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Abstract

The purpose of solderability assessment is to predict the effectiveness of soldering process. It is im-
portant for companies pursuing zero defects manufacturing because poor solderability is the major
cause of two third of soldering failures. The most versatile solderability method is wetting balance
method. However, there exist so many indices for wettability in the wetting balance test e.g. time to
reach 2/3 values of maximum wetting force, time to reach zero wetting force, maximum withdrawal
force. In this study, three solderability assessment methods, which were the maximum withdrawal
force, the wetting balance and the dynamic contact angle (DCA), were evaluated by comparing each
other. The wetting balance technique measures the solderability by recording the forces exerted from
the specimen after being dipped into the molten solder. Then the force at equilibrium state can be
used to calculate a contact angle, which is known as static contact angles. The DCA measures contact
angles occurred during advancing and withdrawing of the specimen and the contact angles are known
as dynamic contact angles. The maximum withdrawal force uses the maximum force during withdra-
wal movement and then a contact angle can be calculated. In this study, the maximum withdrawal
force method was found to be an objective index for measuring the solderability and the experiment
results indicated good agreement between the maximum withdrawal force and the wetting balance
method.

1. Introduction constitute its assembly. These concerns are

Solderability is the ability of a surface to be wet
by molten solder 1. It plays an essential role in the
modérn electronic industry, and hence also in the
enormous range of products. The reliable mass
production of soldered joints is thus now of para-
mount importance, since any item of electronic

equipment can only be as reliable as the joints that

emphasised by the increasing speed of production
and the trend towards further product miniaturi-
sation, which make routine inspection more diffi-
cult. The move towards achieving "zero defect”
production reguires a thorough knowledge of the
basic concepts of solderable surfaces, and the vari-
ous techniques that can be used to test the solder-

ability at various stages of production.
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One important condition for achieving a good
solderability is that the surface must have a good
wettability. Good wettability results in good solder-
ability, which means the formation of a uniform,
smooth, unbroken, adherent coat of solder on the
base metal. Wettability is determined by contact
angle, as seen in Fig. 1 The contact angle that is
below 90° indicates wetting (8 = 0 corresponding
to perfect wetting) and the opposite the contact
angle that is above 90° is a sign of poor wetting
(8 = 180 corresponding to non-wetting) .

Theoretically, the interfacial surface forces
dictate the shape of the molten solder. The resu-
lting surface tensions and their effect on wetting
are best illustrated by the Young’ relation, which

defines the contact angle given by .

e (1)
Yw

VAPOUR
v

Yo LQuiD

SOLID

Fig. 1 Surface Tension and Contact Angle by a Lig-
uid Droplet®

Where the symbols 7sv, ¥s., & 7.v refer to the
solid-vapour, solid-liquid and liquid—vépour sur-
face tension, respectively. For optimum wetting,
the solid-vapour surface tension must be maximi-
sed, and the solid-liquid and liquid-vapour surface
tension must be kept minimised®. For the solid-
vapour surface tension, the value can be increased
by applying flux to remove the oxides and contami
nants on the substrate’. For the liquid-vapour
surface tension, the value is relatively constant be-

cause the liquid-vapour surface tension is referred

to as the surface tension of the solder, which the
value is a function of the solder composition, and
the flux®. The solid-liquid surface tension is influ-
enced by the chemical reaction between the liquid
and the solid substrate such as the formation of the
intermetallic compound layer®

Some techniques to measure solderability such
assolder dipmethod, area-of -spread test, meniscus
shape method, wetting balance test and dynamic
contact angles (DCA) have been introduced. The
last two techniques are known as force method and
among them, the wetting balance test has been the
most commonly used in the electronic industries.
However, there exist so many indices for wettability
in the wetting balance test, e.g. time to reach 2/3
values of maximum wetting force, time to reach
zero wetting force, and maximum withdrawal
force. The maximum withdrawal force that is men-
tioned at the end has not been fully intfoduced.
Therefore; in this study, the maximum withdrawal
force technique method for measuring the contact
angles was compared to the static measurement,
the wetting balance technique and the dynamic
measurement, he DCA to find relatively more

objective method.

