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Abstract: The Miedema semi-empirical model represents a promising technique for
estimating the Gibbs free energy (4G) in Fe-Al-Cr and Fe-Al-Cu alloys. In this study, the
software Materials Analysis Applying Thermodynamics (MAAT) was utilized to calculate
AG. The results indicated that the AG values for the binary alloys (Fe-Al, Fe-Cr, Al-Cr, and
Al-Cu) were negative and lower than the ideal Gibbs free energy (4G™““), except for Fe-
Cu, which exhibited a positive AG. For the ternary alloys (Fe-Al-Cr and Fe-Al-Cu), the AG
values were predominantly negative across a wide range of compositions. This suggests the
presence of driving forces promoting the formation of solid solutions from Fe, Al, Cr, and

Cu throughout the entire composition range.
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1. Introduction

The thermodynamic properties of ternary
alloys are crucial for understanding their phase
behavior and relative stability. However,
conducting experiments to determine these
properties is challenging and time-consuming.
Theoretical findings obtained through the
application of Miedema’s model can offer
valuable information about the thermodynamic
behavior of alloys [1]. Miedema's model is
widely used to calculate the thermodynamic
properties of binary and ternary alloys [2, 3]. It
utilizes parameters such as electronegativity,
electron density, and molar volume to calculate
(4G).

Iron-aluminum (Fe-Al) alloys hold significant
technological importance with promising
properties. However, their limited ductility at
ambient temperatures and reduced strength at
high  temperatures have hindered their

widespread use in structural applications. Recent
studies have focused on improving their
mechanical properties through composition
control, microstructure manipulation, and the
addition of suitable alloying elements [4].

Fe-Al-Cr alloys are renowned for their
exceptional resistance to oxidation at elevated
temperatures, attributed to the formation of a
protective alumina scale. These alloys are
commonly used in heating foils, wires, and
automotive catalyst supports [4]. Strengthening
the dispersion and controlling grain size are
effective approaches for enhancing their
mechanical properties at high temperatures, and
these methods are commonly applied in
commercial production via powder metallurgy
techniques [5]. Extensive research has been
conducted on the structural and microstructural
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changes in mechanically alloyed Fe-Al-Cr
powder mixtures.

Aghili et al. investigated the formation and
structural changes in FesoCrysAlys powder
particles and observed the generation of a
composite lamellar structure of Fe, Cr, and Al
with the dissolution of Al and Cr atoms in the Fe
lattice [6]. In another study, Liu et al. reported
the formation of a solid solution of Fe-Cr(Al)
through Al diffusion into Fe-20Cr in
nanocrystalline powders of Fe-40AI-5Cr [7].

Al-Cu-Fe alloys are notable for their low
toxicity, availability, and cost-effectiveness [8].
The Al-Cu-Fe quasicrystalline phase has been
widely used as a reinforcement to create
composites with excellent mechanical and
tribological ~ properties [9-12]. Several
publications have focused on the fabrication of
Al-Cu-Fe quasicrystalline phases through
mechanical alloying (MA) with or without
subsequent annealing treatments. For example,
direct formation of the quasicrystalline phase
was achieved in AlgsCuyFe s alloy after 15
hours of milling [12,13]. Mitka et al. studied the
impact of mechanical alloying variables on
phase formation in the AlgCusyssFeys alloy and
observed a mixture of icosahedral quasicrystal
and B-Al(Cu, Fe) phases after 20 hours of
milling at 300 rpm [13].

Travessa et al. found that the quasicrystalline
phase could not be directly obtained in the
AlgsCuyoFers alloy [14]. Other studies have
investigated the phase reactions during ball
milling of AlgCuysFep,, noting complex solid-
state transformations upon annealing of the as-
milled sample. These phase transformation
results were linked to variations in the
thermodynamic driving forces, including the
positive heat of mixing for the Cu-Fe system and
negative heats of mixing for the Al-Fe and Al-
Cu systems [15]. This work aims to calculate the
thermodynamic properties of Fe-Al-Cr and Fe-
Al-Cu alloys employing the semi-empirical
Miedema's model.

Gibbs Free Energy (4G)

Elucidating the practical implications of the
highest and lowest Gibbs free energy (4G)
values recorded in binary systems is essential for
understanding how these values can impact alloy
properties and applications. Also, the 4G values
can be used to construct phase diagrams, which
are essential for predicting the phases present in
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an alloy at different temperatures and
compositions. This is valuable for alloy design
and understanding how an alloy's composition
affects its properties [16, 17].

