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This work presents a theoretical study of the thermodynamic behavior of
Fe—Al, Fe-Ni, and Al-Ni binary alloys, along with the ternary Fe—Al-Ni
system, using the semi-empirical Miedema model. The study considers
theoretical Fe—Al-Ni alloy systems at the nanoscale in their metallic state. The
calculated formation enthalpy values range approximately from —35 to -2
kJ/mol depending on composition, indicating that aluminum-rich
compositions exhibit higher thermodynamic stability, while Fe—Ni
compositions show weaker stabilization. Thermodynamic activity was also
evaluated to describe deviations from ideal behavior and to better understand
the interactions between alloy components. The results show that aluminum
plays a key role in strengthening atomic interactions within the system. In
addition, the vibrational properties of the FesoAlisNis alloy were investigated
using density functional theory (DFT). The vibrational properties were
obtained in the form of calculated infrared (IR) spectra, providing theoretical
insight into atomic bonding and vibrational behavior within the alloy. Overall,
this study provides a consistent theoretical framework for understanding
thermodynamic stability, atomic interactions, and vibrational properties in
Fe—AI-Ni alloy systems.
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1. INTRODUCTION components, and as catalyst supports in

chemical reactions [2-6]. Therefore,
Fe-Al-Ni alloys are a class of understanding their thermodynamic and

intermetallic ~ materials  that have spectroscopic properties is essential for

attracted signiﬁcant attention due to OptllelIlg a]]oy design and taﬂoring
their low density, high corrosion their performance for advanced

resistance, thermal stability, and strong

industrial ~ applications  such as

mechanical properties. These aerospace  structures and  high-
characteristics make them suitable for performance electronic components
applications in aerospace, automotive, [7,8]. herefore, analyzing the

and electronic industries, where high-
performance materials with a balance of
strength and ductility are required.
However, Fe—Al-based alloys often
suffer from limited ductility at room
temperature, which restricts their
broader structural applications. To
overcome this limitation, alloying with

thermodynamic properties of such
alloys is essential for predicting phase
stability, guiding
synthesis, and improving material
performance [9,10]. One of the key
thermodynamic parameters is the
formation enthalpy (AH), which
provides insight into alloy stability and

experimental

additional elements such as Ni has been
widely investigated to improve
mechanical performance and enhance
overall efficiency [1].

The Fe—Al-Ni ternary system is
complex and consists of multiple
phases, including solid solutions and
intermetallic compounds, each
exhibiting different thermodynamic
behavior [1]. Due to their favorable
properties, these alloys are used in
protective coatings, high-temperature

the tendency to form intermetallic
compounds under different conditions
[11,12].

To estimate these properties,
Miedema’s semi-empirical model has
been widely used due to its ability to
predict formation enthalpies based on
fundamental atomic parameters such as
atomic size, electronegativity, and
electron density [2,12]. The model
enables rapid evaluation over a wide
range of compositions, making it
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particularly  suitable  for  high-
throughput screening of alloy stability
[2,11]. It has been successfully applied
to Fe-Al-Ni and similar ternary
systems, showing good agreement with
experimental data [8,10,13].

Furthermore, computational tools
such as MAAT (Materials Analysis
Applying Thermodynamics) extend the
application of the Miedema model by
enabling systematic analysis of Gibbs
free energy, phase equilibria, and
miscibility in binary and ternary alloys
[14—-16]. The integration of Miedema
MAAT
framework has allowed researchers to

calculations with the

predict phase diagrams and identify
stable compositions in Fe—Al-Ni
alloys, reducing the need for extensive
experimental trials [14,17-19].
Spectroscopic  techniques such as
infrared (IR) spectroscopy are widely
used to investigate the bonding
environment in alloy systems [20,21].
In this work, the spectroscopic behavior
of Fe—Al-Ni alloys is analyzed using
theoretical ~ simulations  performed
within the framework of density
functional ~ theory = (DFT).  The
vibrational frequencies were calculated
using the Gaussian quantum-chemical
package, and the simulated spectra were
interpreted by correlating characteristic
absorption bands with vibrational
modes associated with Fe, Al, and Ni
atoms. This  approach  provides
theoretical insight into the vibrational
characteristics of the alloy . The aim of
this work 1is to investigate the
thermodynamic stability and activity of
Fe—-Al-Ni alloys using the Miedema

model, and to complement these results
with DFT calculations of vibrational
(IR) properties in order to provide a
more  comprehensive
description of the system.

