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evolutions andmechanisms of the
crystallization pathway of liquid Al during rapid
cooling

Li-li Zhou, †a Jia-ming Pan,†b Lin Lang,c Ze-an Tian, *b Yun-fei Mo d

and Ke-jun Dong *e

The solidification of pure aluminum has been studied by a large-scale molecular dynamic simulation. The

potential energy, position D, height H, and width W of the first peak and valley of PDF curves, and the local

structures were investigated. It was found that the FCC-crystallization ability of pure Al is so strong that still

local crystal regions exist in the amorphized solid. As the temperature decreases, besides the counter-

intuitive increase in Dp (D of the first peak), Hp increases monotonically; Wp, Dv, and Hv decrease

monotonically; only Wv first decreases and then increases. They all change critically when phase

transition happens. After the nucleation, orientation-disordered HCP-regions, as the grain boundaries or

defects of FCC crystals, rapidly transform into FCC structures, and then the surviving HCP-regions

regularize into few parallel layers or orientation-disordered HCP-regions. If parallel layers result in

dislocation pinning, structural evolution terminates; otherwise, it continues. These findings will have

a positive impact on the development of the solidification and nucleation theory.
1 Introduction

With various advantages including low density, high conduc-
tivity, non-toxicity, non-adsorption, splinter-proof, and good
corrosion resistance (through passivation), aluminum (Al) and
Al-based alloys are vital to aerospace, transportation, electronics
and building industries.1 Therefore, pure Al2–9 and Al-based
alloys10–12 have received much attention from experimental
and simulation studies, and some novel phenomena have been
discovered recently. For instance, Al/graphene nanocomposites
show that graphene substrates can promote Al-crystallization,
which observably improved their mechanical properties.2 The
grain boundaries are affected by the cooling rate, temperature
and critical nucleus size, and the nano-grains display various
twinned structures including parallel, cross and vefold twin-
ning.3,4 It was also found that although nucleation of pure Al
rst proceeds into the metastable body-centered cubic (BCC)
phase, the fraction of BCC-like atoms in Al crystallites always
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remains very low;5 the poor glass forming ability of Al, as well as
other 13 metals, are closely related to the forming ability of
icosahedrons (ICOs);6 and the competition of icosahedral
against the crystalline order near the critical cooling rate was
also examined extensively.7 The quantication upon the atomic
clusters formed during rapid solidication including short- and
medium-range orders in Al–Mg alloys unveiled an interesting
magic number sequence.10,11

In fact, the micro-mechanism of rapid solidication is of
long-standing interest for their importance in both funda-
mental and applied research.13,14 It is widely known that the
cooling rate plays a key role during solidication. When a liquid
metal is cooled down, either a crystalline solid or an amorphous
solid will form depending on the cooling rate.15–17 Theoretically,
all metals can be cooled into amorphous states at a high enough
cooling rate, otherwise into a crystalline solid in simple or
complex forms. For example, for pure silver, aluminum and
copper under rapid cooling, the stable face-centered cubic
(FCC) structures and metastable hexagonal close-packed (HCP)
structures coexist in various crystalline patterns4,18 such as
layering and staggered distribution.

However, the effect of cooling rate on the solidication path
and atomic distribution of liquid metal Al has not been fully
understood yet. In this work, molecular dynamic simulations
have been conducted to study the rapid cooling of pure Al melts
with different cooling rates. The effect of the cooling rate on the
evolution of the atomic structure and the distance between the
nearest neighbors has been exclusively analyzed. It was found
that as the temperature decreases, the rst peak of g(r) shis to
RSC Adv., 2021, 11, 39829–39837 | 39829
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a longer distance while decreasing the volume of the system. At
a cooling rate of 10 K ps�1, the melt Al solidies into an
amorphous solid; while at a lower cooling rate, it crystalizes into
FCC solids including some HCP layers, and the lower the
cooling rate, the higher the onset temperature of crystallization.
The different paths of phase transition at different cooling rates
were elucidated with the largest standard cluster analysis
(LaSCA).
2 Methods
2.1 Force elds and MD simulation

The large-scale atomic/molecular parallel simulator (LAMMPS)
was adopted to performMD simulations for the rapid cooling of
liquid Al.19 The embedded-atom model (EAM) potential20 was
employed to calculate the energy and force of atoms, which well
reproduced various properties such as the lattice dynamics,
mechanical properties, thermal behavior, defects, deformation
paths and liquid structures. Furthermore, the pair distribution
function of Al calculated by this potential is consistent with the
experimental results. Therefore, the EAM potential adopted in
this work can effectively describe the physical nature of the
metal Al.

