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Abstract

In the presented work, new thermodynamic approach based on basic thermodynamics was used
for calculation of the surface tension of steel. Surface tension was calculated for three steel grades and
calculated values were compared with experimental values at 1550 °C. Thermodynamic properties, which
are necessary for this thermodynamic approach of surface tension, were calculated using Thermo-Calc
software with TCFE7 database.
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1. INTRODUCTION

The surface properties of liquids and melts have attracted much more interest both physicist and
metallurgists from the long past to the present day because of either scientific or technological importance
[1-6]. During the soldering, brazing, sintering and dying, the knowledge of surface properties of the liquid
state is required. Although there are a large number of methods to determine the surface properties of liquids
such as surface tension, those suitable for liquid metals are limited by their chemical reactivity and high
melting points [7].

In the past, many models were derived for the calculation of the surface tension [8]. Butler equation [9] is the
most commonly used model for surface tension calculations, another commonly used models are Kohler
model [10], Toop model [11] and Chou model [12]. In contrast to the above models, input data for our
proposed approach are thermodynamic properties of the sample and experimental value of surface tension
of standard. Input thermodynamic properties, such as Gibbs energy [13], can be obtained experimentally [14]
or these properties can be obtained using specific software. In this work, all required thermodynamic
properties were calculated using Thermo-Calc 4.0 with TCFE7 database.

2. SURFACE TENSION MODEL

Surface tension is thermodynamically defined using the partial derivative of the Gibbs energy (1) [15]:
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where o [N-m"] is surface tension, G [J] is Gibbs energy, A [m?] is surface, T [K] is thermodynamic
temperature, p [Pa] is pressure and n [mol] is amount of substances. As it is not possible to maintain
a constant temperature, it is necessary to express Gibbs energy by the first and second laws
of thermodynamics (2) — (5):

dG =dU —d(TS) +d(p-V) (2)
dU =T -dS + dw (3)



'EY, ..
ME AL

2019

Jun 3- 5% 2015, Brno, Czech Republic, EU

dW =—p-dV +0o-dA (4)

where U [J] is internal energy, S [J/K] is entropy and W [J] is work. Combining of equations (1) — (4) can be
obtained final equation (5) for calculation of surface tension:

__ (06 aT op
O(calc) = (a +S e 14 a)n (5)

Equation (5) is derived for a constant amount of substances, so it can be used only for fully melted materials
(above temperature of liquidus), where it is possible to assume minimal (if any) changes in phase
composition (see end of section 4).

3. CALCULATIONS

All thermodynamic properties from equation (5), namely Gibbs energy, entropy, thermodynamic temperature,
volume and pressure, were calculated using Thermo-Calc 4.0 [16] with TCFE7 (Thermo-Calc Fe-based
alloys) database [17].

The only one quantity that must be obtained by another way is the surface of system. Material tends
to minimalize its surface (more precisely, the surface energy) with a given volume. Sphere has the smallest
surface with a given volume, so this shape can be used for computing the surface from its volume (6):

A= (36n)§ Vi (6)

During experiments, many factors (i.e. wettability [18], effect of inert atmosphere) act to the sample, so the
sample has shape different from ideal sphere. These effects cannot be described by mathematical formulas,
it is necessary to use scale factor f. This factor represents the ratio between calculated and experimental
values of the surface tension (7) of standard:
— O(calc,std) 7

O(exp,std) ( )
where Oalcstd) [N-m-'] is surface tension of standard calculated using equation (5) and Oexpstay [N-m™"] is
experimentally measured surface tension. Surface tension of sample is then recalculated using scale factor
from equation (7) and calculated value of surface tension from equation (5) according to equation (8):

__ O(calcsample)
0-(result,f) - £ (8)

where O(caic.sample) [N-m™"] is surface tension of sample calculated using equation (5) and Oesutf) [N-m™'] is the
resulting value of surface tension of sample.