The Gibbs free energy can be calculated
using the equation:

AG =AH + TAS (1)

where AH is the mixing enthalpy change, 4s is
the mixing entropy change, and T is the absolute
temperature of the solid solution.

If we consider only entropy, the change in
mixing entropy for the solid solution can be
calculated using the following formula:

XA +XB = 1

where R is the universal gas constant and X, and
Xp are atomic concentrations in the solid
solution.

2. Miedema’s Model

The estimation of formation enthalpy (4H) is
a valuable tool provided by the Miedema model.
Initially developed for binary alloys, efforts have
been made to extend it to ternary systems [18-
20]. In this model, Wigner-Seitz cells form the
basis of the binary alloy hypothesis. As pure
metal atoms combine to form alloys, the
boundaries of the Wigner-Seitz cells change.
Miedema's model proposes two mechanisms
contributing to the formation enthalpy of binary
alloy systems. The first mechanism is directly
proportional to (A@*)?, which represents the
charge transfer between neighboring cells
resulting from attractive forces. The second

mechanism is proportional to (Anﬁ,/f), which
takes into account the repulsive forces arising
from surface tension. The negative impact of
(p*) and the positive effect of (Anvlv/f) determine

their contributions to the mixing enthalpy [21,
22].
The equation representing 4H of a binary

system can be formulated using the Miedema
model [21-23]:

AHﬂgal — AHfllbemical + AHilélstic +
AHfltguctural (3)

where  AH"™! refers to the chemical
contribution, AH"" represents the elastic
enthalpy, and AH*"“"“* refers to the structural
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enthalpy resulting from the crystal structure
difference of the binary system. In this regard,
structural enthalpy is negligible due to its
minimal effect on the total enthalpy [24].

The chemical enthalpy results from a
difference in the binding energy of atoms in their
initial elemental states compared to their mixed
alloy states.

The following equation can determine the
chemical enthalpy term for each binary system
[23]:

Chemical __
AHA inB -

2k X3 X5 C(x)

(Xa Vj/3+XB V§/3)
(nfys) ™3 +(nfs)~1/3

00 + ©p (an2) =R /pl @)

where

2
X4V3
X5 = z[‘l A (5)

XaV3+XpV3

2

xgV3
S _ BB
Xp =——= p (6)
XaV3+XpV3

To overcome the differences between the
enthalpy of mixing obtained from Miedema's
model and experimental data, Wang et al. [25]
proposed a correction factor, C(x), which takes
into account the atomic size of solvent and solute
atoms.

XaXalVa-Vpl

== v, ™
where S represents a semi-quantitative empirical
variable that explains the influence of atomic
size disparities. S equals 1 for a disordered solid
solution. The liquid alloy and ordered compound
S are considered equivalent to 0.5 and 2.0,
respectively [26]. V4 and Vjp are the molar
volumes of 4 and B, respectively, X4 and Xp are

the molar fractions of 4 and B, respectively, &@*
is the constituent element work function, and n,,
is the density of electrons. P, @, and R* are
known to be constants. P can be equal to 14.2 or
10.7, depending on whether the metals are
transition or non-transition. Additionally, the
value of P/Q was obtained to be 9.4. The R* is
an additional parameter for the enthalpy for both
transition and non-transition metals.

The AH"“" represents the elastic enthalpy
caused by the atom-sized mismatch. It can be
written as [27]:

AHGSY = KpG (X gAHp in g + XgAH 4 in B)
8

where K and G refer to the bulk and shear
modulus, respectively.

The structural enthalpy results from the
crystal structure difference of the binary system.
The AH"™" refers to the transition metals,
which tend to crystallize preferentially in one out
of three crystallographic phases, namely, bcc,
fce, and hep, based principally on the number of
valence electrons (Z). For binary solutions of
transition—transition elements with shared bonds,
this approach can be applied. Bakker et al.
proposed the following expression for structural
enthalpy [28]:

AHfltglt%t — (E%tru“ _ Eitruct) + (ZA _
aEStTuCt(B)

z;) 28 ©)
where both Z4 and Zjp represent the valence
electrons of A and B atoms, respectively, while
E3f™ct and ES™¢t refer to the lattice stability of
each crystal structure (bec, fec, and hep).

The thermodynamic parameters needed to
compute the formation enthalpies are provided in
Table 1.

TABLE 1. The required parameters to compute the Gibbs free energy change.

