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Abstract

The thermodynamic and surface properties of the Al-Cu-Fe-Si-Ti liquid alloy were system-
atically investigated using theoretical models. These properties were investigated at different
cross-sections from Fe and Ti corners. For the comparative study, the excess Gibbs free en-
ergy of mixing for the liquid alloy was determined using the Muggianu, Kohler, and Chou
models, based on the thermodynamic database of constituent binary subsystems available in
the literature. The activity of the system was calculated using Chou model. The activi-
ties of Al, Fe, Si, and Ti showed negative deviations from Raoult’s law, confirming strong
complex-forming tendencies, whereas Cu exhibited positive deviations, highlighting its weaker
interaction and tendency toward segregation. These deviations diminished with increasing
temperature, indicating that elevated thermal energy reduces ordering interactions and pro-
motes random mixing. The surface tension of the alloy was calculated using Butler equation
with the aid of thermodynamic database. Present investigations revealed that compositions
enriched with elements of intrinsically higher surface tension exhibited larger overall sur-
face tension values. Surface segregation studies demonstrated that Al possesses the strongest
surface affinity, followed by Si, while Ti is the least surface-active element. These findings
provide crucial insights into the thermodynamic stability and interfacial behavior of multi-
component Al–Cu–Fe–Si–Ti liquid alloys, which are essential for optimizing their processing
and applications.
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1 Introduction

The development of alloys has been driven by the
need to engineer materials with tailored properties
for scientific and technological applications. Among
these, Al-based multicomponent alloys are widely
used in aerospace and automotive industries due
to their lightweight, high strength, wear resistance,
and cost-effectiveness [1]. Their recyclability prop-
erties further make them superior to polymer-based
materials. The addition of Fe to Al enhances me-
chanical strength [2], while Al-Cu alloys can form
quasicrystalline structures, exhibiting low thermal
conductivity and high corrosion resistance [3]. In-
corporating Si into Al-Cu-Fe alloys promotes qua-
sicrystalline phase formation, improving fluidity,
reducing porosity, and enhancing strength [4–6] .
Similarly, Ti-based alloys are favored in aeronau-
tics and aerospace for their high strength-to-weight
ratio, low density, excellent corrosion resistance and
high melting temperature. However, their poor ox-
idation resistance at high temperatures can be mit-
igated by surface modification, where Ti concentra-
tion is reduced by alloying with oxidation-resistant
elements that preferentially segregate to the sur-
face [7]. Experimental investigation of alloys in
molten states faces significant challenges, includ-
ing high reactivity of elements at elevated temper-
atures, time-consuming procedures, high costs, and
the need for advanced instrumentation [8]. The
theoretical modeling complements the experimen-
tal study by exploring a vast range of compositions
and temperature-dependent structures, saving time
and resources. In this regard, different theoretical
models such as Collinet [9], Hillert [9, 10], Kohler
[9, 11, 12], Muggianu [9, 12, 13], Toop [11, 12, 14]
and Chou’s (also known as General Solution Model,
GSM) [12,15,16] models are collectively recognized
as geometric models, have been developed to ex-
plore mixing properties of ternary and higher order
liquid alloys. Notably, the Chou model and sym-
metric geometric models like Muggianu and Kohler
are often considered more appropriate than asym-
metric geometric models for analyzing highly in-
tricate multi-component alloys [9]. These compu-
tational approaches have been widely employed to
assess the thermo-physical properties of ternary liq-
uid alloys [11–14, 17, 18] and quaternary systems
[8, 19–21]. Notably, Arslan and Dogan [9] applied
these models to predict the thermodynamic behav-
ior of the Fe-Cr-Ni-Mg-O quinary system, while
Dogan et al. [13] investigated the Ni-Cr-Co-Al-Mo
system. Extending this further, Dogan and Ar-
slan [22] analyzed the Ni-Cr-Co-Al-Mo-Ti-Cu sys-
tem, leveraging thermodynamic databases of con-
stituent binary subsystems to enhance predictive
accuracy. Moreover, a comprehensive investigation
of the Al-Cu-Fe-Si-Ti liquid alloy remains unex-

plored, with no theoretical or experimental data re-
ported to date.

