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The oxidation process of molten tin in air at 280�C was studied. We found that
a trace addition of phosphorus to the tin reduced the surface oxidation greatly
by forming a protective film. The total thickness of the oxide film formed on
the molten Sn-0.007wt.%P alloy was about 36 nm, which was composed of a
layer of 6 nm SnO2, 10–15 nm (Sn, P)O, and a transition layer. This oxide film
was approximately a quarter of the thickness that formed on pure tin. The
oxidized surfaces of different tin alloys were studied by scanning electronic
microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). Much higher
segregation of phosphorus was observed on the subsurface of the oxide film,
and the concentration of phosphorus in the oxide film was about 500 times
greater than that of the bulk concentration. Based on this result, the segre-
gation of phosphorus on the molten surface could result in the formation of a
new protective (Sn, P)O film on the subsurface of the molten tin. It is also
suggested that the crystal structure of the oxide film should be studied in the
future to confirm the mechanism.
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INTRODUCTION

The oxidation of molten solders composed of
tin-based alloys in air is a severe problem in lead-
free wave soldering. Dross, a mixture of molten tin
and its oxide,1 forms on the surface of molten
solders and can cause many problems in the wave
soldering process. For example, the formation of the
dross may result in a heavy loss of the molten sol-
der, thereby increasing the cost of the solder. An-
other problem is that the dross may cause a
deterioration of the wetting properties and solder-
ability of the surface of the molten solder.2 In order
to keep a clean surface of the molten solder the
dross must be periodically removed manually.

Since the density of lead-free solders (approxi-
mately the density of molten pure tin 6,980 kg/m3 at
the melting point3) is approximately the same as
that of the tin oxides (SnO2 7,010 kg/m3, SnO
6,450 kg/m3),4 it is difficult to separate the dross
from the molten solder bath by flotation. By com-

parison, the density of tin-lead solder is 8,900 kg/m3

and the dross is easy to float out in this case.
Moreover, since tin is a dominant component in

lead-free solders, where tin comprises more than
95% in the alloy (Sn-Ag, Sn-Cu, and Sn-Ag-Cu,
which are considered to replace Sn-Pb alloys) and
the melting point of the solders is about 30�C higher
than that of tin-lead eutectic solder. A higher tem-
perature will increase the oxidation of the molten
solders. Furthermore, the oxidation behavior of the
molten solders is dominated by the oxidation of pure
tin,5 and higher tin concentration in lead-free sol-
ders also result in increased oxidation. Therefore,
compared with tin-lead solder, the problems asso-
ciated with the oxidation of the molten lead-free
solder are more severe, and a lead-free solder with
oxidation resistance would be useful in electronic
package, especially for wave soldering.

The oxidation of molten tin begins even at a very
low oxygen partial pressure.6 In order to decrease
the oxidation of the molten tin, doping with a trace
element in pure tin is carried out in this work,
by which the doping element will segregate on
the surface of the molten tin quickly. The surface(Received May 24, 2007; accepted August 20, 2007;
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segregation of the doping element phosphorus
affected the oxidation resistance of the molten tin
dramatically. The effect of trace phosphorus in
molten pure tin on the oxidation was studied in this
work and was found to be effective to decrease the
oxidation of molten tin in air.

EXPERIMENTAL

Sample Preparation

The samples, each piece approximately 50 g, were
prepared by melting in a resistance furnace in
600�C for 10 min. The raw materials were industry
pure tin and a phosphorus-bearing intermediate tin
alloy. The purity of the industry pure tin was more
than 99.90 wt.%, with the main impurities in the
pure tin being Pb (£0.045 wt.%), Bi (£0.015 wt.%),
Sb (£0.02 wt.%), As (£0.01 wt.%), and Cu
(£0.008 wt.%). In order to achieve homogeneity each
sample was melted twice in the same conditions.
The content of phosphorus in each sample is listed
in Table I, calculated from the adding amount of the
phosphorus-bearing intermediate tin alloy. The
industrial pure tin was used as a parallel blank
sample to compare the oxidation resistance of the
samples. A very thin layer of yellow coating was
observed on the wall of the quartz tube after melt-
ing, which indicated that there was a small amount
of volatilization of phosphorus during the melting
process.

