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CHAPTER 6 

MECHANICAL PROPERTIES 

6.1 STRESS-STRAIN RELATIONS 
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6.3.1 AS-CAST SPECIMENS TESTING 
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6.4 THERMAL CYCLE MECHANICAL TESTING 





        

6.4.1 THERMAL PROFILE 





6.4.2 THERMAL CYCLES RESULTS 
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6.5 COMPARISON WITH TIN-LEAD SOLDER ALLOYS 
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8.5 OLIVER AND PHARR MODEL
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8.5.2 PILE-UP AREA CALCULATIONS 
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8.7 CREEP CHARACTERIZATIONS BY NANOINDENTATION 
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CHAPTER 9

WETTABILITY TESTING

9.1 Wettability of Solders  

Wetting is the behavior of a liquid to wet a solid surface. This behavior is very important to 

the interconnection of electronic packages, especially in soldering, for making highly strong 

bonding between different solid components. In order to attain successful soldering, a certain 

degree of wetting of the molten solder on the solid substrate surface is required. So generally, a 

wetting or solderability test is used to measure,  

The initial wettability of the component termination materials

The wetting properties of a newly developed solder 

A proper metallurgical bond is always necessary to form before analyzing the wetting 

performance of any solder alloy. This bond, of course, varies for different substrates. An 

interfacial reaction takes place which forms certain amount of IMCs or in some cases an Inter

Metallic Layer (IML) at the two interfaces. These IMCs or IML works as an adhesion layer 

between the substrate and the solder and hence keep them firmly together. 
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The wettability of any lead-free solder alloy varies with changing its chemical composition 

and the substrate. For SnPb, the wettability is good over many metallic substrates including 

copper. Thus, changing from SnPb to lead-free, wettability is an important concern. The 

substitute must have sufficient wettability under severe service conditions and for different 

soldering processes such as reflow and wave soldering.

9.2 Wettability Measurement Methods  

There are mainly 2 methods for the wettability measurements; Spread-area test (good for 

reflow soldering) and the wetting balance test (good for the wave soldering). They are described 

below. 

9.2.1 Spread-Area Test

A solder disc (e.g. 6 mm in diameter and 1 mm in thickness) is coated with flux and melted, 

and then allowed to solidify on a substrate (e.g. Cu). When a bond is formed, the free energy is 

reduced and hence the solder changes its shape [Wu et al. 2004]. This change in shape causes an 

increase in the contact area which indicates the wetting behavior of solder. In some cases, the 

ratio of the as-bonded area to this new area (after soldering) is taken as the wettability of solder. 

This wetting is given by wetting (or contact angle), c , and is calculated using the Young 

Dupre’s equations as 9.1 and 9.2 [Wu et al. 2004],

..........................................................................(9.1)SF SL LF cCos

.............................................................................(9.2)SF SL
c

LF
Cos
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where SF , LF , and SL refer to the surface tensions of the substrate/flux, liquid 

(solder)/flux, and substrate/liquid (solder) interfaces, respectively, as shown in Figure 9.1 [Wu et 

al. 2004]. For a good wetting, the contact or wetting angle should be small (i.e. LF , and SL

smaller and SF larger). The spread area test is a good approximation for the reflow soldering 

process. The solder disc, in the spread area test, has a similar shape to the layer of solder paste by 

screen-printing or in similar process. Besides, the solder disc in the spread area test and the 

solder paste in reflow soldering undergo the same process of heating. They are heated above the 

melting point and are then allowed to solidify.  

Figure 9.1: Schematic diagram of the spread area test 

9.2.2 Wetting Balance Test   

Wetting balance test is the second important technique to evaluate the solder wettability. 

