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The surface tension of molten tin has been determined by the
sessile drop method at temperatures ranging from 523 to 1033 K
and in the oxygen partial pressure (PO2 ) range from 2.85 × 10−19

to 8.56 × 10−6 MPa, and its dependence on temperature and oxy-
gen partial pressure has been analyzed. At PO2 = 2.85 × 10−19 and
1.06 × 10−15 MPa, the surface tension decreases linearly with the
increase of temperature and its temperature coefficients are −0.151
and −0.094 mN m−1 K−1, respectively. However, at high PO2 (3.17 ×
10−10, 8.56 × 10−6 MPa), the surface tension increases with the tem-
perature near the melting point (505 K) and decreases above 723 K.
The surface tension decrease with increasing PO2 is much larger near
the melting point than at temperatures above 823 K. The contact
angle between the molten tin and the alumina substrate is 158–173◦,
and the wettability is poor. C© 2002 Elsevier Science (USA)
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oxygen potential; sessile drop method.
1. INTRODUCTION

The dependence of the surface tension of molten tin on tem-
perature and oxygen partial pressure is known as a complicated
liquid action, and the precisely measured values are required for
the elucidation of the Marangoni convection of molten tin.

The convection of molten tin consists of Marangoni convec-
tion resulting from the surface tension gradient and natural con-
vection which generally results from the density difference of
molten tin, and the actual condition of Marangoni convection
is not clear. One of the main reasons is that the surface ten-
sion of molten tin which is indispensable has not been measured
correctly, especially the temperature and oxygen dependence.
The reported temperature-dependence data have been measured
with unknown oxygen partial pressure, and there exists a large
difference among those values (1–24).
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The atmosphere control is thus necessary to obtain accurately
the oxygen and temperature dependence of the surface tension of
molten tin. The affinity of tin with oxygen is very large, and the
balanced oxygen partial pressure PO2 ,sat with SnO2(s) around
molten tin near the melting point (505 K) is as low as 10−51 MPa.
Therefore, the atmosphere control in the measurement system
is very difficult.

In the present work, the surface tension of molten tin is mea-
sured with the sessile drop method in precisely controlled oxy-
gen partial pressure, and the effects of oxygen partial pressure
and temperature are both investigated.

2. EXPERIMENTAL

2.1. Apparatus

Figure 1 illustrates the schematic diagram of the surface ten-
sion measurement equipment of molten tin by the sessile drop
method. The system consists of a furnace, a gas refining equip-
ment, an oxygen partial pressure measuring sensor, drop photog-
raphy equipment, and a digitizer and computer analysis system.
The Kanthal line (67Fe, 25Cr, 5Al, 3Co) is used in the resistance
furnace, and the highest temperature is 1173 K.

The quartz pipe (inner diameter, 30 mm; outer diameter,
34 mm; length, 560 mm) is sealed with quartz caps at both ends.
With the adoption of the oil rotation vacuum pump, the reaction
pipe can reach 10−3 Pa within 0.5 h at room temperature. The
tip of the J-0.4th class (Fe–CuNi) thermocouple in an alumina
protection pipe between quartz pipes is located directly under
the alumina substrate and tin drop. The temperature difference
between the thermocouple position and the tin drop position is
neglectable. The Ar gas (purity of 99.999%, O2 < 0.2 ppm) is
deoxidized with magnesium chips heated at 873 K, and PO2 can
be controlled between 10−20 and 10−5 MPa by changing the
temperature of the magnesium furnace.

2.2. Materials and Procedure

The cylindrical sample (φ3.5 × 3.5 mm, about 0.3 g; pu-
rity, 99.999 mass%) of tin on a high-purity alumina substrate
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FIG. 1. Schematic diagram

(99.95 mass% Al2O3) was put into the quartz pipe and made
horizontal by two water levels. After the furnace was sealed and
evacuated, refined argon gas was passed through (the flux was
120 mL/min). When the furnace reached scheduled temperature,
the argon gas flux was maintained at 80 mL/min. Oxygen partial
pressure in the atmosphere was measured by a solid-electrolyte
oxygen sensor. Photographs of the droplet were taken at certain
intervals. As shown in Fig. 1, the photography system includ-
ing telephoto lens and bellows was installed on the observation
window at one end of the quartz pipe. The mini-copy film HRII
negative was used, which carried out photography development
on printing paper of large size (VR4, 130 × 180 mm), and the
drop image was evaluated with the digitizer. The magnification
in the present work determined by the photograph of a stan-
dard steel ball (5 mm in diameter) is to be 17.86, and no image
distortion is observed.