Therefore, this study is designed to explore the
thermodynamic and surface properties of Al-Cu-Fe-
Si-Ti liquid alloy using theoretical modeling equa-
tions. The common fundamental concept of these
models is that the behavior of alloys is the cumula-
tive effects of their binary subsystems with a spe-
cific weightage assigned to each.

2 Formalism

2.1 Thermodynamics properties

Excess Gibbs free energy of mixing ∆Gxs
M is a ther-

modynamic function that has a strong influence
on the mixing behavior of alloys. For binary liq-
uid alloys, the respective parameter ∆Gxs

ij is ex-
pressed in the form of Redlich-Kister (R-K) poly-
nomial as [10–12,23]

∆Gxs
ij = XiXj

∑
Aν

ij(Xi −Xj)
ν (1)

where Xi and Xi are the concentrations of the com-
ponents in the binary alloys. Aν

ij are the coefficients
of the R-K polynomials.

The expression for ∆Gxs
M of multi-component

liquid alloy is obtained by adding ∆Gxs
ij with suit-

able probability weight assigned to each [11, 14, 20,
21,24]

∆Gxs
M = Σm

ij,i ̸=jWij∆Gxs
ij (2)

where, i, j = 1, 2, 3, ....m depending upon the com-
ponents of the alloy. For quinary alloy, m=5 and
hence ∆Gxs

M can be expressed as

∆Gxs
M = W12∆Gxs

12 +W13∆Gxs
13 +W14∆Gxs

14

+W15∆Gxs
15 +W23∆Gxs

23 +W24∆Gxs
24

+W25∆Gxs
25 +W34∆Gxs

34 +W35∆Gxs
35

+W45∆Gxs
45

(3)

The term Wij is the probability weight assigned
to binary pairs of the multi-component alloy, ex-
pressed as

Wij =
xixj

Xi(ij)Xj(ij)
(4)

where xi and xj are the concentrations of the com-
ponents in the quinary system and Xi and Xj are
the concentrations of the components in the con-
stituent binary subsystem. The selection of later
two terms depends upon the preferred theoretical
model. For example,
Muggianu model [9, 13]

Xi(ij) =

(
1 + xi − xj

2

)
,

Xj(ij) =

(
1 + xj − xi

2

) (5)
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Kohler model [9, 13]

Xi(ij) =
xi

xi + xj
, Xj(ij) =

xj

xi + xj
(6)

Chou model [9, 13]

Xi(ij) = xi +Σm
k=1,k ̸=i,jx

kξki(ij) (7)

Herein, ξki(ij) are the similarity indices of compo-
nent k to component i in ij subsystem, expressed
as [14,17,21]

ξki(ij) =
η(ij, ik)

η(ij, ik) + η(ji, jk)
(8)

The term η(ij,ik) in Equation (8) is the square of
deviation, expressed in the form

η(ij,ik) =

∫ 1

0

(∆Gxs
ij −∆Gxs

ik )
2dXi (9)

The activity coefficient γi of ith component in the
multi-component liquid alloy is related to partial
excess Gibbs free energy (∆Gxs

i ) as [12,25]

RT ln γi = ∆Gxs
i (10a)

Once γi is calculated, the activity (ai) of the respec-
tive component can be calculated using the relation

ai = xiγi (10b)

∆Gxs
i is calculated in terms of integral excess

Gibbs free energy of mixing (∆Gxs
M ) of the quinary

system as [9]

∆Gxs
i = ∆Gxs

M +

m∑
j=1

(δij − xj)
∂∆Gxs

M

∂xj
(11)

where δij is the Kronecker delta function.