In this method, the coupon (for example Cu) is dipped into the molten solder, present inside the 

crucible at a temperature more than its melting point. The molten solder climbs up the Cu 

coupon due to wetting force exerted on it as shown in Figure 9.2 [Wu et al. 2004]. As spread area 
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test was a good approximation of reflow soldering, this wetting balance test is a good 

approximation of the wave soldering in which the substrate is brought into contact with the 

molten solder. The height of the solder onto the Cu coupon depends on many parameters 

including the soldering temperature, alloy composition and wetting time. Generally, the wetting 

force is directly proportional to the height of the molten solder onto the Cu coupon. Different 

forces, due to buoyancy, come in action after partial dipping of the coupon into the solder bath, 

including the surface tensions which are quite high at the solder/flux interface. The measurement 

of the resultant force is representative of the meniscus and of the wetting angle and, 

consequently, of the solderability. The resultant force or wetting force, Fw, can be expressed as 

follows using equations (9.3 and 9.4),

Figure 9.2: Coupon geometry for wetting balance test on molten solder alloy [Wu et al. 2004] 

cos ......................................................................(9.3)w LF cF p gV
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cos ...........................................................................................(9.4)w
c

LF

F Vg
p

Where p is the perimeter of the coupon, LF the surface tension of the solder in contact 

with the flux, c the contact angle, the density of the solder, g the acceleration due to gravity, 

and V is the immersed volume. A typical wetting curve is shown in Figure 9.3 which represents 

different types of wettings for solders, in which the wetting time, tw, is the time at which the 

solder contact angle to the coupon is 90°, as shown at point B. Wetting occurring in a short 

wetting time is considered to be good. Hence, the wetting force and time of each solder system 

are revealed by the wetting balance test.

The wettability of lead-free solders becomes crucial when high solder joint reliability is 

needed. As presented in equation 9.4, the contact angle is one of the most important parameter in 

characterizing the solderability (wettability) of any lead-free solder. A smaller contact angle, c ,

and thus higher cos c is representing good wettability. Ideally, cos c can reach to 1 which 

makes c to be 0° which is the best possible wettability. But, in practice, it is somewhere in the 

range of 40 to 50°, as shown in Figure 9.4, depending on the temperature applied, flux used and 

many other experimental parameters. On the other hand, a contact angle of more than 90° is not 

recommended for good joining. A schematic of contact angle more than 90° is provided in 

Figure 9.5. 



190

Figure 9.3: Variation of wetting force with time [METRONELEC] 
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Figure 9.4: Wettability with smaller contact angle

Figure 9.5: Wettability with higher contact angle

Different studies have been performed to trace the solder wettability for binary and 

tertiary Sn-based lead-free solder alloys including Sn-3.5Ag (eutectic) and SAC alloy 

compositions. In general, the wettability increases with increasing temperature keeping the same

solder flux. In [Wu et al. 2004], the impact of RE elements, mainly Ce and La, has been studied 

for the wettability performance on SnPb, SnAg, SnCu and SAC. It has been reported that they 

can all be soldered successfully using the rosin mildly activated (RMA) flux.
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The wettability of SnPb solder is quite good in comparison to SnAg, SnCu and SAC 

alloys. In any case, over the copper substrates, SAC alloys perform well whereas the RE dopings 

have shown significant improvements in the wetting performance of all SnAg, SnCu and SAC 

alloys [Wu et al. 2004]. In most of the cases, the addition of RE elements help to reduce the 

wetting angle. It can be seen that the amount of RE elements needs to be optimized for the best 

wetting performance, Figure 9.6.  

An extensive experimental study on wettability study on Sn3.5Ag eutectic and Sn-3.5Ag-

RE doped alloys was made by [Wu et al. 2004]. The wetting curves of SnAg, SnAg–0.25RE and 

SnAg–0.5RE are compared with that of SnPb in Figure 9.6. It can be seen that all four solders 

have roughly the same wetting time. However, the wetting force of SnPb is the highest among 

the four alloys. The effect of adding RE elements (mainly Ce and La) is clearly demonstrated by 

a significant increase in the wetting force of Sn3.5Ag-0.25RE alloy as getting closer to the SnPb 

solder. However, an excessive amount of RE addition can lower the wetting force. In the same 

study, this effect was also applicable to the wetting angle, such that SnAg–0.25RE has the lowest 

wetting angle among SnAg, SnAg–0.25RE and SnAg–0.5RE.
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Figure 9.6: Wetting curves of Sn-3.5Ag-RE solders compared with Sn-Pb solder [Wu et al. 2004] 

