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A B S T R A C T   

Density functional theory-based ab initio simulations were performed to investigate the bond strength of an Fe 
(001)/Al(001) coherent interface, its atomic configuration, oxidation at the interface, and mechanical defor-
mation along the lateral direction of the interface. The bcc-type interface exhibited the highest bond strength in 
terms of the work of separation, but the bond strength decreased significantly when oxygen was introduced. The 
fracture of the bare interface initiated at the Al matrix under tensile loading, whereas that of the oxidized 
interface began at the interface because oxygen deteriorated the high bond strength between the Fe and Al 
atoms. Additionally, the bond strength of the interface was investigated under different biaxial strains to un-
derstand the effect of the residual stress generated during the joining process of Fe(001)/Al(001). Based on our 
findings, the mechanical deformation along the lateral direction does not significantly impact the bond strength.   

1. Introduction 

Joining technologies have attracted significant interest in numerous 
industries such as automotive [1–4], medical [5,6], and aerospace [7,8] 
due to the functional advantages of chemically and physically connected 
dissimilar materials. The development of numerous technologies has 
resulted in the successful joining of various metals, including alumi-
num/steel [2–4], aluminum/titanium [9,10], and copper/steel [11]. 
Particularly, the combination of steel and aluminum has been exten-
sively employed in the manufacturing of car body parts to lower the 
weight of the product without reducing the strength, resulting in an 
enhanced fuel consumption efficiency and reduced CO2 gas emission. 
These metal joining processes are commonly divided into two groups: 
fusion welding and solid-state welding. The former induces phase 
transformation at the interface by the thermal heat around the melting 
temperature based on electrical (arc, laser beam, resistance welding) or 
chemical (gas, exothermic welding) sources. Solid-state welding ach-
ieves coalescence between two dissimilar metals by external loading 
without melting such as cold, roll, electromagnetic welding. During 
fusion welding, the intermetallic compound (IMC) phase was generated 
after solidification due to the difference in thermal properties between 
the two dissimilar materials [12]. Furthermore, micro-cracks formed 
readily and the propagation of the fracture initiated in the IMC layer 
[13], in which the interface was brittle and weak, deteriorating the 
mechanical properties of the welded material. However, the mechanical 

and chemical properties of bonded interfaces obtained via solid-state 
welding can be better than those obtained via fusion welding. This is 
because the formation of the IMC layer and heat-affected zone (HAZ) is 
relatively minimized owing to the low temperature of the metals being 
welded and the experimental condition of joining [14–16]. Conse-
quently, electromagnetic forming (EMF) [17–19], a solid-state welding 
technology, has emerged as a novel alternative to fusion welding. 
Electromagnetic welding can be used in mass production once the 
electrical parameters for the experimental conditions have been estab-
lished [20]. 

EMF, also referred to as impulse forming, is a high-speed forming 
technology that utilizes the Lorentz force generated by interactions be-
tween the magnetic field by instantaneous discharge with high energy 
and eddy currents generated from the magnetic field. In the EMF pro-
cess, plastic deformation at the material interface due to high-speed 
impulse causes the material interface to behave like a high-viscosity 
fluid, eventually forming a wavy interface [21]. Additionally, under 
specific conditions such as a suitable collision velocity and angle of 
collision, the jetting effect occurs on the surface, thereby efficiently 
removing the oxide layer and impurities, forming a clean surface be-
tween two metals [22,23]. These phenomena have been proposed to 
comprehensively explain the strong bond between two dissimilar ma-
terials after the EMF process. To further comprehend the EMF process, 
various simulations with different computational schemes have been 
conducted. Using smoothed particle hydrodynamics (SPH), Nassiri et al. 
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demonstrated the occurrence of a wavy morphology and jetting phe-
nomena at the interface during high-speed impulse [24]. Moreover, 
atomic simulations, such as molecular dynamics, have been utilized for 
predicting the properties of the interface [25,26]. Chen et al. demon-
strated that atomic diffusion mainly occurred at a specific stage, namely 
the unloading stage. Further, the higher diffusion coefficient resulted in 
the generation of a diffusion layer [25]. Additionally, using density 
functional theory (DFT) calculations, the properties of the Fe/Al inter-
face were calculated to investigate the work of separation (WS) and the 
role of oxidation at the interface [27,28]. However, there are limited 
studies on the bond strength and the associated factors for modulating 
the bond strength during the EMF process for welding Fe/Al bimetallic 
systems. 