theoretical

2.Miedema’s model

The estimation of formation
enthalpy (AH) is an important aspect
provided by Miedema’s model.
Originally developed for binary alloys,
then efforts have been made to extend
the model to ternary systems [22-25].
This model is based on Wigner-Seitz
cells, which serve as the foundation for
the binary alloy hypothesis. As pure
metal atoms combine to form alloys, the
boundaries of these Wigner-Seitz cells
are modified. Miedema’s model
suggests two  mechanisms  that
contribute to the formation enthalpy of
binary alloy systems. The first
mechanism is directly proportional to
@*?, representing the charge transfer
between neighboring cells due to

attractive forces. The second

mechanism is proportional to (An‘lv/sg s

which accounts for the repulsive forces
resulting from surface tension. The
negative influence of ¢@” and the

positive effect of (An‘lv/ss) determine
their respective contributions to the
mixing enthalpy [26, 27]. The equation
representing (AH) of a binary system
can be formulated using the Miedema
model. [23, 25, 26].

AH = C4f3 S()AH i (1)
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The equation for AH of a binary
system in the Miedema model includes
several parameters. These parameters
are as follows:

4. A multiplicative factor that
accounts for the surface concentration
of elements.

AH 4 i, p: The heat of formation of
a solid solution A in B, measured in
kJ/mol.

S(c): A prefactor that captures the
change in the shape of the contact cells
between the two substances.

Ca and Cs are the atomic (mole)
fractions of elements A and B, and are
dimensionless quantities.

Va, VB : The molar volumes of
elements A and B, respectively,
measured in cm®/mol.

nws : The electron density at the
boundary of the Wigner-Seitz cell.

@*: The electronic chemical
potential, measured in V.

V; P, Q/P, R/P: Constants.

¢S, , C5%: The surface
concentrations of elements A and B,
respectively.

3. Calculation of Thermodynamic
Activity

Thermodynamic activity (ak) is a
measure of the effective concentration
of a component in an alloy and reflects
the strength of its atomic interactions
compared with an ideal solution [27-
29]. It is defined as the product of the
activity coefficient (yx) and the mole
fraction (xx) of the component:

Ak = Vi Xk (7
where xi is the mole fraction, which is
a dimensionless quantity. The activity
coefficient (yx) accounts for deviations
from ideal behavior and can be

expressed, under certain
thermodynamic approximations, as:
v« = exp(AHk / RT) ()

where AHy is the partial enthalpy of
mixing, R is the universal gas constant,
and T is the absolute temperature.
Accordingly, the activity trend can be
estimated indirectly from the variation
of the enthalpy of mixing with
composition [27-29].

4. Computational Method

Theoretical calculations were
carried out using the Gaussian 09w
software package within the framework
of Density Functional Theory (DFT).
Geometry optimization of
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representative Fe—Al-Ni alloy clusters
was performed using the hybrid B3LYP
exchange—correlation functional with
the LANL2DZ effective core potential
basis set, which is commonly used for
transition-metal systems. Geometry
optimization was performed without
symmetry  constraints.  Vibrational
frequency calculations were
subsequently carried out at the same
level of theory in order to confirm that
the optimized structures correspond to
local minima on the potential energy
surface and to obtain theoretical
infrared spectra. The calculated
harmonic frequencies were scaled using
a factor 0f 0.96 to correct the systematic
overestimation typically associated
with DFT calculations.