In the sessile drop method, the surface tension and contact an-
gle can be obtained from the droplet contour, and the density is
required for calculation. In the present work, the algorithm pro-
posed by Rotenberg et al. (25) is adopted, and the measurement
errors for surface tension and contact angle are ±2 and ±0.5%,
respectively (26). The adopted density value is ρ/Mg m−3 =
1/V = (0.14315 + 14.9 × 10−6(T − Tm))−1(27).

2.3. Measurement of the Oxygen Partial Pressure

The oxygen sensor used in the present work is an oxygen
content battery (28), in which CaO · ZrO2 (stabilized ZrO2,
11 mo1% CaO) serves as the conductor of oxygen ion, and
the mixed powder (molar ratio 1 : 1) of Ni and NiO is used as a
Electromotive power E caused by the differ-
ial pressure between the reference electrode
f the experimental apparatus.

PO2(Ni–NiO) (equilibrium oxygen partial pressure of Ni and NiO),
and the measured gas (action pole side) can be expressed as
follows using the Nernst formula:

E = −(RT/(4F)) ln
(
PO2

/
PO2(Ni–NiO)

)
[1]

Here E is the electromotive power of the battery, R is the gas con-
stant, and T and F are the battery temperature and the Faraday
constant, respectively. The equilibrium oxygen partial pressure
of Ni and NiO is given by

PO2(Ni–NiO) = exp
(
2�Go

1

/
(RT )

)
, [2]

where �Go
1 is the standard free energy of formation for NiO

(29) is written as

�Go
1 = −232870 + 83.23T (J/mol). [3]

Therefore the oxygen partial pressure can be expressed with
the following, drawn from Eqs. [1] and [2]:

PO2 = exp
((

4E F + 2�Go
1

)/
(RT )

)
. [4]

Platinum thread is used as the outside electrode of the man-
ufactured oxygen sensor and nickel line as the inside electrode
(29). In order to reduce the measurement error caused by the for-
mation of the oxygen concentration boundary layer in the solid
electrolyte–gaseous phase interface, gas was prepared in the end
of the quartz pipe and sprayed on the joint of the platinum thread
and solid electrolyte. When the oxygen sensor was calibrated us-

ing air and argon standard gas of 2 vol% oxygen, the error was
0.5–3%, and the error in argon standard gas with an oxygen
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concentration of 1 ppm was 1–5%. Measurement of the oxygen
partial pressure in argon gas that enters the furnace (P in

O2
) or ex-

hausts from the furnace (Pout
O2

) is selected using a three-way cock.

3. RESULTS AND DISCUSSION

3.1. Thermodynamic Analysis of the Gas–Solid
Equilibrium of Molten Tin System

Sn is very easy to oxidize, and the oxidization generally pro-
ceeds by the following reactions.

Sn(l) + O2(g) = SnO2(s)(T < 1800 K); [5]

�Go
5 = −584,090 + 212.55T (30)(J/mol); [6]

Sn(l) + 1/2 O2(g) = SnO(s)(T < 1300 K); [7]

�Go
7 = −287,645 + 101.52T (30)(J/mol). [8]

The solubility of oxygen in molten tin is very small. If the
activity values of Sn and SnO2 are both set as 1, the calculated
equilibrium oxygen partial pressure (PO2 ,sat, the saturated oxy-
gen partial pressure) values are shown in Fig. 2. It is found that
the saturated oxygen partial pressure equilibrated with SnO(s),
PO2 ,sat(SnO) is almost the same as the value of PO2 ,sat.

