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Orientation dependence of structural transition in
fcc Al driven under uniaxial compression
by atomistic simulations®
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By molecular dynamics simulations employing an embedded atom method potential, we have investigated struc-
tural transformations in single crystal Al caused by uniaxial strain loading along the [001], [011] and [111] directions.
We find that the structural transition is strongly dependent on the crystal orientations. The entire structure phase
transition only occurs when loading along the [001] direction, and the increased amplitude of temperature for [001]
loading is evidently lower than that for other orientations. The morphology evolutions of the structural transition for
[011] and [111] loadings are analysed in detail. The results indicate that only 20% of atoms transit to the hcp phase
for [011] and [111] loadings, and the appearance of the hcp phase is due to the partial dislocation moving forward on
{111}fcc family. For [011] loading, the hcp phase grows to form laminar morphology in four planes, which belong to
the {111}¢cc family; while for [111] loading, the hcp phase grows into a laminar structure in three planes, which belong
to the {111}, family except for the (111) plane. In addition, the phase transition is evaluated by using the radial
distribution functions.
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1. Introduction

Among the simple metals, aluminum is one of the
simplest and most important metal, so it has been
the subject of numerous experimental and theoreti-
cal studies. On the theoretical side, the phase transi-
tion of Al under high pressure has consistently been
predicted.'=4 All of the calculations reported the
same phase sequence for Al, fcc—hcp—bee, but the tran-
sition pressures are different. Experiments have also
been performed to investigate structural phase tran-
sitions in ALP~8] Among these studies, reference [7]
reported a high pressure experiment up to 219 GPa in
fcc Al by using a diamond-anvil-cell, where no struc-
tural transformation was found. The phase transition
was obtained by Akahama et al. using the powder x-
ray diffraction method in 2006, where the fcc to hep
transition was confirmed to occur, and the ¢/a ratios
at some constant pressures were analysed in detail.
Additional valuable formation from Akahama et al.’s
experiment is the coexistence of fcc and hcp phases
over a wide range of pressures in the transition. How-
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ever, it is very difficult to apply the direction observa-
tion to the structural phase transition in microscopic
length, and the corresponding mechanisms are in the
absence of experimental information.

Nowadays, molecular dynamics (MD) methods
are fruitful in simulating the above complicated phe-
nomena. For example, recently, the mechanism of bcc
to hep transition in iron under compression was suc-
cessfully investigated at the atomistic level.*~14] Our
previous simulations observed the fcc to hep transition
of Al under uniaxial compression for loading along the
[001] direction['® by MD simulations. However, the
lattice orientation with respect to the loading direc-
tion has not yet been considered. How the loading di-
rection affects the structural phase transition remains
unresolved.

Here, the main purpose of our work is to study
how the loading directions influence the structural
transition in single crystal Al, and especially the mech-
anism of structural phase transition. Our simulations
show that the structural phase transition is strongly

dependent on the crystal orientations. The entire
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structural phase transition only occurs when loading
along the [001] direction, while for [011] and [111] load-
ings, only part of the atoms transit to the hcp phase.
In addition, the features of the nucleation and propa-
gation of the hcp phase are also different for the three
typical orientation loadings.

This paper is organised as follows. In Section
2, we briefly explain the method used in our simu-
lation. In Section 3, we give the results of our simu-
lation and the discussion in detail. Firstly, we discuss
the pressure and temperature effects for three direc-
tion loadings; then, the morphology evolutions of the
structural transition for [011] and [111] loadings are
demonstrated and compared, and the corresponding
mechanisms are investigated; finally, the radial distri-
bution function (RDF) in the transition is evaluated
and used to discuss the phase transition.

