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The surface tension of steels
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Over many years NPL has carried out measurements of surface tension of steels using the
levitated drop method. Much of this work has been to study variations in weld profile
brought about by changes in Marangoni flow patterns in the liquid pool, and many of these
data have remained unpublished. 49 ferritic and austenitic steels are compared, and
relationships for surface tension, and the coefficient of surface tension against
temperature, based on sulphur content of the steel, are presented. Data has been
reassessed using the Cummings correction to allow for the effects of the levitation forces.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Surface tension and Marangoni driven flow can be im-
portant in the processing of steel and steel products, but
quantifying these effects in the form of process mod-
els can be difficult because of the lack of data avail-
able in order to validate the predictions. For instance,
it is now largely accepted that variations in weld pro-
file, which can occur during the automated TIG weld-
ing of steel, are due to differences in the fluid flow
pattern in the weldpool [1], which arise from cast to
cast variation in the content of surface active trace el-
ements such as sulphur. But these conclusions could
only be validated, and therefore accepted by industry,
because of physical measurements on commercial steel
alloys. Many of these data were supplied by NPL over
a number of years, and have remained unpublished.
Measurements were carried out using the levitated drop
technique [2, 3], which has since been reviewed by
Blackburn and Cummings [4], with the result that a
correction is now applied to measurements to allow for
the effects of the levitation forces. It would therefore
seem appropriate to adjust the original data to allow
for this correction. The results of measurements on 49
ferritic and austenitic steels are reviewed, and thus pro-
vide a basis for the validation of property and process
models.

2. Heiple Roper theory
Heiple and Roper suggested that fluid flow in the weld-
pool was dominated by Marangoni convection at the
surface [1]. For a given set of welding conditions,
as would be fixed in an automated process, a steel
with a negative surface tension-temperature coefficient
(dγ /dT ) will have a lower surface tension in the cen-
tre of the pool than at the margins. This will produce
a radially outward flow, forming a shallow, broad weld
profile. Conversely, a steel with a positive dγ /dT will
have a higher surface tension at the centre, radially in-
ward flow, resulting in heat from the arc being carried

to the bottom of the pool, and producing a deeper weld
pool. In practice, this meant that if conditions for a
full penetration weld were set on a steel with positive
dγ /dT , and a different steel passed through, only partial
penetration could be obtained, while if the conditions
were set with a negative dγ /dT , and a different steel
was welded, a hole could be formed. Mixing batches
of steel could produce asymmetric profiles and weld
wander, while slag spots caught in the flow could cause
arc rooting and arc wander.

All of these phenomena could be explained in terms
of the Marangoni flow on the surface of the weldpool
[5].

3. The levitated drop method
Surface tension was measured using the levitated drop
method [2, 3], in which a small droplet of metal is
levitated in the magnetic field of an RF coil, and the
frequency of oscillations of the droplet shape, result-
ing from its deformation in the field, are measured. The
principal advantage of this technique is that the sample
is not in contact with any other material, other than the
gas atmosphere, so a significant risk of sample contami-
nation is removed. If one considers the effect of oxygen
on the surface tension of pure iron, 50 ppm O reducing
the value by 30%, and that most substraits/containers
used are oxides, then this can be seen as a significant
advantage. In addition, very high temperatures can be
readily obtained, and no other properties, other than
melting point, and a rough value of density, of the ma-
terial are needed, which is an advantage when studying
commercial alloys, where little data of any kind may be
available. Surface tension is obtained from the oscilla-
tions using the Rayleigh equation [6], which predicts a
single oscillation frequency:

γ = 3

8
π · m · ω2 (1)
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Figure 1 Surface tension of (a) ferritic steels, and (b) austenitic steels, with sulphur content.

whereγ is the surface tension, m the mass of the sample,
and ω the oscillation frequency. However, in practical
measurements ca. 5 oscillation frequencies are found,
due gravitational effects on the equilibrium shape of the
drop. For much of the work reported in the literature a
mean frequency was taken, but work by Cummings and
Blackburn [4] has since shown that a correction must
be made to the data to obtain the Rayleigh frequency
(ω):

ω2
R = 1

5

∑

n=1 to 5

ω2
n − ω2

tr

(
1.9 + 1.2

[
g

2r (2πωtr)2

]2)