4. RESULTS AND DISCUSSION

Three industrial-grade stainless steels (samples 1-3) and two standards (pure iron and Fe-20 wt. % Ni alloy)
were used to validate suggested approach. Chemical composition of samples is given in Table 1.

Table 1 Chemical composition of steel samples (wt. %)

Sample C Cr Ni S Mn Al (o) Fe
1 0.067 18.24 8.15 0.002 1.77 0.001 0.0057 bal.
2 0.056 18.28 8.20 0.009 1.80 0.001 0.0090 bal.
3 0.045 16.49 0.30 0.003 0.48 0.001 0.0164 bal.

Experimental values of surface tension at 1550 °C were obtained from literature [19] for both standards and
for three real steel grades. Experimental values of surface tension of both standards are given in Table 2.
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Table 2 Surface tension of standards at 1550 °C (N-m-")

Standard O (exp)
Fe 1.670
Fe-20 wt. % Ni 1.489

All needed thermodynamic properties of standards and samples were calculated using Thermo-Calc
software with TCFE7 database. This software allows calculations only in the equilibrium state and also
allows adding and excluding phases in these calculations. In this paper, only default setting with no changes
in phase addition/exclusion was used (the “black box” mode) [20].

Surface tension for both standards was calculated and scale factors were obtained. These scale factors
were used to calculation of surface tension of presented steels and obtained values of surface tension are
given in Table 3. Values Ore) are obtained with the use of fre (pure iron as a standard), values O(rezoni) are
obtained with the use of fre2oni (Fe-20 wt. % Ni alloy as a standard). Experimental values of surface tension
of samples O(exp) are given in Table 3.

Table 3 Surface tension of samples at 1550 °C (N-m-1)

O (result)
Sample O(exp)
O(Fe) O (Fe20Ni)
1 1.354 1.265 1.296
2 1.320 1.342 1.376
3 1.472 1.526 1.565

Surface tension calculated with iron as a standard are always lower than values calculated with Fe-20 wt. %
Ni alloy as a standard. For sample 1, calculated surface tension is lower than experimentally measured
surface tension. For samples 2 and 3, surface tension calculated with iron as a standard are closer
to experimental values than surface tension calculated with Fe-20 wt. % Ni alloy as a standard.

The difference between measured and calculated surface tension is always below 0.1 N-m-'. The highest
difference (0.093 N-m-'; standard deviation is 6.32 %) is for sample 3 with the Fe-20 wt. % Ni alloy
as a standard, the lowest difference (0.022 N-m-'; standard deviation is 1.67 %) is for sample 2 with pure iron
as a standard. The correlation between calculated and experimental surface tension is given in Figure 1.
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Fig. 1 Correlation between calculated and experimental values of surface tension
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Calculated values of surface tension are in very good agreement with experimental results. The relative
small difference between measured and calculated values of surface tension may be caused by trace
amounts of other elements which have not been determined.
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Fig. 2 Calculated surface tension (pure iron as standard)

Temperature dependence of surface tension is always continuous, so this approach has to respect it. For
this reason, surface tension was calculated from 1540 °C to 1560 °C (Figures 2 and 3). Samples 2 and 3
have continuous temperature dependence of calculated surface tension. For sample 1, there is small gap at
1552 °C. This gap is caused by changes in the amount of substances (disappearing of traces of MnS in this
case) at this temperature.
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Fig. 3 Calculated surface tension (Fe-20 wt. Ni alloy as standard)

CONCLUSIONS

New thermodynamic approach based on classical thermodynamics for computing of the surface tension was
derived and tested using three real steel grades. Approach gives values that are in a very good agreement
with experimentally obtained values of surface tension. Two different materials (pure iron and Fe-20 wt. % Ni
alloy) were used as standards and values calculated according fre and frezoni are close to experimental
values.

Because of the use of scale factor in these calculations, the standard has to be measured under the same
conditions as samples and the standard has to behave on the similar way, should have similar properties.
Also, it is highly recommended to use standard with similar properties to measured material.
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