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Abstract The simulation of casting processes demands accurate information on the thermophysical proper-
ties of the alloy; however, such information is scarce in the literature for multicomponent alloys. Generally,
metallic alloys applied in industry have more than three solute components. In the present study, a general
solution of Butler’s formulation for surface tension is presented for multicomponent alloys and is applied
in quaternary Al-Cu-Si-Fe alloys, thus permitting the Gibbs—Thomson coefficient to be determined. Such
coefficient is a determining factor to the reliability of predictions furnished by microstructure growth models
and by numerical computations of solidification thermal parameters, which will depend on the thermophysical
properties assumed in the calculations. The Gibbs—Thomson coefficient for ternary and quaternary alloys is
seldom reported in the literature. A numerical model based on Powell’s hybrid algorithm and a finite differ-
ence Jacobian approximation has been coupled to a Thermo-Calc TCAPI interface to assess the excess Gibbs
energy of the liquid phase, permitting liquidus temperature, latent heat, alloy density, surface tension and
Gibbs—Thomson coefficient for AI-Cu-Si-Fe hypoeutectic alloys to be calculated, as an example of calcula-
tion capabilities for multicomponent alloys of the proposed method. The computed results are compared with
thermophysical properties of binary Al-Cu and ternary Al-Cu-Si alloys found in the literature and presented
as a function of the Cu solute composition.
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1 Introduction

Nucleation, growth and coarsening are phase transformation phenomena that depend on interfacial effects [1].
Considering an isolated solid particle of diameter d, during nucleation it requires a positive energy so to form
a surface with high curvature. The Gibbs—Thomson equation shows the effect for the lowering in melting and
freezing points, variation in vapor pressure and chemical potential across the forming curved surfaces [2].

Many theoretical solidification growth models have been developed for binary alloys with a view to char-
acterizing important length scales of the phases forming the microstructures, such as cellular and primary
(X1)/secondary (L) dendrite arm spacings as a function of alloy solute concentration (C), solidification ther-
mal parameters and thermophysical properties of the alloy, for both stationary and unsteady heat flow regimes
[3-5]. These laws have a thermal and chemical behavior indicatory factor, the Gibbs—Thomson coefficient,
which is fundamental for good estimation of the length scale of the as-solidified microstructure, that is, in
order to estimate cellular, primary and secondary dendritic arm spacings, the growth models generally depend
on the Gibbs—Thomson coefficient of each examined alloy [6-9].

Some studies in the literature have used the analysis of grain boundaries groove shape and the application
of numerical methods, to determine the surface tension and the Gibbs—Thomson coefficient for binary and
ternary alloys. Gilindiiz and Hunt developed a numerical model permitting the temperature around a cusp, in
alloys having phases with different thermal conductivities, to be calculated. They used the developed approach
to compute the surface tension and the Gibbs—Thomson coefficient of binary Al-Cu, Al-Si and Pb—Sn alloys
[10]. In a subsequent study, these authors applied their numerical model to determine the solid-liquid surface
tension of Al-Mg alloys [11]. Marasli and Hunt used a direct method (by measuring grain boundary cusp) to
determine the solid—liquid surface tension and the Gibbs—Thomson coefficient of eutectic AI-NiAlz, Al-CuAl,
and peritectic Al-Ti alloys [12]. Keslioglu and Marasli using the above-mentioned direct method measured
the grain boundary groove shapes and, with the help of a numerical method, calculated the Gibbs—Thomson
coefficient and the surface tension for solid 8 (Al-84wt.% Zn) in Al-Zn liquid solutions [13]. Keslioglu et
al. determined the Gibbs—Thomson coefficient for solid Al of an Al-Ti solution [14]. Aksoz et al. observed
the grain boundary groove shapes of a solid Zn solution (Zn-3.0at.% Al-0.3at.% Bi) in equilibrium with a
Zn—Al-Bi eutectic liquid (Zn-12.7 at.%— 1.6 at.%Bi) of a sample quenched in a radial heat flow apparatus.
By applying a numerical method, these authors have determined the Gibbs—Thomson coefficient, solid-liquid
surface tension and grain boundary energy for the solid Zn solution in equilibrium with a ternary Al-Bi—Zn
eutectic liquid [15].