2. Methodology of simulation

In our simulation, we adopt the embedded-atom
method (EAM) according to Ref. [16] to describe the
interatomic force in AlM® which has already been
widely used for phase transition and deformation re-
searches of the crystal AL[51718 In order to ex-
plore the orientation dependence of structural tran-
sition in fcc Al driven by uniaxial compression, we
construct three single-crystal Al samples A, B, and
C, to simulate the cases of loading along [001], [011],
and [111], respectively. Sample A consists of 256000
atoms, sample B of 250000 atoms, and sample C of
259200 atoms. Periodical boundary conditions are
adopted in all three directions.
the effects of boundary condition and the simulation
scale. The original temperature in all samples is set at
50 K by the speed calibration method.® The initial
state is manipulated at zero pressure through modu-
lating lattice constant, and here the lattice constant
of the samples are a = 0.4035 nm. Loading is im-
plemented by shortening the lattice constants of three
orientations step by step along the [001] direction in
sample A, [011] direction in sample B, and [111] di-
rection in sample C. The loading rate is ~108, which
is in accordance with the rate of laser loading. We
use the Verlet algorithm% to integrate the equation
of motion where the time step is 0.001 ps and the
total simulation time is 100 ps. Here, the structure

Here, we disregard

around each atom is resolved by the pair analysis/?"
technique. The compressive stress tensor is calculated
according to the Virial formulal??

Dag = é(Zmiviaviﬁ +Zz7aijafijﬂ)’ (1)

i i>j

where the summation is over all atoms, and «(f) rep-
resents x, y or z axis. The phase mass fraction anal-
ysis is also presented to obtain the phase transition
information.

3. Results and discussion

3.1. Pressure and temperature effects

To begin with, we perform the pressure analysis
during the loading process. The calculated pressure as
a function of compression strain ¢ is shown in Fig. 1,
where e = 1—V/Vj and V} is the initial volume of the
sample. There are three inflection points, which indi-
cate the beginning of the structural transition in three
strain-pressure curves, Py [go1) (0.32, 91 GPa) Py o11)
(0.107, 14 GPa), and P, [111) (0.114, 17 GPa). From
these we can see that the structural transitions are
strongly dependent on the crystal orientations. The
transition pressure for loading along the [001] direc-
tion is about 91 GPa, evidently higher than 14 GPa
for [011] loading and 17 GPa for [111] loading. In ad-
dition, the pressure-strain curve for [001] loading is
lower than the other two curves for [011] and [111]
loadings, indicating that samples B and C experience
a more evident hardening process than sample A be-
fore the transition.
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Fig. 1. Pressure versus strain ¢ and time for loading along
the [001], [011], and [111] directions. Points P [901](0-32,
91 GPa), Pj[o11) (0.107, 14 GPa), and Py 111y (0.114,
17 GPa) indicate the beginning of structural transition
for [001], [011] and [111] loadings, respectively.

The temperature variations with the strain are
presented in Fig. 2. With increasing compression
strain, the following prominent features can be seen
from Fig. 2. (i) The transition temperature is differ-
ent for the three loadings; it is higher one by one with
the sequence of [011], [111] and [001] loadings. Transi-
tion starts at about 63.2 K ([011]), 64.5 K ([111]) and
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207 K ([001]). Furthermore, the temperature increas-
ing style is different. In samples B and C, the tem-
peratures increase faintly before the structural transi-
tion, then alter suddenly at the values of 63.2 K and
64.5 K, respectively. The increasing style of the tem-
perature of sample A is different from samples B and
C, as it increases gradually before the phase transi-
tion, then increases in an up-stair-manner at 207 K,
as can be seen from the labeled points T 991 (0.32,
207 K). (ii) The beginning time of transition is dif-
ferent for the three loadings. For the [011] loading,
it starts at about 25.4 ps, and for the [111] loading,
it starts at about 28.8 ps, while for the [001] loading,
it starts at about 80 ps. On the whole, the remark-
able distinction in temperature increasing manner and
pressure effects in the loading process illustrate that
the structural transition features and mechanisms in
the three loading directions are different.
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Fig. 2. Temperature as a function of strain € and time
for loading along [001], [011] and [111] directions. Points
T, j001] (0.32, 207 K), Tk o11] (0.107, 63.2 K), and T4 113]
(0.114, 64.5 K) indicate the beginning of structural tran-
sition for [001], [011] and [111] loadings, respectively.

