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Abstract

Reliable solder joint formation in electronic packaging depends on the coupled effects of
solder composition and pad finish on molten solder wetting, yet direct comparisons of
Bi-modified SAC305 and SAC405 solders on common surface finishes remain limited. In
this study, nominal SAC305- and SAC405-based solders with Bi additions up to 3 wt.%
were evaluated on ENIG and Cu-OSP finishes at 250 °C under forming gas. Sessile drop
testing was used to measure contact angles, and atomic force microscopy and surface free
energy measurements were used to characterize the substrates. The work of adhesion
was calculated using the Young-Dupré relationship from contact angle and liquid surface
tension values. For both alloy series, contact angle generally decreased with increasing
Bi content, indicating improved spreading, with a stronger effect for SAC305 on Cu-OSP.
ENIG produced lower contact angles and higher calculated work of adhesion than Cu-OSP.
SAC405-based solders generally showed higher calculated work of adhesion than SAC305-
based solders because of their higher liquid surface tension. However, the lowest contact
angle did not always correspond to the highest calculated work of adhesion. These results
show that Bi content, Ag level, and pad finish jointly influence the apparent wettability and
calculated solder—substrate interaction of SAC-Bi solders.

Keywords: lead-free solder; SAC-Bi solder; wettability; contact angle; work of adhesion;
surface tension; ENIG; Cu-OSP; electronic packaging

1. Introduction

Alloy composition and pad surface finish play important roles in solder wetting
and joint formation during reflow soldering. Poor wetting can lead to defects such as
non-wetting and bridging, thereby adversely affecting assembly quality and reliability [1].
Contact angle (9) is widely used for wettability comparison because it provides a practical
measure of the apparent wetting behavior of a solder on a given substrate under controlled
conditions [2]. Although the measured contact angle depends not only on alloy composition
but also on factors such as surface condition, oxidation, flux activity, and test atmosphere,
meaningful comparisons can still be made when sample preparation and testing conditions
are kept consistent, allowing relative trends in wettability to be evaluated under controlled
conditions [3].
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Sn-Ag-Cu (SAC) alloys, including SAC305 (Sn-3.0Ag-0.5Cu) and SAC405 (Sn-4.0Ag-
0.5Cu), are among the most widely used Pb-free solders in electronic assembly [4—0].
Bismuth (Bi) additions to SAC alloys have attracted attention because Bi can modify
melting behavior, microstructure, and mechanical properties, and has been associated
with improved properties including strength and creep resistance [7-10]. Bi has also been
reported to affect solder wettability. Prior studies have shown that Bi additions can reduce
the contact angle of SAC-based solders on Cu-containing substrates and alter wetting
kinetics during reflow [11-17]. Independent measurements of liquid solder properties
have likewise indicated that Bi can reduce the surface tension of Sn-Ag-Cu melts [11-17].
Together, these findings suggest that Bi may influence wetting through changes in both
liquid surface tension and solder-substrate interaction.

Pad surface finish is another important variable because the solder/substrate interface
evolves during reflow, and the resulting wetting response depends on the interfacial chem-
istry that develops as the solder spreads. Electroless nickel immersion gold (ENIG) and
organic solderability preservative-coated Cu (Cu-OSP) are both widely used in electronic
packaging, but they present different surface conditions and reaction pathways during
soldering, including Au dissolution and Ni-Sn intermetallic formation for ENIG, and direct
Cu-5n reactions for Cu-OSP [18-20]. Prior work has shown that substrate metallization
can affect the wetting behavior of SAC-based solders [14,17]. However, most published
contact-angle studies focus on Cu-based substrates or a limited set of solder compositions.
Systematic comparisons of SAC305 and SAC405 with controlled Bi additions on both ENIG
and Cu-OSP under the same reflow-relevant testing conditions remain limited.

In addition to contact angle measurements, substrate characteristics can provide
useful context for interpreting finish-dependent wetting behavior. Surface roughness may
influence the apparent contact angle, while the surface free energy of the substrate provides
information about the surface condition that can affect wetting [21,22]. For this reason,
combining sessile drop measurements with substrate characterization can offer a more
complete picture of the factors governing apparent wettability.