Our simulation was performed under the three-dimensional
(3D) periodic boundary conditions (PBCs) with a time step of 1.0
fs. The sample was initialized as a simple cubic box containing
10 000 atoms, and then kept at 2000 K (much higher than the
experimental melting temperature Tm ¼ 934 K 21) for 1.0
nanosecond (ns) to obtain liquid Al. Then, the NPT
ensemble22,23 was used to quench the simulated system to 100 K
at three cooling rates of 10, 1.0, and 0.1 K ps�1 under zero
pressure. The temperature was decreasing linearly with the
Nose–Hoover thermostat method, and the pressure was
controlled using the Parrinello–Rahman algorithm.24 The
atoms' speed, location, and other necessary information for the
system were recorded at each Kelvin for further analyses.
2.2 Structural analysis methods

A variety of analytical methods can characterize the atomic
congurations of Al glasses, including the pair distribution
function (PDF or g(r)), the common neighbour analysis (CNA)
Fig. 1 (a) Topology of an FCC LaSC composed of a central atom (1259) a
(1259–1635) and 4 CNNs. (c) Topology of the 4 CNNs in the S421.

39830 | RSC Adv., 2021, 11, 39829–39837
and the Voronoi tessellation analysis.25 In this work, the PDF
was used to quantify the basic characteristics of the simulation
system. As a one-dimensional (1D) method, PDF provides the
probability of nding other atoms at a distance r from an atom;
and the overall structural features can be deduced by the shape
and position of peaks on the PDF curve. The second method is
the largest standard cluster analysis (LaSCA),26–28 which can
describe any cluster around each atom beyond the nearest
neighbors, without any pre-set parameters. The third one is the
3D visual analysis, which reveals the structural characteristics
in a more intuitive way.

Many structural analyses require a pre-set constant cutoff
distance rc to determine the neighborhood of atoms. However,
in an amorphous state, the value of rc depends on local struc-
tures. If a constant rc is pre-set for all atoms, local structures do
not always be properly quantied. Therefore, these methods
usually result in uncertainty in structure quantication, espe-
cially during phase transition where local structures are largely
different in time and space. LaSCA can overcome such short-
comings with a topological criterion.26

As demonstrated in Fig. 1(a), in a local structure composed
of a center and its neighbors, if a pair of atoms are less than rc
apart, they are regarded as neighbors with each other, or they
are bonded. The center atom and a neighbor comprise a refer-
ence pair (RP, or root pair), and then a common neighbor sub-
cluster (CNS, see Fig. 1(b)) can be constructed together with
their common nearest neighbors (CNNs, see Fig. 1(c)).26 For
example, in Fig. 1(b) the center 1259 and neighbor 1635
comprise a RP that shares 4 CNNs. The topology of CNNs can be
denoted by a CNS-index of Sijk, where S is just a prex, i is the
number of CNNs, j is the number of all bonds between these
CNNs, and k is the number of bonds in the longest CNN string
formed by part of or all the j bonds. Therefore, the CNS in
Fig. 1(b) is called S421.

For a given RP, when rc is too large, the relationship
between CNNs is too complicated to be fully described by
a CNS-index, and the uniqueness of topology represented by
a Sijk will be destroyed.26 Under this circumstance, in LaSCA,
the longest bond can be removed one by one (resulting in
smaller rc) until the uniqueness of the topology corresponding
to a certain Sijk comes back for all CNSs in a cluster; at that
nd 12 neighbors. (b) CNS of S421 composed of a bonded reference pair

© 2021 The Author(s). Published by the Royal Society of Chemistry
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time, the remained cluster is unique and called the largest
standard cluster (LaSC).

