC305 solder paste
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on Figure 7 shows the average contact angle of SAC305 solder
paste on untreated copper substrate which was previously
heat treated in hydrogen. The results show that the heat
treatment in hydrogen changed the results compared to the
contact angles of only laser-treated substrates. The average
contact angles do not differ between the untreated samples
and the laser-treated samples. The results can confirm that the
heat treatment in hydrogen after the laser surface treatment
changes the properties of the copper substrate and eliminates
the effect of the laser treatment on wettability (Table III).

4. Conclusions

In summary, the effect of the pulsed Nd:YAG laser irradiation
on the surface energy of the copper plate was investigated in

Table Il Measured contact angles of laser-treated and heat-treated (H)
Cu and SAC305 solder paste and measured contact angles of
laser-treated Cu and another SAC305 solder paste

Measurements of
another SAC305
solder paste
Average of contact

Measurements of
laser-treated and
heat-treated (H) Cu

Laser power, Average of contact

P (W) angles, O (°) angles, O (°)
Untreated 25.2 29.9
300 24.4 31.3
700 25.5 29.2
1,200 25.8 27.9

this paper. SEM measurements showed that the laser beam
power range used in this study did not affect the level of
surface modification. When the laser power was 2,500 W, the
measured contact angle was minimum (19.2°). Using a laser
power of 0-400 W, there was a range of process parameters
which deteriorated the wettability of the solid surface. Surface
treatment using a laser power of over 400 W decreased the
contact angle; thus, the laser power affects the wettability of
the solid surface. The changes may be related to the thickness
of IMC layer. The same wettability changes can be measured
using a different solder paste. The effect of the laser treatment
on wettability can be eliminated by heat treating the
laser-treated copper substrates in hydrogen. This can confirm
that heat treatment in hydrogen after the laser surface
treatment can change the wetting properties of the copper
substrate and restore it to its original state.
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