In this study, we utilized first-principles DFT calculations to deter-
mine whether the conditions during the EMF process could control the 
bond strength of the Fe/Al coherent interface, which is characterized by 
the WS (in eV/Å2) and the mechanical response under tensile loading 
along the thickness direction. Therefore, we examined the stacking 
sequence of welding metals, oxidation at the interface, and mechanical 
deformation along the lateral direction of the interface. 

2. Computational method 

2.1. First-principles calculations 

We performed DFT calculations on the total energy of pure Al, Fe 
slabs, and the Fe/Al interface structure. All calculations were performed 
using the Vienna Ab Initio Simulation Package (VASP) based on the spin- 
polarized density functional theory [29,30]. We used the projector 
augmented wave (PAW) [31] pseudopotential and generalized gradient 
approximation (GGA) parameterized by Perdew-Burke-Ernzerhof (PBE) 
[32]. All the calculations including Fe atoms consider the ferromagnetic 
characteristics of Fe atoms. The electrons of the wavefunctions achieved 
a cutoff energy of 500 eV in a plane-wave basis set. The atomic 
configuration of the ideal bulk was fully relaxed until the forces on the 
ions became < 0.01 eVÅ− 1 with 10-8 eV/cell of the energy convergence. 
The slab or interface structures were fully relaxed in the direction 
normal to the surface or interface. The (001) surfaces of Fe and Al, which 
are low-index surfaces, were selected to create a coherent interface. The 
Monkhorst-Pack grid [33] was 25 × 25 × 25 k points for the optimi-
zation of the bulk structure and 25 × 25 × 1 k points for the relaxation of 
the slab and interface structure. Herein, the x-, y-, and z-directions were 
assigned to the [001], [010], and [001] directions, respectively. The slab 
structures were modeled by applying a vacuum along the [001] direc-
tion at ~20 Å to the bulk structure, as shown in Fig. 1(a). Further, pe-
riodic conditions were applied along the in-plane directions (i.e., the 
[110] and [110] directions). 

2.2. Tensile test 

As described in Section 3.2, we utilized the rigid grain shift method 
(RGS) [34–36]. Particularly, a vacuum layer was gradually added to the 
optimized interface configuration between the Fe and Al atoms along the 
perpendicular direction ([001]-direction), which corresponds to the 
insertion of a pre-crack at the interface. Self-consistence calculations 
were performed, indicating that atomic relaxations were not allowed. 

In the Sections 3.3 and 3.4, the mechanical strain was homoge-
neously applied to the entire Fe(001)/Al(001) structure, i.e. the so- 
called homogeneous lattice extension (HLE) [37,38] to determine 
which layer broke first. Particularly, the two outermost layers of Fe(001) 
and Al(001) from the interface were fixed, while under the constraints of 
the lattice, the atomic configurations of the other layers were relaxed to 
assess tensile loading. 

3. Results and discussion 

3.1. Bulk structure 

The reliability of our calculation conditions was confirmed by first 
calculating bulk properties such as the lattice parameters and elastic 
constants of ideal body-centered cubic (bcc) Fe and face-centered cubic 
(fcc) Al. The bulk structures of Fe and Al were completely optimized to 
obtain an equilibrium state with lattice constants of 2.831 Å and 4.040 
Å, respectively. The estimated results summarized in Table 1 are in good 
agreement with the results of the previous DFT and experimental reports 

Fig. 1. (a) Schematic illustration of the bcc Fe (upper) and bct Al (lower) 
structures. The bct configuration highlighted by the red line is modeled from 
two adjacent fcc unit cells denoted by the black line. The violet and magenta 
spheres correspond to the Fe and Al atoms, respectively. (b) WS of the bare Fe 
(001) and Al(001) slabs with different thicknesses. 

Table 1 
Lattice parameter (a), elastic constants (C11, C12, C14), and work of separation 
(Wsep along the [001] direction) of bcc Fe and fcc Al. The experimental lattice 
parameter, elastic constants of bcc Fe and fcc Al at 4 K were obtained from [41] 
and [45], respectively.  

