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Abstract 

With increasing environmental concern over the toxicity of lead (Pb) combined 
with strict regulations, the use of lead-based solders provides an inevitable 
driving force for the development of lead-free solder alloys. Many studies have 
been conducted for the evaluation of the solder joint reliability with respect to 
solder alloys and surface finishes. However, as the demand of electronic devices 
is increasing, there is a need to improve the mechanical properties of the solder 
joint in order to keep up with the current evolution of electronic devices’ 
technology. In this study, the effect of surface finish and cooling rate on solder 
joint reliability using nickel-based surface finish was summarized. The study 
focused on nickel based surface finish (ENIG and ENEPIG) with different 
cooling media, slow (furnace), medium (air) and fast (water). It was found that 
the type of surface finish and the cooling rate can change the morphology of the 
solder intermetallic compound (IMC) and directly changes the solder joint 
mechanical properties. A faster cooling rate was reported to provide finer IMC 
grains which might be translated into better solder joint strength. The findings 
presented here may provide a better understanding for further study and facilitate 
improvements in terms of solder joint reliability. 
Keywords: solder alloy, surface finish, interfacial reaction, solder joint and 
cooling rate.  

1 Introduction 

Currently, the demand for electronic gadgets such as personal digital assistants 
(PDA), tablets, phones, digital music players (MP3), and cameras, has increased 
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rapidly. The manufacturing industry have to ensure their products meet the 
current trend such as small, portable and add more functionality. But the major 
drawbacks of these portable devices are prone to accidental drops and may cause 
internal circuit board damage. When an electronic product drops on the ground, 
the impact force and deformation that is transferred internally to the print circuit 
board (PCB) can cause brittle fracture at the solder joint interface or by impact 
fatigue in the solder materials. Thus, the solder joint must be strong enough to 
endure such incident.  
     The solder joint reliability can be determined based on its capability to endure 
optimum temperature, the frequency of on/off power cycling and the possibility 
of withstand specific mechanical or vibrational stresses put on it such as when 
dropping. The formation of a strong and reliable solder joint is also dependent on 
the ability of molten solder to rapidly and uniformly wet the surface finish and 
interact with it to form a consistent layer of intermetallic at the interface [1–5]. 
Optimum combination between surface finish layer and solder alloys is one of 
the most important factors to ensure reliability of the package for the soldering 
process used in flip chip or ball grid array (BGA) technology [6–8]. 
     Cooling rate is also an important parameter in the solder reflow process 
because it affects the microstructure of solder alloy as well as the morphology 
and growth of IMC formed between the solder and its metallization. Hence, 
affect the mechanical integrity of the joint [9–12].  
     With the wider applications of surface mount technology and popular trends 
of ultrafine-pitch design it is imperative to develop and investigate surface finish 
and cooling rate that can provide higher mechanical properties such as shear 
strength since based on findings by some researchers, the shear strength of the 
solder joint lower than 50 MPa [13–15]. Based on the studies made, this paper 
summarizes the effects of nickel based surface finish and cooling rate on 
interfacial reaction and solders joint reliability to provide an important basis on 
nickel surface finish for better understanding. 