Oxidation Measurement

About 50 g of each sample was placed in a
graphite crucible with a diameter of 28 mm and
heated in a resistance furnace in air. The tempera-
ture of the molten alloy was held at 280�C ± 3�C,
measured by a thin thermocouple dipped into the
molten alloy. This temperature is slightly higher
than practical soldering temperatures (typically
about 260�C), since the melting point of pure tin is
232�C, which is 15�C higher than that of Sn-Ag-Cu
solder. The surface of the molten alloy was directly
observed during the experiment. After the alloy had
melted and reached the required temperature, the
initial oxide film on the surface of the molten alloy
was carefully removed by hand with a stainless-
steel tool, and a fresh metal surface with a silver
color was observed. This fresh liquid metal surface
was exposed to the air, as an initial clean condition,
and then oxidation process started from this time.

In this experiment the color change of the surface
film after oxidation of the molten alloy was observed
visually with increasing oxidation time. The images
of the oxide film were recorded by a digital camera

(Canon Power Shot A300). When a layer of the oxide
film had formed the dross on the surface of the
molten alloy was carefully removed manually, and
the weight of the collected dross measured each
time by an electronic balance (SHIMADZU AY120
with an accuracy of 0.1 mg). In the case of removing
the dross by hand, there was a fluctuation of the
data for the dross weight and the average data
based on three tests is presented herein.

XPS Measurements

After exposure to air at 280�C for 1 h, the molten
alloy and the graphite crucible were carefully
removed from the furnace, and cooled rapidly in air
to obtain a smooth surface. The solidification sample
was sliced in sheets about 2 mm thick from the top
surface of the ingot for X-ray photoelectron spec-
troscopy (XPS) measurements. Since the XPS mea-
surement is sensitive to surface pollution, the
samples must be prepared carefully to prevent
contamination by hand contact.

The surface chemical analysis of the samples was
performed using XPS (ESCALAB 250 Model). The
vacuum of the analysis chamber of the XPS was
held at 10-8 Pa by a Ti pump during measurement,
the energy of the monochromatic X-ray was
1486.6 eV (Al Ka), and the energy resolution of the
analyzer was 0.05 eV. The original surface of each
sample was first analyzed by XPS, and then to
measure the underlying chemical composition after
a very thin layer of the material was removed from
the surface by Ar+ sputtering.

The surface sputtering of the oxide film was car-
ried out by an Ar+ sputtering gun attached to the
XPS spectrometer. The sputtering rate S (in units of
meters per second) can be estimated from the fol-
lowing equation:7

S ¼ I � Y �M
q �NA � e

where I = primary ion current density, 0.5 A/m2;
Y = sputter yield, 6.8 atoms/ion at 2 keV8 (for tin);
M = atomic mass number, 118.7 g/mol (for tin); q =
density, 7.3 · 103 kg/m3 (for tin); NA = 6.02 · 1023

per mole (Avogadro number); and e = 1.6 · 10-19 A s
(the electron charge).

Based on this relationship the sputtering rate of
the pure tin was estimated as 0.6 nm/s. However,
this is only an approximate estimation as the real
sputtering rate is dependent on many factors. For
example, in the above function the sputter yield
should be measured by experiment. Moreover, the
value of 0.6 nm/s is only for pure solid tin, but in the

Table I. The P Content in Different Samples Used in this Study (wt.%)

Pure Sn Sn-0.0042P Sn-0.0056P Sn-0.007P Sn-0.014P

P 0 0.0042 0.0056 0.0070 0.0140

1670 Xian and Gong1670



present work the top surface of the sample was
composed of both tin oxide and metal tin. The
sputter yield for metal tin and tin oxide are con-
siderably different, but data for the sputter yield of
tin oxide is not currently available. Based on this
consideration, the sputtering depth shown in the
present work is only a semiquantitative value, while
the sputtering time is the real data.

After sputtering for 10–60 s each time the fresh
surface was again measured by XPS. The pure tin
sample was sputtered eight times, while the other
samples were sputtered only five times since the
thickness of the oxide film for pure tin is relatively
high. The total thickness to be removed by Ar+

sputtering was between 70 nm and 150 nm for dif-
ferent samples. The operation of the sputtering and
measurement was repeated until the oxygen con-
tent on the surface measured by XPS was close to
zero.

