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First-principles virtual tensile and shear strength calculations have been performed on the FepAls// FesAl 3 and
a-AlFeSi// Fe4Al; 3 interfaces. The Fast Inertial Relaxation Engine (FIRE) algorithm is used for optimizing these
complex Intermetallic Compound (IMC) interface structures. To characterize the virtual 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 the Rigid Grain Shift (RGS) methodology without atomic re-

laxations during tensile displacement and with RGS+relaxation with atomic relaxations. All calculated values for
IMC//IMC interfaces in this study are compared with pure Al//Fe and Al//IMCs [1] interfaces to identify the role
of IMCs at aluminum-steel joints.

1. Introduction

Combining aluminum and steel is becoming increasingly popular in
tailored applications including light-weight and strength in complex
structures. At the aluminium/steel joint, a micrometer thick layer of Al-
Fe intermetallic compounds (IMCs) is typically formed [2]. 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
FeyAls (7)) and FesAl;s () [3-5]. However, the formation of these
compounds largely depends on the chemical composition of the alloys
and temperature reached during the joining or post-treatment [3,5].

Since commercial Al-alloys always contain some Si and Fe, Al-Fe-Si
phases have also been observed at such joints [6,7]. The potential
presence of Fe-Al-Si IMCs at the joint depends on the composition of the
aluminum alloys, typically seen in 3xxx, 6xxx and foundry alloys. There
have been several studies of the thermodynamic and mechanical prop-
erties of Fe-Al and Al-Fe-Si systems [8-11].

Most of the investigations of the Fe-Al and Al-Fe-Si IMCs have mainly
been limited to the bulk structural and mechanical properties. For
example, Liu et al. [10] studied the electronic and mechanical properties
of Fe-Al binary compounds by ab initio methods and found Fe,Als as the
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thermodynamically most stable of all Fe-Al IMCs. Zhang et al. [12] also
studied the structural and mechanical properties of Fe-Al compounds by
Embedded-Atom Method (EAM)-based simulations. The most commonly
observed IMCs for the Al-Fe-Si system are $-AlFeSi and a-AlFeSi, where
the -AlFeSi phase is observed to transform into a-AlFeSi [13]. Several
studies have investigated the morphology, contents and transformation
kinetics of AlFeSi IMCs [14,13,15]. However, according to our best
knowledge, so far nobody has explored the interfacial characteristics of
these IMC//IMC interface structures.

This work is a follow-up of a comprehensive computational investi-
gation for understanding the role of observed IMCs on the joint strengths
of AA6082 and IF steel [5]. The first of its studies, that of the interfaces
Al//Fe4Al;3 and Al//a-AlFeSi has recently been published [1]. We will
make a comparison of the present interfaces with the previously pub-
lished interface structures between Al//IMCs (a-AlFeSi and FesAl;3)
throughout this paper. In this work, we study the virtual tensile and
shear properties of FeyAls// FesAl 3 and a-AlFeSi// Fey4Al;s interface
structures and they will be referred to as IMC//IMC interfaces for
comparison purposes with Al//IMCs in some parts of the paper. These
interfaces are more complex than the former ones, which presents a
challenging task from developing low-lattice misfit interface structures
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Table 1
Lattice constants of the Al, Fe4Al;3 and b.c.c. a-AlFeSi phases, as calculated in
this work and from literature.