In this study, the wettability of nominal SAC305- and SAC405-based alloys with
varying Bi additions was evaluated on ENIG and Cu-OSP substrates at 250 °C using the
sessile drop method. Contact angle is used to compare apparent wetting behavior across
alloy compositions and pad finishes under a common reflow-relevant condition. The ENIG
and Cu-OSP surfaces are further characterized by atomic force microscopy (AFM) and
surface free energy measurements to aid interpretation of the observed wetting trends.
In addition, the calculated work of adhesion (W;) is determined using the Young—-Dupré
relationship together with liquid surface tension values, providing a comparative measure
of solder—substrate interaction. The results are used to examine how Bi content, Ag level,
and pad finish affect the apparent wettability of SAC-based solders under practically
relevant processing conditions and show the relative roles of contact angle and liquid
surface tension in determining the calculated work of adhesion.

2. Materials and Methods

2.1. Materials and Specimen Preparation

Nominal Sn-3.0Ag-0.5Cu (SAC305) and Sn-4.0Ag-0.5Cu (SAC405) solder alloys, along
with their Bi-containing variants, were supplied as ingots by Accurus Scientific Co. Ltd.
(Tainan City, Taiwan). The alloy set included nominal SAC305- and SAC405-based alloys
with nominal Bi contents of 1-3 wt.% Bi. For brevity, these alloys are denoted as SAC305,
SAC305-1Bi, SAC305-2Bi, SAC305-3Bi, SAC405, SAC405-1Bi, SAC405-2Bi, and SAC405-3Bi,
respectively. These designations refer to the supplier-provided nominal base alloy and
nominal Bi addition. To verify the actual alloy compositions, X-ray fluorescence (XRF;
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PANalytical Epsilon, PANalytical B.V., Almelo, The Netherlands) analysis was performed
on specimens taken from spatially separated locations within each ingot. The measured
elemental compositions of the alloys used in this study are summarized in Table 1. Because
the XRF-measured Ag contents differ from the ideal SAC305 and SAC405 compositions,
the alloys are described as nominal SAC305-based and SAC405-based solder series. The
measured compositions listed in Table 1 should be used for quantitative interpretation of
composition-dependent trends. The SAC405-3Bi alloy exhibited larger standard deviations
in the measured Sn, Ag and Cu contents than the other alloys, indicating greater local
compositional variation within the ingot. Its Bi content remained comparatively consistent.

Table 1. Nominal and XRF-measured compositions of the solder alloys used in this study.

Solder Bi (wt.%) Sn (wt.%) Ag (wt.%) Cu (wt.%)
SAC305 0.00 £ 0.00 95.80 £ 0.03 3.57 £0.03 0.47 £ 0.00
SAC305-1Bi 1.09 £ 0.02 94.45 4+ 0.13 3.86 = 0.10 0.58 &+ 0.00
SAC305-2Bi 2.02 £0.03 93.51 £0.24 3.83 £0.08 0.55 £ 0.04
SAC305-3Bi 3.25 £0.01 92.12 £ 0.08 4.03 £ 0.05 0.58 £ 0.03
SAC405 0.00 £ 0.00 95.56 £ 0.11 4.01 £0.10 0.39 +0.00
SAC405-1Bi 0.96 £ 0.01 93.81 £+ 0.06 4.61 £ 0.07 0.53 £ 0.01
SAC405-2Bi 1.89 £0.09 93.03 £ 0.03 4.52 +0.06 0.48 +0.01
SAC405-3Bi 2.71 £0.07 91.40 £ 0.94 517 £0.72 0.56 £ 0.18

To obtain solder specimens with consistent geometry for sessile drop testing, solder
spheres were prepared before contact angle measurements. Small pieces were cut from the
solder ingots, placed on a glass slide with soldering flux (Quinway Soldering Flux Paste),
and heated in a temperature-controlled chamber under forming gas (5% H,/95% Np).
Upon melting, the solder assumed a spherical shape through surface tension minimization
and then solidified into solder spheres upon cooling.

