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Abstract

The joining of aluminum and steel has been considered an efficient solution for

building light-weight technology, particularly in the automotive, aerospace and

shipbuilding industries. It is an immense challenge to join these materials together

due to the significant differences in the physical and chemical properties of alu-

minum and steel. The development of intermetallic compound (IMC) layers has a

huge impact on the strength of the aluminum-steel joint. The development of IMCs

at the aluminum and steel joint is greatly influenced by the welding methodology

and temperature reached during the welding process. It is thermodynamically pos-

sible to develop certain IMCs depending on the composition and phase diagram of

aluminum and steel alloys. For this reason, understanding the mechanical nature

of the IMCs is pivotal to improve the welding methodologies.

In this Ph.D. project, atomistic simulations were performed on Fe2Al5, Fe4Al13
and α-AlFeSi bulk and interface structures. We started with the construction of

atomistic bulk structures of Fe2Al5 and Fe4Al13 and calculated the mechanical

properties using density functional theory (DFT) calculations. A comparative

study was performed to identify the mechanical behavior of these compounds.

Moreover, comparisons were also made with other experimental, semi-empirical

and ab-initio methods to test the reliability of the calculations.

Due to the complex nature and large atomic structures of Fe-Al IMCs, using ab-

initio methods could be very computationally expensive. To make computational

calculations fast and accurate, a semi-empirical potential based method has also

been used in this work. The main objective of this study was to test the reli-

ability of modified embedded atoms method (MEAM) potentials and suitability

for finding good initial structures for Fe-Al interfaces. To test the reliability of

the MEAM calculations for Fe-Al compounds, a comprehensive comparative ana-
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vi

lysis was made based on the structural and mechanical properties with DFT, ex-

periments and other classical and semi-empirical methods. Although the compar-

ison of structural properties corresponded well with other methods, the mechanical

properties showed a huge difference as compared to experiments and DFT. It was

concluded that MEAM and semi-empirical methods are not reliable for inferring

mechanical features of Fe-Al IMCs. However, MEAM was found to be reasonable

for finding good initial guesses for the Fe-Al interface structures.

After the bulk calculations, a systematic study was performed to identify the virtual

tensile and shear strengths of Fe-Al and α-AlFeSi interfaces using DFT. Interface

structures were optimized using the fast inertial relaxation engine (FIRE), which

was very successful in optimizing these complex interfaces with a large number of

atoms. After the optimization of the interface structures, virtual tensile and shear

strength calculations were performed. An extended version of the so-called Uni-

versal Binding Energy relation (UBER) was used to fit the energy-displacement

curve for virtual tensile strength and a Fourier series for the virtual shear strength

predictions. Based on the virtual tensile strength calculations, the Fe2Al5 // Fe in-

terface showed the highest strength, whereas the Al // α-AlFeSi and Al // Fe4Al13
interfaces showed the lowest virtual tensile strength. Moreover, a charge depletion

zone was found on the second layer of the Fe4Al13 side in the Al // Fe4Al13 inter-

face structure, which indicated a low strength zone, and practically becoming very

detrimental for the joint strength of aluminum and steel. In terms of virtual tensile

strength, the Fe2Al5 // Fe interface showed the highest tensile strength followed

by Fe4Al13 // Fe2Al5, α-AlFeSi // Fe4Al13, Al // α-AlFeSi and Al // Fe4Al13.

Moreover, Fe2Al5 // Fe showed the lowest virtual shear strength followed by Al //

α-AlFeSi, Al // Fe4Al13, Fe4Al13 // Fe2Al5 and α-AlFeSi // Fe4Al13. The energy-

displacement curve provided an opportunity to explore the brittle/ductile failure

mechanism of interface structures. The interfacial brittle/ductile failure mechan-

ism was characterized by the width of the instability region. By taking Al as a

baseline, which showed the largest width of the instability region, all interface

structures showed a brittle failure. However, α-AlFeSi // Fe4Al13 was found to be

the least brittle and Fe2Al5//Fe the most brittle interface structure.
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Chapter 1

Motivation

“Somewhere, something incredible

is waiting to be known.”

Carl Sagan (1934-1996)

1.1 Introduction
Owing to the growing environmental pressure to reduce the weight of vehicles,

there is considerable interest in the production of more mass-efficient multi-material

structures by combining aluminum and steel in advanced automotive construc-

tion. [3] [4] [5] [6] [7]. Unfortunately, conventional fusion welding processes do

not currently meet industrial requirements for dissimilar metal joining. This is

primarily because of the high rate of intermetallic reactions occurring in the liquid

phase, which further leads to poor properties and in particular low joint fracture

toughness [3] [4] [5]. To tackle this problem many different welding methods have

been developed, and controlling of intermetallic layers has been one of the critical

tasks to be undertaken. The underlying reason is the brittle nature of the continu-

ous IMC interface layers that severely affect the joints fracture energy if becoming

greater than ∼100 nm thick [4] [5] [6] [7].

Various methods and studies have been proposed for joining these materials to-

gether, including fusion welding (e.g., resistance spot welding, resistance seam

welding, arc welding) [8], solid-state bonding (e.g., explosive welding, friction

welding, electromagnetic welding, roll bonding, diffusion bonding) [9], brazing

(e.g., burner brazing, arc brazing, laser brazing) [10], mechanical joining (e.g.,

self-pierce riveting, flow drill screw, blind riveting) [11] and adhesive bonding

3



4 Motivation

[12, 13]. For any method that requires high temperatures, a brittle layer of dif-

ferent kinds of Fe-Al IMCs present at the joint makes it difficult to obtain the

desired joint strength. Although solid-state welding techniques can suppress the

formation of Fe-Al IMCs at a joint due to low temperature, these methods can not

completely limit the formation of IMCs and can only produce Fe-Al joints with

limited strength.

It has been reported that the thickness of an Fe-Al IMC layer formed in a brazed

interface can be limited to less than 10 μm, which is considered as the critical

thickness for obtaining Fe-Al joints with good mechanical strength [14]. Analyses

of the Fe-Al joints suggest that the micro-structures and distribution of the Fe-Al

IMCs at the interface are dependent on the heat input and play an important role

in determining the mechanical and/or corrosion behavior of the joints [15, 16]. In

general, most of the experimental and theoretical studies on Fe-Al IMCs focus

on the following issues, (i) heat input and thickness of the IMC layer [17] (ii) role

played by the welding methodology [18, 19] (iii) tensile and shear strength of IMC

layers at the joint [12] and (iv) extended heat treatment [20–22].

There is a wealth of experimental literature available reporting the thermodynam-

ics of IMCs in the Fe-Al system. It is possible thermodynamically to produce a

range of IMCs in the Fe-Al system [23, 24]. Therefore, it is quintessential to under-

stand the basic mechanical and interfacial strength of these compounds as basis for

better understanding of the choice of the appropriate joining process. The lack of

convincing results for the interfacial strength of these compounds is not due to the

lack of academic and industrial interests on this crucial subject but more related to

the very small thickness of these layers (2.3 ± 0.6 μm) [25], which makes it utmost

challenging experimentally to predict the interface strength of these compounds.

To overcome this experimental limitation, atomistic simulations can provide im-

portant insights into the mechanical strength of Fe-Al interfaces.

So far to our best knowledge, nobody has studied the Fe-Al interfaces through

atomistic simulations. The lack of atomistic studies of these interfaces is due to

the complexity and large atomic structure of the intermetallic compounds such

as Fe4Al13, α-AlFeSi, and Fe2Al5. Thus, it is a great challenge to develop an

interface model which is periodic and with a low lattice misfit percentage. Hence,

in this work, we are going to develop and study the IMCs interfaces, i.e. the

different IMCs that typically form, their bulk properties and the structural and

mechanical properties of related interface structures. The main topics of this thesis

are described in the next section.
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1.2 Main topics

1.2.1 Collaboration

A fundamental success criterion for computational materials science is close col-

laboration with experimentalists. This work is part of the activities in the Centre

for Research based Innovation SFI Manufacturing. In this centre, we have a col-

laboration with physical metallurgy and TEM Gemini center groups at NTNU in

Trondheim. Aluminum and steel have been welded together using a cold-metal

transfer technique. To identify the IMCs at the aluminum-steel joint, transmission

electron microscopy (TEM) observations were made. Identified IMC layers and

their arrangement at the aluminum-steel joint are shown in Fig. 1.1. This work

depends mainly on these observations.

1.2.2 Aluminum-steel joint strength

As discussed earlier, the main aim of this work is to predict the strength of the dif-

ferent interfacial structures formed by different IMCs. In this thesis, we develop

interfaces according to TEM observations and predict their mechanical strength

through density functional theory (DFT) and modified embedded atom method

(MEAM) calculations. The calculated results from DFT can be used in finite ele-

ment simulations (FEM) to estimate the overall mechanical behavior of an Fe-Al

welded joint. However, FEM simulations will not be part of this thesis.

1.2.3 Building of complex interface structures

The systems to be studied consist of the following interface structures, (i) Al //

Fe4Al13, (ii) Al // α-AlFeSi, (iii) α-AlFeSi // θ-Fe4Al13, (iv) θ-Fe4Al13 // η-Fe2Al5
and (v) η-Fe2Al5 // Fe. Due to the large number of atoms in unit cells of Fe2Al5
(14 atoms), Fe4Al13 (101 atoms) and α-AlFeSi (138 atoms), it is very challenging

to develop interface structures with a low number of atoms and low lattice mis-

fit. In order to find good lattice matches between different IMCs, a face-to-face

matching technique has been implemented and used to predict low-misfit orienta-

tion relationships.

1.2.4 Density functional theory

To predict the mechanical and bonding strengths, a wide range of theoretical meth-

odologies have been applied, including semi-empirical and tight-binding atomistic

calculation methods [26], thermodynamic models, image models, and ab-initio

calculations using Hartree-Fock (HF) and DFT approaches [27]. However, the

most authoritative and widely used method is DFT, a method which has been very

successful in calculating the electronic and mechanical properties of metals. This
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Figure 1.1: Schematic illustration of transition of macroscopic scale to atomic scale and

vice versa.

work relies on the DFT methodology. The formalism of DFT will be presented in

the next chapters. Since the computational cost directly depends on the number of

atoms, it is important to keep the size of the unit cell in a computationally access-

ible manner. Therefore, material defects such as dislocations and grain boundaries

are not considered in this thesis. Wherever possible, results of DFT calculations

are compared with other theoretical and experimental studies.

1.2.5 DFT structural optimization

Finding stable equilibrium configurations of atomistic simulations is a major task.

This involves the finding of a low potential energy atomic structure from an ini-

tial best guess. Finding a low energy configuration is a difficult task due to the

large range of potential energy valleys. A variety of well-known optimization

methods, such as steepest descent, conjugate gradient (CG), quasi-Newton or trun-

cated Newton methods, Newton-Raphson, and the Fast Inertia Relaxation Engine

(FIRE) [2, 28–30] are available for solving this problem. Different optimization

algorithms are taken into consideration in this thesis, and some of them are found

to be successful in optimizing large interface structures.
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1.3 Open research question in Fe-Al welding
In order to improve and develop strategy for welding techniques, there is a need

for improved understanding about the effect of the individual Fe-Al IMCs and their

interfaces on the mechanical response of welded Fe-Al joints. This understanding

is very challenging to get through experiments only due to the small thickness of

IMC layers. There is therefore a need of theoretical simulations of these interfaces

using realistic models based on atom-resolved TEM techniques, like high-angle

annular dark-field scanning transmission electron microscopy (HAADF-STEM)

that can contribute to build up such understanding. The aim of this work is to

contribute to improved understanding and bridge the gap of missing information.

Results obtained from these theoretical calculations will help to understand the

basic mechanism and strengths of the individual Fe-Al IMCs and their relevant

interfaces, and give indications of which IMCs can be accepted without comprom-

ising the overall joint strength and which should possibly be avoided.

1.4 Thesis organization
This thesis consists of two parts. Part 1 is an overview of the research field. This

part consists of 4 chapters. The overall motivation and the main themes of this

thesis are presented in Chapter 1. Chapter 2 describes the computational meth-

odology and theoretical background of the density functional theory and modified

embedded atom method, which were used in this thesis. The general theoretical

background about the methodologies from the interface building to the mechanical

properties simulations is presented in Chapter 3. In Chapter 4, a summary of the

included articles and future perspectives are presented. Part II presents the main

articles in the form of published and pre-print manuscript versions.
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Chapter 2

Computational Methodology

"Quantum physics thus reveals a

basic oneness of the universe."

Erwin Schrödinger (1887-1961)

2.1 The Schrödinger equation
One of the significant advances in the 20th century was the development of quantum

mechanics and repeated experimental observations that validated the theory of

matter with astonishing accuracy in the universe in which we live.

Let us consider a situation, where we look at the properties of a well-defined col-

lection of atoms. In this scenario, the pivotal concern would be to know their

energy and how it changes as atoms move around.

The Schrödinger equation for the electrons becomes:

Ĥψ(r1, r2, r3, ...rN ) = Eψ(r1, r2, r3, ...rN ) (2.1)

In Eq. (2.1), E is the ground state energy of electrons. The electronic Hamiltonian

consists of three terms:

Ĥ = − �
2

2me

Ne∑
i=1

∇2
i +

Ne∑
i=1

Vext(ri) +

Ne∑
i=1

∑
j>1

U(ri, rj) (2.2)

In Eq. (2.2), the first term on the right-hand side describes the kinetic energy of

9
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the electrons, while the second and third terms describe the nuclei-electron attrac-

tion and electron-electron repulsion respectively. Since the ground-state energy is

independent of time, it is called the time-independent Schrödinger equation.

2.1.1 Hartree product

The number of electrons is considerably larger than the number of nuclei since

each atom possesses one nucleus and several electrons. An example is CO2 hold-

ing 22 electrons (6+16=22). The full wave function is 66-dimensional (3 dimen-

sions for each electron). Similarly, for a nanocluster of Pb which has 82 elec-

trons per atom (100 atoms—8200 electrons), the Schrödinger equation becomes a

24600-dimensional problem. As a consequence, solving the Schrödinger equation

can in practice be very complicated.

It is worth noting that the wave function of a particular set of coordinates can-

not be directly observed. Since the electrons cannot be directly observed during

the experiment, electrons can not be labeled or identified independently. How-

ever, we can measure the probability of N electrons at a particular set of posi-

tions (r1, r2, r3, ....rN ) leading to a unique non-interacting electron system with

the same electron density, where N is the number of electrons. This electron dens-

ity serves as the single-electron wave functions. The non-local component of U is

taken into account by the kinetic energy of the reference non-interacting electron

system. Furthermore, the electron density defines the so-called exchange interac-

tion due to the Hartree-Fock formalism. The residual is defined as the correlation

energy (defined as the difference between the true total energy and the Hartree

Fock limit). The probability is equal to ψ(r1, r2, r3, ....rN )ψ∗(r1, r2, r3, ....rN ).

To simplify the many-electrons problem to many one-electron problems, each elec-

tron is treated as a point charge in the field of all other electrons. The electron

density in terms of single-electron wave functions can then be defined as:

n(r) = 2
∑
i

ψ∗
i (r)ψi(r) (2.3)

where the factor 2 is due to electron spin.

2.1.2 Hohenberg–Kohn theorems

Theorem 1

The ground state energy is a unique functional of the electron density: E[n(r)].

This theorem states a one-to-one mapping between the ground-state wave function

and the ground-state electron density. Another way to restate the theorem is that

the ground state electron density uniquely determines all properties including the
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energy and wave function of the ground state.

The consequence of this theorem is that we can solve the Schrödinger equation

by finding a function of three spatial variables (the electron density) instead of

a function of 3N variables (the wave function). For the nanocluster problem de-

scribed above the theorem reduces the problem from 24600 dimensions to just 3

dimensions.

Though the first theorem proves that a functional of the electron density exists, it

does not say anything about what the functional is. The second theorem defines an

important property of the functional.

Theorem 2

The electron density that minimizes the energy of the overall functional is the true

ground-state electron density

E[n(r)] > E0[n0(r)] (2.4)

This energy functional can be divided into two parts: (i) Known (ii) Unknown

(XC)

E[ψi] = Eknown[ψi] + EXC[ψi] (2.5)

Eknown[ψi] = − �
2

2me

∑
i

∫
ψ∗
i∇2ψid

3r +

∫
V (r)n(r)d3r

+
e2

2

∫ ∫
n(r)n′(r)
r − r′

d3rd3r′ + Eion

(2.6)

The terms on the right-hand side of Eq. (2.6) are the electron kinetic energies,

the Coulomb interaction between electrons and nuclei, the Coulomb interaction

between pairs of electrons, and the Coulomb interaction between pairs of nuclei,

respectively.

EXC(ψi) is the exchange-correlation functional, which includes all quantum mech-

anical terms. Unfortunately, this functional is unknown, and it needs to be approx-

imated. The two simplest XC-functional approximations are LDA (Local density

approximation), and GGA (Generalized gradient approximation) [31].

2.1.3 Kohn-Sham scheme

The Kohn-Sham (KS) equation has the form[
− �

2

2me
∇2 + V (r) + VH(r) + VXC(r)

]
ψi(r) = εi(r)ψi(r) (2.7)

The Kohn-Sham Eq. (2.7) is similar to the Schrodinger Eq. (2.1), and the only dif-

ference lies in the absence of summation. This is due to the Kohn-Sham equation
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that contains single-electron wave functions only being dependent on three spatial

variables.

On the left-hand side of Eq. (2.7) the three potentials V , VH, and VXC appear. The

first potential defines the interaction between electrons and atomic nuclei, and the

second potential is the Hartree potential given by:

VH = e2
∫

n(r′)
r − r′

d3r′ (2.8)

This describes the Coulomb repulsion between electrons. The third potential is the

exchange-correlation potential. The exact form of this potential is not known, thus

we must introduce approximate functional based upon electron density to describe

this term. From the above discussion it can be concluded that in order to solve the

Kohn-Sham equations, the following steps need to be followed:

1. Define the Hartree potential.

2. To define the Hartree potential we need to know the electron density.

3. To find the electron density, we must know the single-electron wave func-

tions.

4. To know the wave functions we must solve the Kohn-Sham equation.

These steps define above have a circular loop. This circular loop can be broken

by treating a problem in an iterative way as shown in Fig. 2.1. The procedure

starts from an initial trial electron density, n(r). In the second step, the single-

electron wave function is obtained by solving the Kohn-Sham equation. In the

third step, the electron density is calculated from the single-electron wave function

called n′(r). If the updated n′(r) is similar to the initial electron density n(r), the

process is terminated and the true electron ground state is reached. Otherwise, the

process begins again from step 2. Obtaining a converged electron density is very

challenging for complex and large structures. For this reason, convergence criteria

are defined for the updated n′(r).

For the calculations of forces on each ion, it is first assumed that electrons adapt in-

stantaneously to the ionic configuration (Born-Oppenheimer approximation). Now

the total energy is a function of the ionic coordinates. Once the spatial distribu-

tion of the ions has been determined, the forces can be calculated by using the

Hellman-Feynman theorem:
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Figure 2.1: Self-consistency scheme for solving the Kohn-Sham equation [1].

Fi = − dE

drI
= − < ψi|∂Ĥ

∂rI
|ψi > (2.9)

where rI is the ionic distance.

Moving along the steepest descent of ionic forces, the ionic ground state can be

calculated. We will then be able to displace ions from an initial state and con-

sequently determine the forces on all other ions, the effective interatomic force

constants and vibrational frequencies, etc.

2.1.4 Exchange-correlation functional

According to the KS theorem, the motion of particles can only be described after

knowing the exchange-correlation function EXC. The most used approximations

are EXC are the local density approximation (LDA) [32] and generalized gradient

approximation (GGA) [33].

2.1.5 Local density approximation

The exchange-correlation functional EXC in the LDA can be written as:

EXC[n] =

∫
n(r)εXC(n)d

3r (2.10)

where εXC(n) is the exchange-correlation energy per particle between electrons in

the uniform non-interacting electron gas with a charge density n [34]. Therefore,

the local XC potential is defined as:
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VXC(r) = εXC(n(r)) + n(r)
∂εXC(n)

∂n
(2.11)

The function εXC is split into two terms: exchange, εX(r) and correlation, εC(n).
The form of the exchange term is given as [35, 36],

εX(n) = −3

4

(
3

π

) 1
3

n(r)
1
3 (2.12)

For εC(n), there is no analytical expression except for the high and low-density

limits [35].

We can obtain the ground-state energy of a system by calculating VXC(r) from

εXC(n).

2.1.6 Gradient expansion approximation

LDA has made it possible to apply DFT to many systems and has shown great suc-

cess in the prediction of material properties. However, this method has also some

shortcomings. Due to the high degree of inhomogeneity of the electronic charge

density, LDA is not accurate enough to predict many system properties. Kohn-

Sham (KS) discussed the solution to this problem in the original paper by adding

new terms involving powers of |∇n| and ∇2n, which is commonly known as the

gradient expansion approximation (GEA) [32]. Despite these new modifications,

LDA outperformed the GEA method completely due to the inadequate conceptual

basis [37].

2.1.7 Generalized gradient approximations

The shortcomings of LDA and GEA have been overcome to a great extent by the

generalized gradient approximation (GGA) [38, 39]. In GGA, XC relates to both

the charge density n and the electron density gradient ∇n(r), and is written as:

EGGA
XC [n] =

∫
fXC(n(r), |∇n(r)|)d3r (2.13)

This approach has greatly increased the performance and accuracy for the predic-

tion of material properties of transition metals and molecular systems. The form

fXC(n(r),∇n(r)) can be implemented in several ways. In this work, we use the

PBE approach [33].

2.1.8 Simulation package and methodology

All first-principles calculations in this work have been carried out using the Vienna

ab-initio simulation package (VASP) [40]. To describe the electron-ion interaction,
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the GGA by Perdew, Burke and Ernzerhof (PBE) [33] was employed, and using

the Projector Augmented-Wave method (PAW) [41] to smooth the wave functions

close to the ion core. The cut-off energy was tuned to the system size so that the

total energy difference is less than 1 meV/atom. A k-point sampling by using the

Monkhorst-Pack scheme [42] to characterize the energy integration in the first ir-

reducible Brillouin zone was employed. To take into account the magnetic effects

of Fe atoms, spin-polarised calculations were performed by defining initial local-

ized magnetic moment of 3 for each individual Fe atom. More details about the

calculations can be found in the related papers.

2.2 Modified embedded atom method (MEAM)
A description of MEAM potentials has been published by Baskes et al. [43]. A

brief introduction of MEAM potentials will be presented in this section. The core

of atomistic simulations is to evaluate the interatomic forces and energy of a system

as a function of atomic positions. In MEAM, the total energy of a system can be

approximated as the sum of energy contributions of all atoms:

E =
n∑

i=1

Fi(ρ̄i) +
1

2

n∑
i �=j

φij(Rij) (2.14)

In the above equation Fi is the embedding function, which denotes the energy

needed to embed an atom i in a background environment electron density (ρ̄i) at

site i, and φij(Rij) is the repulsive pair potential between atoms i and j whose

separation is given by Rij . For calculation of the energy of a system, a material-

independent form of the two terms given on the right-hand side of Eq. (2.14)

should be given.

The embedding function Fi(ρ̄i) is given as:

Fi(ρ̄i) = AiE
0
i ρ̄iln

¯(ρi) (2.15)

Here E0
i is the cohesive energy and Ai is the scaling factor of an atom i. The

background electron density ρ̄i at a atom i is dependent on the directionality of

bonding and is given by:

ρ̄i =
ρi

(0)

ρ0i
Gi(Γi) (2.16)

where

Γi =
3∑

k=1

t(k)

(
ρi

(k)

ρi(0)

)2

(2.17)
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In the above equations, ρi
0 is the background electron density of the equilibrium

structure (reference structure) at site i, t(k) are adjustable parameters. Gi(Γ) is a

function dependent on the element types, and typical expressions for this function

are G(Γ) =
√
(1 + Γ) and G(Γ) = exp(Γ2 ). ρi

(k) is the higher-order background

electron densities which are composed of spherically-symmetric (ρ
(0)
i ) and angular

(ρ
(1)
i , ρ

(2)
i , ρ

(3)
i ) partial electron densities, given as:

ρ
(0)
i =

∑
j �=i

Sijρ
α(0)
j (Rij)

(ρ
(1)
i )2 =

∑
α

[∑
j �=i

Rα
ij

Rij
Sijρ

α(1)
j

]2

(ρ
(2)
i )2 =

∑
α,β

[∑
j �=i

Rα
ijR

β
ij

R2
ij

Sijρ
α(2)
j

]2
− 1

3

[∑
j �=i

Sijρ
α(2)
j (Rij)

]2

(ρ
(3)
i )2 =

∑
α,β,γ

[∑
j �=i

Rα
ijR

β
ijR

γ
ij

R3
ij

Sijρ
α(3)
j

]2
− 3

5

3∑
α=1

[∑
j �=i

Rα
ij

Rij
Sijρ

α(3)
j

]2

(2.18)

Here ρ
α(c)
j (c = 0, 1, 2, 3) are the atomic electron densities at distance Rij of site j

from site i (α=x,y,z). Rα
ij is the α component of the distance vector between j and i.

Sij is the screening function. Finally the average weighting factor tk(k = 1, 2, 3)
dependent on the element is given by

t
(k)
i =

1

ρi0

∑
j �=i

t
(k)
0,j ρ

α(0)
j Sij (2.19)

Here t
(k)
0,j is an element-dependent parameter. The atomic electron densities are

computed as

ρ
α(k)
i (Rij) = ρi0 exp

[
− β

(k)
i (

Rij

R0
i

− 1)

]
(2.20)

where R0
i is the nearest-neighbor distance in the single-element reference structure

and β
(k)
i are the element dependent parameters, ρi0 is an element-dependent elec-

tron density with a relation to the composition-dependent electron density given

as:
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ρ0i = ρi0Zi0G(Γref
i ) (2.21)

where

Γref
i =

1

Z2
i0

3∑
k=1

t
(k)
i S

(k)
i (2.22)

In the above equations, Zi0 is the first nearest-neighbor coordination of the ref-

erence system given by Eq. (2.21). The shape factor depending on the reference

structure for atom i is given as S
(k)
i .

The pair potential consisting of a screening effect is given by:

φij(Rij) = φ̄ij(Rij)Sij (2.23)

φ̄ij(Rij) =
1

Zij0
[2Eu

i (Rij − Fi(ρi(Rij))− Fj(ρj(Rij))] (2.24)

Eu
i (Rij) = −E0

ij(1 + a∗ij(Rij))e
−a∗ij(Rij) (2.25)

a∗ij = αij

(
Rij

R0
ij

− 1

)
(2.26)

Here Eij , αij and R0
ij depend on the element i and j, and Zij depends upon the

structure of the reference system. In Eq. (2.24), ρj(Rij) is the background electron

density of the j atom for the reference structure with interatomic distance Rij .

The screening function depends on the cutoff radius Rc designed in such a way

that Sij = 1 if atoms i and j are un-screened and within the limit of a cutoff

radius, and Sij = 0 if they are outside this cutoff range. For partial screening, its

value varies between 0 and 1. The total screening function involves the product of

a cutoff function and three-body terms involving all other atoms in the system, and

is given as:

Sij = S̄ijfc

(
Rc −Rij

ΔR

)
(2.27)

S̄ij =
∏
k �=i,j

Sijk (2.28)

Sijk = fc

(
Cijk − Cmin,ijk

Cmax,ijk − Cmin,ijk

)
(2.29)

Cijk = 1 + 2
R2

ijR
2
ik +R2

ijR
2
jk −R4

ij

R4
ij − (R2

ik −R2
jk)

2
(2.30)
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fc(x) =

⎧⎨
⎩

1 for x ≥ 1 (2.31)[
1− (1− x)4

]2
for 0 < x < 1 (2.32)

0 x ≤ 0 (2.33)

Cmin and Cmax can be defined separately for each ijk triplet, based on element

type. ΔR controls the distance over which radial cutoff is smoothed from 1 to 0

near R = Rc.

2.2.1 Atomistix Toolkit (ATK) forcefield

The MEAM parameters were directly taken from the study published by Jelinek

et al [44]. For the calculations of elastic properties, the MEAM potential was ap-

plied by using the Atomistix toolkit (ATK) forcefield [45, 46]. Fe-Al compounds

were optimized by using the quasi-Newton optimizer "Limited-memory Broyden-

Fletcher-Goldfarb-Shanno (LBFGS)" [47]. The atoms were relaxed until the max-

imum forces and stresses were less than 0.001 eV/atom and 0.01 GPa, respectively.