Compound  Space a(A) b (A) c(A) Angle
group
FeoAls 7.418 6.428 4.103
7.466 6.181 4.808 a=p=y=
[10] [10] [10] 90°
7.622 6.323 4.178
[12] [12] [12]
FeyAlj3 C2/m 15.49 8.08 12.48
15.532 8.010 12.398 a=90°p3 =
[10] [10] [10] 107.7°
15.069 7.864 12.083 y =90°
[12] [12] [12]
15.49 8.083 12.476
[20] [20] [20]
a-AlFeSi Im3 12.69 12.69 12.69
12.56 12.56 12.56 a=p=y =
[20] [20] [20] 90°
12.589 12.589 12.589

[21] [21] [21]

to the optimization and calculations of mechanical properties of these
structures. Despite these challenges, it is still pivotal to study the role of
these interfaces to better understand the IMCs role at the aluminum-steel
joints. It is worth mentioning that this study is performed without
considering any crystallographic defects. Moreover, low lattice misfit
and relatively small interface unit cell sizes were set to be the selection
criteria for these complex IMC//IMC interfaces. Thus, mechanical
properties calculated in this work are over-estimated, but comparison
with other Fe-Al interface structures under similar constraints and as-
sumptions is still believed to provide important insights about the me-
chanical performance of these IMCs.

2. Methods
2.1. Computational method

The atomistic simulations were performed with density functional
theory implemented in the Vienna Ab-initio Simulation Package (VASP)
[16]. The exchange-correlation energy was evaluated using the Gener-
alized Gradient Approximation (GGA) by Perdew, Burke and Ernzerhof
(PBE) [17] and with the Projector Augmented Wave (PAW) [18] method
for the electron-ion interaction, using standard Al, Fe and Si potentials
with three, eight, and four valence electrons, respectively. The k-point
integration was performed by using a Monkhorst-Pack grid with 2 x 2 x
1 for a-AlFeSi// Fe4Al 3 and 3 x 3 x 1 for Fe4Al;3// FeoAls interfaces
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 calculations to ensure that total energies are converged
with inaccuracies of less than a few meV/atom. The interface energies
were converged to a precision of 1 mJ/m? with these defined input

Table 2
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Table 3
Calculated work of separation of bulk IMCs and interface structures.

Work of Separation (J/m?)

This work This work others

(unstrained) (strained)
FesAlj3
(100) 4.46
(1-1-1) 2.50 4.14
(10-1) - 3.17¢
a-AlFeSi
(1-11) 3.36 2.33
(001) - 2.90¢
FesAls
(-1-20) 4.33 3.94
(0-20) 5.54"
a-AlFeSi// - 2.95 2.26°, —

FesAly3
FeoAls // FesAlj3 - 3.21 -
Al//a-AlFeSi - - 2.26"
Al// Fe Al - - 2.21°
Al// Fe - - 5.845,
3.11¢
2 [1].
® [22].
¢ [32].
4 [30].
parameters.

2.2. Interface models

Due to the large unit cell size and low symmetry of FesAly3 (101
atoms, space group 12), a-AlFeSi (138 atoms, space group 204) and
FeyAls (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. The interface structures are built using a face-to-
face matching technique. The theoretical background of this technique
can be found in the literature [22]. For the building of an interface
structure, bulk Fe4Al;3 and a-AlFeSi atomic positions were taken from
the study published by Liu et al. [20]. Table 1 lists the relaxed calculated
lattice constants of the IMCs, which are also compared with other
published results. The calculated values show consistent agreement with
other studies. These values were used further for the building of inter-
face structures.

The interface building process started by considering the relaxed
equilibrium structures for all IMC phases. The relaxed lattice constants
are given in Table 1. The supercell for the interface structures is created
by defining two slabs (defined by u;, v, w; and uy, va, Wo, respectively
cf. Fig. 6) with minimal lateral misfit in the u-v-plane. Since we added
vacuum along the w direction, we do not require w; and wy as lattice
vectors. To perfectly match the slabs laterally, each of the two slabs were
strained equally (in magnitude, but with opposite sign) according to the
following relations:

The ORs and lattice misfit for the IMC// IMC interface structures. The indices m;, my, mz and n;, ny, n3 defines the lattice vectors u, v, w for each of the two sub-
slabs. ‘length’ is the length of the corresponding lattice vector and ‘angle’ is the angle between the u and v directions in respective sub-slab. ‘strain’ is the strain along
the u and v direction, respectively (equal in magnitude for both slabs) and ‘Interface length’ is the final length of the matched interface structures.

