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Abstract

This work develops a combined computational framework to evaluate phase stability and
property trends in Fe-Ti-based alloy systems with relevance to durable infrastructure steels. The
study couples density functional theory (DFT) calculations with CALPHAD thermodynamic
modeling in order to link fundamental energetics with phase-equilibrium predictions across
practical temperature and composition ranges. First-principles calculations are used to determine
formation enthalpies and elastic properties of key Fe-Ti intermetallic compounds, providing
quantitative descriptors that support both stability assessment and property interpretation. In
parallel, the Fe—Ti binary phase diagram is reassessed using the CALPHAD approach, with
thermodynamic parameters calibrated against the computed energetic data. The resulting
description enables a clearer identification of stability domains associated with FeTi- and Fe.Ti-
related phases and provides a consistent basis for discussing phase evolution under thermal
processing conditions that are relevant to steel fabrication routes. Beyond the binary level, the
analysis is extended to the Fe—Ti—Ag ternary system to quantify the influence of Ag additions on
phase stability trends and to establish baseline information that may be useful for future alloying
or surface-engineering strategies targeting combined mechanical performance and functional
behavior. Overall, the proposed DFT-CALPHAD workflow offers a coherent route for predicting
phase stability in Fe—Ti-based systems and for supporting durability-driven materials design in

long-service engineering applications.
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Introduction

Durability has become a central design requirement for modern civil infrastructure. Bridges,
marine structures, industrial facilities, pipelines, water and wastewater systems, and exposed steel
buildings are expected to operate safely for decades while being subjected to complex mechanical
loading, thermal cycling, humidity variations, and chemically aggressive exposure. In many real
projects, the governing factor for service life is not the initial strength ofthe material but the gradual
deterioration caused by corrosion, environmental attack, and microstructure-sensitive damage
accumulation. Corrosion, in particular, is repeatedly identified as one of the most expensive and
disruptive degradation mechanisms, imposing heavy maintenance burdens and reducing the
reliability of both steel and reinforced concrete systems. Global assessments have emphasized that
corrosion represents a major economic loss, motivating research strategies that aim to extend

service life through improved materials and predictive design methodologies [1].

For reinforced concrete (RC) structures, corrosion of embedded steel reinforcement remains one
of the most critical durability threats. Chloride ingress in marine environments and de-icing salt
exposure, as well as carbonation in urban atmospheres, can depassivate the reinforcement surface
and trigger electrochemical corrosion processes. Once corrosion begins, the expansion of corrosion
products generates internal stresses that promote cracking and spalling, which in turn accelerates
moisture and chloride transport and causes faster deterioration. Recent reviews confirm that
chloride-induced corrosion remains a dominant mechanism limiting RC durability and that
addressing it requires both improved material design and better predictive understanding of
exposure-driven damage evolution [2]. In parallel, a wide body of research has explored protective
measures such as coatings, corrosion inhibitors, cathodic protection, and alternative
reinforcements, yet long-term infrastructure performance still strongly depends on the intrinsic
stability of steel microstructure and phase constitution, especially under variable thermal and

chemical histories [3].

In steel structures and steel bridges, atmospheric corrosion is another major concern. Exposed
steel components experience wet—dry cycles, fluctuating oxygen availability, deposition of
chlorides and sulfates, and microclimatic effects that vary significantly across a structure.

Weathering steels are widely used to reduce maintenance costs by developing protective rust layers
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under favorable conditions. However, field performance demonstrates that such protection is not
guaranteed in all environments, particularly under high chloride loads, poor drainage conditions,
or persistent moisture. Several studies and reviews highlight that the protective character of the rust
layer depends strongly on alloy chemistry, microstructure, and the long-term stability of corrosion
products formed during cycling exposure [4,5]. These observations underline a key point for civil
engineering materials: corrosion resistance is not only a function of bulk composition, but also a
consequence of phase stability, transformation pathways, and microstructure development during

fabrication and service.

The need for durable steel systems has therefore strengthened interest in alloy design strategies
that offer robust strength—toughness performance while limiting degradation in harsh
environments. Among the different alloying approaches, titanium occupies an important position.
Titanium is widely employed as a microalloying element in steels, strongly influencing
precipitation behavior, grain refinement, inclusion modification, and strengthening mechanisms. A
comprehensive review on titanium microalloying emphasizes that Ti can significantly improve the
mechanical performance of low-alloy steels through microstructure control and precipitation
hardening, enabling high-performance steels with optimized processing routes [6]. In infrastructure
applications, these effects are of high relevance because structural steels are often required to
deliver both high strength and reliable fracture resistance, especially in welded zones and in thick

sections subjected to complex residual stress fields.

Beyond microalloying, the Fe—Ti system is also characterized by the formation of ordered
intermetallic compounds such as FeTi and Fe:Ti. Intermetallic phases in steels are frequently
treated with caution due to their potential brittleness, yet their presence and stability can play a
decisive role in mechanical response and in the performance of heat-affected zones during welding
or thermal cycling. In practice, civil engineering steels are subjected to manufacturing steps that
may locally reach high temperatures, and long-term service may expose components to
intermediate temperatures or repeated thermal fluctuations. Under such conditions, phase
transformations and intermetallic precipitation may become important, particularly if alloy design
pushes compositions near phase boundaries. Therefore, building a reliable thermodynamic
description of the Fe—Ti system is not simply a theoretical exercise—it is a practical requirement
for predicting microstructural stability and avoiding unexpected embrittlement risks in

infrastructure steels.



Phase diagrams are the cornerstone of such predictive design. They provide a map of stable and
metastable phases as a function of temperature and composition, offering guidance for alloy
selection, processing windows, and heat-treatment strategies. The CALPHAD method
(CALculation of PHAse Diagrams) has become a widely adopted quantitative framework for
modeling phase equilibria in multi-component systems. Rather than relying purely on experimental
mapping, CALPHAD describes phase stability through Gibbs energy functions calibrated against
experimental and computational datasets. This methodology enables thermodynamic predictions
across broad composition and temperature ranges, even when experimental data are incomplete.
As summarized in CALPHAD-focused Springer references, the approach has become the modern
standard for thermodynamic assessment and phase diagram development in complex alloy systems
[7]. For civil engineering steels, CALPHAD provides a valuable tool for predicting equilibrium
phase fractions, identifying potential intermetallic stability zones, and supporting processing

decisions relevant to structural integrity.

However, CALPHAD modeling depends on the quality and completeness of its underlying
energetic and thermodynamic data. For phases that are difficult to isolate experimentally or that
exist only within narrow stability fields, experimental thermodynamic information may be sparse
or uncertain. This limitation has motivated the integration of first-principles calculations into
thermodynamic assessments. Density functional theory (DFT), often referred to as ab initio
computation in materials modeling, offers a high-precision route to calculate formation enthalpies,
elastic constants, and electronic structures from fundamental physics. When used in combination
with CALPHAD, DFT results can serve as energetic anchors that improve the consistency and
predictive capacity of thermodynamic databases. Progress in DFT-informed thermodynamic
modeling has been explicitly discussed in the literature, including works demonstrating how first-
principles energetics can support CALPHAD development and improve reliability for complex
alloy design [8,9]. This integrated strategy is aligned with the broader ICME (Integrated
Computational Materials Engineering) vision, which promotes multiscale computational tools to

accelerate alloy development and reduce reliance on costly trial-and-error experimentation [10].

