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Relation Between Spreading Area and Penetration Height in

Soldering
On Wetting

Ikuo OKAMOTO* Akira OMORI* *

Koichi DEN* ** and Katsuomi TAMAKI****

Abstract

The discrepancy in both tests of the spreading and the penetration of Pb-Sn solders in contact with copper plates
was researched in this investigation. From the results obtained, it is evident that the discrepancy can be attributed to
the fact that the surface (interfacial) tension of pure tin is greater than that of solder of near eutectic composition.

1. Introduction

It is well known in soldering that the maximum
spreading of Pb-Sn solders on heated copper plates is
obtained at near eutectic composition of the solders and
the maximum equilibrium rising height of the solders in
vertical capillary copper joints or the highest effective
penetration coefficient of the solders in horizontal
capillary copper joints is obtained respectively at pure
tin in the composition of the solders. These phenomena
were pointed from 1946 to 1951 out by A. Latin') and
G.LJ. Bailey et al?), and as the cause of discrepancy,
they have reported “hysterisis” of contact angles formed
between the solders and copper plate. In particular, A.
Latin has mentioned that the ‘“imbibition” of the
intermediate range of solders appears to be greater than
that of tin-rich or lead-rich solders, and also G.L.J. Bailey
et al have concluded that the flow of solder is
controlled by the product of liquid surface tension and
the cosine of the contact angle in capillary penetration,

whereas in spreading on a plane surface, the area
covered depends solely on the value of the contact
angle.

The authors also had an interest for these phe-
nomena and considered the discrepancy from a point of
view of thermodynamic wetting between the solders and
copper plate.

2. Calculation of wetting

When a liquid droplet contacts to a smooth solid

surface, the surface energy change at liquid-solid interface
is given by eq. (1);

0 —0; = A

6]

where o is the surface tension of solid before contact,
ag; is the interfacial tension at liquid-solid interface after
contact, A is surface energy change, that is, wetting.

In above equation, o5 and 0; can not be measured
directly at present. Then, Young-Dupres equation that

shown in eq.(2) is used generally under equilibrium
condition;

o = 0; + 07 cos 0 )
From equation (2);
0 —0;=0y1cosd =A 3)

From equation (3), A can be measured indirectly as
the product of liquid surface tension, ¢, and contact
angle, 6, when the gravitational effect can be neglected,
that is, the drop is very small.

On the other hand, the wetting of a liquid in
spreading on a plain surface has been given by Yu.V.
Goryunov,3) as shown in eq. (4), furthermore when the
meniscus of the liquid drop is assumed as a part of
sphere;

r=(~6—m
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where 1 is radius of the spread liquid drop, and m is
mass of the liquid drop, and T is the time of spreading,
and K is a constant. T is W /pn. Where p is the
difference of densities of liquid metal and liquid flux,
and 7 is the sum of viscosities of those, and Wy is the
spreading wetting, which is given generally by following
equation;

Ws=o0s—0j—01=A— 0 (%)

In equation (4), m and T are given by experimental
conditions and p and n can be measured directly by
other methods, or are given from a certain literature.
Accordingly, when K=1 is assumed, the relative value of
the wetting, W, can be calculated reversively by
substituting the measured radius for the term of r of
eq. (4).

The wetting of a liquid rised in a vertical capillary
joint which consists of infinite paralfel two plates can be
calculated simply from equation (6);

!
_ 20icos @

(s — o) &1 ©)

where H is the equilibrium rising height of liquid,
and p, is the density of liquid metal and p, is the density
of, for example, flux, and r is the distance between two
plates. o] is the interfacial surface tension at liquid—flux
interface, and the product of o; and cosf expresses the
wetting, A, in this case, of course, although the product
is introduced by appling the Laplace equation on surface
tension at a lowest part of meniscus formed in the
capillary gap. In above equation, r is given by experi-
mental condition and p; and p, are given from a certain
literature and g equals 980 cm/sec®. Accordingly, the
absolute value of the wetting, A can be calculated
reversively by substituting the measured equilibrium
rising height of liquid for the term of H of eq. (6).