The reported data of the binding energy has been
calibrated by both the residual carbon adsorbed on
the original surface of the samples and the Ar+ in-
duced during sputtering, which was located at
284.6 eV for the carbon peak and 241.9 eV for the
Ar peak. The XPS Peak-Fitting Programme version
4.19 was applied for the analysis of the XPS pat-
terns. The value of the reference binding energy for
each element was taken from the reference data-
bank.10

RESULTS AND DISCUSSION

Observation of the Oxidation

The liquid industrial pure tin was easily oxidized
in air. After removal of the original oxide film on the
surface of the molten tin, the fresh surface remained
silvery for only about 3 min at 280�C before a
slightly yellow oxide film formed quickly on the
molten surface. With continued exposure to air the
oxide film on the surface of the molten tin presented
a sequence of different colors, in order of observa-
tion: golden yellow, red brown, purple, and dark
purple. All the color changes took place within
60 min, during which time a thick layer of oxide
formed on the surface. After exposure at 280�C for
60 min the dross was removed from the surface of
the molten tin. The oxidation process was continu-
ously observed with the dross removed at 60 min
intervals.

As a comparison, the oxidation behavior of molten
tin doped with phosphorus is obviously different
from that of pure tin. In the case of Sn-0.0042wt.%P,
under the same oxidation conditions, the fresh li-
quid surface remained bright silver during the first
2 h. After removing the dross twice the oxidation
resistance of the molten metal decreased rapidly, in
this case after the fresh surface was exposed to air
for only a few minutes an oxide film with a slightly
yellow color formed.

The amount of dross formed on the surface of
molten tin doped with phosphorus was less than

that formed on the pure tin sample. After removing
the dross three times the surface color of the sample
began to change in the sequence: slight yellow,
yellow, and slight red brown. However, when kept
at 280�C without removing the dross, the surface
remained bright silver for several hours, and the
liquid surface exhibited a slight roughness. It
seemed that continuous removal of the dross re-
duced the oxidizing resistance of the liquid alloy.
This phenomenon could be a result of phosphorus
consumption in the micro-alloy due to dross removal
because of phosphorus segregation in the dross. The
other samples doped with phosphorus showed sim-
ilar phenomenon during the oxidizing process.
However, the bright silvery surface of other samples
doped with phosphorus remained during the whole
testing and no discoloration was observed.

Figure 1 shows the colors of the surfaces oxides
after dross removal five times (at 60 min intervals)
at 280�C in air. This clearly indicates that, when the
concentration of the doping phosphorus was lower,
there was a similar color (Fig. 1a and b) of the oxide
film on the pure tin and Sn-0.0042wt.%P sample. As
a comparison, when the concentration of the doping
phosphorus was higher the bright silver color
remained at the end of the experiment. This implies
that frequent dross removal could result in
increased phosphorus consumption.

We observed by eye that the surface of molten pure
tin was relatively smooth during oxidation compared
to the surface of the molten Sn-P alloy. The higher the
phosphorus content in the molten alloy, the rougher
the surface film appeared. The scanning electronic
microscopy (SEM) images in Fig. 2 clearly show that
the oxidation surface of Sn-0.0042wt.%P is rougher
than that of the pure tin sample. The rough surface
film on the molten Sn-P alloy showed that, in the case
of doping phosphorus in tin, there is an increase of
volume during oxidation, that is, the volume of the
solid oxide film on the molten tin is more than that of
the metal consumed, which would result in a full
coverage of the surface of the molten tin. This is the
prerequisite to form a protective oxide film to prevent
further oxidation of a solid metal.11 This prerequisite
should also be true for a molten metal. However,
information on the crystal structure of the oxidation
film is not yet available. Measurement of the crystal
structure of the oxide film on the molten alloy pre-
sents the main difficulty, as the film is too thin
(sometime within 50 nm) to be measured by X-ray
diffraction (XRD). In this case, it is suitable to use
low-energy electron-loss spectroscopy (LEELS),6 or
grazing-incidence X-ray diffraction (GIXRD)12 to
measure the crystal structure of the film in situ;
however, all methods to measure the crystal struc-
ture require a smooth surface and work in high-vac-
uum conditions. How to measure the crystal
structure of an oxide film formed on molten metal in
air in situ is a challenging issue in the study of the
oxidation behavior of a molten metal; it will be an
interesting area in the future.
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Dross Weight