Interface d m my ms length (A) angle ny n3 length(A) angle strain (%) Interface length (A)
Fe,Aly3// FeoAls u 0 0 1 12.42 0 -3 12.29 1.06 12.355

v 0 -2 0 16.05 90.0° -1 0 16.14 90.0° 0.56 16.092

w 0 0 11.998 -2 0 12.11 - -
a-AlFeSi// FeyAly3 u 1 2 1 17.43 1 0 17.76 1.89 17.594

v -1 -1 0 17.47 121.5° -1 1 17.76 121.5° 1.66 17.615

w 1 -1 1 10.76 -1 -1 12.60 - -
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Fig. 1. The interface structures between a-AlFeSi// Fe4Al;3, (a) un-relaxed and (b) DFT-relaxed.
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Fig. 2. The interface structures between Fe;Als// Fe4Aly3, (a) un-relaxed and (b) DFT-relaxed.
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Moreover, due to the different symmetry of the IMC slabs, the angle
between u and v may also differ, which is accounted for by using von
Misses strain. For simplicity (or rather efficiency), the interfaces are
developed by minimizing the strain given in Eqgs. (1) and (2). Table 2
lists the supercell dimensions along u, v and w directions of individual
IMC phases before matching and introduced lattice misfit strain as a
result of interface matching. The final supercell dimension for the
FeyAls// Fe4Al; 3 interface along the u direction is 12.355 A and 16.092
A along the v direction. Comparing these values with the individual bulk
phases in Table 3, it can be seen that bulk IMC phases have been com-
pressed/stretched equally to match at the interface.

The effect of strain on the work of separation is discussed in the
subsection 3.1. During the optimization process atoms were allowed to
relax along all direction to find the minimum energy configuration.
However, during the tensile testing, the top two layers were fixed during
tensile elongation (See subsection 3.2 for more details).

To reduce the computational cost and avoid the periodic interaction

between two artificial interfaces, a vacuum layer of >10 A was added
along the normal direction of the interface. Besides, to ensure the bulk-
like interior of phases, a bulk size of >10 A was selected for both bulk
phases of the interface structures. Figs. 1 and 2 show un-relaxed and
DFT-relaxed Orientation Relationships (ORs) and atomic configurations
of the FeyAls// FesAly3 and a-AlFeSi// FeyAljs interface structures.
Table 2 lists the OR and lattice misfits for both interface structures.

Considering the complex nature of these IMCs, we made some ap-
proximations about the selection of interface structures to simplify and
reduce the computational cost. The minimum interface energy occurs
when close-packed or nearly close-packed atom rows match at the
interface [23]. For this reason, interface structures were selected where
nearly close-packed planes of both IMCs meet at the interface.

2.3. Optimization method

A major challenge is to relax the atom positions to minimize the total
energy of these complex interface structures. To optimize these in-
terfaces a force-based optimization method, FIRE was used [24]. FIRE
was found to be surprisingly fast 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
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Fe,Al 5(1-1-1) surface

Fig. 3. The surfaces of (a) a-AlFeSi(1-11) and (b) FesAl 3 (1-1-1).

Fe,Als(-1-20) surface

a)

Fe,Al,5(100) surface

b) G © 9

Fig. 4. The surfaces of (a) FeyAls (1-20) and (b) Fe4Al;3 (100).

computationally expensive. FIRE was in particular found to be suc-
cessful 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 [24], together
with how it is implemented in VASP [25,26]. By using the FIRE opti-
mization scheme, the average force per atom was reduced to 0.01 eV/
A2, and total energy changes were converged to 1 x 107> eV. However,
for the virtual tensile and shear strength calculations, the conjugate
gradient optimization method was used to relax the atomic positions by
keeping the cell size fixed. Figs. 1b and 2b show the optimized interface
structures. It can easily be seen that interfacial atoms move towards each
other during the relaxation of atomic positions. This results in higher
polyhedral bonding density at the interface as compared to the un-
relaxed interface structure (Figs. la and 2a), which is empirical evi-
dence for the effectiveness of the FIRE optimization technique.