2. Theory

2.1 WettingBalance Method

The wetting balance method measures the con-
tact angle by immersing the specimen into a bath
of molten solder. The immersion speed is set at a
controlled rate and the molten solder is held at
constant desired temperature. The specimen is
connected to the sensitive force measurement,
which a computer will continuously record the

forces. The result of the measurement is a graph of
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forces against time, which is called wetting balance
curve.

For use with surface mount components, the
specimen is first fluxed and hung over the solder
bath for a predetermined time such that the flux is
effectively preheated by convection from the molt-
én solder bath. The specimen is then immersed,
usually at a speed of 2-5mm/s, to predetermined
depth, usually about 3mm, and held in that position
for a specific time, usually about 5s. The force
experienced by the specimen as a function of time
is recorded.

In this method, the specimen is made in such that
the thickness is much smaller than the other two
dimensions. Neglecting the weight of the specimen,
the vertical force exerted on the specimen is as

followed:
F=P -y, cosf (1a)

In practice, a solderability index is time, not a
contact angle. The time at two third of the maxi-
mum force or the time when the force is zero is
commonly used indices. Short time indicates good
wetting and long time means poor wetting. Howev-
er, the contact angle number is still necessary to
determine the degree of wetting, which equationla

can be used to calculate the contact angle.

2. 2 Dynamic Contact Angles (DCA)

The dynamic method is referred to as the DCA
technique. It is referred as Wilhelmy method. With
this method a flat plate is held vertically on an
electrobalance and beaker of liquid is moved up
(immersion) and subsequent emersion at a prede~
termined rate as shown in Fig. 2. The electrobala~
nce, which is a very sensitive force measurement
(0.0503&N) , will measure forces, which exerted on

the flat plate by the liquid. A computer will record

To Electraobalance

Sample (stationary)

Wetting Medium

emersion immersion

Fig. 2 Dynamic Contact Angle Measurement®

and plot the forces against time and immersion/
emersion depth.

The measured force is used to determine the
contact angle and the relationship of them is illus-
trated in equation 2. The first term of the equation
is the wetting force of the liquid on the solid, the
second term is the buoyancy force and the third

termis the weight of the solid in air.
Fa=Fr=7,"P-cosf—pgVytmg (2)

Contact angles are calculated when the stage
moves up (advancing angle) and when it moves
down (receding angle) and has a range from 0°
(complete wetting) to 180° (complete non-wet-
ting). The difference between the two contact
angles is a property of the surfaces called the
contact angle hysteresis. The lower the hysteresis
the better the wettability. Hysteresis is produced
by surface roughness, contamination, heterogene-
ity and functional group orientation. For complete
wetting, hysteresis must be zero. The different in
behaviour result from the fact that the meniscus
traverses over a non-wetted region during the
advancing stage and an already wetted surface

during the receding stage.
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2. 3 Maximum Wit hdrawal Force method

Withdrawal force method has been reported by
Park et. al.>®. The wetting balance result is known
as wetting force—time curve. In the wetting force-
time curve, the force starts downward (the initial
non-wetting) and quickly reaches the minimum.
Then as the sample is wet, the force ascends rapid-
ly, crossing zero and exponentially approaching its
equilibrium value. After this, the force remains
constant while the sample is hold steady. As the
sample is lifted from the solder bath, the force
ascends upward instantly and then descends rap
idly. The withdrawal force curve is measured start-
ing from the moment the sample is lifted, as seenin
Fig. 3.d.

To Electrobalance

Sample (stationary)

Wetting Medium

emersion immersion

Fig. 3 Wetting Force-Time Curve (d-f =withdrawal
force curve)?