During the surface tension measurement by the sessile drop
method, there exist many problems about the droplet, such as its
size, its evaporation, oxidization and reaction with the substrate.
In the present investigation of tin, its tendency to oxidize near
the melting point is a problem. The extreme low PO2 ,sat below
900 K shown in Fig. 2 cannot be obtained on the conditions of
Ar atmosphere. Therefore, if only thermodynamic calculations
are based, preventing oxidization of molten tin near the melt-
ing point will be impossible. However, with the temperature
FIG. 2. Equilibrium in the Sn(l)–O2(g)–SnO2(s)–SnO(g) system.
T AL.

increase, oxidization of the tin drop can be practically prevented
when the molten metal generates metal steam, which nots as
an oxygen-getter pump. PSn approaches PSnO near the melting
point, but temperature increase leads it smaller than PSnO, and
thus PSnO and PSnO/P1/2

O2
increase remarkably with increasing

temperature below 750 K, but increase slightly above that tem-
perature.

Oxygen partial pressure in hydrogen gas atmosphere can be
calculated as follows.

2H2(g) + O2(g) = 2H2O(g); [9]

�Go
9 = −492,880 + 19.62T (31)(J/mol);

= −RT ln
((

PH2O
/

PH2

)2(
1
/

PO2

))
. [10]

Again, if (PH2O/PH2 )2 in reaction [9] can be presumed, PO2 can
be calculated from Eq. [10].

PO2 ,sat calculated from thermodynamic data, and PO2 in H2

atmosphere and commercial Ar (purity of 99.999 mass% or
more) atmosphere are shown in Table 1. Near the melting point,
although equilibrium oxygen partial pressure PO2 ,sat is low, it
increases with the temperature increase. The oxygen partial pres-
sure values in H2 atmosphere were measured by Amal et al. (31).
Table 1 indicates that PO2 in H2 atmosphere is much smaller than
PO2 ,sat. However, PO2 in Ar atmosphere below 1100 K (either
deoxidized with the magnesium furnace or in a vacuum condi-
tion) is higher than PO2 ,sat. Although in the present measure-
ment, PO2 in Ar atmosphere can be precisely controlled by a
magnesium deoxidization furnace (a possible temperature lim-
itation up to 873 K), the minimum value is about 10−19 MPa.
Therefore, surface tension measurement of tin in the present
work has been performed in conditions of PO2 higher than
PO2 ,sat and temperatures below 1050 K.

In the case of PO2 < PO2 ,sat, when the oxygen in the gaseous
phase is considered to be in equilibrium with that in the molten
tin, the oxygen concentration Co in the molten tin can be cal-
culated using the standard free energy change �Go

11 of reaction
[11], and the results are shown in Fig. 3 from Eq. [12]:

1/2O2(g) ↔ O
¯ Sn [11]

�Go
11 = −176300 + 20.52T (32)(J/mol);

= −RT ln
(
ao

/
P1/2

O2

)
[12]

It is supposed that the system of oxygen in the molten tin is
an ideal thin solution, and thus it can be assumed that ao = Co
(at%).

Co
¯
,sat shown in Fig. 3 is calculated from ln (Co/at%) =

9.99 − 13,380/T (32). Co,sat below about 700 K is very small
and keeps almost constant. Above 700 K it increases suddenly.

Figure 3 shows that the oxygen concentration in molten tin

with constant PO2 decreases with increasing temperature, and
the reduction extent decreases when PO2 becomes low.
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TABLE 1
Oxygen Partial Pressure in Different Atmospheres

Temperature PO2 ,sat PO2 in H2 PO2 in Ar Vac. in Ar
(K) (MPa) (MPa)a (MPa)b (10−6 Pa) (MPa)

500 1.01 × 10−51 8.56 × 10−6 About 10−18

600 1.57 × 10−41 2.2 × 10−52 at 573 K (High purity argon: Ar > 99.999%, O2 < 0.2 ppm) (Calculated from PO2 = 10−6 MPa
700 3.05 × 10−34 in 0.1 MPa Ar gas
800 8.61 × 10−29

900 1.45 × 10−24 2.5 × 10−35 at 923 K
1000 3.39 × 10−21

1100 1.90 × 10−18

1200 3.63 × 10−16
a Measured value by Amal et al. (31).
g
b Measured with an oxygen sensor of the solid electrolytes in commercial Ar