Figure 3 shows the relationship between the
dross weight collected from the surface of different
samples and the oxidation time. As mentioned in
the Section ‘‘Observation of the Oxidation’’, since
the color of the films for different samples is differ-
ent the curves of dross weight shown in Fig. 3 can
only be regarded as a relative comparison of the
different samples. Figure 3 does not imply real dy-
namic curves of the rate of the dross formation of an
alloy at the experiment temperature.

As shown in Fig. 3 the rate of dross formation de-
creased dramatically for the phosphorus-doped sam-
ples. For all the samples the dross weight accumulated
linearly with oxidation time. The slopes of the straight
line shown in Fig. 3 are 4.7 · 10-4 mg mm-2 min-1 for
industry pure tin, 2.8 · 10-4 mg mm-2 min-1 for
Sn-0.0042wt.%P, 1.0 · 10-4 mg mm-2 min-1

for Sn-0.0056wt.%P, 0.7 · 10-4 mg mm-2 min-1 for
Sn-0.007wt.%P, and 0.5 · 10-4 mg mm-2 min-1 for
Sn-0.014wt.%P. When the phosphorus concentration
in the tin exceeded 0.0056 wt.%, the rate of dross for-
mation was relatively slow, indicating the enhanced
oxidation resistance of the molten alloy. In the case of

lower concentration of phosphorus (Sn-0.0042wt.%P)
in the alloy, the fluctuation of the data of the accu-
mulative dross weight is relatively significant. This
fluctuation may be due to high surface segregation of
phosphorus lost in the dross removal. Therefore, to
increase the oxidation resistance of molten tin a crit-
ical phosphorus concentration in the alloy will be
necessary.

XPS Analysis of the Oxidation Film

Pure Tin

Figure 4 shows the distribution of oxygen and tin
along the depth direction of the oxide film. The total
thickness of the oxide film of the pure tin sample
after 60 min oxidation at 280�C was about 150 nm.
The ratio of Sn and O on the surface was about 4:6,

Fig. 2. SEM images of the oxidation surface after oxidized at 280�C
for 60 min in atmosphere then rapidly cooling to room temperature:
(a) pure tin (b) Sn-0.0042wt.%P.
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Fig. 3. The relationship between the accumulative dross weight on
the surface and the oxidation time at 280�C (dross removal at 1 h
intervals).

Fig. 1. The surface morphologies of the tin ingot after oxized at 280�C for 60 min. in air (after removing the dross five times each with 60 min
intervals): (a) pure tin, (b) Sn-0.0042wt.%P, (c) Sn-0.0056wt.%P, and (d) Sn-0.0070wt.%P.

1672 Xian and Gong1672



but rapidly increased to 6:4 after sputtering for 10 s
with Ar+ ions. It is difficult to determine the oxida-
tion from these semiquantitative results alone since
it should be considered that there will be both
adsorption of oxygen on the surface and metallic tin
atoms under the oxide film. However, based on the
results shown in Fig. 5a, the oxygen adsorption on

the surface, if any, is relatively low. Assuming low
surface oxygen adsorption, the ratio of oxygen to tin
atoms measured by XPS should approach 1:1. The
oxygen/tin ratio gradually decreased to about 3:7
within 20 nm from the surface.

Figure 5 shows the O1s spectra of pure tin sample
along the depth of the oxide film, in which the
spectral factoring of both O chemically bound with
tin and the adsorbed oxygen on the surface was
present. The peak position of the O chemically
bound with tin was located at 530.9 eV and the peak
position of the adsorbed oxygen was located at
532.5 eV. It is obvious that the amount of adsorbed
oxygen is much lower than that of the O chemically
bound with tin. After the first sputtering for 10 s the
adsorbed oxygen on the surface was entirely
removed, producing the symmetrical and sharp
peak pattern shown in Fig. 5b.