Electronic excitation energies and
UV-—Visible absorption spectra were
calculated  using  time-dependent
Density Functional Theory (TD-DFT)
with LANL2DZ basis set. The
calculated excited states were used to
simulate the optical absorption features
and to analyze the nature of electronic
transitions, including metal-metal
interactions and charge-transfer
processes within the Fe—Al-Ni alloy
system.

5. Results and discussion

The phase characterized by a more
negative formation enthalpy (AH) is
generally considered to be more
thermodynamically stable under the
given conditions, whereas a phase with
a positive AH value is the least
thermodynamically stable. This 1is
important because phases associated

with positive or less negative AH values
possess a reduced thermodynamic
driving force for formation and can
therefore undergo phase
transformations at lower temperatures,
which is significant for alloying
behavior and phase selection. These
transformations can greatly impact the
mechanical and thermal characteristics
of the alloy [30,31].

5.1 Binary alloy systems

Figure 1 shows the wvariation of
formation enthalpy (AH) with composition
for the investigated binary alloy systems,
revealing clear differences in
thermodynamic behavior. The Al-Ni
system exhibits the most negative values of
AH, reaching approximately —27.5 kJ/mol
at around 50 at.%, which indicates strong
exothermic interactions and a high
tendency for stable alloy formation. This
pronounced stability reflects the strong
chemical affinity between aluminum and
nickel atoms.

Approximately —27.5 kJ/mol at
around 50 at.%, which indicates strong
exothermic interactions and a high
tendency for stable alloy formation.
This pronounced stability reflects the
strong chemical affinity between
aluminum and nickel atoms. The Fe—Al
system shows moderately negative
formation enthalpy values, with a
minimum of about —17.5 kJ/mol near
the equiatomic composition. This
behavior suggests favorable alloy
formation, although the interactions are
weaker compared to the AI-Ni system.
The wvariation of AH across the
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composition range indicates consistent
but moderate thermodynamic stability.

In contrast, the Fe-Ni system
displays significantly less negative
values, ranging from approximately
—20 kJ/mol at low nickel content to
about -2  kJ/mol at  higher
concentrations. This trend reflects
relatively weak exothermic interactions
and a reduced thermodynamic driving
force for alloy formation. The weaker
stability of this system can be attributed
to the similarity in atomic size and
electronegativity between Fe and Ni,
which results in less pronounced
chemical interactions.

5.2 Ternary Fe-Ni-Al system The
formation enthalpy is plotted across the
ternary Fe-Ni-Al system as illustrated in
Figure 2. Compositions in aluminum-
rich and intermediate zones exhibit
more negative AH values, which
indicates a stronger thermodynamic
Overall, the comparison of the three
binary systems demonstrates that
aluminum plays a key role in enhancing
thermodynamic stability, as its presence
leads to more negative formation
enthalpy values and stronger atomic
interactions within the alloy systems.
thermodynamic response of the ternary
system is controlled by the trade-off
between Al-associated interactions and the
relatively weak Fe-Ni interactions. This
distribution shows that the amount of
aluminum content dominates stability and
ternary alloys adopt the predominant
thermodynamic properties of the binary
subsystems underlying them.

—o— Fe-Al
Fe-Ni
=t Al-Ni

ol)

enthalpy, AH (kj/m
\

mation

For

10 20 30 40 50 60 70 80 96
Second element content (at.%)

Figure 1. Variation of formation
enthalpy (AH) with composition for the
binary Fe-Al, Fe-Ni and Al-Ni alloy
systems.

Tendency to alloy. In comparison,
compositions on the Fe-Ni side possess
less negative enthalpy values, reflecting
weaker energetic stabilization when
aluminum is available in small quantity.
The continuous change in AH within
this diagram indicates that the total

)
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Figure 2. Compositional map of
formation enthalpy (AH) for the ternary
Fe-Ni-Al system calculated using the
Miedema model.
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6. Thermodynamic Stability and
Phase Formation

6.1 Thermodynamic Stability
Analysis
This evolution of the calculated
formation enthalpy with respect to
composition  provides a  direct
thermodynamic insight that indicates
the stability of the alloy systems under
investigation. Overall, a more negative
formation enthalpy means that a
stronger driving force for alloy
formation occurs, accompanied by an
increased energetic stability. The
enthalpy curves for the Fe-Al and Al-Ni
binary  systems show  marked
exothermic sections covering broad
composition ranges; highlighting high
chemical interactions between
constituent elements and a tendency for
alloying. Conversely, weakly negative
enthalpy values in compositions
suggest lower thermodynamic driving
force, which can be due to either low
stability or phase separation propensity.
These findings support that formation
enthalpy profiles can be a wvalid
qualitative  indicator to  predict
thermodynamic stability of binary and
multicomponent alloy systems.