System a (Å) C11 (GPa) C12 (GPa) C44 (GPa) Wsep (eV/Å2) 

bcc Fe 
2.831 274.296 145.002 93.085 0.312 
2.830 [39] 286 [39] 147 [39] 99 [39] 0.304 [40] 
2.860 [41] 245 [41] 139 [41] 122 [41] 0.301 [42] 

fcc Al 
4.040 109.114 62.788 28.437 0.116 
4.06 [43] 117.5 [44] 63.5 [44] 35.5 [44] 0.107 [43] 
4.02 [45] 114.3 [45] 61.9 [45] 31.6 [45] 0.143 [42]  
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[39–45]. Therefore, we believe that our computational parameters are 
appropriate for further investigation of the properties of the Fe(001)/Al 
(001) coherent interface. 

3.2. Interface structure 

The coherent interface of Fe(001)/Al(001) was constructed by 
transforming the Al crystal structure from the fcc (black line) structure 
to the body-centered tetragonal (bct, red line) structure by rotating the 
unit vectors, as shown in Fig. 1(a). Thus, the lattice parameter (2.856 Å) 
along the [110] and [110] directions for the bct Al structure was uti-
lized. Subsequently, a biaxial compression of ~0.88 % was applied to 
the bct Al configuration along the [110] and [110] directions to elimi-
nate the mismatch between bcc Fe and bct Al. Sufficiently thick Fe(001) 
and Al(001) slabs, which minimize the surface effect inside the struc-
ture, were obtained by investigating the WS as a function of the thick-
ness, as shown in Fig. 1(b). WS refers to the energy required to separate 
the two free surfaces, which is twice the surface energy (in eV/Å2). This 
condition only occurs when both the cleavage surfaces are symmetri-
cally equivalent [46]. The WS for a single element material was obtained 
using differences in the total energy between the nanoplate and its bulk 
counterpart per cross-sectional area. Our results showed that the WS for 
Fe(001) and Al(001) slabs exhibited a consistent tendency with different 
thicknesses, at ~0.312 and ~0.116 eV/Å2, respectively, as summarized 
in Table 1. Numerous computational simulations confirmed that the 
surface energy of metal slabs became size-independent when more than 
five layers were employed [47–49]. Once the WS of the Fe(001)/Al(001) 
interface was known, it was possible to predict the interfacial fracture 
toughness and energy, which are the parameters required for evaluating 
the fracture and nucleation resistances [50,51], respectively. These pa-
rameters have been discussed in the later sections. Hence, we noted that 
to assess the robust joining of Fe(001) and Al(001) in terms of interfacial 
fracture toughness, which was dependent on the WS of the interface, the 
WS of the interface structure must exceed that of pure Al(001). That is, 
under external loading, the fracture could initiate at the Al matrix 
because the WS is lower than that of the Fe/Al interface. 

To investigate the bond characteristics of the Fe(001)/Al(001) 
interface, we considered three types of interface configurations with the 
bcc (four-coordinate Fe and Al atoms), bridge (two-coordinate), and top 
(one-coordinate) positions shown in the inset of Fig. 2(a). Fig. 2(a) 
shows the WS as a function of the thickness. Herein, an equal number of 
layers for each of the Fe(001) and Al(001) slabs was modeled. The WS at 
the interface for the two materials combined is defined as: 

Wsep =
EFe(001) + EAl(001) − EFe(001)/Al(001)

A
(1)  