3.2. Measurement Results about the Surface
Tension of Molten Tin

The results, methods, conditions, and the temperature range
for the surface tension measurement of molten tin are shown
in Table 2 and shown in Figs. 4 and 5. The results can be
divided into two groups according to the absolute value of
the temperature coefficient of surface tension |∂σ/∂T |. Most
results measured in H2 atmosphere belong to the group of small
values, while those measured under Ar gas with the maximum
bubble pressure method, N2, H2 atmosphere under vacuum, or
decompression constitute the large-value group. That is, the tem-
perature coefficient of surface tension changes with atmosphere.
First, under Ar gas, N2, H2 gas under vacuum, or decompression,
when the purity or the vacuum degree is inadequate, oxidization
on the surface of molten metal by the very small quantity of
FIG. 3. Evolution of equilibrium oxygen concentration in molten tin with
temperature.
as at 1073 K.

oxygen in atmosphere might occur. Second, under a vacuum or
an evacuated atmosphere, evaporation of the molten metal or its
oxides from the surface should be considered.

Goumiri et al. (17) clarified that SnO2 film exists on the sur-
face of tin drop under a vacuum (10−7 Pa) by Auger electron
spectroscopy (AES). Sangiorgi et al. (19) measured the tin sur-
face tension under the vacuum of 10−6 Pa (560 K) by the sessile
drop method and found that when oxygen was enriched in the
surface of tin drop, the surface tension at 560 K is 535 mN/m,
but 598 mN/m when the surface was clean. SnO and SnO2 films
were also observed to generate on the drop surface with the adop-
tion of AES. Passerone et al. (21) measured the surface tension
of tin under the vacuum of He + 5% H2 in the temperature
range from near the melting point to 1073 K using the sessile
drop method. The results indicated that the surface tension in
the 300 K temperature range above the melting point exhibited
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FIG. 4. Surface tension of molten tin reported before 1973.
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TABLE 2
Temperature Coefficients of Surface Tension of Molten Tin Reported by Various Investigators

Surface tension Temperature Temperature
Investigator Year Method Atmosphere at MP (mN/m) coefficient range (K)

Hogness (1) 1921 MDP H2 532 −0.08 505–723
Bircumshaw (2) 1926 MBP H2 526 −0.02 505–1273
Matuyama (3) 1927 DW Vac. 591 −0.20 505–873
Bircumshaw (4) 1934 MBP H2 551 −0.08 505–1073
Pelzel (5) 1948 MBP N2 622 −0.18 505–853
Melford (6) 1957 CR H2 566 −0.07 505–773
Allen (7) 1959 SD H2 500 (at 1073 K) −0.18 1073–1873
Lauermann (8) 1961 MBP H2 544 −0.07 —
Kaufmann (9) 1965 SD Vac. H2 545 −0.18 673–1073
White (10) 1971 SD Vac. 550 −0.080 473–833
Adachi (11) 1971 MBP Ar 574 −0.222 881–1073
Lang (12) 1973 MBP Ar 552 −0.167 505–773
Mukai (13) 1973 SD H2 568 −0.053 523–773

SD H2, Ar 579 −0.064 523–863
Mukai (14) 1973 CR H2 575 −0.056 523–773
Hassan (15) 1975 MBP H2 524 −0.073 505–973
Kasama (16) 1976 SD Ar, H2 560 −0.091 505–1723
Goumiri (17) 1982 SD Ar, Vac. 613 −0.17 505–873
Nogi (18) 1986 LD Ar, H2 630 −0.13 1350–1750
Sangiorgi (19) 1988 SD Vac. 598 (at 560 K) A clean surface —

SD Vac. 535 (at 560 K) Surface rich in O —
Nogi (20) 1989 SD Ar, H2 551 −0.09 510–1820
Passerone (21) 1990 SD He 581 (470–580) −0.13 505–1073

SD Vac. 578 −0.16 505–1023
SD He + 5% H2 562 −0.074 505–1023

Taimatsu (22) 1992 SD Ar + 3% H2 570 −0.108 873–1373
Friedrichs (23) 1995 MBP Ar 400 (at 573 K) Positive value —

410 (at 703 K) —
450 (at 723 K) —
660 (at 763 K) —
570 (at 1013 K) —

Friedrichs (24) 1997 MBP Ar 574 −0.133 598–832
rop weight; CR, capillary rise; SD, sessile drop; LD, levitated drop.
Note. MDP, maximum drop pressure; MBP, maximum bubble pressure; DW, d

a very big difference (changed in the range of 470–580 mN/m)
when the atmosphere (He + 5% H2) was removed, and the influ-
ence of oxygen in atmosphere was reported as the cause. By the
sessile drop method, Taimatsu and Sangiorgi (22) measured the
surface tension of tin at 1073 and 1273 K, and in the atmosphere
of Ar + 3% H2 (below the saturated oxygen partial pressure),
and obtained certain relations between surface tension and oxy-
gen partial pressure. In addition, Ricci et al. (33) stated in detail
the theoretical analysis about the influence of oxygen in the at-
mosphere on the surface tension of molten pure metal.

