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Effects of sulfur on interfacial energy between

Fe-C melt and graphite
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We used an improved sessile drop method, which can measure the equilibrium contact
angle of molten Fe-C-S alloys on graphite basal planes using an equilibrated method. We
adopted this method for the measurement of the interfacial energy, γs/l, between the basal
plane of graphite and the Fe-C melts at 1573 K in a purified He-3%H2 atmosphere. For the
calculation of γs/l, we have to use the true graphite surface energy, γs/v and the surface
tension of the iron melt, γl/v, as the reference. However, we could not get a reliable γs/l

value from the literature, because the γs/v value could be changed by the contamination of
the vapor from the melt. For this reason, we measured the γs/v value using a
nonequilibrated method based on the interfacial energy balance at the trijunction using γl/v

and the contact angle θ and φ, where θ is the contact angle between the liquid metal and
graphite substrate observed during the measurement by an optical microscope, and φ is
the hidden angle observed at cross section of the sample.

We found that the γs/v and γs/l values decrease when the sulfur contents are greater than
10 mass ppm sulfur. From 10 to 120 ppm sulfur, the decreasing rate has a constant value on
a logarithmic scale of sulfur activities. The morphology of the graphite changes from
spheroidal to flake as γs/l decreases due to increase in the sulfur content.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Graphite morphologies such as flake or spheroidal de-
termine its mechanical properties and applications in
industry. Therefore, an accurate theoretical understand-
ing is needed for changes in the graphite morphology.
Many theories have been proposed about the formation
of spheroidal graphite. Among them, those related to
the interfacial energy event have confirmed that the in-
terfacial energy between the melt and graphite would
determine the graphite morphologies [1–5].

Buttner et al. [1], who conducted one of the first stud-
ies on the morphological changes in graphite, reported
the contact angle between the melt and the graphite
varied with the addition of magnesium. This change in
wetting characteristics was attributed to an increase in
γs/l. It was theorized that a critical interfacial energy
exists above which spheroidal graphite is stable, and
below which flake graphite is stable. Keverian et al.
[2] reported the influence of sulfur on the surface ten-
sion of the Fe-C alloy. Since sulfur has a high sol-
ubility in Fe-C alloys and act as a surfactant, a dra-
matic decrease in surface tension is achieved with an
increase in the sulfur concentrations. McSwain et al.
[3] showed that the basal plane of graphite was a pre-
ferred growth plane when its interfacial energy is lower
than that of the prism plane. According to van Rooyen
et al. [4] the interfacial energy between the spheroidal
graphite and iron melt, γs/l, is higher than that of the
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flake graphite/iron melt. A theoretical consideration
was also done for the critical volume and the thermo-
dynamic stability of graphite. Selcuk [5] reported that
the graphite morphological changes are closely related
with the changes in the graphite-melt interfacial en-
ergies. Increases in the interfacial energies have been
explained in terms of the elimination of sulfur in the
Fe-C melt. However, the interfacial energy of the Mg
or Ce treated alloy is gradually reduced with time due
to evaporation and oxidation.

Based on the reports mentioned above, the interfacial
energy between the liquid iron and the graphite has
been studied by the sessile drop method because of
the interest in the nucleation and growth of spheroidal
graphite in the melt. Typically, spheroidal graphite was
reported to form a thermodynamic stable morphology
when a higher interfacial energy between the liquid
iron and the graphite occurred by elimination of the
surfactant, such as sulfur and oxygen.

Until now, the resultant change in the γs/l value could
be calculated using the corresponding change in γl/v
[2–5], γs/v [6] and the contact angle measured between
the melt and the graphite, if γs/v is constant despite
a change in the liquid composition. However, the as-
sumption that the γs/v remains constant when the liquid
composition changes, would be an oversimplification
and may lead to erroneous γs/l values. The surface en-
ergy of graphite could be immediately altered by the
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Figure 1 Schematic drawing of the equilibrium shape of a liquid sessile drop: (a) Non-equilibrated sessile drop method and (b) Equilibrated sessile
drop method.

adsorption of the melt vapor by the chemical transport
via the gas phase, especially for high vapor pressure
elements such as magnesium and sulfur, or by surface
diffusion. Furthermore, there are problems for measur-
ing the interfacial energy because most experiments
using the sessile drop method have been conducted by
placing the solid metal on the graphite plate and then
heating up to melting. This method may cause an ef-
fect when measuring the true contact angle due to mass
transfer and chemical reaction between the metal and
graphite before the measurement of the contact angle.

For this reason the true γs/l value for a given content
of the Fe-C alloy in sulfur is obtained using the γs/v
value, which corresponds to the same S content. This
will be accomplished by using an improved sessile drop
method [7], in which the alloy is melted in an Al2O3
tube and then dropped on a graphite plate forming ad-
vancing contact angle.

