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ABSTRACT 

Surface finish is coated layer plated on a bare copper board of printed circuit board 

(PCB). Among PCB surface finishes, Electroless Nickel/Immersion Gold (ENIG) 

finish is a top choice among electronic packaging manufacturer due to its excellent 

properties for PCB.  However, the use of gold element in ENIG is very high cost and 

the black pad issue has not been resolved. Thus, by introducing an Electroless 

Nickel/Immersion Silver (ENIMAG) as alternative surface finish hopefully can 

reduce the cost and offer better properties. The aim of this study is to investigate the 

effect of alloying element in lead-free solders on interfacial reaction during reflow 

soldering between Sn-2.5Ag (SA25), Sn-2.5Ag-0.5Cu-1.0Bi (SACB25051), Sn-

2.0Ag-0.7Cu-3.0Bi (SACB20073) and Sn-3.4Ag-4.8Bi (SAB3448) with an 

ENIMAG surface finish. Solder balls with sizes of 500μm diameters were used. All 

samples were subjected to an isothermal aging process with four different aging 

times which are 250 hours, 500 hours, 1000 hours and 2000 hours at 150°C. The 

characteristics of intermetallic compound (IMC) were analyzed by using scanning 

electron microscopy (SEM), optical microscope (OM) and energy dispersive x-ray 

(EDX). The results revealed that there is one layer of (Cu,Ni)6Sn5 IMC was formed 

at the interface after reflow soldering and a new layer of (Cu,Ni)3Sn4  IMC has been 

found after isothermal aging take place. Subsequently, the grain size and thickness of 

IMC for SACB20073 is smaller and thinner compared to the SACB25051 followed 

by SAB3448 and SA25. This is due to the existence of Bi element which can reduce 

the grain size and the growth rate of IMC. The IMC thickness is proportional to the 

aging duration and IMC morphology for all solders are became thicker, larger and 

coarser after exposed to isothermal aging. Furthermore, the nanoindentation test had 

been conducted and ENIMAG was found reliable and suitable as protective layer for 

PCB. In addition, it is proved that there was electrical connection between solder ball 

and ENIMAG through conductivity test and the value of conductivity of SA25 is 

higher than SAB3448, SACB2551 and SACB20073. 
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ABSTRAK 

Kemasan permukaan ialah salutan pada papan litar tembaga untuk papan litar 

bercetak (PCB). Antara kemasan permukaan PCB, kemasan Elektroless Nickel / 

Immersion Gold (ENIG) merupakan pilihan utama di kalangan pengilang 

pembungkusan elektronik kerana sifatnya yang sangat baik untuk PCB. Walau 

bagaimanapun, penggunaan elemen emas dalam ENIG berkos tinggi dan isu pad 

hitam tidak dapat diselesaikan lagi. Oleh itu, Electroless Nickel / Silver Immersion 

(ENIMAG) diperkenalkan sebagai alternative baru bagi kemasan permukaan untuk 

mengurangkan kos disamping menawarkan sifat yang lebih baik. Tujuan kajian ini 

adalah untuk mengkaji kesan elemen aloi dalam pateri bebas plumbum pada 

pertumbuhan sebatian antara logam semasa proses pengaliran semula antara Sn-

2.5Ag (SA25), Sn-2.5Ag-0.5Cu-1.0Bi (SACB25051), Sn-2.0 Ag-0.7Cu-3.0Bi 

(SACB20073) dan Sn-3.4Ag-4.8Bi (SAB3448) dengan ENIMAG. Bebola pateri 

berdiameter 500μm digunakan. Semua sampel telah dikaji dengan proses penuaan 

haba dengan empat masa penuaan yang berbeza iaitu 250 jam, 500 jam, 1000 jam 

dan 2000 jam pada 150°C. Ciri-ciri sebatian antara logam (IMC) dianalisis dengan 

menggunakan scanning electron microscopy (SEM), optical microscope (OM) dan 

energy dispersive x-ray (EDX). Hasil kajian menunjukkan bahawa terdapat satu 

lapisan (Cu,Ni)6Sn5 IMC dibentuk semasa proses pengaliran semula dan lapisan baru 

(Cu,Ni)3Sn4 IMC telah terbentuk selepas proses penuaan haba. Selain itu, saiz bijian 

dan ketebalan IMC untuk SACB20073 adalah lebih kecil dan nipis berbanding 

dengan SACB25051 diikuti oleh SAB3448 dan SA25. Ini adalah kerana kewujudan 

elemen Bi yang boleh mengurangkan saiz bijian dan kadar pertumbuhan IMC. 

Ketebalan IMC adalah berkadar terus dengan tempoh penuaan haba dan bentuk IMC 

untuk semua sampel menjadi lebih tebal, lebih besar dan lebih kasar selepas terdedah 

kepada penuaan haba. Selain itu, ujian lekukan telah dijalankan dan 

kebolehpercayaan ENIMAG terbukti dan sesuai sebagai lapisan pelindung untuk 

PCB. Di samping itu, kewujudan konduktiviti elektrik antara bebola pateri dan 

ENIMAG terbukti melalui ujian konduktiviti dan nilai konduktiviti SA25 adalah 

lebih tinggi daripada SAB3448, SACB2551 dan SACB20073. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background of the Study 

For many decades, most electrical and electronic components are involved with lead 

including solder. The common eutectic solder alloy composition using surface mount 

technology (SMT) solder materials is 63Sn–37Pb. However, it is well-known that 

lead (Pb) is a neurotoxin and can give bad health effect, such as reproductive 

problems, digestive problems, muscle and joint pain (G. Chen, Wu, Liu, 

Silberschmidt, & Chan, 2016). In 2006, after some concerns about the environment 

and human health, the Restriction of Hazardous Substances Directive (RoHS) and 

the European Union Waste Electrical and Electronic Equipment Directive (WEEE) 

has specified a new rule. The rule states that every manufacturer involved with 

electrical and electronics are prohibited to use lead in electronic products (Ciocci & 

Pecht, 2006). 

 The printed circuit board (PCB) surface finish forms a critical interface 

between the component to be assembled and the bare printed circuit board. Selction 

of appropriate PCB surface finish plays an important role in developing a reliable 

packaging technology. It is required to ensure the solderability of metal underplate. 

The layer of surface finish has to be deposited on copper substrate to act as diffusion 

barrier and also providing wetting surface. Several alternative surface finishes have 

been developed over the years and electroless nickel/immersion gold (ENIG) surface 

finish is the popular choice in electronic packaging. Compared to other finishes, 

intermetallic compound (IMC) growth between Ni and Sn is slower because of lower 

dissolution rate of Ni in Sn. ENIG has several advantages as its provides a uniform 

flat surface finish, an excellent solder attachment process control and high 
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performance (Yoon & Jung, 2008). However, with significant volatility in precious 

metal pricing and the constant demand for better products at cheaper prices, 

manufacturer are being driven to search for ways to reduce cost whilst not sacrificing 

quality. 

 Other than that, ENIG surface finish has encountered serious reliability 

problems which are “black pad” issues and Kirkendall voids. Black pad is a 

phenomenon of poor solder joint interfaces and the term black pad arises from the 

appearance of the affected Ni-P surface when examined under SEM. The black pad 

appearance is reported to be the result of galvanic attack of electroless Ni during 

immersion gold plating process. It was reported that this black-pad cause the solder 

joint failure which is likely caused by the segregation of the phosphorus-rich layer at 

the interface between Ni and solder. Kirkendall voids are caused by unbalanced 

inter-diffusion of Cu and Sn at the interface between substrate and solder. Migration 

of Cu atoms leaves spaces which not filled by Sn atoms due to dissimilar diffusion 

rates. These spaces then coalesce and form microvoids, which it was revealed, may 

affect the reliability of solder joints particularly under shock loading condition 

(Wang, Tsai & Lai, 2012; Long & Toscano, 2013). 