6.2 Phase Formation Tendency

Apart from stability issues,
formation enthalpy also suggests phase
constitution of the alloys. Negative
enthalpy numbers are generally
correlated with strong chemical
ordering as they favor the formation of
intermetallic phases, especially in Al-
rich compositions, as atomic sizes and
electronegativity differences are also
large. The decrease of the enthalpy

value causes a decrease in the chemical
ordering drive, which causes the
stabilization of disordered solid-
solution phases taking place. Thus, this
study shows a step transition from the
intermetallic phase preferential phase
shift in Al-rich regions toward solid
solution stabilization as a result of
compositions approaching equiatomic
or Fe-rich regimes. This behaviour is in
line with overall thermodynamic
expectations for transition metal—
aluminum systems.

6.3 Effect of Ni Addition on
Thermodynamic Behavior
The addition of Ni in the Fe-Al
system can modify the thermodynamic
response noticeably. However, the
estimated formation enthalpy trends
imply a systematic decrease in the
absolute value of the exothermic
enthalpy when Fe is partially replaced
by Ni. The same effect is due to similar
atomic characteristics and weaker
chemical interaction between Fe and
Ni, compared to the stronger
interactions between Fe-Al and Al-Ni
pairs. Thus, Ni serves as a moderating
alloying element in facilitating the fine
tuning of the thermodynamic stability
and phase formation tendencies of the
ternar Fe-Al-Ni system. This flexibility
underscores the role of Ni addition in
shaping alloy behavior for
multicomponent Fe-Al-based systems.

7. Thermodynamic Activity
The activity between aluminum

(Al) and iron (Fe) in the binary system
presented in Figure 3 which shows the
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red curve, indicating iron (Fe), begins at
a very low enthalpy value at a ratio of 0
and rapidly increases as the aluminum
content rises towards a ratio of 1. This
means that in the reaction of iron and
aluminum it becomes endothermic as
the aluminum content increases. The
black curve showing aluminum (Al)
decreases enthalpy sharply at a ratio of
0 and reaches a high value at a ratio of
1, indicating that the reaction between
aluminum and other elements in the
system is exothermic. As a whole, the
data reflects quite well the way two
elements in this system interact with
each other, iron reacts via endothermic
heat and aluminum releases heat to iron,
this in addition to its heat-releasing
nature. The latter may have important
implications for material properties in
terms of temperature behavior, and
physics/chemistry at the end of the
production process.

Al

(kJ/mol)
o o
o )

S
IS

S
N

Al Fe

Figure 3. Changes in Activity as a
Function of Composition in the Fe-Al
System.

The activity of iron (Fe) and nickel
(Ni) in the binary system is shown in
Figure 4. The activity of iron (red
curve) increases when the concentration
of nickel decreases, reaching its highest
value when the system is full of iron.
This suggests that higher concentrations

of iron result in greater activity.
Alternatively, the activity of nickel
(black curve) increases with increasing
concentrations of nickel, meaning
nickel is becoming more active as its
concentration builds up in the system.
This is indicative of an inverse relation
between two elements, meaning that
each element works at higher
concentrations in composition of the

alloy is more active.

1 T T T |

08

(kJ/mol)}
o
o

I
IS
"

02f

Figure 4. Changes in Activity as a
Function of Composition in the Ni-Fe
System.

