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 Nano PolymerCeramic Composite Coating
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500/ ]NRFEE SIS
The coating can maintain a beautiful color for a long time
through 500-hour accelerated UV Test

- FRTATRE B HU RIS it e Y

Surface hardness twice times higher than similar products

- Self healing coating NSz RS - Anti tarnishing coating
E 1|ﬁ4 {4} can be applied to workpieces with complex shapes ﬁb%’f’t@
r (=
- /
I -
With AutoHeal™ Coating No AutoHeal ™ Coating o E I&}\‘ Vacuum Process
- FERATR R A El ectrof&nmg EiE ]I 1 2/ NREAR AL
Prolong the life of material ‘ Can pass 12 hours
] | il T £ = ""““
ifwizi{frtiqeﬁrjjfa%“ty of the material \_J% Qi ion testing
- BEADRAEIE R Electroplating & IR IR B
Reduce material maintenance costs Apply on Silver and rose gold
- AR EEGMEE S ER IR EN R plating 'fw* X
No longer need to repair or redo damaged :‘:_ s 4
protective coatings repeatedly. AT o8

Z
- Bk Prototype

- /Mt 4 7 Small batch production
- BREEHENS Jewellert Repairs

 Suitable for 3DPrint
T FH A 3D B4

Smart Desktop Electroplating Machine
RESR IR

I Website: www.pinohk.com

Head Office : Hong Kong Office: China Office: Italy Office:

PINO ALIPRANDINI SA EEHT SRR E B8R R L3R A+ — B ch[E bR ERA 3608k — K T AE ABE251H05% VIA ARTURO CHIARI,

19, Chein Du Champs-Des-Filles Flat B, 11/F,, Phase 2, Yee Lim Ind. Bldg., Tel: (86) 13301960780 70/1-79/L,

1228 Plan-les-Ouates 8 Ka Ting Road, Kwai Chung, Fax: (86) 66542030 52100 AREZZO, ITALY

SWITZERLAND N. T. Hong Kong TEL: (39) 0575302815
BRI T ol W TS P R LA LB A B L FAX: (39) 0575408896

Tel: (852) 2602 0698
TEL : (41) 227512719 Fax: (852) 2609 1034
FAX: (41) 227512426 %7 E{£Email address: contact@pinohk.com

TEL: (86) 75533625008
FAX: (86) 75533625509
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Automotive Pressfit Solutions

SILVERON™ GT-820 Cyanide Free Silver Tin

- 80% Silver, 20% Tin deposit from cyanide-free electrolyte - Excellent adhesion over copper or copper alloys
- Replacement for Tin for whisker control on press fit connectors - Suitable for electrical/electronic applications
- White, bright silver deposit over a broad CD range (0.5-15 ASD) - Excellent contact resistance and solderability

300 1200

Silver
_ 250 g 1000 M Silver-tin
z S
< 200 5 800
g [
g 3
5 150 2 600
s >
S 100 2 400
S E
] =]
Z 50 > 200
o
SILVERON GT-101 Silver-tin 05N N 2N

Applied Load on 3.5 pym sample

The information contained herein is based on data known to DuPont or its affiliates at the time of preparation of the information and believed by them to be reliable. This
is business-to-business information intended for food, beverage and supplement producers, and is not intended for the final consumer of a finished food, beverage

or supplement product. The information is provided “as is” and its use is at the recipient's sole discretion and risk. Itis the recipient’s sole responsibility to determine

the suitability and legality of its proposed use of DuPont products for its specific purposes. Information and statements herein shall not be construed as licenses to
practice, or recommendations to infringe, any patents or other intellectual property rights of DuPont or others. DUPONT HEREBY EXPRESSLY DISCLAIMS (I) ANY
AND ALL LIABILITY IN CONNECTION WITH SUCH INFORMATION, INCLUDING, BUT NOT LIMITED TO, ANY LIABILITY RELATING TO THE ACCURACY,
COMPLETENESS, OR USEFULNESS OF SUCH INFORMATION, AND (Il) ANY AND ALL REPRESENTATIONS OR WARRANTIES, EXPRESS OR IMPLIED, WITH
RESPECT TO SUCH INFORMATION, OR ANY PART THEREOF, INCLUDING ALL REPRESENTATIONS AND WARRANTIES OF TITLE, NONINFRINGEMENT

OF COPYRIGHT OR PATENT RIGHTS OF OTHERS, MERCHANTABILITY, FITNESS OR SUITABILITY FOR ANY PURPOSE, AND WARRANTIES ARISING BY
LAW, STATUTE, USAGE OF TRADE OR COURSE OF DEALING. Copyright © 2019 DuPont or its affiliates. All Rights Reserved. The DuPont Oval Logo, DuPont™,
Danisco® and all products denoted with ® or ™ are registered trademarks or trademarks of E.I. du Pont de Nemours and Company or its affiliated companies.
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UYEMURA GROUP OF COMPANIES www.uyemura.co.jp

*« JAPAN « CHINA « HONG KONG < KOREA +« MALAYSIA « SINGAPORE + TAIWAN ¢ THAILAND < U.S.A « INDONESIA
¥ (EF#)BPRA S Uyemura International (Hong Kong) Co., Ltd. EHIM GRYI) BRAS] Uyemura (Shenzhen) Co., Ltd.
ERAELERR OSHELBMAEIOE12F FYIHEIFLFE AT X B 52 5 #B4m : 518118

Tel: (852) 2414 4251 « Fax: (852) 2413 6266 Tel: (86) 755-8992 9668 + Fax: (86) 755-8992 9669

Lt (LiE) BPRAE Uyemura (Shanghai) Co., Ltd. FINRELLELLE R Liaison Office
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Dear Surface Finishing Friends,

Last Septemnber, | was elected President of the International Union for Surface Finishing (IUSF)
for the years 2018-2022, which will feature the 4-Yearly 2020 Interfinish Congress, to be held in
Nagoya, Japan.