A LaSC can be represented by a set of binary tuples of “n-
Sijk”, where n is the total number of CNS Sijk in the LaSC. For
example, in the cluster shown in Fig. 1(a), 12 S421 can be con-
structed, and hence described as [12/421]. Around each atom,
a LaSC is always uniquely determined, thus all atoms in
a system can be classied by the LaSC type. For instance, as the
center of a FCC LaSC shown in Fig. 1(a), the atom 1259 is called
an FCC atom.
3 Results and discussion
3.1 Cooling rate and phase transition

As shown in Fig. 2, the potential energy and the volume (per
atom) of the system are independent of the cooling rate till the
onset of a phase transition, which is consistent with the cooling
rate effects on the solidication of liquid zinc.29 The energy–
temperature (E–T) curve can be described by a linear function,
while the volume–temperature (V–T) curve is an exponential
function (Fig. 2(b)). The distinct drop-off on the E–T and V–T
curves reveal that solidication under 0.1 and 1.0 K ps�1 is
crystallization, while the relatively smooth change in the two
curves indicates that the solidication under 10 K ps�1 is
a vitrication process.

By linear-tting the E–T curves at the low temperature end,
the end temperature (Te) of phase transition can be obtained,
and they are 420 K, 320 K, and 556 K at 10 K ps�1, 1.0 K ps�1 and
0.1 K ps�1, respectively. During the vitrication process at 10 K
ps�1, the critical temperatures of Ts ¼ 490 K and Te ¼ 420 K are
consistent with the results in ref. 4. A generally accepted de-
nition of the glass transition temperature Tg is now not avail-
able, and several methods can be used to determine the critical
temperature Tg, as proposed in ref. 30. In the present work, we
simply set Tg ¼ Te. With the same tting technique, the onset
temperatures (Ts) of phase transitions were also obtained as 490
K, 535 K, and 566 K. At a further higher temperature, there is
another critical point Tx � 1020 K, are there some detectable
structural changes here?

The crystallization at the two lower cooling rates undergoes
metastable states. At 0.1 K ps�1, the metastable state only exists
in a very small temperature range from 566 K to 552 K (see the
Fig. 2 Temperature dependencies of the potential and volume of atoms
inset in (a) provides details in the vicinity of phase transitions.

© 2021 The Author(s). Published by the Royal Society of Chemistry
inset of Fig. 2(a)), while at 1.0 K ps�1, the metastable state is
rather longtime lived. At 1.0 K ps�1, the rst-order phase tran-
sition basically ends at T ¼ 470 K, where the average potential
energy (APE) begins to decrease linearly again, till 350 K; and
then in [350, 320] K there seems another phase transition,
because the APE drops again.

Fig. 3(a) shows the evolution of PDF curves during the crys-
tallization at 1.0 K ps�1. As shown in the inset of Fig. 3(a) our
simulation results are in good agreement with the experimental
PDF data4 at T ¼ 943 K and 1323 K, which validates the MD
model. Therefore, this potential used in the present work
reects the essential physics of pure Al, and hence, the simu-
lation results are reliable.

At 1.0 K ps�1, the two PDF curves for the samples at 1000 K
and Ts¼ 535 K are rather similar (only three distinct peaks), and
for each curve, the height of the rst peak is much higher than
that of the others, which is typical for liquidmetals. When Ts > T
> 470 K, the PDF shows the essential characteristics of crystals:
new peaks gradually appear between the three major peaks, and
these peaks become sharper as the temperature decreases,
indicating the formation of medium- and long-range orders.
With the further decrease in temperature, many new peaks
appear, and the relative height and position of all peaks agree
well with those of the ideal FCC Al crystal.31 Therefore, liquid Al
crystallizes into a fairly perfect FCC phase at a cooling rate of 1.0
K ps�1, and the solidication process is called FCC-
crystallization. Almost identical are the PDF curves for the
nal solids obtained at the two slower cooling rates, demon-
strated by the upper two PDF curves in Fig. 3(b). The amorphous
characteristic of metallic glass at 300 K obtained at 10 K ps�1 is
demonstrated by the typical split of the second peak, whereas
the mini-peak (highlighted by the dotted circle in the inset of
Fig. 3(b)) between the rst and second primary peaks seems
indicating some degrees of crystallization.
3.2 Evolution of the rst peak and valley of g(r) curves

Usually, the volume of metals decreases as the temperature
decreases. However, Fig. 3(a) shows that as the temperature
decreases, the rst peak of g(r) curves moves to the right
(comparing the red up-arrow and the lemost vertical dotted
line), indicating that the most probable distance between the
during three rapid solidifications: (a) E–T curve and (b) V–T curve; the