In the withdrawal force curve, the steep rise of
the force indicates the decrease of buoyancy force
by withdrawing process, and at the peak of the
curve, the solder has slipped to the specimen edge,
as seen in Fig 4. That point is known as maximum
withdrawal force. At that point, the sample is no
longer affected by buoyancy force and the contact
angle falls down to zero. However, the liquid is still

attaching to the specimen base and produces a

Witbdrawal Time Detaching Time
tw te g

-—

Sliding Time
Preank Rlv-4

() 2) @) @
Static Equiibrium ng(F(FW 0=0, F=Fw F=Fe
9=0m, F=F,,

Fig. 4 Mechanism of the Withdrawal Curve?

force that is opposite to the buoyancy force. The

equation at that point can be written as follow :
w=Pw ry+tp 8V (3)

After measuring the maximum withdrawal force,
the surface tension and the contact angle can be

calculated using the following equations:

— Pw_ﬂ‘g‘Vu
r="—p, (4)
cosg=LuLeto-g: V) (5)

Peq'(FW_p'g .Vu)
However there is potential subjective measure-

ment in this technique that is the calculation of Vu

as follow (asseeninFig. b) :
Vie=H-w-t (6)

The meniscus height [H] as one of the above
equation parameter is difficult to measure since it
is too small to be seen by naked eyes. To minimise
the subjective of the measurement, the value of the

meniscus height [H] is calculated by the following

V, = Hw.th

%

Fig. 5 llustration. of the Parameters of Witdrawal
Force Equation



A Study on the Comparison of Solderability Assessment 133

equation (as seen inFig. 6) :

H=At * Vainarawas— Himmersion (7)
‘Withdrawal Time { At) | F At
t
- - - Wetting Force Curve
ALY,

Y wihdrawal

‘immersion

Fig. 6 lllustration of the Parameters for Calsulating
Meniscus Height (HH)

3. Experimental Procedure

The wetting balance tests were performed with

SAT-5000. Cu coupons were used as vertical flat

specimens and their sizes were 20 X7 X 0.3mm. To
simulate the real-life soldering process, eutectic
Sn-Pb and Sn-3.5Ag alloys were used as the liquid
probe. The immer :sion and withdrawal speed were
2, 5 & 10 mm/s, immersion depth 3 & 4 mm and
immersion time 5 seconds. The experiment tempe-
rature varied from 198 to 260°C. Before dipping,
the Cu coupon was cleaned with 59 HCI, ethanol
and then RMA flux was applied with preheating for
one minute by placing it over the melting solder. In
this experiment, we assume that the density of the
solder is 8.5 gr/cm® and the density of the Cu cou-
ponis 893 gr/cm?®.

The maximum withdrawal force and DCA results
were obtained from the wetting balance test. A
maximum withdrawal force can be acquired from
the highest point of a withdrawal force curve of a
wetting balance curve, as seen in Fig. 3. For DCA
results, the wetting balance curves need to be con-

verted. A wetting balance-to-DCA conversion can

be done by averaging contact angles of immersion
and withdrawal curves of a wetting balance curve,
as seen in Fig. 7a. The result of the conversion
from wetting balance to DCA can be seen in figure
h.
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Fig. 7 a) MWustration of wetting balance-to-DCA
conversion b) The result of the conversion
from wetting balance to DCA

4. Result s andDiscussion

Table 1, Fig. 8a and Fig. 8b show the contact an~
gles measured by the Wetting Balance, the Maxi-
mum Withdrawal Force and the DCA. Most of the
data in Table 1, Fig. 8a and Fiig. 8b show that there
is good agreement between the maximum withdra-
wal force and the wetting balance but not the DCA.
For examples, as seen in Tablel, at the speed of
2mm/s, the contact angles measured by the wetting
balance are about 42-46° and those measured by
the maximum withdrawal force are around 45-49°.

However, those measured by the DCA are around
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Table 1. Result of the contact angles measured
from the Wetting Balance, the Maximum
Withdrawal DForce and the DCA.