Along with fellow members of the Executive Council, | am pleased to introduce the new [USF
website kindly prepared by Mr Madhav Singh, Secretary General:
https://www.iusf.world/

We trust this provides a complete insight into the long history and well-established activities
of the Union, whose singular objective is the betterment of the surface finishing industry world-
wide. All of us are volunteers drawn from National technical organisations who are accredited
Members of the IUSF, focused upon freely sharing the latest ideas on products and processing
technology.

All current IUSF Member organisations are invited to use this site to publicise their latest news
of events and educational programs. While sponsorship and advertising will be available for
individuals and companies who wish to promote their commercial activities globally,

We trust you find this new website beneficial, and welcome your comments and suggestions.
Yours in surface finishing,
g7 ) Tl
' (f?..fn/:{' v
/ f/”"w = ]‘)
Prof. Nagahiro Saito Dr.Eng
IUSF President

Secretariat: Madhav Singh

clo Metal Finishers’ Association of India, 202- 203, Atlant Estate, Vitbhaiti, Goregaon-Mulund Link Road,
Off W, E. Highway, Goregaon (E), Mumbai - 400063, Maharashtra, India

Tel : #61-22-29277291, 491-22-49240603 « Email: relianceatotechiiyahoo.com « Website: www.iusf.world
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Tooling Steel Plate
Surface roughness enhanced from
Ra=~2.6u«m to Ra=0.12um
after dual laser polishing
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Hot-work Die Steel for Wine Glass
The long shaped cavity is laser
polished to a fine roughness of

Ra=~0.15 which was difficult to achieve
by manual polishing
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Implant Medical Part Made of Titanium
Alloy (Courtesy: Fraunhofer ILT)
Requires no chemicals for polishing
and shortens lead-time significantly
from 3 hours to 15 mins
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Injection Mould for Lens
The cutting face is polished to a fine
roughness of Ra=0.15 by laser right
after rough milling which saves the
rough grinding process
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Stainless Steel Watch Parts
Automated laser polishing with
computer-aided design software for
parts with complicated geometries
and sharp ends
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Dual Laser Polishing Technology -
A Better Quality, Eco-friendly,
Cost-effective and Efficient Solution

Edmond Lai
Chief Digital Director, Hong Kong Productivity Council

Metal Surface Finishing could significantly reduce surface roughness and friction,
improve optical properties, enhance corrosion resistance, as well as uplift visual
impression of the end product. The Hong Kong Productivity Council (HKPC), with the
support of the Innovation and Technology Fund of the Hong Kong SAR Government, has
developed a novel "Dual Laser Polishing Technology", a combination of rough and fine
polishing that provides a better quality, eco-friendly, cost-effective and efficient metal
surface finishing solution to the industry. The lead-time of precision part polishing could
be drastically shortened from 3 hours to 15 minutes, the production efficiency is
then significantly improved.

Limitations of conventional mechanical polishing

The conventional mechanical polishing process is labour-intensive and time-
consuming, for parts with complicated geometries could take up 30% to 50% of the
production cycle. The demand on complex parts is significantly increased due to the
trend of highly integrated consumer electronics or even medical device. Since the
polishing allowance is very close to its tolerance, achieving precision micro-polishing
on micro-parts is yet challenging which could only be handled by skillful technicians.
Particularly for the mould and die industry, any tiny error or defect can make irreversible
damage on the costly toolings.

Nowadays, some surface finishing systems are integrated with robotic arm and CNC
machine centre to provide an automated metal polishing solution at lower cost and
shorten lead-time, without overcoming the inherent limitations of conventional
mechanical polishing process, not applicable for parts with complicated geometries,
fine surface texture and sharp ends.

The suspended particulate generated in the process might be damaging to the
environment, and could be harmful to the respiratory systems of human beings. These
could be a barrier to engage young generation in the metal polishing industry.

Combination of Rough and Fine Polishing

With the advancement of laser technology, laser beam is made applicable to metal
surface finishing. A thin layer of material is molten to flow under surface tension by a
laser beam with controllable path, temperature and speed to form a smooth surface.
It helps achieving the purpose of metal polishing for intricate surface and fine surface
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texture under a contactless process.

The novel laser polishing system, developed by HKPC, offers dual mode processing of

rough polishing (Ra = 0.4 - 10 um) by Continuous-Wave (CW) lasers and fine polishin
g g y g

(Ra=0.2-04 um) by combining CW lasers with pulsed lasers. Due to the rapid heating

and cooling in the laser polishing process, the heating area and melting depth of the

workpiece are strictly controllable. This helps minimise the influence of the machining

process on the physical properties and precision of the workpiece, making thisinnovative

process applicable to intricate surfaces that were difficult to be polished by conventional

methods. The computer-controlled laser builds a strong foundation for the digitalisation

of production management processes.

4 Major Competitive Advantages

Better Quality

Fine surface finishing up to Ra = 0.1 um
High dimensional accuracy and repeatability
Capable of polishing intricate surface

Enable selective polishing for excellent surface finish on fine
surface texture

Enhanced accessibility
No contaminant left on the surface
Reduce surface pores and cracks

Eco-friendly

No suspended particulate generation
Chemical-free
No waste water discharge

Cost-effective

Reduce labour costs

Efficient

- Automated process

Shorten lead-time

Further Development
Laser polishing, as a fast and efficient innovative technology, can greatly enhance

the surface quality and productivity. [t demonstrates great potentials for various local
industries, including mould and die, automotive parts, medical implants, jewellery,
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watch and clock, etc. The technology can also be used to improve the surface quality of
3D metal printing products. Through this R&D project, HKPC has developed a dual laser
polishing system, making good use of the advantages of laser polishing for parts with
complicated geometries. The R&D team has compiled a guidebook to incorporate the
key findings, such as the detailed laser polishing system design, physical mechanism,
process design, parameter configuration, etc,, assisting the local industry to deploy the
dual laser polishing technology.

