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Abstract

A new wettability evaluating system was
developed by combining a contact angle
measurement instrument, which optically and in-
situ measures the contact angle of molten solder,
with a conventional wettability tester
(meniscograph). Using this new evaluation
system, a well-known experiential knowledge
that the wettability for Sn-3.5Ag, a typical Pb-
free solder, is inferior to that for Sn-37Pb is
quantitatively confirmed by the result that the
contact angle for Sn-3.5Ag is twice of that for Sn-

37Pb. The cause for this wettability difference is
attributed to the difference in the surface tensions
of the solders (the solder-flux interfacial tension).
The influences of alloying elements (1%Cu,
1%2Zn, 5%Bi, 5%In), fluxes and Au coating on a
Cu substrate on the wettability for the Sn-3.5Ag
are discussed. In the discussion, three interfacial
tensions among the solder, flux and substrate are
separately estimated to analyze the mechanisms
which make differences in wettability.
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1. Introduction

Wettability is an essential characteristic of a
soldering system for electronics. To quantitatively
evaluate the wettability, the contact angle and
interfacial tension should be first measured. There
have been only a few reports, however, on
wettability of practical soldering systems because of
the difficulty to measure these physical parameters
in the presence of flux.

A meniscograph method (wetting balance
method)l’ is one of the most commonly used
wettability evaluation methods. In this method, a
force on a substrate, while the substrate is immersed
in a molten solder bath and is wetted by the solder, is
measured. Indices of wettability, such as wetting
time and wetting force, can be evaluated by the
analysis of obtained force-time curves (wetting
curve). The measured indices of wettability,
however, are easily affected by the substrate size and
shape because the wetting curve depends on the heat
capacity.z) Consequently, the measured wettability is
not quantitative, but only qualitative.

In addition, this method can measure neither the
contact angle (0) nor interfacial tension (y;;) directly,
which are essential physical parameters of wetting.
Some methods have been proposed, however, to
separately estimate them, utilizing the fact that the
wetting force is the product of these two
parameters.S) Vianco®? estimated the contact angle
and interfacial tension by a theoretical analysis of
the wetting height and wetting force of a solder.
Vincent and Humpston® and Miyazaki et al.” each
proposed a method measuring vy,;; by using the
substrate which is not wetted by molten solder, e.g.,
Teflon or AlLO;.

In this study, we developed a new wettability
evaluation system, which is obtained by combining
an instrument to directly measure the contact angle
(0) during the solder wetting process with a
conventional wettability tester (meniscograph
tester). In addition to the wettability indices
measured by the meniscograph tester, the contact
angle (0) and interfacial tension (y) can be
simultaneously measured with this system. In this
report, this newly developed system is described and
some applications to the evaluation and analysis of
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the wettability are presented.”®

2. Wettability evaluation system using the
contact angle measuring instrument

Figure 1 shows a vertical schematic illustration of
a substrate immersed in molten solder. The wetting
force (F) is related to the contact angle (6) and
solder-flux interfacial tension (y;,)® as:

where P is the perimeter of the substrate, and B is
the buoyancy force, both of which are known to be
constants. When F and 6 are measured, y; can be
obtained from Eq. (1). In this study, the contact
angle and wetting force (F) measured 5s after
immersion were used.

Figure 2 is a schematic illustration of wetting.
The contact angle is determined by the balance of
three interfacial tensions at the wetting tip of the
solder, i.e., solder-flux (y;), substrate-flux (ys) and
substrate-solder (yy) interfacial tensions. This
relationshipg) is described by Young's Eq. (2).

Yor = Vif *COSO + Ysr « v v v (2)
Using Egs.(1) and (2), the difference: y, - 7 can be

:SOi(i:er:; it

Fig. 1 Vertical schematic illustration of the substrate
immersed in the molten solder using the
meniscograph method.

Fig.2 Sessile drop geometry determined by the
equilibrium relationship between the solder-flux,
substrate-flux, and substrate-solder interfacial
tension.



obtained.