where EFe(001) and EAl(001) are the total energies of the Fe(001) and Al 
(001) nanoplates with free surfaces, respectively. EFe(001)/Al(001) is the 
total energy of the Fe(001)/Al(001) interface model, in which the same 
number of layers is utilized for the Fe(001) and Al(001) slabs; A is the 
interfacial area. The WS of the interface structure is independent of size 
as a result of the Fe(001) and Al(001) slabs. Furthermore, by evaluating 
optimized structure of the bulk-type (Fig. S1 of Supporting Information) 
interface, we observe that the free surface would not significantly affect 
the WS of the interface, approximately ~0.253 eV/Å2. Interestingly, the 
strong bond between Fe and Al for the bcc and bridge-type interfaces 
was confirmed by the WS values of 0.252 and 0.145 eV/Å2, respectively, 
as shown in Fig. 2(a). However, the WS of the top type was only 0.093 
eV/Å2, which was lower than that of Al(001). Czelej et al. [27] achieved 
a WS value of ~0.194 eV/Å2 for the semi-coherent Fe(001)/A(001) 
interface, which lies in the mid-range of the results obtained for the bcc 
and bridge interfaces. The atomic distances between Fe and the neigh-
boring Al atoms for the interfaces examined were almost similar (~2.50 
Å), as listed in Table 2. Fig. 2(b) shows the planar charge density dif-
ference for the bcc, bridge, and top Fe(001)/Al(001) interfaces along the 

Fig. 2. (a) WS of the bcc, bridge, and top Fe(001)/Al(001) interfaces with 
different number of layers. The number of layers indicates the total layers in the 
Fe(001)/Al(001) interface model. The insertion is the top view of the Fe(001) 
slab with the three possible stacking positions for the Al atom, namely bcc-, 
bridge-, and top-site. (b) Planar-averaged charge density difference along the 
[001]-direction. (c) Bader charge as a function of the normalized position for 
the bcc, bridge, and top interfaces. 
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thickness direction. The planar-averaged density difference was ob-
tained as Δρ(z) = ρ(z)Fe(001)/Al(001) − ρ(z)Fe(001) − ρ(z)Al(001), wherein 
ρ(z)Fe(001)/Al(001), ρ(z)Fe(001), and ρ(z)Al(001) are the planar-averaged 
charge density of the Fe/Al interface, Fe slab, and Al slab [52,53], 
respectively. Note that positive and negative values of Δρ(z) indicate 
charge accumulation and depletion, respectively. For the considered 
interfaces, significant charge accumulation and depletion were observed 
at the interface due to the interaction between Fe and Al atoms. Addi-
tionally, we observed that the depletion at the Al-side interface relied on 
the type of interface, resulting in the amount of interaction at the 
interface. To further observe the quantitative charge distribution, we 
calculated the charge transfer based on the Bader analysis [54–56] of the 
bcc, bridge, and top Fe(001)/Al(001) interfaces, as shown in Fig. 2(c). 
The Bader charge was obtained from the difference in charge between 
the ideal bulk (Fe and Al) and Fe(001)/Al(001) of the interfacial struc-
ture. Fe atoms adjacent to the Al atoms exhibited positive charges, 
indicating that the electrons were transferred from Al to Fe. The detailed 
number of Bader charges is summarized in Table 2. Particularly, the 
Bader charge was highest for the first Fe atom directly adjacent to the Al 
layer. The other regions of the interface structure were almost similar to 
those of the corresponding pure bulk, except for the outermost atom due 
to the surface effect. This means that interaction between the Fe and Al 
regions mainly occurs at the interface. Consequently, the number of 
electrons transferred, which enhances the bond strength between the Fe 
(001) and Al(001) slabs, decreased in the following order: bcc-, bridge-, 
and top-type interfaces. Additionally, to intensively investigate the bond 
characteristics of the Fe(001)/Al(001) interface, the total and partial 
density of states (DOS) [57,58] were plotted in Fig. 3(a). Notably, the 
total DOS of bcc interface was significantly contributed by 3d orbitals of 
the Fe atoms, with the case of bcc Fe [59]. However, the 3s and 3p or-
bitals of the Al atoms were rarely observed as shown in the insertion of 
Fig. 3(a). In Fig. 3(b), the partial DOS of the selected Fe atom, which is in 
the free surface (denoted by the dotted arrow) and bonded with the Al 
atom (denoted by the solid arrow), is displayed. In the case of 
down-spin, for the considered Fe(001)/Al(001) interfaces, the trend of 
the partial DOS was almost similar; however, the partial DOS for up-spin 
exhibited a dependency on the interface type. We note that the energy 
shift in the partial DOS was observed owing to the interaction between 
the Fe and Al atoms, and the bonding type. Particularly, valence levels, 
which ranged from -5 to -2.5 eV, shift to the nearby Fermi level. This 
energy shift could be attributed to the 3s- and 3p-orbitals of the Al atoms 
as shown in the insertion of Fig. 3(a). 

