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First-principles virtual tensile and shear test calculations have been performed to Al(003)//a-AlFeSi(001) and
Al(014)//Fe4Al;3(101) 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 calculated. The Al
(003)/a-AlFeSi(001) interface showed higher tensile strength than the Al(014)//FesAl;3(101) interface
structure. Moreover, interface calculations revealed a charge depletion region in the second layer of the Fe,Al;3
structure, which caused lower work of separation. Furthermore, shear calculations showed stronger shear

strength for the A1(014)//FesAl;3(101) interface than for the Al(001)//a-AlFeSi(001) interface structure.

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 combining high strength and low weight. Thus joining of
aluminum and steel has gained immense industrial interest in several
sectors such as, aeronautics [1], automotive [2], tooling [3], power
generation [4] and marine applications [5]. However, the main chal-
lenge 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 dif-
ferent welding methodologies.

Several studies have investigated the role and formation of inter-
metallic layers at aluminum and steel joints [10-13]. It has been gen-
erally reported that Fe-rich IMCs such as FeAl and Fe3Al are less brittle
than Al-rich IMCs, like FeyAl;3 [10]. Although it has been generally
accepted that the presence of IMC layers at the interface has detri-
mental effects on the joint strength, some of the studies have
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nevertheless 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]. Assuming role of IMCs can have both ne-
gative and positive effects on the mechanical properties of joints.

Liu and Dunlop [9] studied the intermetallic phases including
Fe,Al; 3, bee a-AlFeSi, FeAl,,, g,-AlFeSi and g,-AlFeSi. They determined
the crystallographic orientation relationships between Fe,4Al;3, bcc
a-AlFeSi, and g,-AlFeSi (n = 1,2) with Al using electron diffraction.

Chen et al. [14] reported three different types of failure modes: (i)
button pullout failure, which is failure caused by shear displacement,
(ii) bulk IMCs failure, and (iii) interfacial failure, i.e. failure at the in-
terface of the aluminum and steel joint. In general, the understanding of
the role of IMCs on the joint strength is ambiguous and far from com-
plete. One of the reasons for the lack of detailed information about
interfacial strength is the difficulty in characterizing the individual
interfacial layers due to their small size. Over the years, many re-
searchers have tried to identify and characterize the layers using
Scanning Electron Microscopy (SEM), X-ray diffraction, and Transmis-
sion Electron Microscopy (TEM) [9,15-17]. McDevitt et al. [15] char-
acterized the commercially produced hot-dip galvanized steel by using
a combination of analytical TEM, SEM and X-ray diffraction. They re-
ported the presence of Fe,Als and Fe,Al;3 IMCs at the Al//steel inter-
face and concluded that X-ray diffraction is best suited for character-
izing the interfacial layers. Recently, Arbo et al. [17] reported three
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distinct phases: @-AlFeSi, Fe4Al;3 and Fe,Als at an aluminum-steel joint
by TEM.

All these experiments reported that several possible phases may
exist between aluminum 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 me-
chanical and bonding strength, a wide range of theoretical methodol-
ogies 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 performed 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 ap-
proaches. But, according to our knowledge, nobody has studied the
interfacial characteristics of the Al//Fe4Al;5 and Al//c-AlFeSi inter-
faces.

In this work, we have studied the interfacial structure and me-
chanical strength of FesAl;3 and cubic a-AlFeSi intermetallic phases
with pure aluminum through atomistic simulations using DFT. We have
developed the interface structures by finding the minimum misfit or-
ientation between Al//a-AlFeSi and Al//Fe4Al; 5 interface 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 lit-
erature, 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 sum-
mary and present conclusions of our work.

2. Methods
2.1. Computational method

We performed first-principles calculations based on density func-
tional theory using the Vienna Ab-initio Simulation Package (VASP)
code [23] using the Generalized 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 3s23p!, 3d®4s? and 3s23p?, respectively, were treated as
valence electrons. For calculations, a cutoff of 550 €V 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
to1 x 107> eV, and maximum forces on each ion during relaxation were
0.005 eV/A for bulk and 0.01 eV/A for the interface structures.