3. Bulk and interface strengths
3.1. Ideal work of separation

In this part, we calculate the work of separation of bulk IMCs surfaces
which is the energy needed to form two free surfaces by breaking the
interfacial bonds [27,28]. It is also referred to as the “Ideal work of
separation”. In the present study, Ideal work of separation of bulk IMCs
are calculated according to

1ot 1ot 1ot
Ea +Eb _Eab

Wsep = A

3

where A is the surface area of the supercell, E' is the total energy of an
IMC supercell containing multilayered slabs, and E, and E}, represent the

total energies of the same IMC supercell containing a single slab, sepa-
rated by a vacuum layer. Figs. 3 and 4 show the surfaces of the bulk IMC
supercells considered in this study. To make consistent comparisons
with bulk and interface structures, the same ORs were used for bulk
IMCs as for the interfaces. When it comes to the choice of termination,
we used the same assumption as we used for the interface structures of a
close-packed plane. Furthermore, different planes were considered to
calculate Wy, values to clarify the anisotropic behavior of these phases.
In addition, detailed comparative analyses based on the calculated W,
values were carried out between bulk IMCs, IMC//IMC, Al//IMCs, and
pure Al//Fe interfaces to designate the bonding nature and mechanical
response of the IMCs.

The calculated Wy, for bulk and interface structures are summarized
in Table 3 along with other theoretical results from literature. The re-
sults indicate that the FesAls IMC phase has the highest Wy, of all the
IMCs considered in this study. The highest value is reported for FeyAls
(0-20) plane (5.54 J/m?). The Fe4Al;3 phase shows contrasting results
with the highest value reported to be 4.46 J/m? along the (100) plane
and lowest 2.50 J/m> along the (1-1-1) plane. The significant difference
in the calculated values shows the highly anisotropic behavior of the
Fe4Al;3 phase. IMCs with highly anisotropic nature are more prone to
introduce micro-cracks. This is consistent with the experimental study
by Liu et al. [29]. They observed micro-cracks in the Al-rich IMCs by
explosive Fe-Al welding. Our previous study [1], also reported a charge
depletion region in the Fe4Al;3 (10-1) plane with the lowest value re-
ported to be 1.15 J/m2. Comparisons of bulk with interfacial structures
indicate higher Wy, values for the former. This indicates that the
interface structures could be the weaker link in the overall IMCs struc-
ture and fracture could initiate from the interfacial region.

Other comparisons of present IMC//IMC interfaces with Al//IMCs
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Fig. 5. Energy-displacement curves of the RGS and RGS-trelaxation virtual tensile strength calculations for a-AlFeSi// FesAl;3 and Fe,Als// FesAly3 interface
structures. Red points show the values from DFT calculations and the blue solid line is the fitted curve..

[1] and pure Al//Fe [11,30] show that the Al//IMCs interfaces have
lower values of Wy, than the IMC//IMC interfaces, which indicates that
IMCs develop stronger bonds with each other than with the Al lattice.
However, IMC interfaces still show lower Wy, values compared to the
pure Al//Fe interfaces, which give an indication of the deteriorating
effect of the present IMCs at the aluminum and steel joint. This
conclusion is consistent with an experimental study reported by Qian
et al. [31]. They reported that Fe;Als and FesAl; 3 significantly deteri-
orated the mechanical properties of Al-Fe clad materials.

In order to find the strain energy contribution to the work of sepa-
ration, we performed additional calculations by considering strained
(according to the interface structure) bulk IMC structures in the inter-
face cell. Table 3 lists the work of separation for the unstrained (relaxed)
and strained bulk structures. The work of separation value was reduced
for both Fe4Al;3 and FeyAls structures. Even though, both structures
were strained equally, FeoAls showed a slightly higher effect of energy
on work of separation than the FesAl;3. On the other hand, a-AlFeSi
showed the highest effect of strain on the work of separation.

