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By molecular dynamics simulations employing an embedded atom model potential, we investigate the fcc-to-bee

phase transition in single crystal Al caused by uniform compression. Results show that the fcc structure is unstable

when the pressure is over 250 GPa, in reasonable agreement with the calculated value through the density functional

theory. The morphology evolution of the structural transition and the corresponding transition mechanism are analysed
in detail. The bce (011) planes are transited from the fcc (111) plane and the (111) plane. We suggest that the transition
mechanism consists mainly of compression, shear, slid and rotation of the lattice. In addition, our radial distribution

function analysis explicitly indicates the phase transition of Al from fcc phase to bce structure.
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1. Introduction

The structural phase stability under high pres-
sure of Al has been studied for more than 30 years.
Many experimental or theoretical studies have been
performed in this topic. Among these studies, Al
has been found to display the fcc-to-hep or fee-to-bee
structural phase transition under high pressure.[!=5]
Employing the first-principles density functional cal-
culations, Lam and Cohen!? predicted that the tran-
sition pressures of fcce-to-hep and fee-to-bee in Al are
at about 200 GPa and 300 GPa, respectively. Mishrab
and Chaturvedi" indicated that the fce-to-bee tran-
sition occurs at about 275 GPa. Using the linear
combination of Gaussian-type orbitals (LCGTO) tech-
nique, Boettger and Trickey* compared energies and
enthalpies and predicted that the fcc phase should
be more stable for pressure below 328 GPa, while
the bce structure is more stable at higher pressure.
Very recently, the fcc-to-hep structural phase transi-
tion in Al was investigated by a powder X-ray diffrac-
tion experiment.[® The sample was compressed up to
333 GPa and the fcc-to-hcp phase transition was ob-
served at a reduced volume V/Vj of 0.509, correspond-
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ing to a pressure of 217 GPa. Here, 1} is the atomic
volume under normal condition. Therefore, the ex-
perimentally observed transition pressure result is in
general agreement with theoretical predictions.

However, due to the abruptness of the transition
process, it is very difficult to observe the atomic scale
transition directly in experiment, which brings about
the difficulty in theoretically analysing the dynamic
response and micro-behaviour of the materials. In re-
cent years, atomistic simulations have been carried out
to investigate the phase transition and the correspond-
ing mechanisms in atomic scale.["=13] In our previous
work,[* we have studied the fce-to-hep transition in
single crystal Al under uniaxial compression. In this
paper, we describe the nucleation and the growth of
bee phase in fece Al compressed under uniform condi-
tion by molecular dynamics (MD) simulations. Our
calculations show that the critical pressure of fcc-to-
bece transition is at about 250 GPa, which accords well
with previous theoretical predictions.

The rest of the present paper is organized as fol-
lows. In Section 2, we briefly explain the method used
in our simulation. In Section 3, we give the result-
s of our simulation and the detailed discussion: first,
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we discuss the pressure effect of the phase transition
under uniform compression; then, the radial distri-
bution function (RDF) on the transition is evaluated
and used to discuss the phase transition; finally, the
phase transformation mechanism as well as the micro-
process of the nucleation and the growth of new phase
are demonstrated. In Section 4 we draw some conclu-
sions from the present study.

2. Method of simulation

In the present study, the interaction between
atoms is described by an embedded atom model
(EAM) potential,'® which has already been widely
used for deformation and phase transition research-
es of the crystal ALI41617 We calculate the cold
energies of fcc Al, bee Al and hep Al by using the
above potential, the results are shown in Fig. 1. The
intersection points A in Fig. 1(a) and B in Fig. 1(b) in-
dicate that the fcc—bce and fcc—hep phase transitions
will occur in Al under high pressure. The transition
pressures can be obtained by the slope of the tangent
of tangential construction between the hcp and bec in
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Fig. 1. Calculated energies each as a function of atomic
volume for fcc Al, bece Al and hcp Al. The intersection
points A [panel (a)] and B [panel (b)] indicate that the
fcc—bce and fcc—hep phase transitions will occur in Al un-
der high pressure.