From the viewpoint of civil engineering and construction materials, such computational
integration is increasingly important. Infrastructure steels and metallic components are expected to
balance strength, ductility, weldability, and environmental resistance over long service lifetimes.
Yet these properties are governed by microstructure, and microstructure is fundamentally linked to

phase stability. Welding, for example, produces complex thermal histories where local heating and
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cooling may promote the formation or dissolution of phases that significantly influence hardness,
toughness, and susceptibility to cracking. CALPHAD-based thermodynamic modeling has been
increasingly applied to joining and welding-related metallurgy, supporting the interpretation of
microstructural evolution and phase stability under welding conditions [11]. By providing a
quantitative basis for predicting which phases may appear during thermal cycles, such modeling
contributes to improved control of mechanical performance and reliability in structural

applications.

While durability and corrosion resistance are central to civil engineering, modern infrastructure
also increasingly demands multifunctionality. In buildings and public spaces, surface hygiene,
contamination control, and resistance to biofouling can become important performance
requirements, particularly in transport infrastructure, healthcare-adjacent facilities, and water-
contact systems. Silver-containing metallic surfaces and coatings have attracted attention because
of silver’s well-established antimicrobial activity. Reviews and research studies report that Ag-
based surface engineering can significantly reduce microbial adhesion and viability, offering
potential functional advantages beyond mechanical performance alone [12-14]. Although silver is
not a conventional alloying addition for structural steel in bulk form, it is relevant for surface
engineering routes, including coatings, claddings, and near-surface modifications, where localized
Ag can deliver functional performance without compromising bulk structural properties. Such
concepts may become more relevant as infrastructure materials design evolves toward life-cycle

performance and multi-criteria optimization[15].

In this broader framework, investigating the Fe—Ti—Ag ternary system becomes meaningful as
a foundational thermodynamic step. The ternary extension is not intended to suggest Ag as a
standard bulk element in construction steels, but rather to provide phase-equilibria insight that can
support future surface-alloy or hybrid strategies. Ternary thermodynamic descriptions also help
quantify whether Ag additions shift stability domains or alter the tendency for intermetallic
formation in Fe-Ti-based alloys. Such information is essential if one aims to develop
multifunctional metallic layers that combine structural durability with functional properties
relevant to the built environment. From a database-development and computational design
standpoint, ternary systems are also a natural next step, since realistic steels and surface-engineered

alloys are rarely binary [16].



Accordingly, the present work applies a dual theoretical approach to the Fe—Ti system and
extends the analysis toward Fe—-Ti—Ag. First, ab initio calculations are employed to obtain high-
precision energetic data and property descriptors for relevant Fe—Ti intermetallic phases. These
calculations provide formation enthalpies and elastic parameters that are important for
understanding both phase stability and mechanical response. Second, a CALPHAD-based
reassessment of the Fe—Ti binary system is performed to reproduce phase equilibria over a wide
range of temperatures and compositions. The thermodynamic modeling is calibrated using the
computed energetic data to improve the quantitative reliability of predicted equilibria. Finally, the
investigation is expanded to the Fe—Ti—Ag ternary system in order to examine the thermodynamic
influence of silver additions on stability trends and to provide baseline information for future

alloying or surface-engineering concepts aimed at enhancing performance.

The main objective of this study is to establish a consistent thermodynamic and property-
oriented description of Fe—Ti-based alloy systems using a coupled DFT-CALPHAD methodology.
Ab initio calculations are employed to provide reliable energetic and mechanical descriptors of the
FeTi and Fe,Ti intermetallic compounds, which are subsequently used to support and calibrate a
CALPHAD reassessment of the Fe—Ti binary phase diagram over a wide temperature—composition
range. In addition, the work is extended to the Fe—Ti—Ag ternary system to quantify the influence
of Ag additions on phase stability trends and to provide baseline thermodynamic information for
future durability-driven alloying and surface-engineering concepts. The novelty of this contribution
lies in the integrated use of first-principles energetics and CALPHAD modeling to deliver a
coherent phase stability framework that connects fundamental thermodynamics with performance-

oriented considerations relevant to long-service infrastructure steels.
2. Materials and Methods

2.1. Study workflow and scope

This work relies on a dual computational strategy to describe phase stability and property trends
in Fe-Ti-based alloy systems, with an additional extension toward Fe—Ti—Ag. The overall
workflow is designed to connect two complementary levels of description. First, density functional
theory (DFT) is used to calculate energetic and mechanical descriptors for the main Fe—Ti
intermetallic phases of interest (notably FeTi and Fe,Ti ). These results provide a reliable atomistic
baseline, particularly for formation enthalpies and elastic behavior. Second, a CALPHAD

thermodynamic assessment is performed to build a consistent description of phase equilibria over
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broad temperature—composition ranges. The DFT energetic information is then used to support the
calibration of thermodynamic parameters and to strengthen the physical consistency of the
reassessed phase diagram. This combined approach enables the discussion of stability domains and
trends in a quantitative way that is directly useful for interpreting microstructure development

under thermal processing conditions.
2.2. First-principles calculations (DFT)
2.2.1. DFT formalism and computational implementation

Electronic-structure calculations were performed within the Kohn—Sham formulation of density
functional theory (DFT) [17] using the Vienna Ab initio Simulation Package (VASP) [18]. The
interaction between valence electrons and ionic cores was treated using the projector augmented-
wave (PAW) method [19], while exchange—correlation effects were described using the generalized
gradient approximation in the Perdew—Burke-Ernzerhof (PBE) form [20]. This setup provides a
reliable and widely adopted framework for evaluating the energetic stability and structural

properties of Fe—Ti intermetallic compounds.
2.2.2. Structural models, relaxation, and numerical settings

Crystal structures of the investigated Fe—Ti intermetallic compounds were constructed based on
their reported stable configurations. For each phase, geometry optimization was performed to
obtain equilibrium lattice constants and relaxed atomic positions prior to extracting energetic and
mechanical properties. A plane-wave kinetic energy cutoff of 500 eV was adopted in all
calculations to ensure stable total-energy convergence and consistent comparison between different
phases. Brillouin-zone sampling was performed using Monkhorst—Pack k-point meshes [21],
selected to provide converged total energies and stresses for each structure. Structural relaxation
was continued until the residual forces on atoms were reduced to sufficiently small values and the
total energy variations between successive ionic steps became negligible. These settings were
chosen to ensure that computed formation energies and elastic responses reflect equilibrium
structures, which is essential when such results are later used as quantitative inputs for

thermodynamic modeling.

2.2.3. Formation enthalpy calculations



The energetic stability of the investigated Fe—Ti1 intermetallic compounds was evaluated using
the enthalpy of formation computed from first-principles total energies. For a compound with

composition Fe,Tim, the formation enthalpy per atom was calculated as:
1
AHFem)Ti(m) = EFe(n)Ti(m)-m( NEFem)*tmETim)) )]

Where Eremriam) is the DFT total energy of the relaxed intermetallic structure, and Epem) and
Etiim) are the DFT total energies of elemental iron and titanium in their stable reference states

(BCC_A1 for Fe and HCP_A3 for Ti).