3.2. Virtual tensile test calculations

For the virtual tensile strength calculations, two types of approaches
were adopted. In the first approach, interface structures were separated
by adding a vacuum layer at the interface, and static calculations were
performed without any atomic relaxations. This approach is denoted the
Rigid Grain Shift (RGS) methodology [33]. In the second approach,

Table 4

interface structures were initially separated in the same way as for RGS,
then allowing for relaxation of atomic positions to minimize the total
energy. Therefore, this approach is denoted RGS+relaxation [34-36].
The energy calculated from these approaches were fitted by a general-
ized version of the Universal Binding Energy Relation (UBER) proposed
by Rose et al. [37]. The details of this methodology can be found in the
following literature [1,36].

3.3. Virtual tensile strengths

As discussed in the previous subsection, two types of calculations
were performed for characterizing the virtual tensile strength, i.e, RGS
and RGS+relaxation. These virtual tensile tests result in energy-
displacement curves. For both interface structures, the results of these
virtual tensile tests are shown in Fig. 5 for the RGS and RGS+relaxation
approaches, respectively. The value of the binding energy increases with
increasing tensile displacement. Wy, is defined as the energy required to
separate an interface structure into two rigid bulk surfaces (—E,(0) =
Weep) [38]. Table 4 lists the Wy, values for both interface structures.
Wy for the FepAls// FeyAl;s interface is higher (0.20 eV/A% =3.21J/
m?) than for the a-AlFeSi// Fe4Al;5 interface structure (0.184 eV/A% =
2.95J/m?). Table 4 also lists oyrs for both interface structures. The
a-AlFeSi// Fe4Al; 3 interface shows an almost equal oyrs (17.79 GPa) to
that of the FepAls// FesAl; 3 interface (17.60 GPa).

The RGS+relaxation approach provides an opportunity of finding an
elastic limit and allows an exploration of the theoretical brittleness and

Calculated ultimate tensile strengths of Fe,Als// FesAl;3 and a-AlFeSi// Fey4Aly 3 interface structures.

Structure

ours (RGS) (GPa) d. (A) dq (A) insuavitity (A) ours (RGS-+relaxation) (GPa) Weep (J/m?) Waa (J/m?)
FeqAls// FesAls3 17.60 1.97 3.07 1.10 14.48 3.21 2.60
a-AlFeSi// FesAl s 17.79 1.65 3.20 1.55 11.10 2.95 2.31
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ductility of the defect free interface structures. 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 [39]. Higher-order polynomial terms were there-
fore 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 fits found for these interfaces are shown in Fig. 5.
The minimum value of the binding energy curve defines the work of
adhesion W, in the RGS+relaxation approach, which is defined as the
irreversible work required to separate an interface structure into relaxed
surfaces [38].

For the RGS+relaxation virtual tensile tests, the energy-displacement
curve can be divided into three distinct regions [34,35], as shown with
three different colors in Fig. 5. Region I is defined as the elastic region
(d < d;), where the crack introduced can potentially be healed during
elastic relaxations for smaller displacements. 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 d., where the structure reaches
maximum of its tensile strength which lies beyond the limits of Hook’s
law. Table 4 lists the values of d. for both interface structures. The
Fe,Als// FeqAl 3 interface has a higher d. (1.97 A) than the a-AlFeSi//
Fe4Al; 5 interface (1.65 A).