2 Interfacial reaction of solder alloy and surface finish 

During soldering process, the molten solder comes in contact with the substrate 
and a layer of IMC is formed at the solder/substrate interface. IMC formation 
known to have an influence on solder joint strength that caused either by the 
IMC structured or thickness. The reaction between the molten solder and Ni 
layer resulted in the establishment of different types of IMCs, depend on the 
types of solders as well as surface finish being applied. For Sn-Ag-Cu solder and 
ENIG surface finish, during initial reflow, the topmost Au layer dissolved into 
the molten solder, leaving the Ni layer exposed to the molten SAC solder [16]. 
The Ni then acts as barrier and prevents Cu diffusion (from Cu substrate) into the 
interface, thus limiting the IMC thickness formed as thin IMC layer (below 4µm) 
is desirable to achieve good metallurgical bonding. 
     Surface finish used can also change the morphology of the IMC formed [17, 
18]. Tseng and Duh [19] investigated the interfacial reaction of Sn–3.0Ag–0.5Cu 
solder jointed with ENIG and electroless Ni–P/electroless Pd/immersion Au 
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(ENEPIG). They found that as compared with ENIG joints, the grain size of 
(Cu,Ni,Pd)6Sn5 seemed to be refined by the palladium (Pd) insertion in the 
ENEPIG joints. This is because Pd would retard the growth of Ni3P and 
(Cu,Ni,Pd)6Sn5 and refine the grain structure of (Cu,Ni,Pd)6Sn5 [20]. The 
composition of (Cu,Ni,Pd)6Sn5 was evaluated as 35.0 at %Cu,23.2  at%Ni,0.2 
at %Pd, and 42.6 at% Sn. As shown in Figure 1, the morphology of interfacial 
(Cu,Ni)6Sn5 and (Cu,Ni,Pd)6Sn5 was chunky and needle-like, respectively. 
 
 

  

     

Figure 1: SEM cross-sectional images of interfacial reaction in (a)–
(c) SAC305/ENIG and (d)–(f) SAC305/ENEPIG solder joints under 
various reflow times [19]. 

     A comparison between ENEPIG and ENIG surface finish also studied by Lin 
and Chen [21]. However since there is no reflow process, the Pd and Au layers 
do not dissolve in the Sn matrix but remain at the interface and participate in the 
interfacial reaction to form the (Pd,Ni,Au)Sn4 and (Au,Ni)Sn4 phases at the 
ENEPIG and ENIG based interfaces, respectively after aging at 150°C. The 
(Pd,Ni,Au)Sn4 phase was identified to possess the structure of the PdSn4 phase 
with the solubility of Ni and Au [22] that probably structured the (Pd, Ni, Au) 
Sn4 phase by the same as the initial AuSn4 phase while some Au atoms were 
substitutionally replaced by the Pd and Ni atoms diffused inward. Another 
possible mechanism is that the inward diffusion of Pd transformed the initial 
AuSn4 phase in the PdSn4 phase, hence the (Pd, Ni, Au) Sn4 phase possesses the 
structure of the PdSn4 phase with the dissolution of Au and Ni where dissolution 
of ENEPIG for SAC mentioned to be 0.08 µm/min by Kang et al. [23]. Upon 
increasing the aging time, the Sn/(Pd,Ni,Au)Sn4 interface became mechanically 
weak due to void formation, and fracture easily occurred along the interface. 
Compare to the interface with the Au/Ni surface finish, there were also two IMC 
formed, (Au,Ni)Sn4 and Ni3Sn4, that in agreement with a previous study [24]. 

1 min 5 min 10 min 
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Needle like 
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3 Effect of cooling rate 

Cooling rate is an important parameter in the solder reflow process because it 
influences microstructure of solder alloy, also the morphology and growth of 
intermetallic compounds (IMC) formed between solder and its metallization. All 
these ultimately affect the mechanical integrity of the joint [9, 25, 26].  
     Figure 2 shows the reflow profile used on previous studies by different 
researcher that will be discussed below. Each of them was using different types 
of profile. He et al. [9] as researcher A heated the Ni-P substrate with Sn-3.5Ag 
solder at the rate of 2.5°C/s to a peak temperature of 251°C and held up to 10 
mins while Ochoa et al. [12] as researcher B heated the same type of solder at 
240°C for only 20 sec.  Researcher C, Siti Rabiatull Aisha [27] reflowed ENIG 
with SAC305 solder for 25 minutes up to 250°C.  
 

 

Figure 2: Reflow profile for difference studies from previous researcher. 