2.2. Interface structures

The atomic positions and lattice constants of «-AlFeSi and Fe,Al;3
were directly taken from a study published by Cooper [27] and Liu and
Dunlop [9]. The DFT-relaxed bulk structures were used further for in-
terface building. The lattice parameters used for the building of inter-
face structures are given in Table 1. Following a face-to-face matching
technique, we found the following low misfit orientation relationships:

[010]pe,an; 1[200]a1

[1 0 1]F€4A113 Il [04 1]Al
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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

Al Fm-3m 4.04 4.04 4.04 a=p=y=90°

FeyAl s C2/m 15.49 8.08 12.48 a=90°,
15.532[20] 8.010[20] 12.398[20] B =107.7°,
15.069[19] 7.864[19] 12.083[19] vy =90°
15.49[9] 8.083[9] 12.476(9]

a-AlFeSi  Im3 12.69 12.69 12.69 a=p=y=90°
12.56[9] 12.56[9] 12.56[9]
12.589[28] 12.589[28] 12.589[28]

(001) bulk and overlapped interface structures are shown in Fig. 1.

A vacuum layer of > 10 A was introduced along the z-direction to
avoid periodic interaction between interfaces. At least 6 layers of alu-
minum and the relevant intermetallic compound were considered in
our calculations to reduce surface effects.

Liu and Dunlop [9] also studied and reported Orientation Re-
lationships (OR) for Al//Fe,4Al;; interfaces and claimed [020]s //
[010]pega; to be the lowest mismatch direction due to the higher pos-
sible symmetry of the intersection group (2/m). They reported a mis-
match of 0.18% along the [020]a; // [010]ge a1, direction.

In the case of the Al(001)//a-AlFeSi(001) interface, both lattice
directions were equally strained. The lattice mismatch between Al and
a-AlFeSi was found to be 0.89% for the OR studied in this paper
(Table 2). Due to the small lattice mismatch, this Al(003)//a-AlFeSi
(001) interface orientation is a likely OR for the Al//a-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 opti-
mized structures are shown in Fig. 2 (b), and (d), and these were used
further for the virtual tensile and shear tests.

3. Interface strength calculations
3.1. Ideal work of separation

The ideal work of separation is the reversible work required to se-
parate the interfaces into free surfaces, ignoring the plastic and diffu-
sion degrees of freedom. It is defined as [29,30]:

Eltot + Esz _ Elrgt
A @

where E/* is the total energy of the constituent slab, E5' is the total
energy of the interface, and A is the interface area. To make consistent
comparisons of constituent slabs and the interface, the shape and vo-
lume of the slabs and interface remain the same. Table 3 lists the work
of separation of Al(003)//a-AlFeSi(001) and Al(014)//FesAl;3(101)
interfaces.

Under tensile load, a fracture can occur at the different interface
layers. Thus it is necessary to calculate the work of separation W, in-
side the different layers and compare it with the work of separation W,
at the interface. W, at the interface and different interface layers are
defined as 0 and + 1, +2, +3, respectively, while bulk Al and bulk IMC
are W, for pure bulk Al and IMCs. An illustration is shown in Fig. 3.
Since the interfacial strength is defined at the weakest point of the in-
terface structure, this comparison will give indications of the location of
the most vulnerable zone [30].

Wiep was calculated for both Al metal and the IMCs a-AlFeSi and
Fe,Aly 5. We calculated W, 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 W,
than Al except for the second layer of Fe,Al;5 (1.15J/m?). Therefore,
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Fig. 1. The atomic arrangement of Al (a, d), Fe4Al;3 (b) and b.c.c. a-AlFeSi (e). Overlapping structures of Al and Fe,Al, 3, (¢) and a-AlFeSi, (f) are shown according to

the orientation relationship of the bulk phases.

Table 2
Lattice strain for Al//Fe4Al 3 and Al//a-AlFeSi interfaces. In the table the an-
gles are defined as Ay =y, — ;.

Strain along @ Strain along b  Difference in angle

(%) (%) (ay)
Al(100)//Fe4Al;3(100) 0.0 0.10 Ay =0.0°
Al(001)//x-AlFeSi(001)  0.89 0.89 Ay =0.0°

the second layer (—2) of Fe4Al;3 can be assumed to be the weakest zone
of the overall Al//Fe4Al;5 interface. This weakening effect of FeyAl;3
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 W,,,. Overall, Fe,4Al;3 showed higher
Wi than the a-AlFeSi phase, with the highest value reported to be
4.08 J/m? at the —1 side of the IMC.