Thermodynamic data applied for surface tension calculation of molten alloys were first carried out by Butler
[16] and by the approach of Speiser et al. [17,18]. The method has been later extended so it is able of evaluating
the excess Gibbs energy in the bulk of alloys [19]. The surface tension of ternary Ni—-Cu—Fe alloys has been
described by Brillo et al. [20] based on Tanaka and Lida’s work [21]. A thermodynamic—kinetics—solidification
model has been proposed by Miettinen, which is able to provide important thermophysical properties data,
required for numerically modeling copper alloy castings [22].

Jacome et al. [23] developed a theoretical/numerical approach permitting the Gibbs—Thomson coefficient

to be determined for aluminum-based binary alloys. The alloy surface tension was reckoned from the surface
tensions and molar volumes of the pure elements by solving Butler’s equation, and the necessary excess Gibbs
energy was obtained from Thermo-Calc package TCAPI 5 (Thermo-Calc Application Programming Interface
v. 5) and TTALS (Thermo-Tech Aluminum Database v. 5). These authors have applied the determined Gibbs—
Thomson coefficient to cellular and dendritic growth models. In a subsequent study, Jicome et al. [24] extended
the previous approach to incorporate the calculation of the Gibbs—Thomson coefficient for ternary AlI-Cu—Si
alloys.
The aim of this work is to extend the system of equations used to determine the Gibbs—Thomson coefficients
for ternary aluminum alloys [24], with a view to permitting the technique to encompass the important case
of multicomponent Al-based alloys. The aluminum database used in this paper is the Thermo-Tech TTAL7
(Thermo-Tech Aluminum Database v. 7).

2 Numerical approach

The Gibbs—Thomson effect lowers both the melting and freezing point [1,2]. Considering an isolated solid
particle of diameter d in its own liquid, the Gibbs—Thomson equation for the structural melting point depression
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can be expressed by [2]:

4oy Tbulk
ATy (d) = T2 — Ty (&) = —— 12— 1
m(d) =Ty, m (d) = — Hps d ey
where Trgulk is the bulk melting temperature of the material, ATy, (d) is the melting point depression [K], o

is the solid-liquid interface tension [N m_l], AH is the bulk latent heat of fusion per unit mass [J kg_l], and
ps is the solid phase density [kg m_3] [2].
Rearranging Eq. 1:

4og TRR  4og TR dog 4T

AT, (d) = L = = 2
m (d) AHpsd AHyd ASqgd ~ d @

where A Hy is latent heat of fusion per unit volume [J m73] and ASg) is the solidification entropy heat of

fusion per unit volume [J m—3 K_l], I' is the Gibbs—Thomson coefficient expressed in [m K]. Then, the
Gibbs—Thomson coefficient can be expressed as,

7bulk
r=2m 3)
AHy
Formulations can be found in the literature, which can be used to predict the surface tension of binary and
ternary alloys, which are based on the method proposed by Butler [16,19,25,26]. In the case of multicomponent
alloys, a general set of equations can be derived as follows:
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In Eq. 4, (R) is the gas constant [J mol~! K11, (osv) and (ogz,;) are the surface tension [N m~ '] of solvent and
solutes, respectively. (Agy) and (Asz;) are the molar surface areas in amonolayer of pure liquid [m?] for solvent
and solutes, and (Xgy) and (Xgz;) are the molar fractions of solvent and alloy compounds at the surface and
bulk phases, and these two latter variables are interrelated by the expressions X svH2io S L =land X§, +
Yo' X8, = 1, respectively. GES (T, X§L1, sz"sz e XgLn) and GE-B (1. x5 . X8 ,,....XE ) are
the partial excess Gibbs energies of solvent and alloy components in the surface and bulk phases. Excess Gibbs
energies are functions of (7') and molar fraction of alloy components in [J mol~!]. Equations 4a—4d correlate
the surface tension of the given solution to the properties of pure metals, as well as to the surface area of the
metallic monolayer and to the thermodynamic activity of the components in the surface and bulk phases. The
molar surface areas are calculated as:

