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Abstract: The surface tension of molten tin was determined by a set of self-developed digital equipment with sessile

drop method at oxygen partial pressure of 1.0 x 10~ ° M Pa under different temperatures, and the dependence of sur-

face tension of molten tin on temperature was also discussed. The emphasis was placed on the comparison of surface

tension of the same molten tin sample measured by using different equipments with sessile drop method. Results of

the comparison indicate that the measurement results with sessile drop method under the approximate experimental

conditions are coincident, and the self-developed digital equipment for surface tension measurement has higher stabil-

ity and accuracy. The relationships of surface tension of molten tin and its temperature coefficient with temperature

and oxygen partial pressure were also elucidated from the thermodynamic equilibrium analysis.

Key words: molten tin; surface tension; sessile drop method; oxygen partial pressure; temperature coefficient

CLC number: TG 111

Document code: A

1 INTRODUCTION

Surface tension is one of the most important

thermophysical parameters of molten metals,
which greatly influences the processes of crystalli-
zation, phase transition and crystal growth of mol-
ten metals, and plays a key role in the processes of
metallurgy, casting and welding. Measurement of
surface tension and its temperature coefficient is
important to the research of metal thermophysical
properties' . Tin and its alloys are applied widely
in the solder industries and the manufacture of tin
coated steel sheet etc. The reliable data of surface
tension are significant to the design and optimiza-
tion of tin alloys. Especially, space science devel
ops rapidly at present, and surface tension and its
temperature coefficient are the key parameters for
preparation of high performance metal materials in
space. Under the condition of micrograviation,
temperature is one of the main factors affecting
Marangoni convection driven by surface tension
gradient, hence the surface tension of molten tin is
also significant for the research of Marangoni con-
vection of molten tin and the development of space
material science! ™"

The surface tension of molten tin is measured
by self-developed digital equipment with sessile
drop method under different temperatures in this
paper. The dependence of surface tension on tem-

perature and oxygen partial pressure is also

discussed. Although some investigations on the
surface tension of molten tin have been done at
home and abroad, there are deviations among the
obtained data'"* ',

relationships of surface tension of molten tin with

Based on the summarized

temperature and oxygen partial pressure reported
in literatures, the reasons for the difference in
those reported data have been analyzed. The sur
face tensions of molten tin measured by using the
same sample with the same method have been em-
phasized on for comparison. The relationships of
surface tension of molten tin and its temperature
coefficient with temperature at different oxygen
partial pressures are also elucidated from the ther-
modynamic equilibrium analysis.

2 EXPERIMENTAL

T he cylindrical samples of high-purity tin used
in present work (d 3.5 mm X 3.5 mm, about 0.3
g, purity 99.999% , mass fraction) were provided
by the National Space Development Agency of Ja
pan, and the schematic diagram of self-developed
digital equipment with sessile drop method used in
present experiment is shown in Fig. 1. The equip-
ment was composed of a heating and melting sys-
tem, an imaging system, and a picture manipula-
tion and calculation system. The photos of molten
tin can be directly transmitted to computer system
for image manipulation and calculation, and the
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procedures of film developing,
and point obtaining can be omitted. The present
experiment realized the digitization, and reduced

picture scanning

the human factors and got more objective experi-
mental results.

The magnification of the imaging system was
standard steel ball,
then experimental sample placed on a highly pure

firstly determined by a

alumina substrate was put into the middle place
of corundum pive in an electric furnace. and the
sample was adjusted horizontally. The droplet im-
ages of molten tin samples were taken when the
furnace reached the scheduled temperature and
held at constant temperature for 15 min. The light
source was adjusted to the best brightness to en-
sure the distinct images. Taken images were trans-
mitted directly to computer system for manipula-
tion and calculation, and the surface tension was
obtained at scheduled temperature. Argon gas
(HAY) %> 99.99%, p(02)= 10"° MPa) is used
as protecting gas during the whole experimental
process.

3 RESULTS AND DISCUSSION

3.1 Summary of surface tension of molten tin re-
ported in literatures

The surface tension of molten tin and its de-

pendence on the factors including temperature and

controlling atmosphere have been measured and in-

vestigated by domestic and foreign research-

ers'" * ¥ and the measured surface tension and
its temperature coefficient reported in literatures
have been summarized in Table 1.

