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Abstract: In a previous study, it was shown that the (111)¢., (110)¢. and (111). free surfaces do not
assist the phase transitions as nucleation sites upon heating/cooling in iron (Fe) thin slabs. In the
present work, the three surfaces are denoted as “inactive” free surfaces. The phase transitions in Fe
thin films with these “inactive” free surfaces have been studied using a classical molecular dynamics
simulation and the Meyer—Entel potential. Our results show that shear deformation helps to activate
the free surface as nucleation sites. The transition mechanisms are different in dependence on the
surface orientation. In film with the (111)¢. free surface, two body-centered cubic (bcc) phases
with different crystalline orientations nucleate at the free surface. In film with the (110)¢. surface,
the nucleation sites are the intersections between the surfaces and stacking faults. In film with the
(111)p surface, both heterogeneous nucleation at the free surface and homogeneous nucleation in the
bulk material are observed. In addition, the transition pathways are analyzed. In all cases studied,
the unstrained system is stable and no phase transition takes place. This work may be helpful to
understand the mechanism of phase transition in nanoscale systems under external deformation.
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1. Introduction

In recent years, solid—solid phase transitions in nanoscale or surface-dominated systems have
received much attention [1-4]. Such systems exhibit dramatically changed material properties compared
with the bulk system due to their extremely high surface-volume ratio, in particular the mechanical [5,6]
or magnetic properties [7,8]. Additionally, the phase transition behavior in nanoscale systems may also
be different from that in the bulk. Nanowires and ultrathin films provide two typical examples where
the surface controls the transition behavior. Compared with nanowires, thin films exhibit relatively
low surface—volume ratio, which makes the transition behavior more complicated [3,4]. For instance,
Dmitriev et al. [9] studied the effect of dislocations on the phase transition in a two-dimensional
model and found that the dislocations help the martensitic phase transition as nucleation centers.
They also found that dislocation structure is changed during the reverse martensitic phase transition.
Recently, Wang et al. [10] investigated the phase transition in Fe thin films containing coherent twin
boundaries and discussed the dependence of austenitic and martensitic transition temperatures on the
film thickness and twin boundary (TB) fraction.

Solid-solid phase transition of Fe has been intensively studied for many years [11,12], since Fe is
the basic material of steel, which has wide technical and industrial applications. However, most of
the studies were carried out in bulk systems. In nanoscale systems, phase transition in Fe thin film
has been studied by both experiment and simulation. Teodorescu et al. [13,14] investigated the
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laser induced body-centered cubic (bcc) to face-centered cubic (fcc) phase transitions in Fe thin films
and found that the transition is incomplete, i.e., they observed a mixture of fcc and bec phases as
the transition product. The authors attributed this incomplete phase transition to the insufficient
superheating in the mixed phase areas of the irradiated films. Cuenya et al. [15] observed fcc to bec
phase transitions in ultrathin Fe films on CuzAu (001) substrates and reported that the transition
obeys the classical Bain pathway [16]. The dependence of transition temperature on the film thickness
was also discussed in their work. The Pitsch [17] orientation relationship, where the (001)¢.. plane
is parallel to the (110)pc. plane, was reported by Memmel et al. [18] in their study of Fe thin film
growth on a Cu (001) substrate. However, in-situ experiments at the atomic scale are not often feasible
because the non-diffusional phase transition, for instance, the martensitic phase transition, is an
extremely fast process which cannot be easily captured. In this context, atomistic simulation becomes a
powerful tool to investigate the phase transition. Urbassek and his coworkers [3,4] studied the strain
induced solid—solid phase transition in bcc-Fe thin films and reported a rich variety of phenomena
such as back transition to the bec phase and grain reorientation at high strains. Recently, Meiser and
Urbassek [19] investigated thermally induced phase transition in Fe thin slabs with different orientated
surfaces using the Meyer—-Entel potential [20], which is widely used in studies of the phase transition,
both in bulk-dominant and surface-dominant systems. The authors discussed the results from the
aspects of the surface energy and transition pathway. The results and discussions were interesting
and compelling. Most surfaces studied, for instance the (100)p. surface, assist the phase transition
as nucleation sites. However, it has been also reported that three common surfaces with low Miller
indices, namely the (111)¢, (110)¢,c and (111)p surfaces, show different transition behaviors. For the
thin slab with the (111) ¢ surface, no phase transition could be observed within a cooling range
from 400 K to a temperature lower than 100 K; for the thin slab with the (110)¢ surface, the fcc
to bec transition started in the bulk material rather than at the free surface at a very low transition
temperature of 81 K; lastly, for the thin slab with the (111), surface, no bcc to fcc transition could
be achieved within a heating range from 10 K to 2000 K. The authors contributed this to the fact that
these surfaces are not included in any orientation relationships, i.e., the common transition pathways,
such as the Bain [16] and Pitsch [17] paths, are not available for these surfaces. We denote such surfaces
as “inactive” surfaces in the present work.

While much interest in studying the solid—solid phase transition has been focused on its dependence
on temperature or heating/cooling rate [21], its dependence on external stress should also be a
major factor. Such stresses exist in realistic situations, either artificially exerted or transition induced.
A new class of steels, TRIP (transformation-induced plasticity) steels, have been introduced.
Compared with the traditional ones, they exhibit not only higher strength and hardness, but also
enhanced ductility due to the transformation induced strain [22-24]. Therefore, it is interesting to
investigate whether phase transitions could be induced in Fe thin films with the inactive free surfaces
and their mechanisms.

In the present work, the phase transition in Fe thin films with three inactive free surfaces under
shear deformation will be studied based on the results of [19]. We aim to check whether the applied
shear deformation will induce the austenitic/martensitic phase transition. In particular, we focus on the
role of such inactive surfaces as nucleation sites. In addition, the transition pathway will be analyzed.
This work may be helpful to understand the mechanism of phase transition in nanoscale systems under
external shear deformation.