Two pad finishes were examined: electroless nickel immersion gold (ENIG) and or-
ganic solderability preservative-coated copper (Cu-OSP). These finishes were selected
because they are widely used in electronic assembly and represent different surface
chemistries during soldering. Before sessile drop testing, the substrates were cleaned
with isopropanol (IPA) and deionized (DI) water, then dried. A thin layer of soldering
flux was applied to the pad surface immediately before testing to minimize oxidation and
promote consistent wetting across samples.

2.2. Substrate Surface Roughness Characterization

To examine how flux and thermal exposure affected surface topography, the ENIG
and Cu-OSP surfaces were characterized by atomic force microscopy (AFM; Park NX10,
Park Systems Corp., Suwon, Republic of Korea) operated in non-contact mode. Images
were collected over a 10 x 10 um? scan area at a resolution of 512 x 512 pixels using a
PPP-NCHR probe (NANOSENSORS, Neuchatel, Switzerland; nominal spring constant:
22-27 N/m; resonance frequency: 300-330 kHz) and a scan rate of 0.2-1 Hz. Two surface
conditions were evaluated: (i) untreated, as-received substrates at room temperature and
(ii) the surface after flux application and heating at 250 °C for 5 min under forming gas as a
reflow-relevant treatment condition. Image leveling and three-dimensional rendering were
performed using Gwyddion. Large artifacts were masked and interpolated to avoid biasing
the roughness analysis. Areal mean roughness, S,;, was calculated from the AFM height
images using N =7 scans per group. Statistical comparisons among groups were performed
using one-way analysis of variance (ANOVA) followed by Tukey post hoc test. Statistical
significance was indicated as * p < 0.05, ** p < 0.01, *** p < 0.001, and n.s. = not significant.
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2.3. Sessile Drop Contact Angle Measurement

Contact angle measurements were performed using a goniometer (DSA25, KRUSS
GmbH, Hamburg, Germany) equipped with a temperature-controlled chamber. The cham-
ber was preheated to 250 °C before testing. Prepared solder spheres were placed on the
substrate, and flux was applied to both the solder sphere and the pad surface to minimize
surface oxidation and promote consistent wetting conditions. Forming gas (5% H;/95%
N,) was continuously supplied at approximately 1-2 psi throughout the measurement.
Each sample was held at 250 °C for 5 min before image acquisition to promote complete
melting and thermal equilibration and allow the droplet shape to reach quasi-equilibrium.

Images were captured after the 5 min dwell with the sessile drop and substrate fully in
frame. Contact angles were determined from the droplet profile using drop-shape analysis
software (ADVANCE software, https:/ /www.kruss-scientific.com/en/products-services/
advance-software, accessed on 27 July 2026, Kriiss GmbH, Hamburg, Germany) by fitting
the droplet contour and defining the baseline at the solid-liquid interface. The left and
right contact angles were measured and averaged to obtain a single 6 value for each droplet.
For each condition, three independent droplets were measured on fresh substrate areas,
and the mean value is reported. Standard deviations were calculated and are shown in the
corresponding figures. Formal pairwise statistical comparisons were not performed for the
contact-angle dataset because each solder/substrate condition was evaluated using three
independent droplets. Instead, the contact angle results are reported as mean + standard
deviation and discussed as experimental trends.