For the Al//a-AlFeSi interface, Wi, is larger at the interface than in
Al, implying that the fracture is more likely to occur inside the Al metal.
The W, at +2 was noted to be the smallest compared to the other
layers of metal. For the Al//Fe4Al;; interface, W, was also found to be
larger at the interface, implying that the interfacial strength of Al//
Fe4Al; 3 is higher at the interface than in the Al side. For both interface
structures, W;,, showed a lower value for the bulk IMC and bulk Al as
compared to W, 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 W, (5.84 J/m?) [31] than Al// IMC interfaces, which
indicates the presence of IMCs have a detrimental effect on the alu-
minum and steel joint.

3.2. Virtual tensile test calculations

Ab-initio tensile calculations of Al//FesAl 3 and Al//c-AlFeSi in-
terfaces were carried out in the framework of the Rigid Grain Shift
(RGS) and RGS + relaxation methodologies [33-35]. In this approach,
the equilibrium structures were first shifted along the direction normal

to the interface. At each displacement, a vacuum layer was added be-
tween the relevant IMC and Al at the interface. For each displaced
structure, two kinds of calculations were performed: (1) RGS without
any atomic relaxations, and (2) RGS + relaxation, where atomic posi-
tions were allowed to relax with the cell size fixed. For the RGS + re-
laxation 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 in-
troduced strain between the two surfaces was increased with equal
steps until the two phases fractured and split into two free surfaces.
During the relaxation process for the RGS + relaxation methodology,
the top two layers of Al and IMCs were fixed, such that during re-
laxation, atoms will not converge into another interface 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
separation 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 com-
putationally expensive. Besides, the structural relaxation becomes dif-
ficult 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) [36,32,37]. Rose et al. [38] suggested that the binding energy
of metals has a universal form of the kind given as;

Ep(d) = |E;1-g(a) @

where Ef is the binding energy of the equilibrium structure, d is the
displacement and a is the re-scaled displacement given as, a = d/I,
where [ is a characteristic length, depending on the curvature of the
energy-volume curve at its minimum,
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Fig. 2. The interface structure of Al//Fe4Al;5 (a, b) and Al//a-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 < 0.01 eV/A.

= |E§ | theoretical strength and critical displacement of any material from the
T\ E©) 3) parameters Ef and E; . For the hydrostatic compression/expansion, g(a)
is determined to have the following mathematical form [39]:

If the functional form g(a) is known, we can determine the
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Table 3

The ideal work of separation, W, of the Al//a-AlFeSi and Al//Fe,Al;3 inter-
faces and bulk in units of J/m?. (0) represent the crack opening at the interface,
and (+1), (+2), and (+3) and (—1), (—2), and (—3) represent the crack opening
at the 1st, 2nd and 3rd atomic layers of Al and IMC (a-AlFeSi and Fe4Al;3),
respectively, counting from the interface (0), while bulk Al, bulk IMC are the
W, of pure Al and IMCs, respectively.

Al// a-AlFeSi Al// FesAl;s Al// Fe

bulk IMC 2.90 («x-AlFeSi) 3.17 (FeqAly3) -

-3 3.42 (x-AlFeSi) 3.46 (FeqAl;3) -

-2 3.64 (a-AlFeSi) 1.15 (FesAl3) -

-1 3.20 (a-AlFeSi) 4.08 (FesAly3) -

0 2.26 2.21 5.84¢
+1 1.90 (Al 1.997 (Al) -

+2 1.82 (Al) 2.06 (Al) -

+3 1.9 4 (AD 2.21 (Al -

bulk Al 2.07(1.8%) 2.10(2.10%) 1.8b

2 [31] ® [32].

yvacuum

yvacuum

Fig. 3. Schematic illustration of Wy,,. W, 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, W, is defined at +2(Al), —2 (IMC), and
+3 (AD), —3(IMC) respectively.

g(@) = -1 + a + P(a))e* @ @

where P and Q are polynomials of order two or larger. This expression
for g(a) ensures that g(0) = —1, g (@ = o) = 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 [39].