Region II is defined as the instability region (d. < d < dy). In this
region, the interface structure is neither able to heal by elastic re-
laxations nor are the two slabs 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 dy. There is no unique
way of determining dy, but we define the final fracture length as the
displacement where the binding energy reaches —0.003 eV/A2 The
range of the instability region is determined by the difference between d¢
and d. (dinsubiiy = df-dc). We used this approach consistently for other
interfaces [1] to find the relative range of this instability region, which

helps in determining the intrinsic brittle/ductile nature of distinct IMCs
interfaces. It is important to mention that the calculation and estimation
of brittleness/ductility are not defined in the classical sense as relevant
for real microstructures and materials, but it is a qualitative comparison
between different IMC interfaces indicating the intrinsic brittle/ductile
failure mechanism as also discussed in related studies [1,35]. 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. FesAls// Fe4Al;s showed lower dinsapisiry (1.10 A) than the
a-AlFeSi// FesAl; 3 interface (1.55 A), which indicates a more brittle
nature of the former interface than the latter. However, Al//a-AlFeSi
showed the lowest range of instability region (0.86 A) as reported in the
previous work [1]. This indicates that a-AlFeSi acts as more brittle when
developing bonds with the pure Al phase than with the Fe4Al;3 phase.
The weaker bonding between Si and Al atoms has been found to be the
main reason for this observation in the same study [1]. To summarize,
the FesAl;3 and FepAls phases are indicated to exhibit a less brittle
failure mechanism than the a-AlFeSi IMC.

Region IIT is defined as the final fracture zone (d > df), where the
interface structures are completely separated into two relaxed surfaces.
In this region, bulk surfaces have no bonding at the interfaces, and the
bulk IMCs relax independently. For this reason, the curve levels out and
the height under the curve relative to the minimum gives converged
work of adhesion W, values. The calculated W, values are summarized
in Table 4. Normally, W4 values follow the same trend as the W, i.e.
interfaces having higher W, shows the higher W,4. The same trend can
also be seen in the present work.
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rrI
R

Fig. 6. Schematic illustration of shear direction of IMC//IMC interfaces a)
perfect IMC//IMC interface with no shear, b) Shearing along v direction, and c)
shearing along the u direction.

3.4. Tensile strength

Table 4 lists oyrs for both interface structures. The FeyAls// FesAlq3
interface has a higher value of oy1s than the a-AlFeSi// Fe4Al; 3 interface
structure. Further comparisons of present IMC//IMC interfaces with
Al//IMCs [1] indicate that the IMC//IMC have higher tensile strength
than the Al//IMCs interfaces. Since these IMCs phases are hard and
brittle in nature [10], it is not surprising to find higher tensile strengths
for the IMC//IMC interfaces than for the Al//IMCs interfaces. Generally,
materials having higher W, and W4 values have a higher oyrs value,
and the same trend has been found in this study. Comparisons of the Wy,
values with that of the pure Al// Fe interface [32,30] show that the
latter have a higher value of W, than that of the a-AlFeSi// FesAl;3
(2.95J/m?) and FeyAls// FeysAly3 (3.21 J/m?) interfaces, which in-
dicates that the presence of these IMCs at the aluminium and steel joint
have negative effects on the joint strength. However, the Fe;Als phase
has been found less detrimental than the FesAl;3 and a-AlFeSi phases
due to its higher tensile strength [22]. Still the joint strength can not
solely be ranked based on the theoretical tensile strength. Current cal-
culations indicate that the presence of Si atoms in a-AlFeSi tends to
produce intrinsic brittle failure [1]. Therefore, despite producing higher
tensile strength, this phase can be prone to brittle failure.