 Solder joints reliability in electronic devices are one of the key components 

of the assemblies where reliability concern increases at elevated temperature of 

operations due to the growth of intermetallic compound (IMC) in the joints, and also 

the accelerated degradation of the solder alloys (Amalu & Ekere, 2012). Another 

significant aspect of solder joint processing is a decent understanding of the solder – 

substrate intermetallic reaction. The intermetallic layer, which is created from this 

reaction, is essential in order to accomplish good and reliable solder joints. 

Nevertheless, extreme growth of this intermetallic layer may cause the degradation 

of solder joint reliability. The formation and growth of intermetallic during solder-

board surface finish interaction is influenced by the addition of alloying elements 

such as bismuth, copper and silver in lead-free solder. It is believed that the addition 

of the alloying elements results in retardation of IMC growth and subsequently 

prevents the embrittlement of IMC (Chang, Yang, Tu, & Kao, 2007). 
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1.2 Problem Statement 

The lead-containing solders are widely used in the electronics industry due to their 

good wettability, low cost, and satisfactory mechanical properties for lifetime 

performance (Amin et al., 2014). However, legislation prohibiting the use of lead 

solders has put a tremendous pressure to researchers, as well as electronic 

manufacturers to find alternative solders. Several lead-free solder alloys appear to 

have the potential for replacing lead-containing solders including Sn-rich solders, 

such Sn-Ag or Sn-Ag-Cu for high temperature soldering, and Sn-Ag-Bi or Sn-Ag-

Cu-Bi for low temperature soldering (Tulman & Charlotte, 1989; Mahdavifard et al., 

2015). 

Nowadays, there are many surface finishes applied on printed circuit board 

(PCB) in the electronics industry. Electroless Nickel/Immersion Gold (ENIG) finish 

is a surface finish that offers great characteristics for printed circuit board (PCB) and 

made ENIG to become popular (Yoon & Jung, 2008). Nevertheless, ENIG is a 

costlier finish because gold is very expensive. Thus, this study tries to propose an 

alternative surface finish on printed circuit board by using Electroless 

Nickel/Immersion Silver (ENIMAG), and hopefully it can offer a better property and 

lower price than ENIG.  

Exaggerated growth of IMC in the solders will give long-term effect to the 

reliability of the solder. Thus, the counteractive action of these phenomena becomes 

a difficult task and needs to be considered. A few researchers disclosed that a small 

amount of alloying element such as Bi, In, Sb, and Zn can improve thermal 

resistance, solder strength or fatigue life because of its solid solution strengthening 

effect (Kariya & Otsuka, 1998; Wade et al., 2001; Li et al., 2006). Furthermore, 

since doping element can help to increase the mechanical properties, it is also a 

probable way to avoid the exaggerated growth of IMC layer (Li et al., 2006; Chang 

et al., 2007; Siti Rabiatul Aisha et al., 2016). 
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1.3 Objectives of Study 

The objectives of this research are: 

a) To assess ENIMAG surface finish via nano-indentation test and 

examine the effect of alloying elements in lead-free solders on 

intermetallic compound formed during reflow soldering and 

isothermal aging on ENIMAG substrate. 

b) To measure a material ability in conducting an electric current via an 

electric conductivity test 

1.4 Scope of the Study 

This study is conducted by referring to the following scope and limitations: 

a) Deposition of ENIMAG surface finish on copper substrates uses an 

electroless and immersion plating process. ENIMAG surface finish is 

accessed by indentation test in order to determine the reliability of the 

coating layer. 

b) Formation of solder joints between lead-free solder alloys: Sn-2.5Ag 

(SA25), Sn-2.5Ag-0.5Cu-1.0Bi (SACB25051), Sn-2.0Ag-0.7Cu-

3.0Bi (SACB20073) and Sn-3.4Ag-4.8Bi (SAB3448) with solder ball 

size of Ø500µm.  

c) The conductivity test was conducted in order to ensure a good electric 

conductivity between ENIMAG surface finish and the solders. 

d) Conducting isothermal aging at 150C for different aging duration 

(250, 500, 1000 and 2000 hours). 

e) Characterization of IMC formed during reflow and isothermal aging 

using OM, FESEM and EDX. 
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1.5 Sustainability Element 

This study is implemented using lead-free solder rather than leaded solder in order to 

avoid the toxic production of lead and meet the requirements of environmental and 

health concerns.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Electronic Packaging 

 

The protection for electronic equipment from surrounding and the surrounding from 

electronic equipment is the best description for electronic packaging. Packaging is 

important on the science of building up interconnections, and a good operating 

environment for predominantly electrical circuits. It equip the chips with physical 

support and environmental protection, removes the heat caused by the circuits and 

supplies the chips with wires to circulate signals and energy (Frear, 2017). 

The package has physically experienced numerous changes reacting to the 

requirements of the integrated circuit (IC), the final product, and surely cost 

deliberations. In a perfect world, the guidance have consistently been to give a 

package that completely assist the IC, reacts to mechanical, electrical and heat 

specification, and then avoids it if viable, and has the package of limit chip 

performance. The production of packaging is made as little as possible, which is 

economic and does not serve as a significant percentage of the actual cost (Roberts & 

Hill, 2007). 

Electronics packaging was built with a series of electronic packages. For 

example, a series of integrated circuits, each in its own electronic package, is 

soldered onto a circuit board with other devices, such as transistors and capacitors, 

each of which is also in its own electronic package. Electronic package was also 

including the circuit board, as it supplies a place and procedure to affix the integrated 

circuits, transistor and capacitors. Besides, it gives a firm design that will be easily 

connected to a framework. The framework is another type of electronic package. It 
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supplies the design wanted to bring the circuit boards to a bigger assembly. The 

bigger assembly is then located into a sheet metal case (Kwak, 2007). 

2.1.1 Level of Packaging 

Electronic systems are compose of few levels of packaging, with each level having 

its own devices to interconnect, technologies of interconnection, procedures of heat 

removal and protection mechanisms. With technologies grows continuously, there is 

not one special method of classifying the packaging levels. Generally, there are five 

layers or stages in electronic packaging that join the integrated circuit (IC) and other 

components (Figure 2.1). The levels are level 0, level 1, level 2, level 3, and level 4 

(Lopez-Buedo & J. Boemo, 2002; Jacques, 2017). Detailed descriptions of the levels 

of interconnection have been summarized in Table 2.1. 

 

 

Figure 2.1: Bottom-up packaging and interconnection levels of a generic electronic 

system (Lopez-Buedo & J. Boemo, 2002) 
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Table 2.1: Levels of interconnection for general electronic system 

LEVEL DESCRIPTION 

Level 0 This level implies interconnecting different electronic component 

such as diodes, resistors and capacitors on the same chip with no 

packaging. This microelectronic circuit is called a `bare die' or `bare 

chip.' 

Level 1 Pertains to all processes (mounting, bonding and encapsulating) 

implied in packaging a bare die to produce an integrated circuit 

(IC).Wiring the die to a package usually implies one of the 

interconnection procedure studied in section. 