Contact Angle
No,| Solder | Speed Texg}p;zra— [degree]
Alloy {[nn/s] [c] |Wetting Withdrawal

Balance DCA Force
1|{Sn-37Pb| 2 230 455 | 75.1 47
2 [Sn-37Pb| 2 240 455 | 705 482
3 [Sn-37Pb| 2 250 47 | 69.2 49.0
4 |Sn-37Pb| 2 260 421 | 674 44.6
5(Sn-37Pb| 5 198 86.9 | 762 87.7
6 |Sn-37Pb| b 208 645 | 71.0 60.3
7 |Sn-37Pb| 5 218 549 | 683 495
8 [Sn37Pb| 5 228 46.9 | 66.5 419
9 1Sn-37Pb| 5 230 52.8 | 764 482
10|Sn-37Pb| 5 240 458 | 6568 482
11| Sn-37Pb 5 250 44.1 | 669 42.5
12|Sn-37Pb | 5 260 445 | 655 44.4
13| Sn-37Pb [ 10 230 464 | 780 45.6
14| Sn-37Pb [ 10 240 372 | 766 36.4
15| Sn-37Pb [ 10 250 376 | 766 37.8
16| Sn-37Pb [ 10 260 358 | 735 39.8
17 |Sn-3.6Ag| 5 236 61.7 | 69.5 62.5
18 |Sn-3.5Ag| 5 246 5356 | 71.6 472
19|Sn-3.6Ag| 5 266 516 | 672 50.7
20 |Sn-35Ag| b 266 497 | 62.6 484

Eutectic Sn-Pb Contact Angles

67-75°. The differences between the contact
angles measured by the wetting balance and the
maximum withdrawal force is small (5%) and the
differences between the previous two methods and
the DCA are around 509%.

From Table 1, Fig. 8a and Fig. 8b, it can be seen
that the contact angles measured by the three
methods decreased with increasing temperature in
general. For the eutectic Sn—Pb, the contact angles
at the dipping speed bmm/s decrease from 198°C
to 230°C and stay approximately similar from 230
C to0 260°C, as seen in figure 8a. For the Sn-3.5Ag,
the contact angles at dipping speed Smm/s de
creased from 236°C to 266°C. In soldering, these
results indicate that the solderability of the solder-
ing process could be improved by increasing the
temperature from 198 to 230°C for eutectic Sn-Pb
alloy and from 236 to 266 C for Sn-3.5Ag alloy.

Since there is good agreement in the contact
angle measured using withdrawal force technique,
therefore the results of contact angles can be com

pared using different dipping speed, as seen in

BWetting Balance
BODCA
D Withdrawal Force

100.0

2mm/s

5 mm/s

10 mm/s

90.0

..

260C 230C 240C 250C 260C

Fig. 8 Comparison of comtact angles measured from the Maximum Withdrawal
Force, the Wetting Balance, and the DCA for eutectic Sn-Pb alloy.
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Sn-3.5Ag Contact Angles

80.0 r @ Wetting Balance
5 mm/s nocA

o0 D Withdrawal Force

60.0

500

400

3.0

100

0.0

26C usc 2%6C 286

Fig. 8b. Comparison of contact angles measured
from the Maximum Withdrawal Force, the
Wetting Balance, and the DCA for Sn-3.5
Ag alloy

Fig. 9. The dipping speeds used in this experiment
were 2mm/s, 5 mm/s and 10 mm/s. At 230°C, the
effect of the dipping speed towards the contact
angles was not so obvious but from 240°C to 260°C,
it was clear that the contact angles decreased as
speed increased. These results show that the dip
ping speed affects the contact angle measurement
when the temperature reaches above 230°C for the
case of eutectic Sn—-Pb. However, it seems that the
effect of the dipping speed towards the contact
angles measured by the three methods was not so
great.

The contact angles measured by the three meth-

60

[=]
© 4

250°C 260°C

Temperature

Fig. 9. The effect of dopping speed towards con-
tact angles for eutectic Sn-Fo alloy (mea-
sured using the Maximum Withdrawal
Force)

ods are affected differently by the temperature
changes. For example, as seen in figure 8a, at dip
ping speed 5mm/s, the decrease rate of the contact
angles between 198 °C and 260 ‘C measured by the
wetting balance is similar to those measured by the
maximum withdrawal force. The contact angles
measured by the both previous methods are para-
bolically decreased. However, the decrease rate of
the contact angles measured by the DCA between
198 °C and 260 C is smaller than those measured
by the previous two methods. The decrease rate of
the DCA is almost linear.