By differentiating Eq. (2), the theoretical tensile strength of the
atomic structures can be evaluated [36];

3,

%= 54 (5)

The maximum value of the theoretical strength oy, is defined as the
Ultimate Tensile Strength (oyrs), and the displacement at which oyrg is
achieved is defined as the critical length d..

For the Al//a-AlFeSi interface, a good fit was found during RGS
calculations. During RGS + relaxation calculations, higher-order poly-
nomials were also considered. Although we found a reasonable fit using
a fifth order polynomial, it does not fit the data for higher displace-
ments. To find a good fit at higher displacements, we included an ad-
ditional odd-order term for the RGS + relaxation methodology.
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Appendix Tables 6 and 7 list the terms and coefficient values for both
methodologies.

Similarly, for the case of the Al//Fe4Al;; 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//a-AlFeSi and Al//Fe4Al,3 interface structures strained
along the normal [100] and [1 01] directions, respectively. Values of Ef
and [ as defined by the UBER form in Eq. (2) for the Al//a-AlFeSi in-
terface are 2.26 J/m? (0.14 eV/A2 = 2.26 J/m?) and 0.3174, respec-
tively, and those for Al//Fe,Al;5 are 2.21J/m? and 0.643 A, respec-
tively (Table 4). As can be seen in Fig. 5(a), at small tensile separations,
a parabolic dependence of the binding energy is observed. With in-
creasing displacement, there is a continuous increase in binding energy.
The rate of this increase gets lower as the tensile displacement increases
until it saturates at larger displacements of the fracture surfaces.
Moreover, the UBER results fit well for the RGS methodology. From
Fig. 5(a), we can see that the Al//a-AlFeSi interface has a slightly lower
binding energy value (0.14eV/A2) than Al//Fe,Al 5 (0.1376 eV/A?),
which indicates marginally stronger resistance to interfacial fracture for
the Al//a-AlFeSi interface as compared to Al//Fe4Al;3. The theoretical
strength can be calculated from the fitted binding energy curve.

The theoretical stress-strain relations of the Al//a-AlFeSi and Al//
Fe4Al; 3 interfaces are plotted in Fig. 5(b). To make comparisons with
other studies, we performed additional virtual tensile tests for Al (210)
bulk as well. As given in Table 4, oyrs for Al (21 0) bulk was found to be
lower than ogyrs of both Al//Fe4Al 3 and Al//a-AlFeSi interface struc-
tures. This shows that during virtual tensile testing, the fracture is more
likely to occur in the bulk aluminum side than at the interface. 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 FeyAl;3 and a-AlFeSi IMCs are stronger than aluminum,
bonding of these strong IMCs with Al could be the reason for the higher
interfacial strength. Furthermore, Al//Fe4Al;3 showed lower opyrs
(12.81 GPa) than Al//a-AlFeSi (17.76 GPa). Generally, the trend in oyrs
follows the W, values: the higher W, the higher oyzs value [37]. The
same trend can be found for Al//Fe4Al;53 and Al//a-AlFeSi interface
structures. However, gyrs 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 fol-
lowing 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 en-
ergy versus displacement curve for the Al//FesAl;3 and Al//a-AlFeSi
interfaces, evaluated by the RGS + relaxation methodology. Close to
the 0 eV/A? 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 dif-
ferent for RGS and RGS + relaxation methodologies at the same tensile
displacement.

The equilibrium binding energy E; during RGS virtual tensile tests
can also be characterized as the energy required to separate an interface
structure into two free surfaces (E,(0) = —W,,). 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 in-
terfaces are separated along the normal direction, we see that the



M.Z. Khalid, et al.

fixed ‘{

allowed

to relax q

tensile o

separation vacuum
1 @0 ® o
allowed (] o © o () Q
O Qo
to relax (+] () ° (o)
%o %o
0064 %00
f Poog 200
ixed L o
9006 %%09

Computational Materials Science 174 (2020) 109481

}ﬁxed

‘. \‘ allowed
Jje relax

tensile
separation

AR
Fod)
hod ¥

0
No A g

allowed

©000000000d
PO00000000
0000000004d¢
slefedelelelelele]e]

to relax

}— fixed

4

Fig. 4. Schematic illustration of the tensile elongation for the RGS + relaxation methodology. for the compression test, equilibrium structures are moved toward each

other.

binding 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 < d.): the pre-crack introduced during tensile separation is
healed up by elastic relaxations for small displacements, and surfaces
will be reconnected, Region II (d, < d < d;): the so-called instability
region, where the crack can neither be healed nor are the interface
structures completely separated, and Region III (d > dy): at larger dis-
placements, the interface structure is fractured and the corresponding
surfaces are completely separated.