9.3 Sample Preparation And Experimental Conditions 

The equipment used for the wetting balance test was METRONELEC as shown in Figure 

9.7, a French manufacturer of soldering equipments. The copper foils used as substrates were 

0.025mm thick and 12mm wide. They were purchased from the “Good Fellows”, France, with a 

purity of 99.9%.  The samples were cleaned with acetone and dried. Later on, they were dipped 

into 20 % HNO3 solution for 20 seconds and then placed in the flux for about 1 second. The flux 

used was resin mildly activated (RMA) and was manufactured by “Metaux Blancs Ouvres” with 

fluxing code BC 310.15. The immersion depth into the crucibles, for the copper substrate, was 

3mm as shown in Figure 9.8. The wetting time used was 10s and the wetting temperatures 

applied were 250°C and 260°C.
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Figure 9.7: METRONELEC wettability setup

Figure 9.8: Wettability measuring method

Cu substrate

Electric handle

Molten solder
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9.4 Wetting Phenomena Principle

There are different kinds of soldering techniques as described in chapter 2 (Soldering 

background/methods/techniques). Mainly, in the reflow soldering process, three different phases 

are present namely;

- the solid phase (parts to be soldered),  

- the liquid phase (molten solder alloy),  

- the vapour phase (atmospheric air in most cases). 

These 3 phases form a regular meniscus as shown in Figure 9.9. The molecular interactions of 

these three phases, taken in pairs, are surface tensions,

- SL : solid-liquid phase,   

- SV : solid-vapour phase,  

- LV : liquid-vapour phase.  

The balance of those three forces is attained when the liquid, which wets the solid, forms a 

meniscus represented by the Young’s formula, 

................................................................................................(9.5)SV SL LV
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Figure 9.9: Meniscus formed during the wetting balance test [METRONELEC]

The angle is formed by the surface of the solid and the liquid at their extreme point of 

contact and is known as the wetting angle or the contact angle. Taking the sum of the forces 

along the vertical projection of the plane,  

0................................................................................................(9.6)SV SL LV Cos

This gives equation 9.7,  

.........................................................................................................................(9.7)SV SL

LV

Cos

The angle as directly linked to surface tensions is thus representative of the wetting 

quality. For a smaller contact angle, and thus better wettability, LV should be as small as 
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possible. This is the main function performed by adding the RE elements which decrease the 

surface tension and this reduces the contact angle as performed during the experiments. This is 

important to mention that the contact angle is only conceivable for the alloys in the molten state.

9.5 Meniscography Principle

As described earlier, after immersing the Cu coupon into the molten solder bath, the 

surface tensions are highest at the solder/flux interface. The measurement of the resultant force is 

representative of the meniscus and, consequently, of the wetting angle and of the solderability.

The principle set forth above is described in equation 9.8, 

F=Fm-Fa …………………………………………………………………………………… (9.8) 

Where F= resultant force; Fm= wetting force and Fa=force of buoyancy. Thus, after balancing,  

F= LV P cos  -  v g……………………………………………………………..……. (9.9) 

and from here the contact angle becomes,

...................................................................................................................(9.10)
LV

F VgCos
P

Where is the mass density of the solder alloys, which is provided in Table 9.1, P is the 

perimeter of the coupon immersed into the solder crucible and g is the acceleration due to gravity 

(9.81 m/s2). Thus F is the measured force from which the contact angle is deduced.
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Table 9.1: Densities for SAC and SAC-La alloys

Alloy Density (mg/mm3)

SAC 7.45

SAC-0.05 7.453

SAC0.25 7.46

SAC-0.5 7.48

9.6 Wettability Measuring Parameters

Generally, there are 3 important parameters for the wettability measurements. These are 

the surface tension, wetting force and the contact (or wetting) angle. These parameters with

required description and evaluation are provided below. 