2.2 Surface properties

The surface tension (σ) of a quinary liquid alloy is
calculated using the analytical expression of But-
ler’s model [11,12,14,23,26,27]

σ = σi +
RT

Ai
ln

xs
i

xb
i

+
∆Gxs

i,s −∆Gxs
i,b

Ai
(12)

Here, σi(i = 1, 2, 3, 4, 5) is the surface tension of the
individual component at temperature of interest T,
R is the molar gas constant, and xs

i and xb
i are

the concentrations of the component i in the sur-
face phase and the bulk phase respectively. ∆Gxs

i,s

and ∆Gxs
i,b are respectively the partial excess free

energy for the surface phase and the bulk phase
of the individual component, and are related as
∆Gxs

i,s = β∆Gxs
i,b [11,20,26,28] . The term β is semi-

empirical parameter and its value depends upon the
state and type of the atoms of the liquid mixture.

Ai is the surface area of the monolayer of one mole
of pure element i and it can be calculated using the
relation [23,26]

Ai = fN
1/3
A (Mi/ρi)

2/3 (13)

where f is called geometric factor and its value de-
pends upon the type of crystal of the atoms in the
mixture and the terms NA, Mi and ρi are the Avo-
gadro’s number, molar mass of element i and den-
sity of the element i respectively. The value of f is
calculated from the relation [17,23,26]

f = (3fb/4)
2/3(π1/3/fs) (14)

with fb and fs are the volume and surface packing
fractions respectively.

3 Results and Discussion

3.1 Thermodynamic properties

Table 1: Interaction energy parameters of the bi-
nary sub-system of Al-Cu-Fe-Si-Ti liquid alloy

System Aν
ij [Jmol−1] Reference

A0
ij -67094+8.56*T

Al-Cu A1
ij 32148-7.12T T [29]

A2
ij 5915-5.89 T

A0
ij -91976.5+22.13*T

Al-Fe A1
ij -5672.58+4.8728*T

A2
ij 121.9

A0
ij -11340.1-1.23*T

Al-Si A1
ij -3530.93+1.35993*T

A2
ij 2265.39

A0
ij -108250+38*T

Al-Ti A1
ij -6000+5.00*T [30]

A2
ij 15000

A0
ij 36088-2.33*T

Cu-Fe A1
ij 324.53-0.0327*T

A2
ij 324.53-0.033*T

A0
ij -39688.86+14.27*T

Cu-Si A1
ij -49937.13+29.79*T

A2
ij -31810.6+18.008*T

A0
ij -19330+7.651*T

Cu-Ti A1
ij 0 [24]

A2
ij 9382-5.45*T

A0
ij -62273.8+5.70*T

Fe-Si A1
ij -5491.468

A2
ij -18821.54+22.07*T

A0
ij -164434.6 +41.98*T

Fe-Ti A1
ij -21.52*T [30]

A2
ij 0

A0
ij -255852.17+21.87*T

Si-Ti A1
ij 25025.35-2.00*T

A2
ij 83940.65-6.71*T
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Figure 1: Excess Gibbs free energy of mixing
(∆Gxs

ij ) of binary sub-systems of Al-Cu-Fe-Si-Ti liq-
uid alloy at 1950 K

Experimental as well as theoretical studies of the
binary subsystems of Al-Cu-Fe-Si-Ti are available
in literature. Hultgren et al. [31] have compiled
the experimental data of thermodynamic param-
eters of many binary subsystems, which is one
of the popularly cited sources in the study of al-
loy. The previous studies showed that the binary
sub-systems Al-Cu [32–34] , Al-Fe [23, 35–38] , Al-
Si [32, 39] and Al-Ti [36, 40, 41] are ordering alloys
whereas Cu-Fe sub-system is reported to have seg-
regating nature [2,42–44]. Additionally, Cu-Si [45],
Cu-Ti [46, 47], Fe-Si [48, 49] and Si-Ti [50–52] have
been investigated to have ordering nature.