Patent for this novel hybrid laser polishing technology is pending. HKPC plans to
collaborate with automotive parts industry to apply the system in wheel rim die casting
mould polishing process. In the future, the R&D team will make use of the CNC dual
laser polishing system to collect process parameters through sensors, enabling the
integration of the Industrial Internet of Things (lloT) for automatic production data
collection and analysis, aiming at better productivity and efficiency.

Above information is provided by Hong Kong Productivity Council. For details,
please call 2788 5555 or email to service@hkpc.org.
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Influence of cerium oxide (CeQO,) nanoparticles
on the microstructure and hardness of tin-silver—copper
(Sn—Ag—Cu) solders on silver (Ag) surface-finished copper

(Cu) substrates

Tama Fouzder - Y. C. Chan - Daniel K. Chan

Received: 23 July 2014/ Accepted: 4 September 2014
© Springer Science+Business Media New York 2014

Abstract Nano-sized, non-reacting, non-coarsening CeO,
particles with a density close to that of solder alloy were
incorporated into Sn—3.0 wt%Ag—0.5 wt%Cu solder paste.
The interfacial microstructure and hardness of Ag surface-
finished Cu substrates were investigated, as a function of
reaction time, at various temperatures. After the initial
reaction, an island-shaped CugSns intermetallic compound
(IMC) layer was clearly observed at the interfaces of the Sn—
Ag—Cu based solders/immersion Ag plated Cu substrates.
However, after a prolonged reaction, a very thin, firmly
adhering Cu3;Sn IMC layer was observed between the
CueSns IMC layer and the substrates. Rod-like Ag;Sn IMC
particles were also clearly observed at the interfaces. At the
interfaces of the Sn—Ag—Cu based solder-Ag/Ni metallized
Cu substrates, a (Cu, Ni)-Sn IMC layer was found. Rod-like
Ag;Sn and needle-shaped CugSns IMC particles were also
observed on the top surface of the (Cu, Ni)-Sn IMC layer.
As the temperature and reaction time increased, so did the
thickness of the IMC layers. In the solder ball region of both
systems, a fine microstructure of Ag;Sn, CugSns IMC par-
ticles appeared in the B-Sn matrix. However, the growth
behavior of the IMC layers of composite solder doped with
CeO, nanoparticles was inhibited, due to an accumulation of
surface-active CeO, nanoparticles at the grain boundary or
in the IMC layers. In addition, the composite solder joint
doped with CeO, nanoparticles had a higher hardness value

T. Fouzder (X)) - Y. C. Chan

Department of Electronic Engineering, EPA Centre, City
University of Hong Kong, 83 Tat Chee Ave., Kowloon,
Hong Kong

e-mail: ttfouzder2-c @my.cityu.edu.hk

D. K. Chan
Chartermate Electronics Ltd., 5/F, 28-36 Kwai Fung Crescent,
Kwai Chung, Hong Kong
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than the plain Sn—Ag—Cu solder joints, due to a well-con-
trolled fine microstructure and uniformly distributed CeO,
nanoparticles. After 5 min of reaction on immersion Ag-
plated Cu substrates at 250 °C, the micro-hardness values of
the plain Sn—Ag—Cu solder joint and the composite solder
joints containing 1 wt% of CeO, nanoparticles were
approximately 16.6 and 18.6 Hv, respectively. However
after 30 min of reaction, the hardness values were approx-
imately 14.4 and 16.6 Hv, while the micro-hardness values
of the plain Sn—Ag—Cu solder joints and the composite
solder joints on Ag/Ni metallized Cu substrates after 5 min
of reaction at 250 °C were approximately 15.9 and 17.4 Hv,
respectively. After 30 min of reaction, values of approxi-
mately 14.4 and 15.5 Hv were recorded.

1 Introduction

To address the health and environmental safety concerns
associated with lead and lead-containing alloys, research
has been conducted over the past decade to find suitable
lead-free solder alloys to replace the eutectic Sn—37Pb
solder that has typically been used for interconnection in
electronic assembly [1-4]. Much of this research has
focused on the development of lead-free, Sn-based, binary
and ternary systems—including those associated with
Sn-Bi, Sn—Zn, Sn—Zn-Bi, Sn—Ag, Sn—Ag-Zn, Sn—Zn-In,
Sn-Bi—Ag, and Sn—Ag—Cu [5-8]. Of these, ternary Sn—
Ag—Cu solder alloys, with near eutectic compositions and
melting temperatures of around 217 °C, have been regar-
ded as possible replacements for the traditional Sn—Pb
solder used in the electronic packaging industry [9, 10].
However, minimizing the excessive growth behavior of the
intermetallic compound (IMC) layers at their interface with
the mechanical properties of the solder joint reduces the
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reliability and lifespan of the electronic packaging systems
[11]. The formation of coarse primary dendrite-shaped
B-Sn grains in the Sn—Ag—Cu solder also retards the
resistance to thermal-mechanical fatigue [12].

As electronic and optical devices become more inte-
grated and miniaturized, electronic packaging is crucial for
achieving a higher input/output density, higher speed,
smaller, thinner and more portable features, and to increase
performance and improve the thermo-mechanical charac-
teristics. The extremely small size of advanced electronic
devices, combined with the size of the solder bump, can
significantly increase the current density [13]. Since Joule
heating is proportional to the square of the current density,
the local temperatures of conductive lines and solder
bumps will increase substantially which minimize the
lifetime of electronic devices. In general, several factors
can affect the reliability of solders, such as creep resis-
tance, yield strength, thermo-mechanical fatigue resis-
tance—and electrical conductivity [14]. During the reflow
process, IMC layers will inevitably form at the interface
between the solder and the substrate and, due to solid-state
diffusion, these layers increase in thickness over successive
reflow cycles and thermal aging stages [15]. Both the
properties of solder joints and the reliability of the whole
system are sensitive to the thickness and morphology of the
IMC layers at the interfaces of the joints [16].