According to previous results, the surface tension value of tin
in the melting point is in the range of 470–630 mN/m, and the
temperature coefficient ∂σ/∂T is in the range of −0.02 to –0.22.

3.3. Dependence of Surface Tension on the Temperature
and Oxygen Partial Pressure
The dependence of surface tension on the temperature was
investigated in the temperature range from 523 to 1023 K,
and at oxygen partial pressure in Ar atmosphere PO2 (av-
erage value) = 2.85 × 10−19, 1.06 × 10−15, 3.17 × 10−10, and
8.56 × 10−6 MPa. The results are shown in Fig. 6.

In the temperature range of 523–1023 K, the oxygen par-
tial pressure is higher than PO2 ,sat (see Table 1). From Fig. 6,
the temperature coefficients (∂σ/∂T )PO2 at PO2 = 2.85 × 10−19

and 1.06 × 10−15 MPa were −0.151, −0.094 mN m−1 K−1,
respectively, which are in the reported temperature coefficient
range (−0.02 to −0.22) shown in Table 2. However, when PO2

is higher than 3.17 × 10−10 MPa, the temperature coefficient
increases with increasing oxygen partial pressure PO2 , and near
the melting point (i.e., at the temperature lower than 733 K), it is
positive instead of negative. That is, the sign of the temperature
coefficient changes with the oxygen partial pressure.

The relation of the surface tension and the oxygen partial
pressure is shown in Fig. 7, where the dashed lines are calculated
by equations in Fig. 6, and the solid lines are observed results.

It is obvious that the surface tension decreases with increasing
oxygen partial pressure and temperature. That is, the influence of
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FIG. 5. Surface tension of molten tin reported after 1975.

oxygen partial pressure in Ar atmosphere on the surface tension
of molten tin is remarkable at low temperature, but slight at
higher temperature.

3.4. Influence of Oxygen Partial Pressure on the Temperature
Coefficient of Surface Tension

Figure 8 shows the relation between PO2 (log PO2 ) and the
temperature coefficient of surface tension (∂σ/∂T )PO2 near the
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FIG. 6. The surface tension of molten tin in the temperature range from 523
to 1033 K.
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FIG. 7. Relationship between the surface tension of molten tin and the

oxygen partial pressure in argon gas.

melting point, which was calculated from Fig. 6. Apparently,
(∂σ/∂T )PO2 increases with increasing PO2 , and its value changes
from negative to positive near log (PO2/MPa) = −9.375.

As mentioned above, the temperature influence on the surface
tension of molten tin changes with PO2 . At high PO2 , surface
tension change with temperature is not linear. The temperature
coefficient is positive near the melting point and becomes
FIG. 8. Temperature coefficient of surface tension of tin changes with the
oxygen partial pressure.
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FIG. 9. Tin drop images at 523 K.

negative at about 250 K over the melting point, as in the case
of low PO2 .

The same tendency as in Fig. 8 has been found out in molten
copper system (34) and molten iron system (35). In addition,

Nogi et al. (18) also reported that the temperature coefficients
of the surface tension o

oxygen arrives at the surface of tin drop easily. And thus, oxi-

f molten zinc and cadmium were positive dization film is generated.
FIG. 10. Illustration of the three typical s
T AL.

above the melting points. White (36) has performed investiga-
tion on metals with relatively low melting points, such as In, Cd,
and Zn. It showed that the surface tension change with tempera-
ture is not linear, and surface atoms order-arrangement (surface
ordering) has been observed especially near the melting points.
Thus, surface entropy was found to be smaller than that in the
liquid bulk, and the temperature coefficients of surface tension
were positive.