The wetting of a liquid penetrated in a horizontal
capillary joint which consists of infinite parallel two
plates can be calculated from the effective penetration
coefficient given by A. Latin;

i cos 6 )

2(m +my)

where kg is the effective penetration coefficient, and
01 is the viscosity of liquid metal and 7, is the viscosity of,
for example, flux. In above equation, the denominator
expresses the wetting. Accordingly, when k¢ is given by
a experiment, the calculation of the absolute wetting, A
is possible by the method which mentioned above
already.

kf=
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3. Experimental devices and procedures

3.1 Area-of-spread tests

Two tests, which are in air and in a vacuum,were
made. The base plate specimen used in air was pure
copper, its size 40x40x0.5mmt, and before test it was
polished with emery paper No. 6 and degreased, and the
whole surface was fluxed enough with saturated ZnCl,
aqueous solution or water white rosin. The Pb-Sn alloys
of required composition which used in the experiments
were prepared by alloying together pure tin and pure
lead in a crusible, using a plain rosin as flux, and after
solidfy they were cut into a pellet of 3.7 mm® every
compositions. Tests were made by placing the base plate
specimen horizontally on a stainless steel plate (c.f.
horizontal plate of Fig.2) heated to a desired test
temperature, and the pellet of the solder of required
composition was positioned previously in the center
of the base plate specimen. Heating time was 2min. and
the specimen reached to the desired test temperature in
about a half of the time. Accordingly, the holding time
is approximately 1 min., while the enhanced spreading
was kept constantly. In the test was made in a vacuum,
the kind of the specimens used was pure copper and
pure nickel without fluxes. The specimen was inserted
horizontally to a retort evacuated to about 5x107°
mmHg and the procedure was same as the case of in air,
but the holding time of the specimen in the retort was
from 20 - 40min. as shown in Fig. 1. Fig. 1 shows, as one
example, the relation between the spread area of Sn on
copper specimen at 330°C under 5x10~° mmHg and the
holding time, and zero of the holding time, as shown in
the appendix figure, means the time when the specimen
temperature reached to 330°C. In Fig. 1, the area
increases gradually till 20min., but for over the time the
area saturates. It was considered, therefore, that the

Solder: Sn
Plate: Cu
Temp.=330°C
10
8 I [e) O

S (mm?2)
(2]
—

3 (o]
4t 3
- O [
2 -
Q
oL . .
0 10 20 30 40
Holding time (min.)
Fig. 1 Spreading rate curve of Sn solder on copper in

vacuum
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equilibrium relation between the specimen temperature
and the atmosphere temperature in the retort was not
obtained in the increasing range of the afea, because of
the small size of the specimen for the retort volume.
Then, the holding time was chosen as mentioned above
in the vacuum test. Furthermore, in this experiment, it
should be noted that all the area of the observed drop
belonged to a primary spreading. The spread area was
measured with a planimeter.

3.2 Vertical penetration tests

The used joint specimen consists of a pair of copper
plates, 22x120x1mmt, prefluxed with saturated ZnCl,
aqueous solution on the innersurface of the plates, and
placed the steel spacer of 0.lmm thickness and 2mm
width to maintain a capillary gap, and the whole
specimen was bound with Mo wire of 0.25mm¢.

Then, the specimen, as shown in Fig. 2, was dipped

Hanging
/ wire
Supporter Control
— plate
Asbestos C—

Therhocouple
PR

Sample

Nichrome

wire
/

Crucible

Horizontal |
plate

)

Apparatus for capillary penetration test

Fig. 2

vertically in a crusible, which contains a constant
volume of the solders heated to a desired test tem-
perature. The dipping time was 14min. when the
specimen was not preheated and it was 8min. when the
specimen was preheated, suspending for 6min. in the
furnace as shown in Fig. 2. The whole specimen reached
enough to the desired test temperature during these
times, as shown in Fig. 3 as one example, which shows
the temperature rising curves when the specimen was
dipped in the molten pure tin of 330°C. The measure-
ments of temperature of specimen in this case were
made at @, @ and ©, the positions of those are just
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above the surface of bath, middle and top parts of the
specimen, respectively. In the figure, the curve of ‘“Dip
into bath” is the result when the specimen was
preheated for 6min. in the furnace, and in this case the
time holding in the bath is about a half that of the
non-preheated specimen.

I Temp=330°C
-~ L @ 6 ©
$
~— 360 |
o L
E 240 | o)
— i Dip into bath
120
RT ®
O i ! 1 1 1 1 1 1 L 1 1 1 L
0 2 4 6 8 10 12 14
Time (min.)
Fig. 3 Temperature rising curves of test pieces dipped in

solder bath

4. Results and discussions

4.1 Wetting in spreading on plane surface
The area-of-spread tests were made, at first, to
know the effect of fluxes, which are ZnCl, saturation

aqueous solution and water white rosin, on the
spreading of solders of required compositions. The result
is shown in Fig.4. Test temperature was 100°C of
wih Sn
0 20 40 GO 80 100
O ZnCl;aq. X10°
® WW.Rosin
20 8 Ws 1100 —~
L a8 E
_ 16 . > =
Y O Pt
E <
Ent o5 9 .
) i =
y!
40_
0 L—-:"\/I 1 L |
0 20 40 60
Pb at’LSn