Level 2 Regarding to all the technologies employed in interconnecting a 

number of such integrated circuits on a printed circuit board (PCB). 

Level 3 Regarding to the interconnection of the boards into a cabinet system 

Level 4 Regarding to the cabling interconnections and housing of the final 

system. A typical microelectronic package is designed to provide the 

following functions: 

a) Connections for signal lines leading onto and off the silicon 

chip. 

b) Connections for power lines that powers the circuits on the 

chip. 

c) Connections of signal lines between the system components 

and interconnections for input/output terminals. 

d) Removal of the heat generated by the circuits. 

e) Support and protection of the bare chip. 

Level 5 Connections between physically separate systems, using for example 

an Ethernet LAN 
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2.2 Surface Finish 

A surface finish can be described as a coating, either metallic or organic in nature, 

which is plated to a printed circuit board (PCB) so as to guarantee solderability of the 

metal underplate. It is solderability preservative, as the outermost layer mix into the 

solder paste during soldering process. The surface finish of the PCB, serve as the 

final step in fabrication before component attachment and the interface between the 

outer board circuitry and the bonding medium. The use of lead-free solders needs 

higher soldering temperatures and spots that rise the requirements on the surface 

finish in order to withstand multiple reflow cycles (Vianco, 1999). 

The surface finishes of printed circuit board (PCB) produce a critical 

interface between the bare copper and electronic component. Figure 2.2 shows the 

cross-sectional view of surface finish and bare copper. This surface finish has three 

primary functions. First, it acts as a protection for underlying copper from oxidation. 

Secondly, it functions as a diffusion barrier to avoid exaggerates IMC formation 

between the solder and the substrates. Lastly, surface finish is used to provide and 

improve solderability and wettability of the surface (Amagai, 2002). 

 

Figure 2.2: Surface finish deposition (Amagai, 2002) 

 

 

 

 

Gold (0.05-.025µ) 
Nickel (1-8µ) 

Copper 
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2.2.1 Coating Thickness 

The thickness of the surface finish and coating layers must be firmly controlled. The 

most decisive thing to be controlled for the solderable layer is managing the definite 

minimum layer thickness. Generally, the molten solder begins to dissolve the 

solderable finish on substrate. Thin layer is preferable for the recommended time 

interval of the molten solder contacts, and it will be fully dissolved during the 

soldering process, accordingly uncovering the molten solder to the fundamental base 

material surface. Due to the reason of the solderable layer to accommodate an 

unsolderable base material surface, there is no reason to accept that the base material 

surface has been made solderable, either intentionally or by means of the plating 

process. In fact, it should always be assumed that the fundamental base material 

surface is not solderable. When the molten solder meets the unsolderable base 

material surface, the molten solder de-wets from the surfaces (Nable, 2015; Vianco, 

1999). 

When specifying the thickness of the solderable layer, it is important to also 

consider subsequent soldering steps (repair and rework tasks) that will cause 

additional solderable layer dissolution. Finally, a limited amount of consumption of 

the solderable layer also occurs by solid-state intermetallic compound layer growth 

between the layer and the solder. Full transformation of the solderable finish into an 

intermetallic compound jeopardizes the integrity of the joint, as there is no assurance 

that the intermetallic compound layer adheres to the base metal surface. Surface 

finishes generally have their own common thickness. It is important to ensure the 

surface finishes provide enough solderability of the surface (Lamprecht, 2005; 

Nable, 2015; Vianco, 1999). The common thicknesses of surface finishes are shown 

in Table 2.2. 
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Table 2.2: Common thickness of surface finishes (Nable, 2015) 

Surface finish Thickness, µm 

HASL 0.65-60/(25-2000) 

ENIg 2.5-5/(100-200)Ni and 0.05-0.23/(2-9)Au 

ImAg 0.15-0.45/(6-8)Ag 

ImSn 0.6-1.6/(25-60)Sn 

OSP 0.2-0./6(8-24) 

ENEPIG 25/100-200)Ni, 0.2-0.6/(8-24)Pd and 0.2-0.05(1-2)Au 

 

It is important to ensure that dissolution of solderable finish could weaken the 

properties of the molten and solidified solder. Nonetheless, such situations are hardly 

found, this is due to the purpose that traditional solderable finishes (e.g. Ni, Pd, and 

Fe) have approximately low dissolution rates in molten solder (Bewlay & Gigliotti, 

1997; Zhu, 2014; Adawiyah et al., 2016). Figure 2.3 shows the dissolution rates of 

several metals in tin. 

  

Figure 2.3: Dissolution rates of a few typical base metals in tin (Zhu, 2014) 

Exaggerate thick solderable layer have two major defects. Firstly, defect on 

the technically based. All coating layer are plated with certain levels of residual 

stress and contamination, the latter increasing from bath components. The extent of 

every one of these variables increments as the layer thickens. Excessively thick 

layers have higher residual stresses that can be a cause of delamination by the layer 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



89 
 

REFERENCES 

 

Adawiyah, M. A. R., Azlina, O. S., Fadil, N. A., Aisha, S. R., & Hanim, M. . A. 

(2016). Electroless and Immersion Plating Process towards Structures and IMC 

Formation. International Journal of Engineering and Technology, 8(6), 2558–

2570. https://doi.org/10.21817/ijet/2016/v8i6/160806210 

Albrecht, H.-J., Hannach, T., Hase, A., Juritza, A., Muller, K., & Muller, W. H. 

(2005). Can nanoindentation help to determine the local mechanical properties 

of microelectronic materials? a state-of-the-art review. 462–467. 

https://doi.org/10.1109/eptc.2004.1396652 

Amagai, M. (2002). Mechanical reliability in electronic packaging. Microelectronics 

Reliability, 42(4–5), 607–627. https://doi.org/10.1016/S0026-2714(02)00037-9 

Amalu, E. H., & Ekere, N. N. (2012). Damage of lead-free solder joints in flip chip 

assemblies subjected to high-temperature thermal cycling. Computational 

Materials Science, 65, 470–484. 

https://doi.org/10.1016/j.commatsci.2012.08.005 

Amin, N. A. A. M., Shnawah, D. A., Said, S. M., Sabri, M. F. M., & Arof, H. (2014). 

Effect of Ag content and the minor alloying element Fe on the electrical 

resistivity of Sn-Ag-Cu solder alloy. Journal of Alloys and Compounds, 599, 

114–120. https://doi.org/10.1016/j.jallcom.2014.02.100 

An, T., & Qin, F. (2014). Effects of the intermetallic compound microstructure on 

the tensile behavior of Sn3.0Ag0.5Cu/Cu solder joint under various strain rates. 

Microelectronics Reliability, 54(5), 932–938. 

https://doi.org/10.1016/j.microrel.2014.01.008 

Azlina, O. S., Ourdjini, A., Amrin, A., & Siti Rabiatull Aisha, I. (2013). Effect of 

Solder Volume on Interfacial Reaction between SAC405 Solders and 

EN(B)EPIG Surface Finish. Advanced Materials Research, 845, 76–80. 

https://doi.org/10.4028/www.scientific.net/AMR.845.76 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



90 
 

Bae, K. S., & Kim, S. J. (2001). Interdiffusion analysis of the soldering reactions in 

Sn-3.5Ag/Cu couples. Journal of Electronic Materials, 30(11), 1452–1457. 

https://doi.org/10.1007/s11664-001-0201-1 

Basu, S. N., Kulkarni, T., Wang, H. Z., & Sarin, V. K. (2008). Functionally graded 

chemical vapor deposited mullite environmental barrier coatings for Si-based 

ceramics. Journal of the European Ceramic Society, 28(2), 437–445. 

https://doi.org/10.1016/j.jeurceramsoc.2007.03.007 

Bath, J. (2007). Lead-Free Soldering. 