This definition provides a consistent basis for comparing stability trends among Fe-Ti
compounds and serves as a reliable energetic anchor for the subsequent CALPHAD reassessment,

especially in composition ranges where experimental thermochemical data are limited or uncertain.
2.3. Mechanical property evaluation from elastic constants

2.3.1. Elastic stiffness tensor and polycrystalline moduli

Elastic constants were determined from the DFT stress—strain response by applying a set of
small, symmetry-consistent deformations to the relaxed structures and calculating the resulting
stress tensors. The computed elastic stiffness matrix (C_{ij}) was then used to assess mechanical
behavior and to derive polycrystalline mechanical properties. Bulk modulus (B) and shear modulus
(G) were obtained using standard averaging procedures. In the present study, the Voigt and Reuss
bounds were first evaluated, and the Hill average was then employed as a practical estimate of
polycrystalline moduli [22]. This approach is widely used because it provides a stable link between

single-crystal stiffness and engineering-relevant mechanical indicators.
2.3.2. Derived mechanical descriptors

From the elastic moduli, Young’s modulus (E) and Poisson’s ratio (nu) were calculated using
standard isotropic relations. In addition, the ratio (B/G) (often used as a qualitative
ductility/brittleness indicator) was computed to support comparative discussion between FeTi and
Fe,Ti. While such descriptors do not replace experimental mechanical testing, they provide an
informative first-order basis to interpret stiffness and deformation tendencies of intermetallic
phases. In the context of structural steels and infrastructure materials, these mechanical trends are
relevant because the formation of hard but brittle intermetallic phases may influence damage

sensitivity, especially after thermal processing steps such as welding or heat treatment.



2.4. Optical property calculations (supporting analysis)

Optical properties were evaluated as complementary indicators of functional response, particularly
to maintain consistency with the original scope of the work. Optical spectra were obtained from
the frequency-dependent dielectric function derived from the electronic structure results. From the
dielectric response, standard optical quantities were extracted, including reflectivity, absorption
coefficient, refractive index, and optical conductivity. While the civil engineering framing of the
paper emphasizes durability and long-service performance, these results remain valuable for
broader functional interpretation and for documenting the contrast between FeTiand Fe,Tiin terms

of electronic/optical behavior.
2.5. CALPHAD thermodynamic modeling
2.5.1. Thermodynamic background and modeling strategy

Thermodynamic calculations were carried out using the CALPHAD method, which provides a
structured and quantitative framework to describe Gibbs free energies of phases and to compute
equilibrium phase diagrams across wide composition and temperature ranges [23]. Within
CALPHAD, each phase is represented through a Gibbs energy model containing reference terms,
ideal mixing contributions, and excess functions describing non-ideal interactions. Parameter
optimization is performed by fitting to available experimental phase-equilibrium information and

reliable thermodynamic constraints.

In this framework, the unary reference Gibbs energy of an element iii is defined relative to its

standard element reference (SER) state as :
°Gy(T)= G(T)-Hy*"
are represented by Eq.(2):
°G;(T)=a+ bT+ cTIn(T)+dT*+eT-+FT3+HT*+KT- ()

For substitutional solution phases, the molar Gibbs energy of a phase a\alphaa can then be

expressed in the standard CALPHAD form as:

MG =Xpe ot X 1iG i RT (X peInXretXr; InXmi)H XpeX i) Xi[CAHBT) ( Xpe—X1:)'] (3)



Where Xp, and Xp; are the mole fractions of Fe and Ti, respectively, R is the universal gas
constant, and T is the absolute temperature. The interaction parameters ‘A and ‘B were determined

through thermodynamic optimization.
2.5.2. Reference states and unary descriptions (SGTE)

To ensure consistency with widely accepted thermodynamic conventions, the Gibbs energies of
pure elements were described using the SGTE formulation, which provides standardized unary
reference functions for many metallic elements [24]. In practice, Fe in the BCC Al structure and
Ti in the HCP_A3 structure were used as SER reference states. The SGTE unary functions are
commonly represented using temperature-dependent expressions over different temperature

intervals, where the coefficients are adjusted accordingly.
2.5.3. Fe—Ti binary reassessment and parameter calibration

A CALPHAD reassessment of the Fe—Ti binary system was conducted to reproduce phase
equilibria and key invariant reactions over a broad temperature—composition window. The
optimization strategy aimed to maintain agreement with available phase-equilibrium constraints
while also being compatible with the energetic stability of the main intermetallic compounds
obtained by DFT. In practical terms, the DFT formation enthalpies were treated as strong energetic
anchors for intermetallic stability, helping to constrain the Gibbs energy functions of compound
phases and to reduce uncertainty in regions where experimental thermochemical data may be

limited.
2.6. Extension to the Fe—Ti—Ag ternary system

To explore alloying-driven phase stability trends beyond the binary level, the thermodynamic
description was extended to the Fe—Ti—Ag ternary system. This extension enables the study of how
Ag additions influence equilibrium phase relations and stability domains. Ternary phase
information provides essential context for interpreting potential stability shifts and for supporting
future alloying or surface-engineering concepts. Where relevant, literature-based ternary
constraints and known phase-relation observations were used as guidance to keep the ternary
description physically consistent [25]. The ternary calculations were then used to generate
isothermal sections and stability trends that complement the binary reassessment and support

comparative interpretation of the effect of silver.

3. Results and Discussion
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3.1. CALPHAD reassessment of the Fe—Ti binary system and phase-equilibrium

interpretation

A reliable thermodynamic description of the Fe—Ti binary system is a fundamental requirement
for predicting phase stability and microstructural evolution in Fe—Ti-containing alloys over
practical processing conditions. In the present work, the CALPHAD methodology was employed
to reassess phase equilibria in Fe—Ti across a broad temperature—composition range, enabling a
quantitative interpretation of stability domains relevant to the appearance of ordered intermetallic
phases and their sensitivity to thermal processing histories. The Fe—Ti system has been studied
extensively because of its technological importance and the presence of intermediate compounds
such as FeTi and Fe,Ti, yet reported descriptions still show variations depending on the choice of
models and thermodynamic assumptions. Early CALPHAD-oriented evaluations were introduced
by Kaufman and Nesor [26] and further refined by subsequent assessments including Murray [27],

Hari Kumar et al. [28], and Dumitrescu et al. [29].

Figure 1 shows the calculated Fe-Ti binary phase diagram obtained from the present
CALPHAD reassessment, highlighting the stability domains of FeTi- and Fe,Ti -related phases
over a wide temperature—composition range and Tablel presented the reaction of Fe-Ti binary

system.
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Figure 1: Calculated phase diagram of the Fe—Ti binary system obtained from the present

CALPHAD assessment.
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Tablel : The reaction of Fe-Ti binary system.

Reéactions T(K) Composition Reférences.
(Ti at%)

L <Fe+FexTi | 1562 - [36]

1599 0.25 [37]

1566 0.275 [38]

1559 0.260 [39]

1560 0.30 This work
Fe,Ti <L 1700 - [36]

1696+-6 - [37]

1710 0.33 [38]

1706 0.329 [39]

1691 0.34 This work
L + Fe;Ti<>FeTi | 1590 - [36]

1589+-9 - [37]

1578 0.5 [38]

1592 0.492 [39]

1608 0.395 This work
L < FeTit+ | 1353 0.78 [36]
BCC-Ti 1359+-7 0.77 [37]

1355 0.676 [38]

1352 0.77 [39]

1350 0.70 This work
BCC-Ti < | 848-873 0.86-0.87 [37]
FeTi+ HCP-Ti 861 0.869 [38]

856 0.865 [39]

856 0.87 This work

As shown in Figure 1, the distribution of FeTi and Fe,Ti stability fields provides a direct

thermodynamic reference for interpreting phase selection during thermal processing.