Table 1 shows that the sessile drop method
(SD) and the maximum bubble pressure method
(MPD) are the most common methods for meas-
urement of surface tension of molten tin, and the
sessile drop method is more reliable and sta
ble!™ " " But

among reported values, in which the greater differ-

there are obvious differences

ences in earlier reported data maybe result from the
limitation of experimental conditions and equip-

Schematic diagram of experimental equipment

ments at that time, and the different measurement
methods lead to some different results as well.
Even measuring with the same method, the results
obtained could not be identical due to the systemat-
ical error caused by the differences of samples, ex-
perimental atmospheres and measurement equip-
ments used.

3.2 Comparison of surface tension of same molten
tin sample by using different equipments with
sessile drop method

The surface tension of the same molten tin
sample has been measured by authors with sessile
drop method under different oxygen partial pres-
sures (p(02)) by using different equipments in the

National Space Development Agency of Japan

(equipment shown as Fig.2(a))'”"™, in Kyushu

Sn drop on alumina substrate
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Fig.2 Schematic diagrams of experimental
apparatus in National Space Developemnt
Agency of Jajpan(a) and in Kyushu Institute
of Technology in Japan(b)
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Table 1 Surface tension and temperature coefficient of molten tin reported in literatures
[0) [0)
Year T/K (j/m, 1) fll;/ Method | Year T/K o (f/m, 1) j];/ M ethod
(mNem '*K " (mNem '*K "
1921 503 532 - 0.08 CR 1977 505 551 - 0.089 M BP
1927 505 580 -0.20 DwW 1979 973 500 -0.13 SD
1927 1151 510 - 0.09 M BP 1979 505 548 - 0.085 SD
1934 525 549 - 0.07 M BP 1981 503 550 - -
1949 548 616 - 0.18 M BP 1982 673 536 - SD/ M BP
1957 503 565 - 0.065 CR 1982 505 613 -0.17 SD
1960 505 544 - MPD 1983 505 547 -0.071 SD
1965 790 550 - 0.18 SD 1985 573 569 - 0.069 M BP
1968 523 539 - 0.052 - 1986 505 630 -0.13 LD
1970 503 556 - 0.48 M BP 1988 560 598 Clean SD
1971 503 550 - 0.08 SD 560 535 Rich O2 SD
1971 573 541 - 0.104 SD 1989 505 551 - 0.09 SD
1972 573 599 - 0.157 - 1990 505 581ne -0.13 SD
1972 503 540 - 0. 064 SD 505 578 vac.) - 0.16 SD
1972 823 504 - 0.222 M BP 505 560(ues s, - 0.074 SD
1973 673 585 - 0.0476 SD 1992 505 570 - 0.108 SD
1973 523 567 - 0.053 - 1995 573 400
1973 503 552 - 0.167 M BP 703 410
1973 523 573 - 0.056 CR 723 450 Positive M BP
value
1974 505 540 - 0. 064 SD 763 660
1975 505 544 - 0.076 1013 570
1975 623 524 - 0.073 M BP 1997 505 574 - 0.133 M BP
1976 505 560 - 0.091 SD 2003 600 544 - 0.039
1976 523 542 - 0.06 - 600 542 - 0.049
1977 1073 510 - - 600 529 Variable >
1977 567 540 - 0.17 M BP 600 505 Variable

CR —Capillary rise; DW —Drop weight; LD —Levitating drop; MBP —M aximum bubble pressure; MPD —M aximum pres-

sure in a drop; SD —Sessile drop

Institute of Technology in Japan ( equipment
shown as Fig. 2(b))'* "™ ™ and in present work.
The experimental results are shown in Fig. 3. The
two equipments in Figs. 2(a) and (b) are both tra-
ditional measurement equipments with sessile drop
method, and the values of surface tension are ob-
tained after the procedures of film developing,
photo scanning and point obtaining. Furthermore,
the characteristics of equipment(b) in Fig. 2(b) are
that the atmosphere can be controlled and the oxy-
gen partial pressure can be measured.