     Based on previous findings, when cooled in the oven (0.35°C/s), air (3°C/s) 
and water (45°C/s) condition, IMC grains (Ni3Sn4) observed to increase as the 
cooling rate reduces [9]. Besides that, the amount of needle-type grains also 
decreases, but the amount of chunk-type and boomerang-type grains increases 
due to grain growth and coalescence as shown in Figure 3. This is because faster 
cooling rate forms finer IMC grains, and the elemental diffusion is made easy 
through grain boundaries [28, 29]. 
     Investigation by Ochoa et al. [12] and Ji et al. [30] found that cooling rate 
have significant effect on secondary dendrite arm size, spacing of Sn rich phase 
and aspect ratio of Ag3Sn. It was reported that for water cooled specimen, the Sn 
rich dendrite arm size and spacing were smaller compare to air cooled specimen 
as shown in Figure 4. Ag3Sn plate size is also significantly refined by reducing 
undercooling [31]. For furnace cooled, nearly eutectic microstructure was 
formed because of the cooling rate approached the equilibrium. Freitas et al. [32] 
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mentioned that the mechanical strength is affected by the dendritic spacing as the 
mechanical properties of the joint may be improved when the dendrite arm 
spacing/cell spacing is reduced.  

Figure 3: Top structure morphology of Ni3Sn4 IMC in Sn–3.5 Ag/Ni–P 
samples reflowed for 30 s then cooled in different cooling rates. 
(a) Fast cooling rate, (b) medium cooling rate, (c) slow cooling rate 
[9]. 

Figure 4: Optical micrographs showing the secondary size of dendrites and 
secondary dendrite-arm spacing: (a) water-cooled sample and (b) air 
cooled sample [12]. 

     Siti Rabiatull Aisha et al. [27] reported that the faster cooling rate produced 
finer IMC grains which might be translated into a better solder joint strength. 
Reflow was conducted in air (slower cooling rate) and under nitrogen (faster 
cooling rate). Generally, the fast cooling rate favours nucleation but since the 
holding time at high temperature zone is shorter, the effective time for IMC 
growth is shorter. This results in the formation of a thin layer of fine 
grained IMCs as shown in Figures 5(a) and (b). These fine grains are in needle 
shape has something related with the direct reaction between Sn in the 
solder and the decomposed Ni from the metastable Ni coating (ENIG). 
While for the slow cooling rate, nucleation rate is lower but the IMC grains 
have enough time to grow. As a result, chunk type IMC becomes 
dominant and the IMC layer thickness is larger. So, we can say that different 
reflow profiles produce different morphologies of IMC at the interface during 
reflow which may affect the growth behaviour of the IMC after aging at the 
same time affect the solder strength. 

Sn-rich dendrite 

(b) (a) Boomerang type

Needle type 

Chunky type (c) 

(a) (b) 
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Figure 5: SEM top surface and cross sectional views of Sn-4Ag-0.5Cu after 
reflow soldering using different reflow profiles; (a), (b) fast cooling 
rate, and (c), (d) slow cooling rate [27]. 

4 Solder joint reliability 

4.1 Mechanical testing 

The mechanical reliability of surface finishes electroless (ENIG) and Cu OSP 
were evaluated with Sn-3.0Ag-0.5Cu by lap shear and four point bending tests 
[33]. It was found that ENIG surface provided higher max shear strength 
(approximately 37 N) compare to Cu OSP surface finish (approximately 16 N). 
This is due to the more brittle fracture area found on Cu OSP. 

     In a study comparing two types of surface finish, OSP and ENIG, Sundelin et 
al. [34] reported that when OSP exhibit higher shear strength compare to Ni/Au. 
However, after aging process the shear strength on Ni/Au showed slightly 
decrease compare to OSP that seems to experience significant decrease where 
about 13% to 23%. The difference in microstructure leads to this result that 
probably happened due to ability of Ni and Au to retard the Cu diffusion process. 
Investigation by Yoon et al. [35] supporting the findings from previous 
researcher [34, 36, 37] where reported that for Sn-3.5Ag-0.75Cu BGA placed on 
Ni(p)/Au surface finish, maximum shear force slightly decrease with increasing 
aging time.  
     For the bending test, board assemblies having ENIG-PCB joined with SAC 
solder showed maximum bending count which is approximately 1200 cycles 
compared to other samples (Figure 6). In the case of ENIG on PCB, bending 
reliability was more affected by solder composition than by heat treatment as 
there is not much difference between aging and non-aging samples [33, 38].  
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Figure 6: Mean cycles of bending to failure of the board assemblies [33]. 