The theoretical approaches applied in this study
treat the thermodynamic and surface properties of a
multicomponent liquid alloy as the sum of the corre-
sponding properties of all binary subsystems, with
specific weightages assigned to each. The excess
parameters of a binary liquid alloy are expressed
in terms of Redlich-Kister (R-K) polynomials. The
optimized coefficients of the R-K polynomials for
the binary subsystems of the Al-Cu-Fe-Si-Ti liq-
uid alloy were obtained from the literature and are
presented in Table 1. The excess Gibbs free en-
ergy of mixings of the binary sub-systems (∆Gxs

ij )
of the quinary liquid alloy were calculated at 1950
K using aforementioned and are plotted in Figure
1. Among the 10 binary sub-systems, Cu-Fe was
found to have positive (∆Gxs

ij ) with peak value of
7.880 kJmol−1 at Cu50Fe50. The rest of all were
found to have negative (∆Gxs

ij ) with the peak values
of −13.00 kJmol−1 at Al40Cu60, −12.20 kJmol−1

at Al50Fe50, −2.230 kJmol−1 at Al50Si50, −8.540
kJmol−1 at Al50Ti50, −3.200 kJmol−1 at Cu40Si60,
−1.100 kJmol−1 at Cu50Ti50, −20.60 kJmol−1 at
Fe50Si50, −12.80 kJmol−1 at Fe50Ti50 and −53.30
kJmol−1 at Si50Ti50, Figure 1. These results in-
dicate that the Cu-Fe subsystem is segregating in

nature, whereas the others exhibit ordering behav-
ior, with Si-Ti being the most ordering, followed by
Cu-Ti, Fe-Si, Al-Cu, Al-Si, Al-Ti, Al-Fe, and Cu-Si.

(a)

(b)

Figure 2: ∆Gxs
M of Al-Cu-Fe-Si-Ti liquid alloy at

1950 K from (a) Fe corner at cross-section xAl :
xCu : xSi : xTi = 4:1:2:3 (b) Ti corner at cross-
section xAl : xCu : xSi : xTi = 1:2:3:4.

As Cu-Fe is the only segregating subsystem and Si-
Ti is the strongest ordering subsystem among all
binaries, this work focuses on exploring the excess
Gibbs free energy of mixing (∆Gxs

M ) and the activ-
ities of the components in the Al-Cu-Fe-Si-Ti liq-
uid alloy from the Fe and Ti corners. In this re-
gard, ∆Gxs

M of system was calculated at 1950 K at
cross-section xAl : xCu : xSi : xTi = 4:1:2:3 from
Fe corner and at xAl : xCu : xFe : xSi = 1:2:3:4
from Ti corner in the framework of Chou, Muggianu
and Kohler models for comparison process. For the
purpose, Equations (2-9) along with the required
parameters from Table 1 have been utilized. The
calculated values of ∆Gxs

M from the preferred mod-
els are consistent with each other (Figure 2(a,b))
thereby validating the present computational ap-
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proaches.

(a)

(b)

Figure 3: Compositional variations of ∆Gxs
M for

Al-Cu-Fe-Si-Ti liquid alloy at 1950 K from (a) Fe
corner (b) Ti corner at 1:2:3:4,4:1:2:3,3:4:1:2,2:3:4:1
and 1:1:1:1 fixed compositions of other atoms.

Additionally, the values of ∆Gxs
M were calcu-

lated from the Fe and Ti corners at fixed com-
positions of the remaining atoms in the ratios
1:2:3:4, 4:1:2:3, 3:4:1:2, 2:3:4:1 and 1:1:1:1 using
the Chou model (Figure 3 (a,b)).The optimum val-
ues of ∆Gxs