Table 4 lists d. and d; for both interface structures. There is no
unique way of defining final fracture length dy, but we define it to be
the displacement where the binding energy reaches —0.003 eV/A2. The
range of the instability region gives indications of the brittleness and
ductility of the interface structures and is defined by the difference
between d; and d.. Al//a-AlFeSi has a lower range of the instability
region (0.86 A) as compared to Al//FesAl;5 (1.43 A), 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 oyrg for the Al//Fe4Al;5 and
Al//a-AlFeSi interface structures, obtained by both the RGS and
RGS + relaxation methodologies. The RGS + relaxation type tensile
calculations show a lower tensile strength than the RGS tensile calcu-
lations. 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. oyrg for Al//
FeyAl;3 is 13.17 GPa as compared to 17.27 GPa for the Al//a-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 d, value for the
RGS + relaxation methodology is caused by the stretching of the whole
system [40]. The Al//Fe4Al;; interface shows higher critical length
than the Al//a-AlFeSi interfaces for both methodologies. As given in
Table 4, d. is significantly higher in the case of RGS + relaxation
methodology than the RGS method for all structures.

Similarly, the Al//Fe,Al;5 interface shows lower oyrs (9.85 A) than
the Al//a-AlFeSi (10.92 A) interface during RGS + relaxation. As dis-
cussed 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 interfacial Al-Al in the Al//Fe,Al;3
interface (region I in Fig. 8) and at Si-Al for the Al//a-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 weakest zone of
the overall interface structure. Incorporation of Poisson’s effect in
uniaxial tensile tests will most probably reduce oyrs. However, as
mentioned earlier, due to the limited number of atoms and the com-
putational costs associated with it, we did not consider Poisson’s con-
traction in our ab initio tensile calculations.

3.6. Charge density

The fracture behavior of the RGS + relaxation type virtual tensile
tests can be analyzed 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 be-
tween Si and Fe atoms is relatively high on the upper layers of a-AlFeSi.
There is a charge depletion region between interfacial Al-Si atoms, as
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shown in region I in Fig. 7. This charge depletion region increases with
the increase in tensile displacement. At 2.4 A displacement of Al//
a-AlFeSi interface, 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
a-AlFeSi, and charge depletion region I increases, until the interface
structure splits into two surfaces at a displacement of ~2.8 A.

In the case of the Al//Fe,4Al,; interface structure shown in Fig. 8, we
can see higher charge density regions between Fe-Al atoms at the
equilibrium configuration (0 A) on the second layer of Fe,Al;s. The
charge depletion region at zero displacement can be seen between in-
terfacial Al-Al atoms as well. Charge depletion regions are marked as
regions I and II at 1.8 A. As the tensile displacement increases, these

depletion regions grow in size. The depletion region marked as II,
which can also be seen at 0.0 A and 1.8 A, is reconnected by elastic
relaxation at a displacement of 2.6 A, but depletion region I still grows
in size. This shows that the Al atoms move towards the Fe atoms during
tensile separation. At a tensile displacement of 3.0 A, 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//Fe4Al; 3 interface
structure splits up into two free surfaces at dy (~3.13 A).

On the Fe,4Al, 3 side in Fig. 8, we can see a spherically shaped charge
depletion region at the second layer. This depletion region can explain
the lower W, value at the second layer of the Fe,Al,3 side, as discussed
in subsection 3.1. This is also a very interesting observation, which
shows that FesAl;5 could be very anisotropic and brittle due to the
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Table 4

Ultimate tensile strength and fitting parameters of Al(210) bulk, Al//x-AlFeSi
and Al//Fe,Al; 5 calculated by RGS and RGS + relaxation methodologies. d., dy
and [ are the critical length, final fracture length and characteristic length.