Beake, B. D., & Fox-Rabinovich, G. S. (2014). Progress in high temperature 

nanomechanical testing of coatings for optimising their performance in high 

speed machining. Surface and Coatings Technology, 255, 102–111. 

https://doi.org/10.1016/j.surfcoat.2014.02.062 

Bernasko, P. K., & Mallik, S. (2015). Effect of intermetallic compound layer 

thickness on the shear strength of 1206 chip. https://doi.org/10.1108/SSMT-07-

2013-0019 

Bewlay, B. P., & Gigliotti, M. F. X. (1997). Dissolution rate measurements of TiN in 

Ti-6242. Acta Materialia, 45(1), 357–370. https://doi.org/10.1016/S1359-

6454(96)00098-5 

Bobzin, K., Brögelmann, T., Kruppe, N. C., Arghavani, M., Mayer, J., & Weirich, T. 

E. (2016). On the plastic deformation of chromium-based nitride hard coatings 

deposited by hybrid dcMS/HPPMS: A fundamental study using nanoscratch 

test. Surface and Coatings Technology, 308, 298–306. 

https://doi.org/10.1016/j.surfcoat.2016.05.093 

Boggs, D. W. (1995). Introducing The OSP Process as an Alternative to Hasl by 

ANTI-TARNISH. (figure 1), 1–9. 

Botero, C. A., Jimenez-Piqué, E., Martín, R., Kulkarni, T., Sarin, V. K., & Llanes, L. 

(2014). Nanoindentation and nanoscratch properties of mullite-based 

environmental barrier coatings: Influence of chemical composition - Al/Si ratio. 

Surface and Coatings Technology, 239, 49–57. 

https://doi.org/10.1016/j.surfcoat.2013.11.016 

Casali, D. R., & Kruzic, J. J. (2017). Surface Finish Effects on Fracture Behavior of 

Sn–4Ag–0.5Cu Solder Joints. 

 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



91 
 

Chai, T. C., Quek, S., Hnin, W. Y., Wong, E. H., Chia, J., Wang, Y. Y., … Lim, C. 

T. (2005). Board level drop test reliability of IC packages. 630–636. 

https://doi.org/10.1109/ectc.2005.1441335 

Chang, C. W., Yang, S. C., Tu, C. Te, & Kao, C. R. (2007). Cross-interaction 

between Ni and Cu across Sn layers with different thickness. Journal of 

Electronic Materials, 36(11), 1455–1461. https://doi.org/10.1007/s11664-007-

0235-0 

Chateauminois, A., Vincent, L., Chabert, B., & Soulier, J. P. (1994). Study of the 

interfacial degradation of a glass-epoxy composite during hygrothermal ageing 

using water diffusion measurements and dynamic mechanical thermal analysis. 

Polymer, 35(22), 4766–4774. https://doi.org/10.1016/0032-3861(94)90730-7 

Chen, B. L., & Li, G. Y. (2005). An Investigation of Effects of Sb on the Intermetallic 

Formation in Sn – 3 . 5Ag – 0 . 7Cu Solder Joints. 28(3), 534–541. 

Chen, G., Wu, F., Liu, C., Silberschmidt, V. V., & Chan, Y. C. (2016). 

Microstructures and properties of new Sn-Ag-Cu lead-free solder reinforced 

with Ni-coated graphene nanosheets. Journal of Alloys and Compounds, 656, 

500–509. https://doi.org/10.1016/j.jallcom.2015.09.178 

Chen, S., Wang, C., Lin, S., & Chiu, C. (2007). Phase Diagrams of Pb-Free Solders 

and Their Related Materials Systems Phase Diagrams of Pb-Free Solders and 

their Related Materials Systems. (January 2015). https://doi.org/10.1007/978-0-

387-48433-4 

Chen, Y. H., Wang, Y. Y., & Wan, C. C. (2007). Microstructural characteristics of 

immersion tin coatings on copper circuitries in circuit boards. Surface and 

Coatings Technology, 202(3), 417–424. 

https://doi.org/10.1016/j.surfcoat.2007.06.004 

Choi, W. O. N. K., & Lee, H. M. O. (2000). Effect of Soldering and Aging Time on 

Interfacial Microstructure and Growth of lntermetallic Compounds between Sn-

3 . 5Ag Solder Alloy and Cu Substrate. 1207–1213. 

Choubey, A., Yu, H., Osterman, M., Pecht, M., Yun, F., Yonghong, L., & Ming, X. 

(2008). Intermetallics characterization of lead-free solder joints under 

isothermal aging. Journal of Electronic Materials, 37(8), 1130–1138. 

https://doi.org/10.1007/s11664-008-0466-8 

Chung, C. K., & Tai, S. F. (2006). EVOLUTION OF A&Sn DURING REFLOW 

SOLDERING. 116–120. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



92 
 

Ciocci, R., & Pecht, M. (2006). Learning from the migration to lead-free solder. 

Soldering and Surface Mount Technology, 18(3), 14–18. 

https://doi.org/10.1108/09540910610685394 

Ciocci, R., State, P., Pecht, M., & Epsc, G. C. (2006). Chapter 1 Lead-free 

Electronics : Overview. 1–44. 

Clyde F. Coombs, J. (2008). Soldering techniques. Printed Circuits Handbook, 1–15. 

Cullen, D. P., & O’Brien, G. (2004). Implementation of immersion silver PCB 

surface finish in compliance with Underwriters Laboratories. Prooceedings of 

the IPC Printed Circuits Expo, (October 2001), 1–10. Retrieved from 

http://www.weltweite-

sicherheit.de/global/documents/offerings/industries/wireandcable/printedwiring

boards/papers/ImmersionSilver_Cullen.pdf 

Dele-Afolabi, T. T., Azmah Hanim, M. A., Norkhairunnisa, M., Yusoff, H. M., & 

Suraya, M. T. (2015). Investigating the effect of isothermal aging on the 

morphology and shear strength of Sn-5Sb solder reinforced with carbon 

nanotubes. Journal of Alloys and Compounds, 649, 368–374. 

https://doi.org/10.1016/j.jallcom.2015.07.036 

DRÁPALA, J., PETLÁK, D., Jitka MALCHARCZIKOVÁ, V. V., KONEČNÁ, K., 

SMETANA, B., ZLÁ, S., … SIDOROV, V. E. (2012). New types of lead-free 

solders and their properties. (April 2015). 