2.4. Substrate Surface Free Energy Determination

To determine substrate surface free energy, room-temperature contact angles were
measured using two probe liquids with known polar and dispersive surface tension com-
ponents: deionized water and diiodomethane. The measured contact angles were then
used to calculate the surface free energy of ENIG and Cu-OSP by the Owens-Wendt-Rabel—-
Kaelble (OWRK) method. To examine the effects of flux exposure and thermal treatment on
surface condition, contact angle and surface free energy measurements were performed for
ENIG and Cu-OSP under four conditions: (i) at room temperature (RT) without flux, (i) at
room temperature with flux, (iii) after heating at 250 °C with flux, and (iv) after heating
at 250 °C without flux. All specimens were cleaned with isopropyl alcohol (IPA) and
deionized (DI) water before the specified treatment using the same procedure described
above. For the thermally treated conditions, the specimens were cooled to room tempera-
ture before the probe-liquid measurements. No post-treatment cleaning was performed
before these measurements. The 100 s exposure at 250 °C was selected as a representative
reflow-relevant thermal exposure for evaluating changes in the substrate surface condition
before room temperature probe-liquid measurement. The AFM and surface free energy
measurements used different thermal exposure times because they were performed for
different characterization purposes. The AFM treatment used 5 min at 250 °C to match
the dwell time used in the sessile-drop solder contact angle experiments, whereas the
surface free energy treatment used 100 s at 250 °C as a representative thermal exposure
before room-temperature probe-liquid measurements. Therefore, the surface free energy
results are used as supporting substrate characterization to help interpret finish-dependent
wetting behavior, rather than as a direct input to the work of adhesion calculation described
in the next section.
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2.5. Work of Adhesion Calculation

For each solder/substrate combination, the calculated work of adhesion, W,, was
determined using the Young—Dupré relationship: W, = y15(1 + cosf), where v is the
liquid surface tension of the molten solder and 6 is the measured contact angle. The W,
values were calculated using the mean contact angle for each solder/substrate condition
and the corresponding mean 7 value measured at 250 °C. The 7y values used in the
calculation were measured by the authors using the pendant-drop method at 250 °C under
forming gas on the same nominal solder alloy compositions used for the sessile-drop
experiments. Briefly, each solder alloy was placed in a porcelain crucible with a small
amount of no-clean flux and melted at 250 °C in a temperature-controlled chamber under
flowing forming gas. The molten solder was aspirated into a syringe needle and then
dispensed from the needle tip to form a pendant drop. The droplet profiles were optically
captured and analyzed using drop-shape fitting software to determine <y} ;. For consistency
among alloys, the same temperature, forming gas atmosphere, and drop-shape analysis
procedure were used for all surface tension measurements. Pendant drops were selected
after a stable droplet profile had formed, before detachment from the needle tip. For
each alloy composition, three pendant drops were analyzed, and the reported 1 values
represent the mean =+ standard deviation.

The uncertainty in W, was calculated by propagating the uncertainties in ;g and

0: W, = \/[( 1+ cosQ)é’yLG]z + (yLsing-60)%, where 6 and 56 were converted to radians

for the uncertainty calculation. Because W, is a calculated quantity from ;¢ and 6, its
uncertainty was evaluated by propagating the measured uncertainties in 7y ¢ and 6, rather
than by a separate pairwise statistical comparison. The calculated W, values provide a
comparative measure of solder-substrate interaction under the present test conditions.

3. Results and Discussion
3.1. Substrate Surface Free Energy and Roughness

The measured substrate surface free energy values are summarized in Table 2. Under
all surface conditions examined, ENIG exhibited higher total surface free energy than
Cu-OSP. For both finishes, SFET followed the same order: flux + 250 °C < no flux at
RT < flux at RT < no flux + 250 °C. The lowest SFE1 occurred after combined flux and
thermal treatment, which is the most relevant of the four conditions for interpreting the
solder wetting experiments. For both finishes after this treatment, the polar component
(SFEp) became very small, accounting for less than 2% of the total surface free energy, and
the measured surface free energy was therefore dominated by the dispersive component
(SFEp). At 250 °C, the no-clean flux is activated, and a low-polarity flux-derived residue
can remain on the surface after cooling. The reduced SFEt and nearly negligible SFEp are
consistent with such a residue reducing the apparent surface energy measured by the probe
liquids. The SFET measured after flux application at room temperature was higher than
both the no flux at RT and the flux + 250 °C conditions and was dominated by the dispersive
component, while the polar component remained very small. This observation is consistent
with the probe liquids interacting primarily with the as-applied organic flux layer present
on the substrate surface. The no flux RT surfaces showed intermediate SFEt values, which
may reflect the presence of adsorbed organic contaminants. For corresponding substrates
heated without flux, the highest SFET values were observed, consistent with partial removal
of these weakly adsorbed surface contaminants without the deposition of a flux residue.
Because the probe-liquid measurements were performed after cooling, the reported values
represent the apparent room-temperature surface free energy of the treated surfaces rather
than the in situ surface energy of the solder-substrate interface during wetting. Despite
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these treatment-dependent changes, ENIG remained a higher-energy surface than Cu-
OSP under all four conditions, indicating that the relative difference between the two
finishes was not eliminated. These surface free energy results are consistent with the
finish-dependent contact-angle trends observed in the solder wetting tests, although they
are not used directly in the W, calculation.