3.2. Structural transition features and
mechanisms

In order to find out how the hcp phase nucleates
and grows, the pair analysis that can distinguish the
fcc phase, hep phase and grain boundaries is used to
judge the structural change in a sample.?! Figure 3
shows the variation in mass fraction A of the hcp phase
with strain € and time for loading along all three di-
rections. Obviously, about 80% of atoms in sample
A turn to form the hep structure, while in samples B
and C, though the mass fraction A of the hcp phase
increases slowly after the critical points of the phase

transition, only about 20% of atoms exist in the hcp
phase at the end of the loading process. The results
mean that the entire phase transition only occurs in
the case of loading along the [001] direction. When
loading along the [011] and [111] directions, the fcc
and hcp phases coexist over a wide range of pressures.
The coexistence of the fcc and hep phases is similar to
that reported in Ref. [8]. Similar behaviour has been
reported in the pressure-induced fcc—hep transitions
of Xe and Kr.?3l The coexistence between the fee—
Al and hcp—Al phases over a relatively wide pressure
region could be attributed to the small total-energy
difference between both phases.
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Fig. 3. Variation in mass fractions A of the hcp phase
with strain ¢ and time for loading along the [001], [011],
and [111] directions.

Figure 4 shows the morphology evolution of the
structure of sample A. We can see from Fig. 4 that the
hcp phase begins nucleating when the strain € reaches
0.32 (Fig. 4(a)). After the phase transition, the major-
ity of atoms exist in twins in the hcp phase and twin
boundaries exist in the (110) plane, residual atoms
exist in the fce stacking faults in the (100) and (010)
planes in the end of the loading process (Fig. 4(d)),
which was reported in our previous paper.['5] The
transformation mechanism for loading along the [001]
direction was also described in detail in our previous
work, in which it can be realized in a two-step pro-
cess. In the first step, the fcc (010) plane and (100)
plane transit into the hep (0001) plane. In the sec-
ond step, the atoms in the area in which the fce (010)
plane transits into the hep (0001) plane slip along the
[100] and [100] directions, and the atoms in the area in
which the fee (100) plane transits into the hep (0001)
plane slip along the [010] and [010] directions after the
sample being contracted (along the [001] direction) to
a critical value (about € = 0.32), and finally results in
the hep phase. 9]
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Fig. 4. Morphology evolution of the sample structure in sample A. The compression direction is along the [001]
direction. The fcc phase, grain boundaries and hcp phase are shown by the grayish atoms, black atoms and
deep gray atoms, respectively. The sample transforms to the hcp structure when the strain oversteps 0.32, and
mainly exits in the hcp phase at the end of the loading process.

Figure 5 shows the case of [011] loading. As discussed in the above section, the structural transition features
for [011] loading are completely different from [001] loading. One can see from Fig. 3 and Figs. 5(a)-5(h) that
only part of atoms (about 20%) transits to the hep phase. In Fig. 5(a), the partial dislocations begin to appear
when the pressure arrives at the e = 0.107, corresponding to the critical pressure 14 GPa. Then the dislocations
move rapidly in four planes ((111), (111), (111), (111)) which belong to the {111}, family, and the area that the
dislocation moving forward on {111}, planes changes from fcc to hep. It is clear that when the strain reaches
0.136, the hep phase has grown in the four planes (Figs. 5(b), 5(f)). Subsequently, the hep phase develops into
the typical laminar structure along the four planes, as shown in Figs. 5(c), 5(d), 5(g), and 5(h).
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Fig. 5. Morphology evolution of the sample structure 5(a)-5(d) and the hcp phase 5(e)-5(h) in sample B in
the loading process. The compression direction is along the [011] direction. The colour criterion is the same as
in Fig. 4.

For loading along the [111] direction (Fig. 6), the structural transition features are similar to [011] loading.
But because the (111) plane is vertical to the loading direction, the resolved shear stress is zero on the (111)
plane in the loading process, so there are no dislocations formed on the (111) plane, which is different from the
case of [011] loading. From Figs. 6(a) and 6(e), we can see that when the strain e = 0.118, corresponding to
the critical pressure 17 GPa, the dislocations begin to appear, then they move rapidly on three planes ((111),
(111), (111)), which belong to the {111} family except for the (111) plane (Figs. 6(b), 6(f)). It is clear that
the structures in the areas where the dislocations moved forward change from fcc to hep and form a lot of
small flaky structures with increasing compression [Figs. 6(b), 6(f)]. From Fig. 3, a relaxation process right
after the critical point T [111) has been observed. Although the mass fraction of the hcp phase is reduced, the
arrangement of atoms becomes more regular, as shown in Figs. 6(c) and 6(g). At the end of loading, the hep
phase grows to form the typical laminar structure along the three planes ((111), (111), (111)), as shown in
Figs. 6(d) and 6(h).
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Fig. 6. Morphology evolution of the sample structure 6(a)-6(d) and the hcp phase 6(e)-6(h) in sample C in

the loading process. The compression direction is along the [111] direction. The colour criterion is the same as

in Fig. 4.