As mentioned previously, we estimated the interfacial fracture 
toughness of the Fe(001)/Al(001) interface, KInt

IC =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4WsepE001

√
, where 

Wsep is the WS of Fe(001)/Al(001) and E100 is the Young’s modulus 
based on bcc Fe or fcc Al in the [001]-direction [50]. Because the 
interface structure consists of two types of materials, two different 
values of interfacial toughness were obtained. For the bcc-, bridge-, and 
top-type Fe(001/Al(001) interfaces, the interfacial fracture toughness 
was approximately 1.011–1.676, 0.767–1.271, and 0.614–1.018 
MPa⋅

̅̅̅̅
m

√
, respectively. Particularly, the interfacial fracture toughness of 

the bcc and bridge interfaces was higher than that of the Al(001) 
structure, approximately ~0.686 MPa⋅

̅̅̅̅
m

√
, indicating that the failure 

can begin at the Al matrix and propagate further as the mechanical 
deformation increases. Using the DFT scheme, it was observed that the 
range of the estimated fracture toughness values was similar to that of 
other metal–metal interfaces [51]. To investigate the thermodynamic 
stability of the interface configuration, the interfacial energy of Fe 
(001)/Al(001) was computed: γInt = γFe

surf + γAl
surf − Wsep where γFe

surf and 
γAl

surf are the surface energies of Fe(001) and Al(001) [28,51,60], 
respectively. The γInt values of the bcc-, bridge-, and top-type interfaces 
were –0.038, 0.069, and 0.121 eV/Å2, respectively. Particularly, the 
bcc-type Fe(001)/Al(001) interface showed a negative interfacial en-
ergy, indicating the possibility of phase transformation to a new phase. 
This trend for the coherent Fe/Al interface was also predicted by Khalid 
et al. [28], wherein the interfacial energy was –1.555 eV/ Å2. The 
bridge- and top-type interfaces possessed relatively stable configura-
tions because of the weak bonding at these interfaces. 

Fig. 4 shows the mechanical properties of the Fe(001)/Al(001) in-
terfaces. The binding energy was obtained by determining the difference 
in the WS of the interfaces with and without separation. The calculated 
binding energy was well fitted to the universal binding energy relation 
(UBER) [61–63], as shown in Fig. 4(a). By differentiating the binding 

Table 2 
Fe(001)/Al(001) interface structure with calculated bond length between two 
adjacent Al and Fe atoms at the interface, and Bader charge with different bond 
types. Herein, the twenty-layered thick nanoplate is analyzed. As shown in the 
inset of Fig. 3(a), the Bader charges of the tenth Fe atom and first Al atom (from 
left to right) were estimated. The Bader charges before and after bonding were 
extracted from the difference in pure slab (interface structure) and its corre-
sponding bulk.   

bcc bridge top 

bond length (Å) 2.500 2.501 2.512 

Bader charge (e) 
Before bonding − 0.025 (Al) 0.061 (Fe)  

After bonding 
− 1.873 (Al) − 1.185 (Al) − 0.346 (Al) 
1.858 (Fe) 1.156 (Fe) 0.288 (Fe)  

Fig. 3. (a) Total and partial DOS for the optimized bcc Fe(001)/Al(001) 
interface. The insertion shows the DOS corresponding to the Al atoms. The 
Fermi energy is fitted to 0 eV. (b) Partial DOS of Fe (3d-oribitals) atoms before 
and after bonding. Partial DOS before and after bonding of the Fe atoms is 
denoted by the solid and dotted arrow, respectively. 
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energy–displacement curve as shown in Fig. 4(a), the theoret-
ical–displacement relations of the Fe(001)/Al(001) interfaces could be 
obtained as shown in Fig. 4(b). The calculated tensile strengths of the 
bcc-, bridge-, and top-type Fe(001)/Al(001) interfaces were approxi-
mately 25.41, 15.10, and 11.37 GPa, respectively. Particularly, the 
bcc-type Fe(001)/Al(001) interface showed the highest tensile strength, 
which was also higher than that of the Al//IMCs and IMCs//IMCs 
interface structures [35,36], based on the RGS method. 