M from the Fe corner were found to be
−27.720, −20.340, −13.260, −15.460, and −19.580
kJmol−1 for the above-mentioned cross-sections
xAl : xCu : xSi : xTi =1:2:3:4,4:1:2:3,3:4:1:2,2:3:4:1
and 1:1:1:1 respectively, Figure 3(a). These results
suggest that, at a particular Fe concentration, the
strength of interaction between the components in-
creases with an increase in the concentrations of
Si and Ti, whereas it decreases with an increase
in Cu concentration. This is because higher Si
and Ti concentrations promote the formation of
the most energetic and ordering complexes of Si–
Ti, Fe–Si, and Fe–Ti. Conversely, increasing the
Cu concentration reduces the number of ordering

pairs, which lowers the magnitude of the negative
∆Gxs

M value. The present investigation also reveals
that the strength of quinary interaction in the alloy
is dominated by binary pairs interactions of Si–Ti
in the cross-sections xAl : xCu : xSi : xTi=1:2:3:4,
4:1:2:3 and 1:1:1:1, Fe-Si and Fe-Ti interactions in
3:4:1:2 and 2:3:4:1.

The maximum negative values of ∆Gxs
M calcu-

lated from the Ti corner are −29.280, −25.010,
−17.900, −14.500, and −21.950 kJmol−1 for the
cross-sections xAl : xCu : xFe : xSi = 1:2:3:4,
4:1:2:3, 3:4:1:2, 2:3:4:1 and 1:1:1:1 respectively, Fig-
ure 3(b). These results indicate that increment in
the concentrations of Fe and Si have greater influ-
ence on increasing ∆Gxs

M of the system from the Ti
corner. The maximum ∆Gxs

M values in the quinary
compositions are lower than the maximum ∆Gxs

ij

value of the Si-Ti binary system at the composi-
tion Si50Ti50. This suggests that the robustness of
the quinary interaction is surpassed by that of the
Si–Ti binary interaction. Further, the strength of
the quinary interaction is dominated by Si–Ti in-
teractions in the cross-sections 1:2:3:4, 4:1:2:3, and
1:1:1:1; by Cu–Ti, Fe—Si, and Si—Ti interactions
in 3:4:1:2; and by Cu—Ti and Fe—Ti interactions
in 2:3:4:1.

3.2 Activity

The activities of the components of the Al–Cu–Fe–
Si–Ti liquid alloy were calculated at 1950 K and
higher temperatures in the aforementioned cross-
sections using Equations (10) and (11) within the
framework of the Chou model. The activities of
the components calculated from the Fe corner at
the cross-section xAl : xCu : xSi : xTi = 3:4:1:2 are
illustrated in Figure 4(a).

It can be observed that the activity of Fe (aFe)
exhibits a small negative deviation from ideal be-
havior, indicating its tendency to form complexes
with other components. At xFe = 0.1, the activi-
ties are aAl = 0.10, aCu = 0.31, aSi = 0.008 and
aTi = 0.043. As the Fe concentration increases
(i.e., the concentrations of the other components
decrease), the activities of Al, Si, and Ti decrease
steadily, whereas the activity of Cu initially in-
creases despite its decreasing concentration, Figure
4(a). After reaching a maximum of 0.46, aCu de-
creases with further increases in Fe concentration.
This behavior can be explained by the segregating
nature of the Cu-Fe system and the ordering ten-
dency of the other binary subsystems. Increasing
the Fe concentration favors the formation of com-
plexes between Fe and the other elements, except
Cu. Consequently, Cu shows a stronger tendency
to leave the solution, which initially raises its ac-
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tivity. However, at higher Fe concentrations, the
very low concentrations of all other components are
available in the liquid mixture, including Cu which
leads to a reduction in the activities of Al, Cu, Si
and Ti. Moreover, aFe increases gradually with
increase in its concentration as expected.

(a)

(b)

Figure 4: Activity of components of Al-Cu-Fe-Si-Ti
liquid alloy at 1950 K (a) Fe corner at cross-section
xAl : xCu : xSi : xTi = 3:4:1:2 (b) Ti corner at
cross-section xAl : xCu : xFe : xSi = 1:2:3:4.