To measure a contact angle, a three-dimensional
profile of the molten solder fillet must be determined
quickly and accurately because wetting of molten
solder on a substrate completes within a few
seconds. Conventional methods,’®*® however, do
not have enough speed and accuracy.

Figure 3 shows the construction of the contact
angle and interfacial tension measuring system with
a meniscograph instrument. The contact angle
measurement is based on the regular reflection on a
molten solder surface, which possesses a specular
gloss. The following techniques were employed to
achieve a high speed (15 frame/s) and highly
accurate (+0.2°) measurement.

(1) To improve the angular resolution of this
instrument, multiple light sources (37 LEDs) are
accurately arranged at an interval of 2.2° as shown in
Fig. 4. The wavelength of the LEDs were selected
to be 880nm (near-infrared light) to suppress the
influence of visible light.
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Fig. 3 Wettability evaluation system using the
conventional meniscograph tester combined with
the contact angle measuring instrument:

(a) construction of the system, and (b) contact
angle measuring part.
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(2) To accurately specify the position of the light
source, two different lighting patterns: patterns A
and B were used, as shown in Fig. 5, and each LED
was uniquely coded by the ratio of brightnesses
between the two patterns. Detail of this technique is
as follows. All LEDs, whose brightnesses are
accurately controlled by resistors, and
simultaneously irradiate the molten solder surface.
In lighting pattern A, the brightnesses of the light
sources are set in the decreasing order from 1 to 37.

Light source
(37 LEDs)

CCD

Object %<
5\\ | | camera

Yy
]

Fig. 4 Principle of specular surface orientation
detection using regular reflection light.
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Fig.5 Schematic illustration of the brightness-ratio-
coded method; (a) lighting pattern A (brightness:
Lal>La2>La3), and (b) lighting pattern B
(brightness: Lb1<Lb2<Lb3).
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In contrast, in lighting pattern B, the brightnesses of
the light sources are set in the increasing order from
1 to 37. It should be noted that the ratio of
brightnesses between the two patterns is unique for
each LED. The reflected light is recorded with a
CCD camera as a light spot. The intensity ratio of
each reflected light spot is equal to that of light
source as:

la/Ib=(Lal-r)/(Lbl.r)=1Lal/Lbl ...... (3)
where la and Ib are the reflection intensities on a
reflected light spot for pattern A and pattern B,
respectively, Lal and Lbl are the respective
brightnesses of the light source, and r is the
reflection ratio of the solder surface. Therefore,
without knowing r, one can tell the brightness ratio
of the light source by evaluating the ratio of the
reflection intensity, i.e., which one of 37 LEDs is the
light source of the measured light spot. Then,
because the surface reflection is regular, the
direction angle (¢) of the solder fillet surface is
determined.

(3) The dynamic range of the CCD camera was
enlarged by synthesizing two pictures obtained
under two different exposure periods of time to
enlarge the recordable brightness range and therefore
to enable more accurate measurement.

(4) Figure 6 shows the sequence of the lighting
patterns and two exposure periods. In this sequence,
four images are taken: two exposure periods for each
of two lighting patterns. To avoid the change of the
solder fillet shape during wetting, the recording
time-lags among the four images were minimized by
the control of the exposure time by changing the
irradiation period of time of LEDs and

Field
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Fig. 6 Timing chart of imaging.

R&D Review of Toyota CRDL Vol. 39 No. 2

synchronizing it with the field of the CCD camera.

3. Wettability evaluation using the developed
system

3. 1 Performance of the wettability evaluation
system

The contact angle measuring instrument is shown
in Table 1. Figures 7 show the result of the
wettability measurement of the 63mass%Sn-
37mass%Pb eutectic solder (hereinafter Sn-37Pb)
using a Cu plate (10x30x0.3 (mm?)) as the substrate
and a halogen-free RMA type flux at the soldering
temperature of 230°C. Before the wettability test,
the Cu plate surface was cleaned by electrolytic
polishing, followed by etching with 1M HCI,
washing in ion-exchange water and then drying in
the air.

Figures 7(a) and (b) show a 3-D solder fillet

Table 1 Performance of contact angle measuring
instrument.

