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ABSTRACT ARTICLE HISTORY
Molecular Dynamics (MD) simulations were used to Received 11 September 2019
investigate the mechanical response and interfacial mixing Accepted 27 July 2020
of Al/Fe system loaded in ;Jnilaxial compression at a

constant strain rate of 5x10°s™ and five temperatures Molecular dynamics;
(150, 300, 500, 700, and 900 K). During the simulations, the dislocations: solid-state:
temperature was kept below the melting temperature of mixing; Al/Fe interface: FeAl
aluminium ( 933K) so that stress assisted solid-state intermetallic

mixing is examined. For that purpose, the accuracy of the

Al-Feeam.fs potential was validated though static

simulations of pure Al and Fe crystals separately. Then, the

mechanical response of Al/Fe system under compression

was simulated. The onset of nucleation of dislocations in

both materials was observed shortly after relaxation. Under

the employed conditions of compression and temperature,

the simulations revealed that dislocations movements were

accompanied by significant interfacial mixing. Considering

that temperature and stress are two factors that drive

atoms out of their stable positions, it was found that large

stresses have a more pronounced e ect on this movement.

Even at relatively low temperatures, the aluminium and iron

atoms exhibited significant interfacial mixing under

externally applied high compressive stress. Radial

distribution function (RDF) computations for the Al and Fe

atoms at the interface suggest that mixing in the solid-state

resulted in the formation of FeAl intermetallic compound

(CsCl crystal structure).

KEYWORDS

1. Introduction

A prerequisite for intermetallic compound formation is material intermixing.
Solid-state mixing in metals may be activated by high levels of mechanical
stress and is accelerated by heat. Given mixing, and under conditions of temp-
erature and pressure, intermetallic compounds are likely to form in interfacial
systems. Such fundamental aspects of intermetallic compound formation can
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be studied via Molecular Dynamics (MD) simulations. For example, Hassani
et al. [1] used the Embedded Atom Method (EAM) and MD simulations to
study the structure and growth of the interface while depositing aluminium
(FCC) on a nickel (FCC) substrate. Using MD, Wu et al. [2] studied intermetallic
compound formation in Ni (FCC) / Al (FCC) system deposited via physical
vapour deposition. The Ti (HCP) / Al (FCC) system was studied by Kiselev
and Kiselev [3] using MD simulations to monitor the formation of TiAl inter-
metallic compounds. Utilising the Lennard Jones potential and the RDF
method, resulting structure of the intermetallic y-TiAl was found to be L1,.

A considerable body of work exists in the literature on Al (FCC) / Fe (BCC)
systems. Employing EAM, Chung and Chung [4] simulated the growth of Al
(FCC) thin film on Fe (BCC) substrate and vice versa. Utilising RDF, depositing
Fe on Al substrate was found to result in the creation of FeAl intermetallic com-
pounds including at room temperature and at low kinetic energy values, whereas
depositing Al on a Fe substrate shows no intermixing under these conditions.
Also, it was found that kinetic energy did not have an e ect on the intermixing
of the two compounds and the evolution FeAl intermetallic while temperature
did. With the aid of °"Fe Mossbauer spectroscopy with respect to crystal orien-
tation, Sule et al. [5] reported similar asymmetry findings to those reported in [4]
regarding the growth of Al/Fe interface during mixing between Al and Fe.
Employing physical vapour deposition at room temperature, Fonda and Tra-
verse [6] presented evidence of intermixing between iron and aluminium and,
consequently, the formation of iron aluminide intermetallic compound at Al/
Fe interface. To validate the potential employed in the Modified Embedded
Atom Method (MEAM), Hao and Lau [7] employed the second nearest neigh-
bour to examine the interaction of deposited iron on aluminium atoms.

Another aspect of MD studies of multi-layered systems involves the investi-
gation of dislocation nucleation mechanisms and interfacial structures. Coher-
ent interfaces formed of similar crystalline lattice systems (e.g. FCC/FCC)
were studied [8] under the same crystalline orientation. Chen et al. [9] investi-
gated the mechanical properties of a Cu (FCC) / Ni (FCC) interface with respect
to the twist angle and found that yield stress decreases with increasing twist
angle accompanied by increase in misfit dislocations density. Zhou et al.[10]
studied a coherent interface between two materials of the BCC crystalline
lattice-type where crack propagation was assessed as function of loading
conditions.