Asy = LoN'A vl

Aspi = LoN'3 v,

(5a)

2/3 (5b)
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2/3

Asza = LoN'3 v (5¢)
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Aspn = LoN'RveP (5d)

In the set of Eq. 5, N is the Avogadro’s number, V is the molar volume [m3], and Lg is a geometrical
factor for liquid metals assuming close packed structures, which is set to 1.091 [19,25,26]. In the case of
multicomponent alloys, the relationship between excess Gibbs energy in the bulk and in the surface phases,
based on Gasior’s approach [26-29], is

~E.S S S S Y- B B B
G (T’ Xsp1 Xspos -+ XSLn) = pBGE.B (T’ Xsr1> Xsros -+ XSLn) (6)

where B is a parameter corresponding to the ratio of the coordination number Z of the surface phase and that

of the bulk phase, § = Z and is assumed to be equal to 0.83 for liquid metals. Tanaka e Lida [21] and Speiser
et al. [17,18], considering the following equations,

_ VA
Gy ¥ (1.Ng) = Ly (7.55) (7a)
- Z5 _pp
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and assumed the value of 8 = 55 = % = %. On the other hand, Kasama et al. [29] proposed that the
coordination ratio should be 8 = z 1. Hoar and Melford [25] have considered the coordination ratio

7B
varying between % and 3 | to be appropriate to deal with liquid Pb—Sn and Pb-In alloys. Hajra et al. [30,31]
and Lee et al. [32,33] also assumed 8 = Z = 4 Tanaka et al. [34] using a thermodynamics database to
evaluate the surface tension of molten alloys and salt mixtures, by analyzing the equilibrium between surface
and bulk phases, they stated that by plotting the surface tension (o) against the ratio of heat formation and

phase molar surface area (AAH ) that is,

. Z5\ AH, ®

ox=\1——=%

* ZB) Ax

the coordination ratio number could not be satisfied neither by (g—i) = % nor by (Z—Z) = %. They
metal Z% ) salt

have introduced the parameter § = g—;, and based on their calculations, they obtained Bpear = 0.83 and
Bmolten salts = 0.94 for pure liquid metals and pure molten salts, respectively. These authors have then extrap-
olated the application of these values for liquid alloys as well as for molten salt mixtures.

Excess Gibbs energies in the bulk phases are calculated directly from Thermo-Calc and Thermo-Tech
aluminum and may be obtained from the following thermodynamic relationships:
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i. Data Entry: Alloy composition and reference state, Database
TTAL7

l

[ ii. Thermo-Calc and database TTAL7 initialization J

.

[ iii. Temperature Ti ]4-

iv. TC-API direct access to Thermo-Calc and TTAL?7 to yield
phases composition, phases mass fraction

)

v. Calculation of phases density, temperature, phases volume
fraction and alloy density at temperature Ti

'

vi. Calculate surface tension and Gibbs-Thomson coefficient by
Butler multicomponent model

Yes
vii. continue

viii. Program terminates

Fig. 1 Solution scheme for determination of alloy density, surface tension and Gibbs—Thomson coefficient for multicomponent
alloy by calling Thermo-Calc and TTAI7 API through a C language program
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The solution scheme applied in this work, shown in Fig. 1, has a similar structure of those proposed by
Nascimento et al. [35] to calculate the alloy density of ternary alloys and by Jacome et al. [36] to compute
surface tension of ternary aluminum-based alloys. This solution scheme is herewith extended to encompass
the calculation the surface tension of multicomponent alloys and can be summarized by the following steps:

1. In the data entry routine, the user must provide the following setup variables: thermodynamics database
(TTAL7, TCMP2), composition in weight percent for each alloy compound (Cu, Si, Fe, Ag, Zn, Mg, ...)
and reference state (I’ = 1000K, P = 101325Pa and N = 1 mol);

Initialization of the Thermo-Calc software from TCAPI 5 interface and database provided in step i;

Calculation of the liquidus temperature for the specific alloy composition provided in step i;

Calculation of phases mass fractions and the phases compositions;