The activity of Ti (aTi), calculated from the Ti cor-
ner, shows a negative deviation from ideal behav-
ior (Figure 4b), indicating its strong tendency to
form complexes throughout the entire concentra-
tion range. At xTi = 0.1, the activities of the other
components are found to be aAl = 0.05, aCu = 0.46,
aFe = 0.09 and aSi = 0.08. With increasing Ti con-
centration or decreasing concentrations of Al, Cu,
and Fe, the activities of Al, Cu, and Fe increased,
reaching maximum values of aAl = 0.064, aCu =
0.599 and aFe = 0.110, before decreasing again
with further reductions in their respective concen-
trations. This trend arises from the strong complex-
forming tendency of Si and Ti, as evidenced by

their large negative ∆Gxs
M , which dominates over

the weaker ordering tendencies of the other binary
subsystems. At equiatomic composition, the activ-
ities follow the order aCu>aAl>aFe>aTi>aSi.

Figure 5: Variation of activity of com-
ponents with temperature at composition
Al20Cu20Fe20Si20Ti20.

The variation of the component activities
with temperature at equiatomic composition
(Al20Cu20Fe20Si20Ti20) was also studied in the
present work. The activities of Al, Fe, Si, and Ti
increase with rising temperature whereas that of
Cu decreases (Figure 5). Al, Fe, Si, and Ti exhibit
negative deviations from ideality, indicating their
complex-forming nature in this alloy. However, this
tendency diminishes at elevated temperatures, lead-
ing to an increase in their activities. In contrast,
Cu shows a positive deviation from Raoult’s law,
reflecting its segregating behavior. Consequently,
the activity of Cu decreases as temperature rises.

3.3 Surface properties

The surface tension (σ) of the liquid alloy was cal-
culated at 1950 K and higher temperatures using
the Butler equation. For this purpose, the surface
tensions, densities, their temperature variations,
and melting temperatures of the individual alloy
components, listed in Table 2, were taken from
the literature [53]. By employing these parameters
along with the determined values of partial excess
Gibbs free energy of mixing (∆Gxs

i ) of the indi-
vidual components in Equations (11) and (12), the
surface tension of the quinary system was evalu-
ated from both Fe and Ti corners by varying the
concentration of the corner element from 0.1 to 0.9.
These values were calculated at aforementioned
cross-sections as a function of concentration and
are displayed in Figure 6(a,b).
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Table 2: Input physical parameters for surface tension at melting temperature (T0) [53]

Parameter Element
Al Cu Fe Si Ti

Tm [K] 933 1360 1809 1683 1958
ρ0 [kg m−3] 2385 8000 7030 2524 4110

∂ρ
∂T [kg m−3 K−1] -0.28 -0.801 -0.833 -0.3487 -0.226

σ0 [N m−1] 0.914 1.285 1.872 0.865 1.65
∂σ
∂T [N m−1 K−1] -0.00035 -0.00013 -0.00049 -0.00013 -0.00026

(a)

(b)

Figure 6: Surface tension of the Al-Cu-Fe-Si-Ti liq-
uid alloy at 1950 K calculated from (a) Fe corner
and (b) Ti corner.

In the Fe corner, calculations were performed for
the cross-sections xAl : xCu : xSi : xTi = 1:2:3:4,
4:1:2:3,3:4:1:2, 2:3:4:1 and 1:1:1:1, as illustrated in
Figure 6(a). At xFe = 0.1, the computed σ val-
ues are 1.12, 0.84, 0.95, 0.92, and 0.94 Nm−1 for
the respective cross-sections. With increasing bulk
concentration of Fe, the surface tension of the liq-
uid alloy gradually increases in each cross-section.
Among the alloy components, Ti exhibits the high-
est surface tension (σTi = 1.6487 Nm−1) and Al
the lowest (σAl = 0.558 Nm−1) at 1950 K, Table 2.

Therefore, at a given Fe concentration, the alloy’s
surface tension is maximized in the cross-section
with the largest proportion of Ti and minimized
in the cross-section with the largest proportion of
Al. This demonstrates that the surface tension of
the quinary liquid alloy increases with increasing
Ti concentration and decreases with increasing Al
concentration.