Metal o [V] n;/f [d.u]'/3 VTrzl/ 3 [em]? Atomic radius [pm]
Fe 4.93 1.77 3.7 126
Al 4.20 1.39 4.6 143
Cr 4.65 1.73 3.7 125
Cu 4.45 1.47 3.7 128

3. Results and Discussion
3.1 Fe-Al-Cr Alloy

The highest AG value typically corresponds
to the most thermodynamically stable phase

under specific conditions, whereas the lowest AG
value indicates the least stable phase. This
information is critical for phase selection in alloy
design. Phases with lower AG values are
generally less stable and may undergo phase
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transformations at relatively lower temperatures.
Such transformations can significantly influence
the alloy’s mechanical and thermal properties..

The outcomes of the thermodynamic
computations for the binary alloys at 298K are
shown in Fig.1. The graph illustrates the values
of the Gibbs free energy change (4G) and the
ideal Gibbs free energy change (4G™“) for
different compositions. It is observed that for all
concentrations, the (4G) values of Fe-Al, Fe-Cr,
and Al-Cr alloys are negative and lower than the

Specifically, looking at Table 2, it can be
noted that the 4G of Fe-Cr is -3.13 klJ/mol,
indicating a negative Gibbs free energy change
for the formation of Fe-Cr alloy. This, combined
with the small mismatch between the atomic
radii and electronegativity of Fe and Cr, suggests
that the formation of Fe-Cr alloy is relatively
easy and feasible in the context of mechanical
alloying (MA). These findings emphasize the
favorable thermodynamic conditions for the
formation of Fe-Cr alloy and provide insights

AG™ values. This indicates a strong interaction into' th.e potential' for their' synthesis and
between the Fe, Al, and Cr atoms in these alloys. application in materials processing.
TABLE 2. Gibbs free energy in kJ/mol and atomic size mismatch for Fe-Al, Fe-Cr, and Al-Cr.
Binary alloy AG [kJ/mol] Atomic size mismatch %
FeAl -15.48 13.4
FeCr -3.13 0.8
AlCr -14.8 12.5
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FIG. 1. Gibbs free energy of (a) Fe-Al, (b) Fe-Cr, and (¢) Al-Cr alloys and (d) ideal Gibbs free energy.

The data presented in Fig. 2 provides
valuable insights into the thermodynamic
behavior of the Fe-Al-Cr alloy, specifically in
terms of 4G and AG™" values. The negative
values of AG across the entire composition range
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indicate that there are driving forces promoting
the formation of a solid solution from Fe, Al, and
Cr. This implies that the thermodynamic
conditions favor the mixing of these elements
and the formation of a stable ternary alloy. The
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negative AG values signify that the energy
released during the formation of the solid
solution exceeds the ideal energy required for a
random mixture of the elements (4G™*). This
suggests a favorable interaction between the Fe,
Al, and Cr atoms within the ternary system.

It is worth noting that the largest 4G values
are observed in the vicinity of the Fe-Cr alloy.
This indicates a relatively high energy release
during the formation of Fe-Cr alloys, suggesting
a stronger interaction between Fe and Cr atoms.
Conversely, The Al-Cr alloy exhibits the lowest
values of 4G, indicating a lower energy release
during the formation of Al-Cr alloy, suggesting a
weaker interaction between Al and Cr atoms.
These findings contribute to our understanding

kJ/mol

2

(a)

3.2 Fe-Al-Cu Alloy

The information presented in Fig. 3 and Table
3 provides insights into the 4G for the Fe-Cu
and Al-Cu alloys. In the Fe-Cu system, the
Gibbs free energy changes with mole fraction,
with the highest values occurring near a mole
fraction of 50%. This indicates limited solubility
of Cu in a-iron under equilibrium conditions, as
evidenced by the high positive values of Gibbs
free energy. Such high positive values suggest
that the formation of Fe-Cu alloys is
thermodynamically unfavorable.

Conversely, in the AI-Cu alloy, the most
negative value of the AG is observed. This
indicates a thermodynamic driving force for the
formation of the Al-Cu phase, with the system
tending to release stored energy to achieve this
phase. The negative Gibbs free energy implies
that the formation of Al-Cu alloys is
thermodynamically favorable.

of the thermodynamics of the Fe-Al-Cr alloy and
highlight the favorable conditions for the
formation of solid solutions within this alloy
system.

The addition of Cr to the Fe-Al composition
leads to the most negative value of the formation
enthalpy. This implies that converting the Fe-Al
alloy to the Fe-Al-Cr alloy requires additional
energy and heat, resulting in an increase in the
process temperature. The more negative the
value of 4H, the stronger the bond and stability
between Fe and Al atoms in the presence of Cr.
This indicates that the connection between Fe,
Al, and Cr atoms becomes more difficult to
break, making the formation of the ternary Fe-
Al-Cr alloy more challenging.

kJ/mol

(b)
FIG. 2. (a) Gibbs free energy of Fe-Al-Cr alloys. (b) Ideal Gibbs free energy.