The Neumann triangle relation [8, 9] and Young’s
equation [10] shown in Fig. 1 was used for the
calculation of the interfacial energy, γs/l. If the liquid
is not saturated, the solid will be dissolved into the
liquid, then the equilibrium shape involves a finite
curvature for the solid-liquid interface (Fig. 1a). The
Neumann relation could be used for the calculation of
interfacial energy, γs/v, in nonequilibrated sessile drop
method. If the liquid is saturated in equilibrated sessile
drop method, there is no dissolution and the interface
remains flat. In this case, the Young’s equation allows
calculating interfacial energy, γs/l (Fig. 1b). θE is
the contact angle between the melts and graphite in
the equilibrated system, and θN is the contact angle
between the melts and graphite in the nonequilibrated
system. These contact angles are observed during the
measurement by an optical microscope and φ is the
hidden angle observed at cross section of the sample.
First, using the nonequilibrated sessile drop method,
we can calculate γs/v from γl/v, the measured θN and
φ, while we cannot calculate γs/la because γs/la is the
interfacial energy between the melt and a high index
plane of the graphite produced by dissolution. Using
the equilibrated sessile drop method, we can then
calculate γs/l from γs/v, θE, and γl/v. The results gained
in the present study would provide further data on the
interfacial energy and contact angle between the sulfur
containing Fe-C alloys and the basal plane of graphite.

2. Experimental procedures
2.1. Materials for contact angle

measurement
The 120 mass ppm sulfur bearing Fe-C alloy and elec-
trolytic iron were used as parent materials and the chem-

ical compositions are shown in Table I. The samples
were melted through different ratio of the two irons
and cast into graphite molds that were 5 mm in diame-
ter and 300 mm in length using a 3 kg high frequency
vacuum induction furnace. The chemical compositions
of the samples used for present study are shown in Ta-
ble II. Pyrolytic graphite plates, with dimensions of
20 × 20 × 5 mm and parallel to the basal plane, were
used for the substrate. The plates were ground and pol-
ished with 1 µm diamond paste. The samples and the
graphites were cleaned in acetone within an ultrasonic
cleaner before the experiment.

2.2. Experimental procedure
A schematic of the improved sessile drop method is
shown in Fig. 2 and the apparatus and experimental
techniques were identical with our previous report [7].
The system consists of a sealed chamber, a gas purifica-
tion system for the atmospheric gas (He-3%H2), a set of
vacuum pumps to evacuate the chamber, and a 35 mm
camera with bellows and macro lenses. The chamber
has four windows and contains a dropping device and a
molybdenum cylindrical heater with five concentric re-
flectors located around the dropping device. A thermo-
couple was located adjacent to the graphite plate holder
to monitor the temperature of the specimen throughout
each experiment.

The dropping device consists of a pure Al2O3 (99.9
mass%) tube with a 0.5 mm hole at its base. When the
temperature of the graphite plate reached the experi-
mental temperature, the sample weighing 0.2 ± 0.005 g
placed inside of the upper part of the dropping device
was pushed along the tube by a steel rod using a magnet
and dropped into the bottom of the tube with a graphite
lump.

TABLE I Chemical compositions of parent materials, mass%

Element

Material C Si Mn P S

Electrolytic iron 0.001 0.0002 0.0001 0.0001 0.0001
Fe-C-S iron 4.45 0.016 0.01 0.01 0.012

TABLE I I Chemical compositions of experimental irons, mass%

Samples

Element 1 ppm S 25 ppm S 50 ppm S 120 ppm S

C 0.001 0.95 2.03 4.45
S 0.0001 0.0026 0.0050 0.012
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Figure 2 Improved sessile drop method apparatus.

The gas purification system consists of a molecular
sieve for trapping H2O and O2, a liquid nitrogen cold
trap and a titanium furnace heated to about 1173 K to
remove O2 from the atmospheric gas. Another liquid
nitrogen cold trap was placed before the chamber to
eliminate H2O vapor from the Ti furnace and then the
purified gas was introduced into the chamber.

For the experiment, the pyrolytic graphite plate was
set in a horizontal position under the dropping device.
The chamber was evacuated to about 1.3 ×10−3 Pa and
heated to 1523 K. In the case of the equilibrated exper-
iment, when the temperature of the substrate reached
1573 K, the sample was introduced into the bottom of
the Al2O3 tube and saturated with the graphite lumps
for 30 min for the equilibrated system. He-3%H2 gas
was then introduced into the chamber up to 1.05 atm
and the carbon saturated melt was slowly forced out
through the hole of the Al2O3 tube by a gradual decrease
in the atmospheric pressure of the chamber. Therefore,
only advancing contact angles can be measured by this
technique without contaminating the graphite surface
before the measurement.

The nonequilibrated method was conducted when the
temperature was raised to 1523 K and held for 30 min to
the saturation. The measurement of contact angle was
then conducted by dropping the melt on the graphite
substrate at 1523 K and then the temperature was raised
to approximately 1573 K at the rate of 1 K/min and held
for 30 min. After the measurement, the electric power
of the furnace was turned off for cooling.