Figure 6 shows the XPS patterns of the Sn3d peak
of the pure tin sample at different depths in the
oxide film. Based on the results in Fig. 6 there are
two kinds of chemical states of tin: tin oxides and
metallic tin, the latter being from the substrate. The
peak position of the metallic tin, Sn0, is located at
484.8 eV, while the peak position of the tin oxides is
located at 486.3 eV. As the difference of the peak
position of Sn2+ and Sn4+ is very small these states
cannot be distinguished from one other. With
increasing depth, it is obvious that the proportion of
tin oxide decreased and that the peak position of the
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sample oxidized at 280�C.
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surface, (b) sputtering 10 s, (c) sputtering 180 s, and (d) sputtering 270 s.
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Sn3d5/2 spectrum gradually changed from 486.3 eV
(tin oxides) to 484.8 eV (metallic tin). Figure 6 also
shows the Sn3d5/2 spectral factoring for the Sn0 and
the tin oxides. A semiquantitative analysis of the
ratio of metallic tin to tin oxides is shown in
Table II.

Table III shows data for the binding energy of SnO2,
SnO, and metallic tin. Based on the results in Figs. 5
and 6, the Sn peak under the subsurface is located at
486 eVand the O peak is located at530 eV. Bothpeaks
are consistent with the SnO data shown in Table III.

Therefore, it is assumed that the outer surface of the
oxide film of the pure tin sample should be SnO2 with a
little adsorbed oxygen and that the thickness of the
SnO2 is less than 6 nm. Under the SnO2 there should
be SnO film with a thickness of about 100 nm.

Sn-0.007wt.%P

Figure 7 shows the semiquantitative XPS results
along the depth of the oxide film of the Sn-
0.007wt.%P sample. Three elements, Sn, P, and O,
are measured on the surface of the oxide film.
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Similar to the result shown in Fig. 4 for pure tin,
the outer surface of the oxide film was mainly
composed of tin and oxygen, with very little phos-
phorus present. The atomic ratio between oxygen
and tin on the surface of the oxide film was
approximately 6:4. However, in contrast with the
results for pure tin, there was a sharp chemical
gradient along the depth of the Sn-0.007wt.%P
oxide film. After a 10 s Ar+ sputtering, during which
a thickness of about 6 nm was removed, the phos-
phorus content increased to 8 at.%, while the tin
content was 42 at.%, and the O content was about
50 at.%. The composition was relatively constant
within a thickness of 6–12 nm, which implies there
was a new phase of the oxide present. Based on the
ratio of the composition this could be an Sn-P com-
posite oxide, which could be assumed to be (Sn, P)O

in which phosphorus ions occupy about 20% of the
position of tin ions. However, to the best of our
knowledge this compound has not been reported
previously.

Comparing the pure tin result shown in Fig. 4
and the Sn-0.007wt.%P result shown in Fig. 7, the
total thickness of the oxide film of Sn-0.007wt.%P is
about 36 nm, much thinner than that of pure tin.
This shows that it is important to decrease the
oxidation of molten tin by doping with trace phos-
phorus. The phosphorus content on the subsurface
of the oxide film is up to 8 at.%, equal to about
4 wt.%, and phosphorus is highly segregated on the
surface of the molten tin, where the concentration is
more than 500 times than the bulk concentration.
Figure 8 shows the XPS spectrum of the P2p3/2

peak along the depth of the oxide film of the
Sn-0.007wt.%P sample. The XPS peak height (esti-
mated phosphorus content) on the subsurface of the
oxidation is higher than on the outer surface. The
detected segregation layer of phosphorus was very
thin, distributed from a depth of about 6–12 nm
from the outer surface. No phosphorus was detected
by XPS below a depth of 36 nm from the outer
surface. It is interesting that the peak position of
P2p3/2 in the oxide film is located at 133.4 eV, com-
pared with peak positions (binding energy) of pure P
and pyrophosphate of 130.2 eV and 133 eV, respec-
tively, which implies that there is a new chemical
state of P in the oxide. Based on Ref. 13 this peak
position for P2p3/2 approaches that of pyrophos-
phate. However, further research is necessary to
clarify the phosphorus mechanism in the protective
oxide film.