Sampling area (mm?) 3.16(X) X 2.45(Y)

Resolution (pixel) 640(H) X 240(V)

Measured angle range™ (deg) (1)4-42, (2)18-56, (3)33-71

Accuracy of angle™ (deg) +0.2

Sampling rate (frames max./sec) 15

*1: It can be selected on the setting angle of CCD camera for horizontal level.
*2: Maximum fluctuation on one pixel is +2deg.
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Fig. 7 Measurement example of Sn-37Pb solder wetting
on Cu substrate at 230°C: (a) 3D-solder fillet
profile, (b) its time-changes, and (c) wetting
curve measured by conventional meniscograph
method. In Fig. 6(b), there is no data for the
fillet profile at 0.71s in the Z value beyond
0.35mm because the direction angles of the
solder fillet surface were beyond the measurable
angle.



profile and the change over time of the cross-
sectional view. Figure 7(c) is a wetting curve from
the meniscograph test. The solder fillet profiles
shown in Figs. 7(a) and (b) were obtained by
integrating the obtained angle data from the tip of
the solder to the bottom. In Fig. 7(b), there is little
change in the cross-sectional solder fillet profiles
after 2.91s from the immersion. This agrees with the
wetting curve in Fig. 7(c), which has little change
after that time also. This result exhibits the ability of
this system well.

Another examination was conducted to clarify the
influence of the shape of the substrate on the
wettability, which is easily influenced in the
conventional meniscograph method. In this
experiment, a Cu plate (10mm in width, 30mm in
length and 0.3mm in thickness) and a Cu wire (a
diameter of 1.2mm and length of 30mm) were
compared under the same experimental conditions as
described before except for the solder
(96.5mass%Sn-3.5mass%Ag eutectic solder
(hereinafter Sn-3.5Ag)) and the soldering
temperature (270°C). The measured results are
shown in Table 2. The values of 6 and v for both
substrates agree well. This result shows that the
measurement by this system is not influenced by
shapes of the substrate.

3.2 Application to solder wettability evaluation

and analysis

Using this newly developed system, we compared
the wettability for Sn-3.5Ag with that for Sn-37Pb,
and moreover, investigated the influence of the
alloying elements (Cu, Zn, In, Bi) of Sn-3.5Ag,
fluxes and a coating on a substrate. Table 3 shows
the conditions of the wettability test. As the

Table 2 Contact angle and flux-solder interfacial tension
on the Cu substrates wetted by Sn-3.5Ag solder
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substrate, Cu (10x30x0.3mm?) and Au-coated
(70nm thickness by sputtering) Cu (described as
Au/Cu hereafter) plates were used. Before the
wettability test and coating with the noble metal, the
Cu plate surface was cleaned in the same manner as
described before. In the investigation of the
influence of fluxes, the same RMA type flux as
described before and a more activated flux were
used. The soldering temperature was measured at a
depth of 3mm from the surface of the molten solder
with a thermocouple.

3. 2.1 Comparison of wettabilities for Sn-3.5Ag

and Sn-37Pb

Figure 8 shows the 6 values between Sn-3.5Ag or

Sn-37Pb and the Cu substrate. The 6 values for Sn-

Table 3 Experimental conditions of wettability test.

Sn-3.5Ag, Sn-3.5Ag-1.0Cu,

at 270°C.
Substrate
Cu plate Cu wire
425 42.7
6(deg) (42.2-42.9) (41.4-44.5)
N/ 0.470 0.505
Yir (N/m) (0.462-0.477) (0.486-0.511)

upper : average and lower: distribution of measurements

Solder alloy Sn-3.5Ag-1.0Zn, Sn-3.5Ag-5.0In,
Sn-3.5Ag-5.0Bi, Sn-37Pb
Temperature 230, 250, 270, 290°C
Substrate Cu, Au/Cu
Flux PO-Z-7(Senzyu), ULF-300R(Tamura)
Atmosphere air
Immersion time 10s
Immersion depth 10 mm
Immersion rate 10 mm/s
Repetition 3
Au/Cu: Au (70nm) coated Cu substrate
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Fig. 8 Contact angle of Sn-3.5Ag and Sn-37Pb wetting
on Cu substrate. There are no data for Sn-3.5Ag
at 230°C because the wetting was too unstable to
measure the 0 value.
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3.5Ag are twice of those for Sn-37Pb and hence, the
wettability for Sn-3.5Ag is significantly inferior to
that for Sn-37Pb.

