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Abstract

Surface tension is an essential parameter that defines many aspects of materials processing. In particular, at high temperatures,
surface tension data of metals is missing. Due to the challenges during high temperature measurements, mainly extrapolated or
theoretical data are available. Therefore, an adaption of the falling oscillating droplet method is suggested to derive surface tension
values of liquid steel surfaces. A spherical droplet was pre-positioned on plastic foil to be melted by a laser beam. During falling,
high-speed imaging could record the oscillations and related frequency spectra were derived. Based on extracted characteristic
frequencies, surface tension values were obtained comparing different theoretical models and adaptions to impacts of gravity,
asphericity and viscosity of the material. The method was shown to give reasonable values of surface tension when accounting for

gravity impacts.
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1. Introduction

Surface tension is an important thermophysical property of
materials. It contributes to many effects during laser materials
processing, e.g. wetting during laser beam brazing, Marangoni
flow during laser beam welding or vapor capillary stability
during deep penetration welding. Since those processes require
high temperatures, material properties are relevant to know also
at temperatures above melting temperature of the metals.
Although theoretical models can predict several aspects of
temperature dependent surface tension effects, predictions can
show high uncertainties. Therefore, often approximations or
linear extrapolations from theoretical or experimental data are
used to estimate the surface tension [1]. The main reason for the
lack of surface tension data are the difficulties related to the
measurement equipment that is exposed to high temperatures.
Both temperature measurement and surface tension
measurement methods are challenging for liquid metals.
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However, some methods can be also used for high
temperature surface tension measurements, e.g. the maximum
bubble pressure method, surface wave analysis [2,3], levitated
[4,5] or falling drop oscillations [6]. Regarding the falling drop
method, the fundamental oscillation mode and frequency need
to be identified to relate the frequency to a surface tension value
(e.g. [7]). The measuring method has been improved to consider
the influences of e.g. viscosity, gravity or rotation of the
droplets.

This paper aims to clarify which oscillation frequencies of
falling liquid metal drops at high temperatures need to be
identified to calculate the surface tension by comparing
different calculation methods considering different effects.

2. Methodology

The fundamental frequency (oscillation mode 1=2) of a
levitated droplet is the Rayleigh frequency wy calculated to
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with the surface tension y, sample mass M = p -V and the
frequency f = w/(2m). Since on earth, the droplet is not free
from external forces, the Rayleigh frequency splits up into three
unequally spaced peaks (m=-2;-1;0;1;2) [8]. Shih & Stroud [9]
suggest an adaptation to the rotation of the droplet by adding
the term m/l- f,; to each of the five frequencies. The
rotational frequency f.,; can be derived from the recording of
the droplet. In addition, the effect of viscosity need to be
considered and can be corrected using [7]
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with the frequency f and the damping coefficient t.

Cummings and Blackburn [10] suggested a sum formula to
derive the adapted Rayleigh frequency to
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with the translational frequency f; = fiain/2 , the
gravitational constant g and the average radius R. In addition,
they [10] derived a formula to consider the translational
oscillations of the whole sample and its asphericity by
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Based on the calculated frequency, the surface tension can
be calculated to [7]
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with the droplet volume V =4/3-m-R3 assuming a
spherical droplet.

The Ohnesorge number is calculated with the dynamic
viscosity of the material n = 7 - p - R?, its density p and the
actual radius R to
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Table 1. Parameters for the calculation and experiments

Param. Density p Gravity Laser Pulse Defocus
const g power length

Value 7030 [11] 9.81 300 2 20

Unit kg/m’ m/s’ W s mm

A falling drop experiment was installed. A drop of
44MnSiV6 steel material was pre-placed on a thin plastic foil

and illuminated by the laser beam (Table 1). An IPG fiber laser
(IPG YLR-15000) at a wavelength of 1070 nm was used. The
defocusing resulted in a spot diameter of ~2.7 mm. The
experiment was performed in a box filled with Argon to avoid
oxidation. A high-speed camera was used to observe the falling
droplet from the side (0°) at 10,000 fps and a shutter time of
10 ps (Fig. 1). The droplet was melted and oscillated during its
flight. The horizontal and vertical diameter oscillations were
extracted in the black/white images (threshold 0.7). In addition,
the area of the droplet was measured in each frame by counting
the white pixels.
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Fig. 1. High-speed imaging sequence of a falling droplet

The time series of the diameter and area oscillations were
used to perform a Fourier transform and derive the frequency
spectra. Those frequencies were used to calculate the surface
tension using several methods.

3. Results

The evaluation of the horizontal, vertical and area
oscillations show that the fundamental mode (I=2) is active
(Fig. 2). The horizontal diameter and the area are the main axes
that oscillate synchronized. The damping coefficient T was
derived from the normalized area oscillation as the factor in the
exponent of the exponential fit of the amplitude decreases

(Fig. 2).
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Fig. 2. Time series of the diameter (top) and area oscillations (bottom) around
the median value including damping curve
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From the frequency spectrum of the area oscillations, the
characteristic frequencies relevant for the surface tension
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calculations were extracted (Fig.3). The main frequency at
725 Hz is assumed to be split up in three peaks.
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Fig. 3. Frequency spectrum of the area oscillations including characteristic frequencies

In the high-speed videos, no rotation of the droplet could be
identified due to missing marks on the droplet surface that could
indicate rotation. Therefore, for the surface tension
calculations, the rotational frequency was assumed to be zero.

Surface tension values were calculated using different
assumptions (spherical, gravity/rotation, viscosity corrected,
aspherical) (Fig. 4). All Ohnesorge numbers Oh were <0.1,
which justifies the use of the surface tension calculation
formula [7].
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Fig. 4. Surface tension calculations (sphericall from eq. 1 with freql; spherical2 from eq. 5 with freq!; gravity/rotation including the rotational term and the viscosity

adaption in eq. 2 to use eq. 3; asphericall using the positive and aspherical2 the negative part of eq. 4 to use eq. 5)

4. Discussion

Surface tension values were obtained from an oscillating
falling metal droplet. The obtained values are comparable to
previous surface wave measurements (Fig. 10 in [3]) for
temperatures just below boiling (~2600 K). However, the
derived value of 0.78 N/m is low compared to theoretical
expectations. Morohoshi et al. [12] predicts a value of 1.56 N/m
with a linear extrapolation. It can be assumed that the linear
extrapolation from low temperature data is not sufficient to
predict high temperature effects.

The different calculation methods lead to similar surface
tension values of the falling droplets (Fig. 4). The assumption
of having a spherical oscillating droplet seems to lead to a
surface tension value comparable to after correcting the impact

of viscosity or asphericity. Only the gravity impact (rotational
frequency was not possible to detect from the videos) has a
visible impact increasing the surface tension value by
0.07 N/m. For the small dimensions of the droplets, the gravity
apparently significantly impacts the droplet shape, which
requires corrections for its calculation.

5. Conclusions

The falling drop method including laser beam heating to
derive surface tension values can be also used for high
temperature steel droplets. Derived surface tension values are
lower than linear extrapolations predict but are comparable to
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high temperature measurements in other works. It can be
concluded that surface tension values closer to boiling
temperature are lower than expected.
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