Figure 9 shows the XPS result of Sn3d5/2 along the
depth of the oxide film of the Sn-0.007wt.%P sam-
ple. Similar to the results for pure tin shown in
Fig. 6, the peak position of Sn3d5/2 of the original
outer surface was located at 487.15 eV. However,
after removing 6 nm by sputtering, the peak posi-
tion of Sn3d5/2 was shifted slightly to 486.8 eV, after
which it maintained its position until the tin oxide
disappeared. It is not clear why both the binding
energy of the outer surface and the subsurface were
slightly greater than that of the pure tin oxide film.
The binding energy of Sn3d5/2 for the tetravalent tin
ions Sn4+ is slightly higher than that for divalent tin
ions Sn2+.13 Combined with the result of the semi-
quantitative analysis shown in Fig. 7, it is reason-
able to assume that there is a double-layer oxide
film structure. The outer surface should be SnO2

Table II. The Relative Concentrations Sn2+ or Sn4+/Sn0 Measured by XPS for the Sn3d5/2 Peak (pure tin
sample oxidized in atmosphere at 280�C)

Sputtering time (s) 0 10 20 30 60 120 180 270

Peak position of Sn0 (eV) 484.8 484.8 484.8 484.8 484.8 484.8 484.8 484.8
Peak position of Sn2+ or Sn4+ (eV) 486.9 486.3 486.3 486.3 486.4 486.3 486.2 486.3
Sn2+ or Sn4+/Sn0 18.69 6.05 2.40 1.60 0.75 0.39 0.22 0.03

Table III. Binding Energy Data for Sn3d5/2 and O1s

from National Institute of Standards and
Technology (NIST)10

Existing state SnO2 SnO Sn0

Binding energy of Sn3d5/2 (eV) 487.1 486.0 484.8
Binding energy of O1s (eV) 531.0 530.1 –
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Fig. 7. The atomic percentage of Sn, P, and O of the oxidation film
measured by XPS after sputtering for various times for the
Sn-0.007wt.%P sample oxidized at 280�C.
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doped with phosphorus to a thickness of about
6 nm, and the subsurface should be an (Sn, P)O film
with a thickness of about 10–15 nm, which could be
a protective film to prevent further oxidation of the
molten tin in air. The remaining thickness of the
film should be a transition layer. After removing
36 nm from the surface by sputtering no oxide was
detected by XPS. The peak position of metallic tin
was located at 484.75 eV as shown in Fig. 9e and f.

Based on the XPS results, we propose that the
oxide film for the Sn-0.007wt.%P sample can be
considered as two layers. The outer surface is SnO2

with a thickness of several nanometers. Due to
direct contact with the air both C and O were
adsorbed on the surface. On the other hand, the
subsurface under the SnO2 could be (Sn, P)O with a
thickness of about 10–15 nm. This is a protective
oxide film, by which the oxidation of the molten
alloy is decreased dramatically.

CONCLUSIONS

The oxidation resistance of molten tin was greatly
increased by doping with trace phosphorus. With
the addition of 0.007 wt.% P, the surface of the
molten tin can be kept silvery for several hours in
air at 280�C.

A protective oxide film was observed by XPS on
molten tin doped with phosphorus. The total thick-
ness of the oxide film formed on the molten
Sn-0.007wt.%P alloy was about 36 nm, composed of
a layer of 6 nm of SnO2, 10–15 nm of (Sn, P)O, and a
transition layer, in which the key protective film is
(Sn, P)O. The composition of this film was measured
by a semiquantitative XPS method, and contained 8
at.% P, 42 at.% Sn, and 50 at.% O. We propose that a
new composite oxide film (Sn, P)O was formed.
However, details of the protective film are not yet
clear. It is suggested the crystal structure of the
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Fig. 8. P2p3/2 spectral windows of Sn-0.007wt.%P sample oxidized at 280�C for 60 min after sputtering for different time: (a) original surface, (b)
sputtering 10 s, (c) sputtering 20 s, (d) sputtering 30 s, (e) sputtering 60 s, and (f) sputtering 120 s.
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protective oxide film should be studied by LEELS or
GIXRD in the future, while the in situ measurement
of the crystal structure of a very thin oxide film
formed on molten metal in air is a challenging issue
in the study of the mechanism of oxidation behavior
of a molten metal.
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