Studies have shown that the development of composite
lead-free solders by mechanically adding micro/nano-sized
particles into Sn-based lead-free solder matrices enhances
their wettability and mechanical properties [17]. Metallic
micro/nano-sized alloys of elements such as silver, copper,
nickel, antimony, and bismuth improve the mechanical
properties of a lead-free solder, and simultaneously reduce
the melting point. Moreover, various nano-sized, non-
reacting, non-coarsening oxide dispersoids incorporated
into solder alloys create a new improved solder structure,
significantly enhancing creep resistance and increasing
strength [18]. Mavoori and Jin reinforced a conventional
Sn—Pb solder with 5 nm TiO, and 10 nm Al,O5 particles—
and reported significant improvements in creep resistance
and mechanical properties [19]. Tsao and Chang [20] pre-
pared a series of Sn—3.5Ag-0.25Cu composite solders
reinforced with different weight percentages (0, 0.25, 0.5
and 1 wt%) of TiO, nanoparticles, and measured their
mechanical properties. Those containing 1 wt% TiO,
nanoparticles exhibited significant improvements in the
yield strength, micro-hardness, and ultimate tensile
strength. Roshanghias et al. [21] recently developed Sn—
3.8Ag—0.7Cu-x(nano-CeO,) composite solder alloys
through a rolling process, and found that the Sn—-3.8Ag—
0.7Cu-1 wt%CeO, composite solder significantly improved
the material properties, such as the micro-hardness and
ultimate tensile strength. Cerium oxide (CeO,) particles at
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the nanometer length were used in this study. The main
advantages of these nanoparticles are: (a) a density that
is close to that of Sn—Ag—Cu, where the density, p, of
Sn-3Ag—0.5Cu is 7.11 and p for CeO, is 7.65 glem®,
compared with densities of ceramic particles—where p
of ALOs is 3.97 g/em® and p for TiO, is 3.89 g/em?,
and (b) a greater hardness compared with that of a
Sn-3Ag-0.5Cu matrix.

No previous efforts have been made to develop lead-free
Sn—Ag—Cu-1CeO, composite solder joints on Ag surface-
finished Cu substrates. This study is primarily concerned
with the morphology of the IMC layer resulting from the
interaction between lead-free plain Sn—Ag—Cu and Sn—Ag—
Cu-1CeO, composite solders on Ag surface-finished Cu
substrates, at various temperatures, depending on the
interaction time. The micro-hardness of plain Sn—Ag—Cu
and Sn—Ag—Cu-1CeO, composite solders on Ag surface-
finished Cu substrates was also measured as a function of
the reaction time.

2 Experimental procedure
2.1 Preparation of the Ag/Ni metallized Cu pad

The Cu substrate was scrubbed with aluminum powder and
washed with deionized water. Grease, oxide film, and fin-
gerprints were removed using cleaning solution. The sub-
strate was immersed in an electrolytic plating bath
containing Charter ELSNIKE SM-1 solution. This is a
sulfur-free, semi-bright nickel plating process solution that
produces extremely ductile and uniform semi-bright
deposits over a wide current density range. It is particularly
suitable for electronic components, electroforming, and
printed circuit boards. The substrate was then placed in an
electrolytic silver plating bath containing an ELSTAR-A
solution. This is an alkaline-cyanide bright to semi-bright,
pure hi-speed silver process, suitable for either barrel or vat
operations. The substrate was then rinsed with deionized
water for 1 min and dried with a hairdryer.

2.2 Preparation and characterization of solder joints

Composite solders were prepared by mechanically dis-
persing 1 wt% CeO, nanoparticles into a eutectic Sn—
3.0 wt%Ag—0.5 wt%Cu (AMTECH, USA) solder powder.
The mixtures were manually blended for at least 30 min to
create a uniform distribution of the nanoparticles in a
water-soluble flux (Qualitek Singapore (PTE) Ltd). The
paste mixture was then printed on the pre-fluxed, labora-
tory-prepared Ag/Ni metallized and immersion Ag-plated
Cu substrates, [22] and reflowed at various temperatures
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Fig. 1 SEM micrographs (a), EDS analysis (b), AFM micrograph (¢) and XRD profile (d) of Ag/Ni metallized Cu substrate

from 230 to 270 °C, with different reaction times, in a
convection reflow oven (BTU International, Pyramax-
100N). The samples were then cooled to room temperature
and each solder joint cleaned with isopropyl alcohol (IPA).

The reflowed samples were cross-sectioned using the
metallographic sample preparation technique and mounted
in resin to observe the microstructure characteristics.
Emery paper with successively smaller grit sizes was used
to grind the surface. The samples were then polished with
0.5 pm alumina powders, and the microstructures were
observed with a scanning electron microscope (SEM,
Philips XL 40 FEG) in the backscattered electron (BSE)
imaging mode. An energy dispersive X-ray spectrometer
(EDX) (EDAX International, model DX-4) was used to
determine the phase compositions.

The melting characteristics of Sn—Ag—Cu—1CeO, com-
posite solders were investigated using a differential scan-
ning calorimeter (DSC Q 10). Here, 10 mg of each solder
was placed in an aluminum pan and temperature-scanned
over the range from 100 to 250 °C, with the temperature
increasing at a rate of 5 °C per minute—under a nitrogen
atmosphere.