Calculation of the volume data for each phase, which is not normally present in the thermodynamics

databases, then compute phases densities for a thermodynamics condition of initial formation of the solid

phase(s) in a temperature immediately below the liquidus temperature;

6. In the case of aluminum alloys, by using the Scheil simulation from Thermo-Calc module, the latent
heat in [J kg~!] is calculated and the solidification entropy is determined. By solving Butler’s system
of equation for surface tension and by applying Eq. (1), the Gibbs—Thomson coefficient is numerically
determined,;

7. Program will continue if the alloy provided in step i has a composition range; otherwise, it goes to step 8;

8. The routine de-initializes Thermo-Calc database and the TCAPI interface sets dynamic allocated memory
free and terminates the execution.

Nk W

3 Results and discussion

With a view to permitting binary, ternary quaternary alloys to be compared, some thermophysical properties
used can be found in Table 1 [23].
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Table 1 Thermophysical properties of alloys components [23]

Properties Unit Value
Aluminum molar volume (Va) m> mol~! 1.13 x 1079
Copper molar volume (Vcy) m?3 mol~! 7.43 x 1079
Silicon molar volume (Vs;) m?> mol~! 1.205 x 10793
Iron molar volume (Vge) m?> mol~! 7.09 x 1079
Aluminum surface tension (o) Nm™! 0.9140
Copper surface tension (ocy) Nm™! 1.2900
Silicon surface tension (os;) Nm~! 0.7330

Iron surface tension (ofe) Nm™! 1.8060
Parameter (L) 1.090
Coordination number ratio () 0.83

Gas constant (R) Jmol ' K~! 8.31451

THERMO-CALC (2017.09.29:16.21) :
DATABASE:TTAL7
P=1.01325E5, N=1;

(a) 700 " 1 ! I I

LiQuip
600 2 2 -
FCC_A1+LIQUID

500

400
AL2CU+FCC_A1

n
300

Temperature [oC]

200

100

0 T T T T

@ 0 10 20 30 40

Weight Percent, Cu [wt pct Cu]

50 60

1:*FCC_A1AL2CU
2*LIQUID AL2CU

3FCC_A1 LIQUID
4:LIQUID FCC_A1

THERMO-CALC (2017.10.01:12.16) :
DATABASE: TTAL7
P=1.01325E5, N=1, W(SI)=1E-2, W(FE)=8E-3;

THERMO-CALC (2017.09.29:16.23) :
DATABASE:TTAL7
P=1.01325E5, N=1, W(SI)=1E-2;
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Fig. 2 Al-Cu binary phase diagram (a), AlI-Cu—1wt pct Si (b) and Al-Cu—1wt pct Si—0.8wt pct Fe (c¢) pseudo-binary phase

diagrams
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THERMO-CALC (2017.10.01:10.33) :
DATABASE:TTAL7
W(CU)=2E-2, P=1.01325E5, N=1;

THERMO-CALC (2017.10.01:10.36) :
DATABASE:TTAL7
W(CU)=0.12, P=1.01325E5, N=1;
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THERMO-CALC (2017.10.01:11.00) THERMO-CALC (2017.10.01:11.03) :
DATABASE:TTAL7 DATABASE:TTAL7
W(CU)=2E-2, W(SI)=1E-2, P=1.01326E5, N=1; W(CU)=0.12, W(SI)=1E-2, P=1.01325E5, N=1;
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THERMO-CALC (2017.10.01:12.10) :
DATABASE:TTAL7

W(CU)=2E-2, W(SI)=1E-2, W(FE)=8E-3, P=1.01325E5, N=1;
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THERMO-CALC (2017.10.01:12.08) :
DATABASE:TTAL7
W(CU)=0.12, W(SI)=1E-2, W(FE)=8E-3, P=1.01325E5, N=1;
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Fig. 3 Scheil’s simulations of Al-(2 and 12) wt pct Cu, Al-(2 and 12)wt pct Cu—1wt pct Si, and finally, Al-(2 and 12)wt pct
Cu-1wt pct Si—0.8wt pct Fe