(2)

where r is the radius of the drop, g acceleration due
to gravity, ω1−5 the oscillation frequencies, and ωtr the
mean translation frequency. The amount of the correc-
tion depends, to a large extent, on the sample size and
geometry of the levitation coil, which affects power and
thus the translation frequencies. Therefore, if these do
not change, then a generalised correction can be made
to older results where some data were not recorded. In

the work carried out at NPL the coil geometry has not
been modified greatly, drop sizes vary between 0.45,
and 0.65 g and an x-y translation frequency of ca. 4.5
± 0.25 Hz is usually found. The apparatus is not sensi-
tive to z (vertical) motion, but if we assume translation
in all three planes is the same, the correction for an aver-
age sized drop would be in the region of 0.050 N · m−1,
and with a spread of frequencies (z being higher), a
correction of 0.070 N · m−1 is obtained. A correction
of 0.060 N · m−1 has therefore been applied to data for
which no other information is available.

In a European Commission funded project [7] mea-
surements on pure copper and pure nickel were carried
out by three laboratories using this technique, and two
others using sessile drop, and drop weight methods.
Agreement between the laboratories was better than
4%, over a wide temperature range, which included
the undercooled, and superheated regions. The error
in individual measurement laboratories was ±2%. For
commercial alloys we observe greater scatter, in part
due to uncertainties and variations in composition of
individual samples.
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Figure 2 Surface tension coefficient (dγ /dT ) of (a) ferritic steels, and (b) austenitic steels, with sulphur content

4. Results and discussion
The surface tension of pure iron is known to be
markedly dependent upon the concentration of surface
active elements such as oxygen and sulphur in the metal.
In alloys, the surface tension will be dependent upon
the concentration of soluble oxygen or sulphur, and not
the total quantities, as inclusions have no influence on
surface tension. Most steels contain elements such as
Al, Si, Mn and Cr, which will reduce the soluble oxy-
gen, so that it is unlikely to be above 10 ppm. Unless
there are excessive quantities of oxygen it can therefore
be assumed to have no effect on the surface tension.
These elements, however, have little effect on the level
of soluble sulphur, so in case of the austenitic steels,
the total measured sulphur is approximately equal to
the total soluble sulphur, and so can be related to the
surface tension can therefore be related to total sulphur
levels (Figs 1 and 2). The compositions, and fitted data
for the ranges of steels covered in this work are given
in Tables I and II. The surface tension for austenitic
steels containing up to 130 ppm S, at 1650◦C can be
related to the total sulphur content (ppm), denoted S,
thus:

γ1650(N · m−1 = −9.296E-02 ln(S) + 1.992 (3)

and the coefficient of surface tension to temperature
(dγ /dT ) can be derived from:

dy/dT (×10−3 N · m−1

= −3.545E − −05 (S)2 + 0.0104(S) − 0.3899 (4)

Ferritic steels are more likely to contain Ca, which acts
as a getter for sulphur, thus reducing the soluble sulphur
S. We have estimated S as the total Stotal (ppm) minus
0.8 Ca (ppm). The surface tension for ferritic steels
containing up to 300 ppm S, at 1650◦C, can be related
to the soluble sulphur content (ppm):

γ1650 (N · m−1) = −1.025E − −01 ln(S) + 1/999(5)

The coefficient of surface tension to temperature
(dγ /dT ) is more difficult to fit due to the large scat-
ter in the data at low sulphur levels (Fig. 2a), but a
relation has been derived of:

dy/dT (×10−3 N · m−1

= 3.45E − 08(S)3 − 2.728E − 05(S)2

+ 7.085E − −03(S) − 0.1592 (6)
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dγ /dT is very sensitive to scatter in individual mea-
surement points in small sample populations, and the
addition of calcium to the ferritic steels increases scatter
in the measurements: Calcium can form a solid oxide on
the surface of the measurement sample; this oxide will
become soluble at temperatures above ca. 1650◦C, but
below that temperature it will form a raft or skin which
can dampen the oscillations, the effect of which is to
lower the measured surface tension value, and there-
fore give a more positive dγ /dT . In the industrial pro-
cess, these skins may reduce the thermocapillary flow at
the surface, form slag spots, and are known to increase
porosity in welds [5]. The majority of values fall within
±5% of the equations, which, given the accuracy of the
measurement (±2.5%) plus limits of ±5 ppm for the
determination of sulphur, and the effects of segregation
producing varying quantities sample to sample, we feel
is acceptable.
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