Incoherent interfaces (e.g. BCC/FCC systems) are less studied than coherent
systems with such ‘opaque’ dislocation traps [11,12] acting as barriers to slip
transmission. Such a system is that of copper (FCC) and niobium (BCC)
which was reported on by Shao et al. [8], Wang et al.[13], Hoagland et al.
[11], and Abdolrahim et al. [12]. The Kurdjumov and Sachs (KS) crystallo-
graphic orientation was adapted for mixed FCC (Cu)/BCC (Nb) interface
system whereby the (110) plane of the BCC material is placed parallel to the
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(111) of the FCC material [13]. This crystallographic orientation constitutes the
least misorientations between slip planes of the two structures thus allowing the
highest chances for dislocations continuity and movement across the interface
[12]. Shao et al. and Chen et al. [8,14] employed the KS orientation in Mg
(HCP) / Nb (BCC) system while using the generalised stacking fault energy
method advanced by Vitek [15,16]. Rather than the more common full dislo-
cations, partial dislocations were detected at the interface.

Intermetallic compounds were shown to form in Al/Fe systems by stress-
intensive mechanical alloying of elemental aluminium and iron powders [17].
They were also generated by physical vapour deposition of aluminium thin
film on low carbon steel substrate [18]. One engineering application of Al/Fe
system is that of friction stir welding of aluminium alloy AA6061 to low
carbon steel where intermetallic compounds, Fe,Al, (e.g. FeAl, Fe;Al) were
shown to form at the abutted surfaces [19,20]. The creation of such compounds
in the interfacial region between dissimilar materials may have detrimental
e ects on the structural integrity of welded joints. Therefore, understanding
the mechanisms of formation and conditions under which Fe,Al, intermetallic
compounds evolve is of paramount interest.

This work investigates the mechanical response of a solid-state Al (FCC) / Fe
(BCC) bi-layer system under uniaxial compression loading (constant strain rate
of 5% 10" s7*) and five temperatures ranging from T=150 K to T=900 K (just
below the melting temperature of aluminium). Also examined is the evolution
of intermetallic compounds at this incoherent Al (FCC) / Fe (BCC) interface
under the same conditions. MD simulations utilising Large-scale Atomic/Mol-
ecular Massively Parallel Simulator (LAMMPS) [21] are conducted. The Mean
Squared Displacement (MSD) method is used to evaluate the resulting mixing
of one element in the other (across the two regions of Al and Fe). As evidenced
by the coordination analysis and by the RDF, the likely composition of the
formed Fe,Al, intermetallic structure after loading is determined to be FeAl.

2. Methods
2.1. Setup

MD simulations are carried out to investigate the mechanical response of the Al/
Fe system with focus on the interface and the conditions of intermetallic com-
pound creation and evolution using LAMMPS. Figure 1 shows the simulation
domain to consist of two regions each containing one of the two original
elements: Fe (blue atoms, ry=0.126 nm) or Al (red atoms, ry=0.143 nm). The
structures of both materials were arranged in perfect, defect-free lattice. The
adopted interface is that of the Kurdjumov- Sachs (KS) Al/Fe such that the
(111) Al plane is aligned with the (110) Fe plane as indicated in Figure 1
[8,11-13]. The di erence in the crystal structures (FCC vs BCC) of the two
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Figure 1. The simulation domain: Fe atoms (top; blue) and Al atoms (bottom; red).

materials leads to an incoherent Al/Fe interface. The large di erence between
the Fe and Al lattice parameters (a0 = 2.867 A [22] and a0 = 4.05 A [23] respect-
ively) facilitates the creation of misfit dislocations [24]. The overall domain
dimensions were obtained as a result of this crystal orientation as axbxh=
10 % 10 x 23.7 nm. The aluminium (atomic structure: FCC) region is defined
over the entire spread of the xy-plane and ranging from —11.9 nm to
—0.1 nm in the z-direction. The iron (atomic structure: BCC) region covers
the entire xy-plane and ranging from 0 nm to +11.8 nm in the z-direction.
The model constitutes of a total of 12 aluminium lattices and 41 iron layers,
leading to a total of 176,226 atoms (103,443 Fe atoms versus 72,783 Al
atoms) and during all simulations, periodic boundary conditions were applied
along the X, y and z boundaries to ensure continuity of the system and repeat-
ability of the simulation cell.