Ezaham, N. A., Razak, N. R. A., & Salleh, M. A. A. M. (2018). Influence of bismuth 

on the solidification of tin copper lead-free solder alloy. AIP Conference 

Proceedings, 2045(December). https://doi.org/10.1063/1.5080917 

Faizal, M., & Azlina, S. (2017). Intermetallic Compound Formation On Lead-Free 

Solders By Using Microwave Energy. 060008(2016), 1–7. 

https://doi.org/10.1063/1.4965116 

Frear, D. (2017). Springer Handbook of Electronic and Photonic Materials. 1311–

1328. https://doi.org/10.1007/978-3-319-48933-9 

Glazer, J. (2014). Metallurgy of low temperature Pb-free solders for electronic 

assembly. International Materials Reviews, 40(2), 65–93. 

https://doi.org/10.1179/imr.1995.40.2.65 

Goodell, S. (1997). Chapter 30 Hot Air Leveling. Printed Circuit Board Materials 

Handbook, (Imc). 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



93 
 

Gouda, E., Mahasi, A., Hadadi, K., & Faqeeh, A. (2014). Study the Structure and 

Electrical Properties of Sn-9Zn-1Ag Solder. 2(2), 123–128. 

Gu, L., Qu, L., Ma, H., Luo, Z., & Wang, L. (2011). Effects of Soldering 

Temperature and Cooling Rate on the as-Soldered Microstructures of 

Intermetallic Compounds in Sn-Ag / Cu Joint. 1, 342–345. 

Guerrero, J. C., Camacho, D. H., Mokhtari, O., & Nishikawa, H. (2018). Corrosion 

and Leaching Behaviours of Sn-0.7Cu-0.05Ni Lead-Free Solder in 3.5 wt.% 

NaCl Solution. 2018. 

Guo-yuan, L., & Xun-qing, S. (2006). Effects of bismuth on growth of intermetallic 

compounds in Sn-Ag-Cu Pb-free solder joints. 1–5. 

Guofeng, X., Fei, Q., Tong, A., & Wei, L. (2011). Diffusion-induced Stresses in the 

Intermetallic Compound Layer of Solder Joints. 514–518. 

Handwerker, C., & Lafayette, W. (2006). Chapter 2 : Fundamental Properties of Pb-

Free. 

Hanim, M. A. A., & Azlina, O. S. (2013). Effect of Reflow Profile on Intermetallic 

Compound Formation Effect of reflow soldering profile on intermetallic 

compound formation I . Siti Rabiatull Aisha *, A . Ourdjini ,. (June). 

https://doi.org/10.1088/1757-899X/46/1/012037 

Hare, E. (2013). Intermetallics in Solder Joints. 

Harper, C. A. (1970). Handbook Of Components For Electronics. 

Henninger, T. (2006). Solutions without Boundaries PCB Surface Finishes. 

Herbsommer, J., Teutsch, T., & Strandjord, A. (2012). The electrochemical effects of 

immersion au on electroless nickel and its consequences on the hermetic 

reliability of a semiconductor device. IEEE Transactions on Device and 

Materials Reliability, 12(2), 317–322. 

https://doi.org/10.1109/TDMR.2011.2181948 

Ho, C. E., Hsieh, W. Z., Liu, C. S., & Yang, C. H. (2014). Theoretical and 

experimental determination of Cu diffusivity in eutectic Sn – Ag system at 235 – 

280 ° C. 1–7. https://doi.org/10.1016/j.tsf.2014.08.032 

Hsu, Y., Huang, Y., Chen, C., & Wang, H. (2006). and SnAg3 . 0Cu0 . 5Sb0 . 2 

solder bumps on Au / Ni ( P ) metallization. 417, 180–186. 

https://doi.org/10.1016/j.jallcom.2005.06.087 

 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



94 
 

Hu, X., Li, Y., Liu, Y., & Min, Z. (2014). Developments of high strength Bi-

containing Sn0.7Cu lead-free solder alloys prepared by directional 

solidification. Journal Of Alloys And Compounds. 

https://doi.org/10.1016/j.jallcom.2014.10.205 

Hu, Y., Cao, F., Li, F., Ni, G., & Cui, X. (2011). Research Progress On Lead-Free 

Solders. 29, 150–155. 

Huang, M. L., & Yang, F. (2014). Size effect model on kinetics of interfacial reaction 

between Sn-xAg-yCu solders and Cu substrate. 1–9. 

https://doi.org/10.1038/srep07117 

Huang, T. S., Tseng, H. W., Lu, C. T., Hsiao, Y. H., & Chuang, Y. C. (2010). 

Growth Mechanism of a Ternary ( Cu , Ni ) 6 Sn 5 Compound at the Sn ( Cu )/ 

Ni ( P ) Interface. 39(11), 2382–2386. https://doi.org/10.1007/s11664-010-

1339-5 

Huang, Y., Bai, X., Zhou, M., Liao, S., Yu, Z., Wang, Y., & Wu, H. (2016). Large-

Scale Spinning of Silver Nanofibers as Flexible and Reliable Conductors. Nano 

Letters, 16(9), 5846–5851. https://doi.org/10.1021/acs.nanolett.6b02654 

Hwang, J. S. (2004). Packaging and Assembly. 1–110. 

Jacques, S. (2017). The Importance of Interconnection Technologies’ Reliability of 

Power Electronic Packages. System Reliability. 

https://doi.org/10.5772/intechopen.69611 

Jirout, M., & Musil, J. (2006). Effect of addition of Cu into ZrOx film on its 

properties. Surface and Coatings Technology, 200(24), 6792–6800. 

https://doi.org/10.1016/j.surfcoat.2005.10.022 

Johal, K., Lamprecht, S., & Gmbh, A. D. (2018). Study of the mechanism responsible 

for “ Black pad ” defect on PWB ’ s using electroless nickel / immersion gold as 

final finish . (January), 1–11. 

Johal, K., & Roberts, H. (2004). Electroless Nickel / Electroless Palladium / 

Immersion Gold Process For Multi-Purpose Assembly Technology. 2004 SMTA 

Pan Pacific Symposium. 

Kamal, M., Mazen, S., El-Bediwi, A. B., & Kashita, E. (2006). Microstructure, 

electrical, mechanical and thermal properties of melt-spun bismuth-tin eutectic 

alloy. Radiation Effects and Defects in Solids, 161(2), 143–148. 

https://doi.org/10.1080/10420150500493709 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



95 
 

Kamal, M., Meikhail, M. S., El-Bediwi, A. B., & Gouda, E. S. (2005). Structure, 

electrical, mechanical and wettability of quenched lead-free solder alloys. 

Radiation Effects and Defects in Solids, 160(1–2), 37–44. 

https://doi.org/10.1080/10420150500085745 

Kang, S. K., & Lauro, P. (2015). Microstructure and mechanical properties of lead-

free solders and solder joints used in microelectronic applications. (August 

2005). https://doi.org/10.1147/rd.494.0607 

Kariya, Y., & Otsuka, M. (1998). Mechanical fatigue characteristics of Sn-3.5Ag-X 

(X=Bi, Cu, Zn and In) solder alloys. Journal of Electronic Materials, 27(11), 

1229–1235. https://doi.org/10.1007/s11664-998-0074-7 

Kim, H. K., Liou, H. K., Tu, K. N., Kim, H. K., Liou, H. K., & Tu, K. N. (2001). 

Threedimensional morphology of a very rough interface formed in the soldering 

reaction between eutectic SnPb and Cu Three-dimensional morphology of a 

very rough interface formed in the soldering reaction between eutectic SnPb 

and Cu. 2337(1995), 1–4. https://doi.org/10.1063/1.113975 

Kim, J. M., Woo, S. W., Chang, Y. S., Kim, Y. J., Choi, J. B., & Ji, K. Y. (2009). 

Impact reliability estimation of lead free solder joint with IMC layer. Thin Solid 

Films, 517(14), 4255–4259. https://doi.org/10.1016/j.tsf.2009.02.039 

Kim, K.-H. (2016). Mechanical Properties and Reliability of Lead-free Solder Joints 

With Various Surface Finishes. 