3 Results and discussion
3.1 Characterization of the Ag-plated Cu pad

Figure 1a shows backscattered SEM micrographs of Ag/Ni
metallized Cu substrates, while Fig. 1b shows the EDS and
elemental analysis. Figure 1c is an AFM micrograph and
Fig. 1d is an XRD profile. The micrographs confirmed that
the Cu substrates were well plated with the Ag and Ni phases.
The average plated layer-thickness was approximately
7.7 pm. The EDS and elemental analysis were taken from the
top surface of the plated layers, shown in Fig. l1a, demon-
strating that the top plated surface contained the Ag element.
The AFM micrograph in Fig. 1c clearly showed that the top-
plated Ag layer surface was very smooth. The XRD profile in
Fig. 1d showed that crystalline Ag and Ni phases with sharp
peaks occurred without a Cu phase, on the Ag/Ni metallized
Cu substrates. These observations confirmed that Ag/Ni
surface finish plated materials coated the Cu substrates with
uniform layers. On the prepared immersion Ag-plated Cu
substrates, the immersion Ag layer thickness was approxi-
mately 1.2 pm [22].
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Fig. 2 TEM micrograph
(a) and HRTEM micrograph
(b) of CeO, nanoparticles
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Fig. 3 DSC curves Sn—Ag—Cu-1CeO, composite solder alloy on
heating

3.2 Examination of CeO, nanoparticles using
a transmission electron microscope (TEM)

Figure 2 illustrates: (a) bright field TEM and (b) HRTEM
micrographs of CeO, nanoparticles. The TEM image
shows spherical CeO, nanoparticles, with an average
diameter of about 30 nm. In the low-magnification TEM
observation (Fig. 2a), the nanoparticles inside one cluster
appear to be in contact. However, the high magnification
image at the bottom right-hand corner of Fig. 2a reveals
spaces between some of the particles. In the HRTEM
micrograph (Fig. 2b), lattice distortions were clearly
observed in the inner regions, indicated by the circles in
Fig. 2b. However internal defects, such as twins or dislo-
cations, were not found within the CeO, nanoparticles.

3.3 Thermal analysis of Sn—Ag—Cu—1CeO, composite
solders

Figure 3 shows the DSC curves of the Sn—Ag—Cu-1CeO,
composite solders. The onset and offset temperatures of the
DSC curve indicate the start and end melting temperatures
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of the solders. The DSC analysis showed an onset tem-
perature for the Sn—Ag—Cu—1CeO, composite solders of
approximately 217.1 °C. For the Sn—Ag—Cu solders, the
onset temperature was approximately 217.0 °C [9, 10]. The
melting point of the composite solders changed slightly, as
the second-phase reinforcement CeO, nanoparticles chan-
ged the surface instability and the physical properties of the
grain boundary/interfacial characteristics. The DSC pro-
files confirmed that no change to the solder process
parameters, such as the reflow temperature, were necessary
when applying the Sn—Ag—Cu composite solder doped with
CeO, nanoparticles.

3.4 Microstructure observation of Sn—Ag—Cu based
solders on immersion Ag plated Cu substrates

Figure 4 illustrates the backscattered SEM micrographs of
(a, ¢) plain Sn—Ag—Cu solder and (b, d) Sn—Ag—Cu—1CeO,
composite solder joints on immersion Ag-plated Cu sub-
strates, depending on the reaction time; i.e., (a, b) 5 min
and (c, d) 30 min at 230 °C. At the solder/Ag-plated Cu
substrate interface, an island-shaped CusSns IMC layer was
clearly observed in the plain Sn—Ag—Cu solder joints—and
in those containing 1 wt% of CeO, nanoparticles. Gener-
ally the top Ag layer was completely dissolved in the
molten solder, leaving the Cu layer exposed during the
soldering process. At the interface, the Ag layer completely
disappeared. Previous studies have also reported this rapid
dissolution of Ag in liquid solder, resulting in the complete
consumption of the top Ag layer, and this was explained
through thermodynamics and kinetics [23]. However, as
the reaction time was increased in this study, rod-shaped
AgsSn IMC particles were clearly observed, as marked in
Fig. 4c, d. Additionally, a very fine Cus;Sn IMC layer
between the CueSns IMC layer and the immersion Ag
plated Cu substrate appeared, as shown in the figure. The
thickness of the CugSns and Cu;Sn IMC layers increased
with the reaction time. Various steps led to the formation of
the CusSn IMC layer, including (1) the dissolution of Cu
from the substrate, (2) the diffusion of Cu and Sn through
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Fig. 4 SEM micrographs of (a, ¢) Sn—Ag—Cu and (b, d) Sn—Ag—Cu—-1CeO, composite solder joints on immersion Ag plated Cu pad depending
on reaction time; a, b 5 min, ¢, d 30 min at 230 °C and (e, f) EDS and elemental analysis as marked region ‘P’ and ‘Q’ in (b, d)

the existing CusSn layer, and (3) the conversion of CugSns
into CusSn at the interfaces—and the reaction of Sn with
Cu at the Cu substrate and CusSn interface [24]. Figure 4e,
f represents the EDS and elemental analysis, taken from the
regions marked ‘P’ and ‘Q’ in Fig. 4b, d. The EDS analysis
confirmed that the CugSns IMC layer formed between the
plain Sn—Ag—Cu based solders on immersion Ag-plated Cu
substrates had a phase composition specified by 25.8 wt%
Cu and 74.2 wt% Sn (39.4 at% Cu and 60.6 at% Sn). This
result clearly illustrates that the thin layer of Ag became

39

dissolved into the solder during the soldering process. The
rod-shaped IMC particles near the interface, marked ‘Q’ in
Fig. 4d, consisted of phases with 68.6 wt% Ag and
31.4 wt% Sn (70.6 at% Ag and 29.4 at% Sn).