Spreading and wetting of Pb-Sn solders on copper
with saturated ZnCl, aq. soln. at 100°C of super-
heat, and spreading of the solders on copper with
water white rosin at just above the liquidus of
solders

superheat above the liquidus of used solders for ZnCl,
flux and just above the liquidus of one for water white
rosin in order to prevent the carborization of abietic
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acid of main conponent in the rosin. From this result, it
was recognized that, as is well known generally, the
shape of the spreading curve of solders on copper plates
was mountainous. The composition that shows the
maximum spreading, however, depends on a kind of flux
used. Then, the second experiment was made at same
temperature conditions in a vacuum, and the result is
shown in Fig. 5. The spreading curves in a vacuum also

wl Sn
0 20 40 60 80 100
. T : T — T -
X10
O Copper plate 4 24
® Nickel plate
20 + ® Ws for Cuplate _g - 20
L ° < —
“w6l o 416 €
£ 3 2
£ L o
U O O\ ® ~
n 8 t 0\9\\(2_0 g ©
| ~p =
4 - yx 14
0 &41 PRSI HE N E R R 0
0 20 40 60 80 100
Pb at® Sn Sn
Fig. 5 Spreading and wetting of Pb-Sn solders on copper
and spreading of the solders on nickel with no flux
at 100°C of superheat ifi vacuum
wloSn
0 20 40 60 80 100
T T T T ——— T
| Flux:ZnCl,aq.
O
16 - 2
o—"" LN
12 o/ o — o NS
~~ - e ——-’——\0 @
NE i @/o — 1) \
£ o
8o -9
(V)] o
- @ 280°C °
O 330°C
4 - & 380C
® 430°C
0 . ] . 1 A 1 L | .
0 20 40 60 80 100
Pb at’Sn Sn
Fig. 6 Spreading of Pb-Sn solders on copper with saturated

ZnCly ag. soln. at various temperatures

are much the same, except that the position of the

maximum spreading depends on a kind of base metal

used. But, it is an interest that the position of the

Transactions of JWRI

108

Vol. 4, No. 2 1975

maximum spreading that obtained in using of ZnCl,
flux approximately agrees with the result that made for
copper plate in a vacuum. Then, the third experiment was
made to know the effect of test temperature on the
spreading of solders, and the result is shown in Fig. 6. In
this case, moreover, the temperature conditions differ
from the first and second experiments mentioned above,
that is, it is constant for each solder. In Fig.6, it is
evident that the composition of the maximum spreading
shifts to a lower tin side as the temperature decreases.
From the fact, it is presumed that the result of rosin in
Fig. 4, that is a lower tin side, showing the effect of the
test temperature. As mentioned already, the temperature
for rosin flux is less 100°C than that for ZnCl,
saturation aqueous solution flux.

The results obtained from these experiments,
anyhow, showed that the spreading curve of Pb-Sn
solder on copper plate has a maximum at the inter-
mediate range of composition and is mountainous. Then,
to consider the wetting between the solders and copper
plate, the relation between W, of eq. (4) and the
composition of solder was calculated by substituting the
spread area measured with ZnCl, saturation aqueous
solution flux in Fig.4 for the term of r of eq. (4), of
course, the area was converted into the radius. In this
calculation, other factors such as m, K and T were
utilized as a constant = 1, and the values shown in Table
1 were used for p and n. Table 1 shows the physical
properties of Pb-Sn solders and ZnCl, melted at 100°C
of superheat just above the liquidus of its solders, and
these values were obtained from some references. Here,
a suffix 1 shows the solder and 2 means ZnCl, used as
flux.

Now, the marks, “ X  in Fig. 4 are the calcu-
lation results and the same marks in Fig. 5 also are the
results that calculated by the same means, using the
measured values of the spreading of solders on copper
plate. But, in the latter, n, and p, were neglected
because of the experimental results in a vacuum. As can
be seen in both figures, the exponent of value of W in
Fig.4 is greater one order than that of W, in Fig. 5.
This appears to due to the assumption condition of m,
K and T in the calculation. From this data, anyhow, it
should be noted that the shape of wetting curve is
similar to one of spreading curve and they are a
mountainous type. That is to say, the optimum com-
bination of spreading and wetting properties yields
evidently with solders of the intermediate range of
composition.