Fig. 1(a) and fcc and hep phases in Figs. 1(b), which
are about 210 GPa and 45 GPa for fcc—bcc and fcc—hep
phase transition, respectively, lower than the results
of the first-principles density functional calculations.
In order to explore the phase transition of Al un-
der uniform compression, we construct some fcc single-
crystal Al samples. All samples consist of 2.5 x 10°
atoms with different lattice constants for different s-
trains. Periodical boundary conditions are adopted in
all the directions. The temperature is set at 300 K by
speed calibration method.'8] Relaxing the samples in
our MD simulation by using the Verlet algorithm% to
integrate the equation of motion where the time step is
0.001 ps and the total simulation time is 60 ps. Special
techniques are required to analyse a huge number of
data produced in the MD simulations. Here, the local
structure around each atom is resolved by using the
pair analysis technique.??) The phase mass fraction
analysis and the radial distribution functional analy-
sis are also presented to obtain the phase transition

information.

3. Results and discussion

3.1. Pressure analysis

To study the fcc-to-bee transition under unifor-
m compression, we plot the pressure-time curves for
different samples at some constant strains in Fig. 2.
Here, the strain ¢ = 1 — V/V; and Vj is the volume of
the sample at zero pressure and 300 K with the lat-
tice constant ag = 0.4053 nm. The time evolutions of
the bee phase mass fraction A under different strain-
s, obtained through the topological pair analysis!?"!
technique, are shown in Fig. 3. With the increase of
uniform compression strain, the following prominent
features can be seen from Figs. 2 and 3. Firstly, in
strain up to 0.4053 the pressure still behaves calmly
and no bcc structure can be found in the whole re-
laxation process (see Fig. 3). With strain increasing,
the sample becomes destabilized. Up to 0.4503, corre-
sponding to a pressure of about 250 GPa, the pressure
changes at 2.1 ps and becomes placid at about 20 ps.
We can see that the bee mass fraction changes from 0
to about 0.85 in the relaxing process under this strain.
For larger strains, abrupt changes of the pressures are
also clear and we do observe the nucleations of the bee
phase in their initial fcc structure in the whole relax-
ation process. All these performances of the samples
indicate that the fcc structure will be unstable when
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the pressure is over 250 GPa under uniform compres-
sion, which is in reasonable agreement with the value
calculated by first-principles; Secondly, when the s-
train ¢ is over 0.4053, the samples are relaxed with
constant volumes to approach different pressures and
the convergent pressures increasing with the increase
of strains; Thirdly, with the increase of strain, the
beginning time of the transition, decreases gradually.
This can be seen by the points a (0.38 ps, 323.3 G-
Pa), b (0.85 ps, 300.8 GPa), ¢ (1.06 ps, 290.5 Gpa),
d (1.4 ps, 279.4 GPa), and e (2.1 ps, 259.5 GPa)
respectively on the time—pressure curves in Fig. 2.
Finally, we find that the transition time increases as
an exponential function with the decrease of pressure.
The relationship between transition time and pres-
sure is shown in Fig. 4, where the solid squares denote
our simulations and the solid line represents the fitted
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Fig. 2. Time evolutions of pressure under constant strain-
s. Points a (0.38 ps, 323.3 GPa), b (0.85 ps, 300.8 GPa), ¢
(1.06 ps, 291.4 GPa), d (1.4 ps, 279.4 GPa), and e (2.1 ps,
259.5 GPa) indicate the beginning of phase transition for
constant strains at € = 0.4796, ¢ = 0.4702, ¢ = 0.4651,
e = 0.4601, € = 0.4503, and € = 0.4053, respectively.
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Fig. 3. Time evolution of the bcc phase mass fraction
A under strains equal to 0.4796, 0.4702, 0.4651, 0.4601,
0.4503, and 0.4053 respectively.

exponential curve. The result here is similar to recent
experimental result in iron,?!] where the authors ob-
served the transition time is dependent nonlinearly on
the impact pressure in a range of ~ 1 ps to ~ 100 ns.
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Fig. 4. Transition time (solid square) versus pressure
obtained by MD simulations. The transition time approx-
imates an exponential function of pressure (solid line).