Chapter 3

Theoretical Background

“I... a universe of atoms, an atom in

the universe.”

Richard Feynman (1918-1988)

The main focus of this work is to predict the mechanical strength of bulk and

interface structures by virtual tensile and shear strength testing. The atomic struc-

tures studied in this work are based on the activities in the physical metallurgical

group within the Department of Materials Science and Engineering at NTNU in

Trondheim, responsible for joining aluminum and steel, and of the Department

of Physics at, NTNU in Trondheim, which provided transmission electron micro-

scopy (TEM) images. The TEM analysis showed three distinct IMC phases, i.e.

α-AlFeSi, Fe4Al13 and Fe2Al5 [48].

The distinct IMC phases reported are shown in Fig. 3.1, and their specific order

and related interfaces are the basis for the computational studies. Furthermore, an

additional interface between Al and Fe4Al13 has also been studied. This interface

has been reported in an other experimental work [49].

The essential challenge of working with this system is to develop low-misfit inter-

face structures. Due to the large unit cell size of these IMCs, it is very challenging

to build low-strain interface structures containing a low number of atoms. The

theory behind developing such complex low-strain structures is discussed in the

next section. The next key challenge faced in this thesis is the optimization of the

interface structures. A brief introduction about the optimization methods used is

also given, and the methodology for calculating virtual tensile and shear strengths

19
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from the optimized structures is discussed in the latter part of this chapter.

Figure 3.1: HAADF-STEM image of a cold metal transfer (CMT) welded sample showing

the arrangements of distinct intermetallic layers. Image credit to Tina Bergh from the

Department of Physics and the TEM Gemini Center at NTNU in Trondheim.

3.1 Introduction to atomic interface builder

3.1.1 Face-to-face matching model

All interface models have been developed by a face-to-face matching technique,

which develops periodic structures by matching the planes of two phases. This

method creates periodic interfaces by slightly straining both crystals. The develop-

ment of the interface structures using the face-to-face matching technique consist

of the following procedures:

• First the equivalent crystallographic directions of Crystal 1 and Crystal 2 are

determined, which are governed by the minimization of the interface energy.

• An interface represents a set of possible periodic interfaces between crystals,

called Crystal 1 and Crystal 2 (Fig. 3.2). The possible interface planes in

Crystal 1 are defined by all pair of lattice vectors, u1 and v1 in Crystal 1.

Similarly, u2 and v2 define all possible interface planes of Crystal 2. To get
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a periodic interface, the length of vector directions of Crystal 1 (u1 and v1)

should be equal to the length of vector directions of Crystal 2 (u2 and v2).

• Face-to-face matching constructs 3D interface models, which identifies an

additional set of possible directions, w1 and w2 to Crystal 1 and Crystal 2

respectively.

Figure 3.2: The schematic illustration of matching model, where two crystals are strained

to match face-to-face to form a coherent/semi-coherent interface structure.

Angles of the Crystal 1 and Crystal 2 should also be matched/strained to

form a coherent/semi-coherent interface. This identifies the additional set of

conditions:

∠α1 = ∠α2

∠β1 = ∠β2
∠γ1 = ∠γ2

(3.1)

where ∠ αn= ∠(vn,wn), ∠ βn = ∠(un,wn) and ∠ γn = ∠(un,vn) (n = 1, 2)

are defined in Fig. 3.2. Fig 3.2 shows an example of a strained interface

model.

• Generally it is difficult to find an OR, which exactly follows the above cri-

teria. So in order to match both crystals to form an interface model, crystals

are strained to match at the interface. The resulting interface models depend

on the condition of how much strain was introduced to develop a particular
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interface model. The lattice strain introduced to match the interface structure

is calculated according to the following relations:

εu =
||u2| − |u1||

|u1| (3.2)

εv =
||v2| − |v1||

|v1| (3.3)

where εu and εv is the strain introduced along the u and v directions, re-

spectively.

• In order to reduce the number of atoms, a vacuum layer is added along the

normal direction. The vacuum layer should be >10 Å thick to remove any

interaction between two artificial interfaces. This condition removes the

need for the consideration of angles αn and βn, since the structures are not

periodic along the normal direction. Hence the relevant angle for building

a low lattice misfit interface is γn. Due to the large unit cell size of the

considered Fe-Al IMCs, we have developed all interface structures with a

vacuum layer of >10 Å.

• The next step of building low-energy interface structures is determining of

close-packed or nearly close-packed matching directions of Crystal 1 and

Crystal 2 using the atom positions and lattice parameters by calculating the

atomic linear density.

3.1.2 Selection of interface structures

After obtaining a possible ORs between bulk phases and developing an interface

structure, there is still a further need for refinement of the interface structure before

the calculation of mechanical properties. The additional degrees of freedom that

need to be optimized can be defined as follows [50]:

• Lateral translation of the subcells along the interface plane (2 degrees of

freedom).

• The cutting plane of each two subcells (2 degrees of freedom) and additional

spacing perpendicular to the interface, which needs to be added or removed

(2 degrees of freedom).

• Atoms at the interface could be removed, added or moved to form a new

structure at the interface (many degrees of freedom).
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Table 3.1: The calculated lattice parameters from the present calculation compared with

references and measured values. Hf is the formation enthalpy and V0 is the equilibrium

volume per atom in Å3 [51].

Phase Space group Species a0(Å) b0(Å) c0(Å) V0 (Å3) Hf (eV/atom)

FeAl Pm3m

This work

EAM/MEAM

DFT [52]

Exp.

2.953

2.893 [53]

2.851 [52]

2.909 [54]

-

-

-

-

-

-

-

-

12.87

12.88 [44]

12.07 [55]

12.23 [56]

-1.48

-1.42 [57]

-0.390 [52]

-0.423 [58], -0.28 [59]

Fe3Al Fm3m

This work

EAM/MEAM

DFT

Exp.

5.769

5.764 [53]

5.586 [52]

5.789 [60], 5.792 [54]

12.00

12.01 [44]

12.01 [55]

12.07 [56]

-0.53

-0.279 [53]

-0.217 [52]

-0.202 [61], -0.321 [58]

FeAl3 C2/m

This work

EAM/MEAM

DFT

Exp.

16.680

15.069 [53]

15.352 [52]

15.49 [54]

7.860

7.864

8.010

8.08

12.220

12.083

12.398

12.48

15.73

15.03 [44]

13.91 [44]

-

-0.532

-0.059 [53]

-3.923 [52] -4.562 [62]

n.a

FeAl2 P1

This work

EAM/MEAM

DFT

Exp.

4.054

4.6212 [53]

4.793 [52]

4.787 [54]

6.687

6.372

6.351

4.787

8.802

8.629

8.658

6.461

15.77

14.71 [44]

12.78 [44]

-

-0.093

-0.160 [53], -0.076 [44]

-0.286 [52]

n.a

Fe2Al5 Cmcm

This work

EAM

DFT

Exp.

7.462

7.622 [53]

7.466 [52]

7.675 [54]

6.717

6.323

6.181

6.403

4.464

4.178

4.808

4.203

15.96 -1.0303

-0.146 [53]

-8.385 [52] -7.352 [62]

n.a

Due to the large structures and computational cost associated with it, optimiz-

ing these degrees of freedom is a great challenge. For this reason, we used the

MEAM potentials to find a good initial guess of interface structures for the DFT

optimization and calculations. To assess the whether MEAM potential is suitable

for Fe-Al compounds, we also performed MEAM calculations of the structural

and mechanical properties of Fe-Al compounds and compared with other theor-

etical [52, 53, 57] and experimental studies [58, 59, 61] (Paper II). According to

our calculations, the MEAM potential showed good agreement with other studies

for Fe-Al compounds, but we were unable to find satisfactory results for the α-

AlFeSi phase. Hence, this potential was only applicable to the Fe-Al compounds

interface structures. Table 3.1 shows the comparisons of calculations of Fe-Al

compounds structural properties with other theoretical and experimental studies.

Interface optimization with the MEAM potential was performed by using Atom-

istix toolKit-Forcefield [45] implemented by Quantumwise [46].

3.2 Application of the face-to-face matching technique for Fe-
Al compounds interfaces

Using the face-to-face matching technique as described earlier, we estimated and

developed atomic interface structures between the following interfaces, (i) Al //

Fe4Al13, (ii) Al // α-AlFeSi,(iii) θ-Fe4Al13 // η-Fe2Al5, (iv) η-Fe2Al5 // Fe and α-

AlFeSi // θ-Fe4Al13. Based on the face-to-face matching technique different ORs
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Table 3.2: The final ORs used in this work between interface structures, m1, m2 and m3

are the components of a linear combination of lattice vectors of crystal 1, similarly n1, n2

and n3 are defined for crystal 2.

Interface d m1 m2 m3 length (Å) angle n1 n2 n3 length(Å) angle strain (%)

Fe4Al13 //

Fe2Al5

u
v
w

0

0

1

0

-2

0

1

0

0

12.42

16.05

-

90.0◦
0

2

-1

0

-1

-2

-3

0

0

12.29

16.14

-

90.0◦
1.12

0.56

-

Al // Fe4Al13

u
v
w

2

0

0

0

4

-1

0

1

4

8.08

16.66

-

90.0◦

90.0◦
0

1

1

1

0

0

0

1

-1

8.08

16.67

-

90.0◦

90.0◦
0.00

0.10

-

Al // α-AlFeSi

u
v
w

3

1

0

1

-3

0

0

0

-3

12.80

12.80

-

90.0◦

90.0◦
1

0

0

0

0

1

0

1

0

12.69

12.69

-

90.0◦

90.0◦
0.89

0.89

-

Fe2Al5 // Fe

u
v
w

0

1

0

0

0

-2

-1

0

0

4.10

7.40

12.88

90.0◦

90.0◦

90.0◦

1

1.5

-2

0

1.5

4

1

-1.5

2

4.06

7.46

-

90.0◦

90.0◦

90.0◦

0.89

0.79

-

Fe4Al13 //

Fe2Al5

u
v
w

0

0

1

0

-2

0

1

0

0

12.42

16.05

-

90.0◦
0

2

-1

0

-1

-2

-3

0

0

12.29

16.14

-

90.0◦
1.12

0.56

-

α-AlFeSi //

Fe4Al13

u
v
w

1

-1

1

2

-1

-1

1

0

1

17.43

17.47

-

121.5◦
1

0

1

1

-1

-1

0

1

-1

17.76

17.76

-

121.5◦
1.90

1.65

-

were determined between the different Fe-Al compounds, and only those ORs

which provided low lattice misfit were taken into consideration. Table 3.2 lists the

final ORs between interface structures used in this work.

Al // Fe4Al13 interface

Figure 3.3: Equivalent directions and lengths for Fe4Al13 and Al phases. Al atoms are

shown in grey and Fe atoms in blue.

According to the face-to-face matching technique, the OR between two bulk phases

A and B depends on the lattice constant ratios, because it directly influences the

interatomic and interplanar spacing of the phases. Since Al is a FCC crystal and

Fe4Al13 is a monoclinic crystal, the OR between monoclinic-FCC depends on the
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Figure 3.4: Face-to-face matching of bulk Fe4Al13 and Al along [010]//[200] to form an

interface structure.

ratios aM/aF , bM/aM and cM/aM . Here aM , bM and cM represent the lattice

constants of the monoclinic system and aF of the FCC system.

The lattice constant used for Al is 4.04 Å and for Fe4Al13, we used a = 15.49 Å,

b = 8.08 Å, and c = 12.48 Å. The atom positions for Fe4Al13 were taken from

Liu et al. [49]. Based on the face-to-face matching technique, the nearly closed-

packed planes for Al and Fe4Al13 were identified as {014} and {101}, respectively.

These planes consist of [200] and [041] directions for Al and [010] and [101̄] for

Fe4Al13, which are nearly closed-packed directions. Then, after picking out the

nearly close-packed plane, the next step is to match both phases. In order to match

the interface structure, Fe4Al13 is cut in such a way that both phases are parallel

to each other and ready to meet face-to-face as shown in Fig. 3.4 and 3.5. Fig 3.3

shows the equivalent directions of Al and Fe4Al13.

Fig 3.4 and 3.5 show the strained atom layers of Al and Fe4Al13 which were

matched to form an interface. After successfully predicting the OR and matching

both structures by introducing strain, the strained structures were stacked together

as shown in Fig. 3.4 and 3.5. As shown in Fig 3.5, Al and Fe4Al13 atoms are

arranged at the interface along the [101] // [041] direction. Moreover, the lattice

mismatch along that direction is 0.10. Similarly, the best match was found along

[010]Fe4Al13 // [200]Al with lattice strain of 0.0 %. Finally, atoms aligned in a
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Figure 3.5: Face-to-face matching bulk Fe4Al13 and Al along [101]//[041] to form an

interface structure.

straight line along this direction are displayed in Fig. 3.5. Hence, the final OR

between Al//Fe4Al13 is given as;

(101̄)Fe4Al13 || (01̄4)Al

[010]Fe4Al13 || [200]Al

[101]Fe4Al13 || [041]Al

Al // α-AlFeSi interface

As mentioned earlier, to predict the OR, the atom positions, lattice parameters

and crystal structure of both phases are required. The atomic positions have been

defined according to a study published by Cooper [63]. The α-AlFeSi has a cubic

symmetry with a space group of Im3̄ and lattice constant a = 12.69 Å. The unit

cell of α-AlFeSi contains 138 atoms, i.e. 100 Al, 24 Fe atoms and 14 Si atoms [49].

Al is also a FCC crystal with a lattice constant of a = 4.04 Å, so the OR between
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Figure 3.6: Equivalent directions and lengths of α-AlFeSi and Al. Al atoms are identified

in grey, Fe as blue and Si as yellow.

Figure 3.7: Face-to-face matched interface structure between Al and α-AlFeSi. Close-

packed atom rows of Al and α-AlFeSi are matched along (a) [100]//[310] and (b)

[010]//[13̄0].

α-AlFeSi and Al depends on the ratio aAl/aα. The best match for the close-packed

or nearly close-packed directions for Al is identified to be <310>Al and <130>Al

for the (003)Al plane. For α-AlFeSi, close-packed or nearly close-packed direc-

tions are <100>α and <001>α for the (010)α plane. Atomic configurations for

α-AlFeSi and Al along these directions are quite similar. Along these directions,

Al and α-AlFeSi atoms are arranged in parallel rows. According to the face-to-

face matching criteria, both phases are strained according to Eq. (3.1) and (3.2) to

match at the interface. A lattice strain of 0.89 % was introduced along [100]α //

[310]Al and [001]α // [1-30]Al, respectively . Therefore this provides good match-

ing directions for the Al //α-AlFeSi interface. Fig. 3.6 shows the matched planes

for Al and α-AlFeSi. Moreover, all angles between two bulk phaes α-AlFeSi and
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Al are equal along these directions. The atoms were stacked together along the

(00-3)Al and (001)α plane.

According to the matching criteria, matched Al and α-AlFeSi atom rows were

stacked face-to-face such that atom rows of Al are parallel to atom rows of α-

AlFeSi, as shown in Fig. 3.7. The final OR between Al and α-AlFeSi is given

as;

(010)α-AlFeSi || (003̄)Al

[100]α-AlFeSi || [310]Al

[001]α-AlFeSi || [13̄0]Al

Fe4Al13 // Fe2Al5 interface

Figure 3.8: Equivalent lengths and ORs between Fe2Al5 and Fe4Al13.

The interface structure between Fe2Al5 and Fe4Al13 is complex due to large unit

cells. Fe2Al5 has an orthorhombic symmetry with lattice constants of a = 7.657
Å, b = 6.409 Å and c = 4.227 Å. The atomic positions and lattice constants

for Fe2Al5 were taken from the directory of the Springer library [64]. Due to non-

stoichiometry in the composition of Fe2Al5, Al atoms have a site occupancy of 1/6,

which indicates that Al atoms can be occupied at different sites in the orthorhombic

structure of Fe2Al5. To find the stable position of Al atoms, we performed DFT

calculations with different positions of Al atoms in the structure. The structure

with the lowest ground-state energy was further used for interface building. This

approach possesses the advantage of being able not only to find the stable configur-

ation of the orthorhombic Fe2Al5 crystal structure but also reducing the number of

atoms in a unit cell, which facilitated an OR with a minimum number of atoms and

a simpler interface structure. We will be using the DFT-relaxed bulk crystal struc-
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Figure 3.9: Fe2Al5 and Fe4Al13 are strained such that both phases are parallel to each

other and ready to meet face-to-face.

ture to build an interface structure. The lattice constants used after optimization of

Fe2Al5 are given as a = 7.397 Å, b = 6.442 Å and c = 4.095 Å.

Based on the atom positions for Fe2Al5 and Fe4Al13 crystal structures, the close-

packed or nearly close-packed directions identified for the (1̄20) plane of Fe2Al5
are <003> and <210>, and those for the (100) plane for Fe4Al13 are <001> and

<020>. So the matching plane (1̄20)Fe2Al5 // (100)Fe4Al13 is related to matching

directions [003̄]Fe2Al5 // [001]Fe4Al13 and [21̄0]Fe2Al5 // [02̄0]Fe4Al13 . The next step

is to match the both phases so that both phases become parallel to each other. As

shown in Fig. 3.8, the Fe4Al13 and Fe2Al5 structures were cut along the defined

ORs so that lenghts and angles of both phases match with each other, and ready to

meet face-to-face to form an interface (Fig. 3.9). Due to the addition of a vacuum

layer along the normal direction, unit cells are not periodic along the [100]//[1̄
2̄0] direction, which is why the only relevant angle is γ between [001]//[003̄] and

[02̄0]//[21̄0] directions. A lattice strain of 1.12 % and -0.554 % was introduced

along [001]//[003̄] and [100]//[1̄20] directions, respectively, to match both phases

at the interface. The final structures are stacked together face-to-face as displayed

in Fig. 3.9. As can also be seen in Fig. 3.10, atom rows of Fe2Al5 match with
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Figure 3.10: Face-to-face matched interface structure between Fe2Al5 and Fe4Al13.

atom rows of Fe4Al13 at the interface. The final OR between Al and α-AlFeSi is

given as;

[003̄]Fe2Al5 || [001]Fe4Al13

[21̄0]Fe2Al5 || [02̄0]Fe4Al13

(1̄2̄0)Fe2Al5 || (100)Fe4Al13

Fe2Al5 // Fe interface

Figure 3.11: Superimposed structures of Fe and Fe2Al5.

Fe and Fe2Al5 has BCC and orthorhombic symmetries with lattice parameters
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Figure 3.12: Matched interface structure between Fe2Al5 and Fe.

of aFe = 2.87 Å and a = 7.397 Å, b = 6.442 Å, c = 4.095 Å, respectively.

For building the Fe2Al5 interface structure, the DFT-relaxed bulk Fe2Al5 struc-

ture was used. Based on the lattice parameters, closed-packed/nearly close-packed

directions found for Fe2Al5 (02̄0) are [001̄] and [100], and for the Fe lattice a

close-packed plane was identified to be (1̄21) along [101] and [111̄] directions.

Fig. 3.11 shows the superimposed (02̄0)Fe2Al5 // (121)Fe plane. Both phases nicely

match along these directions.

In order to match both phases along [001̄]//[101] and [100]//[111̄] lattice strains

of 0.89% and 0.79% were introduced, respectively. The final matched structure is

shown in Fig. 3.12.

α-AlFeSi // Fe4Al13

The interface between α-AlFeSi // Fe4Al13 is developed by using the same pro-

cedure as described above. The lattice constants and atomic positions used for

developing this interface structures have already been described in previous sub-

sections. The final OR used for this interface structure is given in Table 3.2. Fig.

3.13 shows the interface between α-AlFeSi and Fe4Al13. Lattice strains of 1.90%

and 1.65 % were introduced between [121] // [110] and [1̄1̄0] // [01̄1], respectively.
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Figure 3.13: Face-to-face matched interface structure between α-AlFeSi and Fe4Al13.

3.3 Structural relaxation
After establishing successful and refined interface structures, the next crucial step

is to optimize these structures using DFT before proceeding to mechanical cal-

culations. The main challenge in optimizing these structures is their large cell

size and number of atoms, which makes it extremely challenging to converge the

structures and bring down forces in the range of 0.01 eV/Å. To find the structures

with minimum potential energy, many well-established optimization methods have

been applied such as conjugate gradient (CG), steepest descent, Newton-Raphson,

quasi-Newton or truncated Newton methods [29, 30, 65, 66]. These optimization

methods use the force projection to direct the optimizer towards the minimum en-

ergy paths and saddle points [67]. Owing to the large cell size of these interface

structures, however, finding the minimum energy path requires huge computational

resources and time. To address this problem, a new optimization method, the so-

called Fast Inertial Relaxation Engine (FIRE) introduced by Bitzek et al. [2] was

adopted.

3.3.1 Fast inertial relaxation engine

This method specifically directs the velocity towards an external force direction

and resets the velocity when force and velocity are in opposite directions. To

understand the mechanism of this method, consider a blind skier on an unknown
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hilly mountain range described by the potential energy landscape of E(x) with

x=(x1, x2). By assuming that the skier could choose the direction and stop if

needed, the skier obeys the following equation of motion (Fig. 3.14) [2]:

v̇(t) = F(t)/m− γ(t)|v(t)|[v̂(t)− F̂(t)] (3.4)

where m is the mass, the velocity v= ẋ, the force F=−∇E(x), v̂(t) and F̂(t) are

the normalized velocity and force components. The skier accelerates in the direc-

tion which is steeper than the current direction via the function γ(t), if the power

P (t) = F(t) · v(t) is positive. When the power function becomes negative, the

skier stops to avoid uphill motion. Since the current velocities carry the informa-

tion about the average descent direction and energy scale, the function γ(t) should

not be too large. Fig. 3.15 shows a comparison of the FIRE algorithm with other

powerful schemes CG and L-BFGS. FIRE keeps intact and surprisingly fast as

compared to CG and LBFGS for the optimization of the spiral-shaped potential

energy function. Therefore, this algorithm can be used on larger systems having

millions of degree of freedom.

Figure 3.14: Mechanism of the FIRE optimization algorithm analogous to a blind skier

searching for the bottom of the valley in an unknown mountain area [2].

While relaxing the system, this algorithm considers the following velocity modi-

fications, (1) stopping to avoid uphill motion, (2) discrete use of an MD time step

Δt, and (3) steer in the start then let the inertia decide the direction. Given the

initial values of Δt, α=αstart and v=0, the FIRE algorithm uses the following
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Figure 3.15: Comparison of the FIRE optimization method with CG and the limited

memory Broyden-Fletcher-Goldfarb-Shanno (L-BFGS) scheme for a spherical-shaped po-

tential energy function [2].

propagation rules [2]:

1. Calculate x, F=-∇E(x) and velocity v.

2. Calculate P = F · v.

3. Set v → (1−α)v+α F̂|v|

4. For P > 0, increase the time step Δt → min(Δt · fmin, Δtmax) and de-

crease α →α · fα.

5. If P ≤ 0, decrease the time step Δt→ min(Δt, fdec), and freeze the system

v → 0 and set α to αstart.

6. Return to Molecular Dynamics.

3.3.2 Conjugate gradient

This method follows the conjugate search direction instead of just following the

force. This algorithm applies the Polak-Ribère formula [67, 68]:

1. Search direction is being initialized along the force,

d0 = F0

2. Using a line search, calculate the step size λ,

Rj+1 = Rj + λ dj
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3. Evaluate the conjugate search direction,

dj+1 = Fj+1 + γ dj

where γ = Fj+1 · (Fj+1-Fj)/|Fj |2. In order to minimize the force along the search

direction di, a single Newton’s method was adopted at each iteration. The finite

difference step was used to evaluate the derivative of the force along the search

direction, so that each CG iteration needs two force evaluations.

3.3.3 Implementation of optimization methods

These optimization methods have been incorporated in VASP for DFT calcula-

tions [69]. To use these force-based optimizers, a damped molecular dynamics is

used for the update of ionic degrees of freedom with a step size of 0 for a scaling

constant. This procedure disables the built-in optimizers. These force-based op-

timizers are selected by specifying the particular IOPT value for the optimizers in

the VASP input INCAR file.

3.4 Mechanical properties

3.4.1 Bulk strength

The bulk material properties of Fe-Al compounds were determined by the calcu-

lations of single-crystal elastic constants. The Fe-Al compounds studied in this

work are anisotropic, which means that their mechanical properties are dependent

on the direction of the principal axis frame. In calculations of elastic constants, the

crystal is subject to the applied force (stress tensor), which results in the deform-

ation described by the strain tensor. The elastic deformation can be described by

the generalized Hooke’s law,

σij =
∑
k

∑
l

Cijklεkl (3.5)

where σij and εkl are the stress and strain tensor, respectively, and Cijkl is the

stiffness tensor. The strain is expressed by inverting Eq. (3.5)

εij =
∑
k

∑
l

Sijklσkl (3.6)

Here Sijkl is the compliance tensor. The elastic constant in Eq. (3.5) Cijkl contains

81 elastic coefficients. At most, 21 of these 81 elastic components are independ-

ent. The number of elastic components can be further reduced, depending on the

symmetry of the crystal [70].
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3.4.2 Bulk mechanical properties

The elastic tensor described in Sec 3.4.1 differs at every point in the crystal. Elastic

constants are calculated by performing different deformations of the equilibrium

unit cell structure and determining the dependence on energy changes. After cal-

culations of elastic constants, first, the elastic stability is determined according to

the well-known Born criteria for different crystal systems [52, 71]:

Cubic system:

(C11 − C12) > 0, C11 > 0, C44 > 0, C11 + 2C12 > 0 (3.7)

Orthorhombic system:

C11 + C12 + C33 + 2C12 + 2C23 > 0;C11 + C22 > 2C12;

C22 + C33 > 2C23;C11 + C33 > 2C13;Cij > 0(i = 1− 6)
(3.8)

Monoclinic system:

Cij > 0(ij = 11, 22, 33, 44, 55, 66),

C11 + C22 + C33 + 2(C12 + C13 + C23 > 0),

(C11C55 − C2
12) > 0, (C44C66 − C2

46) > 0, C22C33 − C23 > 0,

C22(C33C55 − C2
35) + 2C23C25C35 − C2

23C55 − C2
25C33 > 0,

2[C15C25(C33C12 − C13C23) + C15C35(C22C13 − C12C23)

+C25C35(C11C23 − C12C13)]− [C2
15(C11C22 − C2

12)

+C55(C11C22C33 − C11C
2
23 − C22C

2
13 − C33C

2
12 + C12C13C23)] > 0

(3.9)

Trigonal system:

C11 − C12 > 0; (C11 + C12)C33 − 2C2
13 > 0;

(C11 − C12)C44 − 2C2
14 > 0

(3.10)

The elastic constants calculated from the ab-initio and MEAM potential-based cal-

culations of Fe-Al compounds are presented in Paper I and Paper II. According to

our calculations, all Fe-Al compounds in this study fulfilled the elastic stability

criteria given in Eqs. (3.7)-(3.10). From these elastic constants, material macro-

scopic properties such as bulk modulus (B), shear modulus (G), Poisson’s ratio

(ν) and Young’s modulus (Y ) are calculated.

Since these crystals are polycrystalline and anisotropic, their mechanical proper-

ties are calculated by using the approximation method proposed by Voigt-Reuss-

Hill [72–74]. This method provides the upper and lower bounds of the elastic
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Figure 3.16: Voigt-Reuss-Hill approximation scheme for the calculations of crystalline

aggregates.

parameters. The Voigt-Reuss-Hill approximation is an averaging scheme by which

anisotropic single-crystal elastic constants can be converted into isotropic poly-

crystalline elastic moduli. The averaging scheme is explicitly based on three in-

dependent theoretical contributions due to Voigt [72], Reuss [73] and Hill [74].

The Voigt and Reuss averages are interpreted as the ratio of average stress to av-

erage strain within the composite. The stress and strain are generally unknown in

the composite and are expected to be non-uniform. The upper bound (Voigt) and

lower bound (Reuss) is found assuming that the strain and stress is everywhere

uniform. Fig. 3.16 describes the hierarchy of the Voigt-Reuss-Hill approximation

scheme. The Voigt shear modulus (GV ) and Reuss shear modulus (GR) are given

as:

GV =
C11 + C22 + C33 − C12 − C13 − C23

15
+

C44 + C55 + C66

5
(3.11)
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GR =
15

4(S11 + S22 + S33)− 4(S12 + S13 + S23) + 3(S44 + S55 + S66)
(3.12)

The Voigt bulk modulus (BV ) and Reuss bulk modulus (BR) are given as:

BR =
1

(S11 + S22 + S33) + 2(S12 + S13 + S23)
(3.13)

BV =
(C11 + C22 + C33)

9
+

2

9
(C12 + C13 + C23) (3.14)

In Eqs. (3.12) and (3.13), Sij is an element of the compliance matrix Sij=C
−1
ij .