Kim, K. S., Huh, S. H., & Suganuma, K. (2002). Effects of cooling speed on 

microstructure and tensile properties of Sn-Ag-Cu alloys. Materials Science and 

Engineering A, 333(1–2), 106–114. https://doi.org/10.1016/S0921-

5093(01)01828-7 

Kim, K. S., Huh, S. H., & Suganuma, K. (2003). E ffects of intermetallic compounds 

on properties of Sn–Ag–Cu lead-free soldered joints. 352, 226–236. 

https://doi.org/10.1016/S0925-8388(02)01166-0 

Koumoulos, E. P., Charitidis, C. A., Papageorgiou, D. P., Papathanasiou, A. G., & 

Boudouvis, A. G. (2012). Nanomechanical and nanotribological properties of 

hydrophobic fluorocarbon dielectric coating on tetraethoxysilane for 

electrowetting applications. Surface and Coatings Technology, 206(19–20), 

3823–3831. https://doi.org/10.1016/j.surfcoat.2012.01.034 

 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



96 
 

Kulkarni, T., Wang, H. Z., Basu, S. N., & Sarin, V. K. (2011). Protective Al-rich 

mullite coatings on Si- based ceramics against hot corrosion at 1200°C. Surface 

and Coatings Technology, 205(10), 3313–3318. 

https://doi.org/10.1016/j.surfcoat.2010.11.055 

Kwak, H. (2007). Technical Report : Cvel-07-001 An Overview Of Advanced 

Electronic Packaging Technology Hocheol Kwak and Dr . Todd Hubing. 

Packaging Technology, (March). 

Lamprecht, S. (2005). An investigation of the recommended immersion tin thickness 

for lead-free soldering. Circuit World, 31(2), 15–21. 

https://doi.org/10.1108/03056120510571806 

Lamprecht, S., Heinz, G., Patton, N., Kenny, S., & Brooks, P. (2008). “Green” PCB 

production processes. Circuit World, 34(1), 13–24. 

https://doi.org/10.1108/03056120810848752 

Lamprecht, S., Lee, K., Kao, B., & Heinz, G. (2006). Wetting Behavior of Pb-free 

Solder on Immersion Tin Surface Finishes in Different Reflow Atmospheres. 1–

10. 

Laurila, T., Hurtig, J., Vuorinen, V., & Kivilahti, J. K. (2009). Effect of Ag, Fe, Au 

and Ni on the growth kinetics of Sn-Cu intermetallic compound layers. 

Microelectronics Reliability, 49(3), 242–247. 

https://doi.org/10.1016/j.microrel.2008.08.007 

Laurila, T., Vuorinen, V., & Kivilahti, J. K. (2005). Interfacial reactions between 

lead-free solders and common base materials. Materials Science and 

Engineering R: Reports, 49(1–2), 1–60. 

https://doi.org/10.1016/j.mser.2005.03.001 

Laurila, T., Vuorinen, V., & Paulasto-Kröckel, M. (2010). Impurity and alloying 

effects on interfacial reaction layers in Pb-free soldering. Materials Science and 

Engineering R: Reports, 68(1–2), 1–38. 

https://doi.org/10.1016/j.mser.2009.12.001 

Lee, B. B. (2003). Implementing a Simple Corrosion Test Method to Detect “ Black 

Pad ” Phenomenon in Electroless Nickel / Immersion Gold Plating 

Experimental Set-Up Results. 

 

 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



97 
 

Lee, J., Cho, C. S., & Morris, J. E. (2009). Electrical and reliability properties of 

isotropic conductive adhesives on immersion silver printed-circuit boards. 

Microsystem Technologies, 15(1 SPEC. ISS.), 145–149. 

https://doi.org/10.1007/s00542-008-0678-0 

Lee, L. M., & Mohamad, A. A. (2013). Interfacial Reaction of Sn-Ag-Cu Lead-Free 

Solder Alloy on Cu : A Review. 2013. 

Lee, T. Y., Choi, W. J., Tu, K. N., Jang, J. W., Kuo, S. M., Lin, J. K., … Kivilahti, J. 

K. (2002). Morphology, kinetics, and thermodynamics of solid-state aging of 

eutectic SnPb and Pb-free solders (Sn-3.5Ag, Sn-3.8Ag-0.7Cu and Sn-0.7Cu) 

on Cu. Journal of Materials Research, 17(2), 291–301. 

https://doi.org/10.1557/JMR.2002.0042 

Li, D., Liu, C., & Conway, P. P. (2005). Interfacial Reactions between Pb-free 

Solders and Metallised Substrate Surfaces. 2–7. 

Li, G. Y., Chen, B. L., Shi, X. Q., Wong, S. C. K., & Wang, Z. F. (2006). Effects of 

Sb addition on tensile strength of Sn-3.5Ag-0.7Cu solder alloy and joint. Thin 

Solid Films, 504(1–2), 421–425. https://doi.org/10.1016/j.tsf.2005.09.060 

Li, G. Y., Chen, B. L., & Tey, J. N. (2004). Reaction of Sn-3 . 5Ag-0 . 7Cu-xSb 

Solder With Cu. 27(1), 77–85. 

Long, E., & Toscano, L. (2013). Electroless nickel/immersion silver - A new surface 

finish PCB applications. Metal Finishing, 111(1), 12–19. 

https://doi.org/10.1016/S0026-0576(13)70171-5 

Lopez-Buedo, S., & J. Boemo, E. (2002). Electronic Packaging Technologies. 

Universidad Autonoma de Madrid, 1–4. 

Mahdavifard, M. H., Sabri, M. F. M., Shnawah, D. A., Said, S. M., Badruddin, I. A., 

& Rozali, S. (2015). The effect of iron and bismuth addition on the 

microstructural, mechanical, and thermal properties of Sn-1Ag-0.5Cu solder 

alloy. Microelectronics Reliability, 55(9–10), 1886–1890. 

https://doi.org/10.1016/j.microrel.2015.06.134 

Mallory, G. (1990). The fundamental aspects of electroless nickel plating. The 

Fundamental Aspects of Electroless Nickel Plating, 1–56. 

https://doi.org/10.1007/s004420050568 

 

 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



98 
 

Mehreen, S. U., Nogita, K., McDonald, S., Yasuda, H., & StJohn, D. (2018). 

Suppression of Cu3Sn in the Sn-10Cu peritectic alloy by the addition of Ni. 

Journal of Alloys and Compounds, 766, 1003–1013. 

https://doi.org/10.1016/j.jallcom.2018.06.251 

Milad, B. G., & Orduz, M. (2007). Surface Finishes in a Lead-Free World. 25–28. 

Milad, G. (2008). Surface finishes in a lead-free world. Circuit World, 34(4), 4–7. 

https://doi.org/10.1108/03056120810918051 

Mishra, M. K. (2013). A Study of Intermetallics in Cu-Sn system and Development of 

Sn-Zn Based Lead Free Solders. 

Mishra, P. (2014). Determination And Characterization Of Lead Free Solder Alloys 

Department Of Metallurgical And Materials Engineering Determination And 

Characterization Of Lead Free Solder Alloys. 