A central issue in Fe—Ti thermodynamics is the accurate positioning of stability regions for FeTi
and Fe.Ti, since these intermetallic phases strongly influence microstructural reliability and
mechanical response when they form during solidification or heat treatment. In practical alloy
processing, phase stability is not only a theoretical matter: the occurrence of hard intermetallic
phases may alter toughness and deformation behavior, particularly under thermal cycling
conditions relevant to fabrication routes such as hot working, heat treatment, and welding. For this
reason, the reassessment strategy in this study aimed at generating a phase-equilibrium description
that remains consistent with established experimental boundaries while being sufficiently robust

for coupling with energetic stability trends derived from first-principles calculations.
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From a CALPHAD standpoint, the Gibbs energy functions of phases are optimized to reproduce
phase boundaries, invariant reactions, and solubility limits while maintaining consistency between
the descriptions of solution phases and intermediate compounds. For Fe-rich alloys, magnetic
contributions can significantly affect calculated equilibria, which is why several thermodynamic
formulations incorporate magnetic models to represent Fe-based phases more realistically. A
representative approach addressing alloying effects in ferromagnetic metals was discussed by
Hillert and Jarl [40], and additional modeling perspectives were later reported by Jonsson [41].
Incorporating these considerations is especially important when stabilizing the Fe-rich side of the
diagram, where small energetic shifts can produce noticeable differences in calculated phase

boundaries.

In addition to classical binary reassessments, more recent works have continued to refine Fe-Ti
thermodynamic modeling by combining CALPHAD with first-principles energetics. For example,
Bo et al. performed an experimental study and thermodynamic assessment of the Cu—Fe—Ti system,
highlighting how CALPHAD can be constrained through multi-system consistency [42]. More
directly within Fe—Ti, Santhy and Hari Kumar applied a coupled CALPHAD—-VASP strategy and
a multi-sublattice framework to model magnetic Laves-type behavior using first-principles input
[43]. Such contributions support the underlying motivation of the present approach: DFT-derived
energetic descriptors can strengthen thermodynamic optimization and reduce uncertainty,
particularly when experimental thermochemical data are incomplete, scattered, or difficult to

interpret.

Within this study, the reassessed Fe—Ti description was also developed with the intention of
supporting extension toward Fe—Ti—Ag. The reliability of a ternary extrapolation depends strongly
on the internal consistency of the underlying binaries, since additional degrees of freedom in a
ternary model may amplify uncertainties if the binary thermodynamics are weakly constrained. In
this regard, available experimental ternary information—such as the isothermal section work on
Ag—Fe-Ti at 1123 K—provides important guidance for keeping phase relations physically
meaningful when expanding beyond Fe—Ti [44].

Overall, the Fe-Ti reassessment established in this work provides a coherent equilibrium
framework that supports two complementary interpretations. First, it enables a thermodynamic
mapping of FeTi- and Fe.Ti-related stability domains and clarifies composition—temperature

regions where intermetallic formation is expected under equilibrium conditions. Second, it offers
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a quantitative basis for linking processing windows to expected phase evolution, which is essential
when interpreting microstructure development during thermal exposure in long-service
engineering materials. This predictive capability becomes particularly useful when the CALPHAD
optimization is supported by first-principles energetic anchors rather than relying exclusively on
experimental equilibrium constraints, improving the physical credibility of the calculated stability

trends.
3.2. DFT-based stability and mechanical implications of FeTi and Fe.Ti

In addition to the CALPHAD reassessment, first-principles calculations provide a direct
energetic and mechanical perspective on the stability of Fe—Ti intermetallic phases. In the Fe—Ti
system, FeTi and Fe,Ti represent two key ordered compounds whose stability and properties
strongly influence phase selection and microstructure evolution. From a thermodynamic
standpoint, the formation enthalpy calculated by DFT offers an atomistic measure of the driving
force for compound formation, which is particularly valuable when experimental thermochemical
datasets are scarce, scattered, or affected by uncertainties associated with sample preparation and

phase purity.
3.2.1. Formation-enthalpy stability and comparison with literature thermochemistry

The stability of FeTi and Fe,Ti was quantified through their calculated formation enthalpies at
0 K. This approach enables a consistent ranking of intermetallic stability and provides energetic
anchors that can be used to reinforce the Gibbs-energy description in the CALPHAD assessment.
Such a strategy is especially relevant for intermetallic phases because the energetic separation
between competing ordered structures may be small, and equilibrium stability can be sensitive to

the adopted thermodynamic parameters.

Table 1 lists the calculated structural parameters of FeTi and Fe;Ti obtained after full geometry

relaxation, which serve as the equilibrium baseline for energetic and mechanical evaluation.
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Table 1: Structural parameters of the Fe-Ti system worke [45][46]

Lattice parameter

(A)

A C

Ti 2.9152193 4.6193
2.9506 4.6825
2.944 4.674

FeTi 2.95116145 -
3.0175 -
2.969 -

FesTi 4.78305 7.76722
4.778 7.761
4.785 7.799

These relaxed structural descriptors confirm that the subsequent property calculations are

performed on equilibrium configurations.

Figure 2 compares the formation enthalpies of Fe—Ti intermetallic compounds as a function of
Ti concentration, combining the present results with representative calorimetric and computational

values reported in the literature.
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Figure 2: Formation enthalpies of Fe—Ti intermetallic compounds as a function of Ti content,
comparing the present calculations with reported calorimetric and ab initio/ CALPHAD literature

data.
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The agreement with published reference values supports the reliability of the present energetic

descriptors used to anchor the thermodynamic modeling.

Experimental thermochemical investigations have previously reported formation or mixing
enthalpies for FeTi and Fe,Ti, offering an important reference point for validating computational
trends. For example, Gachon et al[48]. measured enthalpy values associated with Fe,Ti using direct
reaction calorimetry at elevated temperatures, while Dinsdale and co-workers reported calorimetric
formation enthalpies for FeTi, illustrating the temperature dependence and the practical challenges
of extracting stable reference data for such ordered compounds [53]. The agreement between first-
principles energetics and these experimental trends strengthens confidence in using DFT-derived

formation enthalpies as quantitative inputs for thermodynamic reassessment.

From an engineering viewpoint, the energetic stability of these compounds also provides insight
into phase-selection tendencies during processing. If a thermal exposure path enters a composition—
temperature domain where FeTi or Fe;Ti becomes highly stable, precipitation or retention of these
phases may become thermodynamically favored. This is relevant for infrastructure steel concepts
because the formation of hard intermetallic particles can improve strength locally but may also
promote brittleness, reduce damage tolerance, and increase crack sensitivity under cyclic loading

or thermal gradients.
3.2.2. Structural features and mechanical stiffness

Since civil engineering steels are often designed for long-term structural reliability rather than
short-term peak strength alone, the stiffness and brittleness indicators derived from mecanical
properties can be directly relevant when evaluating whether intermetallic formation is beneficial

or risky in service environments.

In the present work, bulk modulus and shear modulus trends were extracted as primary measures
of lattice incompressibility and resistance to shear deformation. These moduli were subsequently
used to compute practical engineering descriptors such as Young’s modulus and Poisson’s ratio,
which are commonly used to interpret elastic stiffness and deformation compatibility in
polycrystalline materials. The use of standard polycrystalline averaging schemes provides a
reasonable bridge between single-crystal elastic constants and engineering-relevant moduli. Such
approaches are well established for representing realistic aggregate behavior when directional

texture is not explicitly considered.
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A particularly useful indicator for comparative discussion is the (B/G) ratio, which is frequently
used as a qualitative measure distinguishing ductile-like and brittle-like trends in crystalline solids.
While this ratio cannot replace experimental fracture or toughness testing, it provides a consistent
screening metric for judging whether a given intermetallic phase may exhibit relatively brittle
mechanical tendencies. In infrastructure-related steel applications, this is important because brittle
intermetallic domains can introduce stress concentration points and may reduce tolerance to

welding-induced residual stresses, thermal cycling, or long-term fatigue degradation.