2. Simulation Method

The interatomic potential plays a critical role in molecular dynamics (MD) simulation. For Fe,
Engin et al. [25] calculated the free energy curves of the fcc and bcc phases at temperatures up to 2000
K using six available interatomic potentials in the embedded atom method (EAM) class. The authors
reported that the free energy curves of the fcc and bee phases intersect at a temperature of around 550 K
using the Meyer—Entel potential [20], while the free energy of the fcc phase is always higher than that
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of the bce phase using other potentials, such as Finnis-Sinclair (F-S) [26] or Johnson-Oh [27] potential.
Thus, it could be concluded that the Meyer—Entel potential might be the only one in the EAM class,
which can describe both the austenitic and martensitic phase transitions. Here, we should mention
that the equilibrium transition temperature of 550 + 50 K predicted by the Meyer—Entel potential [20]
differs from the experimental value of 1184 K. This is due to the fact that this potential does not
include the magnetic entropy, which stabilizes the bcc phase at low temperatures [10,28]. However,
it has been confirmed that the transition mechanism will not be affected by this inexact transition
temperature [2—4,19,21,28]. More recently, Miiller et al. [29] developed an analytic bond-order (BO)
potential, which predicts an equilibrium transition temperature of 1030 K. In the present study, the
Meyer—Entel potential is chosen to describe the interaction between Fe atoms as in [19]. We also
performed simulations using the Miiller potential to examine the reliability of the results, for details
see Appendix A.

We study three Fe thin films with the (111)¢, (110)¢.c and (111)p free surfaces. The dimensions of
these films are roughly equivalent to the films simulated in [19] to verify the effect of shear deformation
on phase transition under a certain surface-volume ratio. Here we should note that the film thickness
(surface—volume ratio) has a significant influence on the transition behavior. It has been confirmed that
a higher surface—volume ratio is conducive to the phase transition [3,10,19]. The effect of film thickness
on the transition will be discussed in Section 3.4.

We chose film 1 as an example to clarify the modelling process. A simulation box with the
dimensions of 80.80 x 81.26 x 40.43 A is constructed and filled with Fe atoms in fcc structure. We note
that the length of the fcc (bcc) lattice constant in the Meyer—Entel potential is 3.686 (2.866) A [19,30].
The boundary conditions in the x and y directions are set as periodic, while the z direction is set as free
to produce the free surface. Films 2 and 3 are modelled in an analogous way. The specifications of the
three films are listed in Table 1.

Table 1. Detailed information of the simulated thin films. The coordinate directions are indicated by
x, y and z (surface normal). Ax, Ay and Az are the thicknesses in each direction. N denotes the total
number of atoms.

Film X y z Ax (A) Ay (A) Az (A) Crystal Structure N
1 [110] [112] [111] 80.80 81.26 40.43 fec 20,896
2 [111] [112] [110] 83.00 81.26 40.40 fcc 22,326
3 [o11] [211] [111] 64.62 64.94 65.61 bee 23,081

The films are equilibrated in isobaric-isothermal NPT ensembles. For the equilibration, the integration
time step is 0.001 ps. For films 1 and 2 with the fcc structure, the equilibration temperature is set
as 300 K. During the equilibration, the temperature is adjusted to this value every 0.002 ps via a
Nose-Hoover thermostat. Although our equilibration temperature is 250 K lower than the equilibrium
transition temperature predicted by the Meyer—Entel potential, the fcc to bee phase transition does
not take place, which accords with the results in [19]. It is hard to induce a phase transition by pure
thermal effect in a perfect crystal, since such systems lack the pre-existing defects as nucleation sites
and the free volume for the atom movement during the phase transition [19,28,31]. For film 3 with the
bcc structure, the relaxation temperature is set as 800 K and the setup of the thermostat is equivalent to
that of films 1 and 2. As the similar reason for films 1 and 2, no bcc to fcc phase transition occurs at
this temperature. Note that the austenitic phase transition does not take place up to a temperature of
2000 K in [19]. For all the films, the pressures in the x and y directions are set as 0. Via a Nose-Hoover
barostate, the pressures in the x and y directions are relaxed to 0 every 0.01 ps during the whole
equilibration. No pressure control is employed in the z direction (surface normal). Due to the existence
of the free surface, the pressure in the z direction automatically relaxes to 0. The equilibration time
amounts to 50 ps for all the films.
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After equilibration, shear stresses should be applied to the films to induce phase transitions.
Starting with the fcc lattice, the Kurdjumov-Sachs (K-S) model [32] describes a three-step process
to obtain the final bcc lattice. (i) One (111)¢ plane is taken as the shear plane and a large shear
deformation is carried out along the [112]¢ direction to produce a body centered tetragonal (bct)
structure, as shown in Figure 1. The shear strain here corresponds to a shear angle of 19.5°. Note that in
the Nishiyama-Wassermann (N-W) orientation relationship [33], the first step of the shear deformation
is exactly equivalent to the K-S relationship. (ii) Taking the (211)p plane as the shear plane, a second
shear deformation is performed along the [ﬁl]bct direction. (iii) Orthogonal expansions or contractions
are applied in order to obtain the final bce structure.

[le]bcl
N\ [011] e,
(011)pee  [111],

[IOI]fcc

Figure 1. Schematic description of the first shear deformation in the Kurdjumov—-Sachs (K-S) relationship.
The shear deformation is on the (111)¢ plane along the [112]4c direction.

In our simulation, shear deformations are applied according to the step (i) described above on the
films 1 and 2 with the fcc structure to trigger martensitic transitions. We apply shear deformation on
film 3 with the bcc structure according to the step (ii) to facilitate the austenitic transition. Figure 2a
shows film 1 as an example for the setup of the simulation system and b—d show the shear deformations
applied. The shear deformation ¢ is connected to the shear angle 6 via

Exy, yz, xz = tan 9, (1)

where the subscripts xy, yz and xz indicate the shear planes of films 1-3, respectively. Figure 3 shows
schematically the relationship between ¢ and 0.