The Voigt-Reuss moduli from Eqs. (3.11-3.14) provide the upper and lower bounds

of the shear and bulk modulus. The anisotropic bulk and shear modulus are con-

verted into the isotropic bulk and shear modulus by using the Hill approximation

scheme, which uses the Voigt and Reuss average values:

GHill =
GR +GV

2
(3.15)

BHill =
BR +BV

2
(3.16)

Young’s modulus (Y ) and Poisson’s ratio (ν) are calculated from Eq. (3.15) and

(3.16):

YHill =
9BHillGHill

3BHill +GHill
(3.17)

νHill =
3BHill − 2GHill

2(3BHill +GHill)
(3.18)

The single-crystal bulk modulus, shear modulus, Young’s modulus and Poisson’s

ratio using the VRH approximation for Fe-Al compounds are calculated using the

approximation schemes in this thesis.

3.4.3 Interface strength

Tensile strength

For the tensile strength calculations of the bulk and interface structures, virtual

tensile tests were performed in the regime of Rigid Grain Shift (RGS) with and



3.4. Mechanical properties 39

without atomic relaxations [17, 75, 76]. In the RGS approach, the DFT-relaxed

equilibrium interface structure is stretched along the normal direction by intro-

ducing a vacuum at the interface, and static calculations were performed without

atomic relaxation. In the second approach, atoms were stretched in the same way

as in the RGS method but allowed to relax during DFT calculations and therefore

named RGS+relaxation. These virtual tensile tests result in energy-displacement

curves that can be fitted using an extended version of the Universal Binding En-

ergy Relationship (UBER) [77–79]. Rose et al [80] postulated that binding energy-

displacement curves can be scaled to a so-called single universal relation, which

can be expressed as [80]

Eb(d) = |Ee
b | · g(a) (3.19)

where Ee
b is the binding energy of the equilibrium structure, d is the displacement

of an interface structure and a is the re-scaled displacement given as a = d/l. Here

l is the characteristic length, which can be approximated by the curvature of the

energy-displacement curve at its minimum and is used as a starting point for the

fitting procedure,

l =

√
|Ee

b |
E

′′
b (0)

(3.20)

If the functional form g(a) is known, we can determine the theoretical strength

and critical displacement of any material from the parameters Ee
b , and E

′′
b . For the

hydro-static compression/expansion, g(a) is determined to be [81]:

g(a) = −(1 + a+ P (a))e−a (3.21)

By differentiating the energy-displacement curve, the theoretical tensile strength

of the atomic structures can be evaluated [77],

σth(d) =
∂Eb

∂d
(3.22)

The theoretical strength σth at the maximum of its value is defined as the Ultimate

Tensile Strength σUTS . The value of d at σUTS is defined as the critical length dc.
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Figure 3.17: Scaling procedure of the energy-displacement curve for the IMCs interface.

Green curve is coinciding with red curve.

Scaling of binding energies

In first-principles calculations, the tensile strength can be calculated by applying

normal strain directly to the fully relaxed equilibrium interface structure in the

z-direction. This virtual tensile testing provides binding energy versus tensile

displacement data. As Rose postulated, a metallic bonding-energy curve can be

approximately scaled into the universal binding energy relation for the following

cases: (i) metallic or bimetallic adhesion (ii) chemisorption on a metal surface, and

(iii) cohesion of bulk metals [80]. Although UBER shows good correspondence

of binding energy versus displacement for un-relaxed metal surfaces, it is unable

to describe the behaviour of tightly bound metals and intermetallics [82]. For this

reason, we were unable to find a good fit for the IMC interfaces using the func-
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tional form given in Eq. (3.21). To find a good fit capturing the features of binding

energy versus displacement, we added another polynomial exponent for g(a) in

Eq. (3.19) [81]:

Eb(d) = |Ee
b | · g(a) (3.23)

g(a) = −(1 + a+ P (a))e−a−Q(a) (3.24)

where a is the rescaled displacement and |Ee
b | is the binding energy of the equilib-

rium structure. P and Q are polynomials of order two or larger. This expression

for g(a) ensures that g(0) = −1, g(a → ∞) = 0 and g′(0) = 0. The first-order

terms are excluded from P and Q since they are related to each other as well as to

the characteristic length. To ensure that the fitting behaves well one should only

include odd-order terms in the polynomials P and Q.

Using the above approach we found a good fit for both RGS and RGS+relaxation

methodologies for the IMC interface structures. Fitting is done by only including

a single third-order term in Q(a) while keeping P (a) = 0. The fitting is done in

the following steps (Fig. 3.17):

1. Blue curve: starting point, we just assumed some reasonable value for |Ee
b |

and d.

2. Orange curve: fitting of d.

3. Green curve: fit l together with Q3 (the coefficient for the third-order term

in the polynomial Q).

4. Red curve: Fit |Ee
b |, l and Q3 together.

As can be seen from Fig. 3.17, the characteristic length fits well for the first-order

term for the RGS approach. During the relaxation of atomic positions, binding

energy lost in breaking a bond is regained during elastic relaxation, which is why

the length required to fracture the interface structure increases. For this reason,

during the RGS+relaxation method, the characteristic length does not fit to the

first-order term polynomial, as it does for the RGS method.

For some materials, the use of a single third-order term in Q(a) was not enough. To

find a reasonable fit for such materials, polynomial term P (a) of different orders

were also tested.
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Features of the energy-displacement curve

Based on the RGS and RGS+relaxation methodologies, the energy-displacement

curve is divided into different regions. In the case of the RGS methodology, the

curve is continuous and fits adequately to the UBER relation as explained in the

previous section. As can be seen in Fig. 3.18, the nominal binding energy increases

with the increase in tensile displacement until the energy stabilizes, and interface

structures split into two non-interacting free surfaces. The minimum value of the

binding energy represents the ideal work of separation Wsep. Work of separation

Wsep is defined as the energy needed to separate an interface structure into two

non-interacting free surfaces. The strength calculated using the RGS methodology

is overestimated, therefore RGS+relaxation tests are also performed.

RGS+relaxation virtual tensile tests are performed by introducing a vacuum at

the interface and then allowing atoms to relax. This results in energy versus dis-

placement curve which does not correspond well with the UBER relation. Fig.

3.18 shows the binding energy versus displacement curve for the RGS+relaxation

methodology. This curve is divided into the following regions [77]:

Figure 3.18: Features of the binding energy versus tensile separation curve.

1. Region I (d < dc): At smaller displacements, the binding energy is con-

tinuous. An initial crack introduced can, therefore, be recovered by elastic

relaxation and surfaces are reconnected. The dc can be determined as fol-

lows,

dc = εcd0 + d0 (3.25)
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where εc and d0 are the critical strain value at the maximum tensile stress

and equilibrium length of the supercell, respectively. The materials during

the virtual tensile tests reach the maximum tensile stress at dc

2. Region II (dc < d < df ): This region is defined as the instability region.

The purple region in Fig. 3.18 indicate the range and the crack introduced

in Region 1 can here no longer be healed. The range of this region can be

calculated by the following relation:

dinstability = df − dc (3.26)

where df is the final fracture length. We define df to be the value of d where

the binding energy reached -0.003 eV/Å2. The final fracture length can be

regarded as the limiting displacement, after which the interface structures

are completely separated into the corresponding relaxed bulk surfaces.

3. Region III (d > df ) : At larger separation distances; the energy-displacement

curve levels out. The fractured surfaces are attracted to their corresponding

blocks after overcoming the energy barrier, hence the energy-displacement

curve stabilizes and the surfaces are totally separated.

Shear strength

For the shear strength calculations the interface structures were moved along the

a and b directions, depending on the ORs between related interfaces, and atoms

were allowed to relax along the c direction to remove strain. Moreover, to remove

any periodic interaction along the [001] direction, a vacuum layer of >10 Å was

introduced. A series of incremental strains were introduced along the respective

slip directions, and atoms were allowed to relaxed along the normal direction using

a conjugate gradient relaxation algorithm. Figure 3.18 shows a schematic example

of shear displacement between Crystal 1 and 2. Crystal 2 was moved with respect

to Crystal 1 along a and b directions. The same procedure was adopted for all the

interface structures.

These calculations result in the total energy as a function of shear displacement.

Since the shear system is periodic along the shearing direction, the shifted slab

energy is defined as a Fourier series:

Es(d) = E0(0) +

∞∑
i=1

[Ai cos(kid) +Bi sin(kid)] (3.27)

where ki=
2πi
λ and λ is the periodicity along the shear direction. To find a good fit,

a Fourier series of order 3 was used for most of the curves. Es(d) and E0(0) are
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Figure 3.19: Schematic illustration of shear displacement.

the total energies of the shifted and un-shifted supercell, respectively [83], of the

interface structures and d is the shear displacement. The shear stress is calculated

by differentiating Eq. 3.27,

γs(d) =
1

A

∂Es

∂d
(3.28)

where A is the interface area.



Chapter 4

Summary

“If you thought that science was

certain — well, that is just an error

on your part.”

Richard Feynman (1918-1988)

In this chapter, the articles on which this thesis is based on will be summarised.

This will be followed by overall conclusion, together with a brief discussion of the

main challenges and limitations of the present theoretical results, and their validity

with respect the joint strength of real structures. Finally some methodological

perspectives are presented.

4.1 Summary of articles
The main objective of this thesis is to characterize the influence of Fe-Al inter-

metallics on the joint strength of aluminum and steel joints. The scope of this

thesis is mainly limited to the Fe2Al5, Fe4Al13 and α-AlFeSi intermetallics. How-

ever, we also performed MEAM simulations on the FeAl, Fe3Al and FeAl2 phases

to identify the computational reliability of the MEAM method in comparison to

EAM, DFT, and long-range analytical embedded atom method (LAEAM) meth-

ods. Moreover, it provided us the opportunity to find a MEAM potential suitable

for finding good initial guesses for complex Fe-Al interfaces (see subsection 3.1.2).

4.1.1 Paper I

First-principles calculations were performed on bulk single-crystal unit cells of

Fe2Al5 and Fe4Al13 intermetallics. Based on single-crystal elastic constant cal-

45
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culations, the following conclusions are drawn from this study. (i) both Fe2Al5
and Fe4Al13 compounds were found to be thermodynamically and mechanically

stable. Based on the calculation of formation enthalpy, Fe2Al5 was found to be

thermodynamically more stable than Fe4Al13; (ii) both compounds were found to

be brittle in nature with Fe4Al13 more brittle than Fe2Al5, (iii) based on the shear

modulus and Young’s modulus, Fe2Al5 was found to be harder and stiffer as com-

pared to Fe4Al13, (iv) Fe2Al5 showed higher bulk modulus values than Fe4Al13,

which indicates that Fe2Al5 is more resistant to compression than Fe4Al13, (v) both

compounds were found to be mechanically anisotropic, however, Fe2Al5 showed

higher directional dependence of Young’s modulus than Fe4Al13. Moreover, a cal-

culation of the electron localization function indicated covalent bonding between

Al-Al atoms and metallic bonding between Fe-Fe atoms for both compounds. On

the other hand, bonding between Al-Fe showed mixed behavior and depends on

the orientation of the structure.

4.1.2 Paper II

(Pre-print)

Modified embedded atom method (MEAM) based simulations were performed of

Fe-Al bulk intermetallic phases to identify the accuracy and applicability of the

MEAM potentials for the Fe-Al system. To assess the degree of the uncertainty

of the calculations, structural and mechanical properties calculated by the MEAM

force-field was compared to density functional theory, the embedded atom method

(EAM), the long-range analytical embedded atom method (LAEAM) and exper-

iments. The other main objective of this study was to identify the best compu-

tational methodology available so far, for as realistic as possible predictions of

structural and mechanical properties of the Fe-Al compounds.

Based on MEAM calculations of the heat of formation and elastic constants, all

Fe-Al compounds (FeAl, FeAl2, Fe2Al5, FeAl3 and Fe3Al) were found to be

thermodynamically and mechanically stable. Comparisons with other theoretical

and experimental studies identified uncertainties in computational methodologies.

Generally, it has been found that semi-empirical potentials are unable to provide

realistic insights about high-symmetry compounds. It has been generally accep-

ted that Fe2Al5 and FeAl3 are brittle, but EAM and MEAM simulations predicted

a ductile nature of these compounds, which is in contradiction with experiments.

However, DFT was successfully able to predict the brittle nature of these com-

pounds. Moreover, these comparisons and studies were performed without consid-

ering any crystal defects, so the calculated values are expected to be over-estimated

as compared to the experiments.
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4.1.3 Paper III, IV and V

Systematic studies were performed by virtual tensile and shear strength calcula-

tions of the Al//Fe4Al13, Al//α-AlFeSi,α-AlFeSi // Fe4Al13, Fe4Al13 // Fe2Al5 and

Fe2Al5 // Fe interface structures by using the density functional theory method.

Moreover, to quantify the weakest zone in the interface structure, bulk virtual

tensile strength was also evaluated for the Al, Fe4Al13, Fe2Al5 and Fe phases.

Virtual tensile calculations for all interface structures were performed in the re-

gime of RGS without atomic relaxations and RGS+relaxation with atomic relax-

ations. The contributions from these papers are not only limited to finding the

strength of these interface structures but also to point out the importance of the

RGS+relaxation methodology for more realistic predictions of the virtual tensile

strength.

The RGS+relaxation virtual tensile strength calculations indicated that the Fe2Al5//

Fe interface is the strongest, followed by the α-AlFeSi // Fe4Al13, Fe4Al13 //

Fe2Al5, Al//α-AlFeSi and Al//Fe4Al13 interfaces. Furthermore, calculations gave

insights into the structure of the charge depletion region in Fe4Al13, which sig-

nificantly compromises its bonding strength. It was found that Fe4Al13 is highly

anisotropic in nature, and the presence of this phase can compromise the joint

strength. In terms of virtual shear strength, Fe2Al5//Fe showed the lowest vir-

tual shear strength along the < 001 > direction followed by Al//α-AlFeSi and

Al//Fe4Al13. α-AlFeSi // Fe4Al13 and Fe4Al13 // Fe2Al5 interfaces showed com-

paratively higher shear strength as compared to all other interfaces. However, the

α-AlFeSi // Fe4Al13 interface seems to have the highest shear strength. Table

4.1 and 4.2 show the calculated virtual tensile and shear strengths of the interface

structures.

Moreover, the RGS+relaxation methodology helped us to predict the ductile and

brittle failure mechanism of the interface structures. The energy-displacement

curve in the RGS+relaxation method was divided into three distinct regions which

helped us to explore the physics at different displacement lengths. Due to this

unique feature of this method, it was argued to use the extra polynomial term in

the UBER relation for finding a better fit for interface structures. Based on the

RGS+relaxation method, brittle failure was determined based on the range of the

instability region, i.e., the higher the range of the region the higher the ductile

behavior. It is well known, Al is a highly ductile material. Al (210) bulk is there-

fore taken as a reference with 3.17 Å range of the instability region, Fe2Al5 // Fe

showed the smallest range of the instability region (0.79 Å), which indicates that

this interface structure is most brittle in nature. α-AlFeSi // Fe4Al13 showed the

largest range (1.55 Å) followed by Al // Fe4Al13 (1.38 Å), Fe2Al5 // Fe4Al13 (1.10

Å) and Al // α-AlFeSi (0.92 Å). To summarize, the presence of Al atoms at the
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interface increases the range of the instability region with the exception of the Al

// α-AlFeSi. The weak bonding between Al-Si atoms at the interface as observed

by the total charge density plots in the Al // α-AlFeSi interface is assumed to cause

the lower range of the instability region and brittle failure.

These papers enhance our understanding of the influence of Fe2Al5, Fe4Al13 and

α-AlFeSi intermetallic phases on the joint strength of aluminum and steel. Sys-

tematic studies have been performed to characterize the mechanical strength of

Fe2Al5, Fe4Al13 and α-AlFeSi compounds and interfaces. However, these papers

do not consider crystallographic defects and effects of temperature.

Table 4.1: Virtual tensile strength of interface structures.

Interface
σUTS (RGS)

(GPa)

σUTS (RGS+relaxation)

(GPa)

Al // Fe4Al13 13.17 9.85

Al // α-AlFeSi 17.27 10.92

Fe4Al13 // α-AlFeSi 17.79 11.10

Fe4Al13 // Fe2Al5 17.32 14.48

Fe2Al5 // Fe 33.03 23.88

Table 4.2: Virtual shear strength of interface structures.

Interface
Shear stress (Lowest)

(GPa)

Shear stress (Highest)

(GPa)

Al // Fe4Al13 5.11 <101> 7.65 <101>

Al // α-AlFeSi 2.23 <101> 3.14 <100>

Fe4Al13 // α-AlFeSi 6.50 <011> 6.81 <110>

Fe4Al13 // Fe2Al5 5.15 <020> 5.92 <001>

Fe2Al5 // Fe 0.97 <001> 4.74 <100>

4.1.4 Appendix article A

This is a preliminary article, in which we studied the simple Al and Fe interface

without any IMC layer. This article had the following aims:

• We tested our methodology for the building of low lattice misfit interface

structures.

• Although it is inevitable to avoid the development of IMCs during the weld-

ing of aluminum and steel, this study is still relevant to be considered as a
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reference for investigating the effect of IMC layers on the mechanical prop-

erties of the joint. We also devised a methodology for the calculation of the

work of separation. The purpose of calculating Wsep for the Al//Fe interface

was to make comparisons with Wsep values of Al // IMC, IMC // IMC, and

IMC // Fe interfaces.

Table 4.3 lists the Wsep values for all interfaces. It is clear from the table that

the pure Al//Fe interface has a higher value of Wsep than all IMCs interfaces.

This indicates that the presence of the IMC layers lowers the interfacial strength.

Although this conclusion is trivial, it nevertheless validates our methodology and

approach.

Table 4.3: Virtual tensile strength of interface structures.

Interface
Wsep

(J/m2)

Al // Fe 5.84

Al // Fe4Al13 2.24

Al // α-AlFeSi 2.26

Fe4Al13 // α-AlFeSi 2.95

Fe4Al13 // Fe2Al5 3.11

Fe2Al5 // Fe 4.45

4.2 Overall summary

4.2.1 Main conclusions

The aim of this Ph.D. thesis to contribute to an improved fundamental understand-

ing of the mechanical behavior of Fe-Al welding joints. This was obtained by

performing a systematic study of mechanical strength of the individual phases (Al

and Fe) and Al-Fe and α-AlFeSi IMCs and their relevant interfaces via ab-initio

calculations. Based on the articles I-V and A the following main conclusions can

be drawn:

• Compared to the interfaces, bulk IMCs showed the highest strengths, which

indicates that failure is more likely to initiate from the interface region than

the bulk region for these IMCs.

• The calculated work of separation and ultimate tensile strengths are shown

in Fig. 4.1. The interfaces with higher work of separation values showed the
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higher ultimate tensile strength. Moreover, the ranking of the IMC interfaces

based on the mechanical strength values can also be seen. An interface with

higher Fe content shows higher strength values.

• Shear strength for all interface structures were found to be significantly

lower than the virtual tensile strengths (cf. Fig. 4.2). The interfaces with

more Al atoms at the interface showed comparatively higher shear-strength

values than the interfaces with more Fe and Si atoms. To summarize, Fe

atoms found to develop stronger tensile but lower shear strengths than the

Al atoms at the interface.

• Overall Fe-Al and α-AlFeSi IMCs were found to have negative effect on the

strength of aluminum-steel joint.

These conclusions are expected to provide useful insights into the role of indi-

vidual IMCs and help experimentalists to develop strategies for welding methods.

The theoretical calculations also provide valuable results about intrinsic strength,

which can be important input for higher scale modelling approaches (also includ-

ing defects), and hopefully also serve as basis for future, more sophisticated multi-

scale models.

Figure 4.1: Relation between different calculated mechanical values such as work of sep-

aration and the ultimate tensile strengths (RGS and RGS+relaxation approaches) for the

interface structures.
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Figure 4.2: Relation between ultimate tensile and shear strengths for the interface struc-

tures.

4.2.2 Methodological perspectives, challenges and limitations

The research articles in this thesis contribute to the building of atomic interface

structures and their bulk and interfacial strengths by DFT and MEAM based ap-

proaches. This Ph.D. project explored the applicability and reliability of the MEAM

potential approach for predicting mechanical strengths. To ensure the reliability

and uncertainty of our calculations, we compared the calculated values with other

theoretical and experimental literature. Results indicated that the MEAM potential

scheme can provide good structural properties, but it showed huge discrepancies

in the mechanical behavior predictions for Fe-Al compounds. This Ph.D. proposes

that the MEAM potential approach should only be applied for finding good initial

interface structures, but it is unsuitable for inferring mechanical behavior predic-

tion. Therefore, this thesis mostly comprises of DFT calculations.

In the later part of this Ph.D. thesis, interfacial properties are calculated by using

the generalized form of UBER for tensile and Fourier series for shear strength cal-

culations. This thesis used RGS and RGS+relaxation based approaches to identify

the ultimate tensile strengths of the interface structures. Since RGS does not in-

volve the atomic relaxations during the virtual tensile testing, the RGS+relaxation

based approach is proposed to be more reliable. However, this approach presented

an extra challenge of finding a reasonable fit with UBER. We therefore introduced

an additional polynomial term in the UBER relation to find a reasonable fit for the

RGS+relaxation method. Before adopting this approach, this fitting technique was
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evaluated for different Al alloy compositions and grain boundaries and it showed

reasonable agreement with literature [81]. However, due to the lack of data for

these IMCs, we could not compare the calculated values with other literature. Nev-

ertheless, comparisons of structural parameters for the bulk IMCs from our DFT

calculations showed good agreement with other literature [52, 53, 60].

The approach and methods applied in this work has the following challenges and

limitations:

• Among the main limitations of all the articles discussed in this thesis is the

lack of consideration of crystallographic defects. Such microstructure de-

fects can have a significant effect on the mechanical properties of the IMCs

and their interfaces- and may modify the conclusions with respect to rel-

ative strength based on the IMCs’ intrinsic strength properties. Extended

defects like dislocations and micro-/nano voids are probably the most im-

portant defects that are not included in this work. Even though there exist

examples in the literature where the defects are considered in the frame of

first principles [84, 85], they generally live in a length scale above DFT and

are therefore outside the scope of this work.

• The role of impurities and the effect of temperature on the mechanical strengths

of IMCs: For example, Medvedeva et al. [86] studied the role of C, Mn and

Al impurities in a fcc Fe matrix by first principles. They demonstrated the ef-

fect of impurities on the intrinsic stacking fault energy (SFE) and found SFE

is highly sensitive to the concentration of impurities in the vicinity of stack-

ing fault defect. Song et al. [87] recently addressed the role of vacancies on

the mechanical properties of B2 FeAl intermetallic by first principles. They

found the mechanical change of IMC from brittle to ductile with an increase

in the vacancy concentration and also observed an increase in equilibrium

concentration of vacancies with an increase in temperature.

• Generally, Fe2Al5, Fe4Al13 and α-AlFeSi are non-magnetic IMCs [88, 89].

However, studies have shown an increase in magnetism with an increase of

substitutional Fe atoms, temperature, and anti-phase grain boundaries for

Fe-Al IMCs [90, 91]. In this work, we did perform spin-polarized calcula-

tions for the IMCs, and these calculations indicated that spin is a second or-

der effect. For this reason, magnetism was not considered for virtual tensile

and shear strength calculations of Fe-Al IMCs.

• Lateral contraction (Poisson effect) during virtual tensile tests was also not

considered in this work. It is generally accepted to perform tensile calcula-

tions by neglecting the Poisson effect as we often make comparative stud-
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ies. However, Tian et al. [92] studied the Poisson effect upon stretching

and found that it remarkably reduces the total energy of the grain-boundary

system.

• Since this work does not include extended defects (dislocation, micro/nanovoids),

the prediction of brittleness/ductility from the binding energy versus the sep-

aration curve is not defined in a classical sense as relevant for real micro-

structures and materials (in which brittleness and ductility is related to the

mobility of dislocations). But it provides an approximate qualitative com-

parison of different Fe-Al IMC interfaces indicating the intrinsic brittle/ductile

failure mechanism.

4.2.3 Future perspectives

1. The study of the MEAM potential was performed for bulk Fe-Al IMC com-

pounds. However, the MEAM potential was used in this work for finding

good initial interface structures due to the suitability of the MEAM poten-

tials for Fe and Al. Hence there is a need for the improvement of such po-

tentials. Moreover, during the development of such potential, the reliability

of the mechanical properties should also be tested.

2. In this work, the main focus was on the Fe2Al5, Fe4Al13 and α-AlFeSi inter-

metallic phases. Depending on the welding methodology and temperature

reached at the joint, many other phases such as FeAl, FeAl2, Fe2Al and

many other Al-Fe-Si intermetallics have already been observed and found at

aluminum-steel joints. These phases still need to be studied further.

3. This study was performed without considering any crystallographic defects

such as point defects, line defects, planar or bulk defects. This results in

over-estimation of values calculated from these simulations. For example,

macroscopic tensile and shear strengths will be much lower than the virtual

tensile and shear strength calculations of this study. Given this, there is a

need for systematically studying the influence of crystallographic defects on

the mechanical properties of Fe-Al and Al-Fe-Si compounds.

4. These simulations were performed at 0K. The temperature could have a sig-

nificant effect on the mechanical properties of these compounds, and this

should be considered and scrutinized in future studies. Since all our DFT

calculations neglect temperature effects, molecular dynamics or ab-initio

molecular dynamics-based approaches should be adopted for an enhanced

understanding of the temperature effects on these compounds and interfaces.
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5. There is a need to link the atomistic simulations with the macroscopic fail-

ure process by using molecular dynamics or finite element modeling. The

work reported in this thesis can be used as an input to describe the macro-

scopic failure mechanism of aluminum-steel joints by a FEM method. Fig-

ure 1.1 shows the strategy for linking atomistic simulations with a macro-

scopic model inspired by the experimental observations.
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Abstract 

The joining of aluminum and steel has been considered as the efficient combination to develop lightweight and environmental 
friendly structures. However, due to the significant differences in mechanical and physical properties of aluminum and steel, the 
joining of these two metals is challenging, where typically several intermetallic phases are formed at the interface. Origin of 
intermetallic phases at the Al-Fe interface is inevitable due to the low intermixing of Al and Fe. Thus in order to achieve reliable 
joining, it is necessary to have basic understanding about these intermetallic phases. This paper aims to describe mechanical and 
bonding properties of the two most commonly observed phases, Fe4Al13 and Fe2Al5. The formation energy, elastic properties and 
nature of bonding of Fe4Al13 and Fe2Al5 have been calculated. The results show that Fe2Al5 is thermodynamically more stable than 
Fe4Al13, and it seems to be less brittle than Fe4Al13. Electron localization plots of these compounds show a combination of covalent 
and metallic bonding, where Fe4Al13 shows a stronger tendency of covalent character than Fe2Al5 
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1. Introduction 

Multi-material vehicle structures are considered to be one of the most promising solutions for automotive weight 
reduction and is receiving more and more attention with the growing concerns on energy saving and environmental 
preservations [1]. A typical and efficient combination is aluminum and high-strength steel (590-1470 MPa). Due to 
the significant difference in physical and mechanical properties of these two materials, it is very difficult to achieve 
reliable joints between these two materials through traditional fusion welding techniques [2, 3]. 

Various methods and techniques have been studied to achieve optimal properties, but it has been found inevitable 
to avoid the development of intermetallic phases at the interface due to the limited diffusion of aluminum and steel. It 
is thermodynamically possible to produce a range of intermetallic phases in the Al-Fe system [4, 5], However, Fe2Al5 
and Fe4Al13 layers are the most commonly observed ones at Al-Fe joints by different welding methodologies [6, 7].  

Cold metal transfer is one of the welding techniques that has been employed to weld aluminum and steel. In this 
welding technique, aluminum is placed on the surface of a steel plate, and filler wire is melted along the edges of the 
plate creating a lap joint [8]. Cao et al. [9, 10] showed that the molten filler metal and the aluminum develop a fusion 
joint, and the  filler and the aluminum plate forms a brazed joint with the steel plate, where intermetallic phases are 
formed. Using the transmission electron microscopy (TEM), these intermetallic phases can be distinguished. Based on 
our cold metal transfer sample’s TEM images in our SFI research Centre, we found Fe2Al5 and Fe4Al13 intermetallic 
phases at the interface. Between these two phases, Fe2Al5 has been reported to be the most dominant one [11]. This is 
thought to be partly due to the favored crystallographic habit orientation with ferrite ([110] Fe2Al5//[111]Fe, (001) 
Fe2Al5//(0-11)Fe, (1-10) Fe2Al5//(2-1-1)Fe) [11].  