In addition to elastic-modulus descriptors, the temperature dependence of thermodynamic
functions provides complementary insight into the stability behavior of FeTi and Fe,Ti under

elevated-temperature conditions.

Figure 3 shows the temperature dependence of Gibbs free energy, entropy, and heat capacity for
(a) FeTi and (b) Fe;Ti , offering a supporting thermodynamic perspective that extends the

formation-enthalpy comparison beyond 0 K.

T T 800 T T I I

— Free energy [k)/mol] ; ;
— Entropy [J/K/mol]
— G, [J/&/mol]

T T
—— Free energy [k]/mol]
—— Entropy [J/K/mol]

— Cy [J/K/mol]

100

8o

60

401

20

—20}f

_aol —200

—60F I I i i 1
0 200 400 800 800 1000 —400
Temperature [K]

i i
0 200 400 600 800 1000
Temperature [K]

Figure 3 : Temperature dependence of Gibbs free energy, entropy, and heat capacity for (a) FeT1
and (b) Fe,Ti.

These temperature-dependent trends complement the energetic and mechanical analysis by
clarifying how thermodynamic driving forces evolve with temperature for the two intermetallic

phases.
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3.2.3. Implications for infrastructure steel microstructures

The relevance of FeTi and Fe;Ti is not limited to equilibrium thermodynamics, but extends to
practical microstructural evolution during fabrication and service. Intermetallic compounds can
form during solidification, heat treatment, or exposure to elevated temperatures, and their
persistence depends on kinetic accessibility and thermodynamic driving forces. A CALPHAD-
DFT workflow therefore allows phase stability predictions to be interpreted in a materials-
processing context: DFT establishes stability and stiffness trends for the ordered phases, while

CALPHAD maps where these phases become stable across composition and temperature.

From a civil engineering perspective, the key issue is not only whether FeTi or Fe,Ti can exist,
but how their formation would affect durability-driven performance targets such as toughness
retention, deformation compatibility, and resistance to damage accumulation over long service
lives. In practical terms, if FeTi or Fe;Ti are stabilized and form as coarse or continuous regions,
they can act as mechanically mismatched constituents relative to the surrounding Fe-rich matrix.
Conversely, if stability and processing conditions allow these phases to remain limited in fraction
or morphology, their effect may be less severe and can even be exploited in niche strengthening

strategies.
3.2.4. Context from prior structural measurements

Structural characteristics and homogeneity ranges reported in the literature provide useful
context for interpreting the computational results. For example, Dew-Hughes examined the effect
of alloying on FeTi hydride-related behavior and reported data related to homogeneity and lattice
parameters [45], while further CALPHAD-oriented studies addressing ordered Fe—Ti compounds
and their stability were discussed by Keyzer et al. [46]. These references reinforce the broader
conclusion that FeTi and Fe;Ti are not only thermodynamically relevant phases, but also
structurally sensitive compounds whose composition ranges and lattice behavior are important

when linking thermodynamics to microstructural evolution.

Finally, when interpreting DFT formation energies in a broader computational materials-design
context, it is useful to recognize that formation-enthalpy predictions are subject to systematic errors
depending on functionals and dataset consistency. Large databases such as OQMD provide an
established reference for assessing accuracy and trends in DFT formation energies across

intermetallic systems [49]. This perspective supports the methodology adopted here, in which DFT
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results are not treated as isolated outputs but are integrated into a thermodynamic modeling
framework where internal consistency and phase-equilibrium compatibility are ultimately

enforced.
3.3. Mechanical-property trends and engineering interpretation

While the formation-enthalpy analysis clarifies thermodynamic stability, the mechanical
response of Fe—Ti intermetallic phases ultimately governs whether their presence is beneficial or
detrimental for infrastructure-oriented steels. In structural applications, high stiffness may
contribute to strength and dimensional stability; however, excessive brittleness or elastic
incompatibility between phases can accelerate damage accumulation, promote microcracking, and
reduce fracture tolerance. For this reason, the present work evaluates mechanical trends derived

moduli as quantitative indicators of stiffness and deformation behavior.

3.3.1. Bulk modulus and shear modulus as stiffness descriptors

To interpret stiffness at the polycrystalline level, the bulk modulus (B) and the shear modulus
(G) were extracted from the calculated elastic constants using standard polycrystalline averaging.
The bulk modulus reflects resistance to volumetric compression and is relevant when discussing
lattice compactness and structural rigidity. By contrast, the shear modulus is strongly linked to
resistance against shape change and is often more sensitive to bonding character and shear-related
deformation mechanisms. In engineering terms, (QG) is a particularly important descriptor because
it correlates more directly with plastic deformation resistance and, in many cases, with brittle-like

mechanical trends.

Table 3 summarizes the derived polycrystalline mechanical indicators, including bulk modulus
(B), shear modulus (G), Young’s modulus (E), Poisson’s ratio (nu), and the (B/G) ratio, which are

used here to interpret stiffness and ductility-related tendencies.
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Table 3 : Mechanical properties of FeTi and Fe,Ti: this work and literature comparison [54—59].

Mechanical property FeTi FeoTi

221[this worke] 194.082[this worke]
B(GPa) 192[54] -

160.8+2[55] -

189[56] -

186[57] -

328[this worke] 237.78[this worke]
Y (GPa) 245[54] -

223[55] -

213[56] -

131[this worke] 91.75[this worke]
G(GPa) 95[54] -

88[55] -

81[56] -

0.25[this worke] 0.30[this worke]
o(GPa) 0.28[54] -

0.26[55] -

0.313[56] -

15.62[58] 8.64[this worke]
Vicher’s hardness(GPa) 16[59] 9.62[this worke]
Vicher’s hardness(GPa) 1.69 (thisworke) 2.12[this worke]
B/G 2.021[54] -

1.818[55] -

2.33[56] -
CP (GPa) 3.2(this worke) 0.31 [this worke]
P” 0.25(this worke) 0.50 [this worke]
L’ 0.59(this worke) 6780.856[this worke]
Longitudinal sound velocity(m s?) 7046.288]this worke] 3580.548[this worke]
Transverse sound velocity(m s) 4051.735][this worke] 4002.799[this worke]
Average sound velocity(m s?) 4499.785][this worke] 509.2[this worke]
Op(K) 584.3[this worke]

These moduli provide an engineering-oriented comparison of how FeTi- and Fe,Ti-related

constituents may influence deformation compatibility in Fe—Ti-containing steels.
3.3.2. Young’s modulus and deformation compatibility

Young’s modulus (E) represents the uniaxial stiffness of an isotropic elastic solid. From an
infrastructure-materials perspective, (E) is crucial because it determines deformation compatibility
between phases in multi-phase microstructures. If intermetallic phases exhibit substantially higher
stiffness than the surrounding Fe-rich matrix, local stress concentrations can develop at phase

boundaries during loading or thermal cycling. Over long service durations, this mismatch can
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contribute to crack initiation and growth under fatigue or stress-corrosion conditions. For this
reason, stiffness trends must be interpreted together with phase stability predictions: even a small

fraction of a very stiff and brittle phase can influence the integrity of structural steels.
3.3.3. Poisson’s ratio and bonding character

Poisson’s ratio (\nu) provides additional insight into bonding and deformation response. Lower
(\nu) values are often associated with directional bonding and limited plastic accommodation,
whereas higher values tend to indicate increased shear compliance and better strain
accommodation. Although Poisson’s ratio alone cannot define ductility, it is valuable as a
supporting descriptor—especially when it is consistent with the interpretation obtained from the

(B/G) ratio.
3.3.4. Pugh’s ratio (B/G): qualitative ductility—brittleness tendency

The (B/G) ratio (Pugh’s criterion) is widely used as a first-order screening metric to distinguish
ductile-like from brittle-like behavior in crystalline solids. A relatively high (B/G) ratio is often
interpreted as a more ductile tendency, while lower values suggest higher brittleness. In the present
context, this metric helps translate phase-level elastic trends into an engineering-oriented

discussion relevant to service reliability.