For films 1 and 3 (2), we vary ¢ in steps of 0.435% (0.218%) up to a maximum of 50%,
which corresponds to the maximal shear angle of 26.6°. Note that the angle of 19.5° needed for
the fcc to bec transition in the K-S path is below the maximal angle. The value of ¢ for each step should
be selected with care. Wang and Urbassek [34] applied shear deformation with a ¢ value of 1.74% on a
biphasic fcc-bce system with periodic boundary conditions in all three directions and observed both
the martensitic and austenitic phase transitions at various temperatures. We have also attempted to
shear our films using this € value. Once the shear deformation was applied, many atoms escaped from
the film surface and the simulations could not be continued. Thus, the ¢ value should be decreased to
provide more time for the atoms to relax. In addition, the ¢ value of 0.435% has also been performed
on film 2 and the observation was similar to the cases using the value of 1.74%. After each step,
the films are equilibrated for 20 ps. Thus, the total deformation requires a simulation time of 2.3 ns for
films 1 and 3 and 4.6 ns for film 2. For all the films simulated, the integration time step is 0.001 ps.
The temperature is controlled by a Nose-Hoover thermostat and no pressure control is performed on
the films. For the films 1 and 3 (2) with the fcc (bcc) structure, the temperature is set as 300 K (800 K),
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which is lower (higher) than the equilibrium transition temperature of 550 + 50 K predicted by the
Meyer—Entel potential.
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Figure 2. Shear deformations applied on the films. The colors denote the local crystal structure: green,
body-centered cubic (bcc); dark blue, face-centered cubic (fcc); red, unknown. (a) Sketch of film 1 as an
example for the modelling; (b) (111). plane (surface) of film 1, the shear deformation is applied in this
plane along the [1 12] e direction; (c) (ﬁl)fCC plane of film 2, the shear deformation is applied in this
plane along the [112] ¢ direction; (d) (OlT)bCC plane of film 3. The shear deformation is applied in the
(211)pec plane along the [111], direction.

(L)'

Shear plane |[—>b|i v e=a/b

Figure 3. Schematic presentation of the relationship between shear deformation ¢ and shear angle 6.

All the simulations are performed by using the open source MD simulator LAMMPS [35].
The common neighbor analysis (CNA) [36] is used to determine the local atomic structure. For a
single atom, the topology of the bonds that connect the surrounding neighbor atoms is analyzed to
identify the crystal structure. Note that the CNA calculation is sensitive to the specified cutoff distance.
Stukowski [37] suggested the cutoff distances for the fcc and bec lattices. In our case, the cutoff distances
of the fcc and bcc are specified as 3.30 and 3.46 A, respectively. The detailed working mechanism of the
CNA is described in [36]. The software ATOMEYE [38] is used for the visualization.

3. Results

We firstly note that the films 1 and 2 (3) are simulated at 300 K (800K) for 5 ns and no phase
transitions take place. This indicates that at 300 K (800 K), the free surfaces are “inactive” and do not
assist the martensitic (austenitic) phase transition as nucleation sites.
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3.1. Fcc Film 1 with the (111) Free Surface

Figure 4 shows the fractional phase contents in film 1 with (111)¢ free surface as a function of
shear angle. The fraction of the unidentified atoms amounts to around 13% at the simulation beginning.
This is due to the fact that the surface atoms cannot be identified by the CNA. The fcc phase fraction
begins to drop at a shear angle of 1.5°, while the bcc phase content increases. The whole transition
completes at a shear angle of 10°. The fraction of the unidentified atoms shows a slight increase
during/after the martensitic phase transition, indicating that the surface morphology could be changed,
or certain defects were generated. The fraction of the hexagonal close packed (hcp) atoms shows its
maximum at a shear angle of around 5°. The hcp phase is unstable and its fraction decreases to 0 with
the shear angle increase.

90 K T . T # T g T & T

80 \ .

2 \ bcc
< feg s
<

O hcp
30 unknown 4

N
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g
1

0 [ ooy P . I . J " |
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shear angle (°)

Figure 4. Fractional phase contents of film 1 with (111) free surface as a function of shear angle at a
temperature of 300 K. Hep: hexagonal close packed.