In order to understand the basic nature and improvement of welding methodologies, a complete understanding of 
these intermetallic phases is vital to help experimentalists to anticipate their properties by looking into their basic 
mechanical properties. 

Despite extensive experimental and numerical studies of layer growth, formation and stability of these intermetallic 
phases, there is still need for a more fundamental understanding of their basic bonding and mechanical properties. This 
paper presents a density functional theory based study, mainly making a comparative analysis of the properties of 
Fe2Al5 and Fe4Al13 in terms of thermodynamic stability, strength and mechanical behavior. Calculations performed in 
this study termed to act as universal for all welding methodologies in which these two intermetallic phases are reported. 

1.1. Computation 

All calculations in this paper were implemented using first-principle calculations based on density functional theory 
(DFT), which were performed by the Vienna ab-initio Simulation Package code [12]. The exchange correlation energy 
was evaluated with the Projected augmented-wave method of the Perdew-Burke-Ernzerhof approach [13]. For the Al 
and Fe atoms, the electronic states 3s2 3p1 and 3d6 4s2, respectively, are treated as valence states. Automatic k-points 
were generated by using the method proposed by Monkhorst-Pack to characterize energy integration in the first 
irreducible Brillouin zone [14]. In our calculations, a maximum energy cutoff value of 500 eV was used for the plane 
wave expansion in reciprocal space. During the calculations of elastic constants, we employed a plane-wave energy 
of 500 eV and a 9×10×15 k-point mesh for the orthorhombic crystal and 3×5×4 for the monoclinic crystal. During 
the optimization process, the total energy changes were finally converged to 1×10-6 eV/atom.  

1.2. Construction of crystal structures 

Fe2Al5 and Fe4Al13 has orthorhombic and monoclinic crystal class, respectively. Crystal structure unit cells were 
constructed by considering the directory of Springer library [15, 16]. Crystallographic data for the two crystal 
structures is shown in Table 1. There are many crystalline materials, which are non-stoichiometric in composition. In 
these cases, refinement of site occupancy is required. Crystallographic data for Fe2Al5 show that it has this behavior, 
so site occupancy refinement was performed by calculating the ground state energy. Al in Fe2Al5 have a site occupancy 
value of 0.167, so in order to find a stable configuration of this structure, Fe2Al5 crystal structures with different Al 
site occupancies were relaxed in order to determine the minimum energy value. The structure with lowest total energy 
value was used for further calculations in this paper. Al and Fe in Fe4Al13 on the other hand has a site occupancy of 1, 
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b x y

E Fe Al xE Fe yE Al
E Fe Al
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however, the unit cell contains more than 100 atoms. In order to reduce the computational cost, the Fe4Al13 crystal 
structure was cut along  vectors a=[1,0,0], b=[0.5,0.5, 0] and c=[0,0,1]. This reduces the computational cost without 
breaking the symmetry. The final Fe2Al5 and Fe4Al13 optimized structures used for these calculations are shown in Fig. 
1. 

 
 

 

Fig. 1. (a) Fe2Al5 crystal structure; (b) Fe4Al13 crystal structure. 
 

Table 1. Calculated cohesive and formation energies of Fe2Al5 and Fe4Al13. 
 

Species Space group a (Å) b (Å) c (Å) Angle Eb (ev/atom) HR (ev/atom) 

Fe2Al5 Cmcm 7.418 

7.466a 

7.622b 

6.428 

6.181a 

6.323b 

4.103 

4.808a 

4.178b 

 

= 90 

-7.364 

-13.728a 

-7.352 

-8.385a 

Fe4Al13 C2/m 15.125 

15.352a 

15.069b 

4.012 

8.010a 

7.864b 

11.839 

12.398a 

12.083b 

 

= 90 

-5.819 

-9.063a 
 

-4.562 

-3.923a 

a [17] 
b [18] 

2.  Results and discussions 

2.1. Chemical stability 

The material hardness can be evaluated by calculating the bonding energy. Bonding energy/cohesive energy is 
defined as the energy required to break the bulk structure into its constituent’s elements. Materials having a high 
bonding energy are generally harder than those having a low bonding energy. Similarly, the chemical stability of a 
compound can be predicted by calculation of formation energy. The bonding energy (cohesive energy), ( )b x yE Fe Al , 
and the formation energy, ( )r x yH Fe Al , are in the present work calculated according to the following two equations: 

 
                                              

,                                                                                               (1) 
 
 
                                                                                  ,                                                                                                (2) 
 
 

where Etot(FexAly) is the total energy for the FexAly phase and Eiso is the total energy of a single Fe or Al atom. 
Eb(Fe)/Eb(Al) is the binding energy (per atom) of either pure Fe or Al.  

(a) (b) 

(( ) ( ) ( )
( ) tot x y b b

r x y

E Fe Al xE Fe yE Al
H Fe Al

x y

Fe 

Al 
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After optimization of the crystal structures, we got the lattice parameters and bonding energy of Fe2Al5 and Fe4Al13, 
as listed in Table 1. The crystal parameters showed good agreement with literature in general. Some of the differences 
may be due the different setups or methodologies. In our work, we also made some structural simplifications and 
modifications to the crystal structures, which may also have some impact. However, it can be noted from Table 1 that 
the bonding energy of Fe4Al13 is greater than that of Fe2Al5. All bonding energies listed in Table 1 are negative, which 
shows that the arrangements of atoms are energetically favorable compared to the atoms being separated from one 
another by large distances [19]. The crystal structure naturally chosen will be the one with the largest negative value. 
In our case, Fe2Al5 has the larger cohesive energy. However, there is not a significant difference between Fe2Al5 and 
Fe4Al13, which is why these phases have quite close melting temperatures (i.e., 1171 C for Fe2Al5 and 1157 C for 
Fe4Al13) according to the Al-Fe phase diagram. 

Thermodynamic stability of the two compounds can be predicted by calculating their formation energy using Eq. 
(2). A lower negative formation energy implies a more stable crystal structure. The formation energy we calculated 
for these compounds are -7.352 and -4.562 for Fe2Al5 and Fe4Al13 respectively. From these results, it can be concluded 
that the Fe2Al5 phase is thermodynamically more stable than Fe4Al13. 

2.2. Calculation of elastic constants for the prediction of mechanical properties 

The elastic constants provides useful information about the dynamic and mechanical behavior of crystals and about 
how the crystal responds to forces acting on it. As single crystal samples are not easily available, it is in general 
difficult to measure experimentally the individual elastic constants Cij. Instead, we can determine the shear (G) and 
bulk modulus (B) [19]. However, prior to calculations of these quantities we need to calculate elastic constants based 
on generalized Hooke’s law by the stress-strain method. The related elastic constants are identified from these stress 
relations given in the following equation [20]: 

 
 
 
 
 
                                                                                                  (3) 
 
, 
 

where 
i
is normal stress, 

i
 is the shear stress, Cij are the elastic constants, 

i
 is the shear strain and 

i
 is the 

corresponding normal strain. Total number of independent elastic constant is determined by the symmetry of the 
crystal. Since in this study Fe2Al5 has orthorhombic symmetry while Fe4Al13 belongs to monoclinic crystal system, 
the total numbers of independent elastic constant for these crystals are 9 and 13, respectively. 

The calculated elastic constants for both the orthorhombic and monoclinic phases are given Table 2. Furthermore, 
stability of these crystal structures can be calculated by using the formulas given in Eqs (4) and (5) for orthorhombic 
and monoclinic crystal structures [18]. 

 
For orthorhombic structure (Fe2Al5), 
C11>0,  C22>0,  C11+C22+C33+2(C12+C13+C23) > 0, 
C33>0, C44>0, C55>0, C66>0, C11+C22-2C12>0   .                                                                                                (4) 
 
For monoclinic system (Fe4Al13), 
C11>0, C22>0, C33>0, C44>0, C55>0, C66>0, 
C11+C22+C33+2(C12+C13+C23)>0, (C11C55-(C12)2)>0, 
C22+C33-2C23>0, (C44C66-(C46)2)>0, 
C22(C33C55-(C35)2)+2C23C25C35-(C23)2C55-(C25)2C33>0, 
2[C15C25(C33C12-C13C23)+C15C35(C22C13-C12C23)+C25C35(C11C23-C12C13)] 
-[(C15)2(C11C22-(C12)2+C55(C11C22C33-C11(C23)2-C22(C13)2-C33(C12)2+C12C13C23)]>0     .                                   (5) 

1 111 12 13 14 15 16

2 221 22 23 24 25 26

3 331 32 33 34 35 36

41 42 43 44 45 464 4

51 52 53 54 55 565 5

61 62 63 64 65 666 6

C C C C C C

C C C C C C

C C C C C C

C C C C C C

C C C C C C

C C C C C C
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From Table 2, we find that all elastic constants of both Fe2Al5 and Fe4Al13 satisfy these above criteria. This means 
that both are mechanically stable. 

In order to obtain a better understanding of the mechanical properties of these compounds, the bulk modulus (B), 
shear modulus (G), Young’s modulus (E) and Poisson ratio ( ) are calculated according to Voight-Reuss-Hill 
approach [22], and compared with previous ab-initio calculations [17], embedded atom method [18] and modified 
embedded atom method [21] results. All results are shown in Table 3. 

 
Table 2. Calculated elastic constants of Fe2Al5 and Fe4Al13. 

 

a [17], b [18] 
 
Table 3. Calculated bulk modulus (B), shear modulus (G), Young’s modulus (E) and Poisson’s ratio ( ) of Fe2Al5 and Fe4Al13. 

 

Compound Method BHILL(GPA) GHILL(GPA) EHILL(GPA) BHILL/GHILL  Anisotropy measure(=0 if 

isotropic) 

Emax/Emin 

Fe2Al5 This work 126.92 85.84 210.16 1.47 0.224            1.39  

 EAM [18] 101.3  16.5  47.0   0.423   

 DFT [19] 127.5  97.0  232.1  1.31 0.196   

Fe4Al13 This work 96.41 76.65 181.79 1.25 0.185            1.29 

 EAM [18] 105.6 23.8 145.7   0.376  

 DFT. [19] 127.4 89.7 218.0 1.41 0.215  

 MEAM [21] 103.5      

 
     The ccompressibility of a material under a hydrostatic pressure can be defined by the bulk modulus. As shown 

in Table 3, Fe2Al5 has a higher value of the bulk modulus as compared to that of Fe4Al13, indicating that Fe2Al5 is 
more resistant to compression than Fe4Al13. Hardness and stiffness of a material can be predicted by the shear modulus 
(G) and Young’s modulus (E), respectively. According to our calculations, Fe2Al5 has a significantly higher value of 
Young’s modulus (210.16 GPa) than Fe4Al13 (181.79 GPa). Haines et al. [23] proved that hardness of a material is 
closely related to its Young’s modulus and shear modulus. It is generally recognized that the larger the relevant 
modulus is, the higher hardness the material has. Thus, the larger modulus of Fe2Al5 (G=85.84 GPa, E= 210.16 GPa) 
clearly indicates that this phase is harder than Fe4Al13 (G=76.65 GPa, E= 181.79 GPa). To further shed light on the 
brittle and ductile properties of these compounds, the ratio of bulk modulus to shear modulus (B/G), which is an 
empirical criterion of the extent of fracture range of the material [23], is considered. The material behaves as ductile 
when the B/G ratio > 1.75, otherwise it will show brittle characteristics [17]. In our work, it can easily be implied that 
both materials have a B/G value lower than 1.75, indicating that both possess brittle behavior. Still, Fe4Al13 is more 
brittle than Fe2Al5. For Poisson’s ratio, it is generally accepted that materials with a low Poisson’s ratio are brittle [18, 
24]. Thus, since Fe4Al13 has a lower value of Poisson’s ratio (0.185) than Fe2Al5 (0.224), it is clearly indicated that 
Fe4Al13 is more brittle than Fe2Al5. 

    During welding of the Al/Fe system, micro-cracks sometimes are induced in the intermetallic compound layer, 
which may strongly affect the strength and stability of the joints. The presence of micro-cracks are often associated 
with the mechanical anisotropy. Therefore, study of mechanical anisotropy is very important for these compounds. A 
universal anisotropic index AU for crystals proposed by S.I. Ranganathan and M.O. Starzewski [25] is given as; 

crystal C11 C22 C33 C44 C55 C66 C12 C13 C15 C23 C25 C35 C46 

Fe2Al5 213.49 

249.4a 

126b 

237.49 

300.4a 

97.4b 

269.17 

256.3a 

174.1b 

88.25 

109.6a 

81.6b 

78.25 

65.4a
 

68.6b 

99.66 

109.6a 

52.3b 

77.13 

68.4a 

136.2b 

89.43 

45.6a 

71.8b 

 45.71 

60.0a 

49.2b 

   

Fe4Al13 216.3 

127.4a 

195.8 

260.2a 

148.2b 

219.03 

259.6a 

182.0b 

77.09 

76.1a 

-17.2b 

63.93 

97.7a 

25.1b 

76.07 

84.5a 

34.2b 

59.70 

71.8a 

80.3b 

41.52 

67.6a 

72.8b 

-2.75 

3.9b 

19.28 

49.5a 

72.9b 

-3.61 

9.1b 

-3.36 

-7.1b 

-0.067 

-14.9b 
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                                                                                                                              (6)   
, 

 
where AU=0 for isotropic materials. The deviations of AU from zero defines the extent of single-crystal anisotropy and 
includes both shear and bulk contributions [26]. A larger value of the anisotropic index AU indicates greater anisotropic 
mechanical properties. According to our calculations, both materials have non-zero values (Table 3), which indicate 
anisotropic properties; with Fe2Al5 having a stronger anisotropy than Fe4Al13. For highly anisotropic materials, it is 
instructive to report the directional elastic moduli (Fig 2). 

                                                                        Young’s Modulus (GPa)  

                                                                                  Shear modulus (GPa)  

Fig. 2. Contour plots of direction dependency of Young’s modulus (a) and shear modulus (c) for Fe2Al5 and (b) and (d) for Fe4Al13. In figure (c) 

and (d) clouds over solid color bar shows the surface with maximum shear modulus value, and the surface corresponding to minimum shear modulus 

is shown in solid color bars. Visualization generated with ELATE [27, 28]. 

 
 

Re Re

5
6 0Voigt VoigtU
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3D surfaces of Young’s modulus (E), and shear modulus are shown in Fig. 2. For an isotropic system, the graph 
would show a perfect spherical shape. Deviations from the perfect spherical shape indicate anisotropic behavior of 
the compound. Obviously, both compounds show anisotropic behavior as can be seen from the above illustrations. 
However, Fe2Al5 show a stronger anisotropic behavior of shear modulus (Fig. 2(c)) as compared to Fe4Al13 (Fig. 2(d)). 
Overall, Fe2Al5 show stronger anisotropic properties, which is why during a welding process, Fe2Al5 is more prone to 
induce micro-cracks as compared to Fe4Al13. However, the intermetallic layer thickness may also have an influence, 
but was not taken into account in the current study.  

2.3. Origin of mechanical anisotropy 

To gain insight into the origin of these mechanical properties and bonding characteristics, we have also calculated 
the electron localization function. Fig 3(a) shows the contours of the electron localization function for Fe2Al5 and Fig 
3(b) for Fe4Al13. The electron localization function (ELF) ranges between 0 (no/zero localization) and 1 (perfect 
localization) while a value of 0.5 corresponds to a perfect free electron gas (metallic bonding) [29]. As observed in 
Figs. 3(a) and (b), Fe atoms show a metallic bonding character with Al atoms both for the Fe2Al5 and Fe4Al13 
compound. However, bonding between Al-Fe atom pairs is anisotropic, showing metallic or covalent nature depending 
on position. Electron clouds between Fe-Fe was only observed at ELF = 0.5 values and disappeared at 0.65 as shown 
in Fig 3 (c), which indicate metallic bonding between Fe-Fe atoms. The maximum value of ELF was achieved between 
Al-Al atoms indicating covalent bonding between these atoms. From this analysis, it can be concluded that the bonding 
characteristics in both compounds are directional dependent, which is probably the reason for the anisotropic 
mechanical properties. As there is a higher amount of Fe in Fe2Al5, and Fe-Fe bonds are metallic, this could also 
explain the more ductile nature of Fe2Al5 as compared to Fe4Al13. 
 

 
 

 
Fig. 3. Electron localization function Plot of Fe2Al5(001) (a), (c) and Fe4Al13(0-11) (b), (d), (a) ELF= 0.5 (b) ELF = 0.5, (c) ELF = 0.65, (f) ELF = 
0.65. 

3. Conclusion and Future work 

 In this work, mechanical and bonding properties of the Fe2Al5 and Fe4Al13 intermetallic compounds were 
investigated by first-principles calculations. Both compounds are shown to be mechanically and dynamically stable 
by analysis of elastic constants and formation enthalpies. Both compounds were found to be brittle and showed 
mechanical anisotropic behavior. The calculations of mechanical properties showed that Fe4Al13 is more brittle than 

(a) 
(b) 

(c) 
(d) 

Fe 

Al 
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Fe2Al5. However, Fe2Al5 showed more directional dependent mechanical properties. In addition, analysis of their 
electron localization plots showed covalent character between Al-Al, and metallic bonding between Fe-Fe, while Al-
Fe showed both metallic and covalent character depending on position/orientation in the structure.  

Calculations of interfacial strength and mechanical properties of intermetallics compounds such as FeAl, FeAl2, 
Fe3Al and different AlFeSi phases still need to be studied to establish the role of these compounds in joining of 
aluminum and steel. 
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Abstract
The structural and mechanical properties of Fe-Al compounds (FeAl, Fe2Al, Fe3Al,

FeAl2, FeAl3, Fe2Al5) have been studied using modified embedded atom method

(MEAM) potentials. The equilibrium lattice constants, formation enthalpies, and

elastic properties have been investigated and compared with other studies. The cal-

culated lattice constants show good agreement with the embedded atom method

(EAM) and density functional theory (DFT) calculations and with experiments.

All Fe-Al compounds are mechanically stable according to the elastic constants

restrictions. The calculated bulk modulus of the compounds does not show a linear

relation with Fe concentration, which is most probably caused by the mechanical

anisotropy of Fe-Al compounds. However, a comparison of the Fe-Al mechanical

properties of MEAM, DFT and EAM-based approaches and experiments show

non-consistent differences, which reflects uncertainties with several of these meth-

ods, due to assumptions and simplifications imposed during calculations. In gen-
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eral, DFT calculations are closer to experimental observations than semi-empirical

potentials. Comprehensive comparisons are made based on theoretical and exper-

imental methodologies.

Keywords
Fe-Al intermetallics; elastic properties; atomistic simulations

1 Introduction
Fe-Al compounds have been gaining a lot of attention due to their increased indus-

trial interest owing to the light-weight, corrosion resistance and high-temperature

resistance behavior [1–3]. FeAl compounds including Fe3Al, FeAl, Fe2Al5, FeAl2
and FeAl3 have been the main focus of research in many different industrial areas,

for example, high-temperature structural materials, composite materials, protect-

ive coatings for materials and functional materials. Fe-Al materials have been

considered very promising because they are considered as potential candidates for

replacing steel [4, 5].

Many researchers have performed atomistic simulations to predict the mechanical

strength of Fe-Al compounds [6–10]. Zhang et al. [6] studied the structural and

mechanical properties of these compounds by EAM simulations. Liu et al. [10]

studied the mechanical and electronic properties of Fe-Al compounds by an ab-

initio method. Jelinek et al. [9] developed the MEAM and calculated the lat-

tice constants, formation enthalpy and bulk modulus of FeAl3, FeAl2, FeAl, and

Fe3Al compounds. Liu et al. [11] studied the FeAl compound and calculated the

elastic properties from first-principles calculations. Niu et al. [12] performed first-

principles simulations for the prediction of mechanical properties and electronic

structure of the Fe3Al compound.

All these simulations were performed on a single unit cell of Fe-Al compounds

without considering any crystal defects. However, results from simulations have

shown contrasting trends about the mechanical properties of these compounds.

The differences can be caused by the following reasons, (i) the mechanical prop-

erties change at higher temperatures, (ii) the potentials used for calculations are

inaccurate and require further improvements. To signify the differences between

different semi-empirical potentials and first-principles studies, we have made com-

parisons of the mechanical properties of Fe-Al compounds with experiments. We

also studied the inaccuracy of these atomistic simulations, and tried to find the best

atomistic methodology for the prediction of actual trends about Fe-Al compounds.

In this paper, we have investigated the structural and mechanical properties of Fe-

Al compounds (FeAl, Fe2Al, Fe3Al, FeAl3, Fe2Al5) analyzed by semi-empirical
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interatomic potentials, i.e. the MEAM method [9, 13]. MEAM is extensively

applied for metallic systems [14–16] and it agrees reasonably well with experi-

ments [17, 18]. The MEAM potential mono-atomic parameters fitted to Al and

Fe and their binary combination developed by Jelinek et al [9] are used in this

study. Other studies have already reported the structural properties of Fe-Al com-

pounds by using the MEAM potentials. In this study, however, we are exploring

the mechanical properties of Fe-Al compounds and discuss the reliability and ap-

plicability of semi-empirical potentials for extracting actual values by comparing

it with density functional theory (DFT) and experiments.

2 Method of calculation

2.1 Interatomic potential

In DFT, the electron structure of a many-electron systems is solved, which is com-

putationally very intensive. For this reason, a direct numerical solution can only

be applied to smaller systems so far. To overcome this limitation, molecular dy-

namic (MD) simulations offer an opportunity of studying larger systems. In MD,

the interaction between atoms is described by Newton’s classical equation of mo-

tion, which in the simplest form for a particle of mass mi (i = 1, 2, ...N ) with

interaction potential Φ, can be defined as [19]:

�Fi = mi
d2

dt2
�ri = −∇iΦ(�ri − �r) (1)

where ∇iΦ is the force field felt by the atom i, �ri is the position of atom i and

�r is the mass center of system. To describe the interatomic interaction, many

researchers have developed empirical and semi-empirical interatomic potentials,

whose parameters are mainly determined by results from density functional theory.

MD simulations frequently approximate the atomic interaction with an average

interaction from neighboring atoms. One of the most common and widely used

interatomic potentials is the embedded atom method (EAM) developed by Baskes

[20], which considers many-body terms suitable for metallic systems.

The modified EAM (MEAM) method is a generalization of EAM that in addi-

tion includes (i) the directional bonding effect and (ii) a screening function is in-

troduced to limit the number of interactions between the atoms. Even with the

introduction of new parameters, the MEAM potentials struggle to predict exper-

imentally consistent results for BCC metals [14, 15]. For example, MEAM has

predicted that other metals are thermodynamically more stable than BCC metals,

while it is experimentally well known that BCC metals are more stable [14, 15].

Moreover, surface energies of low-index surfaces of BCC metals are not consist-
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ent with experiments. This failure of the MEAM potentials for BCC is assumed

to be caused by the fact that only nearest-neighbor interactions are considered. To

overcome this shortcoming, second-nearest neighbor interactions (2NN) have been

introduced by adjusting the screening parameter [21]. The MEAM formalism is

thoroughly described in literature [16, 21, 22].

2.2 MEAM parameters and simulation technique

The MEAM parameters used in this work for Al and Fe are given in Table 1.

The initial values were directly taken from MEAM potentials [16, 22] without

any modifications. Ec and a0 depends on the material properties (see Table 1

caption), if the initial reference structure is known. It is either directly taken from

the experiments or optimization of the structure. The other important parameter is

Cmin, which defines the extent of screening of an atom (k) with the neighboring

atoms (i and j). The elements are the same for pure elements (i-j-k=A-A-A or B-B-

B), however for Fe-Al compounds, one of the screening atoms could be different (i-

j-k=A-B-A, B-A-B, A-A-B, B-B-A) [23]. For this reason a different value of Cmin

has to be assigned. To improve the generalized stacking fault energy curves, the

value of Cmin was reduced to 0.8 from 2 for Al [9]. Cmax has been given a fixed

value of 2.8 for Fe and 1.9 for Al. Cmax determines the position of an atom (k) that

begins screening with a second neighboring atom (i or j). The values of Cmin and

Cmax thereby define the range of screening to nearest-neighbor interactions. The

density scaling factor ρ0 also affects the calculations. For pure elements, the factor

has been removed, but for alloys and compounds with different types of elements,

this factor may have a great effect on the calculations.

The parameters listed in Table 1 are determined by fitting the experiments or by

density functional theory based calculated physical properties for Fe-Al binary

compounds. The MEAM parameters for Fe-Al compounds were initialized to

match the DFT-calculated heat of formation, bulk modulus, equilibrium volume

and elastic moduli to the hypothetical NaCl reference structure [9]. NaCl was

chosen as a reference structure due to its direct relevance with MEAM and simpli-

city. Based on a trial and error method, parameters were varied until the properties

calculated showed good agreement with DFT and experimental values. Those val-

ues were then further considered for Fe-Al compounds and shown in Table 1. The

most important parameter which affects the physical properties of the compounds

is the density scaling factor ρ0 for the element pair. For Fe-Al binary compounds,

it is selected to be 1 [9]. The remaining parameters βn and tn ((n=1,2,3)) are ad-

justable parameters, and values are determined by the fitting of physical properties

with DFT.

After the selection of suitable values for MEAM parameters, the simulations were



2. Method of calculation 89

Table 1: Set of MEAM parameters for fcc Al and bcc Fe. Ec is the cohesive energy,

a0 is the quilibrium lattice constant, A is the scaling factor for embedding energy. α is

exponential decay factor for the universal energy, β0 3 are the exponential decay factors

for the atomic energies, t0 3 are the weighting factors for the atomic densities, Cmax and

Cmin are the screening parameters, and ρ0 is the density scaling factor relevant for the

element pairs.

element Ec(eV) a0(Å) A α β0 β1 β2 β3 t0 t1 t2 t3 Cmin Cmax ρ0

Al 3.35 4.04 1.07 4.64 2.04 3.0 6.0 1.5 1.0 4.5 -2.3 8.01 0.8 2.8 1.0

Fe 4.28 2.851 0.55 5.027 3.5 2.0 1.0 1.0 1.0 -1.6 12.5 -1.4 0.68 1.9 1.0

run by using an Atomistix Toolkit (ATK) forcefield [24, 25]. Before the calcula-

tions of elastic constants, the geometry of the material was optimized by relaxing

the atoms until the maximum forces and stresses were less than 0.001 eV/atom and

0.01 GPa, respectively. To obtain the equilibrium structure of Fe-Al intermetal-

lics, the quasi-Newton optimizer "Limited-memory Broyden-Fletcher-Goldfarb-

Shanno (LBFGS)" [26] was adopted.

2.3 Calculations of elastic constants

The elastic constants are related to the various components of stress and strain by:

σijl = Cijkεkl (2)

where σijl, Cijk and εkl are the stress, elastic components and strain tensor, re-

spectively. After the calculations of elastic constants, various mechanical proper-

ties of Fe-Al compounds such as bulk modulus (B), Young’s modulus (Y ), shear

modulus (G) and Poisson’s ratio (ν) can be obtained by using the Voigt-Reuss-

Hill (VRH) approximation [27–29]. The bulk modulus (B) and shear modulus

were obtained by Eq. (3) and (4), respectively, and the VRH approximation was

used to calculate the average of the lower and upper bounds of the elastic modu-

lus. Young’s modulus (Y ) and Poisson’s ratio (ν) were calculated from the bulk

modulus and shear modulus by using Eq. (5)-(6) (for cubic systems).

B = [2(C11 + C12 + 2C13) + C33]/9 (3)

G = (7C11 − 5C12 + 2C33 + 12C44 − 4C13)/30 (4)

Y = 9BG/(3B +G) (5)

ν = (3B − 2G)/2(3B +G) (6)
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The mechanical stability of these compounds has also been studied in this paper.

The elastic stability criteria in various crystal structure systems can be found in the

Appendix.

3 Results and Discussions

3.1 Structural properties

MEAM potentials were used to calculate equilibrium lattice constants, equilibrium

volume, and formation enthalpy as shown in Table 2. Calculated structural values

are compared with available experimental results, interatomic potentials, and DFT

studies. As can be seen, the calculated lattice constants of FeAl from MEAM

potentials are consistent with experimental studies [30, 31]. The results are as good

as DFT and somewhat inferior to EAM. The calculated formation enthalpy for

FeAl is -1.49 eV/atom, which is consistent with EAM [6] studies (-1.42 eV/atom).