Figure 5 illustrates the backscattered SEM micrographs of,
in Fig. 5a, c, e, plain Sn—Ag—Cu solder and, in Fig. 5b, d, f,
Sn—Ag—Cu-1CeO, composite solder joints on immersion Ag-
plated Cu substrates, as a function of the reaction time. i.e.,
Figure 5a,bis for 5 minreaction time, Fig. Sc, dis for 15 min
reaction time—and Fig. Se, f is for 30 min reaction time—all
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Fig. 5 SEM micrographs of (a,
¢, e) Sn—Ag—Cu and (b, d,

f) Sn—Ag—Cu-1CeO, composite
solder joints on immersion Ag
plated Cu substrate depending
on reaction time; a, b 5 min, c,
d 15 min and (e, f) 30 min at
270 °C

reaction temperature at 270 °C. At the interfaces, an island-
shaped CugSns IMC layer, as shown in Fig. 4, was clearly
observed. The SEM observations, shown in Figs. 4 and 5,
illustrated the point that the thicknesses of both the CugSns and
the Cu;Sn IMC layer types increased substantially with the
reaction temperature. By increasing the reaction time, the
thickness of the island-shaped CusSns IMC layer substantially
increased in the plain Sn—Ag—Cu solder joints—as well as in
the composite solder joints containing 1 wt% CeO, nano-
particles. However, after the addition of CeO, nanoparticles,
the growth rate of the IMC layers was significantly lower than
for the plain Sn—Ag—Cu solder joints. The reinforcing CeO,
nanoparticles promoted a high nucleation density during
solidification. It is to be expected that the plane with the
maximum surface tension grows most rapidly, since
the amount of adsorbed, surface-active, material is
maximized.
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Figure 6 shows backscattered SEM micrographs of, in
Fig. 6a, b, plain Sn—Ag—Cu solder and, in Fig. 6¢, d, Sn—
Ag—Cu-1CeO, composite solder joints on immersion Ag-
plated Cu substrates taken from the solder ball regions, as a
function of the reaction time: of 5 min in Fig. 6a, ¢ and
30 min in Fig. 6b, d—at 270 °C. In these regions, network-
type needle-shaped Ags;Sn IMC particles were clearly
observed in the B-Sn matrix of both types of solder joint.
The B-Sn matrix grain size of the particles increased with
the reaction time. Furthermore, the inserted EDS spectrum
was taken from the marked region as shown in Fig. 6d.
From this analysis, it was confirmed that the reinforcing
ceramic nanoparticles exhibited in the solder matrix. After
the addition of the CeO, nanoparticles, fine microstructures
appeared. A comparison with the plain Sn—Ag—Cu solder
joints is given in Fig. 6¢, d. It was noted that the formation
of coarse primary dendrite-shaped B-Sn grains in lead-free



Fig. 6 SEM micrographs of
solder ball region of (a, b) and
(¢, d) Sn—Ag—Cu-1CeO,
composite solder joints on
immersion Ag plated Cu
substrate depending on reaction
time; a, ¢ 5 min and (b,

d) 30 min at 270 °C
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Sn based solder retarded the resistance of thermal—
mechanical fatigue [12]. In addition, in the existing liter-
ature it was confirmed that the actual amount of adding
second phase reinforcing nanoparticles do not incorporate
in the solder matrix during the reflow process [25, 26].
Haseeb et al. [26] prepared Zn nanoparticles (1-2 wt%)
doped Sn—3.5Ag composite solders and reported that for
the addition of 1 and 2 wt% Zn nanoparticles in the Sn—
3.5Ag solder, the actual amount of Zn incorporated into
Sn-3.5Ag is 0.13 and 0.34 wt% respectively.

3.5 Observation of the microstructure of Sn—Ag—Cu
based solders on Ag/Ni metallized Cu substrates

Figure 7 shows the backscattered SEM micrographs of (a, b)
plain Sn—Ag—Cu solder and (c, d) Sn—Ag—Cu—1CeO, com-
posite solder joints on Ag/Ni metallized Cu substrates,
depending on the reaction time; i.e., (a, ¢) 5 min, and (b, d)
30 min at 230 °C. At their interfaces, a (Cu, Ni)-Sn IMC
layer was clearly observed in both solder joints after a
reaction time of 5 min. A very thin AgzSn IMC layer with
bright contrast was found to be adhering to the top surface of
the (Cu, Ni)-Sn IMC layer, as identified in Fig. 7a, c. Very
fine, needle-shaped CugSns IMC particles were also found at
the interfaces. However, after increasing the reaction time by
up to 30 min, very thin rod-like Ag;Sn IMC appeared, as
shown in Fig. 7b, d. Remarkably, the needle-shaped CusSns
IMC particles grew in plain Sn—Ag—Cu solder joints and
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solder joints containing CeO, nanoparticles. However, after
CeO, nanoparticles were added, the (Cu, Ni)-Sn IMC layer
appeared thinner than in the plain Sn—Ag—Cu—on the Ag/
Ni-metallized Cu-substrate system. The most interesting
phenomenon observed in the Ag/Ni-metallized Cu substrate
system was that, after a longer reaction time, no brittle CuzSn
IMC layer was found between the (Cu, Ni)-Sn IMC layer
and the Ag/Ni metallized Cu substrates. Generally, the for-
mation of a CuzSn IMC layer depends on the phase stability
of CugSns and the IMC, according to the reaction
CugSns + 9Cu = 5Cu3Sn. The thermodynamic affinity in
CueSns IMC is stronger between Ni and Sn than that between
Cu and Sn [24]. The retardation of the growth of the Cu;Sn
occurs because the (Cu, Ni)-Sn IMC layer is more stable
than the CugSns IMC layer.

Figure 8 shows the EDS and elemental analyses, taken
from the regions ‘P’, ‘Q’, and ‘R’ marked in Fig. 7a, b, c.
According to the EDX analysis, the formation of the IMC
layer between the Sn—Ag—Cu based solders on Ag/Ni-met-
allized Cu substrates comprised 63.2 wt% Sn, 10.7 wt% Ni,
and 26.1 wt% Cu. Rod-like IMC particles appeared at the
interface marked ‘Q’ in Fig. 7b—and comprised 24.6 wt%
Ag and 75.4 wt% Sn, and the fine needle-shaped IMC par-
ticles consisted of 86.0 wt% Sn and 14 wt% Cu elements.