In present experiments, the measurement val-
ues of surface tension of molten tin are 461. 1 mN/

m, 472. 2 mN/m, 471. 6 mN/m, 477. 2 mN/m,
and 472.9 mN/m, under p(02)= 1.0x 10" ° MPa
at 505 K, 523 K, 623 K, 673 K and 773 K respec
tively. According to those experimental data, the
regression relationship between surface tension of
molten tin and temperature can be expressed as 0=
321- 3.28x 10" * T+ 0.450T. It can be seen from
the change tendency of regression curve in Fig.3
that the temperature coefficient of surface tension
varies with temperature. Firstly, the surface ten-
sion increases gradually with the increase of tem-
perature, and the temperature coefficient is post
tive. When the surface tension reaches the maxi-
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Fig. 3 Surface tension of molten tin under
different oxygen partial pressures with

different experimental equipments
—0= 531- 0. 151(T- 505); 2—0= 505- 0.094(T- 505);
3—0= 400- 2.14x 10" *T?+ 0.226T;
4—0= 321- 3.28x 10" *T7+ 0.4507 (present work) ;
5—0=322- 3.03x 10" *T*+ 0.432T

mum, the surface tension decreases with the in-
crease of temperature, and the temperature coeffi-
clent is negative.

It can be also seen from Fig. 3 that the values
measured in the three experiments above are coin-
cident in general. The surface tension of molten tin
is 503. 9 mN/m at 613 K under the atmosphere
condition of p (02) < 107> MPa in the National
Space Development A gency of Japan. And the sur-
face tension of molten tin is 494. 8 mN/m at the
same temperature under the condition of similar
oxygen partial pressure (p (02) = 1. 06 x 10°"
MPa) in Kyushu Institute of Technology, Japan.
The absolute deviation of those two values is 9. 1
mN/m. Furthermore, the results measured under
the condition of p(02)= 1.0% 10" ® M Pa in present
work are coincident with those measured under the
condition of higher oxygen partial pressure
(p(02)= 8.56x 10" ° MPa) in Kyushu Institute of
Technology, Japan. And the absolute deviation of
curvature (temperature coefficient) of correspond-
ing point at the two curves is less than 0. 05 mN *
m~ ' * K~ '. The differences among all the values of
surface tension measured at the same temperature
are lower than 2%, which suggests that the ses-
sile drop method is more stable and accurate for
measurement of surface tension of molten tin at
high temperature.

3.3 Thermodynamic equilibrium analysis for de
pendence of surface tension of molten tin on
temperature and oxygen partial pressure

Surface tension decreases with the increase of
temperature generally, and its temperature coeffi-
cient is negative. But the positive values of temper-

500 600 700 800 900 1000 1100
Temperature/K

Fig. 4 Surface tension of molten tin
with positive temperature coefficient reported
in literatures and present work
1—p(02)= 2x10"* MPa, Ref.[10];
2—p(02)= 4x10"° MPa, Ref.[10];
3—Ref.181: 4—p(02)=3.17x 10" " MPa. Ref.[41:
5—p(02)= 1.2x 10" ®* MPa, present wrok;
6—p(02)= 8.56%x 10" ° MPa, Ref.[4];

7 —Ref.[ 9]

Tin is active at high temperature and its activi-
ty is very high. Therefore, tin is easy to oxidize by
oxygen in the experimental atmosphere. And oxy-
gen is a kind of surface active element, so the in-
fluence of oxygen partial pressure is one of the key
factors on the measurement of surface tension of
molten tin. The values of surface tension are smal-
ler when the oxygen partial pressure is higher at
the same temperature. Under different oxygen par-
tial pressures, the relationships between surface
tension of molten tin and temperature are different
as well. Under the condition of low oxygen partial
pressure, surface tension of molten tin decreases
with the increase of temperature. Under the condi-
tion of higher oxygen partial pressure, the temper-
ature coefficient of surface tension of molten tin va-
ries with the increase of temperature.

Generally, the oxidization of tin proceeds in
the atmosphere containing oxygen as the following

reactions:
Sn(1)+ 02(g)= Sn02(s) (T< 1800K),
AGs0,= RTInp(02) s (1)
Sn(l)+ 1/20:(g) = SnO(s) (T< 1300K),
AGso= 1/2RTInp (02) w (2)

And the vapour equilibriums of Sn and SnO are al-
so included in the system:
Sn(l)= Sn(g) (3)
SnO(1)= SnO(g) (4)
The AG® of equations (1) and (2) can be ob-
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tained within a range of temperature!'™ "', and if
the activity values of Sn and SnO: are both set as
1, p (02)w (the equilibrium oxygen partial pres-
sure) values are gained by calculation. According
to equation (3), a curve for vapor pressure of mol-
ten tin with temperature can be achieved ™. Ac