Table 2. Total, dispersive, and polar surface free energy components of ENIG and Cu-OSP substrates

under different flux and thermal treatment conditions.

Substrate Treatment SFET (mN/m)  SFEp (mN/m) SFEp (mN/m)
ENIG w/flux at 250 °C 35.78 +0.48 35.31 + 0.42 0.48 + 0.06
ENIG no flux at RT 37.66 £+ 0.21 36.65 + 0.13 1.01 £ 0.07
ENIG w/flux at RT 39.30 £+ 0.08 39.13 £+ 0.06 0.17 £0.01
ENIG no flux at 250 °C 45.74 + 0.12 41.92 4+ 0.08 3.82 +£0.05

Cu-OSspP w/flux at 250 °C 28.83 4 0.34 28.80 4 0.33 0.03 £+ 0.01
Cu-OSpP no flux at RT 35.27 +0.23 30.07 £ 0.12 521 +0.12
Cu-OSspP w/flux at RT 38.66 4+ 0.23 38.38 & 0.13 0.28 +0.10
Cu-OSP no flux at 250 °C 40.34 £+ 0.45 38.39 + 0.10 1.95 + 0.35

Representative AFM height and amplitude images of the ENIG and Cu-OSP surfaces
are shown in Figure 1. In the as-received condition, ENIG displayed more pronounced
surface texture and higher mean roughness, S;, than Cu-OSP, with corresponding S,
values of 40.9 £ 2.7 nm for ENIG and 20.0 & 2.8 nm for Cu-OSP, respectively. After flux
and thermal treatment, S, decreased to 30.0 + 2.3 nm for ENIG and 16.4 + 2.2 nm for
Cu-OSP, where the uncertainties represent standard error of the mean. The reduction in
roughness after flux and thermal treatment may result from surface smoothing from oxide
removal and/or redistribution of surface residues during heating. Despite this change,
ENIG remained rougher than Cu-OSP, which may contribute to differences in the apparent
contact angle. The S, values differed significantly among the four AFM sample groups:
ENIG RT, ENIG after flux and thermal treatment, Cu-OSP RT, and Cu-OSP after flux and
thermal treatment, based on one-way ANOVA (p < 0.001). Pairwise Tukey post hoc
comparisons are shown in Figure 1. These roughness results should be interpreted together
with the surface free energy data. The lower contact angles measured on ENIG cannot be
attributed to surface free energy alone because ENIG and Cu-OSP differ simultaneously
in surface free energy and roughness. Since the measured solder contact angles are below
90°, increased roughness may further reduce the apparent contact angle according to the
Wenzel model [22]. Therefore, the lower apparent contact angles on ENIG are interpreted
as reflecting the combined effects of higher surface free energy and greater roughness.
The present experimental design does not fully decouple these two contributions, so the
substrate characterization results are used to provide context for the wetting behavior
rather than to isolate a single controlling factor.
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(a) ENIG untreated

4.6 nm
| 043um
“ 000 um
0 nm
(b) ENIG after flux and
thermal treatment 3.9 nm
[ 026 um
~ 000 pm
¥ 79 "\
oo%
(c) Cu OSP untreated 0nm
15nm
024 ym
" 000pm
P!
00 P
(d) CuOSP after flux and 0 nm
thermal treatment
2.5nm
| 0.17 ym
" 000um
0nm

Mean Roughness (Sa) (nm)