It should be pointed out that we do not find the
fcc—hep transition in the range of the lower pressure in
our work, this may be due to the closer energy of the t-
wo phases and the excessive pressure in the contracted
samples; in our previous work, the fcc—hep transition
was observed under uniaxial loading due to the effects

of the shearing strength.['422]

3.2. Radial distribution function analy-
sis

In order to describe the fcc—bcee structural phase
transition more clearly, the RDFs of the samples un-
der different strains are evaluated and discussed. Cor-
responding results are displayed in Fig. 5. Obviously,
the RDF curves have no change in the relaxing process
under strain e = 0.4053 (see Fig. 5(a)) and the peaks
in all curves present typical fcc structure. In other
words, the fcc structure is stable when the strain is
lower than ¢ = 0.4053 (corresponding to a pressure of
~ 250 GPa). But the situation becomes completely
different when the strains exceed the transition criti-
cal point. One can see from Figs. 5(b), 5(c), and 5(d)
that the RDF curves have distinct changes in relax-
ation process under the strains € = 0.4503, 0.4601, and
0.4702. The peaks in the RDF curves become uncon-
spicuous at 5 ps, 3 ps and 2 ps in Figs. 5(b), 5(c), and
5(d), respectively. Notice that the corresponding bcc
phase mass fractions in the meantime have changed
from 0 to about 0.1 (see Fig. 3). That is to say, the
fce structural phase disappears and the bee structural
phase appears simultaneously at this time. Besides,
some new peaks in the RDF curves which represent
typical bee structure emerge at 14 ps, 10 ps and 8 p-
s, in Figs. 5(b), 5(c), and 5(d), respectively and the
peaks become more obvious along with the relaxation
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time. In the evening of the relaxing process (time
t = 40 ps), the RDF curves in Figs. 5(b), 5(c) and
5(d) unfold the typical bee features. The structures
of the samples under strain e = 0.4503, ¢ = 0.4601
and € = 0.4702 have mostly transited from fcc to be-
¢ through enough relaxation. All these features show
that the structure of single crystal Al can change from
fcc to bee under uniform compression when the pres-
sure exceeds a critical point.

3.3. Nucleation and growth of bcc phase

To have a further insight into how the bce phase
nucleates and grows, the pair analysis technique is
used to judge the structural change of the sample.
Figure 6 shows the time evolutions of structure mor-
phology of the sample under strain ¢ = 0.4702. It is
clear that the structure of the sample is of fcc phase
at the beginning of the relaxation process (Fig. 6(a)).
The bee atoms begin to emerge at 1.2 ps (Fig. 6(c)).

Note that the grain boundaries are in (101), (110), and
(011) planes at the beginning of the phase transition
process, (which can be seen in Figs. 6(d) and 6(e)),
while the (101) plane and the (110) plane are unsta-
ble, which will disappear along with the transition pro-
cess (see Fig. 6(f)). With the relaxation process going
on, the bce phase grows rapidly and nucleates into the
main structure gradually in the sample, see Figs. 6(c)—
6(e). At the end of the transition process, the sample
mainly consists of bee phase with the boundaries lying
in (011) plane (Fig. 6(f)). Besides, we can see that the
grain boundaries separate the sample into three zones
(labeled by Z1, Zs, and Z3), see Fig. 6(f).
to, the structural phase transition mechanisms in the

Therein-

three zones are similar, but the nucleation plane in
Z1 is different from those in Zs and Z3. Furthermore,
the occurrences of the (101) plane and the (110) plane
owe to the shear course in the transition process, all
these will be discussed in detail in the next section.
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Fig. 5. Time evolutions of radial distribution functions (RDFs) for strains e = 0.4053 (a), ¢ = 0.4503 (b), € = 0.4601 (c),

and € = 0.4702 (d).
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Fig. 6. Morphology evolutions of the sample structure under constant strain € = 0.4702. The panels show the morphologies
at different time moments: (a) 0 ps, (b) 1 ps, (c) 1.2 ps, (d) 3 ps, (e) 5 ps, and (f) 20 ps. Deep gray atoms, grayish atoms

and black atoms represent fcc phase, grain boundary and bcc phase, respectively.
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3.4. Transition mechanism analysis

To show the particular procedure of the fcc—bcc
phase transition, we perform the microstructural evo-
lution of the atoms from the initial fcc structure to the
final bce structure under strain equals to € = 0.4702
in Fig. 7. The distance evolutions of the atoms in
Fig. 7 are shown in Fig. 8. In addition, figure 9
displays the cross section of the compressed sample
relaxed to 20 ps shown in Fig. 6(f). Clearly, it is the
fec (111) plane in Z; and fee (111) plane in Z3 and
Z3 that transit to the final bee (011) plane. And the
course of the transition contains four main motion-
s: compression, shear, slid and rotation. In Zy, the
compression along the [211] direction and the elonga-
tion along the [011] direction can be clearly seen from
Figs. 7(b)-7(f). The changes of ds7 and dgg in Fig. 8
quantitatively show these compression and elongation
behaviours respectively. In the meantime, the atoms