3.5. Behavior of Oxygen in Ar Atmosphere
and Surface Tension

As shown in Fig. 6, at low PO2 (2.85 × 10−19, 1.06 ×
10−15 MPa), the surface tension of molten tin decreases mono-
tonically with the increase of temperature, which is similar to the
results in H2 atmosphere and many other pure metals. However,
if PO2 becomes high, the trend of the temperature coefficient is
complicated.

Images of tin drop on printing paper are shown in Fig. 9.
Under these experimental conditions, molten tin and the alumina
substrate seldom get wet, and the contact angle is 158–173◦.
The drop surface is smooth at low PO2 (2.85 × 10−19 MPa, T =
523 K). When PO2 is high (8.56 × 10−6 MPa, T = 523 K), fine
particles appear on the surface. From surface observation of the
sample solidified after measurement, it is found that in the case of
high PO2 , metal gloss disappears and black brown is presented,
while in the case of low PO2 , the surface exhibits light gray.
Hence, formation of the oxidization film (SnO, SnO2) on the tin
drop surface is strongly suggested at high PO2 .

Then, as shown in Fig. 10 on the basis of the model proposed
by Passerone et al. (21), the experimental results are analyzed
from thermodynamics and reaction kinetics.

(a) Conditions where the influence of the measurement at-
mosphere is strong. In this case, the tin partial pressure PSn is
relatively low under high PO2 near the melting point of tin, and
ituations near the Sn(l)–vapor interface.
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(b) Conditions where the influence of the measurement atmo-
sphere is weak. In the atmosphere of low PO2 , since the partial
pressure of molten tin increases with the increase of temperature,
oxygen is caught by Sn(g) which exists in the drop surroundings,
and hence PO2 near the drop surface decreases. Consequently,
the reduction rate of surface tension with the PO2 increase is
relatively slow.

(c) Conditions where the influence of measurement atmo-
sphere is neglectable. The oxygen concentration in the molten
tin that equilibrates the oxygen partial pressure in atmosphere
decreases further with the temperature increase, and the amount
of adsorption to the molten tin surface also decreases. A “pro-
tection layer” of metal steam Sn(g) is generated around the drop
at high temperatures, which plays the role of an oxygen-getter
pump, and oxygen diffusion to the molten tin surface is inhib-
ited, with the drop surface maintaining at low oxygen partial
pressure.

From Fig. 10, it can be reckoned that the present results have
been measured in the conditions from case (a) to case (c). That
is, the condition of high PO2 near the melting point belongs to
case (a), and in this case oxidization film generates on the drop
surface, leading to a low value of surface tension. However, it
shifts to case (b) with the PO2 reduction or temperature increase,
and the surface tension reduction is inhibited. With further in-
crease of temperature (above 873 K) and larger extent of tin
vaporization, the oxygen diffusion to the drop surface is almost
prevented by the tin vapor atoms, and the surface tension al-
most has nothing to do with PO2 , resulting in a case close to (c).
Therefore, maximum values of surface tension are oberved on
the curves in Fig. 6 for high PO2 system.

4. CONCLUSIONS

The relation between the surface tension of molten tin and the
oxygen partial pressure in Ar atmosphere (PO2 = 2.85 × 10−19–
8.56 × 10−6 MPa) has been investigated in the temperature
range from 523 to 1033 K using the sessile drop method.

(1) At PO2 = 2.85 × 10−19 and 1.06 × 10−15 MPa, the sur-
face tension decreases linearly with increasing temperature,
and negative temperature coefficients (∂σ/∂T )PO2 = −0.151,
−0.094 mN m−1 K−1 have been obtained, respectively. How-
ever, in the case of PO2 = 3.17 × 10−10 and 8.56 × 10−6 MPa,
the surface tension changes nonlinearly with the temperature
and increases near the melting point. At 250 K above the melt-
ing point, negative temperature coefficient exhibits as in the case
of low PO2 .

(2) The PO2 influence on the surface tension of molten tin is

remarkable at low temperature, and the surface tension decrease
with the PO2 increase becomes very slight at high temperature.
OF MOLTEN TIN 345

(3) The effect of oxygen in the atmosphere is considered from
thermodynamics and kinetics on the basis of a model, and the
experimental results can be explained qualitatively.

(4) The contact angle between the molten tin and the alumina
substrate is 158–173◦, and the wettability is poor.
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