4.2 Penetration tests
4.2.1 Wetting in vertical capillary penetration
The equilibrium rising height of solders rised in the
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Table 1 Various physical properties of molten Pb-Sn solders
and ZnCl,, and wetting calculated from penetration
coefficient in A. Latin’s data
(W%) Sn | 90Sn | 80Sn| 50Sn | 20Sn| 10Sn | Pb Ref.
Liquidus + 100°C| 332 | 318 303 | 310 380 | 402 427
of dyne/cm 543 | 475 | 463 | 446 | 400 | 375 | 311 | mima®
P, gfem3 6.89 | 7.17 | 7.43 | 839 | 9.80 | 10.05 | 10.54 | GEBHARDTS)
P2 glemd 252 | 254 | 255 | 254 | 250 | 248 | 247 | HBS
M cP 156 | 173 | 1.86 | 2.22 | 220 | 221 | 222 | GEBHARDT
N, P 25 47 73 60 4.8 3.5 3.5 H.B.
kf (cm/s)x10°] 93 | 75 | 64 | 5.3 44 | 5.1 5.1 by LATIN
A(dyne/em)x1071| 494 | 731 960 | 660 62 58 58 in HP.
capillary copper joints, of which the test method was eq. (5);

mentioned in 3.2, at 100°C of superheat just above the
liquidus of each solder is shown in Fig.7 (mark "'e'").
The actual results showed, as is well known generally,
the maximum equilibrium rising height at pure tin. In
Fig. 7, the curve of mark 'O’ means the "'Ideal wetting’
rising height that calculated by assuming cosf =1 in
eq. (6), substituting the values shown in Table 1 for oj
(= interfacial tension at molten solders-molten ZnCl,
interface). In this calculation, the values of Table 1 were
used for p; and p,, and 980 cm/sec? for g and 0.01 cm
for r. It is well known that the curve of the “Ideal
wetting” rising height is similar to the curve of actual
rising height, which is controlled by the -capillary
constant of the product of the ‘“Ideal wetting” rising
height and the gap distance between plates, 1.

But, this view point appears to mistake because of
the thermodynamic theory that the immersional wetting,

W; is unrelated to the surface tension of liquid to be
used, as shown in following eq.(8), corresponding to

w/lSn
0 20 40 60 80 100
280 L B e
O H:Caln.value, H=26\<3056/(Q1—92)9'f 1
260 | @ H:Obs. value 7 fond
A A:Caln.value / S
200 @
3
A -
[e)
0
o
2
j 150
~o <
100
0 20 40 60 80 100
Pb at%sn Sn

Equilibrium and ideal rising height, and wetting of
Pb-Sn solders in vertical capillary copper joints
with saturated ZnCl, aq. soln. at 100°C of super-
heat

109

Wi=0s —0;=01cos0 =A (8)

In above equation, it is a mistake to assume
cosd =1 (8 =0°), because the immersional wetting varies
in proportion to the surface tension of liquid, o, . Then,
0} cosd (=A) of eq.(6) was calculated inversely by sub-
stituting the actual rising height for H. The marks "'2"
in Fig. 7 are the results. The shape of this curve also is
mountainous and similar to the wetting curves of Figs. 4
and 5.

Compared with the immersional wetting (Fig. 7) and
the spreading wetting (Figs. 4 and 5), however, it should
be noted that the difference of the wetting at near
eutectic composition and at pure tin is smaller in the
case of the immersional wetting than the spreading
wetting. As the reason of this, the energy difference
between the immersional wetting and the spreading
wetting was considered, as shown in Fig. 8. And also, as
shown in egs. (5) and (8), the difference in both wetting
is given by the surface tension of liquid, then in Fig. 8,
the addition of the surface tension of solders to the

E

O
o
L

=

S}

»

=

o

<

@

=

Opp

. Sn
Pb Composition (%)
Fig. 8 Schematic illustration of both energy terms of

spreading wetting and immersional wetting
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spreading wetting, W yields the immersional wetting,
W;. Here, as shown in Table 1, the interfacial tension at
pure tin-ZnCl, interface is greater than that at SOwt%
tin alloy-ZnCl, interface, accordingly, the difference of
the immersional wetting at near eutectic composition
and at pure tin becomes narrower obviously.

From this consideration, it is evident that the
discrepancy in both phenomena of spreading and

capillary-penetration tests, which were mentioned
w/oSn
0 20 40 60 80 100
T T T T T ' l
O Non-preheating *]
80| @ Preheating /gﬁ
i O_—""O/
— e
g 60 ®
E I
- 40}
o)
®
20
-
O " 1 2 1 " 1 L 1 "

0 20 40 60 80 100
Pb at°hsn Sn

Fig. 9 Equilibrium rising height of Pb-Sn solders in
vertical capillary copper joints with and without
preheating

already in 'Introduction”, is attributed to the fact that
the interfacial tension of pure tin is greater than that of
the solder containing about 50wt% of tin. Here, the
flow of liquid can be neglect on this consideration,
because it is included in the ""A" of egs.(5) and (8),
accordingly, it is a common factor on the comparison of
both the wetting.