Figure 5 displays some representative snapshots of the martensitic phase transition in film 1.
The first nucleation of bcc phase takes place at the upper (111)¢ free surface, as shown in Figure 5a.
At 300 K, the bulk atoms exhibit a potential energy of around —4.2 eV/atom, while the potential energy
of the surface atoms is approximately —3.7 eV/atom. On the other hand, the crystalline structure of
the surface atoms differs from that of the bulk atoms. Thus, the free surface provides the necessary
energetic and structural fluctuations for the new phase nucleation. Such surface nucleation has
been often reported in studies of the phase transitions in surface dominant systems such as thin
films or nanowires [2—4,19]. Note that the first nucleation corresponds to a low shear angle of 1.5°,
which indicates that the (111)s, free surface is rapidly activated by the shear deformation. The nucleated
bec phase (denoted as becl in Figure 5b) grows in the [001]p direction until it has contact with the
lower surface, while the bcc phase (denoted as bec2 in Figure 5b) with the same crystalline orientation,
nucleates at the lower free surface and grows in the [001]pec direction. The growth directions of bccl and
bcc2 are indicated by the white arrows in Figure 5b. Interestingly, the nucleation and growth of bcc2
cause a kink at the free surface, which is indicated by the white circle in the upper Figure 5b. We note
that the normal stress in the surface normal direction (z) is approximately 0 during the martensitic
phase transition, while the normal stresses in the x and y directions exhibit remarkable values up to
2 GPa. This indicates that the stresses in the surface normal direction are efficiently relaxed by the free
surface, which causes the changing of the surface morphology, such as the observed kink. On the right
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side of this kink, or more exactly, at the site where the bec2/fcc phase boundary and the free surface
intersect, a new bcc phase (denoted as bec3 in Figure 5b) nucleates and grows into the film. Here we
should mention three points. Firstly, it is not unexpected that new phase nucleates at the intersection
site between two types of defects, in our case the free surface and the phase boundary. This area
provides the largest energetic and structural fluctuations for the new phase nucleation [10]. Here,
two values should be given: The phase boundary energy with the N-W geometry amounts to 3.84
J/m? (0.96 J/m?) with (without) considering the misfit dislocations [31] and the surface energy of the
(111)fcc surface is 1.40 J/m? [19]. Thus, a considerable energy increase is expected at the intersection site
between the phase boundary and the free surface. Karewar et al. [28] reported that the TB/stacking fault
(SF) or the SF/SF intersection areas are the preferred nucleation sites for the martensitic phase. Secondly,
the crystalline orientation of bec3 differs from that of becl and bec2. This is due to the morphology
change of the surface. The detailed orientation relationship will be discussed in Figure 6. Lastly, bcc3,
on the left and right sides in Figure 5b, belongs to the same crystallite due to the periodic boundary
condition. However, bcc2 and bec3 are unstable. They disappear with increasing shear deformation.
Simultaneously, the stable becl propagates in the transverse directions. The growth of becl causes
another kink at the upper surface, indicated by the white circle in Figure 5c. The new bcc phase
(denoted as bec4 in Figure 5¢) nucleates similarly to bee3 at the intersection site between the becl/fec
phase boundary and the free surface with further growth along the [001],.. and [010]},. directions,
indicated by the white arrows in Figure 5c. The orientation of bcc4 is different from that of becl,
forming a grain boundary between the two crystallites. The growth of becl and bec4 interferes with
the stacking sequence of the parent fcc phase (ABCABCABC). When one atom layer (A) is transformed,
the stacking sequence of the fcc phase converts into BCABCABC as SE. These SFs consisting of two
atom layers are identified as hcp phase by the CNA [28], see the light blue colored atoms in Figure 5c.
This is the reason for the slightly increased fraction of the hcp phase, see the hcp curve in Figure 4.
After full growth, the single crystalline fcc film 1 transforms to a polycrystalline film with two bcc
crystallites with different crystalline orientations and kinks at the free surface. The increase in the
unidentified atoms in Figure 4 is due to the phase boundaries, which cannot be identified by the CNA,
between the bce crystallites.

() (b) (c) (d)

Figure 5. Snapshots of the ongoing martensitic phase transition in film 1 at 300 K. The colors denote

Table 1. 0)¢ plane and the lower figures demonstrate the upper original (111). surface. The numbers
indicate the bec phases nucleated at different positions. (a) Status at a shear angle of 1.5°. Beel nucleates
at the upper free surface; (b) Status at a shear angle of 2.8°. Bec3 is differently orientated compared
with becl and bec2. The white arrows indicate the growth directions of becl and bec2; the white
circle indicates a kink at the free surface; (c) Status at a shear angle of 4°. Becl nucleated at the upper
surface grows, while bce4 with different crystalline orientation nucleates at the intersection between
the phase boundary and free surface. The white arrow indicates the growth direction of bec4; (d) Status
at a shear angle of 10°. The martensitic phase transition finishes.
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We discuss here the stability of the observed nuclei. It is well known that only the nuclei, whose
radii are bigger than the critical nucleation radius, can grow further. However, it is difficult to use the
critical radius as the criterion to determine the stability of the nuclei in the practice, since most of the
nuclei are non-spherical. In addition, the Meyer—Entel potential gives a small free energy difference of
0.038 eV/atom between the fcc and the bee phase [25]. Small temperature/pressure fluctuation at the
transition point may induce transition between the two phases, causing the temporary unstable nuclei.
Thus, a more practical way to determine the stability of a nucleus is to observe whether it grows further
or transforms back to the original phase.

Finally, the growth velocity, i.e., the velocity of the grain boundary motion, has been discussed
elsewhere [39]. In [39], the straight fcc/bcc phase boundary with the N-W geometry propagates
towards the bcc side in an fce—bee biphasic system at a temperature of 100 K. The propagation velocities
vary from 13 to 85 m/s depending on the system size. The tendency is that the smaller the system,
the higher the velocity. By tracing the phase boundary between becl and the fcc phase, c.f., Figure 5b,c,
the grain boundary propagates a distance of five atom layers within 105 ps along the [010]p. direction,
corresponding to an average interface velocity of 14 m/s. We obtain a similar interface velocity
of 13.1 m/s by tracing the bccd/fcc phase boundary. However, we should note that these interface
velocities should be used with care. Firstly, the evaluation of the interface velocity is only performed
on one crystal plane, corresponding to the upper part of Figure 5. Indeed, the interface is located
in a three-dimensional environment and might be uneven in all directions. In such a nanoscale
system, even a small variation may cause a large change in the calculated interface velocity. Secondly,
there exists a competition between the growth of bccl and bee4 with different orientations. Interface
motion may be hindered by the growth of another crystallite, which has been formed nearby to
the interface.