However, DFT results from [10] have shown better agreement with experiments

as compared to EAM/MEAM potentials. We applied this potential for other Fe-Al

IMCs as well. For another cubic structure, Fe3Al (Fm3m), our calculated lattice

constants are larger than those reported in other theoretical studies [6, 10], but

shows better agreement with experimental values [30, 31]. For the monoclinic

structure FeAl3, the differences between lattice constants are found to be largest

along the a0 unit direction with a 7.68 % difference to experimental values [30].

For the orthorhombic Fe2Al5 and trigonal FeAl2 structures, the difference between

lattice constants was found to be 2.77-6.20 % and 15.31 % along the a, a and a
lattice directions, respectively. These differences to experimental values indicate

that the MEAM potentials are inaccurate and do not describe well low symmetry

structures. EAM potentials [6] have also shown this tendency. The reason for

this inaccuracy is attributed to the background electron density. In MEAM and

EAM potentials, the background electron density is used to describe the many-

body interactions and is assumed to be a homogeneous electron gas [6]. This

may well describe high-symmetry structures such as a cubic structure, but it is not

obvious that it describes the directional effects in low symmetry structures equally

well.

We calculated the formation enthalpies by studying the energies of the optimized

structures for the Fe-Al compounds as given in Table 2. All calculated values were

compared with other theoretical [6, 10, 32] and experimental [33–35] results and

plotted in the graph shown in Fig.1. It is generally accepted that the stability of a

compound can be predicted by the values of formation enthalpies. Based on our

calculations, all Fe-Al compounds have negative formation enthalpies, showing

that they are thermodynamically stable. For cubic structures (FeAl, Fe3Al), the
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Figure 1: Comparison of calculated formation enthalpies of Fe-Al compounds with other

studies.

formation enthalpies were found to be higher for all theoretical studies as com-

pared to experiments, but for low-symmetry structures (FeAl3, Fe2Al5 and FeAl2)

the opposite is found. Based on MEAM calculations, FeAl has the highest neg-

ative value (-1.48 eV/atom)) among the Fe-Al compounds, hence it is deemed to

be thermodynamically more stable than any other Fe-Al compound studied in this

work. This conclusion is consistent with EAM [6] studies, but contradicts with

DFT results [10], which predicts Fe2Al5 to be the most stable compound.

3.2 Elastic constants and mechanical properties

In this section, we are investigating the elastic constants and mechanical strength

of the different Fe-Al compounds. Table 3 lists the calculated elastic constants

compared with EAM [6], DFT [10], long-range analytical embedded atom method

(LAEAM) [38], and experimental studies [35, 39]. It is well known that different

symmetries impose different constraints on the elastic constants. These constraints

are defined from A.2-A.4 (see Appendix) for the cubic, orthorhombic, monoclinic
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Table 2: The calculated lattice parameters from the present calculations compared with

references and measured values. Hf is the formation enthalpy and V0 is the equilibrium

volume per atom calculated in Å3.

Phase Space group Species a0(Å) b0(Å) c0(Å) V0 (Å3) Hf (eV/atom)

FeAl Pm3m

This work

EAM/MEAM

DFT [10]

Exp.

Exp.

2.953

2.893 [6]

2.851 [10]

2.909 [30]

-

-

-

-

-

-

-

-

-

12.87

12.88 [9]

12.07 [36]

12.23 [37]

-

-1.48

-1.42 [32]

-0.390 [10]

-0.423 [33]

-0.28 [34]

Fe3Al Fm3m

This work

EAM/MEAM

DFT

Exp.

Exp.

5.769

5.764 [6]

5.586 [10]

5.789 [31]

5.792 [30]

12.00

12.01 [9]

12.01 [36]

12.07 [37]

-

-0.53

-0.279 [6]

-0.217 [10]

-0.202 [35]

-0.321 [33]

FeAl3 C2/m

This work

EAM/MEAM

DFT

DFT

Exp.

16.680

15.069 [6]

15.352 [10]

15.125 [7]

15.49 [30]

7.860

7.864

8.010

4.012 [7]

8.08

12.220

12.083

12.398

11.839 [7]

12.48

15.73

15.03 [9]

13.91 [9]

-

-

-0.532

-0.059 [6]

-3.923 [10]

-4.562 [7]

n.a

FeAl2 P1

This work

EAM/MEAM

DFT

Exp.

4.054

4.6212 [6]

4.793 [10]

4.787 [30]

6.687

6.372

6.351

4.787

8.802

8.629

8.658

6.461

15.77

14.71 [9]

12.78 [9]

-

-0.093

-0.160 [6], -0.076 [9]

-0.286 [10]

n.a

Fe2Al5 Cmcm

This work

EAM

DFT

Exp.

7.462

7.622 [6]

7.466 [10]

7.675 [30]

6.717

6.323

6.181

6.403

4.464

4.178

4.808

4.203

15.96 -1.0303

-0.146 [6]

-8.385 [10] -7.352 [7]

n.a

and trigonal systems. Elastic constants calculated for FeAl (cubic), Fe3Al (cu-

bic), FeAl3 (monoclinic), FeAl2 (trigonal) and Fe2Al5 comply with the respective

restriction criteria, which implies that these compounds are mechanically stable.

As given in Table 3, good agreement was found with experimental studies for

cubic structures (FeAl, Fe3Al). FeAl elastic constants were found to be slightly

overestimated compared with experimental studies [35, 39] but underestimated

when compared with DFT results in [40]. The same conclusion can be drawn for

other crystal structures. Overall DFT [7, 10] elastic constants show higher values

when compared with EAM [6], LAEAM [38] and MEAM [8, 9].

To better understand the mechanical strength of Fe-Al compounds, mechanical

properties such as bulk modulus, shear modulus, Young’s modulus, and Poisson’s

ratio were calculated from the elastic constants. Table 4 lists the calculated val-

ues for the relevant Fe-Al compounds. Our calculated bulk modulus is similar to

the experimental bulk modulus [39] for the FeAl compound and closer to the ex-

perimental result than any of the other theoretical studies [6, 8, 9, 38]. To make

comparisons and interpret the results, bulk moduli of the Fe-Al compounds with

different amounts of Fe are plotted in Fig. 2. The differences to other studies

and experimental values reported in this study may be attributed to the following
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reasons: (i) defects in the crystal structures were ignored, and (ii) the effects of

anisotropy on the elastic constants are not considered. As shown in Fig. 2, with

increasing contents of Fe, the bulk modulus decreases from FeAl3 to FeAl2, but for

FeAl (138.3 GPa) and Fe3Al (123.99 GPa), it again shows an increase. Since bulk

Fe has a higher bulk modulus than Al, the bulk modulus is expected to increase

with an increase in the Fe concentrations. However, the anisotropy of the crystal

could affect this trend. To visualize the anisotropic properties we plotted 3D plots

of directional dependencies of Young’s modulus (see Fig. 3) using spherical co-

ordinates. Readers are referred to the following references [40, 41] for details on

the theoretical construction of anisotropic behavior of isotropic crystal structures.

As shown in Fig. 3 the least anisotropic structure is FeAl with the highest values of

Young’s modulus along the <111> direction, while Fe3Al is found to be the most

anisotropic structure. For this reason, FeAl shows a higher bulk modulus value

despite having a lower Fe content as compared to Fe3Al. Moreover we can clearly

see that Fe2Al5 is more anisotropic than FeAl3 and FeAl2. This shows that the

material’s mechanical properties are largely influenced by the anisotropic nature,

which is why we see different trends in the bulk modulus with varying contents of

Fe (Fig. 2).

Haines et al. [42] showed that materials with higher shear and Young’s modulus

have a tendency of showing a higher hardness [43, 44]. Therefore FeAl, which is

found to be the material with the largest moduli (G= 103.03 GPa, Y = 247.61 GPa)

is a hard phase, while FeAl3 with the smaller moduli (G= 37.88 GPa, Y = 99.23

GPa) is a softer phase. Poisson’s ratio can provide important information about

the brittle and ductile nature of the material. It is generally accepted that materials

with low Poisson’s ratio are brittle [45, 46]. From Table 4, we can see that FeAl

has the lowest Poisson’s ratio value, which indicates a brittle nature of FeAl.

To obtain further insight into the brittle and ductile nature of compounds, an em-

pirical criterion of fracture has been proposed [47]. According to this criterion, the

ratio between the bulk modulus (B) and the shear modulus (G) provides important

information about the brittle and ductile nature of relevant compounds. Materials

having B/G> 1.75 are assumed to be ductile, while materials having a ratio smal-

ler than this are expected to exhibit brittle properties. From Table 4 we can see that

FeAl, Fe3Al and FeAl2 have B/G < 1.75, which indicates that these materials are

brittle. When comparing to different methodologies in literature, we have found a

mixed trend for the properties of the Fe-Al IMCs. Based on the available data on

the mechanical properties, Table 5 shows the ambiguity about certain property pre-

dictions of the Fe-Al compounds based on different theoretical and experimental

methods.

The compressibility of a compound can be related to the bulk modulus of the ma-
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Table 3: Elastic constants (in GPa).

Comp. Method C11 C12 C13 C22 C23 C33 C44 C55 C66 C14 C15 C25 C35

FeAl

Pm3m

This work

EAM [6]

DFT [10]

LAEAM [38]

MEAM [9]

Exp. [35]

Exp. [39]

256.26

179.1

294.0

224.6

251.4

207.7

181.1

94.96

132.9

133.7

146.6

92.2

121.4

113.7

115.88

116.6

157.0

113.6

111.7

126.2

127.1

Fe3Al

Fm3m

This work

EAM [6]

DFT [10]

LEAM [38]

MEAM [9]

Exp. [39]

188.51

187.9

284.7

212.5

177.5

171.0

125.34

133.3

207.5

160.2

117.5

130.6

121.65

138.1

151.0

124.8

129.0

131.7

FeAl3
C2/m

This work

EAM [6]

DFT [10]

148.91

168.5

248.9

60.26

80.3

71.8

46.80

72.8

67.6

147.42

148.2

260.2

56.64

72.9

49.5

160.35

182.0

259.6

45.77

-17.2

76.1

58.75

25.1

65.4

13.77

34.2

109.6

-5.12

3.9

4.25

9.1

-5.86

-7.1

FeAl2
Pl

This work

EAM [6]

DFT [10]

172.34

223.9

223.3

37.29

71.5

88.3

49.79

88.1

77.4

141.92

194.5

260.7

62.64

101.0

78.2

158.71

184.4

263.1

51.87

81.6

94.1

67.43

68.6

89.1

38.09

52.3

92.8

19.22

-12.0

Fe2Al5
Cmcm

This work

EAM [6]

DFT [10]

205.58

126.0

294.4

28.89

136.2

68.4

52.09

71.8

45.6

123.99

97.4

300.4

81.52

49.2

60.0

103.29

174.1

256.3

36.70

13.8

109.6

47.40

21.6

97.7

53.61

18.2

84.5

terial. Materials having higher bulk modulus are more resistant to compression.

We find FeAl as the most resistant to compression, with the highest bulk modulus.

By comparing our calculated values with other available literature, we find some

discrepancies with respect to this property. This work is in good agreement with

other studies performed using MEAM potentials [9], but differs from EAM [6],

DFT [10] and experimental studies [39]. In terms of the brittle and ductile nature of

these compounds, an EAM study found [6] that all compounds are ductile, which

does not fit well with DFT [10] and our work. Furthermore, many experimental

studies have reported the brittle nature of these Fe-Al compounds, particularly

Fe2Al5 and FeAl3 [48]. Both MEAM (this work) and EAM [6] are unable to pre-

dict precisely the brittle nature of Fe2Al5 and FeAl3 compounds, while DFT stud-

ies [7, 10] have shown good agreement with experimental observations. In terms

of hardness of these compounds, this work predicted FeAl as the hardest phase,

which agrees well with DFT but contradicts with EAM and experiments. A good

agreement is also found with DFT in terms of mechanical anisotropy predictions

of these compounds. This work shows agreement with experiments in predicting

FeAl3 as a soft phase. Hardness reported in experimental studies is dependent on

the temperature range, welding or experimental methodologies. Since the present

simulations were performed without considering temperature, deviations from ex-

periments are inevitable.
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Table 4: The calculated bulk modulus (B), shear modulus (G), Young’s modulus (Y ) and

Poison’s ration (ν) of Fe-Al compounds.

Comp. Method B (GPa) G (GPa) Y (GPa) B/G ν

FeAl

Pm3m

This work

EAM [6]

MEAM [8]

MEAM [9]

DFT [10]

Exp. [39]

138.3

148.2

124.5

145.3

187.1

136.1

103.03

55.9

-

-

119.8

-

247.61

148.9

-

-

296.2

-

1.34

2.65

-

-

1.56

-

0.20

0.33

-

-

0.236

-

Fe3Al

Fm3m

This work

EAM [6]

MEAM [8]

MEAM [9]

DFT [10]

Exp. [39]

123.99

151.5

148.9

137.5

233.2

144.1

72.572

66.2

-

-

87.9

-

182.17

173.4

-

-

234.0

-

1.71

2.29

-

-

2.65

-

0.255

0.309

-

-

0.33

-

FeAl3
C2/m

This work

EAM [6]

MEAM [9]

DFT [10]

DFT [7]

87.047

105.6

103.5

127.3

94.41

37.88

23.80

-

89.7

76.65

99.23

65.9

-

232.1

218.0

2.30

4.44

-

1.42

1.23

0.31

0.376

-

0.215

0.185

FeAl2
P1

This work

EAM [6]

MEAM [9]

DFT [10]

83.836

124.90

90.4

136.5

49.51

49.8

-

87.8

124.09

47.0

-

216.9

1.69

2.51

-

1.55

0.25

0.32

-

0.235

Fe2Al5
Cmcm

This work

EAM [6]

DFT [10]

DFT [7]

85.53

101.3

127.5

126.92

39.502

16.5

97.0

85.84

102.37

47.0

232.1

210.16

2.17

6.14

1.31

1.48

0.295

0.423

0.196

0.224

4 Discussion
We have performed MEAM simulations and made comparisons of interatomic po-

tentials with experiments and DFT. It is hard to find a perfect match with experi-

ments due to the simplifications and generalizations imposed during computational

calculations, but general trends can still be extracted as indications of actual prop-

erties. All these single-crystal simulations are performed without considering crys-

tal defects, hence the values calculated from these calculations are over-estimated

as compared to the experimental values. Still, these calculations provide vital in-

sights into the mechanical behavior of ideal compounds. In this study, we have

made comparisons of the Fe-Al compounds with other simulation techniques and

methods. To be consistent in our comparisons, we only considered single-crystal

calculations without any crystal defects.

Table 5 shows comparisons of the materials mechanical properties based on the

calculated elastic constants. As discussed in Section 3, there are contrasting dif-

ferences between the mechanical properties of these compounds. When compared
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Figure 2: Comparison of calculated bulk modulus with previous studies.

to the available experimentally reported mechanical behavior of these compounds,

it has been generally accepted that Fe2Al5 and FeAl3 are brittle intermetallic com-

pounds. However, semi-empirical potentials such as EAM and MEAM are un-

able to predict the brittle nature of these compounds. There are several plausible

explanations for this observation: (i) these compounds are ductile at lower tem-

perature and turn brittle at higher temperatures, (ii) crystal defects such as cracks

and impurities significantly alter the mechanical properties of these compounds,

and (iii) these potentials are inaccurate and not able to predict actual properties.

Despite the first two assumptions, DFT calculations successfully predict the brittle

nature of Fe2Al5 and FeAl3 compounds. This shows that the interatomic potentials

are not accurate enough in predicting the mechanical properties of low symmetry

structures.

Furthermore, calculations of bulk modulus, shear modulus and Young’s modu-

lus from first-principles showed significantly higher values as compared to semi-

empirical potentials. For the case of FeAl and Fe3Al compounds, the bulk modulus

calculated by EAM and MEAM is closer to the experimental value than the value

from DFT (Table 4). It is worth mentioning that numerous experimental values

also implicitly constitute contributions from crystal defects. For this reason, val-

ues calculated from single crystal calculations are over-estimated as compared to

the experimental values. DFT calculations significantly over-estimate bulk modu-

lus values compared to the experimental values, due to a too idealistic modelling
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Figure 3: Directional dependence of Young’s modulus of different Fe-Al compounds.

The visualization is generated using the SC-EMA software package (freely available at

http://scema.mpie.de) [49–51].
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of FeAl and Fe3Al compounds.

5 Conclusions
In this paper, structural and mechanical properties of different Fe-Al compounds

were investigated using the MEAM. The calculated values of lattice constants

and formation enthalpies show close agreement with previously reported theor-

etical and experimental values for different Fe-Al compounds. The calculated

values of formation enthalpies of all Fe-Al compounds were found to be negat-

ive, which shows their thermodynamic stability. Calculated elastic constants were

found to follow the elastic constant restrictions imposed by the symmetry of the

compounds, which further confirms the mechanical stability of the considered Fe-

Al compounds. Based on the bulk modulus, FeAl is found to be the hardest and

FeAl2 the softest phase. Comparisons of mechanical properties with other the-

oretical and experimental studies show uncertainties in the calculated values and

material properties. However, in general, DFT is found to be in good agreement

with most experimental observations.
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7 Appendix
Mechancial stability criteria for Fe-Al compounds are calculated by the following

relations [10, 53].

Cubic system:

(C11 − C12) > 0, C11 > 0, C44 > 0, C11 + 2C12 > 0 (7)

Orthorhombic system:

C11 + C12 + C33 + 2C12 + 2C23 > 0;C11 + C22 > 2C12;

C22 + C33 > 2C23;C11 + C33 > 2C13;Cij > 0(i = 1− 6)
(8)



100 Modified embedded atom method potential for Fe-Al intermetallic mechanical
strength: A comparative analysis of atomistic simulations

Monoclinic system:

Cij > 0(ij = 11, 22, 33, 44, 55, 66),

C11 + C22 + C33 + 2(C12 + C13 + C23 > 0),

(C11C55 − C2
12) > 0, (C44C66 − C2

46) > 0, C22C33 − C23 > 0,

C22(C33C55 − C2
35) + 2C23C25C35 − C2

23C55 − C2
25C33 > 0,

2[C15C25(C33C12 − C13C23) + C15C35(C22C13 − C12C23)

+C25C35(C11C23 − C12C13)]− [C2
15(C11C22 − C2

12)

+C55(C11C22C33 − C11C
2
23 − C22C

2
13 − C33C

2
12 + C12C13C23)] > 0

(9)

Trigonal system:

C11 − C12 > 0; (C11 + C12)C33 − 2C2
13 > 0;

(C11 − C12)C44 − 2C0
14 > 0

(10)
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Paper III

Ab-initio study of atomic
structure and mechanical
behaviour of Al/Fe intermetallic
interfaces

Khalid M. Z., Friis J., Ninive P. H., Marthinsen K., Strandlie A.

Abstract
First-principles virtual tensile and shear test calculations have been performed

to Al(003̄)//α-AlFeSi(001) and Al(01̄4)//Fe4Al13(101̄) interfaces by the ab-initio

pseudo potential density functional theory method. Work of separation, ultimate

tensile strength and shear strength of bulk and interface structures were calcu-

lated. The Al(003̄)/α-AlFeSi(001) interface showed higher tensile strength than

the Al(01̄4)//Fe4Al13(101̄) interface structure. Moreover, interface calculations re-

vealed a charge depletion region in the second layer of the Fe4Al13 structure, which

caused lower work of separation. Furthermore, shear calculations showed stronger

shear strength for the Al(01̄4)//Fe4Al13(101̄) interface than for the Al(001)//α-

AlFeSi(001) interface structure.

Keyword Mechanical strength; Fe-Al joining; Intermetallics compounds inter-

faces; First-principles calculations; UBER
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1 Introduction
Steel and aluminum alloys have been regarded as some of the most promising

combinations of alloys in industrial applications due to the possibility of combin-

ing high strength and low weight. Thus joining of aluminum and steel has gained

immense industrial interest in several sectors such as, aeronautics [1], automot-

ive [2], tooling [3], power generation [4] and marine applications [5]. However,

the main challenge is the ability to efficiently join this combination of metals due

to the differences in the physical and chemical properties of aluminum and steel.

Due to the phase diagram of the Al-Fe system with several intermetallic phases,

it is also impossible to avoid the development of Fe-Al Intermetallic Compounds

(IMCs) [6, 7]. Based on the temperature reached during the welding process in

addition to alloy types and cooling rates, a large variety of IMCs can be created

at the interface [8, 9]. Hence, it is necessary to explore the effect of these IMCs

on the joint strength to achieve a better understanding and overview of different

welding methodologies.

Several studies have investigated the role and formation of intermetallic layers

at aluminum and steel joints [10–13]. It has been generally reported that Fe-rich

IMCs such as FeAl and Fe3Al are less brittle than Al-rich IMCs, like Fe4Al13 [10].

Although it has been generally accepted that the presence of IMC layers at the in-

terface has detrimental effects on the joint strength, some of the studies have nev-

ertheless reported that Fe-rich IMCs may improve the mechanical properties and

therefore do not have a detrimental effect on the strength of joints [11–13]. As-

suming role of IMCs can have both negative and positive effects on the mechanical

properties of joints.

Liu et al. [9] studied the intermetallic phases including Fe4Al13, bcc α-AlFeSi,

FeAlm, q1-AlFeSi and q2-AlFeSi. They determined the crystallographic orienta-

tion relationships between Fe4Al13, bcc α-AlFeSi, and qn-AlFeSi (n=1,2) with Al

using electron diffraction.

Chen et al. [14] reported three different types of failure modes: (i) button pul-

lout failure, which is failure caused by shear displacement, (ii) bulk IMCs failure,

and (iii) interfacial failure, i.e. failure at the interface of the aluminum and steel

joint. In general, the understanding of the role of IMCs on the joint strength is

ambiguous and far from complete. One of the reasons for the lack of detailed

information about interfacial strength is the difficulty in characterizing the indi-

vidual interfacial layers due to their small size. Over the years, many researchers

have tried to identify and characterize the layers using Scanning Electron Micro-

scopy (SEM), X-ray diffraction, and Transmission Electron Microscopy (TEM)

[9, 15–17]. McDevitt et al. [15] characterized the commercially produced hot-dip
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galvanized steel by using a combination of analytical TEM, SEM, and X-ray dif-

fraction. They reported the presence of Fe2Al5 and Fe4Al13 IMCs at the Al//steel

interface and concluded that X-ray diffraction is best suited for characterizing the

interfacial layers. Recently, Arbo et al. [17] reported three distinct phases: α-

AlFeSi, Fe4Al13 and Fe2Al5 at an aluminum-steel joint by TEM.

All these experiments reported that several possible phases may exist between alu-

minum alloys and steel, but little work has been done on quantifying the interfacial

strength of these IMCs. As mentioned above, this is mainly due to the small size

of the intermetallic layers. Due to experimental limitations and challenges, there

has been a growing interest in computational approaches. To predict the mech-

anical and bonding strength, a wide range of theoretical methodologies have been

applied, including semi-empirical and tight binding atomistic calculation methods,

thermodynamic models, image models, and ab-initio calculations using Hartree-

Fock (HF) and Density Functional Theory (DFT) [18]. Some researchers per-

formed atomistic simulations to calculate the mechanical and structural properties

of the Fe-Al bulk intermetallic compounds [19–22]. All these methods show good

agreement with available experiments, in particular, the DFT approaches. But, ac-

cording to our knowledge, nobody has studied the interfacial characteristics of the

Al//Fe4Al13 and Al//α-AlFeSi interfaces.

In this work, we have studied the interfacial structure and mechanical strength

of Fe4Al13 and cubic α-AlFeSi intermetallic phases with pure aluminum through

atomistic simulations using DFT. We have developed the interface structures by

finding the minimum misfit orientation between Al//α-AlFeSi and Al//Fe4Al13 in-

terface structures.

This paper is organized as follows. First, we discuss the methods, which comprise

the computational methodology and the method to produce interface structures.

In this part, we first make comparisons of bulk calculations of individual bulk

phases with experiments and literature, which we further use for interface building.

We then discuss the tensile and shear strength of the relevant interfaces, which

comprise the most interesting feature of this work, followed by a discussion of the

implications and significance of these results. We finally make a summary and

present conclusions of our work.

2 Methods

2.1 Computational Method

We performed first-principles calculations based on density functional theory using

the Vienna Ab-initio Simulation Package (VASP) code [23] using the Generalized
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Table 1: Lattice constants of the Al, Fe4Al13 and b.c.c. α-AlFeSi phases, as calculated in

this work and from literature.

Compound Space group a (Å) b (Å) c (Å) Angle

Al Fm-3m 4.04 4.04 4.04 α = β = γ = 90◦

Fe4Al13 C2/m

15.49

15.532 [20]

15.069 [19]

15.49 [9]

8.08

8.010 [20]

7.864 [19]

8.083 [9]

12.48

12.398 [20]

12.083 [19]

12.476 [9]

α = 90◦, β = 107.7◦,
γ = 90◦

α-AlFeSi Im3

12.69

12.56 [9]

12.589 [28]

12.69

12.56 [9]

12.589 [28]

12.69

12.56 [9]

12.589 [28]

α = β = γ = 90◦

Gradient Approximation (GGA) by Projector Augmented-Wave method (PAW)

[24] employing the Perdew-Burke-Ernzerhof (PBE) approach [25]. For Al, Fe

and Si atoms, the electronic states 3s23p1, 3d64s2 and 3s23p2, respectively, were

treated as valence electrons. For calculations, a cutoff of 550 eV for the plane wave

expansion of the wave function was used to obtain accurate forces. Automatic k-

points were generated by using the method by Monkhorst and Pack [26]. The

electronic convergence criteria were set to 1 × 10−5 eV, and maximum forces

on each ion during relaxation were 0.005 eV/Å for bulk and 0.01 eV/Å for the

interface structures.

2.2 Interface structures

The atomic positions and lattice constants of α-AlFeSi and Fe4Al13 were directly

taken from a study published by Cooper et al. [27] and Liu et al. [9]. The DFT-

relaxed bulk structures were used further for interface building. The lattice para-

meters used for the building of interface structures are given in Table 1. Following

a face-to-face matching technique, we found the following low misfit orientation

relationships:

[010]Fe4Al13 || [200]Al

[101]Fe4Al13 || [041]Al

(101̄)Fe4Al13 || (01̄4)Al

and

[100]α || [310]Al

[010]α || [13̄0]Al

(001)α || (003̄)Al

The corresponding Al(01̄4)//Fe4Al13(101̄) and Al(003̄)//α-AlFeSi(001) bulk and

overlapped interface structures are shown in Fig. 1.



2. Methods 113

Figure 1: The atomic arrangement of Al (a,d), Fe4Al13 (b) and b.c.c. α-AlFeSi (e).

Overlapping structures of Al and Fe4Al13, (c) and α-AlFeSi, (f) are shown according

to the orientation relationship of the bulk phases.

A vacuum layer of >10 Å was introduced along the z-direction to avoid periodic

interaction between interfaces. At least 6 layers of aluminum and the relevant

intermetallic compound were considered in our calculations to reduce surface ef-

fects.

Liu et al. [9] also studied and reported Orientation Relationships (OR) for Al//Fe4Al13
interfaces and claimed [020]Al // [010]Fe4Al13 to be the lowest mismatch direction

due to the higher possible symmetry of the intersection group (2/m). They reported

a mismatch of 0.18% along the [020]Al // [010]Fe4Al13 direction.

In the case of the Al(001)//α-AlFeSi(001) interface, both lattice directions were

equally strained. The lattice mismatch between Al and α-AlFeSi was found to

be 0.89 % for the OR studied in this paper (Table 2). Due to the small lattice

mismatch, this Al(003̄)//α-AlFeSi(001) interface orientation is a likely OR for the

Al//α-AlFeSi interface structure.

The matched interface structures are shown in Fig. 2. Fig. 2(a) and (c) show the

un-relaxed strained interface structures. The DFT optimized structures are shown

in Fig. 2 (b), and (d), and these were used further for the virtual tensile and shear

tests.
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Table 2: Lattice strain for Al//Fe4Al13 and Al//α-AlFeSi interfaces. In the table the angles

are defined as Δγ = γ2 − γ1.