RSC Adv., 2021, 11, 39829–39837 | 39831
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Fig. 3 PDF curves for liquids and solids of pure Al. (a) PDF curves at eight typical temperatures during rapid cooling at 1.0 K ps�1; the dotted
vertical dash lines are for the perfect FCC Al crystal and the inset compares the experimental data (hollow circles) and simulation results (lines) at
943 K and 1323 K. (b) PDF curves for the cooled system at 300 K obtained at three cooling rates; the inset provides the details of the mini-peak
between the 1st and 2nd primary peaks on the PDF curve obtained at 10 K ps�1.
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nearest neighbors increases rather than decreases, which
coincides with the previously reported anomalous peak
shi.32,33 In order to investigate this issue in depth, we calcu-
lated the evolution of the position (Dp), height (Hp), and width
(Wp) of the rst peak of g(r) curves, where Wp is dened as the
distance between two points whose height is half of Hp. Simi-
larly, the position, height and width of the rst valley are
denoted as Dv, Hv, andWv respectively, whereWv is the distance
between two points that are higher than the bottom of the rst
valley by D ¼ 8%. The denition of Wv is different from Wh,
Fig. 4 Temperature dependence of the position (a), height (b), and width
the first valley on the PDF curves during the cooling process at three co

39832 | RSC Adv., 2021, 11, 39829–39837
because Hv is almost zero, and thus, half of the bottom cannot
be identied on any g(r) curves; furthermore, the bottom of the
rst valley on the g(r) curve for both crystalline and amorphous
solids is quite at (see Fig. 3), so that a littleD is enough to catch
their characteristics.

From Fig. 4, it can be found that before the liquid–solid
phase transition occurs, all the six parameters are basically
independent of the cooling rate, and at the beginning of the
liquid–solid phase transition, they change dramatically. In
other words, the effect of cooling rate on the structure of metal
(c) of the first peak; as well as the position (d), height (e) and weight (f) of
oling rates of 0.1 K ps�1, 1.0 K ps�1 and 10 K ps�1.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Percentage of FCC, HCP and BCC atoms as a function of
temperature at three cooling rates: (a) and (b) 0.1 K ps�1; (c) and (d)
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melts cannot be detected by these PDF-based parameters before
the onset of phase transition.

As the temperature decreases, the system volume decreases
(see Fig. 2(b)), but contrary to the intuition, the most probable
distance (Dp) between the nearest neighbors does not decrease
but increases. Based on the concept of inherent structures (ISs)
obtained by energy minimization using the conjugate gradient
method, this “abnormal” trend has been examined systemati-
cally.32,33 It is argued that the apparent shi of the peak
maximum can be a result of the asymmetric shape of the peak,
as the asymmetry increases with the temperature-induced
spreading of neighboring atoms to shorter and longer
distances due to the anharmonic nature of the interatomic
interaction potential. It reects the inuence of thermodynamic
factors on the system structure, as discussed in ref. 34. As the
temperature decreases, the kinetic energy of the atoms
decreases, leading to a decrease of both chances for particles:
(1) overcoming the repulsive force between them to get closer,
or (2) overcoming the attraction to make them farther apart. If
the interaction between atoms is symmetrical with respect to
the most probable distance of IS, Dp must increase. In fact, the
strength of interaction between atoms decreases rapidly with
the increase in distance. Therefore, if the repulsive force
increases fast enough, Dp can decrease; otherwise, Dp increases.
Compared with ionic and covalent bonds, metal bonds are
generally much weaker, thus Dp increases for metals when the
temperature decreases.

Aer the onset of glass transition, atoms are frozen at their
instant positions, thus Dp keeps a constant (see the blue trian-
gles in Fig. 4(a)). However, most of atoms should be at their
equilibrium positions during nucleation, thus Dp approaches to
the lattice constant with a signicant decrease in potential
energy (see Fig. 2(a)). In brief, the intensive thermal uctuation
of atoms at high temperatures may decrease the value of Dp,
while such uctuation decreases with the decrease in temper-
ature, which may result in a higher Dp at a lower temperature.

