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The “degree of wetting,” which is related to the contact angle (0) between the molten solder and the
substrate, is a useful parameter on the solderability process control. The contact angle, however, is strongly
dependent on the type of substrate surface finish and used atmosphere (inert or non-inert). Furthermore,
the surface tension, being an important parameter on the solderability process and performance, can also
be achieved if the contact angle is known. In this study, the SAC405 [Sn4.0Ag0.5Cu (in wt.%)] solder paste
contact angle was measured, by the “sessile drop” method, as a function of the temperature, surface pad
finish and used atmosphere. The results are discussed, and the contact angles obtained for the different
conditions are compared and discussed. Then, the surface tension (experimental) was obtained from the
measured contact angle and compared with the obtained by using computation models (theoretical). The
experiments performed in high vacuum conditions, i.e., low oxygen content, over a temperature range,
allowed the evaluation and understanding of the surface oxides layers role on the solder wettability. The
present study shows that in the soldering process, even in an inert atmosphere, usually used in industry,
occurs the formation of superficial oxides, over the liquid solder and/or at the pad surfaces, that strongly
affects the solder paste wettability, specially with Sn and OSP (organic solderability preservative) finishing.
Differences in contact angle of = 10° were determined between the two types of used atmospheres. The
experimental surface tension and theoretical surface tension obtained, for the NiAu substrate type, present
good correlation. The lower contact angle values were obtained for the NiAu and OSP finish types, inde-

pendently of the atmosphere type.

Keywords atmosphere, Pb-free solders, surface finishing, wetta-
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1. Introduction

The soldering process consists of the formation of a joint
between the molten solder and the metal surface (from now on
designated as substrate). Thus, the ability of the molten solder
to flow or spread on the substrate is important for the formation
of a proper metallic bond (Ref 1-4). To achieve a reliable solder
joint to sustain the performance and overall product reliability,
the study of the wetting behavior is a crucial step in the
characterization of the solder alloys (Ref 2, 5-10), especially for
the lead-free solders.
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The wettability depends on the ability of the molten solder
to react with a substrate, forming intermetallic compounds
(IMCs). These IMCs will be the adhesion layer between the
solder/weld and the substrate (Ref 7, 11-13). However, the
solder spreading over a metallic surface is a complex problem,
involving several physical and chemical processes (Ref 14),
namely the diffusion between the liquid and the solid, the
nucleation conditions followed by the formation and growth of
the intermetallic compound layer(s) at the interface, which
together will determine the behavior of the metal-metal system
(Ref 2, 15).

The extent of the solder wetting depends on degree and rate
of wetting and also on the surface tension. The degree of
wetting is generally indicated by the contact angle (0) between
the surface and the liquid (Ref 1, 16-22). The surface tension is
a complex issue even for the simplest case of a liquid drop on a
solid substrate. For a complete surface study, three surface
tensions must be considered (Ref 16): solid—liquid (o), liquid—
gas (o)) and solid—gas (o,). Assuming the simplest situation
which corresponds to the spread of a non-reactive liquid on an
ideal solid surface (physically and chemically inert, smooth,
homogeneous and rigid) (Ref 7), the surface tension (balance of
surface tensions at the junction (Ref 17)) and the equilibrium
contact angle (0) are related by following Young’s Eq 1:

(Eq 1)

Although these ideal conditions are rarely achieved in
practical situations, this relationship is of higher importance
since the Young’s equation is a fundamental starting point for
understanding the complex process of wetting (Ref 7).

Osg — 051 = Olg COS 0
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To get more information concerning the surface tension,
several methods, based on the Laplace equation, have been
developed in order to express the surface tension (o) as a
function of the droplet shape and size (Ref 23-27). The well-
known Bashforth and Adams (Ref 27) tables (ADSA—axisym-
metric drop shape analysis) can be used to determine the
interfacial tension and the contact angle based on the exper-
imental drop profile. (The use of these tables is limited to drops
of a certain size and 0 > 90°.) These tables were generated
from sessile drop profiles for different values of surface tension
and curvature radius at the apex of the drop. Malcolm and
Elliott (Ref 26) implemented a semiempirical method to
estimate the surface tension based on the total height (/) and
maximum diameter (D) of a sessile drop, designated as
axisymmetric drop shape analysis-height and diameter
(ADSA-HD). The advantage of this method is the possibility
of application to sessile drops of any contact angle. Moreover,
Rio and Neumann (Ref 28) presented a software, to overcome
the deficiencies of the numerical approaches, called axisym-
metric liquid—fluid interface (ALFI) which uses more efficient
algorithms. In this ALFI software, the theoretical Young—
Laplace curves are obtained by integrating the Laplace equation
for recognized values of surface tension and drop curvature at
the apex. In this way, the procedure proposed by Bashforth and
Adams becomes extended and automatic.