Figure 9 shows the result of experiment made to
know the effect of the contamination of solder bath
containing copper base plates on the penetration height
of solders, varing the immersion time of base plates with
the procedures of non-preheating and preheating, as
mentioned already in 3.2. The contamination occurs by
the dissolution of base plates into the original solder

Transactions of JWRI
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bath, accordingly, the rising height of solder may be
effect by the variation of the composition of the solder
bath. As can be seen in the result, but, the height in
both is similar to in the range of this experiment. Table
2 shows the thickness of alloy layer formed at interface
between the solidfied solders and copper plate. The
measurements were made in the case of eutectic solder
and pure tin bathes and at both positions of the
bottom, (@ and top, (O sides of specimen with EPMA.
In the concentration curve obtained, the diffusion layer
of copper element was judged by appling the relation of
3 \/ﬁ There is not the considerable difference, or is
the difference to be neglect as experimental errors in
both preheating and non-preheating. On the other hand,
other researchers’’®) have reported the time that the
solders reach to the equilibrium rising height after the
specimens were dipped in the solder bath. According to
their results, it is within several seconds, although it is 8
to 16 minutes in our experience as shown in Fig. 3.
Accordingly, from these results, it will be justified that
the effect of contamination in a penetration test can be
neglected generally.
4.2.2 Wetting in holizontal capillary penetration

Figure 10 shows the result of Latin, who found

x 103

16 |

PENETRATION COEFFICIENT

0 20 40 60 80 100

TIN. PER CENT.

Fig. 10  Penetration coefficient of Pb-Sn solders in horizontal
capillary copper joints at various degrees of superheat
by A. Latin

Table2 Thickness of copper diffusion layer formed at
interface between copper plate and Sn or Pb-Sn

eutectic solder

Preheating Non-preheating
62wt%Sn-Pb Sn 62wt%Sn-Pb Sn
Bottom Top Bottom Top Bottom Top Bottom Top
11.6u 10.8u 12.6u 7.2u 9.6u 5.4u 10.4u 10.0p




Spreading Area and Penetration Height in Soldering

that, between copper surfaces, the highest effective
penetration coefficient was obtained when the liquid
metal was pure tin. From this data, we calculated the
wetting that is given by ojcosd of eq.(7), using the
values of penetration coefficient of 100°C superheat in
Fig. 10. Those used values are shown in the column
above the last column of Table 1, and the last column is
the calculation values of the wetting. In the table, the
maximum value of wetting is obtained at about 80wt%
Sn of the solders and the tendency of wetting is
mountainous. The order of calculated values, however, is
large than that of wetting values obtained in Figs. 4, 5
and 7. As the reason, it is presumed that although the
viscosity of "NH,Cl + D.T.D. 81 + 0.1% Teepol X', which
is the flux in Latin’s experiments, must be used for n, of
eq.(7) in this calculation, the viscosity of molten ZnCl,
is used conveniently because of unknown details on the
flux. Accordingly, they are not absolute values, but
relative values. This result and from the results of
Figs. 4, 5 and 7, anyhow, it is evident that the tendency
of wetting between Pb-Sn solders and copper is moun-
tainous and the maximum wetting occurs with the
solders of the intermediate range of composition.

5. Conclusions

This investigation was made to clear the course of
the discrepancy in both spreading and penetration of
Pb-Sn solders in contact with copper plates. The
discrepancy that is well known, at first, was confirmed
by experiments and the obtained results were considered
from a view point of thermodynamic wetting at liquid-
solid interface.

These results are summarized as follows;

1) The maximum wetting between the solders and
copper is obtained at the intermediate (near eutectic)
composition of solders, and the shape of wetting curve
is mountainous in both tests of the spreading and the
penetration. The solder of eutectic composition,
accordingly, has both properties of a good wetting and
spreading.

2) The discrepancy in both tests of the spreading and
the penetration can be attributed to the fact that the
surface (or interfacial) tension of pure tin is greater than
that of the solder of the intermediate composition.

3) The flow of solder in contact with copper solid
surface is controlled by factors such as the wetting
between the solder and copper, the density and viscosity
of solder and flux used. A good flowing, therefore, is
not always a good wetting and the converse holds good.
4) In the calculation of immersional wetting, it is a
mistake to taking the ''Ideal” wetting condition into
account.
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