For infrastructure steels, the implication is direct: if FeTi or Fe,Ti phases appear within
microstructures as coarse particles, continuous networks, or grain-boundary films, their brittle
tendency may reduce fracture resistance and increase fatigue sensitivity. Conversely, if their
formation is suppressed through careful control of composition and thermal processing (as
suggested by phase-diagram constraints), the alloy may retain a more favorable balance between

stiftness and damage tolerance.

3.3.5. Engineering relevance to long-service structural steels

The combined CALPHAD-DFT approach used in this work offers a practical way to link
thermodynamics to mechanical performance considerations. CALPHAD predicts which phases are
stable under equilibrium conditions and how stability changes with temperature, while DFT
provides mechanical descriptors for the phases most likely to form. Together, these results support
a durability-driven interpretation relevant to civil engineering materials: microstructures that avoid

extensive intermetallic formation are expected to exhibit improved deformation compatibility and
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potentially greater tolerance to long-term service conditions such as cyclic mechanical loading,

welding-related residual stresses, and thermal gradients in outdoor exposure environments.
3.4. Processing and durability implications for infrastructure steel

Although the present work is primarily computational, the outcomes can be interpreted in a
practical processing context that is highly relevant to infrastructure steels. In civil engineering
applications, long-term performance is typically governed not only by nominal strength, but also
by microstructural stability under fabrication and service conditions. In other words, a material that
performs well in short-term laboratory testing may still become problematic in real structures if it
develops brittle constituents, becomes sensitive to thermal cycling, or exhibits phase-instability-

driven degradation over time.
3.4.1. Phase stability as a processing map

A key advantage of the CALPHAD reassessment is that it provides a thermodynamic “map”
indicating which phases are expected to be stable under specific temperature—composition
conditions. From an engineering viewpoint, this type of map is valuable because it transforms the
phase diagram from a descriptive tool into a processing guideline. For Fe—Ti-based systems, the
stability domains of FeTi and Fe,Ti are particularly important because these ordered intermetallic
phases may form during solidification, heat treatment, or extended thermal exposure. Once present,

their fraction and morphology can strongly influence mechanical response.

For infrastructure steels, this matters because fabrication routes often involve complex thermal
histories rather than a single controlled heat treatment. For example, steel components may
experience hot rolling, controlled cooling, local reheating during welding, and in some cases stress-
relief treatments. If these thermal steps intersect regions where Fe—Ti intermetallics are
thermodynamically favored, precipitation may occur even if the alloy was initially designed to be
predominantly Fe-rich. Therefore, understanding the stability windows of FeTi- and Fe,Ti -related
equilibria provides an essential basis for controlling microstructure and avoiding undesirable phase

formation.
3.4.2. Welding and thermal cycling sensitivity

One of the most practically relevant processing challenges for civil engineering steels is
welding. Welding introduces steep thermal gradients and localized exposure to elevated

temperatures, often followed by relatively rapid cooling. Such thermal cycles can trigger
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dissolution and re-precipitation phenomena, particularly in alloys containing strong compound-
forming elements. Even when equilibrium conditions are not fully reached, CALPHAD predictions
still provide a valuable baseline for identifying which phases represent the dominant

thermodynamic “attractors” in different temperature regions.

Within this framework, FeTi and Fe;Ti can be viewed as potential stability endpoints in Ti-
containing steels if local composition and temperature conditions permit their formation. From a
durability standpoint, this is critical because brittle intermetallic phases can act as crack-initiation
sites under residual stresses and service loading. As a result, the thermodynamic description
developed here supports durability-oriented processing decisions: it helps identify compositional
and thermal windows where the formation of these phases is minimized, which is beneficial for

maintaining fracture resistance and long-term structural reliability.
3.4.3. Microstructural reliability and deformation compatibility

Infrastructure steels are typically used in large, load-bearing components where damage
tolerance, ductility, and fatigue performance are as important as strength. In such systems,
microstructural reliability depends heavily on deformation compatibility between phases. If
intermetallic compounds are significantly stiffer and more brittle than the surrounding matrix,
elastic and plastic mismatch can increase local stress concentrations at interfaces. Over long service
periods, such mismatch can accelerate microcrack formation, particularly under cyclic loading,

low-temperature service, or corrosion-assisted mechanisms.

The mechanical descriptors obtained from DFT (e.g., stiffness-related moduli) therefore provide
useful phase-level indicators that complement the phase-equilibrium predictions. Together, the
CALPHAD and DFT results suggest that the principal engineering risk is not simply the existence
of FeTior Fe,Tiin the phase diagram, but rather the extent to which processing routes might drive

the alloy into regions where these phases become significant microstructural constituents.
3.4.4. Durability-driven interpretation for civil engineering applications

From the perspective of civil engineering materials, durability is often defined by stable
performance over decades under variable environmental exposure, mechanical loading, and
maintenance constraints. Within this context, the present computational approach offers two
practical contributions. First, it provides a consistent thermodynamic description that can support

predictive phase-equilibrium analysis as a function of temperature and composition. Second, it
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supplies atomistic energetic and mechanical indicators that strengthen the interpretation of which
phases are not only stable, but also potentially harmful to mechanical integrity if they develop in

appreciable amounts.

While the present study does not directly model corrosion or fracture, the phase-stability
framework established here is still relevant to durability because microstructural instability is
frequently a precursor to degradation. Therefore, the DFT-CALPHAD workflow can be viewed as
a rational screening tool: it helps identify stability-driven microstructural risks early in the design
stage, and it supports durability-oriented alloy design strategies for infrastructure steel concepts

where long service life and reduced maintenance are key objectives.

3.5. Optical properties (supporting/secondary section)

Although the main emphasis of the present study is placed on phase stability and mechanical
reliability for durable infrastructure steels, optical-property trends were also evaluated as
supporting indicators to preserve continuity with the original scope of the work. In Fe-Ti
intermetallics, optical response is directly linked to the electronic structure and the distribution of
available energy levels for electronic transitions. Therefore, even when optical performance is not
the primary target in civil engineering applications, these calculations remain useful for confirming
phase-dependent electronic differences and for highlighting functional contrasts between FeTi and
Fe,Ti. Figure 4 summarizes the calculated optical functions of FeTi and Fe;Ti, including
absorption, reflectivity, extinction coefficient, and refractive index, providing a supporting

electronic-structure comparison between the two phases.
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Figure 4: Variation of optical parameters as a function of photon energy: (a) absorption
coefficient a, (b) reflectivity, (c) extinction coefficient, and (d) refractive index.