Strain along a (%) Strain along b (%) Difference in angle (Δγ)

Al(100)//Fe4Al13(100) 0.0 0.10 Δγ = 0.0◦

Al(001)//α-AlFeSi(001) 0.89 0.89 Δγ = 0.0◦

Figure 2: The interface structure of Al//Fe4Al13 (a,b) and Al//α-AlFeSi (c,d). (a,c) show

the interface structures before relaxation, while (b,d) show the structures after relaxation,

for which the minimum forces on ions were reduced to < 0.01eV/Å2.
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Table 3: The ideal work of separation, Wsep, of the Al//α-AlFeSi and Al//Fe4Al13 inter-

faces and bulk in units of J/m2. (0) represent the crack opening at the interface, and (+1),
(+2), and (+3) and (−1), (−2), and (−3) represent the crack opening at the at the 1st,

2nd and 3rd atomic layers of Al and IMC (α-AlFeSi and Fe4Al13), respectively, count-

ing from the interface (0), while bulk Al, bulk IMC are the Wsep of pure Al and IMCs,

respectively.

Al // α-AlFeSi Al // Fe4Al13 Al // Fe
bulk IMC 2.90 (α-AlFeSi) 3.17 (Fe4Al13) -

-3 3.42 (α-AlFeSi) 3.46 (Fe4Al13) -

-2 3.64 (α-AlFeSi) 1.15 (Fe4Al13) -

-1 3.20 (α-AlFeSi) 4.08 (Fe4Al13) -

0 2.26 2.21 5.84a

+1 1.90 (Al) 1.997 (Al) -

+2 1.82 (Al) 2.06 (Al) -

+3 1.94 (Al) 2.21 (Al) -

bulk Al 2.07 (1.8b) 2.10 (2.10b) 1.8b

a [31] b [32]

3 Interface Strength Calculations

3.1 Ideal work of separation.

The ideal work of separation is the reversible work required to separate the inter-

faces into free surfaces, ignoring the plastic and diffusion degrees of freedom. It is

defined as [29, 30]:

Wsep =
Etot

1 + Etot
2 − Etot

12

A
(1)

where Etot
i is the total energy of the constituent slab, Etot

12 is the total energy of

the interface, and A is the interface area. To make consistent comparisons of con-

stituent slabs and the interface, the shape and volume of the slabs and interface

remain the same. Table 3 lists the work of separation of Al(003̄)//α-AlFeSi(001)

and Al(01̄4)//Fe4Al13(101̄) interfaces.

Under tensile load, a fracture can occur at the different interface layers. Thus it is

necessary to calculate the work of separation Wsep inside the different layers and

compare it with the work of separation Wsep at the interface. Wsep at the interface

and different interface layers are defined as 0 and ±1, ±2, ±3, respectively, while

bulk Al and bulk IMC are Wsep for pure bulk Al and IMCs. An illustration is

shown in Fig. 3. Since the interfacial strength is defined at the weakest point of
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the interface structure, this comparison will give indications of the location of the

most vulnerable zone [30].

Wsep was calculated for both Al metal and the IMCs α-AlFeSi and Fe4Al13.

We calculated Wsep for the fracture between Al//IMC counting from interfaces

between first, second and third layers, represented as +1, +2, and +3 from the Al

side and -1, -2 and -3 from the IMC side, respectively. Generally, the IMCs were

found to have higher Wsep than Al except for the second layer of Fe4Al13 (1.15

J/m2). Therefore, the second layer (-2) of Fe4Al13 can be assumed to be the weak-

est zone of the overall Al//Fe4Al13 interface. This weakening effect of Fe4Al13
can be caused by charge depletion from the second layer towards the interface

side. The charge density plot in Subsection 3.6 further explains the reason for this

lower value of Wsep. Overall, Fe4Al13 showed higher Wsep than the α-AlFeSi

phase, with the highest value reported to be 4.08 J/m2 at the -1 side of the IMC.

For the Al//α-AlFeSi interface, Wsep is larger at the interface than in Al, implying

that the fracture is more likely to occur inside the Al metal. The Wsep at +2 was

noted to be the smallest compared to the other layers of metal. For the Al//Fe4Al13
interface, Wsep was also found to be larger at the interface, implying that the in-

terfacial strength of Al//Fe4Al13 is higher at the interface than in the Al side. For

both interface structures, Wsep showed a lower value for the bulk IMC and bulk

Al, as compared to Wsep at the interface.

Moreover, to define a baseline, Al // IMC values were compared with the pure Al

// Fe interface structure. Al // Fe interface showed a higher value of Wsep (5.84

J/m2) [31] than Al // IMC interfaces, which indicates the presence of IMCs have a

detrimental effect on the aluminum and steel joint.

3.2 Virtual tensile test calculations

Ab-initio tensile calculations of Al//Fe4Al13 and Al//α-AlFeSi interfaces were car-

ried out in the framework of the Rigid Grain Shift (RGS) and RGS+relaxation

methodologies [33–35]. In this approach, the equilibrium structures were first shif-

ted along the direction normal to the interface. At each displacement, a vacuum

layer was added between the relevant IMC and Al at the interface. For each dis-

placed structure, two kinds of calculations were performed: (1) RGS without any

atomic relaxations, and (2) RGS+relaxation, where atomic positions were allowed

to relax with the cell size fixed. For the RGS+relaxation methodology, the interface

structure was separated along the normal direction by introducing a vacuum, and

then DFT calculations were performed by allowing relaxation of atomic positions.

The introduced strain between the two surfaces was increased with equal steps un-

til the two phases fractured and split into two free surfaces. During the relaxation
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Figure 3: Schematic illustration of Wsep. Wsep is calculated for fracture taking place at

the interface (0), at the first layer (+1) of the Al side or the IMC side (−1), as well as at

the second and third layers, Wsep is defined at +2(Al), -2 (IMC), and +3 (Al), -3(IMC)

respectively.

process for the RGS+relaxation methodology, the top two layers of Al and IMCs

were fixed, such that during relaxation, atoms will not converge into another inter-

face structure by relaxation of atomic positions into the vacuum layer introduced

at the top of the structures. Fig. 4 illustrates the procedure for the tensile separa-

tion for the RGS+relaxation methodology. Each interface structure is divided into

three regions. In the first region atoms are fixed and do not move during atomic

relaxation, while in the second region, atoms are allowed to relax. The third region

is defined as the tensile elongation region, where the vacuum layer is introduced

between the two phases to mimic tensile behavior. Ideally, tensile calculations

should be performed by introducing strain and allowing the structure to relax by

optimizing the lateral lattice parameters to consider Poisson’s effect. However, this

methodology is very time-consuming and computationally expensive. Besides, the

structural relaxation becomes difficult to converge for large strain values [35]. For

these reasons, we did not consider Poisson’s effect in this study.

The energy-displacement data obtained from the virtual tensile tests were fitted

with the so-called Universal Binding Energy Relationship (UBER) [32, 36, 37].

Rose et al. [38] suggested that the binding energy of metals has a universal form

of the kind given as;
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Figure 4: Schematic illustration of the tensile elongation for the RGS+relaxation method-

ology. for the compression test, equilibrium structures are moved toward each other.

Eb(d) = |Ee
b | · g(a) (2)

where Ee
b is the binding energy of the equilibrium structure, d is the displacement

and a is the re-scaled displacement given as, a = d/l, where l is a characteristic

length, depending on the curvature of the energy-volume curve at its minimum,

l =

√
|Ee

b |
E

′′
b (0)

(3)

If the functional form g(a) is known, we can determine the theoretical strength

and critical displacement of any material from the parameters Ee
b and E

′′
b . For

the hydrostatic compression/expansion, g(a) is determined to have the following

mathematical form [39]:

g(a) = −(1 + a+ P (a))e−a−Q(a) (4)

where P and Q are polynomials of order two or larger. This expression for g(a)
ensures that g(0) = −1, g(a → ∞) = 0 and g′(0) = 0. The first-order terms
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are excluded from P and Q since they are related to each other as well as to the

characteristic length [39].

By differentiating Eq. (2), the theoretical tensile strength of the atomic structures

can be evaluated [36];

σth =
∂Eb

∂d
(5)

The maximum value of the theoretical strength σth is defined as the Ultimate

Tensile Strength (σUTS), and the displacement at which σUTS is achieved is defined

as the critical length dc.

For the Al//α-AlFeSi interface, a good fit was found during RGS calculations. Dur-

ing RGS+relaxation calculations, higher-order polynomials were also considered.

Although we found a reasonable fit using a fifth order polynomial, it does not fit

the data for higher displacements. To find a good fit at higher displacements, we

included an additional odd-order term for the RGS+relaxation methodology. Ap-

pendix Tables 6 and 7 list the terms and coefficient values for both methodologies.

Similarly, for the case of the Al//Fe4Al13 interface, higher-order polynomials were

used to fit the RGS+relaxation curve. The results obtained from the UBER fit are

explained in the following subsections.

3.3 Rigid virtual tensile tests

Starting from the optimized structures, virtual compression and virtual tensile tests

were performed as mentioned in Subsection 3.2 without atomic relaxation. The

energy increase for the compression tests was also calculated. Fig. 5 (a) and (b)

shows the virtual tensile test results for Al//α-AlFeSi and Al//Fe4Al13 interface

structures strained along the normal [100] and [101̄] directions, respectively. Val-

ues of Ee
b and l as defined by the UBER form in Eq. (2) for the Al//α-AlFeSi

interface are 2.26 J/m2 (0.14 eV/Å2 = 2.26 J/m2) and 0.317 Å, respectively, and

those for Al//Fe4Al13 are 2.21 J/m2 and 0.643 Å, respectively (Table 4). As can

be seen in Fig. 5(a), at small tensile separations, a parabolic dependence of the

binding energy is observed. With increasing displacement, there is a continuous

increase in binding energy. The rate of this increase gets lower as the tensile dis-

placement increases until it saturates at larger displacements of the fracture sur-

faces. Moreover, the UBER results fit well for the RGS methodology. From Fig.

5(a), we can see that the Al//α-AlFeSi interface has a slightly lower binding energy

value (0.14 eV/Å2) than Al//Fe4Al13 (0.1376 eV/Å2), which indicates marginally

stronger resistance to interfacial fracture for the Al//α-AlFeSi interface as com-
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(a) Binding energy versus interfacial separation.

(b) Stress-strain curve

Figure 5: (a) RGS virtual tensile tests for the Al//α-AlFeSi and the Al//Fe4Al13 interface

structures. The solid curve represents the fitting of the universal binding-energy relation

(UBER) (b) Stress-strain curve plotted by differentiating the UBER curves given in (a), up

to the value of the strain corresponding to σUTS.
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pared to Al//Fe4Al13. The theoretical strength can be calculated from the fitted

binding energy curve.

The theoretical stress-strain relations of the Al//α-AlFeSi and Al//Fe4Al13 inter-

faces are plotted in Fig. 5(b). To make comparisons with other studies, we per-

formed additional virtual tensile tests for Al (210) bulk as well. As given in Table

4, σUTS for Al (210) bulk was found to be lower than σUTS of both Al//Fe4Al13
and Al//α-AlFeSi interface structures. This shows that during virtual tensile test-

ing, the fracture is more likely to occur in the bulk aluminum side than at the inter-

face. Since RGS virtual tensile testing was performed by rigidly separating the two

surfaces from the interface, this result is consistent with our previous calculations.

Since Fe4Al13 and α-AlFeSi IMCs are stronger than aluminum, bonding of these

strong IMCs with Al could be the reason for the higher interfacial strength. Fur-

thermore, Al//Fe4Al13 showed lower σUTS (12.81 GPa) than Al//α-AlFeSi (17.76

GPa). Generally, the trend in σUTS follows the Wsep values: the higher Wsep, the

higher σUTS value [37]. The same trend can be found for Al//Fe4Al13 and Al//α-

AlFeSi interface structures. However, σUTS obtained from RGS virtual tests are

most probably overestimated, which is why relaxed-type RGS virtual tensile tests

were also performed. Such virtual tests are discussed in the following subsection.

3.4 Relaxed virtual tensile tests

In the relaxed-type virtual tensile tests, atoms were allowed to relax during the

virtual tensile tests. Fig. 6 (a) and (b) show the binding energy versus dis-

placement curve for the Al//Fe4Al13 and Al//α-AlFeSi interfaces, evaluated by

the RGS+relaxation methodology. Close to the 0 eV/Å2 binding energy where the

interface structures are separated into slabs, bulk atoms relax into minimum energy

configuration in the RGS+relaxation methodology, hence the reference structure is

different for RGS and RGS+relaxation methodologies at the same tensile displace-

ment.

The equilibrium binding energy Ee
b during RGS virtual tensile tests can also be

characterized as the energy required to separate an interface structure into two free

surfaces (Eb(0)=- Wsep). In the case of RGS+relaxation virtual tests, this energy

corresponds to the energy needed to separate an interface into two relaxed surfaces.

As the interfaces are separated along the normal direction, we see that the bind-

ing energy asymptotically reaches separating energy. From the RGS+relaxation

methodology, we can also determine the tensile limit beyond which the pre-crack

introduced during tensile displacement can no longer be healed.

The binding energy curve is divided into three distinct regions [36]: Region I:

(d < dc): the pre-crack introduced during tensile separation is healed up by elastic
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relaxations for small displacements, and surfaces will be reconnected, Region II

(dc < d < df ): the so-called instability region, where the crack can neither

be healed nor are the interface structures completely separated, and Region III

(d > df ): at larger displacements, the interface structure is fractured and the cor-

responding surfaces are completely separated.

Table 4 lists dc and df for both interface structures. There is no unique way of

defining final fracture length df , but we define it to be the displacement where the

binding energy reaches -0.003 eV/Å2. The range of the instability region gives

indications of the brittleness and ductility of the interface structures and is defined

by the difference between df and dc. Al//α-AlFeSi has a lower range of the in-

stability region (0.86 Å) as compared to Al//Fe4Al13 (1.43 Å), which indicates that

the former interface is more brittle than the latter one.

3.5 Theoretical tensile strength

Table 4 lists all the calculated values of σUTS for the Al//Fe4Al13 and Al//α-AlFeSi

interface structures, obtained by both the RGS and RGS+relaxation methodolo-

gies. The RGS+relaxation type tensile calculations show a lower tensile strength

than the RGS tensile calculations. This is due to the fact that increased degrees of

freedom during the atomic relaxation increases the possibility of failure initiation.

The maximum value of the stress-strain curve i.e. σUTS for Al//Fe4Al13 is 13.17

GPa as compared to 17.27 GPa for the Al//α-AlFeSi interface structure in the

RGS methodology. As expected, the RGS+relaxation type virtual tensile tests

show lower tensile strength at larger critical length values. The larger dc value for

the RGS+relaxation methodology is caused by the stretching of the whole system

[40]. The Al//Fe4Al13 interface shows higher critical length than the Al//α-AlFeSi

interfaces for both methodologies. As given in Table 4, dc is significantly higher in

the case of RGS+relaxation methodology than the RGS method for all structures.

Similarly, the Al//Fe4Al13 interface shows lower σUTS (9.85 Å) than the Al//α-

AlFeSi (10.92 Å) interface during RGS+relaxation. As discussed in the previous

subsection, the higher strength is caused by the movement of Al atoms during

elastic relaxation. Generally, the failure should preferentially initiate at the inter-

facial Al-Al in the Al//Fe4Al13 interface (region I in Fig. 8) and at Si-Al for the

Al//α-AlFeSi interface (region I in Fig. 7) due to the weak bonding zone. This

crack formation mechanism will be further elucidated in the next subsection.

The tensile strength of the Al(210) plane was calculated separately, and the results

are reported in Table 4. It is worth noting that our RGS+relaxation calculations

show good agreement with Zhang et al. [41] and Cerny et al. [42]. Comparing the

bulk Al mechanical strength with IMC interfaces show that the Al bulk side is the



3. Interface Strength Calculations 123

(a) Al//α-AlFeSi interface.

(b) Al//Fe4Al13 interface.

Figure 6: Binding energy versus tensile displacement of (a) Al//α-AlFeSi and (b)

Al//Fe4Al13 interfaces in RGS+relaxation type virtual tensile tests.
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Table 4: Ultimate tensile strength and fitting parameters of Al(210) bulk, Al//α-AlFeSi

and Al//Fe4Al13 calculated by RGS and RGS+relaxation methodologies. dc, df and l are

the critical length, final fracture length and characteristic length.

Interface
Rigid shift (RGS)

σUTS (GPa)

RGS+relaxation

σUTS (GPa)
dc (Å)

l

(Å)

df
(Å)

Al(210)
10.11

11.96 [36]

8.99

9.39 [36]

8.40 [41]

1.45a

3.03b
1.471a

2.810b
6.20b

Al//Fe4Al13 13.17 9.85
0.6a

1.80b
0.643a

1.483b
3.18b

Al//α-AlFeSi 17.27 10.92
0.43a

1.94b
0.317a

-1.180b
2.86b

a RGS
b RGS+relaxation

weakest zone of the overall interface structure. Incorporation of Poisson’s effect

in uniaxial tensile tests will most probably reduce σUTS . However, as mentioned

earlier, due to the limited number of atoms and the computational costs associated

with it, we did not consider Poisson’s contraction in our ab-initio tensile calcula-

tions.

3.6 Charge density

The fracture behavior of the RGS+relaxation type virtual tensile tests can be ana-

lyzed further by the electronic charge density of the interface structures. As shown

in Fig. 7, in the stable configuration, the interfacial Si atoms face Al and Fe atoms,

and the charge density between Si and Fe atoms is relatively high on the upper

layers of α-AlFeSi. There is a charge depletion region between interfacial Al-Si

atoms, as shown in region I in Fig. 7. This charge depletion region increases with

the increase in tensile displacement. At 2.4 Å displacement of Al//α-AlFeSi in-

terface, the charge density between interfacial Al-Al atoms is higher than that of

the interfacial Si-Al pair. This indicates that bonding between interfacial Si-Al is

weaker than the interfacial Al-Al bonding. As the tensile displacement increases,

interfacial Si atoms move towards α-AlFeSi, and charge depletion region I in-

crease, until the interface structure splits into two surfaces at a displacement of

∼2.8 Å.

In the case of the Al//Fe4Al13 interface structure shown in Fig. 8, we can see higher

charge density regions between Fe-Al atoms at the equilibrium configuration (0 Å)

on the second layer of Fe4Al13. The charge depletion region at zero displacements

can be seen between interfacial Al-Al atoms as well. Charge depletion regions are

marked as regions I and II at 1.8 Å. As the tensile displacement increases, these

depletion regions grow in size. The depletion region marked as II, which can also



3. Interface Strength Calculations 125

Figure 7: Calculated charge density of the Al//α-AlFeSi interface during increased dis-

placement (d), evaluated in the RGS+relaxation methodology in units of e/Å3. Atomic

layers (±1, ±2, ±3) are marked as per the definition of Fig. 3.

Figure 8: Calculated charge density of Al//Fe4Al13 interface during increased displace-

ment (d), evaluated in the RGS+relaxation methodology in units of e/Å3. Atomic layers

(±1, ±2, ±3) are marked as per the definition of Fig. 3.
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be seen at 0.0 Å and 1.8 Å, is reconnected by elastic relaxation at a displacement of

2.6 Å, but depletion region I still grow in size. This shows that the Al atoms move

towards the Fe atoms during tensile separation. At a tensile displacement of 3.0

Å, we can see that the depletion regions have become wide, but still, the charge

density is relatively large between interfacial Al-Al atoms, which exhibit large

resistance to complete interfacial separation. The Al//Fe4Al13 interface structure

splits up into two free surfaces at df (∼3.13 Å).

On the Fe4Al13 side in Fig. 8, we can see a spherically shaped charge depletion

region at the second layer. This depletion region can explain the lower Wsep value

at the second layer of the Fe4Al13 side, as discussed in Subsection 3.1. This is also

a very interesting observation, which shows that Fe4Al13 could be very anisotropic

and brittle due to the existence of such weak zones. Comparing Fig 7 and Fig. 8,

the Al//Fe4Al13 interface splits up at a larger tensile displacement than the Al//α-

AlFeSi interface, which again confirms the longer range of the instability region

for the Al//Fe4Al13 interface structure.

The long range of charge decay at the atomic scale for the Al//Fe4Al13 interface

allows atoms to find alternate modes of energy dissipation, such as atomic stretch-

ing to bridge the void. At the macroscopic level, this behavior can result in the

formation of dislocation planes over crack-tip propagation [43].

3.7 Ideal shear strength

To calculate the ideal shear strength of Al//IMC interfaces, a series of incremental

strains were introduced along the x- and y-directions, respectively. For the Al(001)//α-

AlFeSi(001) interface, the atoms of α-AlFeSi were rigidly moved along the [010]

and [100] directions by keeping the cell size fixed. Similarly for the Al//Fe4Al13
interface, Fe4Al13 layers were moved along the [010] and [101] directions, re-

spectively, as shown in Fig. 9 (a,b,c and d). During shear calculations, atoms

were allowed to relax along the normal direction to the interface. Furthermore, to

avoid periodic interaction between structures, a vacuum layer of >10 Å was added

for all interfaces. Shear stress was calculated and plotted as a function of shear

displacement along the defined slip directions according to the following Fourier

series expression,

Es(d) = E0 +
∞∑
i=1

[Aicos(kid) +Bisin(kid)] (6)

where Es(d) and E0 are the energy of the displaced and reference structure re-

spectively, and ki=
2πi
λ , where λ is the periodicity along the shear direction.

Due to the periodicity of the crystal structure along the shear direction, a Fourier
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Figure 9: Schematic illustration of the directions of shear for Al//α-AlFeSi (a, b) and

Al//Fe4Al13 (c, d).

Table 5: Ideal shear strength of the Al//α-AlFeSi and Al//Fe4Al13 interfaces. Direction of

shear is defined with respect to Al along < 101 > < 010 > and < 100 > direction.

Interface γmax < 101 > (GPa) γmax < 010 > (GPa) γmax < 100 > (GPa)

Al//α-AlFeSi - 2.23 3.14

Al//Fe4Al13 5.11 7.65 -

series was used to fit shear stress-displacement data. The shear stress is calculated

as;

γs =
1

A

∂Es

∂d
(7)

where A is the area of the interface structures.

We used a Fourier series of order n = 3 to fit the shear stress-displacement curve.

The shear stress-displacement curve fits well with the Fourier series Eq. (6), as

can be seen in Fig. 10 (a) and (b) for both interface structures.

Fig. 10 shows the stress-displacement curves for the Al//α-AlFeSi and Al//Fe4Al13
interface structures as a function of shear displacement along the shear directions.

Table 5 summarizes the shear strength of various slip systems of interface struc-
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(a) Al (001)//α-AlFeSi(001) interface (b) Al (01̄4)//Fe4Al13 (101̄)

Figure 10: Shear stress-displacement curve of the Al(003̄)//α-AlFeSi(001) and

Al(01̄4)//Fe4Al13 (101̄) interfaces during the shear strength simulations as a function of

shear displacement along different shear directions.

tures considered in this study. As can be seen in Fig. 10, the stress increases

initially until it reaches a maximum value. The maximum is defined as the ideal

shear strength of the interface structures in this study (γmax). For the Al//α-AlFeSi

interface, the most favorable slip direction is found to be along < 010 > with

the ideal shear strength value of 2.23 GPa, while higher strength was found along

the < 100 > shear direction (3.14 GPa). The Al//Fe4Al13 interface shows higher

strength with the highest value found along the < 010 > direction (7.65 GPa)

while lower along < 101 > direction (5.11 GPa). Based on these values, it can be

concluded that the Al//Fe4Al13 interface has higher shear strength as compared to

the Al//α-AlFeSi interface.

The atoms at the Al//α-AlFeSi interface are aligned in a straight line, as can be seen

in Fig. 9 (a) and (b). During the shearing process along the [010] and [100] direc-

tions, these atoms do not face any energy barrier caused by other atoms. However,

in the case of the Al//Fe4Al13 interface, atoms are aligned in a zig-zag manner at

the interface along the [010] direction (Fig. 9 (c)), which creates a barrier during

the shearing process. The maximum shear strength is achieved when this energy

barrier has been overcome by the shearing displacement along the particular slip

direction. This causes the higher shear strength for the Al//Fe4Al13 interface along

the [010] direction. Lower strength has been found along the [101] direction due

to the straight alignment of atoms at the interface.
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4 Discussion
Virtual tensile and shear calculations were performed to selected Al//IMC struc-

tures and thereby obtaining insights into the governing mechanisms of Fe4Al13 and

α-AlFeSi intermetallics at aluminum and steel joints. To our best knowledge, this

paper contains the first detailed first-principles study of Al//Fe4Al13 and Al//α-

AlFeSi intermetallic interfaces.

Calculations of Wsep gave indications of the location of the weakest zone of the in-

terface and the bulk sides. Interestingly, the second layer of Fe4Al13 was found to

be the weakest zone of the whole Al//Fe4Al13 structure, as discussed in Sec. 3.1.

Charge density plots indicated a charge depletion region around Fe atoms at the

second layer of the Fe4Al13 intermetallic side (Fig. 8). Although Fe4Al13 seems

to have the highest strength, the presence of this weak zone is a possible explan-

ation of the highly anisotropic behavior of the Fe4Al13 layers. Therefore, it can

be suggested from these calculations that micro-cracks are more likely to develop

in Fe4Al13 due to the presence of charge depletion regions. On the other hand, α-

AlFeSi showed consistent values of Wsep (Table 3). The α phase showed a higher

Wsep values, which indicates that this phase has stronger bonding characteristics

as compared to the Fe4Al13 phase and less likely to induce micro-cracks. Gen-

erally, the Al side was found to be softer than the intermetallic layers except for

the second layer of Fe4Al13. At the interface, the Al//α-AlFeSi interface showed a

higher Wsep value (2.26 J/m2) than Al//Fe4Al13, which is an indication of higher

mechanical strength.

Tensile calculations of these interface structures also agree with the Wsep values.

The Al//α-AlFeSi interface showed higher interfacial strength as compared to the

Al//Fe4Al13 interface structure. Charge density plots indicated that the Si atoms

at the interface tend to induce cracks at the interface side, while Al atoms seem

to have stronger bonding with interfacial Al atoms. Similarly for the Al//Fe4Al13
interface, Fe atoms of the Fe4Al13 phase seem to have stronger bonding strength

with the interfacial Al atoms. Hence it is reasonable to suggest that the presence

of Fe atoms at the interface produces stronger bonding than Al and Si atoms. Al

atoms tend to show more ductile behavior than Fe atoms, which produce an energy

barrier along the shearing direction. To have a shear along the particular shearing

direction, the energy barrier created by the interfacial bonding has to be overcome

by the shearing process. Al atoms create a higher energy barrier, and there are

more Al atoms at the Al//Fe4Al13 interface than at the Al//α-AlFeSi interface,

which is why the Al//Fe4Al13 interface shows a higher shear strength. From these

calculations, it can be suggested that the presence of Fe atoms at the interface

produces stronger tensile strength, while higher shear strength is achieved by the
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Al atoms at the interface.

5 Conclusions and Outlook
We have developed and performed ab-initio calculations of Al//Fe4Al13 and Al//α-

AlFeSi interface structures. To characterize the interfacial strength, we calculated

Wsep to find the weak zone of the interface structure. The Al//α-AlFeSi interface

was found to have a higher Wsep value than the Al//Fe4Al13 interface. Besides,

the Wsep values show that during uni-axial tension, the interface is most likely to

fracture from the Fe4Al13 side with the lowest value reported to be 1.15 J/m2 for

the Al//Fe4Al13 interface. This low value of Wsep is caused by the spherical charge

depletion region in the second layer (−2) in Fe4Al13.

Furthermore, a series of tensile calculations were performed in the framework of

the RGS methodology both with and without the relaxation of atomic positions

at each shift. These tensile simulations yielded energy-displacement data, which

were fitted by the UBER curve. Based on these calculations, the Al//Fe4Al13 in-

terface structure has a lower ultimate tensile strength than the Al//α-AlFeSi inter-

face. Shear strength calculations were also performed for the Al//Fe4Al13 struc-

ture along the < 101 > and < 010 > shear directions, and for Al//α-AlFeSi along

< 100 > and the < 010 > directions. As displayed in Tables 4 and 5, the Al//α-

AlFeSi interface showed higher tensile and lower shear strength as compared to

the Al//Fe4Al13 interface structure.

It should be emphasized that the effects of temperature, boundaries, cracks, and

dislocations have not been taken into account in this study. These defects dom-

inate the failure behavior in reality. At the macroscopic level, the actual strain

and stress values are usually small as compared to the ideal stress and strain val-

ues. Therefore it is necessary to find strategies to link ab-initio calculations with

the macroscopic failure process by Finite Element Modeling (FEM) and molecu-

lar dynamics simulations methods [44, 45]. This study is part of a larger project

aiming at characterizing the role of IMCs at aluminum-steel joints, and we plan to

use ab-initio calculations as input for FEM simulations to predict the macroscopic

behavior of aluminum-steel joints.
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7 Appendix

Table 6: The fitting coefficient binding energy Eb(d) values of the Al//Fe4Al13 interface.