Figure 5 demonstrates the activity
of an AI-Ni solid solution according to
its composition. At low nickel
concentrations, the activity  of
aluminum approaches unity, indicating

that the alloy behaves
thermodynamically similar to pure
aluminum. When the nickel

concentration rises, its activity becomes
significantly higher, while aluminum
activity falls, suggesting that the system
is approaching the behavior of pure
nickel. This means a strong negative
deviation from ideal behavior in the
solid solution due to interactions of the
aluminum and nickel atoms at
intermediate compositions.
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Figure 5. Changes in Activity as a
Function of Composition in the Al-Ni
System.

Figure 6 shows the activity of nickel
(Ni), aluminum (Al), and iron (Fe) in
the ternary system, indicating that the
chemical activity of each element
depends heavily on its concentration in
the mixture. The activity of nickel
increases dramatically in zones where

Actividad Ni Actividad Al

0 al

higher concentrations of Ni (xNi) occur,
suggesting stronger
interactions between nickel and other

chemical

elements as its concentration rises.
Similarly, the activity of aluminum
(xAl) increases when its proportion is
higher in the system, with brighter
colors indicating stronger interactions
between aluminum and the other
elements, such as nickel and iron. For
iron (xFe), activity is higher in areas
with larger amounts of iron, reflecting
stronger chemical interactions between
iron and the other elements in these
regions. Overall, these results indicate
that the relative composition of the
components in the mixture significantly
influences the chemical activity and the
chemical interactions between the
elements.

Actividad Fe

) 0
02 04 06 08 1
XAl

Figure 6. Activity of Nickel, Aluminum, and Iron in a Ternary System.

8. IR Spectrum Analysis

The simulated infrared (IR)
spectrum of the Fe—Al-Ni alloy,
obtained from density functional theory
(DFT) frequency calculations (Figure
7), shows several distinct absorption
bands corresponding to different

vibrational modes. A broad band
observed in the high wavenumber band
area (around 3400-3500 cm™) can be
interpreted to be O-H stretching
vibrations of the adsorbed moisture on
the surface of the alloy. The band at
about 1600 cm™ matches the intensity
of the H-O-H bending vibrations and
confirms the presence of surface
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hydroxyl species. At lower
wavenumber values, strong absorption
features are observed at around 1100—
500 cm™ as are exhibited in metal—
oxygen bonding modes. The band at
about 1000-1100 cm™ can be due to
Al-O and Ni-O stretching vibrations
and the peaks observed at lower
wavenumbers are related to Fe-O
stretching and bending modes. This
vibrational phenomenon is
characteristic of metal-oxygen bonding
at the alloy surface. These infrared (IR)
features provide insight into possible
surface-related interactions, such as
oxidation and adsorption effects under
ambient conditions.

1.0

0.9+
0.8

Fe-O stretch

Ni-O stretch
Fe-O bending

0.7 4
0.6 4

Al-O / Ni-O stretch

0.5+

0O- H (adsorbed moisture)

H-O-H bending

0.4
0.34

Transmittance (a.u.)

0.2+
0.1+
0.0 4

-0.1 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™')

Figure7. Simulated IR spectrum of the
Fe—Al-Ni alloy.

9. Conclusion

In this study, the thermodynamic
behavior of binary and ternary Fe—Al-
Ni alloy systems was investigated using
the semi-empirical Miedema model.
Formation enthalpy values for Fe-Al
and AI-Ni compositions are highly
negative demonstrating that aluminum
dominated the stabilization reaction of
the alloy system. The energetic
stabilization for Fe-Ni binary system,
however, is weaker. Estimated activity

trends further support such strong
chemical interactions for  both
aluminum-rich and intermediate

compositions.

In addition, the vibrational (IR)
analysis offers information about
possible surface-related interactions,
such as oxidation and adsorption
effects. However, these surface features
should be interpreted independently
from the bulk thermodynamic
properties described by formation
enthalpy calculations.

Overall, this work provides a
theoretical understanding of
thermodynamic  stability, activity
behavior, and vibrational characteristics
in Fe-Al-Ni alloys, which may be
useful for future studies and alloy
design.
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