Although secondary to the civil-engineering focus of the study, these results reinforce that FeTi

and Fe;Ti exhibit distinct electronic responses consistent with their structural differences.

3.5.1. Absorption coefficient

The calculated absorption spectra show a clear distinction between the two intermetallic phases.
FeTi displays a relatively high and broadly distributed absorption coefficient over a wide photon-
energy interval, suggesting a richer set of allowed electronic transitions and a more continuous
absorption capability. By contrast, Fe,Ti exhibits lower absorption levels overall, with a more
limited response that can be associated with its different symmetry and reduced electronic-

transition availability compared with FeTi. This behavior is consistent with the trends reported in
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Figure 4(a), where absorption in Fe;Ti decreases more rapidly at higher photon energies, while

FeTi maintains a more extended absorption window.

From a materials-interpretation standpoint, this result reinforces that FeTi behaves as a more
optically active compound across a broader range of energies, whereas Fe,Ti exhibits a more
restricted absorption response. Such differences are expected for intermetallic phases with distinct
crystal symmetry and electronic band characteristics, and they provide a complementary

electronic-level contrast alongside the mechanical-property discussion.
3.5.2. Reflectivity behavior

The reflectivity curves further highlight phase-dependent electronic differences. As illustrated
in Figure 4(b), FeTi exhibits weaker reflectivity at low energies combined with oscillatory features,
indicating complex electronic transitions and energy-level structure. At higher photon energies,
reflectivity remains notable before gradually declining beyond roughly 18 eV.
In contrast, Fe;Ti presents a comparatively high and nearly constant reflectivity at low energies up

to about 15 eV, followed by a more abrupt drop.

These contrasting trends support the interpretation that the electronic structures of FeTi and
Fe,Ti differ significantly, which is consistent with their distinct crystallographic character. In
practical terms, even though such optical signatures are not typically decisive for infrastructure
steels, they remain useful as an internal consistency check showing that the two intermetallic

phases cannot be treated as electronically equivalent.
3.5.3. Extinction coefficient

The extinction coefficient curves provide another perspective on attenuation and absorption
intensity across photon energy. According to Figure 4(c), Fe>Ti shows a pronounced peak at low
energies followed by a gradual reduction toward near-zero values around 15 eV, indicating
localized absorption behavior and relatively mild attenuation at higher energies.
FeTi, however, maintains a broader extinction response with stronger oscillations up to
approximately 18 eV, which suggests more intense and distributed absorption across a wider energy

interval.

This difference can again be interpreted through the structural contrast between the two
compounds: the cubic FeTi phase tends to support a broader range of electronic transitions, while

the hexagonal Fe,Ti phase is associated with more selective transition windows.
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3.5.4. Refractive index trends

The calculated refractive-index behavior (Figure 4(d)) indicates broadly similar qualitative
features for the two phases across the investigated energy range, including high values at elevated
energies followed by a pronounced decrease toward low energies and stabilization near small
values with minor oscillations. Although the refractive-index response does not introduce a major
phase separation trend as strong as absorption or reflectivity, it still supports the overall conclusion

that FeTi and Fe,Ti display distinct optical signatures tied to their underlying electronic structures.
3.5.5. Relevance of optical trends within a civil-engineering framing

In the context of civil engineering materials, the primary value of these optical results is not
direct structural design, but rather the confirmation that FeTi and Fe,Ti differ substantially in
electronic response, consistent with their mechanical and thermodynamic distinctions.
Accordingly, optical-property calculations can be viewed as supportive evidence that strengthens
phase-level interpretation and emphasizes that the choice of phase constitution in Fe—Ti-containing

steels may also influence secondary functional properties.
3.6. Fe—Ti—Ag ternary extension: phase stability trends and interpretation

The extension from the Fe—Ti binary backbone to the Fe-Ti—Ag ternary system provides a more
realistic thermodynamic view of how alloying or surface-related Ag enrichment could influence
phase stability. Importantly, the purpose of this ternary investigation is not to claim that silver
should be used as a conventional bulk addition in construction steels, but rather to quantify stability
shifts and phase-equilibrium constraints that may become relevant in specialized durability-driven

concepts, including surface alloying, functional claddings, or hybrid metallic layers.

3.6.1. Fe—Ag binary backbone and immiscibility constraint

Before interpreting ternary behavior, it is useful to recall that Fe and Ag show very limited
mutual solubility. This feature places a strong constraint on ternary equilibria, because it tends to
favor phase separation and limits the extent to which Ag can be incorporated into Fe-rich phases
under equilibrium conditions. The calculated Fe—Ag binary phase diagram illustrates this
immiscibility clearly and confirms that Fe and Ag remain essentially insoluble in one another

across the composition range.
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Figure 5 presents the calculated Fe-Ag binary phase diagram, confirming the strong

immiscibility and limited mutual solubility between Fe and Ag over the investigated composition

range.
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Figure 5: Phase diagram of the calculated Fe-Ag system.

Table 3 summarize Reactions of the Fe-Ag system.
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This binary constraint is important because it shapes the topology of the Fe-Ti—Ag ternary

equilibria and limits the extent of Ag incorporation into Fe-rich phases.

From an engineering viewpoint, this result is meaningful: it implies that any Ag-related effects
in Fe-Ti—Ag are more likely to appear through phase-boundary shifts, the stabilization of Ag—Ti
intermetallics, or microstructural partitioning rather than through substantial solid-solution

strengthening of Fe-rich structural phases.

3.6.2. Isothermal section at 1123 K: phase fields and absence of ternary compounds

The key ternary result of this study is the calculated isothermal section of Fe—Ag-Tiat 1123 K,
which indicates that no ternary compound is present under these conditions. Instead, the
equilibrium constitution is governed by binary and terminal phases, with phase relations organized

into multiple single-, two-, and three-phase regions.

The diagram indicates that phase equilibria are dominated by binary intermetallics (FeTi, Fe Ti

, AgTi, and AgTiy) together with the terminal solution phases.

At 1123 K, the predicted single-phase fields include Fe, Ag, BTi, FeTi, Fe,Ti, AgTi, and AgTis.
This outcome reinforces a physically consistent picture: Ag preferentially forms intermetallics with
Ti (AgTiand AgTiz), while Fe—Ti maintains its own ordered compounds (FeTi and Fe,Ti), and Fe—

Ag remains largely immiscible.

Beyond single-phase regions, the isotherm contains a set of two-phase domains such as Fet+Ag,
Fe:Ti+Ag, FeTitAg, FeTi+AgTi, FeTi+AgTi,, BTi+FeTi, and BTi+AgTi,. These fields reveal the
thermodynamic structure of the system: in broad terms, Ag tends to coexist either with Fe-rich
terminal phases or with Fe-Ti intermetallics, while Ti-rich compositions strongly favor Ag—Ti

compound formation.

The calculated isotherm also contains three-phase regions, which define more restrictive
equilibrium intersections that are often useful for validating the topology against experimental
phase-relation observations. Examples include Fe+Ag+Fe,Ti and FeoTi+AgTi+AgTi,. Such three-
phase triangles are particularly informative because they represent fixed equilibrium combinations

at the selected temperature and therefore offer clear constraints on phase assemblages.
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3.6.3. Comparison with experimental reference data

A practical strength of the ternary extension is that it can be compared against the limited
experimental information available for Ag—Fe-Ti. In the present work, the calculated isothermal
section at 1123 K was contrasted with the experimental study of van Beek et al [44], which is
reported as the key available reference for this system. The comparison suggests overall agreement

in the main topology, while differences appear primarily in Ti-rich regions.