Figure 9 shows backscattered SEM micrographs of, in
Fig. 9a, b plain Sn—Ag—Cu solder and (c, d) Sn—Ag—Cu-—
1CeO, composite solder joints on Ag/Ni metallized Cu,
depending on the reaction time; i.e., (a, ¢) 5 min and (b, d)




. Bi#ixs

Fig. 7 SEM micrographs of (a,
b) Sn—Ag—Cu solder and (c,

d) Sn—Ag—Cu-1 wt%CeO,
composite solder joints on
Ag/Ni metallized Cu pads
depending on the reaction time
(a, ¢) 5 min and (b, d) 30 min at
LD E (Cu, Ni)-Sn

{Q
J lR

(Cu, Ni)-Sn

gn Del WD Bp F——— 10pm
Mo

BSE 133 0

Ag;Sn
(Cu,Ni)-Sn ¥/

% Dot WD Bp F———— 10pm

Wx  BSE 133 0

Magn Dot WD Ep b 10m
e B5 3ro

Fig. 8 EDS and elemental

analysis of (a), (b) and (c) are (a) Sn ‘P’ region (b) ‘Q’ region
taken from as marked ‘P’ ‘Q’ Ebement W% A%
and ‘R’ regions of SEM
micrographs in Fig. 7 SnL 63.2 47.33
S0 NiK 10.7 16.13 Element Wt % A%
CukK 26.1 36.54 Agl 246 6.4

SnL 754 736

2.88 A.88 6.00 E.00 10.88 12.88 1A.00 19.08 12.88 15.00

() ‘R’ region
Element Wt % At%
SnlL 8.0 766
34
100

Z.88 A.80 46.00 B.00 10.88 1Z.08 1h.00

30 min at 270 °C. From SEM observations, it was found  shaped CugSns IMC and rod-like AgszSn IMC particles
that the (Cu, Ni)-Sn IMC layer was clearly observed in the  adhered to the top surface of the (Cu, Ni)-Sn IMC layer, as
both solder joints as the same as Fig. 7. Fine, needle- shown in Fig. 9a, ¢, d. However, after a long reaction time,
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Fig. 9 SEM micrographs of
(a, b) Sn—Ag—Cu solder and

(¢, d) Sn—Ag—Cu-1 wt%CeO,
composite solder joints on
Ag/Ni metallized Cu pads
depending on the reaction time
(a, ¢) 5 min and (b, d) 30 min at
270 °C
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the fine needle-shaped CugSns IMC of the plain Sn—Ag—Cu
solder detached from the top surface of the (Cu, Ni)-Sn
IMC layer, as shown in Fig. 9b. The needle-shaped CugSns
IMC grew much faster in the plain Sn—Ag—Cu solder sys-
tems, and with a coarse microstructure, which explains this
detachment. The Sn—Ag—Cu solder joint containing 1 wt%
CeO,, the (Cu, Ni)-Sn IMC layer, and the fine needle-
shaped CugSns and rod-shaped Ag;Sn IMC particles had a
thinner layer and finer microstructure than those of the
plain Sn—Ag—Cu solder joints. The finer microstructure in
composite solder systems is due to the second phase CeO,
nanoparticle inhibiting grain growth. It was noted that the
fine microstructure of the composite solder system and the
dispersed second phase reinforcing CeO, nanoparticle can
significantly affect the mechanical reliability of solder
joints.

Figure 10 shows the backscattered SEM micrographs of
(a, b) plain Sn—Ag—Cu solder and (c, d) Sn—Ag—Cu-1CeO,
composite solder joints on Ag/Ni metallized Cu substrates
taken from solder ball regions, depending on the reaction
time; i.e., (a, ¢) 5 min and (b, d) 30 min at 270 °C. The
SEM micrographs clearly show fine AgzSn and CugSns
IMC particles in the B-Sn solder matrix of both types of
solder joints. The IMC particles and the B-Sn grain sizes
slightly increased with the reaction time. After non-coars-
ening, non-reacting ceramic nanoparticles were added, a
fine microstructure appeared. The formation of the rod-like
AgiSn IMC particles, as shown in Fig. 10, was more
obvious.
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3.6 IMC thickness measurement of Sn—Ag—Cu based
solders on Ag surface finished Cu substrates

The thickness of the IMC layer was calculated by mea-
suring the total area with image analysis software. The
average thickness was obtained by dividing the phase areas
by the interface length. The IMC layer thicknesses were a
function of the reaction time of, in Fig. 11a, c, plain Sn—
Ag—Cu and, in Fig. 11b, d, Sn—Ag—Cu—1CeO, composite
solders, as a function of the surface finish of the substrates,
in Figs. 11a, b, immersion Ag-plated and, in Figs. 1lc, d,
Ag/Ni-metallized Cu substrates, at various temperatures. It
is clear that the IMC layer thicknesses increased with the
reaction time, at various temperatures, in both types of
solder system. The value of the IMC layer thickness of the
plain Sn—Ag—Cu solder—on immersion in Ag-plated Cu
substrates and after 5 min of reaction at 270 °C—was
4.73 um, reaching 7.89 um after 30 min. However, after
the addition of CeO, nano-particles, the values were 3.76
and 6.15 pm, respectively. The (Cu, Ni)-Sn IMC thickness
values of the plain Sn—Ag—Cu solder—Ag/Ni metallized
Cu substrates after 5 and 30 min of reaction at 270 °C were
4.01 and 6.12 um, respectively, and after the addition of
CeO, nano-particles, 3.78 and 5.56 um. This confirmed
that the CeO, nanoparticles inhibited the growth of the
IMC layers. The plausible explanation here is that the non-
coarsening, non-reacting CeO, nanoparticles are effective
surface active materials, and accumulated at the grain
boundary or in the IMC layers. Surface adsorption theory
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Fig. 10 SEM micrographs of
(a, b) Sn—Ag—Cu solder and

(¢, d) Sn—Ag—Cu-1 wt% CeO,
composite solder joints on
Ag/Ni metallized Cu pads
depending on the reaction time
(a, ¢) 5 min and (b, d) 30 min at
270 °C