Now we discuss the orientation relationship between the parent fcc phase and the two differently
orientated bccl and bec4 phases. Figure 6 displays a zoomed snapshot of the transforming film 1,
where the parent fcc phase, bccl and bee4 coexist. The left bee phase is bec4 and the right bee phase
is becl. The (111)¢. plane transforms to (110)pec plane, which indicates that the close packed plane
in the fcc phase is parallel to that in the bcc phase. Over 90% of the phase transitions in Fe or steel
obey this orientation relationship [40]. Note that the crystalline planes shown in Figure 6 are parallel
to the free surface, i.e., the (111)s free surface transforms to the (110)p.. surface with a small surface
energy reduction from 1.40 J/m? to 1.35 J/m? [19]. The small difference in surface energies is compatible
with the fact that the martensitic phase transition can be induced at a low shear angle of 1.5° at 300 K.
For becl, the [101 ] direction transforms to the [111]pe. direction. This is the signature of the K-S
relationship [32]:

(111)fcc//(110)bCC/ [101]fcc//[111]bcc-

For bec4, the [112] direction transforms to the [110]p. direction, which corresponds to the
N-W [33] relationship:
(111)gee/ /(110 e, [112]gce/ / [110] -

It has been shown that two transition pathways, namely K-S and N-W, coexist in film 1.
Barcelo et al. [41] pointed out that it may be possible to mix several theoretical orientation relationships
taking place at different locations of the material, which has been supported by our observations.
Johnson et al. [42] experimentally investigated the pure Fe thin film with the (111). surface on the
Ni/W(110) substrate and found an fcc to bee structural change during the growth of the film. In a
12-monolayer thick sample, the authors found both the N-W and K-S relationships, which is in
satisfactory agreement with our results. Wang and Urbassek [39] reported the competitive growth of
the homogeneously and heterogeneously nucleated bcc phases with different crystalline orientations.
Both N-W and K-S relationships are found in a transforming system.



Crystals 2020, 10, 855 9 of 21

Figure 6. A zoomed snapshot of the ongoing martensitic phase transition in film 1 at 300 K, where the
parent fcc phase and two types of bce phases with different crystalline orientations coexist. The colors
denote the local crystal structure as in Figure 5. The black rectangles indicate two different orientated
bcc unit cells on the (TlO)bCC plane and the white rectangle shows a unit cell of fcc phase on the
(111)¢. plane.

3.2. Fcc Film 2 with the (110) Free Surface

Figure 7 shows the fractional phase content of film 2 with the (110) free surface as a function
of shear angle at 300 K. The phase transition starts at a shear angle of around 13°. The decrease in
fcc phase content is accompanied with the increase in bec and hep phase contents. However, the
curve of the hcp phase content decreases to almost zero after it reaches its maximum of around 11%.
At high shear angles (over 20°), the hcp content increases again, accompanied by the decrease in bec
phase content.

90 T T T T T

80

70

30
20

10

shear angle (°)

Figure 7. Fractional phase contents of film 2 with (110)¢ free surface as a function of shear angle at a
temperature of 300 K.
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Figure 8 shows some representative snapshots of film 2 with increased shear angle. Before the
transition, remarkable amount of hcp phases from stripes are formed in the film, corresponding to
the increase in the hcp content at shear angle range from 12° to 15° in Figure 7. These hcp phases
consist of two atom layers and should be regarded as SFs in the parent fcc phase [28], as shown in
Figure 8a. The fcc and hcp are closely related due to their close packed nature and they differ only
in the stacking sequence. In previous simulation works [2,3,10,19], the mixture of the fcc and hcp
phases is denoted as the close packed (cp) phase. The shear deformation acts exactly as the necessary
shear to shift the fcc atom layers to build SFs. Once the SFs are formed, the bcc phase nucleates
simultaneously at the intersection between the SFs and free surfaces, as shown in Figure 8b. The reason
for the nucleation at intersection sites between two planar defects (regarding the free surface as a
special form of planar defect) has been discussed, c.f., Figure 5c and d. We mention here again the
(110)¢cc surface energy and the SF energy, which are 1.73 J/m? [19] and —54 mJ/m? [28], respectively.

Shen et al. [43] performed tensile tests on a 304 austenitic steel and found that the o’ martensite
nucleates preferentially at the intersections of ¢ martensites (hcp) or deformation TBs at high strains.
The new bcc phases grow not along the SFs, but in all three directions. The bcc crystallites nucleated at
different sites exhibit the same crystalline orientation, so that a single crystalline bcc film is formed after
the full growth, as shown in Figure 8c and d. The SFs are resolved, corresponding to the decrease in
the hep curve at shear angles bigger than 15° in Figure 7. Such resolving of the TBs by the martensitic
phase has been reported in a previous simulation work [21]. After the complete phase transition,
the (110)¢.. surface transforms to the (111)p surface. Details will be discussed in the next paragraph.
Interestingly, the hcp phases nucleate both at the upper and lower (111)p surfaces at a high shear
angle around 23°, as shown in Figure 8e. Besides fcc/bce phase transition, there exists another allotropic
bee/hep transition in element Fe, which is induced by the stress [44,45]. The hcp nuclei cover the whole
upper and lower free surfaces. This is because the (111)p surface exhibits a high surface energy of
1.76 J/m? [19], which makes the nucleation possibility at each position at the free surfaces extremely
high. The hcp phases grow into the film and combine to each other, as shown in Figure 8f. However,
they cannot grow further with the shear angle increase until the maximal shear of 26.5° is reached.
Sandoval et al. [2] reported analogous bcc—cp—bcc (partly) transitions in a nanowire system under
tensile uniaxial stress. The considerable shear deformations in our case may cause a coherent shift of
the lattice planes. Note that the free energy difference between the bcc phase and the hep phase in the
Meyer-Entel potential is tiny, which amounts to around 3.1 meV/atom under a pressure of 1.7 GPa [46]
measured at a shear angle of 23°, corresponding to the first nucleation of the hcp phase, see Figure 8e.
Such a coherent shift of the lattice planes may lead to a phase transition.