Interface Rigid shift (RGS)  RGS + relaxation d. (A) dr
oyrs (GPa) ours (GPa) A A
Al(210) 10.11 8.99 1450 1471 6.20
11.96[36] 9.39[36] 103b 28100
8.40[41]
Al//Fe,Al;;  13.17 9.85 0.6% 0.643¢ 318
1.800 1.483°
Al//a-AlFeSi  17.27 10.92 043¢ 03179 2.86b
1.94 — 1.180°
¢ RGS.
b RGS + relaxation.
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Fig. 6. Binding energy versus tensile displacement of (a) Al//a-AlFeSi and (b)
Al//Fe4Al; 5 interfaces in RGS + relaxation type virtual tensile tests.

existence of such weak zones. Comparing Figs. 7 and 8, the Al//Fe Al;3
interface splits up at a larger tensile displacement than the Al//a-AlFeSi
interface, which again confirms the longer range of the instability re-
gion for the Al//Fe4Al;3 interface structure.

The long range of charge decay at the atomic scale for the Al//
Fe4Al; 3 interface allows atoms to find alternate modes of energy dis-
sipation, such as atomic stretching to bridge the void. At the macro-
scopic level, this behavior can result in the formation of dislocation
planes over crack-tip propagation [43].
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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)//a-AlFeSi(001) interface, the atoms of
a-AlFeSi were rigidly moved along the [010] and [100] directions by
keeping the cell size fixed. Similarly for the Al//Fe4Al;3 interface,
Fe4Al;3 layers were moved along the [010] and [101] directions, re-
spectively, as shown in Fig. 9(a—d). During shear calculations, atoms
were allowed to relax along the normal direction to the interface.
Furthermore, to avoid periodic interaction between structures, a va-
cuum layer of > 10 A was added for all interfaces. Shear stress was
calculated and plotted as a function of shear displacement along de-
fined slip directions according to the following Fourier series expres-
sion,

0
Ey(d) = Eo + D, [Aicos(kid) + Bysin(k;d)]

i=1 (6)
where E;(d) and E, are the energy of the displaced and reference
structure respectively, and k; —%”i, where 1 is the periodicity along the
shear direction.

Due to the periodicity of the crystal structure along the shear di-

rection, a Fourier series was used to fit shear stress-displacement data.
The shear stress is calculated as;

_ 18K
5= A sd @

where A is the area of the interface structures.

We used a Fourier series of order n = 3 to fit the shear stress-dis-
placement 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//a-AlFeSi
and Al//Fe4Al; 3 interface structures as a function of shear displacement
along the shear directions. Table 5 summarizes the shear strength of
various slip systems of interface structures 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 (y,,,). For the Al//a-AlFeSi in-
terface, 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//Fe4Al;3 in-
terface shows higher strength with the highest value found along the
(010) direction (7.65GPa) while lower along (101) direction
(5.11 GPa). Based on these values, it can be concluded that the Al//
FeyAl;3 interface has higher shear strength as compared to the Al//
a-AlFeSi interface.

The atoms at the Al//a-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] directions, these atoms do not face any energy
barrier caused by other atoms. However, in the case of the Al//FeAl;3
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//Fe4Al;; interface along the [010] direction. Lower strength has
been found along the [101] direction due to the straight alignment of
atoms at the interface.

4. Discussion

Virtual tensile and shear calculations were performed to selected
Al//IMC structures and thereby obtaining insights into the governing
mechanisms of FesAl;5 and a-AlFeSi intermetallics at aluminum and
steel joints. To our best knowledge, this paper contains the first detailed
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Fig. 7. Calculated charge density of the Al//a-AlFeSi interface during increased displacement (d), evaluated in the RGS + relaxation methodology in units of e/A>.

Atomic layers (+1, +2, +3) are marked as per the definition of Fig. 3.

first-principles study of Al//Fe4Al;5 and Al//a-AlFeSi intermetallic in-
terfaces.