Table 4 shows 0, v, and v - Yy for the wetting
between Sn-3.5Ag or Sn-37Pb and the Cu substrate
at 270°C v for Sn-3.5Ag is larger than that for Sn-
37Pb, while 4 - v for Sn-3.5Ag is almost equal to
that for Sn-37Pb. According to Young's equation
shown in Eqg. (3), this means that the low wettability
for Sn-3.5Ag is due to the larger ;.

3. 2. 2 Influence of alloying element in
Sn-3.5Ag on wettability between solder
and substrate

Table 5 shows 6 and vy for the wetting between Sn-
3.5Ag-X (X = Cu, Zn, In and Bi) and the Cu
substrate at 270°C. Contact angle is in the
increasing order of Sn-3.5Ag-5Bi (6 = 38°), Sn-
3.5Ag-5In (6 = 41°), Sn-3.5Ag-1Cu (0 = 42°), Sn-
3.5Ag (6 = 43%), Sn-3.5Ag-1Zn (0 = 48°). Although
the wettability for the Sn-3.5Ag alloy is only slightly
influenced by the addition of Cu or In, the
wettability is improved by the addition of Bi, and
decreased by the addition of Zn. From the
comparison of v, these differences in the wettability
are again attributed to the difference in 7, not that in

Table 4 Contact angle and interfacial tension on Cu
substrate wetted by Sn-3.5Ag and Sn-37Pb

Vst = Ysl-
3. 2. 3 Influence of fluxes on wettability

between Sn-3.5Ag and Cu substrate

Table 6 shows the influence of fluxes on 6 and vy
for the wetting between Sn-3.5Ag and the Cu
substrate at 270°C. Using a more activated flux
(ULF-300R) containing halogen rather than a flux
without a halogen (PO-Z-7) decreases 6, i.e.,
improves the wettability. From the comparison of v,
this wettability improvement is due to the decrease
in i

3. 2.4 Influence of Au coating on Cu substrate

on wettability for Sn-3.5Ag

Table 7 shows 6 and vy for the Cu substrate and the
Au/Cu substrate wetted by Sn-3.5Ag at 270°C. The
contact angle decreases from 43° to 29° by coating
the Cu substrate with Au and hence, the wettability
of the substrate is remarkably improved. The
improvement in the wettability is attributed to the
increase in v, - Yy It should be noted that 6 between
Sn-3.5Ag and the Au/Cu substrate is equivalent to
that for Sn-37Pb on the bare Cu substrate (6 = 23°
shown in Table 4). The substrate-flux interfacial
tension (y) is considered to be influenced by the
noble metal surface on Cu substrate. However, this
is not necessarily true for the substrate-solder
interfacial tension (y,) because Au coating of 70nm

Table 6 Influence of flux on contact angle and interfacial
tension on Cu substrate wetted by Sn-3.5Ag at

at 270°C.
Solder 0(deg) Yir (N/m) Yot = Yir (N/m)
Sn-3.5Ag 43 0.470 0.347
Sn-37Pb 23 0.385 0.353

Table 5 Influence of added element to Sn-3.5Ag on
contact angle and interfacial tension on Cu

270°C.
Flux 6(deg) Yi(N/m) Yot - Yal(N/m)
PO-Z-7 43 0.470 0.347
ULF-300R 38 0.406 0.320

(PO-2-7 : without halogen and ULF-300R: with halogen)

Table 7 Influence of the surface coating on Cu substrate
on contact angle and interfacial tension of Sn-

3.5Ag at 270°C.
Coating/Substrate 0(deg) Yir(N/m) Ysi - Ysi(N/m)
---/Cu 43 0.470 0.347
Au/Cu 29 0.460 0.402

substrate at 270°C.