1[ 10]

cording to Fiori et al'™, the oxygen surrounding

molten metal has a limit value of the oxygen partial

called

p(02)¢, discriminating surface oxidation and sur-

pressure, effective oxidation pressure,
face deoxidation (or oxide removal). For Sn-O sys-
tem, if the quantity of Sn is in excess of that of O,
Sn is only oxidized to SnO, and p(02)Y can be de-

scribed as follows''™:

p(02):= (1/4)%p(5n0)s (5)

In equation (5), @0 and 0o, are the condensation
coefficient of the evaporating species, but those da-
ta are not available in literatures. If only SnO is
considered, and saturated vapor pressure of molten
SnO can be considered the effective oxidation pres-
sure for molten tin approximately!'” "', described
as equation (6):
lg p(02)% 2lgp(SnO)
= - 155357 "= 3.041gT+ 17.798
(6)
All the equilibrium curves for SO system are
shown in Fig. 5. There are three main regions con-
cerned to reactions of SO system: surface oxida-
tion region, effective surface deoxidation region
and deoxidation region. The curves of p(02)¢ —T
and p (Sn) —T divide the oxidation region and ef-
fective deoxidation region, and constitute the effec
tive deoxidation along with the p(02) . —T curve,
while the p (O2)w —T curve delimits the effective
deoxidation region and deoxidation region.

When p(02)> p(02)% (orp(Sn)), thesystem

0 L Surface oxidation region

.......

.—10 n
&: -20+
)
K -30r
®

Surface deoxidation region

|
FoN
S
T

Isobaric line

600 800 1000 1200 1400
Temperature/K

Fig. 5 Equilibrium for tin-oxygen system
1—p(02)5; 2—p(Sn), Sn(l)= Sn(g);
3—p(02), Sn(l)+ 1/202(g)= SnO(s);

4—p(02), Sn(l)+ 02(g)= SnO2(s)

is located in the oxidation region, in which the sur-
face of tin is easy to oxidize. Oxygen as tensioac
tive element can decrease the surface tension of
molten tin. When the oxygen partial pressure
strides the p(02)Y(or p(Sn)) curve, the system is
located in the effective deoxidation region, in
which the tensioactive effect of oxygen is also con-
cerned, but not necessarily concerning the forma-
tion of oxides on the surface, and the effect of oxy-
gen partial pressure on surface tension is slight.
When p (02) < p(02)., the system is located in
the deoxidation region, where a “clean” surface
can be related to it and oxygen partial pressure
hardly affects the surface tension of molten tin.

When p (02) in experiments is high, molten
tin is firstly located in the oxygen region; with the
increase of temperature, it goes across to the effec
tive deoxidation region, finally reaches the deoxi
dation region. When p(02) is extremely low, mol-
ten tin almost lies in the deoxidation region all
along, and is hardly influenced by the oxygen.
When the experimental system is situated in the ef-
fective deoxidation region, molten tin is affected by
oxygen, yet not forming the surface oxides, and in
this region the surface tension increases very slow-
ly with the increase of temperature until reaching a
“platform”, and then the tendency changes from
increase to decrease. The influence of oxygen in
experimental atmosphere on surface tension of
molten tin can be elucidated reasonably by thermo-
dynamic equilibrium analysis, which is coincident
with the experimental results.

4 CONCLUSIONS

1) The surface tension of molten tin and its
temperature coefficient are obtained at p(02)=
1.2x 10" ®* MPa under different temperatures using
self~developed digital equipment with sessile drop
method. The experimental results are coincident
with the values reported in references under the
approximate conditions.

2) By comparing surface tension measured
using different equipments with sessile drop meth-
od, it is suggested that sessile drop method is a
steady and accurate method for surface tension
measurement of molten tin at high-temperature and
the experimental error is lower than +2%. The
measurement procedure of digital equipment for
surface tension measurement used in present work
is simpler and more reliable.

3) The thermodynamic analysis has been pro-
cessed for Sn-O system, which elucidates the de
pendence of surface tension of molten tin on tem-
perature under different oxygen partial pressures.
Under the condition of extremely low oxygen
partial pressure, the surface tension of molten tin
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decreases with the increase of temperature. While

at higher oxygen partial pressure, the surface ten-

sion of molten tin firstly increases to a maximum

with the increase of temperature, and then decrea-

ses with the increase of temperature. The experi-

mental results are coincident with the results of

thermodynamic analysis.
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