Usually, a higher Hp and a smaller Wp indicate that the peak
is stronger and more distinct, and hence, the system is more
ordered. As shown in Fig. 4(b) and (c), during the vitrication
process, Hp increases exponentially and Wp decreases linearly,
so the order of the system increases monotonically. Near Ts of
crystallization, Hp hikes and grows exponentially, while Wp

drops off and then decreases linearly, consistent with the
signicant improvement in the order of the system during
crystallization.

Herein, Dv is the position where the probability of nding
neighbors gets the minimum. For an ideal crystalline or
amorphous solid, Dv is at the middle of the rst and second
peaks. Therefore, Dv, Hv and Wv are correlated with the specic
distribution of atoms between the rst and second neighbor
shells. Fig. 4(d)–(f) reveal that at 10 K ps�1 Dv, Hv and Wv all
change smoothly, indicating the mild structural changes during
the vitrication process. On the contrary, at two lower cooling
rates, the signicant drop-off in the vicinity of Ts indicates the
drastic structural change during nucleation. As the temperature
decreases, Dv and Hv both decrease monotonically, while Wv
© 2021 The Author(s). Published by the Royal Society of Chemistry
decreases rst till the end of nucleation or vitrication and then
increases.

Very interestingly, only the Hv–T curve highlights the
intermediate state during the rapid cooling at 1.0 K ps�1,
indicating that the intermediate state is more related to the
change in the medium-range structure (beyond the nearest
neighbor). Furthermore, the critical temperature Tx ¼ 1020 K
(see Fig. 2(a)) can also be identied on the Hv–T curve, thus
some subtle structure change beyond the nearest neighbors
occurs at Tx. In addition, Wv decreases to a minimum value at
the beginning of the liquid–solid phase transition, and then
1 K ps�1; (e) 10 K ps�1.

RSC Adv., 2021, 11, 39829–39837 | 39833
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increases inversely; therefore, aer phase transition, the
primary structure change happens beyond the nearest
neighbors.
3.3 Evolution of crystalline structures

The local structures in the system are quantied by LaSCA. The
evolution of three typical crystalline (FCC, HCP and BCC) LaSCs
is depicted in Fig. 5. During crystallization at 1.0 and 0.1 K ps�1,
the number of FCC and HCP atoms increases rapidly at T < Ts,
and the amount of FCC atoms is much more than that of HCP
ones (see Fig. 5(a) and (c)); while that of BCC atoms is almost
unchanged except a tiny intermediate increase (see Fig. 5(b) and
(d)) that occurred at the early stage of crystallization, and always
very small, less than 0.2% of all atoms in the system. For the
glass transition process at 10 K ps�1, when T < Tg the amount of
crystalline structures also increases at a lower rate and results in
a small number at 300 K, including FCC-0.7% and HCP-1.32%
(Fig. 5(e)). Therefore, there exists local crystallization in the
amorphous solid, consistent with the mini-peak between the
rst and secondmajor peaks on the bottom PDF curve shown in
Fig. 3(b) and the inset of Fig. 3(b). This result is in agreement
with the structure analysis based on the elasticity theory,35

where solid non-crystalline aluminum contains only about 3%
Fig. 6 Three-dimensional views of atoms in the samples at the start and
ps�1 (a) and (b) and 1.0 K ps�1 (c) and (d). For clarification, green atoms
indicated by smaller balls.

39834 | RSC Adv., 2021, 11, 39829–39837
of defects, and atomic congurations are similar to dumbbell
interstitials in the crystalline state.

For the crystallization at 0.1 and 1.0 K ps�1, when T < Ts, the
number of FCC atoms always increases monotonically with the
decrease in T. However, the evolution of HCP atoms shows
alternate increase and decrease in the whole solidication
process. In particular, according to the evolution of HCP atoms,
the FCC-crystallization can be divided into four stages by ve
critical temperatures (as shown in Fig. 5(a) and (c)), which are
{566 K, 562 K, 559 K, 555 K, 552 K} at 0.1 K ps�1; and {535 K, 492
K, 470 K, 370 K, 320 K} at 1.0 K ps�1, respectively. At 0.1 K ps�1,
the temperature ranges are {4 K, 3 K, 4 K, 3 K} for stage I to IV,
which is obviously much shorter than {43 K, 22 K, 100 K, 50 K} at
1.0 K ps�1. Thus, the slower the cooling rate, the shorter the
intermediate state lifetime, which may be unobservable when
the cooling rate is low enough, such as 106 K ps�1 that can be
implemented in experiments at present.