As shown in Figure 6, the calculated Fe—Ag—Ti isothermal section at 1123 K reproduces the
main experimental phase-field topology reported by van Beek et al., supporting the reliability of

the present ternary thermodynamic description.
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Figure 6 : Calculated isothermal section of the Fe—Ag—Ti ternary system at 1123 K

The remaining differences are mainly confined to Ti-rich regions, where strong Fe—Ag
immiscibility and the presence of multiple Ag—Ti intermetallics can shift calculated phase
boundaries with relatively small changes in assessed parameters. Such discrepancies are not
unusual in ternary thermodynamic descriptions, especially when one side of the ternary has strong
immiscibility (Fe—Ag) and the other side contains multiple intermetallic compounds (Ag-Ti),
because small changes in assessed unary or binary parameters can shift phase boundaries

noticeably in composition space.
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3.6.4. Thermodynamic parameters and model consistency

The optimization of the ternary description was supported by phase-equilibrium constraints and
thermodynamic information, including contributions related to the enthalpy of mixing in the liquid
phase. The fitted parameter set obtained from the assessment is summarized in the thermodynamic
parameter table. Table 4 reports the optimized thermodynamic parameters used to describe the Fe—

Ag-Ti isothermal section at 1123 K within the CALPHAD framework.

Table 4: Parameters of the thermodynamic description of the isotherm of the Fe-Ag-Ti ternary
system at 1123 K.

Phase Parameters
LFeTi= -71347+9.25T
Liquid Y FeTi=4+7034-4.5T

2LFeT=+12155-4.98T
LFA9=110114.85-9.11T
LFeA9=-27699.55+6.74T

2 FeA9=2336.64
LAT=-35625.8-2.19045T
Y A9T=-1529.8+1.15291T
2L A9T=12714.4-5.18624T
3LAT=1177.1
LFeAITI=11475+11T

L FeAITi= 12375+11T

BCC °LR¢¢=-59098+11.5T
11985, =+19+2T

21080, =+10+1.5*T

°Lh%S.. =+90000
°L5S=+39676-5.73T
FCC °LCt, =+43319.6-6.94445T
11556, =+9968.8-2.83662T
2L5CS, =3629.4
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LiS%.=+92500
°LECS,=-51625+11T
116G =-1950-6*T
2LECC =+14875

oLHCP  =-28750+11T

HCP 1LHCP. =-1700-6T

2LHCP. =+15000

°LACP; =-2980-27T

°Lygke = +199999

Fe.Ti °GFelI=+19000+3GHSERFE

°GHeaT! =+20000+3GHSERTI

°GEeAT! =-88199-33T+ 0.5GHSERFE+1.6GHSERTI
°GLe2Tt =-31000+0.7T+GHSERFE+2GHSERTI

0Fe2Ti—
Gre1i =100

FeTi °GEETL =-11000+0.5GTIBCC

°GReTl =+27900+0.5GHSERFE+1.67GTIBCC
°GFehi=-88400-23T+0.5GHSERFE+0.5 GHSERTI
°GheEi=-42000+0.5T+GHSERFE+GHSERTI

AgTi G97'=-13386.21+8.7T+0.5GHSERAG+0.5GHSERTI

AgTi. GA97t2=.15096.21+9.47T+0.33GHSERAG+0.67GHSERTI

This parameter set documents the quantitative basis of the ternary description and can be refined

further if additional experimental constraints become available.

From a modeling standpoint, the presence of these parameters is important for two reasons.
First, they document the thermodynamic basis used to reproduce the 1123 K isothermal section in

a quantitative CALPHAD framework. Second, they provide a starting point for future database

33



refinement if additional ternary experimental measurements become available, particularly in Ti-

rich domains where uncertainty remains higher.

3.6.5. Engineering interpretation: what the ternary results mean for durable infrastructure

steels

Within an infrastructure-steel framing, the ternary results should be interpreted carefully and
realistically. The thermodynamic evidence from the Fe—Ag binary indicates that Ag does not
readily dissolve into Fe-rich phases, limiting its role as a conventional alloying element for bulk
structural steels. However, the ternary equilibrium results still provide meaningful insight: Ag has
a clear thermodynamic preference to interact with Ti through compound formation, and Ag-
containing equilibria may therefore influence phase selection in Ti-containing regions where local

enrichment can occur.

This is particularly relevant in durability-oriented scenarios where Ag may appear locally rather
than globally—for example, in surface-engineered layers, diffusion-modified coatings, or hybrid
interfaces designed to provide multifunctionality. In such cases, CALPHAD ternary mapping
becomes a practical tool for anticipating whether Ag additions would promote stable intermetallic
formation or instead remain as separate Ag-rich constituents in equilibrium with Fe—Ti phases.
Ultimately, the ternary extension strengthens the overall paper by showing that the Fe—Ti backbone
can be systematically extended into higher-order systems while maintaining thermodynamic

consistency
4. Conclusions

This study presented a coupled DFT-CALPHAD computational framework to establish a
consistent description of phase stability and property trends in Fe—Ti-based alloy systems, with a
further extension toward the Fe-Ti—Ag ternary system. The main conclusions can be summarized

as follows:

1. A thermodynamic reassessment of the Fe—Ti binary system was successfully developed
using the CALPHAD approach, providing a coherent phase-equilibrium description over a
broad temperature—composition range. The obtained stability fields offer a practical
thermodynamic reference for interpreting intermetallic formation and processing sensitivity

in Fe-Ti-containing alloys.
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First-principles (DFT) calculations were employed to evaluate the energetic stability of the
key intermetallic phases FeTi and Fe,Ti through formation-enthalpy analysis. These
energetic descriptors serve as reliable atomistic anchors that strengthen the physical
consistency of the thermodynamic assessment, especially in regions where experimental

thermochemical information remains limited or scattered.

Mechanical-property trends derived from elastic constants highlight that FeTi and Fe,Ti
exhibit distinct stiffness-related behavior. The calculated elastic moduli and ductility-
related indicators provide an engineering-oriented basis to discuss phase-level deformation
compatibility, supporting durability-driven interpretation of phase selection in long-service

structural materials.

The extension to the Fe—Ti—Ag ternary system at 1123 K indicates that the ternary equilibria
are governed mainly by terminal phases and binary intermetallic compounds, with no
ternary compound predicted under the investigated conditions. The calculated phase
relations and optimized parameters offer baseline thermodynamic guidance for exploring

Ag-related stability effects in Ti-containing environments.

Optical-property calculations were included as supporting analysis and confirm that FeTi
and Fe,Ti display clearly different electronic/optical responses, consistent with their distinct
structural and energetic characteristics. Although secondary to infrastructure-focused
performance, these results provide additional confirmation of phase-dependent functional

differences.

Overall, the present DFT-CALPHAD methodology provides a structured route to connect

atomistic stability trends with macroscopic phase-equilibrium predictions in Fe-Ti-based systems.

This combined approach can support durability-oriented alloy design decisions by clarifying

stability domains and highlighting intermetallic phases that may influence processing robustness

and long-term structural reliability. Future work should aim to complement the present

computational assessment with targeted experimental validation, particularly regarding phase-

fraction evolution under welding-like thermal cycles and property measurements under service-

relevant environmental exposure.
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