     Meanwhile, the pull strength of solder joints with OSP and ENIG finishes on 
PCB were compared and found that the OSP joints had higher strength [39]. It is 
believed that the Cu6Sn5 precipitates inside the bulk solder promote the 
reliability performance of the OSP solder [40] since the precipitates deviates the 
crack from the shortest distance through the joint, and slows down the 
propagation [41, 42]. The phenomenon was shown in Figure 7. 

 

Figure 7: The propagation of crack in the bulk solder in the OSP sample [41]. 

4.2 Thermal analysis 

During service condition, solder joints are subjected to thermal cycling exposure 
due to cyclic environment thermal excursions and/or electronic equipment power 
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on–off cycles therefore, it is important to understand the effect of thermal 
cycling aging [37]. In terms of thermal cycle, Xia and Xie [41] in their study of 
the reliability of lead-free electronic assemblies under thermal cycling with OSP 
and ENIG surface finish found that OSP finish gave better performance than its 
ENIG counterparts. It was reported that for both cases, the crack originates at the 
fringe of heel fillet. For ENIG, the propagation of cracks was along the 
device/solder in interface while for OSP, the crack extends parallel to the 
solder/PCB interface as shown in Figure 8. It is because when using OSP 
finishes, many Cu6Sn5 precipitates from inside the bulk solder joint which 
resulting in better reliability performance. 
 
 

 

Figure 8: Typical cross-sectional optical images of samples after 6600 cycles: 
(a) OSP; (b) ENIG [41]. 

     Han et al. [14] studied the relationship of thermal cycle with the solder joint 
strength. In the study, Sn-3.8Ag-0.7Cu composite solders; nickel-carbon nano 
tubes (0 wt.%, 0.01 wt.%, 0.03 wt.% and 0.05 wt.%) with Au/Ni/Cu substrate 
samples were subjected to a cycling temperature reliability test in a three-zone 
furnace chamber, which follows the JEDEC standard temperature range of -40 to 
+125°C (ramp rate: ~10°C/min; dwell time at each temperature extreme: 7 min) 
for 300 cycles,1000 cycles and 2000 cycles. The shear tests were conducted at 
room temperature and at a shear strain rate of 0.254 mm/min. The shear strength 
of thermally cycled solder joints all decreased with the increasing cycling 
duration regardless the solder type [14]. This is because the IMC layers became 
thicker and the ENIG layer depleted, implying the consumption of Ni when 
forming additional IMC layer during the thermal cycling process.  

5 Conclusions 

The harmful effects of lead (Pb) on the environment and human health 
accelerated research and development toward a full transition to Pb-free 
packaging technology. Many studies have been performed on the joint reliability 
and interfacial reaction between Pb-free solders and various surface finish layers, 
such as Cu, Au/Ni/Cu and electroless nickel-immersion gold (ENIG). The results 
of these previews can be concluded as below. 
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(1) Interfacial reaction between solder and the substrate has a significant 
effect on solder joint strength that either strengthens or weakens the 
joint depends on the surface finish used.  It was found that surface 
finishes that consist of extra component such as Ni and Au can 
provide a better barrier for Cu diffusion. 
 

(2) Cooling rate found to it influences not only microstructure of solder 
alloy but also the morphology and growth of intermetallic 
compounds (IMC) formed between solder and its metallization. All 
these have significant affect the mechanical integrity of the joint and 
can be concluded as the cooling rate increase the strength also 
increases. 

 
(3) To evaluate the strength of the solder joint, few tests were conducted 

by previous research such as shear test, bending test and thermal 
cyclic test. With respect to the surface finish used, the results were 
varied where ENIG found to have greater ability to increase strength 
(bending and shear test) while pull strength test and thermal cyclic 
showed the opposite result. 
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