However, it is worth noting that despite the
small atomic radii mismatch between Cu and Fe,
the positive 4G value of Cu with Fe (11.23
kJ/mol) makes the formation of Fe-Cu alloy
challenging and impractical within the context of
Miedema's model used in the MAAT program.
This suggests that there are additional factors
beyond atomic radii considerations that impede
the formation of Fe-Cu alloy according to this
specific model.

It is important to emphasize that these

conclusions are drawn from theoretical
predictions based on thermodynamic
calculations using Miedema's model.

Experimental validation is necessary to confirm
these findings and to assess the real-world
feasibility of forming Fe-Cu alloys. Furthermore,
factors such as kinetic barriers, processing
parameters, and alloying effects must also be
considered when evaluating the practical
viability of alloy formation.

161



Article

Alsaedi et al.

TABLE 3. Gibbs free energy in kJ/mol and atomic size mismatch for Fe-Cu and Al-Cu.

Binary alloy (4G) [kJ/mol] Atomic size mismatch %
Fe-Cu 11.23 1.5
Al-Cu -6.92 10.4
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FIG. 3. Gibbs free energy of Fe-Cu and Al-Cu alloys.

The results presented in Fig. 4 indicate that
the Fe-Al-Cu alloy exhibits the most negative
Gibbs free energy at around a 50% mole fraction
of Fe. This suggests that there is a
thermodynamic driving force for the formation
of the Fe-Al-Cu solid solution from elemental
Fe, Al, and Cu. The fact that AG is smaller than
AG™ further supports the feasibility of forming
the ternary alloy through solid solution.

It is worth noting that the largest values of
AG are observed near the Fe-Al system,
indicating that the addition of Cu has a minimal
effect on the thermodynamic stability of the Fe-
Al-Cu alloy compared to the Fe-Al alloy.
However, it is interesting to observe that the
incorporation of Cu leads to a less negative value
of AH for the Fe-Al-Cu alloy compared to the
Fe-Al alloy. This suggests that the addition of Cu
may influence other factors, such as improving

1
Fe Al
(a)

the morphology of the phase boundary and
slowing down grain growth, thereby enhancing
the thermal stability of the Fe-Al alloy.

These findings have significant implications
for the targeted application and desired
performance properties of Fe-Al-Cu alloys.
Understanding the role of Cu in modifying
mechanical, thermal, and corrosion resistance
properties is crucial for the alloy’s effective use
in engineering applications.  Additionally,
exploring the effects of microstructural features
and phase distribution will further clarify the
alloy's performance characteristics. It would also
be beneficial to compare the thermodynamic
results with experimental data, if available, to
validate the accuracy and reliability of the
theoretical predictions based on Miedema's
model and the MAAT software.

kJ/mol

0.6

(b)

FIG. 4. (a) Gibbs free energy of Fe-Al-Cu. (b) Ideal Gibbs free energy.
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4. Conclusions

The calculations performed using Miedema's
model and the MAAT program for the Fe-Al-Cr
and Fe-Al-Cu alloys yield interesting results.
The inclusion of Cr in the Fe-Al alloy leads to an
improvement in the formation enthalpy,
indicating a driving force for the formation of
the Fe-Al-Cr solid solution. This suggests that
the addition of Cr enhances the stability and
thermodynamic favorability of the ternary alloy.
Similarly, the addition of Cu in the Fe-Al alloy
enhances the thermal stability of the alloy. This
improvement in thermal stability can be
attributed to the influence of Cu on the
microstructure and phase distribution of the
alloy. The presence of Cu may result in
improved phase boundary morphology and
hindered grain growth, contributing to increased
thermal stability.

It is important to recognize that while these
findings from theoretical models like Miedema's
model provide valuable insights into the
thermodynamic behavior of ternary alloys,
experimental validation is necessary to confirm
their accuracy and reliability.  Further
experimental studies could be undertaken to
characterize the mechanical, thermal, and other
relevant properties of the Fe-Al-Cr and Fe-Al-Cu
alloys, thereby supporting and validating the
findings obtained from theoretical calculations.
Overall, the results suggest that the addition of
specific alloying elements such as Cr and Cu can
significantly influence the thermodynamic
properties and thermal stability of Fe-Al-based
ternary alloys. This knowledge can be applied in
the design and optimization of these alloys for
various engineering applications where stability,
strength, and high-temperature performance are
crucial factors to consider.
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