The contact angles measured by the wetting bal-
ance are static contact angles and those measured
by the DCA are dynamic contact angles. The con-
tact angles from the maximum withdrawal force
might be static contact angles because during
withdrawal, when the fluid reached the edge of the
Cu coupon, the viscous deformation became very
small. When the viscous deformation becomes very
small, the contact angles change to static. This
might be explained the reason why maximum with-
drawal force’s contact angle is similar to wetting
balance’s contact angle, which is known as static
contact angles.

The differences between static and dynamic
contact angles are because the augmentation of
the viscous drag exerted by the fluid. Our experi-
ment indicates that the difference between the
static and the dynamic contact angles can also be
attributed to the temperature. The results in figure
8a, at the dipping speed 5mm/s, showed that the
differences between static and dynamic contact
angles increased with increasing temperature from
198°C to 230°. In the case of the Sn-3.5Ag alloy,
however, as seen in Table 1 and figure8b, the trend

was not so clear as Sn-37Pb alloy. Meanwhile, in
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figure 8a, at the dipping speed 2mm/s, 5ram/s and
10mm/s, the differences between static and dyna-
mic contact angles are almost similar.

The maximum withdrawal force technique as
the tool for solderability measurement offers some

benefits, as follows :

1) The withdrawal force can be easily converted
to contact angle, which is common figure for wet-

ting index.

2) The capability to calculate the surface ten-
sion

Since there is no buoyancy force at the peak of
the withdrawal force curve (the maximum with-
drawal force), the surface tension of the liquid is
easier and more accurate to be calculated. The
following Table 2 is the surface tension of the
eutectic Sn-Pb and Sn-3.5Ag alloys measured
using the maximum withdrawal force and then the
surface tension was compared to the reported
results. The calculated values from the maximum
withdrawal force shows good agreement with the

reported ones.

Table 2. Comparison between the maximum with-
drawal force and reported surface ten-

sion® ¥
N/m
Material : _r (N/m)
Maximum Withdrawal Force | Reported
Eutectic Sn-Pb 0.46 (228C) 0.42
Sn-3.5 Ag 0.51 (266°C) 0.48

5. Summary

Three contact angle measurement methods,
which were the maximum withdrawal force, the
wetting balance, and the DCA, have been evaluated
by comparing each other. In the experiment, the
contact angles of the eutectic Sn-Pb and Sn-3.5Ag

solder alloy were measured using the three meth-
ods, at different dipping speeds and at different
temperature. Contact angles measured by the
wetting balance and the maximum withdrawal
force show good agreement (5% difference).
However, the contact angles from the DCA are
higher than those of the previous two methods.
One reason of the differences can be because the
DCA is dynamic measurement and the other two
are static measurement. In addition, withdrawal
force method enables to calculate surface tension
of molten solder and the calculated value shows
nearly good agreement with the other reported
values. Therefore withdrawal force technique has
been demonstrated as a relatively objective index

for measuring the solderability.
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Nomenclature

. Wetting Force during static equilibrium
- Maximum Withdrawal Force
. Advancing Force

. Receding Force

H
Hiamersion
P

th

Vs

V.

Vwithdraxal
- Width

. Time from start withdrawing to maxi-

w

4

. Meniscus Height during withdrawal
. Meniscus Height during immersion
. Perimeter

. thickness

. Buoyancy Volume

. Volume of liquid below specimen duri-

ngmaximum withdrawal force (see Fig-
ure 5)
Withdrawal Velocity

mum withdrawal force (see Figure 6)

. Liquid-vapour Surface Tension
. Solid-liquid Surface Tension

. Solid-vapour Surface Tension

. Contact Angle

. Density