Figure 1. Representative AFM 3D height and amplitude images of ENIG and Cu-OSP surfaces before
and after flux and thermal treatment: (a) Untreated ENIG, (b) ENIG after flux and thermal treatment,
(c) untreated Cu-OSP, and (d) Cu-OSP after flux and thermal treatment. (e) Areal mean roughness,
S,, calculated from AFM height images. Error bars represent standard error of the mean, N = 7.
Statistical comparisons were performed using one-way ANOVA followed by Tukey post hoc testing:
*p <0.05 *p<0.01,** p <0.001, and n.s. = not significant.
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3.2. Contact Angle and Wettability

Representative sessile-drop images for the solder/substrate combinations are shown
in Figure 2. These images illustrate the droplet profiles used for determining the contact
angle after the 5 min dwell at 250 °C under forming gas.

ENIG Cu-OSP

SAC305

SAC305-1Bi

SAC305-2Bi

SAC305-3Bi

SAC405

SAC405-1Bi

SAC405-2Bi

SAC405-3Bi

B\ \
\ \
\ \
\
/

Figure 2. Representative sessile-drop images used for contact angle measurement of nominal SAC305-
and SAC405-based solders on ENIG and Cu-OSP substrates at 250 °C under forming gas. Each image
shows one representative droplet from the corresponding solder/substrate condition after the 5 min
dwell at 250 °C.

The measured contact angle results are shown in Figure 3. For both nominal SAC305-
and SAC405-based series, the contact angle generally decreased as Bi content increased
on both ENIG and Cu-OSP, indicating improved spreading with Bi addition. This trend
was more pronounced for the SAC305 compositions, particularly on Cu-OSP, where the
reduction in contact angle with Bi content was larger. Because all sessile-drop measurements
were performed using the same temperature, dwell time, atmosphere, flux application
procedure, and image analysis method, the contact angle results are best interpreted as
relative comparisons among solder compositions and pad finishes under a common test
condition. The stronger decrease observed for the SAC305-based alloys, especially on
Cu-OSP, indicates that the influence of Bi addition depends on the base alloy composition
and substrate finish rather than on Bi content alone.
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(a) SAC305 40 (b) SAC405

40 Cu-OSP Cu-OSP

3% I OENIG 2 35 CENIG
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30 1 < 30
3 o
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g 25 < 25
i 5 1 t
g2 o £ 20 m
5 N i
O 15 15

v 0 1 2 3 10

; 0 1 2 3
Bi (wt.%) B (Wt.%)

Figure 3. Measured contact angles (6) of (a) nominal SAC305- and (b) SAC405-based solders on ENIG
and Cu-OSP at 250 °C, plotted as a function of the XRF-measured Bi content. Error bars represent
standard deviation from three measurements.

For comparable alloy compositions, ENIG consistently showed lower contact angles
than Cu-OSP, indicating more favorable wetting on ENIG. At the same time, SAC305-based
solders generally exhibited lower contact angles than SAC405-based solders, especially
on ENIG. These results indicate that both alloy composition and pad finish influenced the
apparent wettability. The lower contact angles observed on ENIG are consistent with the
combined influence of higher surface free energy and greater roughness, as discussed in
the previous section.

Although Bi addition generally lowered the contact angle, the extent of the reduction
depended on the base alloy and substrate finish. In the nominal SAC305-based series, the
decrease in contact angle with increasing Bi content was relatively strong on both finishes.
In the nominal SAC405-based series, the same overall trend was observed, but the change
with Bi addition was smaller, particularly on Cu-OSP. These differences suggest that the
effect of Bi on wettability depends on both alloy composition and substrate condition and
may be related to changes in liquid surface tension and solder-substrate interactions.

3.3. Calculated Work of Adhesion

The liquid surface tension values, measured contact angles shown in Figure 3, and
calculated W, values are summarized in Table 3. The calculated W, values are also plotted
against liquid surface tension to show how the calculated adhesion values vary with solder
surface tension for the different alloy compositions, as shown in Figure 4.

