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Abstract

Non-Equilibrium Molecular Dynamics simulations have been used to investigate the kinetics of
the bee to hep phase transition in ramp-compressed [001]-oriented single crystal iron in the presence
of defects consisting in micro-voids. Depending on the ramp maximum pressure, the microstructure
of the daughter hcp phase is observed to be strongly affected by the plastic activity in the parent
bee phase. The hep phase is first nucleated around the pre-existing microvoids, then it grows along
preferential crystal directions and the subsequent volume reduction induces a local relaxation of the
pressure. The velocity of the bee-hep phase boundary is shown to increase gradually with maximum
pressure up to supersonic values. For high over-compression beyond the transition onset pressure,
the phase transformation becomes almost instantaneous and essentially independent of the initial
defects. Meanwhile, the ramp wave steepens with propagation distance and evolves into a shock
front, up to the over-driven regime classically observed in both experiments and hydrodynamic,

macro-scale simulations.

keywords: ramp compression, shock wave, Molecular Dynamics, phase transition, plasticity, iron,

twinning.

1 Introduction

There is a growing interest in understanding the properties of solid materials under extreme conditions
of pressure and deformation induced by dynamic compression. Large scale Molecular Dynamics (MD)
simulations play a crucial role as they provide valuable insights into the underlying microprocess at the
atomic level. In particular, iron has been extensively studied under shock compression with a focus on
the microprocess governing plastic deformation and the dynamics of the structural bee to hep phase
transformation.

Depending on the atomic interaction model used, various aspects of iron dynamic behavior have
been explicited (predicted) in reasonable agreement with experiment. Thus, using the Voter-Chen
interatomic potential [1], Kadau et al., have investigated the response to shock compression of both
single crystal[2, 3] and polycrystalline iron [4]. The structural bee to hep phase transition was ob-
served at around 15 GPa, in good agreement with experiment [5], with only a weak dependence on
the direction of shock propagation with respect to crystal orientation. The crystallographic relation-
ships between the parent and product phases are common for martensitic transformations while the
developing microstructure has been observed to be orientation-dependent, with both [110] and [111]
directions exhibiting a sizable fraction of atoms belonging to the fcc phase not confirmed experimen-
tally to date. Using the same interatomic potential, Shao et al., have investigated the dynamics of the
bee to hep/fee structural transition in single crystal iron under ramp compression [6]. It was found

that when compressed along the [001] direction, the microstructure of the hcp phase tends to form
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lamellar twins along the (100) or (010) planes. Furthermore, when compressed along the [011] and
[111] directions, the microstructure in product phase is much finer than that observed along the [001]
direction, because more equivalent {011} planes are activated. Since this early potential was merely
fitted to the general Rose et al. equation of state |7], no evidence of plastic deformation before the
phase transformation was predicted in both polycrystal nor single crystal (with or without defects)
[2, 3, 4, 8]. This contrasts with the results reported by Wang et al. using a more recent modified an-
alytic embedded-atom-model [9]. Here, in a single crystal shock-compressed along its [001] direction,
plastic deformation was observed at around 17 GPa, mediated by dislocation nucleation, propagation
and multiplication, before the onset of the structural phase transition which occurs at pressures of
18.0, 22.3, and 23.8 GPa along the [001], [110] and [111] directions, respectively [9]. On the other
hand, polycrystalline iron was found to yield around 8-9 GPa, prior to the structural phase transfor-
mation around 10-13 GPa depending on the shock strength. In this case, the plastic deformation was
mainly dominated by grain boundaries activities and intragranular processes such as dislocation slip.
This plastic activity was found to contribute to the phase transition by two different coupling modes
resulting in two different variants of transition products [10]|. In the same period, Gunkelmann et al.,
using the modified version o ft he A ckland p otential [ 11], h ave r eported d islocation-mediated plastic
deformation in polycrystalline iron at a pressure of about 10 GPa under shock compression [12|. This
plastic deformation was accompanied by a significant 3 D relaxation under r amp c ompression with a
long rise time 13|, where the structural bee to hep phase transition was observed at around 23 GPa.

Later on, using the same Ackland potential [11], Amadou et al. analyzed the coupling between the
plastic deformation and the structural bee to hep phase transition in single crystal iron[14, 15, 16, 17].
This coupling process is particularly important when single-crystal iron is thermalized to 50 K then
compressed along the [001] direction. Ramp compression above the yield strength was shown to
produce plastic deformation in the form of twins, then, further compression was observed to induce
a hardening-like behavior, where the twins previously formed were progressively removed while no
dislocation activity was detected, leading to a strong increase of the shear stress. Such post-yield
stiffening of the bcc matrix was shown to inhibit t he nucleation of the hcp phase, so that t he onset of
the phase transformation was shifted to very high pressures (on the order of 100 GPa). For the phase
transition to be activated at moderate pressure, one must either let the ramp wave steepen during its
propagation to evolve into a shock wave or introduce pre-existing defects such as microvoids within
the sample. This remarkable effect s peculated by R emington et a 1. [ 18] and n ever r eported before,
deserves extensive study because it may contribute to the strong variations in the transition onset
pressure with the loading rate classically observed experimentally.