Figure 9 shows the zoomed ongoing martensitic phase transition in film 2. We note that the
bcc phases nucleated at different intersections between the SFs and free surfaces have the equivalent
crystalline orientation. The plane shown in Figure 9 is the original (ﬁl)fCC plane, which transforms
to the (110)p surface. The [110]¢ direction indicated by the white dashed line is parallel to the
transformed [111]pe direction, indicated by the black dashed line. This is the signature of the K-S
orientation relationship. We note that the [110]¢, and [Tll]bCC directions correspond to the original
fcc surface normal and transformed bcc surface normal, respectively. The directions indicated are
not perfectly perpendicular to the free surface. This is because the lattices are distorted by the shear
deformation. The (110) surface transforms to the (111)pe surface with a tiny surface energy increase
from 1.73 J/m? to 1.76 J/m? [19], indicating that a spontaneous transition is not possible. Thus, a large
shear deformation is necessary to activate the (110)¢. surface as nucleation site, corresponding to the
fact that the first phase transition starts at a large shear angle of 13°.
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(d) (e) ()

Figure 8. Snapshots of the ongoing martensitic phase transition in film 2 at 300 K. The colors denote the
local crystal structure as in Figure 5. In a—d, the upper figures show the original (111)ec plane and the
lower figures demonstrate the original (110) surface. (a) Status at a shear angle of 14.7°. Remarkable
SFs are formed in the fcc phase; (b) Status at a shear angle of 14.9°. New bcc phases nucleate at the
intersections between the SFs and the free surfaces; (c) Status at a shear angle of 16.4°. The bcc phases
grow in all three directions; (d) Status at a shear angle of 17°. The whole film transforms from its
original fcc structure to bec structure; (e) Status at a shear angle of 23°. The hcp phases nucleate both at
the upper and lower free surfaces; (f) Status at a shear angle 24.2°. The hcp phases grow into the film.
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Figure 9. A zoomed snapshot of the ongoing martensitic phase transition in film 2 at 300 K. The colors
denote the local crystal structure as in Figure 5. The black rectangle indicates a bcc unit cell on the
(110pec plane and the white rectangle shows a unit cell of the parent fcc phase on the (111)g plane.

3.3. Bec Film 3 with the (111) Free Surface

Figure 10 shows the fractional phase contents of film 3 with shear angle increase. The bcc phase
content decreases at a shear angle of around 12°, while the fcc and hep contents increase correspondingly.
In shear angle range from 18° to 26.5°, the hcp phase curve shows a decreasing tendency, while the fcc
curve rises continuously. The fraction of the unidentified atoms increases during the phase transition
and then decreases with shear angle increase, indicating a violent change of the microstructure.

90

80

shear angle (°)

Figure 10. Fractional phase contents of film 3 with (111)p free surface as a function of shear angle at a
temperature of 800 K.

Figure 11 shows some representative snapshots characterizing the austenitic transformation in
film 2. The first nucleation takes place at a big shear angle of around 12°. This is not unexpected since
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the (111)pcc surface is not easy to activate. As mentioned in the introduction, Meiser and Urbassek [19]
simulated the Fe thin slabs with the (111),.. surface and no austenitic phase transition could be
observed up to 2000 K. The authors also simulated the bulk bcc and an austenitic transition temperature
of 1485 K was reported. They concluded that the (111)p.. surface works as an obstacle to the phase
transition, since this surface is not conserved in any reported transformation pathways. In our case,
the heterogeneous nucleation at the free surfaces and the homogeneous nucleation in the bulk material
take place simultaneously, as shown in Figure 11a. The homogeneously nucleated phases distribute
statistically in the film, coinciding with the observation in the simulation of the tensile strain induced
phase transition in an Fe thin film with the (111)y,. surface [3]. The authors of [3] argued that this
statistical nucleation might be related to the inhomogeneous distribution of the stress in the film.
The heterogeneously and homogeneously nucleated fcc phases are separated by the white dashed lines
in Figure 11b and c. Such competition of homogeneous and heterogeneous phase growth has been also
reported in previous simulation works [31,39]. We note that the heterogeneously and homogeneously
nucleated fcc phases have the equivalent crystalline orientation, which should be the result of the
uniformly applied shear deformation. The detailed orientation relationship will be discussed later.
The hcp phases that form in stripes mostly consist of two atom layers and should be regarded as SFs in
the fcc matrix [28]. The formation of these SFs is the reason of the increase in hcp phase content in
the shear angle range from 12° to 17°, see the hcp curve in Figure 10. With further increases in the
shear angle, the SFs migrate in the opposite directions. When two SFs meet, they counteract each other,
corresponding to the hcp phase content decreasing at high shear angles, as shown in Figure 10. In the
meantime, new SFs parallel to the surface are generated, which separate the fcc phases nucleated at the
free surfaces and in the bulk material, as shown in Figure 11d.

(2) (b) (c) (d)

Figure 11. Snapshots of the ongoing austenitic phase transition in film 3 at 800 K. The colors denote the

local crystal structure as in Figure 5. In a—d, the upper figures show the original (211)pec plane and the
lower figures demonstrate the original (111)p. surface. The white dashed lines in b and ¢ separate the
fcc phases nucleated at the free surfaces and in the bulk material. (a) Status at a shear angle of 14°.
New fcc phases nucleate at the free surface and in the bulk material; (b) Status at a shear angle of 15°;
Growths of the fcc phases; (c) Status at a shear angle of 16.5°. The phase transition is almost finished;
(d) Status at the largest shear angle of 26.5°.