The surface tension of the liquid alloy was also cal-
culated from the Ti corner for the cross-sections
xAl : xCu : xFe : xSi = 1:2:3:4, 4:1:2:3, 3:4:1:2,
2:3:4:1 and 1:1:1:1, shown in Figure 6(b). At xTi

= 0.1, the computed values of σ are 1.043, 0.81,
0.90, 1.07, and 0.94 Nm−1 for the respective cross-
sections. The maximum surface tension, observed
at the cross-section xAl : xCu : xFe : xSi = 2:3:4:1,
is attributed to the higher proportions of Cu and Fe,
both of which have relatively large surface tensions,
Table 2. Conversely, the minimum surface tension
is observed at the cross-section xAl : xCu : xFe : xSi

= 4:1:2:3, resulting from the lower proportions of
Cu and Fe and the higher proportions of Al and Si,
which have comparatively lower surface tensions.
These findings demonstrate that the surface tension
of the liquid alloy increases in compositions where
elements with inherently higher surface tensions are
present in greater proportions.

Figure 7: Variation of surface tension of Al–Cu–Fe–
Si–Ti liquid alloy with temperature.
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Variation of surface tension of the quinary alloy
with temperature was studied at different compo-
sitions, out of which variation at five different as-
sembly of atoms of the liquid alloy is demonstrated
in Figure 7. Surface tension of the liquid alloy
is observed to decrease at elevated temperature,
implying the decrease in the atomic interactions
among the constitute atoms of the liquid mixture.
This result further justifies the the mixing tendency
predicted by the previously determined thermody-
namic functions of the system at elevated tempera-
tures.

(a)

(b)

Figure 8: Surface concentrations of components of
Al-Cu-Fe-Si-Ti of liquid alloy calculated from (a)
Fe corner at cross-section xAl : xCu : xSi : xTi =
3:4:1:2 (b) Ti corner at cross-section xAl : xCu :
xFe : xSi = 1:2:3:4.

The surface concentrations of the components
(xs

i , i = Al,Cu, Fe, Si, T i) of the quinary system
were computed as a function of Fe and Ti concen-
trations in different cross-sections. As shown in Fig-
ure 8(a), at the cross-section xAl : xCu : xSi : xTi

= 3:4:1:2, the surface concentrations of atoms at
1950 K are found to be xs

Al = 0.66359, xs
Cu =

0.20645, xs
Fe = 0.0.034397, xs

Si = 0.07484 and xs
T i

= 0.020699, while the corresponding bulk concen-
trations are xAl = 0.24, xCu = 0.32, xFe = 0.20,
xSi = 0.08 and xTi = 0.16. These results indicate
a strong tendency of Al atoms to segregate at the
surface, while the other atoms preferentially remain
in the bulk phase. The surface concentration of Fe
increases gradually at first and then rises sharply
with increasing bulk Fe concentration. In contrast,
the surface concentration of Al decreases markedly,
whereas Si and Ti concentrations decrease gradu-
ally. Interestingly, the surface concentration of Cu
initially increases despite a decrease in its bulk con-
centration, but after reaching a maximum value, it
decreases again. This unusual behavior of Cu can
be attributed to the strong ordering tendency of
the other elements with Fe, which reduces the like-
lihood of Cu forming bonds with them. As a result,
Cu atoms preferentially migrate toward the surface
phase. A similar variation in the surface concentra-
tion of Al atoms has been reported in the Ti-Al-Si
ternary liquid alloy by Yadav et al. [28].

In the Ti corner at the cross-section xAl : xCu :
xFe : xSi = 1:2:3:4, the surface concentrations are
found to be xs

Al = 0.351316, xs
Cu = 0.159499, xs

Fe =
0.04691, xs

Si = 0.419739 and xs
T i = 0.022489, cor-

responding to bulk concentrations of xAl = 0.08,
xCu = 0.16, xFe = 0.24, xSi = 0.32 and xTi = 0.20
(Figure 8(b)). In this region, Al and Si exhibit a
strong tendency to segregate into the surface phase,
while Cu, Fe, and Ti preferentially remain in the
bulk phase. Moreover, the surface concentration of
Ti increases gradually at first and then rises sharply
with increasing bulk Ti concentration. Conversely,
xs
Si decreases as bulk concentration of Ti increases.