Our simulations indicate that there are different
critical pressures for dislocation nucleation and emis-
sion in single crystal Al induced by uniaxial loadings.
They are 14 GPa and 17 GPa for the [011] and [111]
loadings, respectively. When the pressure exceeds the
critical value, the dislocations appear in fcc Al and
move along the {111} planes. The structure changes
from fcc to hep in the areas where the dislocations
passed, so the sample partly changes from the fcc to
the hep phase. These results are in agreement with the
results of Ref. [24], in which by considering intrinsic
stacking fault energies as a function of the pressure,
Fanourgakis et al. suggested that heavily deformed
Al can partially transform to the hcp phase at about
17 GPa by first-principle calculation. [

3.3. Radial distribution function analy-

sis

To further clarify the procedure of the fcc to hep
phase transition for the three typical orientation load-
ings, the radial distribution function (RDF) is eval-
uated and discussed. Figure 7 displays the RDFs of
samples at different strain e for loading along [001]
(a), [011] (b) and [111] (c¢) directions. Obviously,
the curves in Figs. 7(a), 7(b) and 7(c) present ini-
tial perfect fcc structures in the range of r < 0.55 nm
when € = 0, and all peaks in the curves experience
an extending process because of the temperature ef-
fect. Along with the increase in strain, the first peaks
in all three samples deviate towards the left gradually
because the lattice constant is compressed continually
during the loading process. After the strain reaches

\
0.104, 0.108 for the [011] loading (Fig. 7(b)) and 0.114,

0.118 for the [111] loading (Fig. 7(c)), the first peaks
in the two curves begin to show distinct splitting. In
the meantime, some new peaks appear. The distinct
splitting of the first peaks and the appearance of new
peaks signify the appearance of the new phase, which
is brought in by the appearance and movement of dis-
locations.

0.2 0.3 0.4 0.5
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Fig. 7. Radial distribution functions (RDFs) under dif-
ferent strains e for loading along the [001] (a), [011] (b),
and [111] (c) directions.

Otherwise, at the end of loading, the fourth peak,
labeled with an arrow in the curve that shows the RDF
of sample A at € = 0.38 in Fig. 7(a), presents the typ-
ical hep phase and is more distinct than that in the
RDF curves of sample B and sample C at £=0.36 in
Figs. 7(b) and 7(c). This further illustrates that the
hcp phase is the main structure in sample A, while
in samples B and C the hcp phase is a subordinate
structure after the phase transition.

4. Conclusions

By using the molecular dynamics method, we suc-
cessfully simulate the process of fcc to hep structural

phase transition in fcc single crystal Al under uniax-
ial compression along three typical fcc orientations.
We find that the transition mechanisms for [011] and
[111] loadings are completely different from the [001]
loading. For the [001] loading, an entire structural
phase transition occurs where the fcc (010) plane or
(100) plane transits into the hep (0001) plane when the
pressure preponderates over 91 GPa. For the [011] and
[111] loadings, the hep structure is brought out by the
partial dislocations moving along the {111}, family.
There are critical pressures for dislocation nucleation
and emission in single crystal Al induced by uniaxial
loadings. They are 14 GPa and 17 GPa for the [011]
and [111] loadings, respectively. Due to the dissimilar
structural phase transition mechanisms, the transition
features are completely different for the three load-
ing directions. For [001] loading, the hep phase exists
in twins and twin boundaries along the (110) plane.
For the [011] and [111] loadings, only 20% of atoms
transit to the hep structure at the end of the loading
process. The hcp phase grows into a laminar struc-
ture in four planes ((111), (111), (111), and (111)),
which all belong to the {111}, family for [011] load-
ing; while for [111] loading, the hcp phase grows into
a laminar structure in three planes, which belong to
the {111}, family except for the (111) plane. The
fcc and hep structures coexist over a wide range of
pressures when the pressure is above the critical pres-
sure for the structural transition for [011] and [111]
loadings.
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