At a temperature of 800 K, a large amount of atoms cannot be identified efficiently by the CNA,
see the red dots in the upper part of Figure 11. During the phase transition, the atoms leave their
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original positions, they may be located at the intermedia positions between the fcc and bec sites. On the
other hand, it is well known that the atoms vibrate more strongly at higher temperatures. Regarding a
central atom (the red atom in Figure 12), one neighbor atom (the blue atom in Figure 12) might leave
its equilibrium position and be at a position out of the cutoff range due to the strong thermal vibration
caused by the high temperature. For the same reason, another atom from the neighbor lattice (the green
atom in Figure 12) could enter the cutoff range of the central atom. This process could also happen
among several atoms. In this manner, the topology of the bonds that connect the surrounding neighbor
atoms has been changed so that the CNA cannot correctly identify the crystal type of the central atom.
Note that once the temperature is fixed, the thermal vibrations of the atoms are not controllable during
the simulation. This severely disturbs the analysis of the transition pathway. A strategy to overcome
this problem is quenching the system from the high temperature. The quenching velocity should be
selected with care. If the quenching velocity is too high, the atoms do not have enough time to migrate
back to their equilibrium positons. In contrast, too low a quenching velocity causes phase transition.
In this context, film 3 at a shear angle of 15.6° is quenched from 800 K to 1 K within 1 ps to eliminate
the effect of thermal vibration.

cutoff radius

pral atom }
1

Figure 12. Two-dimensional illustration to clarify the inefficiency of the CNA at high temperature and
the strategy to overcome this problem.

Figure 13 shows a zoomed snapshot of the ongoing austenitic phase transition. It can be
clearly observed that the fcc phases nucleate heterogeneously at the upper and lower surfaces and
homogeneously in the bulk material, see the identical unit cells indicated by the white rectangles in
Figure 13. The original (011)pec plane transforms to the (111)¢. plane, while the [011]p.. direction
transforms to the [1 12]cc direction. This corresponds to the N-W orientation relationship. Such “kinks”
at the surfaces as in film 1 are not observed here, so the phase transition only obeys a unique
transition pathway. The (111)}, surface transforms to the (011)¢. surface with a tiny surface energy
decrease from 1.76 J/m? to 1.73 J/m? [19]. This tiny energy difference indicates that the phase transition
is not easily activated, at least by pure thermal effect [19]. Large shear deformation, in this case a shear
angle around 12°, is necessary to activate the austenitic phase transition in a thin bec film with the (111)
bee Surface.
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Figure 13. A zoomed snapshot of the ongoing austenitic phase transition in film 3 at 800 K, where
the parent bec phase, the fcc phases nucleated at the upper and lower surfaces and in the bulk
material coexist. This figure corresponds to the status at a shear angle of 15.6°. The colors denote the
local crystal structure as in Figure 5. The plane as shown in this figure is the original (Oﬁ)bCC plane,
which transforms to the (111). plane. The black rectangle indicates a unit cell on the (011)pec plane and
the white rectangles display three units cells on the (111).. planes. The fcc phases indicated by the white
rectangles are nucleated at the upper and lower free surfaces and in the bulk material, respectively.

3.4. Dependence on Film Thickness

We choose film 1 with a thickness around 80 A as a standard to investigate the thickness
(surface-volume ratio) effect on the phase transition. Another three films with the same crystalline
orientations as film 1 and various thicknesses are simulated. These three films are as 0.5, two and
four times as thick as film 1. The simulation setups are identical with film 1. Figure 14 shows the
shear angles, at which 50% of the fcc phase have been transformed, in dependence on film thickness. It
can be observed that the shear angle increases with the thickness increase. This can be explained by
noting that thinner films exhibit a higher surface-volume ratio than thicker ones. The surface benefits
the phase transition since it provides more sites for the nucleation of the new phase compared to the
bulk, and hence the new phase can be formed at lower shear angles in thinner films. In addition, the
atoms at the surface are not so close packed compared with the bulk atoms. This provides free volume
for coordinated atom movement, which is essential for the phase transition.
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Figure 14. Dependence of shear angle, for which a fraction of 50% has been transformed from fcc to
bcc, on film thickness.

4. Conclusions

In the present work, we studied shear deformation assisted phase transitions in three Fe thin films
with the “inactive” (111)ec, (110)¢c and (111)p free surfaces. With pure temperature changing, film 1
with the (111).. surface and film 3 with the (111),. surface do not transform, while film 2 with the
(110)¢ surface transforms at a very low temperature of 81 K with pure homogeneous nucleation in the
bulk [19]. Based on the K-S orientation relationship, we applied shear deformation on these thin films
to activate the free surfaces. Note that without shear deformation, the fcc films (films 1 and 2) and bcc
film (film 3) do not transform at a temperature of 300 K and 800 K within a simulation time of 5 ns.
The main results can be concluded as follows.

1. In film 1 with the (111)¢ free surface, the martensitic phase transition starts at a low shear angle
of 1.5°. The surface is easy to activate. This is due to the fact that the martensitic phase transition is
associated with a surface energy decrease. With the help of the shear deformation, the (111)¢ surfaces
assist the phase transition as nucleation sites. The phase transition induced stress in the surface normal
direction is efficiently relaxed by the free surface, which causes a kinked surface structure. This kinked
structure induces nucleation of the bcc phase with different crystalline orientation from the initial one.
Both N-W and K-S orientation relationships are observed during the martensitic phase transition.

2. In film 2 with the (110)g. free surface, the martensitic phase transition begins at a high shear
angle of 13°, which should be the result of the surface energy increase after the phase transition.
Remarkable SFs are formed before the phase transition takes place. The new bcc phase nucleates
preferentially at the intersections between the SFs and free surfaces. After the martensitic phase
transition, a single crystalline bcc film is formed. At higher shear angles, hcp phases nucleate in thin
layer form at the upper and lower bec surfaces and grow into the film. In film 2, the martensitic phase
transition uniquely obeys the K-S pathway.