The contact angles θE and θN were measured using
the projected photos of the 35 mm camera. The hidden
angle φ of the nonequilibrated system was measured
using the center cut cross section. The γl/v values [2]
are used for the calculation of the interfacial energy γs/v
and γs/l.

3. Results
After the nonequilibrated sessile drop experiments, the
samples were cut and polished to measure φ, the av-
erage value of φ1 and φ2, and one of these results is

Figure 3 Interfacial morphology of the 1 ppm S sample after nonequi-
librated experiment.

shown in Fig. 3. The shape of the original trijunction,
dotted line, cannot be observed, which means the sam-
ple contracted during cooling. The contracted distance
l, �C1 + �C2, and the calculated distance by contrac-
tion during and after the solidification are shown in
Table III. We calculated the distance using the thermal
expansion coefficient [11, 12] assuming that the con-
traction occurs from 1423 K. Both values agree well, if
the contraction after the solidification is considered. Ta-
ble IV shows that the θN and φ varies with sulfur, which
could be attributed to the evolution of the interface mor-

TABLE I I I Change in length of contraction during solidification

Length

Contraction, µm Contraction, µm
Samples Diameter, mm (Measured) (Calculated)

1 ppm S 4.3 124 107
25 ppm S 4.1 130 102
50 ppm S 4.2 94 104
120 ppm S 4.3 116 107
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Figure 4 Interfacial morphology of the 1 ppm S sample after equilibrated experiment.

Figure 5 Influence of S content on graphite morphology of the Fe-C alloy.

phology at the trijunction. If the shape of the trijunction
is not altered by the contraction, the γs/v values can be
calculated from the θN and φ values and the γl/v [2].
Note that the calculated γs/v values decrease from 1.04
N/m to 0.90 N/m with the increase in the sulfur content.

After the equilibrated sessile drop experiments, the
samples were cut vertically to examine the interfacial
morphology and one of the samples is shown in Fig. 4.
When the interface is compared to that of the non-
equilibrated experiment (Fig. 3), the S/L interface is
flat and smooth. The carbon pick-up into the melt was
nearly zero, indicating a good equilibrium status. Dur-
ing the experiment, the θE values were measured and
are summarized in Table V. The θE values decrease with
the increasing sulfur content.

Fig. 5 shows influence of sulfur on graphite mor-
phologies. The graphite in the 1 ppm S specimen is
consisted of fine and spheroidal particles, while the
graphite morphology changes from spheroidal to flake
with the increasing sulfur content.

The γs/l values are calculated by Young’s equation
using the θE (Table V), the γl/v and the γs/v (Table IV)
and are drawn as a function of the activity of sulfur
in Fig. 6. The activity of sulfur, as, was calculated by

TABLE IV Summary of the changes in γs/v values calculated from
θN, φ, and γl/v [2]

Values

Samples as θN, deg φ,deg γl/v, N/m [2] γs/v, N/m

1 ppm S 4.5 × 10−4 94 56 1.73 1.04
25 ppm S 1.1 × 10−2 97 53 1.65 1.03
50 ppm S 2.3 × 10−2 98 52 1.51 0.96
120 ppm S 5.4 × 10−2 100 49 1.32 0.90

TABLE V Contact angle θE after the equilibrated sessile drop
experiment

Samples 1 ppm S 25 ppm S 50 ppm S 120 ppm S

θE, deg 146 132 128 126

Figure 6 Comparison of γs/l obtained from γs/v value in the present
study and Rhee’s [6].

the activity coefficient of sulfur, fs, which is 4.5 in the
Fe-4.5%C iron melt [14, 15]. For comparison, the γs/l
values are also calculated using the Rhee’s γs/v value,
0.934 N/m [6]. The γs/l values calculated using the γs/v
values in present study is higher than that of the values
using the Rhee’s value [6], below as of 0.02. Note that a
critical interfacial energy exists around 10 ppm sulfur,
or as of 4.5 × 10−3, below which flake graphite is sta-
ble and above which spheroidal graphite is stable. This
critical sulfur content was reported in other researches
[16, 17]. More than 10 ppm, the γs/l decreases with
increase in sulfur content.

4. Conclusions
The interfacial energy between the basal plane of
graphite and the carbon saturated iron melt has been
measured using an improved sessile drop method as
a function of the sulfur activity. The results obtained
herein strengthen the hypothesis that a high graphite-
melt interfacial energy favors spheroidal graphite
formation.
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1. The γs/v values change by the contamination of
the iron melt, namely by sulfur contained in the melt .
The γs/v values differ from that of Rhee’s.

2. The γs/l interfacial energy significantly decrease
for sulfur contents higher than 10 ppm, (or for sulfur
activities as higher than is 4.5 × 10−3)

3. The morphological inspection shows that the
graphite morphology changes from spheroidal to flake
as the interfacial energy of basal plane decreases.
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