Calculations of W,,, gave indications of the location of the weakest
zone of the interface and the bulk sides. Interestingly, the second layer
of Fey4Al,3 was found to be the weakest zone of the whole Al//Fe Al 3
structure, as discussed in Section 3.1. Charge density plots indicated a
charge depletion region around Fe atoms at the second layer of the
Fe4Al; 3 intermetallic side (Fig. 8). Although Fe,Al;3 seems to have the
highest strength, the presence of this weak zone is a possible explana-
tion of the highly anisotropic behavior of the Fe,Al; 5 layers. Therefore,
it can be suggested from these calculations that micro-cracks are more
likely to develop in Fe4Al;3 due to the presence of charge depletion
regions. On the other hand, «-AlFeSi showed consistent values of W,
(Table 3). The a phase showed higher W, values, which indicates that
this phase has stronger bonding characteristics as compared to the

(0-14)/
[10-4]

0.0A&

1.84

ooty AON

Fe4Al;3 phase and less likely to induce micro-cracks. Generally, the Al
side was found to be softer than the intermetallic layers except for the
second layer of FeyAl;s. At the interface, the Al//a-AlFeSi interface
showed a higher W, value (2.26 J/m?) than Al//Fe4Al; 5, which is an
indication of higher mechanical strength.

Tensile calculations of these interface structures also agree with the
W, values. The Al//x-AlFeSi interface showed higher interfacial
strength as compared to the Al//Fe4Al;3 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//Fe,Al;3 inter-
face, Fe atoms of the Fe,Al;3 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

0.096

0.072

0.048
0.024

-0.0

Fig. 8. Calculated charge density of Al//Fe4Al;; interface during increased displacement (d), evaluated in the RGS + relaxation methodology in units of e/A>.

Atomic layers (+1, +2, +3) are marked as per the definition of Fig. 3.
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Fig. 9. Schematic illustration of the directions of shear for Al//a-AlFeSi (a, b)
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behavior than Fe atoms, which produce an energy barrier along the
shearing direction. To have a shear along the particular shearing di-
rection, 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//Fe4Al;; interface than
at the Al//a-AlFeSi interface, which is why the Al//Fe4Al;; interface
shows a higher shear strength. From these calculations, it can be sug-
gested that the presence of Fe atoms at the interface produces stronger
tensile strength, while higher shear strength is achieved by the Al atoms
at the interface.
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Table 5
Ideal shear strength of the Al//x-AlFeSi and Al//Fe,4Al; 5 interfaces. Direction of
shear is defined with respect to Al along (101) (010) and (100) direction.

Interface Ymax (101) (GPa) Ymax (010) (GPa) Ymax (100) (GPa)

Al//a-AlFeSi -
Al//Fe,Aly5 5.11

2.23 3.14
7.65 -

5. Conclusions and outlook

We have developed and performed ab initio calculations of Al//
FeyAl 3 and Al//a-AlFeSi interface structures. To characterize the in-
terfacial strength, we calculated W, to find the weak zone of the in-
terface structure. The Al//a-AlFeSi interface was found to have a higher
Wiep value than the Al//Fe,Al 5 interface. Besides, the W, values show
that during uni-axial tension, the interface is most likely to fracture
from the Fe4Al, 5 side with the lowest value reported to be 1.15 J/m? for
the Al//Fe,Al;; interface. This low value of W, is caused by the
spherical charge depletion region in the second layer (— 2) in Fe,Al; 3.

Furthermore, a series of tensile calculations were performed in the
framework of the RGS methodology both with and without the re-
laxation 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//Fe4Al,3 interface structure
has a lower ultimate tensile strength than the Al//a-AlFeSi interface.
Shear strength calculations were also performed for the Al//Fe,Al;3
structure along the (101) and (010) shear directions, and for Al//
a-AlFeSi along (100) and the (010) directions. As displayed in Tables 4
and 5, the Al//a-AlFeSi interface showed higher tensile and lower shear
strength as compared to the Al//Fe4Al;5 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 dominate the failure behavior in reality. At the macro-
scopic level, the actual strain and stress values are usually small as
compared to the ideal stress and strain values. Therefore it is necessary
to find strategies to link ab initio calculations with the macroscopic
failure process by Finite Element Modeling (FEM) and molecular dy-
namics 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 si-
mulations to predict the macroscopic behavior of aluminum-steel joints.
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Table 6
The fitting coefficient binding energy E,(d) values of the Al//Fe4Al,; 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 E;(d) values of the Al// a-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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