3. In film 3 with the (111), free surface, the new fcc phases with remarkable SFs nucleate
both homogeneously in the bulk material and heterogeneously at the free surface. The fcc phases
nucleated from different sources grow competitively. At higher shear angles, the SFs that the fcc phases
contained migrate and counteract each other. New SFs are formed to separate the homogeneously and
heterogeneously nucleated fcc phases. The austenitic phase transition is associated with a tiny surface
energy decrease and obeys the N-W transition pathway.
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These results might be helpful to understand the effect of shear deformation on the transition
mechanism in nanoscale systems.
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Appendix A

Simulation Using the Miiller Potential

Although the Meyer—Entel potential [20] has been widely used in simulations of phase transitions
inbulk [21,28,31,34,39] and nanoscale systems [2—4,10,19], it is still essential to examine the repeatability
of our results using another potential. A bond-order (BO) potential developed by Miiller et al. [29] is
used to simulate the films. This potential predicts an equilibrium transition temperature of 1030 K [29],
which roughly corresponds to the experimental value of 1184 K. The simulation setups are equivalent
to the simulations using the Meyer-Entel potential. It should be mentioned that the Miiller potential
formulates a cutoff radius of 3.15 A, which is smaller than the suggested cutoff of the CNA [37],
while the cutoff radius of the Meyer-Entel potential is 8.33 A. Thus, the CNA is not suitable to identify
the local crystalline structure by using the Miiller potential. The adaptive-CNA [37], which computes
the cutoff radius for each atom, is used to identify the local lattice structure. The free software tool
OVITO [47] was used for visualization. As references, the fcc films are simulated at 300 K (800 K for
the bec film 3) in absence of any shear deformations and no phase transition can be observed.

Figure A1l shows some representative snapshots of the ongoing martensitic phase transition in
film 1. The SFs, which are identified as hcp atoms, can be observed in the film. The reason for formation
of the SF has been discussed in Section 3.2. Similar to the simulation using the Meyer—Entel potential,
the first nucleation of the bcc phase preferentially starts at the free surfaces, which provide the essential
energetically and structural fluctuations for the nucleation, as shown in Figure Ala. With shear angle
increase, the bcc phase grows into the film, as shown in Figure Alb. A complete phase transition is
not achieved till the largest shear deformation. Only around 40% fcc atoms have been transformed.
The martensitic phase transition obeys the K-S orientation relationship. However, the surface “kink”
that initiates new nucleation with the N-W orientation relationship in the case using the Meyer-Entel
potential is not found. In summary, the observed surface nucleation-growth mode corresponds
approximately to the case using the Meyer—Entel potential.

(a) (b)

Figure Al. Snapshots of the ongoing martensitic phase transition in film 1 with the (111)¢ surface
at 300 K. The simulation is performed using the Miiller potential. The colors denote the local crystal
structure as in Figure 5. The plane shown is the original (110)¢. plane. (a) Status at a shear angle of
10.9°. The new bcc phase nucleates preferentially at the free surface; (b) Status at a shear angle of 13.1°.
The bec phase grows; (c) Status at the largest shear angle of 26.5°.
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An atomistic view (Figure A2) shows how the martensitic transition occurs in film 2 with the
(110)¢ free surface. Analogous to the simulation using the Meyer—Entel potential, the first nucleation
begins at the free surface, as shown in Figure A2a. Interestingly, “kinks”, which are indicated by the
white circles in Figure A2b, are formed at the free surface. Similar to the simulation of film 1 using
the Meyer—Entel potential, differently orientated bcc phases nucleate at the intersection sites of the
phase boundaries and the free surfaces. After full growth, the single crystalline fcc film transforms to a
polycrystalline bee film with two crystallites, separated by the TBs. In accordance with the simulation
of film 2 using the Meyer-Entel potential, the martensitic phase transition obeys the K-S path, in which
such twinning structure is often observed [19].

(a)

Figure A2. Snapshots of the ongoing martensitic phase transition in film 2 with the (110) surface

at 300 K. The simulation is performed using the Miiller potential. The colors denote the local crystal
structure as in Figure 5. The plane shown is the original (ﬁl)fCc plane. (a) First nucleation at the free
surface at a shear angle of 23.1°; (b) Growth of the bcc phase at a shear angle of 23.3°. “Kinks” at the
free surface, indicated by the white circles, initiate new nucleation with different orientation. (c) Status
at the largest shear angle of 26.5°. The twin structure is indicated by the red lines.

For the austenitic phase transition, we note first that the Miiller potential predicts an equilibrium
transition temperature of 1030 K [29], which is above the simulated temperature of 800 K. Film 3
does not transform at this temperature without the help of shear deformation. Using the Miiller
potential, the new phase nucleates both homogeneously at the free surface and heterogeneously in the
bulk material, as shown in Figure A3a. This observation is entirely consistent with the case simulated
by using the Meyer—Entel potential. However, the dominant phase is hcp rather than fcc. This is due
to energetic reason. The energy difference between the fcc and hcp phases in the Miiller potential
is tiny, i.e., 3 meV/atom [29]. Very small temperature or pressure fluctuation during the simulation may
cause the transition between the two phases. The hcp phases grow further into the film, as shown in
Figure A3b. The grains that homogeneously and heterogeneously nucleated are separated by fcc atom
layers. The fcc layers in the hcp matrix consist of two atom layers, which should be interpreted as SFs.
Note that the fcc and hep phases only differ in stacking sequence. The shear deformation applied may
act as the necessary shear to shift the fcc atom layers to build SFs. In simulation studies of the austenitic
phase transition in Fe, it is typical that both close packed phases, fcc and hcp, are created [3,4,19,31].
With further increases in the shear deformation, more SFs are formed, as shown in Figure A3c.
The single crystalline bec film transforms to a polycrystalline hep film with a sandwich structure.
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(2) (b) (c)

Figure A3. Snapshots of the ongoing austenitic phase transition in film 3 with the (111)p surface at
800 K. The simulation is performed using the Miiller potential. The colors denote the local crystal
structure as in Figure 5. The plane shown is the original (Ell)bCC plane. (a) Simultaneous nucleation of
the new hcp phase at the free surface and in the bulk at a shear angle of 17.6°; (b) Growth of the hcp
phases nucleated at the surface and in the bulk material at shear angle of 23.3°. (c) Status at the largest
shear angle of 26.5°. More SFs are formed due to the increasing shear deformation.
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