AccV SpotMagn Dol WD Bp F——— 10sm

160kY 40 2000x BSE 140 0

AccV. Spat Magn — Dotr'WD Bop I———-—| 10 pm
10KV AD 2000 BSE 154.0

" AccV iSpelMagn DO WD Exp I——-I umn &

15,0 kvid0. 2000 HSE 1360

can be used to explain the retardation of the IMC growth
mechanism of solder joints during reflow and aging by
nanoparticles. According to this theory, [27] for a surface-
active material, the surface free energy of a whole crystal
is:
. © c I-vl(

Zy Ax = Z <y0 —RT/O Tdc)AK
where Ag is the area of the crystal plane K; y* is the surface
tension of K with the adsorption of active materials; 7§ is
the surface tension of K without the adsorption of active
materials; R is the ideal gas constant; I” K is the adsorption
surface-active material at the crystal plane K; T is the
absolute temperature and c is the concentration of the
surface-active material.

Given that the volume of a crystal is constant, the sur-
face energy of the crystal planes must be kept to a mini-
mum in the equilibrium state; that is:

(1)

c FK ]
nyAK = Z <v§ fRT/ —dc |Ax — min
K I3 0 ¢
Here, > X y(’)(AK is assumed to be constant because it is
independent of the concentration of surface active materi-

als. Thus, " Ak [§
K

(2)

%ch should be maximized, and dem-

onstrates that the effect of the crystal plane with the
maximum amount of adsorption I'* is most active.
Therefore, an increase in the amount of absorbed particles
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results in a decrease in the surface energy of the crystal
plane, and consequently decreases its growth velocity.
Hence, the non-reacting, non-coarsening second phase
reinforcement CeO, nanoparticles were crucial as they
minimized the surface energy, which retarded the forma-
tion of the IMC layers.

3.7 Hardness test of Sn—Ag—Cu based solders on Ag
surface finished Cu substrates

Measurement of micro-hardness determines the mechanical
properties of bulk solid-state surfaces. The micro-hardness
of a solder alloy depends on the motion of dislocations and
the growth and configuration of the grains. The processes
involved are more sensitive to the microstructure of the
solder than to its chemical composition. Micro-hardness, a
mechanical property, is particularly dependent on factors
such as microstructure, processing temperature, and the
alloy composition [28]. Figure 12 shows the micro-hard-
ness values of the plain Sn—Ag—Cu and the Sn—Ag—Cu—
1CeO, composite solder joints on: (a) immersion Ag pla-
ted—and (b) Ag/Ni metallized Cu substrates, as a function
of the reaction time at 250 °C. The test results showed that
the micro-hardness values of composite solders doped with
CeO, nanoparticles were consistently higher than those of
the plain Sn—Ag—Cu solder joints, in both types of sub-
strates. The hardness of the composite solder was improved
because the ceramic nanoparticles inhibited the grain
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growth and were homogenously distributed throughout the
solder matrix. This was due to: (1) the pinning of the grain
boundaries, (2) obstacles to the movement of dislocations
and the increasing dislocation densities—and (3) the
strengthening of the matrix, i.e., the finely dispersed IMC
particles and ceramic CeO, nanoparticles [29]. The micro-
hardness values of the plain Sn—Ag—Cu solder joints and
the composite solder joints containing CeO, nanoparticles
on immersion Ag plated Cu substrates after 5 min of
reaction were approximately 16.6 and 18.6 Hv, respec-
tively, and approximately 14.4 and 16.6 Hyv after 30 min of
reaction time. For the plain Sn—Ag—Cu solder joint and
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Reaction time (minute)

composite solder joints on Ag/Ni metallized Cu substrates,
after 5 min of reaction at 250 °C, the values were
approximately 15.9 and 17.4 Hv, respectively, while, after
30 min, the values were approximately 14.4 and 15.5 Hv.

4 Conclusions

The interfacial microstructure of plain Sn—Ag—Cu solder
joints and those containing 1 wt% CeO, nanoparticles on
Ag surface-finished Cu substrates were investigated as a
function of reaction time at various temperatures. The thin
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top surface Ag layer of the immersion Ag plated Cu sub-
strate was observed to dissolve into the molten solders as a
result of the reactions. An island-shaped CugSns IMC layer
was observed at the interfaces of the Sn—Ag—Cu solder
joints and the Sn—-Ag—Cu—1 wt% CeO, composite solder
joints of the immersion Ag-plated Cu substrates. After a
long reaction time, a very thin Cu3Sn IMC layer was found,
adhering to the CueSns IMC layer and the immersion Ag
plated Cu substrates. A scallop-shaped (Cu, Ni)-Sn IMC
layer was formed at the interfaces of both types of solder
joints on the Ag/Ni metallized Cu systems. Very fine (sub-
micron sized) needle-shaped CugSns with dark contrast and
rod-shaped Ags;Sn IMC particles with bright contrast were
clearly observed on the upper surface of the (Cu, Ni)-Sn
IMC layer. The thickness of the IMC layers increased with
reaction time and temperature. In the solder ball region,
Ag3Sn and CugSns IMC particles were clearly observed in
the B-Sn matrix in both types of solder joints. However, the
formation of IMC layers and the AgzSn and CugSns IMC
particles in the solder matrix of composite solder doped
with CeO, nanoparticles exhibited a fine microstructure,
due to an accumulation of surface active CeO, nanoparti-
cles at the grain boundary or in the IMC layers.

The Sn—Ag—Cu composite solder joints doped with
1 wt% CeO, nanoparticles consistently displayed higher
hardness values than the plain Sn—Ag—Cu solder joints on
both substrates. From the results that we have obtained, it is
reasonable to suggest that the micro-hardness of the bulk
solder was improved by the addition of the non-coarsening,
non-reacting CeO, nanoparticles, as the dispersion of the
nanoparticles strengthened the solder and refined the IMC
particles in the solder matrix.
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