The concentrations of Al, Cu, and Fe at the surface
initially rise with decreasing bulk concentration,
reaching a peak before declining again. This un-
usual behavior is attributed to the dominant pres-
ence of Si and the strong ordering tendency of the
Si-Ti system, which influences the distribution of
Al, Cu and Fe at the surface. At equiatomic com-
position, the overall extent of surface segregation
tendency of the alloying elements follows the order
Al>Si>Cu>Fe>Ti>.

We have also calculated the temperature depen-
dence of the surface concentrations at a fixed com-
position, Al20Cu20Fe20Si20Ti20, Figure 9. The
surface surface concentrations of the components at
this composition are found to be xs

Al = 0.620774,
xs
Cu = 0.139894, xsFe, = 0.031593, xs

Si = 0.186671
and xs

T i = 0.021066 at 1950 K. This implies the
highest surface segregating nature of Al and lowest
surface segregating nature of Ti among the com-
ponents in this composition too. Further, the sur-
face concentration of Fe and Ti appears to be en-
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hanced with rise in temperature, whereas, surface
concentration of Al, Cu and Si appears to decrease
at higher temperature.

Figure 9: Variation of surface concentrations of the
components of Al–Cu–Fe–Si–Ti liquid alloy with
temperature.

4 Conclusion

The thermodynamic analysis of the Al-Cu-Fe-Si-Ti
liquid alloy reveals that its multicomponent behav-
ior is primarily governed by the interactions within
its binary subsystems. Among the ten binaries,
Cu-Fe exhibits a segregating tendency with posi-
tive excess Gibbs free energy of mixing, while the
remaining systems show ordering behavior, with Si-
Ti being the strongest ordering pair. The calculated
quinary ∆Gxs

M values from both Fe and Ti corners
confirm the consistency of Chou, Muggianu, and
Kohler models, thereby validating the present com-
putational approach. The quinary alloy exhibits
stronger negative ∆Gxs

M values when Si and Ti con-
centrations are high, emphasizing the dominance
of Si-Ti, Fe-Si, and Fe-Ti interactions. Conversely,
higher Cu concentration reduces ordering, leading
to weaker interactions. Comparison with binary
interactions shows that the robustness of quinary
ordering does not surpass the strong Si-Ti binary
interaction at 1950 K. Overall, the alloy’s thermo-
dynamic stability is strongly influenced by the co-
operative effects of ordering pairs, particularly Si-
Ti, Fe-Si, and Fe-Ti, while Cu tends to weaken
the interaction strength due to its segregating na-
ture with Fe. This tendency of the quinary system
is further justified by the results of activity, the
other thermodynamic function. The surface ten-
sion of the quinary system increases at each cross-
section with the increase in concentrations of Fe
and Ti. The surface tension rises in alloy compo-
sitions enriched with elements that naturally pos-
sess higher surface tensions. At the cross-section
xAl : xCu : xSi : xTi = 3:4:1:2 and from Fe cor-

ner, Al atoms segregate at the surface, while the
other atoms preferentially remain in the bulk phase.
From Ti corner at xAl : xCu : xFe : xSi=1:2:3:4, Al
and Si exhibit a strong tendency to segregate into
the surface phase, while Cu, Fe, and Ti preferen-
tially remain in the bulk phase. At equiatomic com-
position, the overall extent of surface segregation
tendency of the alloying elements follows the order
Al>Si>Cu>Fe>Ti>. Temperature elevation sys-
tematically decreases both surface segregation and
deviations in activities, confirming that the system
approaches an ideal random distribution at higher
temperatures.
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