The conventional “sessile drop” method is probably the
most used technique in the study of solid—liquid interfaces (Ref
1, 11, 23, 25, 29), due to its simplicity and ease of use. Arenas
et al. (Ref 1) measured the contact angles of four Sn-based
alloys, with and without the use of fluxes, on Cu substrates
using the “sessile drop” method. Contact angles between 10°
and 30° were obtained using rosin-based fluxes (RMA and
RA). Higher values (60 = 30°-40°) were obtained for wetting
under vacuum without fluxes. Amore et al. (Ref 2) studying the
behavior of the Sn-Cu system on two different metal substrates
(Cu and Ni), under high vacuum conditions and for temper-
atures up to 300 °C, showed a better wettability on the Cu
substrate than on Ni substrate, with 0 = 40° and 0 = 90°,
respectively. Zang et al. (Ref 18) investigated the wetting
behavior of Sn-3.0Ag-0.5Cu solder, on Cu and Ni substrates
under an Ar atmosphere at 250 °C, obtaining a contact angle
0 = 29° on Cu substrate and 0 = 37° on Ni substrate.

The conventional “sessile drop” method is based on the
analysis of drop profile over a substrate (Ref 26), as schemat-
ically shown in Fig. 1. Although it is experimentally a simple
method, it is necessary to keep in mind that both the working
temperature and atmosphere as, also, the composition of the
substrate will influence the wettability, the scattering charac-
teristics and the interfacial morphology (Ref 24, 27). In this
way, the measurement of the contact angle, for the purpose of
this work, involves the control of a number of parameters that
affect the wetting behavior of the solder.

Good mechanical adhesion of a solder joint is achieved by
the intermetallic layers obtained from the reaction between the
solder and the PCB (printed circuit board) substrate. The
presence of a superficial oxide layer, at the substrate pad or the
liquid solder ball, has a great influence on the wettability and
soldering reliability. In industrial production, formation of
oxide layers is usually prevented by the use of a flux. A better
knowledge of the physical mechanisms of soldering in the
presence of oxide layers may help to improve the reflow
soldering quality (Ref 30, 31).
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Fig. 1 Diagram illustrating the solder droplet and how to achieve
the contact angle

Since the type of the surface finish play a crucial role (Ref 2,
30-35) in the wetting properties, in this work we studied the
surface finish generally used in commercial PCB, namely OSP,
NiAu and Sn (Ref 36). The aim of this work is the study and
characterization of the wetting behavior of the SAC405 solder
paste by measuring the solder contact angle (by the “sessile
drop” method) on different surface finish types and to obtain
the corresponding surface tension. The effect of superficial
oxides on the solder wetting was, also, evaluated. The
experimental alloy surface tension, achieved using the exper-
imental contact angle values, will be compared and validated
with analytical surface tension obtained by computational
methods based on the Butler’s model.

2. Experimental Procedures

Due to the excellent performance of the SAC405 solder
paste (Sn4.0Ag0.5Cu, in wt.%) it is widely used in electronics
manufacturing and so was the selected solder for this study. The
wetting behavior was studied on three different commercial
PCB surface pad finish types: Sn, OSP and NiAu, cut into
pieces of 20 x 20 mm?, and used as substrates in the
experiments. Table 1 shows the composition and layer structure
of the three different FR4 (glass-reinforced epoxy laminate
material) substrates used in the wettability tests.

From the obtained solder paste bubble over the PCB images,
the contact angle, at different temperatures (Fig. 1), was
obtained. For each substrate/PCB finishing type, the wettability
tests were performed as a function of temperature, for two
different atmospheric conditions: vacuum and inert atmosphere.
The used experimental apparatus was presented in a previous
work (Ref 10). For the wetting measurements, a primary
heating step, up to 170 °C, was used to reach the internal
pressure of 1 x 107> mbar (~ 1-2 °C/min). In this first step,
the solder flux is activated, cleaning the solder paste and pad
surfaces. Then, the temperature is increased in the selected
atmosphere (vacuum or inert). The flux evaporation during the
heating cycle was studied by simultaneous differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) with
the experimental conditions presented in Table 2. This study
(simultaneous DSC/TGA equipment, SDT2960 from TA
Instruments) allows to follow and quantify the solder weight
changes as a function of the imposed heating rate.