Table 3. Liquid surface tension at 250 °C, contact angles at 250 °C, and calculated work of adhesion
of nominal SAC305- and SAC405-based solders on ENIG and Cu-OSP substrates. Values are reported
as mean = standard deviation for ¢} and 6. The uncertainty in W, was calculated by propagating

the uncertainties in y; g and 6.

YLG ° W, on ENIG ) o W, on Cu-OSP
Solder (mN/m) 0 on ENIG (°) (mN/m) 0 on Cu-OSP (°) (mN/m)
SAC305 433.7 +£1.9 20.7 £ 04 839.3 +3.9 379+ 09 775.7 £ 5.5
SAC305-1Bi 424.0 £ 2.0 19.7 £ 0.6 823.3 + 4.1 363 +1.5 765.6 + 7.6
SAC305-2Bi 406.6 + 0.4 17.7 £ 0.6 7941+ 15 33.6+1.4 7453 + 5.4
SAC305-3Bi 404.2 + 3.5 16.8 £ 0.6 7913 +£7.0 300+ 1.5 7544 + 84
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Table 3. Cont.
YLG o W, on ENIG ) o W, on Cu-OSP
Solder (mN/m) 0 on ENIG (°) (mN/m) 0 on Cu-OSP (°) (mN/m)
SAC405 4899 1+ 4.8 245+ 0.7 935.7 + 9.6 375+ 0.6 878.6 +9.3
SAC405-1Bi 4741 + 4.7 238+ 1.4 907.9 +10.2 33.1+0.7 871.1 +£9.3
SAC405-2Bi 4595+ 1.0 20.7 £ 0.5 889.2 +2.3 325+04 847.0 £ 24
SAC405-3Bi 4572 +£0.9 182+ 14 891.7 + 4.0 31.6 £1.0 846.5 + 4.3
(a) ENIG
925 CI) 4
<&
P
g 875
v 4
= A ASAC305
N’
= 825 I © SAC305-1Bi
3 SAC305-2Bi
? + SAC305-3Bi
ASAC405
775 OSAC405-1Bi
CISAC405-2Bi
©SAC405-3Bi
725
400 425 450 475 500
YLc (mN/m)
(b) Cu-OSP
925
875 <I> 4{3
)
% 825 * mSAC305
= ® SAC305-1Bi
3 * SAC305-2Bi
SAC305-3Bi
775 j ASAC405
§ OSAC405-1Bi
I [ISAC405-2Bi
¢ ©SAC405-3Bi
725
400 425 450 475 500
Yrc (mN/m)

Figure 4. Calculated work of adhesion (W,) as a function of liquid surface tension (7 ) for nominal
SAC305- and SAC405-based solders on (a) ENIG and (b) Cu-OSP substrates. Error bars represent the
propagated uncertainty in W, calculated from the uncertainties in 7y and 6.
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It should be noted that the calculated W, values should be interpreted as apparent
values for the present solder/substrate systems, where interfacial reactions can occur, rather
than as absolute thermodynamic work of adhesion for an inert equilibrium interface. The
Young-Dupré relationship assumes an equilibrium balance of interfacial energies, whereas
prior studies have shown that in reactive wetting systems, reaction products formed at
the interface can influence the measured apparent contact angle and the corresponding
work of adhesion [7]. In the present study, molten SAC-Bi solders can react with ENIG
and Cu-OSP through processes such as Ni-Sn and Cu-Sn intermetallic formation [23],
and these reactions are expected to promote wetting relative to an inert substrate surface.
Therefore, the calculated W, values may be higher than the values that would be obtained
for a purely nonreactive interface. For this reason, the calculated W, values are most
appropriately used as apparent, comparative values for the solder/substrate combinations
tested under identical conditions, rather than as reversible thermodynamic values. This
interpretation does not prevent comparison among the solder/substrate combinations,
because all W, values were calculated using the same measurement procedure and test
temperature. However, the values should be compared together with the contact angle
results and substrate characterization rather than treated as standalone adhesion constants.
In particular, differences in pad finish may reflect not only equilibrium interfacial energy
differences, but also differences in surface roughness, surface free energy, and interfacial
reaction behavior under the present measurement conditions.