At stage I–III, the evolution of the number of HCP atoms
during the two FCC-crystallizations is similar: in stage I, the
percentage of HCP atoms increases rapidly and gets the same
maximal value of about 12%; in stage II, the HCP percentage
decreases rapidly to about 7% and then basically levels off at
stage III. However, in stage IV, the evolution of the number of
HCP atoms is opposite under the two cooling rates of 1.0 and
end of stage I during two FCC-crystallizations, at cooling rates of 0.1 K
(represent other atoms except HCP, FCC, TDH, and ICO atoms) are

© 2021 The Author(s). Published by the Royal Society of Chemistry
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0.1 K ps�1. At 0.1 K ps�1, the percentage of HCP atoms increases
from 7% to 9% (at 552 K), while that at 1.0 K ps�1 decreases step
by step to almost zero (at 320 K). Finally, at 100 K, the amounts
of FCC atoms are respectively 84% and 92% in the samples
obtained at 0.1 K ps�1 and 1.0 K ps�1, and those of HCP atoms
are 11% and 0.9% respectively, and the total percentages of FCC
and HCP atoms are 94.4% and 92.9% respectively. Therefore,
the systems resulting from the cooling rates of 0.1 K ps�1 and
1.0 K ps�1 are both perfect FCC crystals, which are consistent
with the previous studies.5,36–40 At 10 K ps�1, the total number of
FCC andHCP atoms is about 2% in the nal amorphous solid at
100 K (see Fig. 5(e)).

As shown in Fig. 6(a) and (c), at the onset temperature of
stage I, the small number of HCP and FCC atoms (almost no
BCC atoms) are in order and aggregated somewhere in the
system; while the ICO atoms homogeneously distribute in
space. At the end of stage I, the total crystalline atoms reached
over 50% (refer to Fig. 5(a) and (c)), thus the nucleation and
growth of crystals were basically achieved. The spacious distri-
bution of crystalline atoms reveals that the HCP atoms are
actually the grain boundaries or defects in the FCC crystal (see
Fig. 6(b) and (d)).

Therefore, the structural evolution aer stage I was mainly
determined by the state of crystalline grains, e.g., the distribu-
tion and shape of grain boundaries (HCP atoms). With much
less numbers, the grain boundary atoms (including HCP, TDH
(truncated decahedron), and ICO atoms) can outline the shape
and distribution of FCC regions more clearly in 3D views, thus
we render them in Fig. 7 in a viewpoint that can better
demonstrate the orientation and distribution of crystalline
regions. Usually, HCP atoms form planes (or layers) that are
shared by neighboring FCC regions. If FCC regions are in the
same orientation, they form parallel twins, as shown in Fig. 7(c)
and (d); otherwise, they form complex twinned structures,
including ve-fold twins that are characterized by lines of TDH
atoms, as demonstrated in Fig. 7(f)–(h).
Fig. 7 Evolution of grain boundaries, focusing on the distribution of HCP,
K ps�1 (f)–(i). The distribution of HCP atoms with PBCs in the system: (e) a
legend is the same as shown in Fig. 6.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Generally, small metastable HCP regions isolated by FCC
regions are easy to be transformed into stable FCC structures,
because only local atom rearrangement is enough. Therefore,
the number of HCP atoms decreases between 562 K and 559 K
at 0.1 K ps�1 (see Fig. 5(a)) with the disappearance of small
orientation-disordered HCP regions (Fig. 7(a) and (b)); and
the distribution of HCP atoms at 559 K is rather ordered:
several parallel layers with some incomplete slices. Similarly,
at 1.0 K ps�1 such HCP–FCC transformation (Fig. 7(f) and (g))
not only leads to a decrease in HCP atoms (see Fig. 5(c)), but
also makes some ve-fold twin structures disappear.

In stage III, there is no essential change in the distribution of
HCP atoms, only the parallel layers become more regular and
complete (Fig. 7(c) and (h)). Therefore, there is no distinct
change in both the number of HCP atoms (see Fig. 5(a) and (c))
and the energy evolution of the system (Fig. 2(a)). For the
cooling process at 1.0 K ps�1, an important change is that the
ve-fold structures have basically disappeared.