Terms 1 2 3 4 5 7 9

RGS 0.0 -0.00542 -0.0247 0.00427 -0.000706 - -

RGS+relaxation 1.7954 - - - -0.324 0.0681 0.148

Table 7: The fitting coefficient binding energy Eb(d) values of the Al // α-AlFeSi interface.

Terms 1 2 3 4 5 7 9

RGS 0.0 0.305 -0.00145 -0.0125 0.0.00359 - -

RGS+relaxation 6.232 - - - -40.9955 4.029 47.229
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First-principles study of tensile
and shear strength of an
Fe2Al5//Fe interface

Khalid M. Z., Friis J., Ninive P. H., Marthinsen K., Ringdalen I.G., Strandlie A.

Abstract
Based on density functional theory, we study the bulk Fe2Al5 and interfacial strengths

of a novel low misfit Fe2Al5//Fe interface structure found at the aluminum-steel

joints. An interface between Fe and Fe2Al5 was selected based on the criteria of

low lattice misfit and number of atoms. We show that virtual tensile testing of

bulk Fe2Al5 and the interface structures result in an energy-displacement curve,

which can be well described by including extra polynomial terms in the spirit

of well known Universal Binding Energy Relation (UBER). It turns out that the

Fe2Al5//Fe interface has a higher tensile strength than the bulk Fe2Al5 phase. We

also find that the shear deformation process can potentially be initiated from the

Fe-terminated interface.

Keyword Fe-Al intermetallics; mechanical strength; atomistic simulations; face-

to-face matching; welding

1 Introduction
Owing to the increased interest in light-weight and environmental-friendly techno-

logy, Fe-Al compounds have been gaining increased industrial interest due to their

light-weight, corrosion resistance and high-temperature resistance behavior [1–3].
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However, the joining of aluminum and steel by traditional fusion welding tech-

niques has been considered a main challenge due to the significant differences

between their physical and chemical properties [4, 5]. The intermetallic com-

pounds (IMCs) developed at the interface are normally not wanted, but unavoid-

able when welding aluminum and steel.

Various methods have been proposed and studied to join aluminum and steel [3, 6].

For any method which requires high temperatures, a brittle layer of different types

of Fe-Al IMCs is developed at the joint, making it difficult to obtain the desired

joint strength. Although solid-state welding techniques can suppress the formation

of Fe-Al IMCs at joints due to the low temperature, these methods can still not

completely limit the formation of IMCs and can thus only produce Fe-Al joints

with limited strength.

The thickness of the IMC layers also plays an important role in the strengthening

of Fe-Al joints. It has been reported that the thickness of Fe-Al IMC layers formed

in a brazed interface can be limited to less than 10 μm, which is considered as

the critical thickness of a Fe-Al IMC layer for Fe-Al joints with good mechan-

ical strength [7]. Analyses of Fe-Al joints suggest that the micro-structures and

distribution of Fe-Al IMCs at the interface are dependent on heat input, and play

an important role in determining the mechanical and/or corrosion behavior of the

joints [8, 9]. In general, most of the experimental and theoretical studies on Fe-Al

IMC layers focus on, (i) heat input and thickness of IMC layer [10] (ii) welding

methodology [11, 12] (iii) tensile and shear strength of IMC layers at the joint [3]

and (iv) extended isothermal treatment [13–15].

Despite all these studies, the interfacial strength of intermetallics such as Fe2Al5//Fe

has not been studied much in literature. Since it is thermodynamically possible to

produce a range of Fe-Al compounds at the interface [16, 17], it is necessary to

understand the basic mechanical and interfacial strength of all these compounds to

establish their roles in the joining process. The lack of convincing results for the

interfacial strength is not due to a lack of academic and industrial interests on this

important subject. However, due to the small thickness (2.3 ± 0.6 μm) of the IMC

layers [18], it is very difficult to experimentally predict the interface strength of

these compounds.

The above brief review indicates that the understanding of the behavior and strength

of the individual interfaces of these compounds is far from complete, and it is evid-

ent that an atomistic study of these interfaces could provide useful new insight.

The lack of atomistic studies is due to the complex atomic structure of the inter-

metallic compounds. It is, therefore, challenging to develop an interface model

which is periodic, simple and has a low lattice misfit. In this work, we have used
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a face-to-face matching technique to predict a possible Orientation Relationship

(OR) between Fe2Al5 and Fe suitable for atomistic calculations.

The scope of this paper is limited to establish and test the modeling methodology

to find a good atomistic interface structure and to study the mechanical and inter-

facial properties of the Fe2Al5//Fe interface. The study of more complex, but just

as vital interface structures such as Fe4Al13//Al, Al//α-AlFeSi, Fe4Al13//α-AlFeSi

and Fe2Al5 // Fe4Al13 will be explored in future work. The structure of the paper is

as follows. First, we present the procedure for finding a low misfit interface struc-

ture between Fe and Fe2Al5. In Sec. 3 we present the calculation methodology

and procedure for performing virtual tensile calculations. In Sec. 4, we present

results of the strength of the bulk Fe2Al5 as well as the Fe//Fe2Al5 interface struc-

ture. In the last section, we discuss the results before presenting a summary and

conclusions.

2 Method for Interface building

2.1 Prediction of orientation relationships

The first step in creating the interface structure is to establish an OR between the

two phases in question. We modeled the interface as an atomically sharp defect-

free interface between two crystals 1 (Fe) and 2 (Fe2Al5). To find possible ORs,

a large number of possible sets of crystallographic directions were explored. The

possible interface planes in Fe are defined by all pairs of lattice vectors, u1 and

v1, in Fe. Similarly, u2 and v2 define all possible interface planes of Fe2Al5. To

obtain a periodic interface, the following relations must be fulfilled:

|u1| = |u2|
|v1| = |v2|

γ1= γ2

(1)

where ∠ γn = ∠(un, vn), with n = 1, 2 for crystal 1 and 2, respectively, and it is

defined as the angle between vector directions u and v. We have added a vacuum

layer along the normal direction to avoid periodic interaction. For this reason,

angles ∠ αn = ∠(vn,wn) and ∠ βn = ∠(un,wn) are not relevant, as the interface

structures do not need to be periodic along the normal direction to the interface.

In the general case, it is not possible to find an OR satisfying these conditions

exactly. The resulting interface structure depends on how well these conditions are

fulfilled using the strains along direction u and direction v:
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Fig. 1: A possible 3D interface model between crystal 1 and crystal 2. The crystals are

slightly strained for them to match.

εu =
||u2| − |u1||

|u1| (2)

εv =
||v2| − |v1||

|v1| (3)

and the difference in angles γ between lattice directions;

Δγ = |γ2 − γ1| (4)

These angles between two crystals are illustrated in Fig. 1. The two structures (red

and brown) are strained to match the angles to form a coherent interface structure

(γ1,2 �= 90◦).

In general an interface structure has 9 degrees of freedom (3 degrees related to

the possible OR, 2 degrees for the possible interface plane, 2 for lateral translation

along the interface plane and 2 degrees for position of where the interface cuts each

phase). Ideally, Δγ = 0, but when these conditions are not fulfilled, the minimum

difference between angles (min Δγ) can be considered.

To construct good interface models, ORs are obtained by looping through all pos-

sible combinations of orientations up to a given crystal lattice vector length and

testing them against the criteria listed above. We can thereby choose an interface
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structure with a low misfit and a corresponding supercell structure with low enough

number of atoms so that DFT calculations are feasible.

By using the methodology presented above, we predicted the possible interface

structures between Fe2Al5 and Fe. The DFT-relaxed bulk structure of Fe2Al5
was used as input for finding the interface structures. To reduce computational

cost, we only considered the interface structure where the number of atoms and

misfit is relatively small (see Appendix Table 4). We finally selected the inter-

face structure that has a low misfit, the least number of atoms and which con-

tains the experimentally reported Fe2Al5(02̄0) plane [19], which turned out to be

Fe2Al5(02̄0)//Fe(1̄21). For these reasons it was assumed to be a good representa-

tion of the Fe2Al5 // Fe interface.

2.2 Determination of bulk Fe2Al5
Fe2Al5 has an orthorhombic unit cell which contains single crystallographic Fe

sites (four per cell) and three Al sites [20]. The Al1 site, which contains eight

atoms per cell, is fully occupied, while Al2 and Al3 are too close to be occu-

pied simultaneously, resulting in a partial occupancy factor of 1/6 each [21]. We

performed ground state energy calculations to find the stable crystal structure and

used this structure further for bulk and interfacial calculations. Results of the bulk

strength calculations of Fe2Al5 have been reported in previous work [22].

2.3 Fe2Al5(02̄0)//Fe(1̄21) interface

The atomic structure of Fe2Al5//Fe was constructed using the procedure described

above (Sec. 2.1). To ensure the bulk-like interior of atomic interfaces, six layers of

Fe and Fe2Al5 were tested. It is worth mentioning that Fe2Al5 can be terminated

either by Al or Fe at the interface. Both terminations were tested for the interfaces

shown in Fig. 2. To avoid periodic interactions, a vacuum layer of >10 Å was ad-

ded along the normal direction to remove the effect of the two artificial interfaces.

Fig. 2 shows the tensile fracture procedure of DFT-relaxed interface structures

with both terminations. For the strength calculations, DFT-relaxed interface struc-

tures were used as an input for virtual tensile and shear test calculations.

3 Calculation Methods and Model

3.1 First principles calculations

The first-principle calculations based on DFT were performed using the Vienna

ab-initio Simulation Package (VASP) [23]. The exchange-correlation energy was

evaluated using the Generalized Gradient Approximation (GGA) by Perdew, Burke

and Ernzerhof (PBE) [24] and with the Projector Augmented Wave (PAW) [25]
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Fig. 2: Virtual tensile tests for the Fe2Al5(020) // Fe (-121) interface structure: (a, b)

shows the Fe and Al-terminated relaxed equilibrium structures, (c) Fe-terminated virtual

tensile test, and (d) Al-terminated virtual tensile test.

method. Automatic k-points were generated by using the method proposed by

Monkhorst-Pack to characterize energy integration as the first irreducible Brillouin

zone [26] with a maximal k-point distance of 0.18 Å−1. In our calculations, a

maximum energy cutoff value of 450 eV was used for the plane wave expansion in

reciprocal space. During the optimization process, the total energy changes were

set to 1× 10−5 eV. Furthermore, the average force per atom was reduced to 0.009

eV/Å using a smearing factor of 0.2 and a first-order Meth -Fessel-Paxton for the

smearing of the partial occupation. Due to the magnetic behavior of Fe atoms,

spin-polarized calculations were performed for the interface structures and bulk

Fe by specifying the initial local magnetic moment of Fe.

3.2 Virtual tensile test calculations

Ab-initio virtual tensile calculations of the Fe2Al5//Fe interface were carried out in

the framework of Rigid Grain Shift (RGS) and RGS+relaxation methodology [10,

27, 28]. In this approach, the equilibrium structure was separated along the [02̄0]

direction. For each displacement, two kinds of calculations were performed: (1)

RGS, without any atomic relaxation, and (2) RGS followed by atomic relaxation

with a fixed supercell. We did not consider Poisson’s effect in this study [28].

In the RGS approach, the interface structure was modeled by rigidly separating
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the two blocks of material and performing static calculations without any relax-

ation, while in the RGS+relaxation method, atoms were allowed to relax. These

calculations provide an energy-displacement curve, which can be fitted using the

universal binding energy relationship (UBER) [29–31]. Rose et al [32] observed

that the separation energy of metals has a universal form;

Eb(d) = |Ee
b | · g(a) (5)

where Ee
b is the separation energy of the equilibrium structure, d is the displace-

ment defined with respect to the equilibrium structure and a is the re-scaled dis-

placement, given by a = d/l, where l is a characteristic length which can be

approximated by the curvature of the energy-displacement curve at its minimum.

Eq. (6) is used as a starting point for the fitting procedure,

l =

√
|Ee

b |
E

′′
b (0)

(6)

If the functional form g(a) is known, we can determine the theoretical strength and

critical displacement of any material from the parameters Ee
b , and E

′′
b . This virtual

tensile testing provides separation energy versus tensile displacement. The results

obtained from these calculations can then be fitted to the UBER curve using Eq.

(5) and (7). As Rose et al. observed, the metallic bonding-energy curve can be

approximately scaled into the universal binding energy relation for the following

cases: (i) metallic or bimetallic adhesion (ii) chemisorption on a metal surface,

and (iii) cohesion of bulk metals [32]. Although UBER describes well separation

energy versus displacement for un-relaxed metal surfaces, it is unable to describe

the behavior of tightly bound intermetallics [33]. To find a good fit which captures

the behavior of the separation energy versus displacement curve, we generalized it

by including two polynomials [34, 35]:

g(a) = −(1 + a+ P (a))e−a−Q(a) (7)

where a is the rescaled displacement and P and Q are polynomials of order two

or larger with positive (leading) coefficients. This expression for g(a) ensures that

g(0) = −1, g(a → ∞) = 0 and g′(0) = 0. The first-order terms are excluded

from P and Q since they are related to each other as well as to the characteristic

length.

To ensure that the fitting behaves well, one should only include odd-order terms in

the polynomials P and Q and make sure that all coefficients are zero or positive.
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By differentiating the fitted energy-displacement curve, the theoretical tensile strength

of the atomic structures can be evaluated [29];

σth =
∂Eb

∂d
(8)

The theoretical strength σth at its maximum value is defined as the Ultimate Tensile

Strength (σUTS). The value of d at σUTS is defined as the critical length dc.

4 Results and Discussion

4.1 Bulk strength

To compare the bulk and interface structures, we also calculated the tensile proper-

ties of Fe2Al5(02̄0) using the rigid shift (RGS) and RGS+relaxation methodology

as explained in Sec. 3.1. We studied the virtual tensile strength of both the Al- and

the Fe-terminated Fe2Al5 structures as shown in Fig. 3.

Fig. 4 (a) and (b) show the separation energy versus tensile displacement curve

for Al and Fe-terminated fracture using the RGS and RGS+relaxation methodolo-

gies. In the stable configuration of the Fe2Al5 phase, the Fe-Al bond distance is

2.50 Å and the Fe-Fe bond distance is 2.96 Å. During the virtual tensile testing,

this bond distance at the cutting plane is stretched further until the bulk structure

fractures and separates into two free surfaces. Fig. 3 (b) and (c) show the proced-

ure for introducing a crack with Al and Fe-terminations. Table 1 lists the work of

separation (Wsep) and the work of adhesion (Wad). The former is defined as the

work needed to separate a bulk phase without atomic relaxation, and the latter is

the energy needed to separate a bulk interface into two relaxed surfaces [36].

The binding energy increases with tensile displacement. RGS without atomic re-

laxation produces a steeper curve which was fitted using Eq. (5) and (7). During

tensile displacement, the separation energy increases sharply until it stabilizes at

larger displacements (> ∼5 Å).

Table 1 lists the calculated σUTS . Fig. 5 shows the stress-strain curves for Fe2Al5
along with bulk strengths for the RGS and RGS+relaxation methodologies. As can

be seen, with increasing tensile strain, the tensile stress increases until its max-

imum value (σUTS). One can note that σUTS calculated with the RGS+relaxation

methodology is lower than that for the RGS methodology. For comparisons, we

also reported the strength of the bulk Fe (111) plane. The Al-terminated Fe2Al5
bulk phase shows higher strength (20.09 GPa for RGS and 15.48 GPa for RGS+relax

ation) as compared to the Fe-terminated structure (17.72 GPa for RGS and 13.28

GPa for RGS+relaxation). Moreover, bulk Fe atoms showed higher values of Wsep
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Fig. 3: Virtual tensile tests for the bulk Fe2Al5(020) structure: (a) relaxed equilibrium

structure (b) Al-terminated virtual tensile test, and (c) Fe-terminated virtual tensile test.

Table 1: Calculated virtual tensile strength, Wsep and Wad of bulk Fe2Al5 and bcc Fe.

Structure
σUTS (RGS)

(GPa)

σUTS (RGS+relaxation)

(GPa)
Wsep (J/m2) Wad (J/m2)

Al-terminated Fe2Al5 20.09 15.48 6.16 5.81

Fe-terminated Fe2Al5 17.72 13.28 5.54 5.16

Fe
27.7a <111>
28.5b,c <111>

- 6.09 <121> -

a [37] b [38] c [39]

and σUTS , which signify the higher strength for bulk Fe than the Fe2Al5 phase.

A lower strength of the Fe-terminated bulk Fe2Al5 indicates a weaker bonding

between Fe-Fe atoms which will be discussed in sub-section 4.3. Besides, the long

bonding distance between Fe-Fe also contributes to the weakening of the bond.

4.2 Interface strength

Energy-displacement curves

Energy-displacement curves are shown in Fig. 6 for Al-terminated and Fe-terminated

interface structures using the above mentioned fitting technique. Fig. 6 (a) and (c)

show the energy-displacement curve for RGS and Fig. 6 (b) and (d) show the

same curves for the RGS+relaxation methodology. A steep and continuous curve

is obtained for the RGS methodology without any atomic relaxations, which can
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(a) Al-terminated bulk Fe2Al5.

(b) Fe-terminated bulk Fe2Al5.

Fig. 4: Separation energy versus displacement for virtual tensile tests of the bulk

Fe2Al5(020) structure: (a) Al-terminated virtual tensile test, and (b) Fe-terminated vir-

tual tensile test.
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Fig. 5: Virtual tensile tests stress-strain curve for the bulk Fe2Al5(020) structure with both

Al and Fe-terminations calculated with the RGS and RGS+relaxation methods.

be fitted well by using Eq. (5). As can be seen from Fig. 6(b) and (d), with

the increase in tensile displacement, the energy required to fracture the interface

structure decreases until the structure separates into two surfaces at larger displace-

ments (>3 Å). The separation length at that point is defined as the final fracture

length (df ). Even though there is no unique way of determining df , we define it to

be at the point where the binding energy curve reaches -0.003 eV/Å2 [35].

The minimum value of the binding energy gives -Eb(0) = Wsep for RGS and -Eb(0)

= Wad for the RGS+relaxation methodology. Table 2 lists the Wsep and Wad val-

ues for the Fe2Al5//Fe interface. As given in Table 2, the Al-terminated interface

shows higher Wsep (4.45 J/m2) as compared to the Fe-terminated interface (3.82

J/m2). Lazar [30] postulated the rough approximation that Wsep= 1.06Wad by lin-

ear fitting of DFT results of RGS and RGS+relaxation methodologies for different

compounds and materials. This fits perfectly for the Al-terminated interface but

less so for the Fe-terminated interface.

An optimal fit for the relaxed surfaces is shown in Fig. 6 (b) and (d). For the

relaxed-type virtual tensile tests, crack opening is initiated by separating two blocks

by introducing vacuum and subsequently allowing atoms to relax while keeping

the plane area fixed. The initial crack introduced during RGS can potentially be

healed by atomic relaxation if the separation between two blocks is smaller than
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Fig. 6: Energy-displacement curves resulting from virtual tensile tests for the

Fe2Al5(020)//Fe interface structure with both Al and Fe terminations, (a) and (c) show the

virtual tensile test results for the RGS methodology and (b) and (d) for the RGS+relaxation

methodology. Red points show DFT calculation results and the blue solid line is the fitted

curve.
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the critical length (dc) [29]. In Fig. 6 (b) and (d), dc is located at the border of

Region I (d < dc). Table 2 lists the critical (dc) and fracture lengths (df ) for the

two relevant interface structures.

Region II is defined for separation dc < d < df . In this region, the structure is

neither separated nor being able to heal by elastic relaxations, which is why it is

defined as the instability region. The range of this instability region is determined

by taking the difference between df and dc. The width of Region II is related to the

brittleness/ductility of the interface structure [30]. For the Al-terminated interface

structure, the length of the instability region is approximated to be 0.84 Å, while

for the Fe-terminated interface, it is 0.79 Å. The shorter-range of instability region

for the Fe-terminated interface indicates a more brittle fracture than that of the

Al-terminated interface.

At longer separation distances (d > df ), the interface structures are completely

separated into two relaxed bulk surfaces. This region is defined as Region III in

light grey color (Fig. 6 (b) and (d)). In this region, there is no interaction at

the interface, and relaxation of the atomic position relaxes the bulk surfaces into

stable configurations. For this reason, the binding energy versus separation curve

stabilizes, and no further increase in binding energy can be seen.

Tensile strength

Table 2 lists σUTS of Fe2Al5 // Fe interface structures for both terminations. Since

RGS+relaxation calculations were performed with atomic relaxations, σUTS cal-

culated from this approach provides more realistic values than those for the RGS

calculations. Based on the RGS+relaxations virtual tensile tests, the Al-terminated

interface shows lower strength (23.88 GPa) as compared to the Fe-terminated in-

terface (31.48 GPa). Overall, the interface structures show higher σUTS values

than bulk Fe2Al5. The Fe-terminated interface showed the highest strength (31.48

GPa) and Fe-terminated bulk Fe2Al5 the lowest strength (17.72 GPa).

In order to elucidate the bonding characteristics of the interfacial and bulk atoms,

total charge density isosurfaces were drawn at 0.03 eV/Å3 for all surfaces as shown

in Fig. 7. A high charge density cloud (labeled as B in Fig. 7(b)) can be seen for

the Fe-terminated interface as compared to the Al-terminated interface (labeled as

A in Fig. 7(a)). This high charge density at B indicates stronger bonding between

interfacial Fe-Fe atoms at the Fe-terminated interface, which explains the higher

σUTS for this interface as compared to the Al-terminated interface.

For the bulk Fe2Al5 structure as shown in Fig. 7(c), Fe-Fe bonding (labeled as C)

was found to be weaker than the Al-Fe bonding (labeled as D). This observation

is consistent with the lower σUTS for the Fe-terminated bulk structure. Generally,
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Fig. 7: Calculated total charge density isosurfaces for (a) Al-terminated interface, (b) Fe-

terminated interface and (c) bulk Fe2Al5 drawn at 0.03 eV/Å3. A, B, C, and D define

the cutting planes for virtual tensile testing and I indicates the weak fracture plane for the

Al-terminated interface.

Fe-Al atoms are found to have higher charge density regions in the interfaces and

the bulk structures. However, in the Al-terminated interface, the Al atom moves

towards the Fe atoms and develops a bond at the interface by compromising the

bonding strength on the first layer of the Fe2Al5 side, labeled as I in Fig. 7(a). This

fracture plane can be a weak link of the overall Al-terminated interface structure.

Ideal shear strength

To calculate the ideal shear strength a series of incremental shear strains were

applied to the Fe2Al5//Fe supercell. We moved the Fe surface along the <001>
and <001> shear direction. For these calculations, six layers of Fe were sheared

Table 2: Calculated virtual tensile strengths, Wsep and Wad values of the Fe//Fe2Al5
interface structure.

Structure
σUTS (RGS)

(GPa)
dc (Å) df (Å)

σUTS (RGS+relaxation)

(GPa)

Wsep

(J/m2)

Wad

(J/m2)

Al-terminated interface 29.56 1.80 2.64 23.88 4.45 3.04

Fe-terminated interface 24.50 1.51 2.30 31.48 3.82 3.36
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along the defined shear directions with respect to the Fe2Al5 atoms at the interface.

Atoms were allowed to relax along the normal direction to the interface to remove

any strain along that direction. The shear energies are defined in terms of a Fourier

series;

Es(d) = E0 +

∞∑
n=1

[Ancos(knd) +Bnsin(knd)] (9)

where Es(d) and E0 are the energy of the displaced and unsheared structure, re-

spectively, d is the shear displacement, and kn=2πn
λ , where λ is the periodicity

along the shear direction. Appendix Table 5 and 6 gives the Fourier series coeffi-

cient values and the value of λ for both interface structures.

The shear stress is given by

γs =
1

A

∂Es

∂d
(10)

where A is the interface area. The maximum value in the resulting shear-displacement

curve corresponds to the ideal shear strength, which is defined as the interface res-

istance to the shear displacement after which it starts to deform.

Fig. 8 shows the stress-displacement curve for the shear stress as a function of

shear displacement for both Al- and Fe-terminations. Initially, stress increases

with the increase in the shear displacement until it reaches a maximum value for

both cases, which is taken as the ideal shear strength of the interface structure.

Table 3 summarizes the ideal shear strength of the Fe2Al5//Fe interface structure

for all cases discussed in this work. Results are quite different for both interface

terminations. The Fe-terminated interface shows low shear strength (0.97 GPa)

along <001> and larger shear strength along the <100> (4.74 GPa), while the Al-

terminated interface shows high shear strength (2.51 GPa) along <100> direction

and a slightly lower shear strength along <001> (3.97 GPa). The Al-terminated

structure shows higher shear strength than the Fe-terminated interface structure.

These calculations, therefore, indicate that the Fe-terminated < 001 > interface is

more prone to shear than the Al-terminated interface.

Comparing shear strength with tensile strength indicates that the Al-terminated

interface shows higher tensile and shear strength than the Fe-terminated interface.

From Table 2 and 3, it can be seen that shear instability can occur earlier than

normal decohesion. This is consistent with the experimental observations of the

Al-Fe welded system [40]. The shear strength calculated in this study for loading

parallel to the interface is lower than the perpendicular loading direction (σUTS).
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(a) Al-terminated (b) Fe-terminated

Fig. 8: Fitted shear stress-displacement curve of the Fe2Al5//Fe interface for (a) Al- and

(b) Fe-terminations during the shear strength simulations as a function of shear displace-

ment along the <001> and <100> shear directions.

Table 3: Calculated Ideal shear strength values of Fe2Al5 (02̄0)//Fe(1̄21) interface, direc-

tions are defined with respect to Fe2Al5.

Interface <001>(GPa) <100>(GPa)

Fe-termination 0.97 4.74

Al-termination 3.97 2.51

The same trend has been observed experimentally and theoretically in the literature

[16, 40, 41].

5 Discussion
Before discussing the implications of these results, some limitations are worth

to be mentioned. These simulations have performed without considering dislo-

cations, micro-voids, and other effects occurring at larger length scales, that will

influence the strength subsequently. Hence, the calculated strengths are overestim-

ated. Still, these calculations provide important insights about the crack formation

mechanism of the interface structure at the atomic scale. The role of crystal defects

on the mechanical properties is proposed to be a subject of future studies.

In this work we have studied the effect Fe2Al5 intermetallics have on the strength

of aluminium-steel joints. It is a very difficult task to identify the fractured layer of
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aluminum and steel joint by experiments. For this reason, to predict the weak zone

of the Fe2Al5 // Fe interface structure, two zones were studied: (i) bulk Fe2Al5
and (ii) Fe2Al5 //Fe interface. Based on bulk and interface calculations, the in-

terface between Fe2Al5 // Fe showed higher strength as compared to bulk Fe2Al5
and smaller than bulk Fe [37]. Virtual tensile testing, therefore, indicates that bulk

Fe2Al5 is more prone to induce fracture than the interface and bulk Fe side. Mech-

anical strength inferred from the virtual tensile calculations indicates that fracture

is most likely to be initiated from the Fe-terminated side of the bulk Fe2Al5 due

to weak bonding between Fe-Fe atoms. Shear strength is seen to be lower than

the tensile strength, which is also consistent with the experimental observation of

Fe2Al5 [42].

These results have a particular significance for the welding of aluminum and steel

joints for different welding methodologies, where the presence of an Fe2Al5 inter-

metallic layer has been reported along the steel side. However, the defects at the

IMC layers also play a significant role in deteriorating the joint strength and have

to be included in the calculations to give more reliable predictions for real systems.

6 Summary and conclusions
To summarize, we have performed DFT calculations of tensile and shear strength

of the Fe2Al5//Fe interface. The interface structure with the lowest lattice misfit

and number of atoms was selected for the DFT calculations of this work. Vir-

tual tensile tests were performed with the rigid grain shift (RGS) methodology

without atomic relaxations and RGS+relaxation methodology with atomic relax-

ations. Polynomial terms were introduced into the UBER to find a reasonable

fit for the tensile stresses. Based on RGS calculations, the Al-terminated interface

showed higher strength than bulk Fe2Al5 and the Fe-terminated interface structure.

During the relaxation of atomic positions in the RGS+relaxation methodology, the

tensile strength decreased for all structures except for the Fe-terminated interface.