After the extraction of the droplet line (contact angle) for the
different studied conditions, the solder surface tension was
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Table 1 Composition and layer structure of the three different boards used in the wettability tests

PCB
Layers OSP NiAu Sn
Layer of FR4 1600 pum 1600 pm 1600 pm
Layer of Cu 35 um 35 pm 18 um
Surface finish 1.9 pm of Sn 2 pm of Ni 2 pm of Sn
0.1 pm of OSP 0.5 pm of Au

Table 2 Thermal cycles and total weight change of
SAC405 solder paste as a function of the heating rate

Heating
rate, °C/min

Melting
temperature, °C

‘Weight loss,
% (up to 215 °C)

5 215.5 3.24
10 218.9 2.41
15 218.4 2.21
20 220.1 1.85
30 222.7 1.39

calculated using the ADSA-HD analysis given by Rio and
Neumann (Ref 28).

3. Surface Tension Calculation

In the Butler’s model, the surface is assumed as an additional
thermodynamic phase, in equilibrium with the bulk (Ref 37-
39). Considering a regular solution model approximation, the
surface tension of a binary and ternary liquid alloys can be
calculated as (Ref 39):

S
o= ai+%L ;Jrsl [G*“(T, o 23)

. (Eq 2)
XS, b .

e (T,Xj(,.:w)], i=1,2,3.

where R, T, g; and S; are the gas constant, absolute tempera-
ture, the surface tension of pure components and the surface
area, respectively. X% and X® correspond to the composition of
the surface and of the bulk phase for the component i, respec-

tively. GXSS(T Xs ) and G*%(T, X}’(,«: 2.3)) are the partial

excess Gibbs energies of a component i in the surface phase
and in the bulk phase, respectively. Both free energies are gi-
ven as functions of temperature (7) and composition of the
surface (X°) and bulk phase (X°).

The surface area of component i (S,) is calculated using the
Avogadro’s number (V,), the atomic mass (M;) and the density
(p;) (Ref 40) as follows:

M\ 23
S; = 1.091N, (—)

i

(Eq 3)

The excess energy term of a component i can be derived from
the standard thermodynamic relation, in the form (Ref 28):

st - G + Z GXS
ij

(Eq 4)

where 0 is Kronecker’s symbol.
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Assuming that the alloy free energy is always proportional
to the number of interactive contacts between neighboring
atoms, it is possible correlate the respective coordination
numbers in the surface layer and in the bulk phase:

b
GXSS<T /(/ 23 ) = G (T X/(J 23))

where f is the ratio between the two coordination numbers,
i.e., a parameter describing the reduced coordination in the
liquid phase. In the present work, f was assumed as 0.75
(Ref 41, 42).

The excess Gibbs energy of the Ag-Cu-Sn ternary subsys-
tem is calculated combining the corresponding values of the
Ag-Cu, Ag-Sn and the Cu-Sn (Ref 34, 40, 43) binary
subsystems, with an additional ternary contribution (x; x; xx
L153), in the form:

(Eq 5)

wG —B-C Zx, x; - Z(AV +B,-T)- (xi - )Cj)v+xinka123

v=0
(Eq 6)

In order to validate the as-referred surface tension calcula-
tions, we also performed the theoretical surface tension
calculations based on Butler’s equation, by using the SURDAT
program (Ref 41) (which has a library containing data of the
surface tensions and densities for an extensive range of
temperatures and concentrations/solder compositions).

Then, the surface tensions calculated from Butler’s model
and the experimental ones (using the measured contact angles
obtained by the sessile drop method inn Eq 1) will be compared
for the three different substrates and the two atmospheric
conditions used. In this way, this simple and rapid approach for
the surface tension determination based on the sessile drop
method becomes validated.

4. Results and Discussion

4.1 Effect of the Heating Rate on the Solder Paste Flux
Evaporation

The solder paste used in this study (SAC405) consists of a
mixture of microscopic solder balls, flux, activator and
solvents. Table 2 and Fig. 2 present the weight change, in the
solder solid state range, as a function of the heating rate.