At the end of stage III, for cooling at 0.1 K ps�1, several
parallel HCP planes have basically formed. A small displace-
ment of crystal planes can repair such dislocation,28 resulting in
a rapid decrease in the number of HCP atoms. However, if the
required displacement is contradictory (refer to Fig. 7(e)), the
neighboring dislocations are difficult to be eliminated (dislo-
cation pinning), but may even grow (Fig. 5(a)). This is exactly
what happens between 555 K and 552 K. Aer such dislocation
pinning is formed (see Fig. 7(e)), the crystal structure will
change no longer, so that the number of HCP and FCC atoms
keep unchanged at T < 552 K.

At 1.0 K ps�1 at the end of stage III, the orientation of HCP
regions are still disordered (see Fig. 7(h)) and without the
hamper of ve-fold twin structures, so that it is easy to trans-
form into the stable FCC atoms. Therefore, the number of HCP
atoms decreases remarkably at T < 370 K. At 350 K, there are still
disordered HCP regions (see Fig. 7(i) and (j)), thus the HCP–FCC
TDH and ICO atoms in the system obtained at 0.1 K ps�1 (a)–(d) and 1.0
t 552 K obtained at 0.1 K ps�1 and (j) at 350 K obtained at 1.0 K ps�1. The

RSC Adv., 2021, 11, 39829–39837 | 39835
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transformation is continuous, and the number of HCP atom
decreases to almost zero at 320 K (see Fig. 5(c)).

In brief, in stage I (the nucleation stage), the metastable HCP
atoms as the grain boundaries or defects of the FCC crystal grow
rapidly. These small orientation-disordered HCP regions can
easily be transformed into the stable FCC atoms till only several
parallel HCP layers are le, resulting in a rapid increase in FCC
atoms and the distinct decrease in HCP atoms. Such stage II can
be called orientation-disordered metastable HCP-region trans-
formation (ODMHT) stage. The next (stage III) can be called
grain boundary regularization (GBR) stage, where there is no
essential change in the distribution of HCP atoms, only the
parallel layers become more regular and complete. At the end of
GBR stage, if dislocation pinning is formed, then no more
structure evolution occurs, otherwise another ODMHT happens
again.

Finally, a regular ve-fold twin structure is difficult to be
transformed into other structures, because collective and
coordinatedmovement of a group of atoms is necessary. It is the
transformation of small orientation-disordered HCP regions in
the ODMHT stage that eliminates these small ve-fold twin
structures and enables further structure evolution.
4 Conclusions

With the EAM potential, MD simulations for the rapid cooling
of pure Al at three cooling rates have been conducted. The
characteristic values of the PDF curves have been investigated
systematically, including the position Dp, height Hp and width
Wp of the rst peak, as well as {Dv, Hv, Wv} of the rst valley.
Focusing on the metastable HCP regions, the structure evolu-
tion of crystalline structures has also been extensively examined
with the parameter-free LaSCA. The conclusions are as follows:

(1) Pure Al is easily cooled into FCC crystals, which are very
difficult to vitrify. Local crystallization still occurs even if the
cooling rate is high up to the critical 10 K ps�1 that results in an
amorphous solid overall.

(2) The higher the cooling rate, the lower the onset temper-
ature of crystallization; and at a subcritical cooling rate, the
crystallization includes intermediate states.

(3) As the temperature decreases,Wv decreases rst and then
increases, but other characteristic values of PDF curves change
monotonically: Dp and Hp increase, while Wp, Dv, and Hv

decrease.
(4) At Ts all these characteristic values jump (up or down) for

crystallization, while change continuously for vitrication. Not
only the intermediate states but also Tx can be captured by Hv,
so it is an important structure parameter.

(5) Aer nucleation, metastable HCP regions experience 3
stages: HCP–FCC transformation, region-regularization, and
dislocation pinning or HCP–FCC transformation again, and
dislocation pinning terminates structural evolution.

These ndings are useful in understanding the phase tran-
sition under rapid cooling, while there are two issues that need
to be investigated in the future: what structural changes take
place near Tx and whether there is any technique that can detect
39836 | RSC Adv., 2021, 11, 39829–39837
the effect of different cooling rates on the system energy, PDF
curve, and local structures at T > Ts.
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