Moreover, the charge densities indicated a weaker bonding between Fe-Fe atoms

in the bulk Fe2Al5 structure, which contributed to a lower tensile strength. We also

analyzed the shear strength for the interface along <001> and <100> directions.

We found that [001] has lower shear strength for the Fe-terminated interface while

it showed higher strength for the Al-terminated interface along this direction.

Overall the Fe bulk side was found to be the strongest zone of the Fe2Al5//Fe in-

terface structure followed by the interface and bulk Fe2Al5. Based on these calcu-

lations, it can be predicted that during a mechanical failure, fracture is most likely

to be initiated at the bulk Fe2Al5 side. This study can potentially be the starting

point for further investigations of the effects of crystal defects and temperature on

the joint strength of aluminum-steel.
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8 Appendix
Appendix Table 4 lists the predicted ORs between Fe and Fe2Al5 by the face-to-

face matching technique. In Table 4, m1, m2 and m3 are the components of a

linear combination of vector u1 of crystal 1, similarly n1, n2 and n3 are defined

for crystal 2, and is given as;

u1 = m1a1 +m2b1 +m3c1
u2 = n1a2 + n2b2 + n3c2

(11)

normally m1, m2, m3 and n1, n2, n3 are integers, but due to sub-lattice translations

in the conventional cell, fractions are also possible.

Table 5 and 6 lists the Fourier series coefficient values for the shear strength cal-

culations for both interface structures.
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Table 4: Some of the predicted ORs between Fe2Al5 and Fe atoms. m1, m2 and m3 are

the direction vectors for Fe2Al5 phase and n1, n2 and n3 for Fe atoms. length and strain

(%) are the length of supercell and misfit percentage (as defined in Eq. (2) and (3)) of the

interface structures respectively.

# d m1 m2 m3 length (Å) ∠γ n1 n2 n3 length (Å) ∠γ strain (%) # atoms

1

u
v
w
h

0

1

0

0

0

0

-2

-2

-1

0

0

0

4.10

7.40

12.88

90◦

90◦

90◦

1

1.5

-2

-1

0

1.5

4

2

1

-1.5

2

1

4.06

7.46

14.06

90◦

90◦

90◦

0.89

0.79

0.56

64

2

u
v
w
h

0

2

-1

0

0

0

-2

-1

0

0

0

0

4.10

14.80

14.86

119.9◦

90◦

90◦

1

3.5

-3

-3

0

1.5

4

14

1

-3.5

3

3

4.06

14.84

16.73

119.8◦

90◦

90◦

0.89

0.33

0.52

130

3

u
v
w
h

0

1

-2

-2

0

2

0

1

1

0

0

0

4.10

14.86

14.80

119.9◦

90◦

90◦

1

3.5

-3

-3

0

1.5

4

14

1

-3.5

3

3

4.06

14.84

16.73

119.8◦

90◦

90◦

0.89

09

0.56

130

4

u
v
w
h

0

1

-2

-2

0

2

0

1

1

0

0

0

4.10

14.86

14.80

119.9◦

90◦

90◦

1

3

-3

-1

0

3

2

2

1

-3

3

1

4.06

14.91

13.46

119.5◦

90◦

90◦

0.89

0.38

0.63

116

5

u
v
w
h

0

0.5

-2.5

-3

0

1.5

0.5

1

1

0

0

0

4.10

10.35

18.77

101.1◦

90◦

90◦

1

0.5

-3

-7

0

3.5

0

2

1

-0.5

3

7

4.06

10.25

12.18

101.4◦

90◦

90◦

0.89

0.96

0.71

98

6

u
v
w
h

0

0.5

-2.5

-3

0

1.5

0.5

1

1

0

0

0

4.10

10.35

18.77

101.1◦

90◦

90◦

1

2.5

-1

-1

0

0.5

4

10

1

-2.5

1

1

4.06

10.25

12.18

101.4◦

90◦

90◦

0.89

0.96

0.71

98

7

u
v
w
h

0

1

-2.5

-2

0

2

0.5

1

1

0

0

0

4.10

14.86

18.77

110◦

90◦

90◦

1

1

-4.5

-5

0

5.0

-0.5

2

1

-1

4.5

5

4.06

14.91

18.32

110.3◦

90◦

90◦

0.89

0.38

0.60

165

8

u
v
w
h

0

0.5

-1.5

-1

0

0.5

1.5

1

1

0

0

0

4.10

4.90

14.71

97.9◦

90◦

90◦

1

1

-2

-1

0

1

3

2

1

-1

2

1

4.06

4.97

11.83

98.0◦

90◦

90◦

0.89

1.35

0.80

41

9

u
v
w
h

0

1

-1

0

0

0

2

1

1

-1

0

0

4.10

8.46

14.86

115.8◦

90◦

119.0◦

1

-1.5

3

5

0

2.5

-1

2

-1

0.5

3

5

4.06

8.49

12.51

115.2◦

90◦

118.6◦

0.89

0.40

0.87

56

10

u
v
w
h

0

1.5

0

1

0

-0.5

2

3

1

-1

0

0

4.10

12.26

12.88

105.2◦

90◦

109.5◦

1

-1

3.5

-1

0

4

-1.5

0

1

-1

3.5

1

4.06

12.18

14.84

105.9◦

90◦

109.5◦

0.89

0.67

0.84

98

11

u
v
w
h

0

1

0.5

3

1

-1

1.5

2

2

1

-2

-1

10.42

10.63

13.20

119.2◦

92◦

94.1◦

3

1

-2.5

-6

0

-3

-0.5

-8

-2

2

-3.5

-9

10.35

10.74

12.43

119.6◦

91.8◦

94.3◦
0.68

11
192

12

u
v
w
h

1

-0.5

0

0

0

1.5

-2

-4

0

2

3

3

7.40

13.19

17.81

95.8◦

90◦

106.3◦

2.5

-0.5

-1

-5

0.5

0.5

4

22

0.5

-4.5

1

3

7.46

137

12.18

95.9◦

90◦

105.9◦

0.79

0.92

0.69

215

13

u
v
w
h

0

0.5

-2

-8

1

-1.5

0

-2

-2

-1

0

-1

10.42

11.13

19.38

109.4◦

90◦

104.3◦

3

-1.5

-2

-14

2-0

0-5

3-0

21

0

-3.5

3

9

10.35

112

13.46

109.5◦

90◦

104.6◦

0.71

0.94

0.65

230
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Table 5: The fitting Fourier series coefficient values for the shear strength calculation of

Al-terminated Fe2Al5//Fe interface.

Polynomial terms A0 A1 A2 A3 B1 B2 B3 λ

<100> -1107.76 110.59 1864.90 -646.56 271.21 11115 -803.98 77.85

<001> -1107.76 110.59 1864.90 -646.56 271.21 11115 -803.98 77.85

Table 6: The fitting Fourier series coefficient values for the shear strength calculation of

Fe-terminated Fe2Al5//Fe interface.

Polynomial terms A0 A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 λ

<100> 1660.13 -988.84 -3113.83 -1627.44 1624.54 -357.08 -299.39 1794.44 -4305.2 3842.35 -1144.45 106.08

<001> 0.415 -0.469 0.058 -0.0014 - - 0.052 0.0699 0.0153 - - 8.23
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Paper V

First-principles study of tensile
and shear strength of α-AlFeSi //
Fe4Al13 and Fe2Al5 // Fe4Al13
intermetallic interfaces

Khalid M. Z., Friis J., Ninive P. H., Marthinsen K., Strandlie A.

Abstract
First-principles virtual tensile and shear strength calculations were performed on

the Fe2Al5 // Fe4Al13 and α-AlFeSi // Fe4Al13 interfaces. The Fast Inertial Relax-

ation Engine (FIRE) algorithm is found to be successful in optimizing these com-

plex Intermetallic Compound (IMC) interface structures. To characterize the vir-

tual tensile strength, an extended generalized Universal Binding Energy Relation

(UBER) was used to fit the energy-displacement data. The virtual tensile strength

was evaluated with a Rigid Grain Shift (RGS) methodology without atomic relax-

ations during tensile displacement and RGS+relaxation with atomic relaxations.

Results for the RGS+relaxation-based approach indicates stronger tensile strength

and more brittle crack formation for the Fe2Al5 // Fe4Al13 interface as compared

to the α-AlFeSi // Fe4Al13 interface structure. Moreover, virtual shear strength

calculations result in a lower shear strength for Fe2Al5 // Fe4Al13 than for the

α-AlFeSi // Fe4Al13 interface structure.

Keyword Intermetallics; Interfacial properties; UBER; First-principles calcula-

tions
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1 Introduction
Combining aluminum and steel is becoming increasingly popular in tailored ap-

plications including light-weight and strength in complex structures. At the alu-

minum/steel joint, a micrometer thick layer of Al-Fe intermetallic compounds

(IMCs) is typically formed [1]. The presence of these compounds at the joint

influences the mechanical properties of the joint. The most common IMCs found

at aluminum and steel joints are Fe2Al5 (η) and Fe4Al13 (θ) [2–4]. However, the

formation of these compounds largely depends on the chemical composition of the

alloys and temperature reached during the joining or post-treatment [2, 4].

Together with Fe-Al IMCs, Al-Fe-Si phases have also been observed at such joints

[5, 6]. The potential presence of Fe-Al-Si IMCs at the joint depends on the com-

position of the aluminum alloys, typically seen in 3xxx, 6xxx and foundry alloys.

There have been several studies of the thermodynamic and mechanical properties

of Fe-Al and Al-Fe-Si systems [7–10].

Most of the investigations of the Fe-Al and Al-Fe-Si IMCs were mainly limited

to the bulk structural and mechanical properties. For example, Liu et al. [9]

studied the electronic and mechanical properties of Fe-Al binary compounds by

ab-initio methods and found Fe2Al5 as the thermodynamically most stable of all

Fe-Al IMCs. Zhang et al. [11] also studied the structural and mechanical proper-

ties of Fe-Al compounds by Embedded-Atom Method (EAM)-based simulations.

The most commonly observed IMCs for the Al-Fe-Si system are β-AlFeSi and

α-AlFeSi. The β-AlFeSi phase transforms into α-AlFeSi [12]. Several studies

have investigated the morphology, contents and transformation kinetics of AlFeSi

IMCs [12–14]. All these studies mainly focus on bulk structural and mechanical

properties. According to our best knowledge, so far nobody has explored the in-

terfacial characteristics of these IMC//IMC interface structures.

In this work, we study the virtual tensile and shear properties of Fe2Al5 // Fe4Al13
and α-AlFeSi // Fe4Al13 interface structures. These interfaces have recently been

observed at the cold roll-bonded joint of AA6082 and IF steel [4]. These IMCs

have a complex morphology, and it is hard to experimentally predict the influence

of an individual IMC on the joint strength. For this reason, an atomistic study

is carried out in this work to characterize the interfacial strength of IMC//IMC

interfaces. It is worth mentioning that this study is performed without considering

any crystallographic defects. Moreover, low lattice misfit and small unit cell size

were the selection criteria for these complex IMC//IMC interfaces.
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Fig. 1: The interface structures between α-AlFeSi // Fe4Al13, (a), (b) un-relaxed and (c),

(d) DFT-relaxed.
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// Fe4Al13 intermetallic interfaces

Fig. 2: The interface structures between Fe2Al5 // Fe4Al13, (a), (b) un-relaxed and (c), (d)

DFT-relaxed.
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Table 1: The ORs and lattice misfit for the IMC // IMC interface structures.

Interface d m1 m2 m3 length (Å) angle n1 n2 n3 length(Å) angle strain (%)

Fe4Al13 //

Fe2Al5

u
v
w

0

0

1

0

-2

0

1

0

0

12.42

16.05

-

90.0◦
0

2

-1

0

-1

-2

-3

0

0

12.29

16.14

-

90.0◦
1.12

0.56

-

α-AlFeSi //

Fe4Al13

u
v
w

1

-1

1

2

-1

-1

1

0

1

17.43

17.47

-

121.5◦
1

0

1

1

-1

-1

0

1

-1

17.76

17.76

-

121.5◦
1.90

1.65

-

2 Interface models
Due to the large unit cell size and low symmetry of Fe4Al13 (101 atoms, space

group 12), α-AlFeSi (138 atoms, space group 204) and Fe2Al5 (14 atoms, space

group 65), it is extremely challenging to build a representative interface model

which has low lattice misfit and contains a low number of atoms. For the building

of an interface structure, bulk Fe4Al13 and α-AlFeSi atomic positions were taken

from the study published by Liu et al. [15].

To reduce the computational cost and avoid the periodic interaction between two

artificial interfaces, a vacuum layer of >10 Å was added along the normal direction

of the interface. Besides, to ensure the bulk-like interior of phases, a bulk size

of > 10 Å was selected for both bulk phases of the interface structures. Fig. 1

and Fig 2 show un-relaxed and DFT-relaxed Orientation Relationships (ORs) and

atomic configurations of the Fe2Al5 // Fe4Al13 and α-AlFeSi // Fe4Al13 interface

structures. Table 1 shows the OR and lattices misfit for both interface structures.

3 Methods
The atomistic simulations were performed with density functional theory imple-

mented in the Vienna Ab-initio Simulation Package (VASP) [16]. The exchange-

correlation energy was evaluated using the Generalized Gradient Approximation

(GGA) by Perdew, Burke and Ernzerhof (PBE) [17] and with the Projector Aug-

mented Wave (PAW) [18] method for the electron-ion interaction, using standard

Al, Fe and Si potentials with three, eight, and four valence electrons, respect-

ively. The k-point integration was performed by using a Monkhorst-Pack grid

with a smearing width of 0.2 eV for the first-order Meth-Fessel-Paxton smearing

scheme [19]. The plane-wave cut-off energy was set to at least 450 eV in all cal-

culations to ensure that total energies are converged with inaccuracies of less than

a few meV/atom.

A major challenge is to relax the atom positions to minimize the total energy of

these complex interface structures. To optimize these interfaces a force-based op-

timization method, FIRE was used [20]. FIRE was found to be surprisingly fast
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and efficient for the optimization of these complex interface structures. Since these

interfaces have large numbers of degrees of freedom, finding minimum energy

paths are computationally expensive. FIRE was in particular found to be success-

ful in finding minimum energy paths due to its ability to stop and steer based on

the information of force and velocity. A more detailed description of this method

can be found in the literature [20], and it is implemented in VASP [21, 22]. By us-

ing the FIRE optimization scheme, the average force per atom was reduced to 0.01

eV/Å2, and total energy changes were converged to 1 ×10−5 eV. However, for the

virtual tensile and shear strength calculations, the conjugate gradient optimization

method was used to relax the ionic positions by keeping the cell size fixed.

For the virtual tensile strength calculations, two types of approaches were adop-

ted. In the first approach, interface structures were separated by adding a vacuum

at the interface, and static calculations were performed without any atomic relaxa-

tions. This approach is denoted Rigid Grain Shift (RGS). In the second approach,

interface structures were initially separated in the same way as RGS, then allowed

by relaxation of atomic positions to minimize the total energy. Therefore, this

approach is denoted RGS+relaxation [23–25]. The energy calculated from these

approaches were fitted by a generalized version of UBER proposed by Rose et

al. [25, 26];

Eb(d) = |Ee
b | · g(a) (1)

where |Ee
b | is the binding energy at the equilibrium volume, d is the interface sep-

aration and a is the rescaled separation given as a = d/l, where l is a characteristic

length [25].

To fit the results for IMC interfaces in our virtual tensile tests, we use the following

generalized functional form of g(a) [27, 28]

g(a) = −(1 + a+ P (a))e−a−Q(a) (2)

where P and Q are polynomials of order two or larger. This expression for g(a)
ensures that g(0) = −1, g(a→ ∞) = 0 and g′(0) = 0. The first-order terms

are excluded from P and Q since they are related to each other as well as to the

characteristic length.

By differentiating the binding energy data, the theoretical strength can be obtained,

σth(d) =
∂Eb

∂d
(3)

The theoretical strength σth at maximum of its value is defined as the Ultimate
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Fig. 3: Energy-displacement curves of the RGS and RGS+relaxation virtual tensile

strength calculations for α-AlFeSi // Fe4Al13 and Fe2Al5 // Fe4Al13 interface structures.

Red points show the DFT calculations data points and blue solid line is the fitted curve

using Eqs. (1) and (2).

Tensile Strength (σUTS) of an interface structure. The value of d at σUTS is defined

as critical length dc.

4 Results

4.1 Virtual tensile tests

As discussed in Sec. 3, two types of calculations were performed for charac-

terizing the virtual tensile strength, i.e, RGS and RGS+relaxation. These vir-

tual tensile tests result in energy-displacement curves, that are fitted by Eq. (1).

For both interface structures, the results of these virtual tensile tests are shown in

Table 2: Calculated ultimate tensile strengths of Fe2Al5 // Fe4Al13 and α-AlFeSi //

Fe4Al13 interface structures.

Structure
σUTS (RGS)

(GPa)
dc (Å) df (Å) dinstability (Å) σUTS (RGS+relaxation) (GPa)

Wsep

(J/m2)

Wad

(J/m2)

Fe2Al5 // Fe4Al13 17.32 1.97 3.07 1.10 14.48 3.11 2.60

α-AlFeSi // Fe4Al13 17.79 1.65 3.20 1.55 11.10 2.95 2.31
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Fig. 3 for the RGS and RGS+relaxation approaches. The nominal value of the

binding energy increases with increasing tensile displacement. Wsep is defined as

the energy required to separate an interface structure into two rigid bulk surfaces

(−Eb(0)=Wsep) [29]. Table 2 lists the Wsep values for both interface structures.

Wsep for the Fe2Al5 // Fe4Al13 interface is higher (0.194 eV/Å2 = 3.11 J/m2) than

for the α-AlFeSi // Fe4Al13 interface structure (0.184 eV/Å2 = 2.95 J/m2). Table

2 also lists σUTS for both interface structures. The α-AlFeSi // Fe4Al13 interface

shows an essentially equal σUTS (17.79 GPa) to that of the Fe2Al5 // Fe4Al13
interface (17.32 GPa).

RGS+relaxation approach provides an opportunity of finding an elastic limit and

allows an exploration of the brittleness and ductility of the interface structure. The

energy-displacement curve obtained from this methodology is less steep than the

RGS curve, and it is harder to find the best fit than with the RGS approach. As Rose

pointed out, UBER does not describe well the binding energy versus displacement

relationship with the RGS+relaxation methodology for tightly bound metals [30].

For this reason, the functional form of g(a) proposed for this study is given in

Eq. (2). Higher-order polynomial terms were taken into account to find the best

fit. We also performed some virtual compression tests. To find a good fit for

the compression/expansion virtual tensile tests, only odd-order polynomial terms

were considered. The best fit found for these interfaces is shown in Fig. 3. The

minimum value of the binding energy curve defines the work of adhesion Wad in

the RGS+relaxation approach, which is defined as the irreversible work required

to separate an interface structure into relaxed surfaces [29].

For the RGS+relaxation virtual tensile tests, the energy-displacement curve is di-

vided into three distinct regions, as shown with three different colors in Fig. 3.

Region I is defined as the elastic region (d < dc), where the crack introduced heals

during elastic relaxation. This region is described well by Hooke’s law. With an

increase in tensile displacement, the nominal value of the binding energy increases

until the tensile displacement reaches the critical length dc, where the structure

reaches maximum of its tensile strength. Table 2 lists the values of dc for both

interface structures. The Fe2Al5 // Fe4Al13 interface has a higher dc (1.97 Å) than

the α-AlFeSi // Fe4Al13 interface (1.65 Å).

Region II is defined as the instability region (dc < d < df ). In this region, atoms

are neither able to heal by elastic relaxations nor are they completely separated

into two surfaces. In this region, atoms experience forces from both bulk atoms

and try to overcome the energy barrier until the structure is finally separated into

two relaxed surfaces at the final fracture length df . There is no unique way of

determining df , but we define the final fracture length as the displacement where

the binding energy reaches -0.003 eV/Å2 [28]. The range of the instability region
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is determined by the difference between df and dc (dinstability=df -dc).

Materials having a short range of their instability regions tend to show a brittle

nature, because they overcome the energy barrier for final fracture abruptly. Fe2Al5
// Fe4Al13 showed lower dinstability (1.10 Å) than the α-AlFeSi // Fe4Al13 inter-

face (1.55 Å), which indicates a more brittle nature of the former interface than the

latter.

Region III is defined as the final fracture zone (d > df ), where the interface struc-

tures are completely separated into two relaxed surfaces. In this region, bulk sur-

faces have no bonding at the interfaces, and the bulk IMCs relax independently.

For this reason, the curve levels out. Fe2Al5 // Fe4Al13 has higher Wad than the

α-AlFeSi // Fe4Al13 interface (See Table 2).

4.2 Tensile strength

Table 2 lists σUTS for both interface structures. The Fe2Al5 // Fe4Al13 inter-

face has a higher value of σUTS than the α-AlFeSi // Fe4Al13 interface structure.

Moreover, the longer range of the instability region of the α-AlFeSi // Fe4Al13
(1.55 Å) interface indicates a less brittle behaviour as compared to the Fe2Al5 //

Fe4Al13 interface (1.18 Å).

Generally, materials having higher Wsep and Wad values have a higher σUTS value

and the same trend has been found in this study. We have compared the Wsep val-

ues with that of the pure Al // Fe interface [31]. The Al // Fe interface showed a

higher value of Wsep (5.84 J/m2) than the α-AlFeSi // Fe4Al13 (2.95 J/m2) and

Fe2Al5 // Fe4Al13 (3.11 J/m2) interfaces, which indicates that the presence of

these IMCs at the aluminium and steel joint have detrimental effects on the joint

strengths.

4.3 Virtual shear strength

To determine the shear strength, Fe4Al13 and α-AlFeSi phases of the interface

structures are shifted along a and b directions for Fe2Al5 // Fe4Al13 and α-AlFeSi

// Fe4Al13 interface structures, respectively. The vector direction of a and b refer

to the ORs between the interface structures. During the calculations, atoms were

allowed to relax along the normal direction of an interface to remove strain. These

calculations result in a energy-displacement curve, which was fitted with a Fourier

series,

Es(d) = E0 +

∞∑
n=1

[Ancos(knd) +Bnsin(knd)] (4)
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Table 3: Ideal shear strength of IMC // IMC Interface.

Interface <001>(GPa) <020>(GPa) <110>(GPa) <011>(GPa)

Fe2Al5//Fe4Al13 5.92 5.15 - -

α-AlFeSi // Fe4Al13 - - 6.81 6.50

where d is the shear displacement, and Es(d) and E0 are the energy of the dis-

placed and equilibrium ground state structure, respectively. The periodicity of the

structure is defined by λ, and therefore kn = 2πn
λ (See Appendix Table A1 and A2

for the values of Fourier series coefficients and λ). The shear stress is calculated

by differentiating Eq. (4),

γs =
1

A

∂Es

∂d
(5)

where A is the unit cell interface area. The first three terms of the Fourier series

are used in the fit of the energy-displacement curve. Except for a few outliers, the

Fourier series fits nicely. The shear stress-displacement curve obtained from Eq.

(5) is shown in Fig. 4.

With an increase in shear displacement, the shear stress increases until it reaches

a maximum value, and then it starts to go down again. The shear strength is cal-

culated at the maximum shear value of γs. Table 3 lists the shear strength for

both interface structures along different slip directions. For the Fe2Al5 // Fe4Al13
interface, the < 020 > direction showed a lower shear strength (5.15 GPa) as

compared to the < 001 > slip direction (5.92 GPa). α-AlFeSi // Fe4Al13 showed

a higher shear strength than the Fe2Al5 // Fe4Al13 interface. Moreover, there are

no significant differences in shear strength values along < 110 > and < 011 >
slip directions.

Overall, these calculations gave indications of a higher shear resistance for the

α-AlFeSi // Fe4Al13 interface.

5 Discussion
First-principles calculations were performed to quantify the virtual tensile and

shear strengths of the Fe2Al5 // Fe4Al13 and α-AlFeSi // Fe4Al13 interface struc-

tures. These interfaces have been observed during the welding of aluminum and

steel using the cold roll-bonded welding technique [4]. However, it is challenging

experimentally to identify the strength of these interfaces due to the small thick-

ness of the joint and the complex nature of the interface structure. This is why we

have to resort to a computational approach as in this work.
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Fig. 4: Fitted shear strength curve of IMC // IMC interfaces between (a) Fe2Al5 // Fe4Al13,

and (b) α-AlFeSi // Fe4Al13 interface structures.

The first-principles calculations have shown that the Fe2Al5 // Fe4Al13 interface

exhibit a higher virtual tensile strength but lower shear strength than the α-AlFeSi

// Fe4Al13 interface structure. Moreover, bulk calculations of the Fe4Al13 and

Fe2Al5 IMCs have indicated that Fe2Al5 is a harder phase than Fe4Al13 [10], while

α-AlFeSi is found to be softer than Fe4Al13 and Fe2Al5. These results indicate

that harder phases develop stronger interfacial bonds. In terms of ductility and

brittleness, Fe-Al bulk phases were found to be brittle in nature while α-AlFeSi

bulk phase showed a ductile nature. However, the α-AlFeSi // Fe4Al13 interface

showed more brittle behaviour than the Fe2Al5 // Fe4Al13 interface as indicated by

the range of the instability region.

Our results contribute to a further understanding of the effects of Fe2Al5, Fe4Al13
and α-AlFeSi IMCs have on the joint strength of aluminum and steel. It should be

noted, however, that this study does not consider micro-structure effects (disloca-

tions, precipitates, grain boundaries, textures, etc.) and the effect of temperature on

mechanical properties. Moreover, the effects of impurities on mechanical strength

should also be explored in future work.

6 Conclusions
Virtual tensile and shear calculations were performed on the Fe2Al5 // Fe4Al13
and α-AlFeSi // Fe4Al13 interface structures. Virtual tensile calculations were

performed using the RGS and RGS+relaxation-based approaches. Virtual tensile

strength calculated with the RGS method showed lower σUTS for the Fe2Al5 //

Fe4Al13 interface (17.32 GPa) than for the α-AlFeSi // Fe4Al13 interface struc-

ture (17.79 GPa). However, the RGS approaches ignore atomic relaxations during
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tensile displacement, which leads to over-estimated values of σUTS . To understand

the fracture mechanism, a RGS+relaxation methodology was performed, indicat-

ing a higher σUTS for Fe2Al5 // Fe4Al13 (14.48 GPa) and more brittle nature than

the α-AlFeSi // Fe4Al13 interface structure. However, virtual shear strength calcu-

lations indicated a higher shear strength for the α-AlFeSi // Fe4Al13 interface as

compared to the Fe2Al5 // Fe4Al13 interface structure.
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8 Appendix

Table 4: The fitting Fourier series coefficient values for the shear strength calculation of

Fe2Al5 // Fe4Al13 interface.

Polynomial terms A0 A1 A2 A3 B1 B2 B3 λ

<001> 6215.51 -8100.5 1845.98 39.01 -4830.22 3446.72 -687.18 39.25

<020> 6215.51 -8100.5 1845.98 39.01 -4830.22 3446.72 -687.18 39.25

Table 5: The fitting Fourier series coefficient values for the shear strength calculation of

α-AlFeSi // Fe4Al13 interface.

Polynomial terms A0 A1 A2 A3 B1 B2 B3 λ

<110> -2152.67 -3411.41 8854.29 -3290.28 8160.79 -3958.57 -31.32 192.24

<011> -2152.67 -3411.41 8854.29 -3290.28 8160.79 -3958.57 -31.32 192.24
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Appendix A

A First-Principles Study of the Al
(001)/Fe(0-11) Interface

Khalid M. Z., Friis J., Ninive P. H., Marthinsen K. Strandlie A.

Abstract
Using a first-principles methodology we have investigated the interfacial and bond-

ing characteristics of the Al(001)/Fe (0-11) interface. The Al/Fe interface model

was developed using a face-to-face matching method. Among many possible in-

terface structures, the Al (001)/ Fe(0-11) orientation relation gave the minimum

lattice misfit along the a and b directions (a=b= −0.47%). Hence, this interface

structure provided the minimum energy value and was used for this study. To

predict the interface strength and stability, the work of separation and interfacial

energy were calculated. Here, all systems were calculated under exactly the same

conditions (k-point mesh, cutoff energy, lateral lattice strain etc). In order to pre-

dict the bonding nature at the interface, charge density difference plot was eval-

uated, which showed charge gain at the interface. The aim of this study is to

describe the adhesive behavior between Al and Fe, provide some insights about

strength and stability of this interface structure for galling, and provide reference

interface system for Al/Fe welding.

Keyword Density functional theory; galling; Al-Fe welding; Interface energy;

work of separation
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