9.6.1 Flux-Solder Surface Tension 

In order to determine the wettability in terms of wetting force and contact angles, it is 

necessary to calculate the surface tension, LV . The results for surface tension are given in 

Figures 9.10-9.16 for different compositions and at different temperatures. Good reproducibility 

was observed for all the cases. The sample preparation and the flux used was the same for all 

compositions. 
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Figure 9.10: SAC surface tension vs. wetting time at 250°C 

Figure 9.11: SAC surface tension vs. wetting time at 260°C 

0
50

100
150
200
250
300
350
400

0 1 2 3 4 5 6 7 8 9 10 11 12

Su
rf

ac
e 

te
ns

io
n 

(m
N

/m
)

Wetting time (s)

SAC at 250°C 

0
50

100
150
200
250
300
350
400

0 1 2 3 4 5 6 7 8 9 10 11 12

Su
rf

ac
e 

te
ns

io
n 

(m
N

/m
)

Wetting time (s)

SAC at 260°C 



200

Figure 9.12: SAC-0.05La surface tension vs. wetting time at 250°C 

Figure 9.13: SAC-0.05La surface tension vs. wetting time at 260°C 
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Figure 9.14: SAC-0.25La surface tension vs. wetting time at 260°C

Figure 9.15: SAC-0.5La surface tension vs. wetting time at 250°C

0

50

100

150

200

250

300

350

400

0 1 2 3 4 5 6 7 8 9 10 11 12

Su
rf

ac
e 

te
ns

io
n 

(m
N

/m
)

Wetting time (s)

SAC-0.25La at 260°C 

0

50

100

150

200

250

300

350

0 1 2 3 4 5 6 7 8 9 10 11 12

Su
rf

ac
e 

te
ns

io
n 

(m
N

/m
)

Wetting time (s)

SAC-0.5La at 250°C 



202

Figure 9.16: SAC-0.5La surface tension vs. wetting time at 260°C 
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Similar conditions as used for the surface tension were kept again and the results for 

wetting forces for SAC and SAC-La doped alloys are presented in Figures 9.17-9.20. The 

average values with 5% error bars are given in Figure 9.21. 

Figure 9.17: SAC wetting force vs. wetting time at 250°C

Figure 9.18: SAC-0.05La surface tension vs. wetting time at 250°C
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Figure 9.19: SAC-0.25La surface tension vs. wetting time at 250°C 

Figure 9.20: SAC-0.5La surface tension vs. wetting time at 250°C

-8 

-6 

-4 

-2 

0

2

4

6

8

10

0 1 2 3 4 5 6 7 8 9 10 11 12

W
et

tin
g 

fo
rc

e 
(m

N
)

Wetting time (s)

SAC-0.25La at 250°C 

-8 

-6 

-4 

-2 

0

2

4

6

8

0 1 2 3 4 5 6 7 8 9 10 11 12

W
et

tin
g 

fo
rc

e 
(m

N
)

Wetting time (s)

SAC-0.5La at 250°C 



205

Figure 9.21: SAC and SAC-La wetting forces at 250°C 
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formation of RE oxides is also confirmed during our EDS mapping on the free surface of 

unpolished specimens.   

Figure 9.22: SAC contact angle vs. wetting time at 250°C

Figure 9.23: SAC-0.05La contact angle vs. wetting time at 250°C 
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Figure 9.24: SAC-0.25La contact angle vs. wetting time at 250°C 

Figure 9.25: SAC-0.5La contact angle vs. wetting time at 250°C
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Figure 9.26: SAC and SAC-La contact angles at 250°C 

9.7 Summary

Extensive work has been performed on the wettability testing of SAC and SAC-La doped 

alloys at 2 different temperatures of 250°C and 260°C. It was noticed that increasing 

temperatures make better wettability for the same composition. This is dedicated to the 

decreasing effects of surface tension at elevated temperatures.

For the SAC-La doped alloys, the surface tension decreased due to RE dopings at both 

250°C and 260°C as compare to the SAC alloy. RE doping further increases the wetting forces 

from 5.7 mN (SAC) up to 6.7 mN (SAC-0.25La). SAC-0.5La has smaller wetting force than 

SAC-0.25La which means an optimization of RE elements is to be specified for better alloy 

compositions.  

Wetting or contact angles measurements were made on the basis of the surface tensions 

already evaluated. An appreciable decrease in the contact angles was investigated and once again 

SAC-0.25La has a better (smaller) contact angle than SAC and SAC-0.5La alloys.
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