3.3. Effect of oxidation 

As discussed previously, in EMF, the jetting effect removes the oxide 
layer on the metal surface under specific collision conditions [22,23]. 
Further, the removal of the oxide layer is believed to substantially in-
crease the bond strength. Therefore, it is necessary to determine the 
extent to which oxidation impacts the bond strength of the interface. 
This was investigated by inserting an oxygen atom at the bcc-type 
interface of Fe(001)/Al(001). Fig. 3(a) depicts the WS for the oxidized 
interface with different positions labeled 1 through 7. Position 4 cor-
responds to the interfaces of the Fe–O (oxidized model) or Fe–Al (bare 
model) atoms. The Al-O bond exhibited a stronger interaction than the 
Fe–O bond (Fig. S2 of Supporting Information). The WS of Fe–O, which 
was lower than that of Al–O, is shown in Fig. 5(a). Interestingly, the WS 
value decreased dramatically to ~0.067 eV/Å2, which is considerably 

weaker than that of the pure Al(001) structure, due to the oxygen atom 
at the interface. 

Additionally, we also confirmed that the presence of oxygen weak-
ened the bond strength of the interface by observing the mechanical 
responses of the bare and oxidized bcc-type Fe(001)/Al(001) interface 
under tensile loading. Fig. 5(b) depicts the mechanical responses for the 
two models (with and without oxygen atoms) under the tensile strains in 
the thickness direction. Interestingly, both models exhibited similar 
stress-strain behaviors until the stress suddenly declined. A fracture 
occurred significantly earlier at the oxidized interface (tensile strain: 
~0.08) than the clean interface (tensile strain: ~0.16). More impor-
tantly, the fracture initiated at the Al side of a clean interface, but 
occurred at the interface of the oxidized interface. This meant that the 
presence of oxygen at the interface severely weakened the bond 
strength. According to the Bader analysis (Fig. S2 in Supporting Infor-
mation) of the oxidized interface, the O atom gained equal charge from 
the surrounding Fe and Al atoms, which was approximately 1.732e. 
Therefore, the O atom was ~0.866e from the Fe atom, which was less 
than that of the Fe–Al bond from the bcc and bridge interfaces. Conse-
quently, the O atom hindered the interaction between the Fe and Al 
atoms at the interface. The charge distribution (in e/bohr3) of the related 
models at the strain of the fracture is plotted in Fig. 5(c). Given the 
strong bond at the interface, the fracture was observed inside the Al part 
of the clean interface model, as shown in the upper part of Fig. 5(c). 
However, the O atom resulted in a fracture at the interface, as shown in 
the lower part of Fig. 5(c). These results implied that the jetting effect 

Fig. 4. (a) RGS tensile test for bcc-, bridge-, and top-type Fe(001)/Al(001) 
interface. The dotted line indicates the UBER fitting. (b) Strain-stress curve of 
bcc-, bridge-, and top-type Fe(001)/Al(001) interface as a function of 
displacement. The stress is obtained by the differentiating the UBER curves 
of (a). 

Fig. 5. (a) WS of the clean and oxidized bcc-Fe(001)/Al(001) interfaces with 
different positions. The insertion is the lateral view of the oxidized interface 
assigned with numbers. Herein, the red atom represents the oxygen atom. (b) 
Mechanical responses for clean and oxidized bcc interfaces. Mechanical 
deformation is applied along the [001] direction. (c) Charge distribution (in e/ 
bohr3) of the two models considered at the fracture strain, as indicated by the 
arrow in (b). In (c), the red dotted line indicates the failure region. 
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should be large enough to remove the oxidation layer at the interface, to 
ensure strong welding between two dissimilar materials. 