shear along the [010] direction. It is the shear course
that brings out the unstable structure — (110) plane
in the transition process (see Figs. 6(e) and 9). With
the shear course ending, the unstable structure dis-
appears (see Figs. 6(f) and 9). Besides, in Fig. 7,
atoms 1, 2, and 3, which belong to fcc (111) plane,
slid along the [211] direction with the compression
and shear course proceeding. This sliding course can
also be seen from the time evolution behaviour of dsy
in Fig. 8. Therefore, from Figs. 7(a)-7(f) we can see
that the structures of the samples have transited from
the initial fcc structure to the bce structure after the
compression, shear and sliding courses. Furthermore,
our simulation indicates that the transition process
also contains a rotation course after the compression,
shear and slid courses. The rotation planes are (111)
planes. As shown in Fig. 7(h), the lattice is rotated by
approximately 6.5°. Thus the phase transition is com-
pletely finished just after the rotation. In Z5 and Zj,

[011)

Fig. 7. The traces of the atoms under € = 0.4702, showing the dynamic phase transformation course from the fcc

to bee structure. The time moments for the panels are (a) 0 ps, (b) 1 ps, (¢) 2 ps, (d) 3 ps, (e) 4 ps, (f) 5 ps, (g)

6 ps, and (h) 8 ps.
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Fig. 8. Distance evolutions of the atoms in Fig. 7 under
e = 0.4702. Here, ds7 shows the distance between atoms
5 and 7 in Fig. 7; deg shows the distance between atom-
s 6 and 9; d34 shows the distance between atoms 3 and
4. While the evolution of ds7y shows the compression a-
long the [211] direction and the dgg shows the elongation
along the [011] direction, the evolution of d3s shows the
slid procedure.

[011)

Fig. 9. Cross section of the compressed sample relaxed to
20 ps shown in Fig. 6(f). The exceptional arrangement of
the atoms which labeled by dash—dot lines and dash lines
are brought out by the shear course in the transition pro-
cess in zones Z1—Z3. Color criterion is the same as that
in Fig. 6.
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the transition mechanism is similar to that in Z;. In
Z5 and Z3, the compression is along the [211] direction
and elongation takes place along the [011] direction;
the atoms shear along the [001] direction and bring
out the unstable structure — (101) plane; the atoms
in the (111) plane slid along the [211] direction. The
rotation of the nucleation plane is also found in Z5 and
Z3. So we confirm that the fcc—bcce transformation in
Al occurs proceeds via the following mechanism. The
fecc (111) and (111) planes, which belong to {111}
family, transit to bce (011) plane in different zones
of the sample; the fcc (011) planes, which are the in-
terfaces between the two nucleation planes, transit to
It should be

pointed out that a homogeneous nucleation process

boundaries after the phase transition.

occurs in the initial stages of the phase transition in
our simulation and the new phase grows rapidly along
the habit planes.
find only two habit planes in our simulations. In this

Due to the limitation of size, we

paper, we focus on the phase transition mechanism
and obtain some informative results. We believe that
the basic character of the transition process and the
phase transition mechanism are not changed with the
limitation of size.

4. Conclusions

By using a molecular dynamics method, we suc-
cessfully simulate the process from fcc to bee struc-
tural phase transition in fcc single crystal Al under
hydrostatic compression. The fcc structure is unsta-
ble when the pressure is over 250 GPa, which accords
well with the value calculated by first-principles. The
phase transition occurs on a picosecond time scale and
with the increase of pressure the transition relaxation
time decreases steadily. The transition time increases
as an exponential function with the decrease of the
pressure. Our simulation indicates that the phase
transition mechanism can be realized through four mo-
tions of the lattice: compression, shear, slid and rota-
tion. Atoms in the [211] direction in (111) plane and
in the [211] direction in (111) plane are compressed,
atoms in [011] direction are elongated accompanied by
a shear course along the [010] direction and the [001]
direction respectively. In the mean time, the atoms

in the (111) plane and the (111) plane slid along the
[211] direction and the [211] direction respectively. A
rotation with about 6.5° of fcc (111) and (111) planes
follow on the heels of the above three motions of the
lattice. After the four motions, the fcc (111) plane and
the (111) plane transit to the bee (011) plane and the
fce (011) plane, which are the interfaces between the t-
wo nucleating planes and grow to form the boundaries
after the phase transition.
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