For both substrate finishes, a positive correlation can be seen in the W,;-y;; plots
(Figure 4), where solders with higher surface tension generally have larger W,. However,
this trend reflects the combined influence of liquid surface tension and contact angle in
the Young-Dupré relationship, rather than a direct dependence on surface tension alone.
In particular, alloys with similar ;¢ values can exhibit different W, values when the
measured contact angles differ, highlighting the role of wetting behavior in determining
the calculated adhesion. This effect is more evident in the Cu-OSP data.

The ENIG data are consistently shifted to higher W, values than the Cu-OSP data,
indicating stronger calculated adhesion on ENIG for all alloys examined. Based on the
calculated results, W, ranged from approximately 791 to 936 mN/m on ENIG and from
approximately 745 to 879 mN/m on Cu-OSP. Since a given solder has the same liquid
surface tension regardless of substrate, the higher W, values on ENIG are consistent with
the lower contact angles measured on ENIG relative to Cu-OSP. This finish-dependent
difference is also consistent with the higher surface free energy of ENIG and the different
surface chemistry of the two finishes.

Alloy composition also affected the calculated work of adhesion. Across both finishes,
the SAC405-based alloys showed higher W, values than the SAC305-based alloys, while
Bi additions produced a finish- and alloy-dependent response. For the SAC305-based
series, Bi addition caused a clear reduction in contact angle, especially on Cu-OSP, but
the corresponding calculated W, values did not increase in the same manner. For the
SAC405-based series, Bi addition also reduced the contact angle, while the calculated W,
values remained relatively high across the series. These trends indicate that Bi addition
improves apparent spreading, while the resulting calculated adhesion response depends
on both the base alloy and pad finish.

The greater local compositional variation observed by XRF for SAC405-3Bi introduces
some uncertainty when interpreting its composition-dependent behavior. Nevertheless,
the standard deviations of its contact-angle and liquid-surface-tension measurements were
within the ranges observed for the other alloys, and its contact-angle and calculated W, val-
ues followed the overall trends observed for the SAC405-based series. These observations
support the repeatability of the measured wetting response and the resulting calculated
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W, values for the specimens tested. Accordingly, the SAC405-3Bi results remain useful for
comparison within the present dataset, while composition-property trends involving this
alloy should be interpreted based on the overall SAC405-based series rather than on this
composition alone.

Overall, the W, results reinforce the substrate-dependent wetting behavior observed
from the contact angle measurements. ENIG produced higher calculated W, values than
Cu-OSP for all solder compositions, consistent with the lower contact angles measured on
ENIG. The results also show that Bi addition improves wettability primarily by reducing
contact angle, but its effect on calculated W, is alloy- and finish-dependent.

4. Conclusions

The wettability of nominal SAC305- and SAC405-based solders with Bi additions was
evaluated on ENIG and Cu-OSP substrates by sessile drop testing, together with substrate
characterization by AFM and surface free energy measurements. For both nominal SAC305-
and SAC405-based alloy series, the contact angle generally decreased with increasing Bi
content on both finishes, indicating improved spreading with Bi addition. ENIG con-
sistently showed lower contact angles than Cu-OSP for comparable alloy compositions,
indicating more favorable wetting on ENIG under the present test conditions.

The substrate characterization results showed clear differences in surface free energy
and roughness between ENIG and Cu-OSP, and these differences remained evident after
pretreatment. The calculated work of adhesion was higher on ENIG than on Cu-OSP across
the alloy set, consistent with the lower contact angles measured on ENIG. Bi addition
generally reduced the contact angle, indicating improved spreading, but it did not lead to a
simple monotonic increase in the calculated W, because Bi also reduced the liquid surface
tension of the solder. As a result, the calculated W, values reflect the balance between
improved spreading and reduced ;. These results show that pad finish, Bi content,
and base alloy composition all influence the apparent wettability and calculated work of
adhesion of SAC-based solders. The results also show that the lowest contact angle does
not necessarily produce the highest calculated work of adhesion because W, depends on
both the contact angle and the liquid surface tension.
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