3.4. Effect of residual stress 

Generally, the EMF process induces a high impulse to generate 
chemical or physical bonds between two dissimilar metals, which in-
dicates that the mechanical stress is significantly applied to the structure 
during the process. Therefore, to understand the effect of the potential 
stress on the bond strength of the Fe(001)/Al(001) interface, we intro-
duced biaxial loading (tension and compression) in directions parallel to 
the interface. Herein, 6 % biaxial compression and tension were applied 
to the interface structure, which is the strain before the initiation of the 
structural instability under lateral deformation to pure Al(001) and Fe 
(001) slabs. Fig. 6(a) shows the WS values at certain positions labeled in 
the inset of Fig. 5(a) under different loading conditions. Importantly, the 
WS at the interface remained almost the same, even when lateral 
deformation was applied. However, the matrix region of each Fe and Al 
part was moderately impacted, implying that the bond strength of the Fe 
(001)/Al(001) interface was not dependent on the in-plane deformation. 
In particular, the biaxial strains (compression and tension) caused a 
large change in the WS at the matrix region of Al, which was lower than 
that of the pure Al(001) slab. Subsequently, to compare the mechanical 
responses for the three different models, we additionally applied a 
tensile strain in the thickness direction, as shown in Fig. 6(b). The 
stiffness of the interface structure of the biaxial-stressed configurations 
was smaller than that of the free–strain along the thickness direction. 
Notably, owing to the mechanical deformation in the in-plane direction, 
the ideal strength of the interface structure decreased in the following 
order: biaxial compression (10.49 GPa), free-strain (9.91 GPa), and 
biaxial tension (9.53 GPa). This trend in the ideal strength was also 
observed in the bulk structure (not shown) under the same loading 
condition as the interface model. Fig. 6(c) shows the charge distribution 
of the Fe(001)/A(001) interface at the strain of the fracture under 
different loading conditions. In all the cases, the fracture initiated at the 
Al matrix region due to the similar or smaller WS as compared to the 
pure Al(001) slab, as shown in Fig. 6(a). Our results demonstrated that 
the residual stress induced during the EMF process could rarely impact 
the bond strength of the Fe(001)/Al(001) interface. 

4. Conclusion 

In summary, we performed first-principles calculations to observe 
the bond characteristics of the Fe(001)/Al(001) coherent interface. To 
achieve this, we considered the atomic configuration, oxidation at the 
interface, and application of the mechanical strain along the lateral di-
rection. Initially, among the types of interfaces investigated, the bcc- and 
bridge-type interfaces exhibited higher strength than the pure Al(001) 
slab in terms of the WS, which could be employed to extract the interface 
fracture toughness and energy. Moreover, it indicated that the fracture 
could be initiated in the Al matrix. We confirmed that the bond strength 
was strongly related to the charge transfer between the Fe and Al atoms, 
as confirmed by the Bader analysis. The bcc interface showed the highest 
bond strength; nevertheless, the possibility of phase-transformation was 
predicted by the interfacial energy. Secondly, adding O atom between 
the Fe and Al atoms caused the bond strength to decrease significantly, 
to a value even smaller than that of pure Al(001). Given the weak 
interaction at the interface, the fracture occurred at the interface under 8 
% strain along the thickness direction. However, the Al–Al bond of the 
clean bcc interface initially broke at a strain of 16 %. Our findings 
suggested that adequate jetting must be generated by controlling the 
welding conditions to obtain a strong bond at the interface. Lastly, the 
residual stress was confirmed by applying 6 % of the biaxial strain to the 
bcc interface structure along the lateral directions. We determined that 
the influence of lateral deformation on the bond strength at the interface 
was quite low. However, the WS at the Fe and Al matrix region changed 

significantly upon applying lateral deformation to the structure, 
particularly in the fracture at the Al matrix, as the elongation increased 
along the thickness direction; that is there were no experimental re-
strictions that induced mechanical deformations under conditions in 
which the jetting effect could occur. 
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Appendix A. Supplementary data 

Supplementary material related to this article can be found, in the 
online version, at doi:https://doi.org/10.1016/j.mtcomm.2021.10210 
7. 

Fig. 6. (a) WS of the bcc Fe(001)/Al(001) interface under different loading 
conditions parallel to the interface direction. (b) Strain-stress curve for the three 
loading conditions. (c) Charge distribution (in e/bohr3) of the fractured Fe 
(001)/Al(001) interface, indicated by the narrow in (b), with different loading 
conditions along the in-plane direction. In (c), the red dotted line indicates the 
failure region. 
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