From Fig. 2(a), it is seen that the flux evaporation (total
solder paste weight change) is more efficient using a low
heating rate. According to these results, the influence of the flux
on the soldering process is reduced/favored by using a low
heating rate. Accordingly, in the present work, the heating rate
used on the wettability tests, during the solder melting range,
was lower than the 5 °C/min, thereby ensuring the total solder
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flux evaporation before the solder melting starts. The fluxes
activation is time dependent and consequently varies with the
heating rate as shown in Fig. 2(b). On the vacuum atmosphere
experiments the flux is temperature activated, up to 170 °C,
cleaning the solder balls and the pad surface and then
evaporates.

4.2 Wettability Properties of SAC405 Solder Past

The measured contact angles of the lead-free solder SAC405
for the three different substrates are shown in Fig. 3(a) for the
measurements  taken in  high vacuum  atmosphere
(~ 1 x 107> mbar) and in Fig. 3(b) for the measurements
taken in an inert atmosphere (~ 100 mbar). Two tests were
done, for each configuration, with a 0 scatter lower than ~ 2°.
The contact angle (0) for NiAu substrate was not possible to
measure, above 230 °C, because the solder fully spreads on the
pad substrate.

As expected, these results reveal that the contact angle value
depends on the temperature and on the surface pad finishing.
Besides this dependence, the present study shows that the
atmosphere used also affects the contact angle, for the same
solder/substrate combination. Moreover, the obtained results
show that, regardless of the atmosphere used in the tests, among
the three types of substrates studied, the contact angle values
obtained for the Sn pad are always much higher than for the
other substrates. Indeed, a significantly higher contact angle
was obtained for the tests performed in an inert atmosphere,
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Fig. 2 Solid-state SAC405 solder paste weight loss (%) vs. temper-
ature (a) and total weight change for different heating rates (b)
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specially at the initial melting temperature (217 °C). Moreover,
the differences in the 0 values, between Sn pad and the others
surfaces, are much higher for the tests performed in an inert
atmosphere. This effect is probably related to surface oxidation,
due to the high tendency of Sn to oxidize (Ref 44). Although
the experimental conditions used in the first heating step are
favorable to the almost total evaporation of the solder flux, the
observed differences in the contact angles, for the two
atmospheres used, as also the presence of some fluctuations
(with temperature), especially in the tests made in inert
atmosphere, indicate some level of oxidation, i.e., the presence
of oxide layers. Indeed, among the pad finishes under study, the
Sn is the most sensitive to oxidation and is the one that show
higher 0 angle at the initial melting temperature. Moreover, as
the temperature increases, the differences in the O values,
between the different surface types, start to decrease. This study
shows the importance of the contact angle determination and
the effect of the surface condition on the solder wetting
behavior and consequently on the final soldering quality.

The results shown in Fig. 3(a) and (b) present some
variations of the contact angle value evolution with the
temperature. The contact angle decrease, observer at 222 and
245 °C (seen in Fig. 3a and b), might be related to the presence
of oxide layers at the pad and/or at the solder liquid surfaces.

100

Contact angle (°)

215 220 225 230 235 240 245 250 255 260
(a) Temperature (°C)

100

Contact angle (°)
(42
o

215 220 225 230 235 240 245 250 255 260
(b) Temperature (°C)

Fig. 3 Contact angle (0) of the solder SAC405 as function of tem-
perature, for the three different substrates, in high vacuum (a) and
inert atmosphere (b)
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Indeed, the observed decrease on the 6 value is probably related
to the oxide layer break (at the solder liquid or at the pad
surface), as also have been observed by other researchers (Ref
45, 46).

In Fig. 4 is shown the difference in the contact angle
(A0 = 0; — 0,) obtained for the experiments performed in inert
(0;) and vacuum atmosphere (0,) for the three tested surface
finishes, at 220 and 230 °C. It is clear that these differences in
the contact angle strongly decrease as the temperature
increases, as also the contact angle value, independently of
the pad finish. Moreover this behavior, differences in the
contact angle between the pads type finish are observed in the
range of tested temperatures. All these behaviors, namely
contact angle versus temperature, contact angle versus used
atmosphere and, independently of the atmosphere and temper-
ature, the different contact angle values for the three studied
pads can be attributed to the presence of oxide barriers at the
solder liquid bubble (that will break at lower 7) and/or pad
surface (that will break at higher 7).