Figure 2 shows phase diagrams calculated by the Thermo-Calc software: (A) binary phase diagram of
Al-Cu; (B) Al-Cu—1wt pct Si and (C) Al-Cu-1wt pct Si—0.8wt pct Fe pseudo-binary phase diagrams. In
Fig.2a only eutectic (AL2CU) and Al-rich phase (FCC_A1) can be found as stable solid phases. In Fig. 2b,
metallic silicon phase is precipitated for any temperature below its solubility curve 3. Then, in the solid region
three phases can be found (AL2CU, FCC_A1 and SILICON). In Fig. 2c, besides the prior mentioned phases,
the AL7CU2M phase can also be found, also known as AL7CU2FE, which transforms into the ALFESI_§
phase for temperatures below, approximately 7 = 223,22 °C.
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Fig. 4 Comparison between thermophysical properties as a function of composition of binary Al-Cu, ternary Al-Cu-1wt%Si and
quaternary Al-Cu—1wt%Si—0.8wt%Fe alloys: a liquidus temperature, b latent heat of fusion ¢ surface tension, d Gibbs—Thomson
coefficient and e density as a function of Cu content

Figure 3 depicts Scheil’s simulations of Al-(2 and 12)wt pct Cu, Al-(2 and 12)wt pct Cu—Iwt pct Si, and
finally, Al-(2 and 12)wt pct Cu—1wt pct Si—0.8wt pct Fe. The same phases of the equilibrium condition also
appear in the non-equilibrium simulations. The A17CU2M (AL7CU2FE) phase is decomposed by solid-state
reaction into ALFESI_gS.

For comparison purposes, Fig. 4 shows the evolution of properties of binary Al-Cu, ternary Al-Cu—1wt%Si
and quaternary Al-Cu—1wt%Si-Fe alloys as a function of Cu concentration. Figure 4a shows the evolution of
liquidus temperatures of Al-Cu and Al-Cu—1wt%Si and Al-Cu-1wt%Si—Fe Al alloys, which decrease with
the increase in Cu content. It can be seen that, despite being essentially constant with the increase in the Cu
content, the surface tension for binary alloys is higher than the corresponding values observed for ternary alloys
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and quaternary alloys (Fig. 4c). An opposite behavior can be observed for the latent heat (L) evolution with
the Cu content of the alloys, as shown in Fig. 4b, i.e., L decreases with the increase in the alloy Cu content,
and the ternary and quaternary alloys have always higher values of L when compared with those of the binary
Al—Cu alloy having a same Cu content. Figure 3d depicts the Gibbs Thomson coefficient as a function of the
Cu composition of the alloys, which has been calculated by Eq. 1. It can be seen that I" varies significantly with
the Cu content for any alloy examined. For binary alloys, it is a common practice in the literature to assume a
constant value for I based on the properties of the solvent, for the calculation of microstructural parameters
such as the dendritic spacing [36]. The evolution of the Gibbs—Thomson coefficient with the alloys composition
depicted in Fig. 4d gives clear indication that such procedure can induce significant errors. Figure 4e shows
density of binary, ternary and quaternary alloys as a function of Cu content, which have been calculated as
previously proposed by Nascimento et al. [35]. A difference of 7.85% in density can be observed between the
lowest and the highest concentration of quaternary alloys, giving indications of the importance of accurately
determining the thermophysical properties in the simulation of castings.

4 Conclusion

An approach for calculating surface tension and Gibbs—Thomson coefficient for multicomponent alloys has
been proposed. A comparison between properties of Al-Cu, AlI-Cu—1wt%Si and Al-Cu—1wt Si—0.8wt% Fe
alloys has been carried out. It was shown that the Gibbs—Thomson coefficient varies significantly with the Cu
content of the alloy for binary, ternary and quaternary Al-Cu-based alloys examined. The present results make
clear that accurate thermophysical properties for specific alloys compositions are absolutely necessary in order
to permit reliable evaluations of surface tension and Gibbs—Thomson coefficient, which are fundamental to
the reliability of predictions furnished by microstructure growth models and by numerical computations of
solidification thermal parameters. By applying the proposed general formulation, the only limit to calculations
with multicomponent alloys is that provided by the available thermodynamics database, which must provide
data such as liquidus temperature, latent heat, specific heat, phase density and alloy density.
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