3.5. Virtual shear strength

To determine the shear strength, Fe4Al 3 and a-AlFeSi phases of the
interface structures are shifted along u and v directions as shown in
Fig. 6 for the FeyAls// FesAl;3 and a-AlFeSi// FesAl;3 interface struc-
tures, respectively. The shear loading for the shear strength calculations
is a planar glide of two crystals on top of each other as shown in Fig. 6.
The vector directions 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,

E,d)=E)+ i[Ancos(k,,d) + B, sin(k,d)] @

n=1

where d is the shear displacement, and E(d) and Ey are the energy of the
displaced and equilibrium ground state structure, respectively. The
periodicity of the structure is defined by 4, and therefore k, = 27 (See
Appendix Table A6 and A7 for the values of the Fourier series co-
efficients and 1). The shear stress is calculated by differentiating Eq. (4),

_ 1 0E,
T Add

7s 5)

where A is the unit cell interface area. The first three terms of the Fourier
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Fig. 7. Fitted shear strength curves of IMC// IMC interfaces between (a) Fe,Als// FesAl;3, and (b) a-AlFeSi// Fe4Al; 3 interface structures.

Table 5
Ideal shear strength of IMC// IMC Interface.
Interface <001> <020> <110> <011>
(GPa) (GPa) (GPa) (GPa)
FeAls//FesAl;;  5.92 5.15 - -
a-AlFeSi// - - 6.81 6.50
FeyAljs

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. 7.

With an increase in shear displacement, the shear stress increases
until it reaches a maximum value, and then it starts to decrease again.
The shear strength is calculated at the maximum shear value of y,.
Table 5 lists the shear strength for both interface structures along
different slip directions. For the Fe;Als// Fe4Aly 3 interface, the < 020 >
direction show a lower shear strength (5.15 GPa) as compared to the <
001 > slip direction (5.92 GPa). a-AlFeSi// Fe4Al; 3 shows a higher shear
strength than the Fe,Als// Fe4Al;s interface. Moreover, there are no
significant differences in shear strength values along < 110 > and <
011 > slip directions. The interfaces studied in this work show
comparatively higher shear strengths than for the Al//IMCs interfaces
[1].

Overall, these calculations give indications of a higher shear resis-
tance for the a-AlFeSi// Fe4Aly3 interface.

4. Discussion

First-principles calculations have been performed to quantify the
virtual tensile and shear strengths of the FejAls// FesAly3 and
a-AlFeSi// FesAly3 interface structures. These interfaces have been
observed during the welding of aluminum and steel using the cold roll-
bonded welding technique [5].However, it is challenging experimen-
tally to identify the strength of these interfaces due to the small thickness
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 to get
some insights into the mechanical behavior of these interfaces, which
makes theoretical calculations relevant and important.

The process of theoretical calculations started with the development
of representative interface models. Due to the larger unit cell sizes of
relevant IMCs, the selection of representative atomic interface structures
presents an computational challenge. To address this problem, we relied
on the interfaces with the lowest possible lattice misfit strain while
keeping the unit cell size of the interfaces within the capabilities of DFT
computations and considered densely-packed planes for interface
matching using face-to-face matching technique. Moreover, tensile

strengths calculated from the RGS+relaxation method depends on the
number of crystallographic layers in the system. However, due the large
cell sizes of the interface structures it is computationally quite
demanding to make an exhaustive investigation of the influence of
different numbers of crystallographic layers on the strength results, and
this is thus beyond the scope of this paper. Cerny et al. [40] recently
studied the effect of cell size on the tensile strength for crystals and in-
terfaces and found the strength decreases steadily with increasing cell
size. Therefore, further investigation are needed to find the influence of
the number of layers on the strength values for model development
using the RGS+relaxation method in future work. The values obtained
from the RGS-trelaxation method provide qualitative comparative
strength values of the IMC//IMC interface as compared to the Al/IMC,
IMC//Fe, and pure Al//Fe interfaces. This provides useful insights into
the role of different Fe-Al IMCs on the joining of aluminum and steel.