All the simulations were conducted in three steps: (1) minimisation phase,
originally intended to run a maximum of 50,000 steps, was stopped by one of
the LAMMPS stopping criteria after the entire system energy was brought
down to its minimal value and thus the system brought to its most stable
configuration, (2) equilibrium phase in which a thermostat is imposed on the
system thus taking it to equilibrium at the designated temperatures (ranging
between T=150 K and T=900 K) over 150ps (or the equivalent of 30,000
steps), and (3) loading phase in which a uniaxial compression is applied in
the z-direction at a constant strain rate of 5 x 10" s~* over 4.500 ns (or the equiv-
alent of 1,500,000 steps). During this last step, the internal stress of the system is
computed in all three (x-, y-, and z-) directions. The stress strain plots as well as
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the resulting structure of the intermetallic at the interface were obtained using a
timestep of 3fs in order to optimise the computational time.

2.2. EAM potential testing

The Al-Fe.eam.fs potential was introduced by Mendelev et al. [25] in order to
describe Al-Al, Fe-Fe, and Fe—Al interactions. In their treatise of the embedded
atom method, the total energy of the system is calculated as:

Ep= E= (Fa  n) + o walw) )
i j=i j=i

where the system’s total energy is the sum of the energies of all atoms. This
per atom energy, E;, is the sum of the embedding energy, Fa, (function of
atomic electron density, p) and pair potential interaction, w, summed over all
neighbouring atoms j of atom i within a cuto radius value. This potential
was found suitable for pure Al, pure Fe, and for the intermetallic compounds
resulting from these two elements: Al,Fe, AlsFe, AlFe, AlFe, and AlFes. All
the possible crystal structures for each of the intermetallic compounds were con-
sidered when calculating the cohesive energy. The accuracy of this EAM poten-
tial was tested by performing static molecular simulations to obtain the elastic
properties of pure Al and pure Fe [11] the findings of which compare favourably
to those reported previously [26,27]. In this work, this potential was utilised
under similar compressive loading conditions and thermostat and based on
recently published work by the authors [28].

3. Results and discussion
3.1. Evolution of mechanical stress

For LAMMPS-simulated mixing and intermetallic compound formation in the
Al/Fe system, several loading types and parameters were tested before deciding
on the tests reported in this work. All simulations were conducted at tempera-
tures below aluminium’ melting temperature so that system constituents remain
solid. The internal system stress as well as temperature was monitored during
loading in both aluminium and iron regions. Figure 2(a) presents an evolved
stress—strain diagram of the system subjected to uniaxial compression in the
z-direction (at strain rate of 5x 107s-1 and temperature of 700 K). Initially,
the mechanical response is linear elastic with a slope of 108 GPa. The defor-
mation is then accommodated plastically viadi erent mechanisms of dislocation
nucleation and growth in both materials. Given that the system is taken into the
loading phase with the pre-existing misfit dislocations observed as of the very
first steps after equilibrium (Figure 2(b—I)), plastic deformation is expected to
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Figure 2. (a) Evolution of Al/Fe system stress (GPa) (Left Y-axis) and temperature (K) (Right Y-
axis) versus strain during uniaxial compression at T=700 K. (b) The di erent drops in the
stress seen on the plot correspond to the di erent relaxation mechanisms in the two regions

of the system such as movement of the misfit dislocations and nucleation of dislocations. This
is accompanied by a minor and transient temperature increase.
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take place at a stress level lower than what would have been the case without the
presence of these misfit dislocations. The first noticeable plastic relaxation seen
on the stress—strain rilot occurs at approximately 4.7 GPa corresponding to the
nucleation of partial = , 112 _ dislocations on the (111) plane (Figure 2(b-11)).
Employing the dislocation analysis tool provided by OVITO, the significance of
relaxation points becomes apparent upon post-processing the simulation results.
The loop expands into the bulk of Al leading to a minor drop in the stress to
4.4 GPa (Figure 2(b-111)). In agreement with the findings of Zhang et al. [29],
the nucleated partial loops appear to emit from misfit interfacial dislocation
sites (considered as high distortion sites). Expanding partial loops encounter
another interface on the lower surface where their mobility is hindered. The
system then undergoes pronounced strain hardening with almost constant dis-
location density until a stress of 7.2 GPa is attained. At this level of stress, bulk
nucleation is detected in Al and significant drop in the stress to a value of
3.9 GPa is encountered indicating a proper relaxation mechanism associated
with yielding in the FCC aluminium (Figure 2(b-1V)). Following the stress relax-
ation to 3.9 GPa, strain hardening ensues. Dislocations multiplication in the
FCC crystal combined with an incoherent interface (obstacle to dislocations
motion), induce hardening of the crystal. This is generally detected by system
stress increase up to a critical stress value in the BCC constituent where dislo-
cations start nucleating. This hardening is also related to the types of dislocations
found in this region which contain a rather significant amount of junctions and

<100>
- I /=
N
Junctions of z\ (
d(jiirif;:trizlrllts Perfe¢t Dislocations

1A<110>

7 - | . ——
77N ? 47
@ Shockley Partials ®)
Ye<112>

Figure 3. Perspective view of the di erent dislocations types in the (a) FCC (at 8% strain) and (b)
BCC (at 15% strain) regions of the system at T=700K.
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jogs (highlighted in Figure 3(a)). At stress of 6.9 GPa (strain approximately
11.2%), nucleation in the Fe region progresses emanating from the interface
(Figure 2(b-V)). This is accompanied by a large increase in the dislocation
density. It appears that the dislocations in Fe are predominately extended
straight lines of predominately screw character. These extended dislocations
annihilate after their brief appearance and shortly before yet another hardening
behaviour given their opposite Burger’s vectors. This multiple relaxation fol-
lowed by strain hardening dominates at all temperatures reflecting the same
underlying mechanism of misfit dislocation movement followed by nucleation
in Al followed by interface nucleation in Fe and annihilation. A similar
stress—strain behaviour was reported by Yang et al. [30] for multi-layered Ti/
TiN system where 3 peaks were observed: the first was shown to correspond
to full dislocation dissociation into two partials whereas the second and third
peaks correspond to yielding in two layers, respectively. Dislocations nucleation
occurs in the more compliant material of the two (Salehinia et al. [31]). In this
work, it is the aluminium constituent.

Dislocations found in the FCC crystal are of di erent types at each step of the
simulation; edge, screw and mixed dislocations arg present. Most are found to be
Shockley partials with a burgers vector equal to = 112. Other types of junctions
and jogs were detected including few perfect disFocations with a burgers vector
equal to = 110. (Figure 3(a)). However, in the case of the BCC crystal and as the
stress inCreases, it is observed that edge components of the nucleated dislo-
cations in Fe move at high speeds leaving behind trails of extended screw
lines. The dislocations in Fe are found to have nucleated on the {110} family
of slip planes along the 111 direction (Figure 3(b)). The extended screw micro-
structure is commonly observed in BCC metals deformed below certain temp-
eratures (for iron this temperature is T. 340 K, defined as temperature at
which the flow stress becomes insensitive to the test temperature anscrew and
edge dislocations have the same mobility) [32]. Albeit in small density, an
unusual dislocation type with a burgers vector in the , 100 _ direction is ident-
ified at the free surfaces of the BCC iron and at the interface. This slip system was
also detected by Talaei et al. [33] upon indenting an Fe bi-crystal.his direction is
not a recognised slip direction in BCC metals but is likely the result of a junction
between two perfect gliding dislocations [34].

3.2. Temperature e ect on evolved stress

The system is mechanically loaded at temperatures ranging from T,=150 K
(<Ty) to Ts=900 K (<T,,) including T,=300 K, T3;=500K and T,;=700 K.
Figure 4 illustrates the e ect of temperature on the values of key evolved stresses
obtained from the stress—strain curves, namely: (1) interface nucleation stress in
aluminium, which seem to emanate from misfit dislocation sites when present,
(2) bulk nucleation stress in aluminium, and (3) interface nucleation stress in
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Figure 4. E ect of temperature on the Al/Fe system stress strain curves. Stress drops correspond
to di erent relaxation mechanisms in the interface system.

iron. Multiple striations are observed for all temperatures demonstrating the
multiple dislocation nucleation and movement mechanisms in both materials.
These striations can also be explained by the presence of the incoherent interface
which acts either as a sink or as barrier to dislocation movements [24,35]. For all
temperatures below 900 K, coherency stresses were observed on the stress strain
plots and are reflected in misfit dislocation observations (via OVITO). At 900 K,
the stress at zero strain starts from zero due to thermal agitations at tempera-
tures approaching aluminium melting. Dislocation transmission is another
phenomenon observed at this temperature (expected observation especially
using this specific crystal orientation). After bulk nucleation takes place in alu-
minium, dislocations are found to cross the interface into the iron region aided
by thermal agitation and mechanical load.

The stress required to initiate dislocation nucleation and movement in the
iron crystal at low temperature is expected to be large in order to overcome
the large lattice friction which is strongly sensitive to temperature [36-41]. As
temperature increases, the magnitude of lattice friction decreases. This is
partly the reason behind the decrease of yield point associated with nucleation
of dislocations in the BCC Fe. Temperature increase in BCC iron is also associ-
ated with an increase in phonon drag [42-46]. These competing phenomena,
namely the softening behaviour due to a decrease in nucleation barrier and
lattice friction and the hardening behaviour due to the increased phonon
drag, result in the overall weak temperature sensitivity of yielding behaviour
in Fe above a temperature of 340 K. Similarly, the relaxation stress, associated
with dislocation nucleation in the FCC aluminium region, from the misfit
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sites as well as from the bulk, also decreases with increasing temperature [30].
This is largely attributed to the e ect of thermal fluctuations in the crystal
which facilitates the nucleation of dislocations and their movement. The mech-
anical contribution to the energy barrier is compensated by the thermal energy.
Finally, the interfaces and their types have been shown to play a major role in
strain hardening and strain hardening rate as they were found to increase in
incoherent interfaces [8].

3.3. Interfacial mixing

Interfacial mixing of Fe and Al atoms is studied at several temperatures using the
Mean Squared Displacement (MSD). This method indicates the displacement, in
the x, y, and z directions, of Fe (or Al) in a predefined region which will be
referred to herein as the close interface. This displacement is perceived on the
MSD plots (Figure 5(a,b)) as a straight line following the start of mixing
between the two regions which is associated with the minor overshoot shown
in the plots. This close interface region contains the first 7 layers of Al and 7
layers of Fe away from the interface. System temperature ranges are selected
to range from 150 K to 900 K to ensure solid-state mixing. The simulations
ran for a total time of 4.5 ns at the designated strain rate of 5x 10" s~ In
Figures 5, displacements are reported on the y-axis in angstroms (A) versus
strain.

Each of the minor jumps is associated with stress drop in the stress—strain
plot. This is also referred to as a relaxation in one of the materials. As such,
the displacement of the di erent atoms only occurs after system relaxation
and as a result of the nucleated dislocations. The time corresponding to the
start of the displacement of atoms, therefore the mixing, occurs at considerably
low strains. As temperature increases, strains are also found to decrease. This is
associated with increase in the thermal fluctuations at higher temperatures. The
energy barrier needed to initiate interfacial mixing between the two materials is
partially overcome by the mechanical load applied to the system with balance
provided by the generated heat.

The MSD figures suggest that as temperatures increase, the slope of the MSD
curve, which corresponds to the displacement velocity of the atoms, also
increases. This is in accordance with the well-established temperature e ect
on displacement and di usion coe cients. Due to the presence of misfit dislo-
cations at the interface, creating defects in the structure, and making room for
atoms to move, the displacement initiated at the early stages is detected in the
system microstructure in Figure 6(a,g). As strain increases, an interphase
region appears quickly as atoms of Fe circulate in the Al region (and vice
versa) with more noticeable visual mixing (Figure 6(a—f)). concurrently, the
movement of aluminium (red) and iron (blue) atoms is accompanied by the
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Figure 5. The mean squared displacement of (a) Fe in Al and (b) Al in Fe versus strain at all temp-
eratures from 150 K to 900K

increase of dislocation density in both materials across the interface (Figure 6
(9-1)).

These findings imply that the dislocations nucleation induces or facilitates the
migration of the atoms at the interface. As per their definition, dislocations are
line defects in a crystal, and any type of defect is considered as the original source
behind any eventual mixing., The dislocations created in the Al FCC region pile
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Figure 6. Interfacial mixing (a-f) at T=500 K and di erent strain values and corresponding dis-
locations (g-1): Red dislocations are screw, blue are edge, and grey are mixed. Dominance of the
edge dislocations is noticeable in the aluminium FCC crystal whereas a much lower density of
mostly extended screw dislocations is visible in the BCC Fe crystal

up on the interface and aid the nucleation of dislocations in the Fe BCC from the
interface on the other side. The dislocations in Fe, although much less dense as
compared to those in Al, first appear at the interface and grow into the extended
screw dislocations (Figure 3(b)).

Figure 7 shows interfacial mixing and dislocation patterns over five tempera-
tures ranging from 150 K to 900 K. The e ect of temperature on the number of
migrating atoms from both layers at the interface can be seen in the left column
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Figure 7. E ect of temperature on the mixing at the interface at the last simulation step corre-
sponding to 22.5% strain.

and are indicative of atomic intermixing. Visually, the mixing between the Al
and Fe layers does not seem to be largely a ected by initial temperature. This
observation will be further corroborated below by the RDF results. The initial
temperature can, however, a ect the thermal expansion in the bulk of the
material.
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3.4. Radial distribution function and intermetallic compound formation

During loading, the RDF is computed at di erent positions in the system. RDF
defines the positions of di erent neighbouring atoms to each of the system
atoms. The distance of these neighbours is stored in the RDF thus resulting in
a global picture of the structure of either material at a given time in the simu-
lation. The system is divided into N bins over which the distribution of the
atoms is considered. This distribution is then averaged over time (or humber
of steps). After loading of the system, the RDF is assessed for the interface at
di erent temperatures in Figure 8. All these temperatures are below the
melting temperature of aluminium so that materials remain solid. The RDF
was plotted in Figures 9(a,b) at di erent regions in the system, namely in the
bulk of the Al and the Fe regions and at the interface between the two materials.

Peak positions are investigated at the last step following load application and
compared to the initial RDF for T=300 K. Figure 9(a—c) show positions as com-
pared to the original structures of Al and Fe separately. The atomic arrangement
at the interface, such as the one shown in Figure 7(a—f), indicates a transition
from a sharp interface into a di used interphase region with noticeable
mixing. The RDF in Figure 8 corroborates these results at di erent
temperatures. This evidence suggests that solid-state mixing is achieved at rela-
tively low temperatures provided the high compression loading. Similar to the
findings in Section 3.3 Regarding the e ect of temperature on mixing between

35 - (2.46125), (2.84625)
; — T=150K

- — -T=300K
............ (4.79875)

30

g(r)

Figure 8. The evolution of the RDF of the interface structure at di erent temperatures. The first
two peaks of the RDF merge into one larger peak due to temperature increasing (T=700 K and
T=900 K). Positions of the first four nearest neighbours are preserved.
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Figure 9. RDF at first and last steps for (a) Al (b) Fe, and (c) Al/Fe interface (all at T=300 K) indi-
cating the preservation of the Al and Fe crystal structure during the entire loading process and
showing the structure of the interface reflected by the first four peaks corresponding to the first

four nearest neighbours.
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Al and Fe, RDF showed a structure that is relatively independent of system
temperature where the four identified peaks are in accordance with the FeAl
intermetallic CsClI crystal structure (Table 1 and Figure 8).

The RDF is expected to display peaks at positions where a high concentration
of atoms is found. These peaks correspond to the 1st, 2" and 3" (...) nearest
neighbours (NN) in each crystalline structure. For example, when an atom
belongs to an FCC crystalline st_\r}Jcture the 1st NN to this atom are expected

. 2 . .
to appear at a distance of P; = 7a0, where ag is the lattice parameter of the

crystalline str&cture. The 2nd NN would then appear at P, = ap and the 3rd

3 . . :
NN at P3 = 7ao. This explains the peaks that appear in the RDF of the Al

region which translate an FCC crystalline structure with a; = 4.05A
(P,=2.864 A, P,=4.05 A and P;=4.96 A). This structure remains unchanged
even following the large deformation reached at the end of the simulation. Simi-
larly, \I? the case of Fe BCC structure, the first three peaks are reported at

3 o o v o1
P, = 7a0 = 2.482A, P, = ag=2.867A, and P; = 2a,=4.05 AE. The

RDF plots suggest that the crystalline structure of Al and Fe is preserved
throughout the loading process and that the peak positions correspond to the
theoretical calculations (Figure 9(a,b)). The RDF was also plotted (Figure 9
(c)) for the region defined in the script as the ‘close interface’. It represents
the neighbouring atoms most likely to interact and mix under the given con-
ditions. The RDF found for this region shows four peaks that overlap at some
levels. A post-analysis deconvolution demarcates the precise positions of the
first four peaks of this RDF as the coloured peaks located at ry, Iy, r3 and ry
(values listed in Table 2).

Zhang et al. [47] found that the FeAl intermetallic compound has a CsCl
structure with a lattice parameter of ag=2.893A. Such a structure resembles
Fe’s BCC structure but contains an aluminium atom in the centre of its unit
cell instead of an iron atom. The aluminium atom which has larger radius
than the iron atom slightly distorts the cell and expands it when compared to
the Fe BCC perfect crystal (a,=2.867 A). Based on the crystal structure of this

Table 1. The evolution of the first four peaks' positions with respect to temperature. The
positions are rather unchanged except for the fourth peak which tends to shift to the right as
temperature increases due to the thermal expansion.

Peak Positions (A)

Peak 1 Peak 2 Peak 3 Peak 4
T=150K 2482 2.827 4.047 4801
T=300K 2.478 2.825 4,050 4811
T=500K 2.464 2.803 4.047 4830
T=700K 2.445 2.768 4.037 4833

T=900K 2467 2.807 4.043 4.849
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Table 2. Expected peak positions according to Zhang et al. [46] versus found peaks position (this
work). The most likely intermetallic to form is predicted by the positions of the neighbouring
atoms found following mixing.

Expected position (A) according Peak positions (A)
Peak Number to Zhang et al. [46] (this work) Di erence %
r 2.505 2478 1.08
Iy 2.893 2.825 2.35
I3 4.09 4.050 0.98
Iy 4797 4811 0.29

intermetallic compound, the theoretical positions of the first four peaks of this
structure would be located at; P;=2.505 A, P,=2.893 A P;=4.09 A, P,=4.797
A. Table 2 lists the positions of the peaks identified from lattice parameter
values published by Zhang et al. [47]. Following slow relaxation of the system
and cooling to room temperature, these values compare favourably suggesting
that the generated structure at the interface is likely FeAl intermetallic
compound.

These results support the theory which limits the e ect of temperature on the
structure of the formed intermetallic compound in the case of (1) quench
cooling from high temperatures (past melting) and (2) an unstressed (or uncom-
pressed) systems. However, in this work, the structure of the intermetallic com-
pound is dominated by the e ect of the compressive stress rather than the
temperature.

4. Conclusions

MD simulations are conducted to study the mechanical response, interfacial
mixing, and evolved intermetallic structure(s) in a solid-state Al (FCC) / Fe
(BCC) system under uniaxial compression applied at a constant strain rate of
5x10" s~ and five temperatures ranging from 150 K to 900 K (all below
melting temperature of aluminium). Misfit dislocations are identified at the
interface in the aluminium region after the equilibrium phase at all temperatures
except at 900 K (due to high thermal agitation in this case). The mechanical
response of the system reveals a stress—strain behaviour with multiple relaxation
stresses. One stress peak is attributed to the nucleation of dislocations from the
misfit dislocation sites in aluminium. These dislocations are considered high dis-
tortion regions around the interface. Other stress are attributed to bulk nuclea-
tion in aluminium and to interface nucleation of dislocations from the interface
in iron. These three specific stresses are all found to decrease with increasing
temperatures.

Observed interfacial mixing is evaluated using the Mean Squared Displace-
ment (MSD) method in LAMMPS. Dislocations on both sides of the solid Al/
Fe system are observed to multiply and grow shortly at the same strain levels cor-
responding to concurrent relaxations in the stress—strain plots. Under the
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prescribed conditions of compression stress and temperatures, the radial distri-
bution function (RDF) analysis of the atomic disposition of Al and Fe atoms
indicates that the most favourable positions these atoms would assume are
that of the FeAl intermetallic compound (CsCI crystal structure).
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