Mookam, N., & Kanlayasiri, K. (2011). Effect of soldering condition on formation of 

intermetallic phases developed. Journal of Alloys and Compounds, 509(21), 

6276–6279. https://doi.org/10.1016/j.jallcom.2011.03.049 

Moon, K. W., Boettinger, W. J., Kattner, U. R., Biancaniello, F. S., & Handwerker, 

C. A. (2000). Experimental and thermodynamic assessment of Sn-Ag-Cu solder 

alloys. Journal of Electronic Materials, 29(10), 1122–1136. 

https://doi.org/10.1007/s11664-000-0003-x 

Moosbrugger, C. (2000). ASM Ready Reference: Electrical and Magnetic Properties 

of Metals Data Book. ASM International, Materials Park, Ohio, USA. 

Musil, J., & Jirout, M. (2007). Toughness of hard nanostructured ceramic thin films. 

Surface and Coatings Technology, 201(9-11 SPEC. ISS.), 5148–5152. 

https://doi.org/10.1016/j.surfcoat.2006.07.020 

Nable, J. (2015). PCB Surface Finishes : A General Review. 

Ng, W., & Weng, C. (2017). Evolution of Pb-Free Solders. 

Nurfazlin, A. H. (2009). Study Of Interfacial Reaction During Reflow Soldering Of 

Sn Sn-Ag-Cu Lead-Free Solders On Bare Coppper And Immersion Silver 

Surface Finishes. 

O’Connell, J. (2004). Study and recommendations into using lead free printed circuit 

board finishes at manufacturing in circuit test stage. 

Ohnuma, I., Miyashita, M., Anzai, K., & Liu, X. J. (2000). Phase Equilibria and the 

Related Properties of Sn-Ag-Cu Based Pb-free Solder Alloys. 1137–1144. 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



99 
 

Ourdjini, A., Haniml, M. A. A., Kohl, S. F. J., Aisha, I. S., Tan, K. S., & Chin, Y. T. 

(2006). Effect of Solder Volume on Interfacial Reactions between Eutectic Sn-

Pb and Sn- Ag-Cu Solders and Ni ( P ) -Au Surface Finish. 

Pan, J., Wang, J., & Shaddock, D. M. (2005). Lead-free Solder Joint Reliability – 

State of the Art and Perspectives. Journal of Microelectronics and Electronic 

Packaging, 2(1), 72–83. https://doi.org/10.4071/1551-4897-2.1.72 

Pang, H. L. J., Tan, K. H., Shi, X. Q., & Wang, Z. P. (2001). Microstructure and 

intermetallic growth effects on shear and fatigue strength of solder joints 

subjected to thermal cycling aging. 307, 42–50. 

Pun, K., Islam, M. N., & Ng, T. W. (2014). ENEG and ENEPIG surface finish for 

long term solderability. Proceedings of the Electronic Packaging Technology 

Conference, EPTC, 1–5. https://doi.org/10.1109/ICEPT.2014.6922552 

Qin, F., An, T., & Chen, N. (2016). Strain Rate Effects and Models of Lead-Based 

and Lead-Free Solders. 77(January 2010), 1–11. 

https://doi.org/10.1115/1.3168600 

Ratzker, M., Pearl, A., Osterman, M., Pecht, M., & Milad, G. (2014). Review of 

capabilities of the ENEPIG surface finish. Journal of Electronic Materials, 

43(11), 3885–3897. https://doi.org/10.1007/s11664-014-3322-z 

Reichenecker, W. J. (1980). Electrical Conductivity of the Copper-Tin Intermetallic 

Compound Cu3Sn in the Temperature Range -195°C to +150°C. 308–310. 

Rezaei, S., Arghavani, M., Wulfinghoff, S., Kruppe, N. C., Brögelmann, T., Reese, 

S., & Bobzin, K. (2018). A novel approach for the prediction of deformation 

and fracture in hard coatings: Comparison of numerical modeling and 

nanoindentation tests. Mechanics of Materials, 117(November 2017), 192–201. 

https://doi.org/10.1016/j.mechmat.2017.11.006 

Rizvi, M. J., Chan, Y. C., Bailey, C., Lu, H., & Islam, M. N. (2006). Effect of adding 

1 wt% Bi into the Sn-2.8Ag-0.5Cu solder alloy on the intermetallic formations 

with Cu-substrate during soldering and isothermal aging. Journal of Alloys and 

Compounds, 407(1–2), 208–214. https://doi.org/10.1016/j.jallcom.2005.06.050 

Roberts, H., & Hill, R. (2007). Chapter 9 : Lead-Free Board Surface Finishes. 

Salam, B., Ekere, N. N., & Rajkumar, D. (2001). Study of the Interface 

Microstructure of Sn-Ag-Cu Lead-Free Solders and the Effect of Solder Volume 

on Intermetallic Layer Formation . 00(C), 1–7. 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



100 
 

Schwartz, M. (2014). Soldering—Definition and Differences. 1–10. 

Shangguan, D. (2005). Lead-Free Solder. 

Shangguan, D. D. (2003). Study Of Compatibility For Lead-Free Solder Pcb 

Assembly. 

Shen, L., Lu, P., Wang, S., & Chen, Z. (2013). Creep behaviour of eutectic SnBi 

alloy and its constituent phases using nanoindentation technique. Journal of 

Alloys and Compounds, 574, 98–103. 

https://doi.org/10.1016/j.jallcom.2013.04.057 

Shi, X. Q., Pang, H. L. J., Zhou, W., & Wang, Z. P. (1999). Modified energy-based 

low cycle fatigue model for eutectic solder alloy. Scripta Materialia, 41(3), 

289–296. https://doi.org/10.1016/S1359-6462(99)00164-5 

Shnawah, D. A., Sabri, M. F. M., & Badruddin, I. A. (2012). A review on thermal 

cycling and drop impact reliability of SAC solder joint in portable electronic 

products. Microelectronics Reliability, 52(1), 90–99. 

https://doi.org/10.1016/j.microrel.2011.07.093 

Siewert, T. A., Smith, D. R., Liu, S., & Madeni, J. C. (2001). Database on lead-free 

solders. Proceedings - Electronic Components and Technology Conference, 

1312–1314. https://doi.org/10.1109/ECTC.2001.928000 

Siti Rabiatul Aisha, I., Ourdjini, A., & Saliza Azlina, O. (2016). The Effectiness of 

Bismuth Addition to Retard the Intermetallic Compound Formation. 

International Journal of Chemical, Molecular, Nuclear, Material and 

Metallurgical Engineering, 10(1), 107–111. 

Solders, S.-, Ni, E., Sun, P., Andersson, C., Wei, X., Cheng, Z., … Liu, J. (2006). 

High Temperature Aging Study of Intermetallic Compound Formation of Sn-3 . 

5Ag. 1468–1475. 

Suganuma, K. (2005). Lead-Free Soldering In Electronics. 

Sweatman, K. (2009). Hot Air Solder Leveling in the Lead-free Era. Proceedings of 

the IPC APEX EXPO, 10–18. 

https://doi.org/http://dx.doi.org/10.1016/j.solmat.2006.11.020 

Tao, Q. B., Benabou, L., Nguyen Van, T. A., & Nguyen-Xuan, H. (2019). Isothermal 

aging and shear creep behavior of a novel lead-free solder joint with small 

additions of Bi, Sb and Ni. Journal of Alloys and Compounds, 183–192. 

https://doi.org/10.1016/j.jallcom.2019.02.316 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



101 
 

Tian, Y., Hang, C., Wang, C., Yang, S., & Lin, P. (2011). Effects of bump size on 

deformation and fracture behavior of Sn3.0Ag0.5Cu/Cu solder joints during 

shear testing. Materials Science and Engineering A, 529(1), 468–478. 

https://doi.org/10.1016/j.msea.2011.09.063 

Tong, K. H., Ku, M. T., Hsu, K. L., Tang, Q., Chan, C. Y., & Yee, K. W. (2013). 