In fact, Protsenko et al. (Ref 45) showed that, at low
temperatures, the oxide films that form in the liquid (solder) or
solid (substrate) are the main factors affecting the process of
wetting. For this type of lead-free solder, with a high Sn content
in its composition, it is expected that a protective oxide layer
will be formed when heated to a liquid phase (Ref 30, 47), due
essentially to the chemical nature of Sn. Indeed, our results
indicate that if the temperature is further increased, this
protective layer breaks and the solder spreads (as seen in
Fig. 3a and b), probably due to the break of the oxide protective
layer. Since the contact angle behavior with temperature
observed for the NiAu pad finish tested in an inert atmosphere
(Fig. 3b), does not show the second transition (higher
temperature- related to the break of the oxide at the pad
surface) it indicates that this type of substrate is less sensitive to
surface oxidation and, so, only the first transition, correspond-
ing to the liquid solder surface oxide breaking, was detected.
Indeed, this effect of oxidation in an inert atmosphere also
explains the higher temperatures that were observed for the
solder start spreading, mainly for NiAu and OSP substrates, as
also reported by Gorlich et al. (Ref 30). Then, we can conclude
that the higher initial contact angle observed in inert atmo-
sphere conditions is due to a thicker superficial oxidation film.
Furthermore, this oxide layer, present at liquid solder and/or
substrate surfaces, acts as a barrier to the wetting process,
preventing the solder from spreading and properly reacting with
the substrate, corresponding to higher contact angle values.

45 -+-Sn
40 N -=--OSP
35 s, ——NiAu
30
25
20
15
10
5

Contact angle difference (0)

218 220 222 224 226 228 230 232
Temperature (°C)

Fig. 4 Evolution of the contact angle () difference between inert
and vacuum atmosphere, for the three tested surface finishes
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This observation allows us to conclude that the initial surface
pad condition plays an important role in the solder wettability
behavior.

4.3 Surface Tension: Comparison Between Experiment
and Modeling/Theoretical

The theoretical surface tension, obtained for temperatures
between the solder melting point (7,,) and 650 °C, was
determined for different SAC type alloys and also for pure
Sn, for comparison, and the results are shown in Fig. 5. Also in
Fig. 5 are present the obtained values of the surface tension of
SAC405 on NiAu substrate (using the ADSA-HD analysis)
together with the experimental values. These results were
obtained using the same experimental device and procedure
used for contact angle determination (Fig. 3).

The results show that (1) the surface tension decreases as the
Sn content increases; (2) the change in the surface tension due to
the increase in Ag, for the same Cu content, is very small; (3) the
experimental data, for the surface tension, are in good agreement
with the calculations. Taking into account the experimental
systematic errors (measurement procedure and the accuracy and
repeatability of the profile acquisitions), the error associated with
the surface tension values was estimated to be less than 5%.

5. Conclusions

The contact angle of lead-free SAC405 solder paste as a
function of temperature was measured using three different
surface finishes (NiAu, OSP and Sn), by the “sessile drop”
method, in two atmospheric conditions (vacuum and inert
atmosphere). The lowest contact angle was obtained for NiAu
and OSP substrates, indicating a solder better wettability, for
both types of tested atmospheres.

The variation of the solder surface tension with temperature
was calculated, based on the ADSA-HD method, using the
solder contact angle experimentally obtained. A good correla-
tion between experimental and calculated solder surface tension
was obtained.

Experiments performed in vacuum and inert atmosphere
showed that the presence of superficial oxide films strongly
affect the solder wettability. Differences in the contact angle
higher than 10° were found, between experiments performed in

©® Sn4.0Ag0.5Cu (Exp) = #* —PureSn
«+++3--- Sn3.0Ag0.5Cu - = 5n4.0Ag0.5Cu
580 4 —o— Sn3.9Ag1.4Cu —a& - Sn10.5Ag4.5Cu
| Sn21.0Ag9.0C
E 5701 N2
E 560 ]
i I -
g 5507 St
5] 1 =
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5 |
= 530
3 ]
® 520-
T ]
& 510
500 +——-r—r—r—r—r—r——r——r———————r————— .
200 300 400 500 600 700

Temperature (°C)

Fig. 5 Theoretical surface tension as a function of temperature
(based on Butler model) for pure Sn and several solder alloys (liquid
state) and experimental surface tension obtained for SAC405 on
NiAu substrate
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vacuum and inert atmosphere, for the same pad finish. These
differences strongly decrease as the temperature increases.
From the behavior of the contact angle with temperature, for the
different pads and the two used atmospheres the breaking
temperatures of the surface oxide layer at the solder bubble and
at the pad were determined and explained. Firstly, the oxide
layer breaks on liquid solder surface and later, i.e., at higher
temperatures, on the substrate surface.
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