Solder 0(deg) Yis (N/m) Yer - Yo (N/m)
Sn-3.5Ag 43 0.470 0.347
Sn-3.5Ag-1.0Cu 42 0.462 0.346
Sn-3.5Ag-1.0Zn 48 0.508 0.338
Sn-3.5Ag-5.0In 41 0.456 0.345
Sn-3.5Ag-5.0Bi 38 0.423 0.335
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(Thickness of Au coating layer : 70 nm)



thickness might be too thin to sustain when it is
wetted with a solder.

X-ray diffraction analysis showed that CugSns is
formed at both the solder/substrate interfaces, which
was the same intermetallic compound as the one
found in previous studies.™® *® It appears that the
70nm-Au coating layer dissolves into the molten
solder, and the solder reacts with the Cu substrate
directly. Because v, acts between a solder and the
intermetallic compound, v, on the Au/Cu substrate is
likely the same with that on the bare Cu substrate.

Therefore, the difference in v, - 75 between the
Au/Cu substrate and the Cu substrate is considered
to result from the difference in v The decrease in 6
and hence, the wettability improvement by coating
the Cu surface with Au is attributed to the increase
in Yss.

3. 2. 5 Relationship between contact angle and

spreading factor

The spreading factor is another index of
wettability, which is easier to measure than 6, and
therefore, commonly used. A Japanese Industrial
Standard (JIS) defines its measurement in which it is
measured from the heights of a solder before and
after it is spread on a substrate."”

Figure 9 shows the measured correlation between
0 and the spreading factor for the various solders
with a calculated line which is derived from the
assumptionls) that a solder spread on a substrate
forms a spherical surface. The experimental
correlation indicates that wettability can be

100
g 90 /Experiment
B N
B sl .
D ~
=
8 w0t N
5‘3_ Calculation S

60 1 1 1 \1\ 1 1

10 20 30 40 50 60

Contact angle, 6 (deg)

Fig. 9 Relationship between contact angle measured by
this system and spreading factor measured by
spreading test.
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estimated relatively by measuring the spreading
factor. Absolute values of 0 predicted from
measured spreading factors using the theoretical
curve, however, are much smaller than actual values.
This suggests that the spherical surface assumption
is invalid probably because the top of droplet is
depressed by gravity.

4, Summary

We have developed a new wettability evaluation
system. The following conclusions were derived
from the present study.

(1) With the newly developed wettability evaluation
system, the contact angle (6) and interfacial
tension (y) can be directly measured.

(2) Using the relationship among the wetting
force, 6 and v, the solder-flux interfacial tension
(i) and the difference between the substrate-
flux interfacial tension (y.) and substrate-solder
one (yy) can be obtained. Therefore, the
wettability can be analyzed from the viewpoint
of the interfacial tensions.

(3) vir value of Sn-3.5Ag is larger than that of Sn-
37Pb. This is the reason why 6 for the wetting
for Sn-3.5Ag is much larger than that for Sn-
37Pb.

(4) The wettability between Sn-3.5Ag alloys and a
Cu substrate is in the decreasing order of Sn-
3.5Ag-5Bi, Sn-3.5Ag-5In, Sn-3.5Ag-1Cu, Sn-
3.5Ag, Sn-3.5Ag-1Zn. This difference is
attributed to the difference in ;.

(5) Using a more activated flux containing halogen
rather than one without halogen, the wettability
between Sn-3.5Ag and a Cu substrate is
improved. This improvement is attributed to
smaller ; with the flux containing halogen.

(6) Au coating of 70 nm thickness on the Cu
substrate drastically improves the wettability
between Sn-3.5Ag and a Cu substrate. This
improvement is attributed to the increase in
rather than the decrease in ;.

This wettability evaluation system possesses all
the requirements for JIS Z 3198-4 (Test methods for
lead-free solders -- Part 4: Methods for solderability
test by a wetting balance method and a contact angle
method). We expect that it will be used as a
standard measuring method for quantitatively
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evaluating the wettability for various Sn-Pb or Pb-
free solder alloys, substrates and fluxes.
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