The evolution of organic solderability preservative (OSP) process in PCB 

application. Proceedings of Technical Papers - International Microsystems, 

Packaging, Assembly, and Circuits Technology Conference, IMPACT, 43–46. 

https://doi.org/10.1109/IMPACT.2013.6706620 

Toscano, Lenora, E. L. L. T. (2005). A New Surface Finish For The Electronics 

Industry. 372–378. 

Tsao, L. C. (2011). Evolution of nano-Ag3Sn particle formation on Cu-Sn 

intermetallic compounds of Sn3.5Ag0.5Cu composite solder/Cu during 

soldering. Journal of Alloys and Compounds, 509(5), 2326–2333. 

https://doi.org/10.1016/j.jallcom.2010.11.010 

Tseng, C., Jill, C., & Duh, J. (2013). Materials Science & Engineering A Roles of Cu 

in Pb-free solders jointed with electroless Ni ( P ) plating. Materials Science & 

Engineering A, 574, 60–67. https://doi.org/10.1016/j.msea.2013.03.015 

Tulman, S., & Charlotte, N. C. (1989). Tn Base Lead-Free Solder Composition 

Containing Bismuth, Silver And Antimony. U.S. Patent Documents, (19), 3–6. 

Vianco, P. T. (1999). An overview of surface finishes and their role in printed circuit 

board solderability and solder joint performance. Circuit World, 25(1), 6–24. 

https://doi.org/10.1108/03056129910244518 

Wade, N., Wu, K., Kunii, J., Yamada, S., & Miyahara, K. (2001). Effects of Cu, Ag 

and Sb on the creep-rupture strength of lead-free solder alloys. Journal of 

Electronic Materials, 30(9), 1228–1231. https://doi.org/10.1007/s11664-001-

0154-4 

Wang, T. H., Tsai, C. H., & Lai, Y. S. (2012). Effect of the combination of surface 

finishes and solder balls on JEDEC drop reliability of chip-scale packages. 

Microelectronic Engineering, 98, 1–5. 

https://doi.org/10.1016/j.mee.2012.05.001 

Wang, W., Choubey, A., Azarian, M. H., & Pecht, M. (2009). An assessment of 

immersion silver surface finish for lead-free electronics. Journal of Electronic 

Materials, 38(6), 815–827. https://doi.org/10.1007/s11664-009-0761-z 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



102 
 

Wang, X. J., Zeng, Q. L., Zhu, Q. S., Wang, Z. G., & Shang, J. K. (2010). Effects of 

Current Stressing on Shear Properties of Sn-3.8Ag-0.7Cu Solder Joints. Journal 

of Materials Science and Technology, 26(8), 737–742. 

https://doi.org/10.1016/S1005-0302(10)60116-8 

Wright, A. (2015). Printed Circuit Board Surface Finishes - Advantages and 

Disadvantages. Epec Engineered Tecnologies, 1–15. 

Xiong, M. yue, & Zhang, L. (2019). Interface reaction and intermetallic compound 

growth behavior of Sn-Ag-Cu lead-free solder joints on different substrates in 

electronic packaging. Journal of Materials Science, 54(2), 1741–1768. 

https://doi.org/10.1007/s10853-018-2907-y 

Xu, L., & Pang, J. H. L. (2006). Nanoindentation on SnAgCu lead-free solder joints 

and analysis. Journal of Electronic Materials, 35(12), 2107–2115. 

https://doi.org/10.1007/s11664-006-0320-9 

Xu, L., Pang, J. H. L., Prakash, K. H., & Low, T. H. (2005). Isothermal and thermal 

cycling aging on IMC growth rate in lead-free and lead-based solder interface. 

IEEE Transactions on Components and Packaging Technologies, 28(3), 408–

414. https://doi.org/10.1109/TCAPT.2005.853593 

Yang, M., Li, M., Wang, L., Fu, Y., Kim, J., & Weng, L. (2011). Cu 6 Sn 5 

Morphology Transition and Its Effect on Mechanical Properties of Eutectic Sn-

Ag Solder Joints. 40(2), 176–188. https://doi.org/10.1007/s11664-010-1430-y 

Yang, S. C., Chang, C. C., Tsai, M. H., & Kao, C. R. (2010). Effect of Cu 

concentration, solder volume, and temperature on the reaction between SnAgCu 

solders and Ni. Journal of Alloys and Compounds, 499(2), 149–153. 

https://doi.org/10.1016/j.jallcom.2010.03.168 

Ye, L., Lai, Z. H., Liu, J., & Tho, A. (2001). Sn-3 . 5Ag-0 . 5Cu-0 . 5B lead-free 

solders. (June), 16–20. 

Yoon, J. W., & Jung, S. B. (2008). Effect of immersion Ag surface finish on 

interfacial reaction and mechanical reliability of Sn-3.5Ag-0.7Cu solder joint. 

Journal of Alloys and Compounds, 458(1–2), 200–207. 

https://doi.org/10.1016/j.jallcom.2007.04.014 

Yu, D. Q., & Wang, L. (2008). The growth and roughness evolution of intermetallic 

compounds of Sn-Ag-Cu/Cu interface during soldering reaction. Journal of 

Alloys and Compounds, 458(1–2), 542–547. 

https://doi.org/10.1016/j.jallcom.2007.04.047 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



103 
 

Zeng, G., Xue, S., & Zhang, L. (2010). A review on the interfacial intermetallic 

compounds between Sn – Ag – Cu based solders and substrates. 421–440. 

https://doi.org/10.1007/s10854-010-0086-y 

Zeng, K., Stierman, R., Abbott, D., & Murtuza, M. (2006). Root cause of black pad 

failure of solder joints with electroless nickel/immersion gold plating. 

Thermomechanical Phenomena in Electronic Systems -Proceedings of the 

Intersociety Conference, 2006, 1111–1119. 

https://doi.org/10.1109/ITHERM.2006.1645469 

Zhang, L., Xue, S. B., Zeng, G., Gao, L. L., & Ye, H. (2011). Interface reaction 

between SnAgCu/SnAgCuCe solders and Cu substrate subjected to thermal 

cycling and isothermal aging. Journal of Alloys and Compounds, 510(1), 38–45. 

https://doi.org/10.1016/j.jallcom.2011.08.044 

ZHAO, G. ji, WEN, G. hua, & SHENG, G. min. (2017). Influence of rapid 

solidification on Sn–8Zn–3Bi alloy characteristics and microstructural evolution 

of solder/Cu joints during elevated temperature aging. Transactions of 

Nonferrous Metals Society of China (English Edition), 27(1), 234–240. 

https://doi.org/10.1016/S1003-6326(17)60027-X 

Zhu, H. (2014). Dissolution Rate And Mechanism Of Metals In Molten Aluminum 

Alloy A380. 

Zolhafizi, J., & Saliza Azlina, O. (2019). The Effect of Bismuth on Intermetallics 

Growth between Lead-Free Solders and Electroless Nickel Immersion Silver 

(ENIMAG) Surface Finish. Key Engineering Materials, 796, 183–188. 
PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH




