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Abstract: The aluminum–matrix composites possess are very important for future applications
because they have unique mechanical properties. Here, molecular dynamics is used to analyze
the bonding of dissimilar metals on the interface of Al/Mg, Al/Ti, and Al/Cu interfaces during
deformation treatment–compression combined with shear at room temperature. The terminal-
mechanical treatment used in this simulation is a variant of the experimental technique applied to
fabricate Al/Metal composites. It is found that there is a critical value of compressive and shear
strain required to obtain the strong mixed Al/Metal interface. The diffusion depth of atoms of both
components is dependent on the applied strain: (i) linear relationship for Al/Mg; (ii) logarithmic
relationship for Al/Ti and Al/Cu. The mechanical behavior under tension and fracture analysis
of the obtained interfaces are discussed in terms of atomic-level structural features which allow an
understanding of the interconnection between the mechanical behavior and structure mixture near
the interface. One of the important criteria for atomic mixing is the symmetry of the interface. After
atomic mixing, Al/Ti composite has the highest ultimate tensile strength, Al/Cu—the average, and
Al/Mg—the lowest between the considered interfaces, while the fracture strain of Al/Mg and Al/Ti
composites are very close and higher than for Al/Cu. The obtained results are significant for the
development of fabrication of Al/Metal interface by high-pressure torsion in practice.

Keywords: composite; molecular dynamics; aluminum matrix composites; mechanical properties;
diffusion

1. Introduction

Composites based on the aluminum matrix reinforced with other metals are a special
type of structure that can be successfully used in various industrial fields where light-
weight, high strength, and controllable stiffness are required. Such composites are widely
used in aeronautics and aerospace engineering because they have outstanding corrosion
resistance, high strength, and low density [1–4]. The mixture of Al and other metal com-
monly demonstrate the advantages of both metals and can be used as the pure aluminum
substitution for industry applications [5–7]. To date, numerous fabrication techniques are
discussed, e.g., explosive welding, diffusion bonding, vacuum hot pressing, roll bonding,
extrusion [8–12]. However, existing methods of material processing have their own advan-
tages and disadvantages which incorporate the application of not very complicated and
expensive methods, short time of surface treatment, and proficiency.

Recently, a new approach has been developed—a solid-phase connection of thin discs
of Al and other metals by means of shear deformation on Brigman anvils [13–18]. The inter-
afce region between two metals can be the special place of the formation of the intermetallic
phases owing to diffusion, which is a result of such deformation treatment. The other
effective way to facilitate diffusion is annealing [14,15,19–21]. To date, several different
systems were studied under high-pressure torsion (HPT): Al/Cu [13,16,22,23], Al/Nb [14],

Symmetry 2023, 15, 328. https://doi.org/10.3390/sym15020328 https://www.mdpi.com/journal/symmetry

https://doi.org/10.3390/sym15020328
https://doi.org/10.3390/sym15020328
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0002-6534-3405
https://orcid.org/0000-0002-5953-1186
https://orcid.org/0000-0002-0452-3816
https://doi.org/10.3390/sym15020328
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym15020328?type=check_update&version=2


Symmetry 2023, 15, 328 2 of 21

Al/Mg [24,25] and Al/Ti [26–28]. In Figure 1, the example of the experiment conducted
in [17] is presented: (a,b) set of discs before and after HPT and (c) the backscattered electron
image of the composites in the as-processed state: Al-Cu, Al-Nb, Al-Mg, and Al-Ti are
presented. The dark areas correspond to the Al-rich phase in Al-Cu, Al-Nb, and Al-Ti com-
posites, while in Al-Mg composite Al-rich phase corresponds to the bright areas. However,
the degree of mixing is different in different composites. Thus, the study of the mechanism
of interface recombination is of key importance for the understanding of the mechanisms
of phase formation during HPT and other fabrication techniques, for example, steer weld-
ing [29–31]. In experiments, the appearance of aluminum oxides is often observed, which
can worsen or improve diffusion and affect the properties of composites [32–34].

In the case of composites, defining the process of appearance of in situ structure with
different intermetallic phases, and strengthening mechanisms in the experiment is quite a
complicated task. The different processes, which took place during the composite fabrication,
result in the formation of various phases near the interface. Factors such as the interdiffusion of
different atoms, the type and shape of the interface, and the obtained intermetallic phases, to
name a few, significantly influence the resulting strength of composites.

In recent years, various methods of computer and numerical simulation are being
actively developed [35,36]. For example, molecular dynamics (MD) simulations have been
used to analyze the solid–liquid or solid–solid boundaries in a binary system. A lot of
work has been done to understand the structural transformations on the atomic level and
deformation scenario according to previous molecular dynamics studies [37–40]. However,
most of the MD studies were conducted at evaluated temperatures to allow diffusion
between two metals, while composite fabrication by HPT processing is conducted at room
temperature. During HPT, the main factor for atomic mixing is shear stress leading to the
formation of intermetallic phases.

Figure 1. (a) System of discs (Al-Cu-Al) before deformation treatment and (b) the resulting composite
structure. (c) Back scattered electron image of the composites in the as-processed state. Reprinted
with the permission from [17].

Here, the atomic mixing of Al and other Metal (Me) on Al/Me interface under com-
pression with simultaneous shear deformation is studied by MD simulation. Three different
interfaces are considered: Al/Ti, Al/Mg, and Al/Cu. The combination of compression and
shear deformation is simulated to reproduce deformation treatment which was applied
to fabricate in-situ Al/Me composites [17]. The strength and mechanical properties of the
simulated Al/Me interface is analyzed from numerical tensile experiments.
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2. Simulation Details

Three types of interfaces are considered: Al/Ti, Al/Mg, and Al/Cu, where Ti and
Mg have HCP lattice, Cu and Al have FCC lattice. The bottom part of the crystal is
always Al layer, while the top part of the crystal is another metal—Mg, Ti, or Cu (see the
initial experimental structure in Figure 1 and simulated sample in Figure 2). The size of
the initial structure is Lx = Ly = Lz ' 100 Å. It is chosen based on a literature review,
for example, refs. [41,42], which allows further comparison of the obtained results with
those previously studied. This size of the structure can be considered as big enough to
analyze especially atomic mixing between two different metals. For the applied boundary
conditions, the main point is that two interlayer boundaries will not affect each other,
which is satisfied. The distance between two metal parts is equal to (a1 + a2)/2, which are
aAl/Mg = 3.6 Å, aAl/Ti = 3.5 Å, aAl/Cu = 3.8 Å. The composite precursor is obtained by the
combination of two ideal crystals with the help of the homemade program. The periodic
boundary conditions are used along the x-, y-, and z-axis. For the metals with HCP lattice,
an arbitrary surface orientation is chosen; for the metals with FCC lattice, the widespread
<100> plane is chosen [38,43]. Since the important reason for this work is to understand the
underlying mechanisms for the bonding of dissimilar metals, at that stage of the study the
surface orientation is neglected.

In classical MD, to find the equations of motion, the second Newton’s law is solved [44]:

F = m
∂2x
∂t2 , (1)

where F, m, and x are the force, mass, and coordinate of each atom at time t.
The integration algorithms are based on finite difference methods that discretize time

into small but finite intervals with a step ∆t. The Verlet algorithm is one of the most popular
in MD. It follows from the expansion of the radius vector for the particle at two time steps,
~r(t + ∆t) and~r(t− ∆t), into a Taylor series up to the third power in ∆t [44]:

~r(t + ∆t) = 2~r(t)−~r(t− ∆t) +~a(t)∆t2 + O(∆t4), (2)

where~r and a are radius vector and acceleration for the particle at time t, O(∆t4)—local
discretization error.

LAMMPS simulation package [45] is used to conduct molecular dynamics simulations.
The temperature in the system is controlled by the Nose-Hoover thermostat. Verlet algo-
rithm (1) to integrate the Newtonian Equation (2) of motion with an integration time-step of
2 fs is used. OVITO visualization tool [46] is used for the detailed analyses of the structure.
Embedded atom method (EAM) interatomic potential for system Al/Ti [47], Al/Cu [48],
and Al/Mg [49] is used. The potential parameters are chosen to satisfy the various prop-
erties of the Al/Ti, Al/Cu, and Al/Mg systems obtained in experiments and ab-initio
simulations. Thus, potentials used in this work can perfectly describe the fundamental
properties, for example, defect energies, lattice properties, and thermal expansion [50–58].

The simulation process consists of three steps. At first, the simulation cell is equili-
brated at 300 K. Dislocation analysis showed that dislocations appeared on the interface
right after initial relaxation which means that a coherent interface is obtained with the
mismatch. Further, to study the process of fabrication of Al/Ti, Al/Cu, and Al/Mg com-
posites and atomic mixing near the interface, strain along z-axis εzz (normal to the interface
between two metals) combined with shear strain in xy-plane εxy is applied. To apply the
shear strain to the simulated sample with the given strain rate, the intrinsic LAMMPS
commands are used. The cell of the composite precursor is affected by the given tilt factor
linearly changing in time without any changes in the volume. To estimate the shear strain,
the displacement value along the shear direction (here, Lx for xy shear) is divided by the
length of the simulation cell normal to the shear direction (here, Ly for xy shear).

Compression is combined with shear to reproduce HPT experimental technique. Strain
rates are ε̇zz = 6.2 × 10−8 ps−1 and ε̇xy = 6.2 × 10−7 ps−1. For simplicity, the compressive
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strain along zz will be denoted as εcp and all the values will be considered as the function of εcp.
The parameters for all metals important to analyzing the atomic mixing under compression are
presented in Table 1. Numerical experiments are carried out at 300 K, at which HPT processing
is usually conducted.

Figure 2. (a) Stress–strain curves during uniaxial compression normal to the Al/Ti, Al/Cu, Al/Mg
interface combined with shear deformation over xy plane. Schematic of the initial structure. (b)
Snapshots of the interface region (two layers of Al (blue atoms) and two layers of Cu/Ti). Only part
of the interface is shown. (c) Snapshots of the structure (point III, εcp = 0.16). All atoms are colored
in accordance with CNA. (d) Dislocation distribution at point III (the Stair-rod dislocation lines are
colored purple, the Hirth dislocation lines are colored yellow, Frank dislocation lines are colored
light blue, the Perfect dislocation lines are colored blue and the Shockley dislocation lines are colored
green). The boundary interface where atomic mixing took place is shown by shaded zones.
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Table 1. The main parameters for Al and three other metals.

Metal
Lattice

Parame-
ter, Å [59]

Atomic
Radius, Å
[41,60,61]

Atomic Mass,
g/mol [37–39]

Melting
Temperature,
◦C [37–39]

Al a = 4.05 1.43 26.98 660

Mg a = 3.2029,
c = 5.20 1.45 24.307 650

Ti a = 2.951,
c = 4.697 1.76 47.867 1668

Cu a = 3.6074 1.28 63.546 1085

In the third step, tensile loading is applied to the system after compression to the
strain indicated by points I, II, and III in Figure 2a. Thus, the composites obtained after
compression to points I, II, and III are considered as initial for tensile tests without additional
relaxation or changes. Ultimate tensile strength (σUTS) and Young’s modulus (E) for all
composites are normalized relative to ultimate tensile strength (σ0) and Young’s modulus
(E0) of the initial undeformed sample.

3. Results and Discussion
3.1. Composites under Compression

Figure 2a shows the stress–strain curves after compression along with the schematic
of the initial structure and the snapshots of the three different composites Al/Me obtained
after compression (point III, εcp = 0.16). Snapshots of the interface region are shown in
Figure 2c: two layers of Al (blue atoms) and two layers of Cu (green atoms) or Ti (red
atoms). Only part of the interface is shown to check the symmetry of the interface. The
initial structure is obtained in such a way as to make three different bi-metallic samples
of the same size and to satisfy the periodic repetition of the simulation cell. From this
point of view, the symmetry or coherency of the interface is not considered. For FCC metal
(100) plane is chosen, while for HCP metal (0001) plane is chosen. As can be seen, two
(100) FCC planes are not the best combination, since atoms from the lower interface are
repelled by atoms from the upper interface and the symmetry of the crystal lattice is broken.
For FCC/HPC interface we also have quite low symmetry. This will further lead to the
dislocation nucleation near the interface region.

The structures in Figure 2c are visualized by common-neighbor analysis (CNA): green
atoms are defined as FCC lattice, blue atoms—as BCC lattice, red atoms—as HPC lattice,
and gray atoms are those which have undefined coordination number. The structures
in Figure 2d are visualized by the OVITO dislocation extraction algorithm (DXA) and
presented as the projection to xz. The Stair-rod dislocation lines are colored purple, the Hirth
dislocation lines are colored yellow, Frank dislocation lines are colored light blue, the Perfect
dislocation lines are colored blue and the Shockley dislocation lines are colored green.

From the stress-strain curves in Figure 2a it can be seen that there are several drops
connected with different structural changes and accompanied by energy changes. Stress-
strain curves are divided into three regimes selected according to the main changes during
deformation. Before point I elastic deformation took place for Al/Ti and Al/Cu, while for
Al/Mg, an elastic regime is observed up to point II. But the point I (εcp = 0.04) is also set
for Al/Mg for further comparison, since at this stage stress-strain curves for Al/Mg and
Al/Cu almost coincide. Both curves for Al/Mg and Al/Cu interfaces have linear character,
with the slope change at point II for Al/Mg and at points I and II for Al/Cu.

The Al/Ti compression process is much more complex with several stress drops
that appeared due to changes in dislocation structure and phase transformations. Each
drop in the curve (for example, after the point I) is associated with the formation of the
BCC phase under compression. It was previously found, that at a pressure range 2 to
12 GPa, which value is defined by the experimental method and the pressure conditions,
phase transformation took place in Ti [52,62,63]. Several phases with different lattices can
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be observed in Ti at high pressures (ω, γ, δ, [63]), however, they cannot be defined by
OVITO precisely. Consequently, these phases are represented as BCC lattice, although it is
characteristic especially for δ phase. Thus, phase transformations in this model cannot be
described in detail, and further just HCP to BCC transformation will be discussed.

In accordance with CNA, at the final stage of compression (at εcp = 0.16) Al part of the
sample preserves FCC lattice for all three composites, while Mg and Ti lattices transform
from HCP to BCC lattice (Figure 2c). It is important to note that the area with mixed metal
atoms (where intermetallic compounds suppose to appear) is also defined as green (FCC)
with red (HCP) regions. In accordance with [64], Al/Mg phases can have FCC (β, γ) as
well as HCP phases (ε). For Al/Ti phase diagram again, there are both FCC (TiAl, TiAl3)
and HCP (Ti3Al) [65]. Due to periodic boundary conditions, the upper and lower parts of
the samples also represent the interlayer boundary. The boundary interface where atomic
mixing took place is shown by shaded zones. For Al/Cu composite the OVITO could not
determine the type of crystal lattice of the interlayer boundary.

For Mg, the phase transformation from HCP to BCC also took place at high pres-
sure [66]. In the case of Al/Mg interface, small regions of BCC structure start to appear
right after compression starts but disappear from time to time due to the effect of shear
deformation. Mutual effect of shear and compression results in a combination of BCC
phase (due to compression) and HCP phase (due to shear).

3.2. Atomic Mixing near the Interface

As it can be seen from Figure 2d, the most developed dislocation structure is observed
for the Al/Mg sample. A wide dislocation network is found at the interface region (shown
by shaded zones), but also in Mg part and even in Al part. For Al/Mg and Al/Ti interfaces,
dislocations can be seen at the interface from the early stages of compression. Dislocations
that appeared in the interface can facilitate the atomic movements which have already
started at the beginning of the deformation [67]. For Al/Ti interface, dislocations at the
beginning nucleate near the interface region and move inside Ti part. For Al/Cu interface,
the majority of dislocations are observed in Al part. It should be noted, that, since OVITO
cannot define the crystal structure in the interface region for Al/Cu, it also cannot define
the dislocation structure in the boundary region.

In Figure 3, the distribution of the stress on each atom (σzz component) is presented for
three deformation stages shown in Figure 2a. During compression, the distribution of the
atomic stress remains practically unchanged up σcp = 0.04 for Al/Cu and Al/Mg and up to
σcp = 0.08 for Al/Ti. Most of the excited atoms (blue color) are concentrated at the interface
of the dissimilar metals. As the compression strain increases, the number of blue atoms (i.e.,
atoms with negative stresses) increases. Up to σcp = 0.1 for Al/Cu composite, such atoms
are mainly concentrated at the interface between metals; with further compression, negative
stress values prevail over the entire structure. For the Al/Mg composite up to σcp = 0.1,
blue atoms are mainly concentrated at the interface between metals; however, an increase
in the number of such atoms is observed in the Mg part of the sample. Compression is
accumulated more on the HCP part (Mg or Ti) of the sample (which is also seen at point III
for Al/Mg and Al/Ti). For comparison, in the Al/Cu composite, the Al part of the sample
is more compressed. The distribution of the shear stress on each atom (σxy component)
is not shown because the shear stresses are much less and cannot be shown in the same
value range.
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Figure 3. Distribution of the stress on each atom (σzz) for three deformation stages (points I, II, III
from Figure 2a). Three bimetallic systems are presented: (a) Al/Mg, (b) Al/Ti, (c) Al/Cu. Atoms are
colored in accordance with the color bar for each system.

The main role in atomic mixing in this case plays the value of deformation. In a
real experiment, atoms can move through the interface only if the temperature is big
enough [19,37,41,68], while during HPT temperature is equal to 300 K. Thus, applied stress
became the most important factor. As it was previously shown, to fabricate a composite
structure more than simple compression should be used and the main role is given to shear
strain [69].

During deformation, most of the mixing processes for Al and Mg (Ti, Cu) atoms
took place through the interface of dissimilar metals. In Figures 4–6, the atomic positions
through Al/Mg, Al/Ti and Al/Cu interface changed during deformation 0.00 6 εcp 6 0.16
are presented, respectively. Blocks of Mg, Ti, and Cu in the figure are shifted to the right by
about 100 Å for better understanding. Just part of the simulation cell along z-axis near the
interface is presented. Atomic positions at different strains are presented by different colors.
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Figure 4. Snapshots of the mutual diffusion of Al and Mg atoms at different strains: for 0.00 6 εcp 6
0.04 (up) and 0.04 6 εcp 6 0.16 (down). Atoms are colored in accordance with strain. Only part of the
sample along z-axis is presented. The initial boundary interface is shown by the gray dotted line.

As it is found, the number of atoms moving through the interface of dissimilar metals
and diffusion depth is considerably dependent, especially on the applied shear strain.
However, fast atomic mixing took place during the first deformation stages for εcp 6 0.04.
The atomic positions on the interfacial region are significantly changing during diffusion
bonding, which is close to results from the literature, for example for Al/Cu [41].
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Figure 5. Snapshots of the mutual diffusion of Al and Ti atoms at different strains: for 0.00 6 εcp 6
0.04 (up) and for 0.04 6 εcp 6 0.16 (down). Atoms are colored in accordance with strain. Only part of
the sample along z-axis is presented. The initial boundary interface is shown by the gray dotted line.

The average ∆zav and maximum ∆zmax distances of the displacement of the atoms
over the interface (compared to the position of the boundary at initial state) are presented
in Figure 7a–c. The value of ∆zmax (diffusion depth) is defined as the difference between z
coordinate and the initial interface position. The value of ∆zav is defined as the average
for all z coordinates divided by the number of atoms moved through the interface. The
relationships of diffusion depth on the applied strain are fitted by solid curves.



Symmetry 2023, 15, 328 10 of 21

Figure 6. Snapshots of the mutual diffusion of Al and Cu atoms at different strains: for 0.00 6 εcp 6
0.04 (up) and for 0.04 6 εcp 6 0.16 (down). Atoms are colored in accordance with strain. Only part of
the sample along z-axis is presented. The initial boundary interface is shown in the gray dotted line.

One of the important characteristics of such bimetallic systems of dissimilar metals is
adhesive strength and atomic bonding, which can be experimentally obtained [10,70,71].
It was shown that the adhesion and bonding between Mg and Al atoms are considerably
dependent on external factors. In [71], it is shown that Mg2Al3 phase quickly appeared
at the Al/Mg interface in course of solid-state mixing, and due to its low toughness, this
bonding is weak. Adhesive strength and atomic bonding for Al/Cu were experimentally
obtained in [10,34,72,73]. It is found that for different intermetallic phases, the bonding
energy between Al and Cu atoms can be very different. For example, if Al2Cu phase is
considered, the interconnection is stronger than that of pure Al and Cu and shows better
thermal stability at finite temperatures.
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Figure 7. Changes of the atomic positions ∆z as the function of compressive strain: (a) Al/Mg,
(b) Al/Ti, (c) Al/Cu.

Al/Mg Interface

Atoms near the Al/Me interface actively move from one metal block to another. After
εcp = 0.04, atomic positions at different strains are almost the same with just several atoms
moved far from the interface.

Diffusion depth for Al/Mg (Figure 7a) have two regions which can be linearly fitted:
region I ε

Mg
cp 6 0.49, εAl

cp 6 0.102 and region II 0.49 6 ε
Mg
cp 6 0.16, 0.102 6 εAl

cp 6 0.16. As

can be seen, after ε
Mg
cp = 0.49, the motion of Mg atoms slows down and the penetration rate

practically does not change. In contrast, Al atoms move deeper and longer in time until
εAl

cp = 0.102.
Linear relationship ∆zmax = k · εcp is used to analyze diffusion depth as the function of

strain, where k is the diffusion rate and can be obtained from the slope of the fitting curve.
For Mg, at I regime kI

Mg = 0.19 Å/ps and at II regime kI I
Mg = 0. For Al, kI

Al = 0.11 Å/ps and
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at II regime kI I
Al = 0. Thus, the diffusion rate at ε

Mg
cp 6 0.49 for Mg is almost two times bigger

than for Al, while diffusion of Al atoms extended two times longer. Here, applied strain
defines kinetic energy for atomic diffusion.

3.3. Al/Ti Interface

As can be seen, Ti atoms move faster in the central part of the sample (Figure 5 (up),
right side, blue and light red dots), while Al atoms move faster at the edges (Figure 5 (up),
left side, brown and green dots). During compression up to the strain εcp=0.04, Ti atoms
penetrate more actively near the mixing interface than aluminum atoms and pass into the
Al part for about 14 Å. After εcp = 0.04, Ti atoms practically do not change their positions,
while Al atoms continue to slowly move inside Ti part. However, at εcp = 0.16, the number
of Al atoms diffusing into the Ti block is almost the same as the number of Ti atoms moving
into the Al block. During compression, the greater number of atoms are involved in the
diffusion process, and the width of the diffusion zone increased with strain increase.

It can be seen from Figure 7b that, diffusion depth for Al/Ti increases logarithmically
with increasing pressure (time) ∆zmax = b · ln(εcp), where b shows the steepness of the
curve. It is clearly seen, that Ti atoms move actively and go deeper before εcp 6 0.04
(coefficient bTi = 1.5 Å/ps), while Al atoms continuously move towards Ti part during
all the deformation process (curve is flat with bAl = 0.9 Å/ps). However, the curves
∆zav for Al/Ti practically coincide, which means that on average, Al and Ti atoms mixed
symmetrically. It can be noted, that Ti has a bigger atomic radius and much bigger atomic
mass than Al atoms. Thus, in the first stage, Ti atoms can penetrate the Al block easier,
while small Al atoms move slower during all compression stages. In total, diffusion is quite
symmetric which is related to the material parameters of Al and Ti [60,74].

Strain value εcp = 0.04 can provide enough atomic mixing near the interface of
dissimilar metals. However, after εcp = 0.16, atomic mixing is almost stopped because the
structure near the interface is considerably compressed.

3.4. Al/Cu Interface

From Figure 6 it can be seen, that at the beginning of the deformation, Al atoms move
faster in the left part of the sample (brown and green dots), while Cu atoms move faster
in the right part (blue and light red dots). The front of atomic movement is wave-like in
comparison with the other interfaces.

Diffusion depth for Al/Cu increases logarithmically with increasing pressure (time)
∆zmax = b · ln(εcp), where b shows the steepness of the curve (see Figure 7c). It can be seen
that the most active mixing of atoms occurs before εcp 6 0.04. In this case, Al atoms move a
bit faster, than Cu atoms (bAl = 1.9 Å/ps, bCu = 3.2 Å/ps). After εcp = 0.04, curves almost
coincide, which means that Al and Cu atoms can mix mutually due to the similarities
of crystal lattices. However, close to the final steps of deformation, Cu atoms start to
move deeper.

The average distance of diffusion depth is higher for Cu. Copper atoms that have
atomic radius 1.27 Åcan more easily diffuse into the Al part with atomic radius 1.43 Å,
which is also in agreement with previous research [41,43]. After εcp = 0.16 compression
can stop atomic mixing near the interface. Moreover, the melting of Cu took place at a
temperature almost two times higher than for Al, which means the bonds in Cu are stronger
than that of Al. Vacancies can easier appear more in Al, which allows better diffusion of Cu
atoms into the Al lattice.

3.5. Tensile Tests

In Figure 8a–c, stress–strain curves with different structural states in course of tension
normal to the Al/Mg, Al/Ti, and Al/Cu interface are presented. Three stages of compres-
sion are considered to reveal the effect of the value of compressive strain applied to the
initial sample on the mechanical strength. Stress–strain curves are presented for the tension
after compression at stages I (red curve), II (green curve), and III (black curve) for all the
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considered structures (see Figure 2). Note that for Al/Mg, stages I and II correspond to
compressive strains εcp = 0.05, εcp = 0.102, respectively; for Al/Ti stages I and II correspond
to compressive strains εcp = 0.068, εcp = 0.107, respectively; for Al/Cu, stages I and II
correspond to compressive strains εcp = 0.042, εcp = 0.1, respectively; for all structures stage
III correspond to compressive strain εcp = 0.16.

Changes in the stresses for all of the stress–strain curves are explained by the changes
in the strain energy during the deformation which is connected with the defect activities.
From the stress–strain curve for Al/Ti (Figure 8b) it can be seen that active structural
changes occur during tension.

Figure 8. Stress–strain curves during tension normal to the interface for (a) Al/Mg, (b) Al/Ti, and
(c) Al/Cu. For each composite, three stress–strain curves are presented: tension after compression at
stages I (red curve), II (green curve), and III (black curve). For Al/Mg, stage I is εcp = 0.05, stage II is
εcp = 0.102; for Al/Ti, stage I is εcp = 0.068, stage II is εcp = 0.107; for Al/Cu stage I is εcp = 0.042, stage
II is εcp = 0.10; for all structures stage III is εcp = 0.16. Letters A–C, A’–C’, A”–B” show important
points on the stress-strain curves at which structure analysis will be conducted

After compression to εcp = 0.16, for Al/Ti and Al/Cu composites, fracture took place
in the Al part, while for Al/Mg—in the Mg part. Thus, the interface area after compression
where the atomic mixing took place is stronger than the parts of pure metal. In [17], for
Al/(Cu,Nb,Mg) fracture took place in the Al phase. However, a direct comparison of Young
modulus or strain values obtained in the present work and in [17] is not possible since only
a small part of the interface is simulated. In the experiment, grain boundaries play a very
important role, while in the present work, two monocrystals are considered which also
affects the results. An increase in the ultimate tensile strength of the composites is observed
with the increase in the value of initial compression. The elastic regions for three structures
are: for Al/Mg is εcp 6 0.02, for Al/Ti and Al/Cu is εcp 6 0.03.
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Values of ultimate tensile strength σ/σ0, fracture strain εF and Young’s modulus E/E0
are presented in Table 2. As it can be seen after compression to εcp = 0.16, Al/Ti composite
has the highest ultimate tensile strength, Al/Cu—average, and Al/Mg—the lowest. The
fracture strength of Al/Mg and Al/Ti composites is very close. In [17], Al/Cu composite
has the highest strength and Al/Mg—average. Results for Al/Ti cannot be compared since
the composite was not obtained.

Table 2. Fracture strain (εF), ultimate tensile strength (σ/σ0) and Young’s modulus (E/E0) after ten-
sion normal to the interface after different initial compressive strain. For Al/Mg, stages I (εcp = 0.05)
and II (εcp = 0.102); for Al/Ti, stages I (εcp = 0.068) and II (εcp = 0.107); for Al/Cu, stages I (εcp = 0.042)
and II (εcp = 0.1); for all structures stage III (εcp = 0.16).

Al/Mg Al/Ti Al/Cu

Stage εF σ/σ0 E/E0 εF σ/σ0 E/E0 εF σ/σ0 E/E0

I 0.15 1.79 0.82 0.11 2.60 1.55 0.084 0.70 0.89
II 0.19 2.58 1.3 0.157 3.30 1.63 0.14 2.80 1.48
III 0.22 3.07 1.3 0.217 4.20 1.95 0.17 3.54 1.60

For Al/Mg (Figure 8a), the stress–strain curves during the tension of the composite
compressed to stages II (green color) and III (black color) practically coincide in the linear
region (before εcp = 0.02). The ultimate tensile strength and Young’s modulus for these
stages are also very close (Table 2). Fracture took place in the magnesium part of the
composite near the interface. After compression to stage I (red color), fracture took place
right at the interface, which means that applied compression is not enough for the proper
atomic mixing.

For Al/Ti (Figure 8b), the stress–strain curves after compression at stages I-III coincide
well. However, the fracture strain and ultimate tensile strength are much lower after
compression to I and II stages. Fracture took place in the aluminum part of the composite
far from the interface. It should be noted, that in [17] the lowest mixing occurred in Al/Ti
composite even after 30 revolutions of anvils. Thus, it was concluded that more pressure is
required to obtain composite. In the present work, pressure is high enough to allow the
mixing of atoms near the interface.

The curves for Al/Cu (Figure 8c) during tension after compression to stages II (green
color) and III (black color) coincide well in the elastic region (before εcp = 0.03). Fracture
took place for compression to stages II and III in the aluminum part of the composite far
from the interface; however, for stage I, again the fracture is observed at the interface.

To understand the deformation process and evaluate the composite strength, CNA
and dislocation analysis during tension are conducted for composites compressed to stage
III. Structures at strain with respect to the characteristic points shown in the stress–strain
black curves in Figure 8 are presented in Figures 9–11. CNA and dislocation structure at
εcp = 0.16 are presented previously in Figure 2c,d.
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Figure 9. Structure representation of the Al/Mg composite based on CNA and dislocation analysis
under tension. Values of strain (points A, B, C) are chosen with respect to the stress-strain curves
shown in Figure 8a (points A, B, C). The Stair-rod dislocation lines are colored purple, the Hirth dislo-
cation lines are colored yellow, Frank dislocation lines are colored light blue, the Perfect dislocation
lines are colored blue and the Shockley dislocation lines are colored green. The boundary interface
where atomic mixing took place is shown by shaded rectangles.

Figure 10. Structure representation of the Al/Ti composite based on CNA and dislocation analysis
under tension. Values of strain (points A’, B’, C’) are chosen in accordance with stress–strain curves
shown in Figure 8b (points A’, B’, C’). The Stair-rod dislocation lines are colored purple, the Hirth dis-
location lines are colored yellow, Frank dislocation lines are colored light blue, the Perfect dislocation
lines are colored blue and the Shockley dislocation lines are colored green. The boundary interface
where atomic mixing took place is shown by shaded rectangles.
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Figure 11. Structure representation of the Al/Cu composite based on CNA and dislocation analysis
under tension at A” ε = 0.035, B” ε = 0.165. Values of strain (points A” and B”) are chosen in accordance
with stress–strain curves shown in Figure 8c (points A” and B”). The Stair-rod dislocation lines are
colored purple, the Hirth dislocation lines are colored yellow, Frank dislocation lines are colored
light blue, the Perfect dislocation lines are colored blue and the Shockley dislocation lines are colored
green. The boundary interface where atomic mixing took place is shown by shaded rectangles.

After compression to εcp = 0.16, mostly the BCC phase can be seen in the Mg part of
the composite, while the interface area, where Al and Mg atoms are mixed, is defined as
FCC lattice. Most dislocations nucleated near the interface between Al and Mg (shown
by shaded zones). In the elastic regime (ε 6 0.045), reverse phase transformation took
place from BCC to HCP phase. An FCC atom layer also can be seen from CNA which
corresponds to the presence of the stacking faults and twins in Mg. As it was shown,
twinning is one of the effective mechanisms of deformation in Mg [75,76].

At ε = 0.03, new dislocation junctions appeared in the Mg part, while dislocation
distribution in Al remains almost the same from ε = 0.03 to ε = 0.14. After ε = 0.14, the net
of dislocation can be seen better in Mg part until point C. Fracture took place at ε = 0.22 in
the Mg part of the composite. Near the strength limit, almost no dislocations can be found
in the composite.

After compression to εcp = 0.16, BCC phase (blue atoms) is dominant in Ti, dislocation
structure is undeveloped (Figure 2c), dislocations are mainly located near the interface
and in the aluminum part of the composite. Again, the interface region is defined as FCC
lattice. During tension, the HPC Ti lattice begins to recover (point A’). At point B’, many
more dislocations appeared on the interface region. At point C’, dislocation junctions are
observed in Ti, which disappears after ε = 0.135. At ε = 0.19, the number of dislocations
in Al is more prominent than in Ti part. Fracture took place at ε = 0.217 in the Al part of
the composite.

It was previously confirmed [51,52,77] that MD simulation can effectively reproduce
the phase transformation in Al/Ti system and allows even the definition of different
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intermetallic phases. At the same time, here, the basic idea is to analyze interatomic mixing
under compression combined with shear, and phases are not exactly defined, just by the
lattice type.

The differences in stress–strain curves for Al/Mg and Al/Ti (both are the combination
of FCC and HCP lattice) can be explained based on the difference in lattice parameters: for
Mg c/a > 1.63 and for Ti c/a < 1.63. In the former case, one type of twinning plane operates,
while for Ti the number of effective twinning planes and directions is bigger [17]. It can
also be seen from Figures 10 and 11, that the dislocation structure is more developed in Ti.
The formation of dislocations near the HCP/FCC interfaces was also shown previously in
Al/Ti alloy [51].

After compression to εcp = 0.16, most of the dislocations appeared in the Cu part of
the composite (Figure 2d). For Al/Cu (Figure 11), only two strain values are shown, since
no special changes in the structure are observed. For this case, OVITO could not determine
the type of crystal lattice in the interface as well as dislocation distribution.

4. Conclusions

Atomic mixing on the Al/Mg, Al/Ti, and Al/Cu interfaces under high pressure along
with shear deformation is studied by molecular dynamics simulation. The applied defor-
mation technique is based on the experiments shown in [13–17] for Al-matrix composites
obtained by HPT. It is confirmed by MD simulation, that compression combined with shear
is able to promote solid-state mixing with the formation of a strong intermetallic layer
for the Al/Me interface. During the compression of different metals, several key factors
are revealed: type of lattice, deformation mechanisms, characteristics of different metals,
and defect structures, to name a few. Thus, it is not an easy task to directly compare such
different metals. However, this work can shed the light on the understanding of the process
of atomic mixing.

Considerable mixing of Al and Me atoms took place before compression strain
εcompress = 0.04 altogether with shear strain εshear = 0.4. However, at this stage, the mixed
Al/Mg and Al/Cu regions are weaker and fracture took place in the boundary regions.
Thus, there is a critical value of compressive and shear strain required to obtain the com-
posite interface: for all the composites, compression to εcompress = 0.1 is enough to obtain
the interface with high strength. The diffusion depth of Al atoms and atoms of the other
Me (Mg, Ti, Cu) is dependent on the applied strain rather than temperature [15,17,69]. The
linear relationship between the diffusion depth for Al/Mg on the applied strain is observed,
while for Al/Ti and Al/Cu this relation is logarithmic.

Tensile mechanical testing shows that after some value of compression is achieved,
no significant strengthening of the interface layer is observed. However, the higher the
value shear strain, the higher the composite strength. After compression to εcp = 0.16, Al/Ti
composite has the highest ultimate tensile strength, Al/Cu—the average, and Al/Mg—the
lowest. The fracture strain of Al/Mg and Al/Ti composites are very close.
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Nomenclature

Symbol Meaning Units
a, c Lattice parameters Å
r Atomic radius g/mol
εcp Compressive strain
σcp Compressive stress GPa
Lx, Ly, Lz Size of structure Å
σUTS Ultimate tensile strength GPa
E Young’s modulus GPa
σ0 Ultimate tensile strength of the initial noncompressive sample GPa
E0 Young’s modulus of the initial noncompressive sample GPa
∆zav Average distances of an atomic displacement (Average diffusion depth) Å
∆zmax Maximum distances of an atomic displacement (Maximum diffusion depth) Å
k, b Diffusion rate Å/ps
εF Fracture strain
ε Strain during uniaxial tension along zz
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