The present first-principles calculations show that the FepAls//
Fe4Al; 3 interface exhibit a higher virtual tensile strength but lower shear
strength than the a-AlFeSi// Fe4Al; 3 interface structure. Moreover, bulk
calculations of the FesAl13 and FesAls IMCs indicate that FeyAls is a
harder phase than Fe4Al;3 [11], while a-AlFeSi is found to be softer than
FeyAl 3 and FepAls. These results indicate that harder phases develop
stronger interfacial bonds. In terms of intrinsic ductility and brittleness,
Fe-Al IMCs indicate less brittle nature than the a-AlFeSi phase. However,
the a-AlFeSi// Fe4Al;3 interface show less intrinsic brittle behaviour
than the FeyAls// FesAly3 interface, as indicated by the range of the
instability region. Overall, the Al//a-AlFeSi interface shows more
intrinsic brittle nature than all the interfaces considered in this study.
From the above results, it can be seen that bulk IMCs are harder and
stronger than the interface structures. This is why they develop stronger
-but weaker than the bulk IMC- interfacial bonds with each other than
with the Al lattice. Still, the FeyAls phase shows stronger bonding with
pure Fe than all the IMCs [22]. Charge density plots studied [1,10,11]
indicated the higher charge transfer between the Fe and Al atoms than
between the Al-Al, Fe-Fe and Al-Si atoms. This charge transfer results in
the stronger bonding between Fe-Al atoms, which furthermore results in
the higher strengths for the interfaces and IMCs having a higher number
of Fe-Al bonding regions.

Our results hopefully contribute to an improved understanding of the
effects FepAls, FesAl;3 and a-AlFeSi IMCs have on the joint strength of
aluminum and steel. It should be noted, however, that the strength
considerations in this study does not take into account the effects of
microstructure features like dislocations, precipitates impurities, grain
boundaries) and the effect of temperature on mechanical properties.
Thus, it is not straight forward to transfer the conclusions of this work on
ideal defect-free structures to real structures in which these lattice de-
fects may completely dominate the failure behavior.
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Table A.6
The fitting coefficient values for the a-AlFeSi//Fe4Al; 5 interface.
Terms 1 5 7 9 11 13
RGS 0.621 0.00035 0.000042 0.00084 0.000018 —0.00054
RGS-+relaxation 2.041 0.215 0.310 0.642 0.005 —29.286
Table A.7
The fitting coefficient values for the Fe;Als// Fes4Al; 3 interface.
Terms 1 5 7 9 11 13 15
RGS 0.646 0.00189 —0.000061 —0.0026 - - -
RGS-+relaxation 1.906 —0.671 0.224 —0.266 0.230 —0.380 1.156

5. Conclusions

Virtual tensile and shear calculations have been performed for the
FeoAls// FesAlj3 and a-AlFeSi// FesAl;s interface structures to make
qualitative comparisons with Fe-Al IMC interfaces. Using a consistent
methodology and calculation techniques, virtual tensile and shear
strengths were compared for Fe-Al IMC interfaces to determine the role
of Fe-Al IMCs on the joining of aluminium and steel.

Virtual tensile calculations were performed using the RGS and
RGS+relaxation-based approaches. Virtual tensile strength values
calculated with the RGS method show slightly lower oyrs for the
FeoAls// FesAl;3 interface (17.60 GPa) than for the a-AlFeSi// FesAl;3
interface structure (17.79 GPa). However, the RGS approach ignores
atomic relaxations during tensile displacement, which leads to over-
estimated values for oyrs. To better understand the fracture mecha-
nism, a RGS+relaxation methodology was performed, indicating a
higher oyrs and more intrinsic brittle nature for FepAls// FeyAl;3 (14.48
GPa) than for the FeyAls// Fe4Al;3 interface structure. However, virtual
shear strength calculations indicated a higher shear strength for the
a-AlFeSi// FesAl s interface as compared to the FegAls// FesAljs
interface structure. Comparisons of the IMC//IMC studied in this study
with the Al// IMCs studied in [1] indicate higher theoretical tensile and
shear strengths for the IMC//IMC interfaces than for the Al//IMCs.
Moreover, a-AlFeSi tends to show a more intrinsic brittle nature than the
Fe-Al IMCs, which is reasoned due to the weaker bonding nature of Si-Al
atoms [1].
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