Here, we report on the kinetics of the bee to hep phase transition when it is activated at moderate

pressure in the presence of defects and on the coupling between this transition and wave propagation.

2 Method and computational details

Non-Equilibrium Molecular Dynamics (NEMD) simulations have been used to investigate the kinetics
of the bece to hep phase transition in single crystal iron when ramp-compressed along the [001] crys-
tallographic direction. Samples containing up to 28 million atoms were simulated using the Lammps
molecular dynamics code [19], where the interactions between atoms were modeled through the embed-

ded atom model formalism [20, 21]. The iron model was the modified version of the Ackland potential



[11], which was successfully used in the past to account for both plasticity and phase transition in iron
[11, 12, 22].

Both defect-free and defective initial conditions have been investigated, where the defects were
introduced within the sample in the form of microvoids of 5 ag radius, where ag is the lattice constant,
regularly spaced by 100 ag along the wave propagation direction z. Samples were first thermalized to
50 K and then compressed by driving an effective infinite-mass wall piston with an imposed velocity v
along the z-direction while periodic boundary conditions were used for the transverse directions. The
ramp compression was realized by linearly increasing the piston velocity from zero to its maximum
during 30 ps and then held constant at that maximum until the end of the simulation. Piston maximum
velocity ranging from 600 to 1600 m.s~! were investigated, corresponding to compression rates ranging
from 10% to 10%s~! comparable with that reported under picosecond-laser dynamic compression [23].
Maximum pressure at the top of the ramp ranges from 31 GPa to 140 GPa.

Local thermodynamic and mechanical properties such as longitudinal pressure Pz, shear stress,
temperature, etc. were evaluated within a spatial planar bin (of 3 ag width) perpendicular to the wave
propagation direction in same manner as in references [14, 15, 17|. Finally, local structural analysis
was performed by adaptative Common Neighbor Analysis (CNA), Centrosymmetry and Discolation
Analysis Tool (DXA) as implemented in the OVITO software [24].

3 Results and Discussion

Fig. 1 illustrates the response of a defect-free crystal to ramp compression along the [001] direction up

1| corresponding to a maximum pressure of 31 GPa. It starts

to a maximum piston velocity of 600 m.s™
with the propagation of an elastic wave up to a yield strength of about 12 GPa (Fig. 1a). Then, the
plastic deformation of the bece phase proceeds by the nucleation of numerous stacking faults identified
to be micro-twins (Fig. 1c). Because the bulk sound speed increases with pressure, the ramp wave
above the elastic limit classically steepens during its propagation (Fig. la) to form a shock wave after
about 50 ps. The shear stress is partially relaxed at the beginning of plastic deformation, but it is
observed to increase again upon further compression, up to about 2 GPa (Fig. 1b). This unexpected,
post-yield stiffening was evidenced and discussed in more details in previous articles, where it was
referred to as a hardening-like effect [14, 15, 16, 17]. It was shown to shift the bece-hep transition in
iron to very high onset pressures [14], so that the 31 GPa final pressure in the simulation is not enough
to initiate this transformation.

Fig. 2 shows the same ramp-loading case for a sample where initial defects were introduced in
the form of microvoids. Plastic deformation remains similar to that of the perfect crystal, i.e. mainly
dominated by deformation twinning (Fig. 2 d, e). The hardening-like effect is observed with the shear
stress increasing again with further compression beyond the yield strength. However, defects now lower
the energy barrier of the phase transition and accelerate its kinetics [25, 26]. As a consequence, hcp
and fcc phases are observed to nucleate heterogeneously around the microvoids (Fig. 3) at a pressure
Py (nucleation) of about 25 GPa, much lower than the 100 GPa required in the case of defect-free
crystal. The high pressure hcp phase, mixed with some fcc atoms, develops through a two-step process:
an initial nucleation regime with slow transformation kinetics followed by a rapid growth regime in
which the hep/bee phase interface velocity depends on the over-compression, AP = Ppeax — Pou.

During the nucleation regime, the bee and hep/fec phases coexist. Because the growth of the hep
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Figure 1: Spatial profiles of the longitudinal pressure P, (a) and shear stress (b) for a defect-free single
crystal iron ramp compressed to a piston maximum velocity of 600 m.s~!. (c) Selected snapshots of
atomic configuration showing the wave propagation and micro-twins (brown colored atoms) associated
with the plastic deformation. The bce atoms are colored according to their P,V, value, where V, is
the atomic volume and P,, the pressure component along the wave propagation axis z. The twins in

the bce phase are colored in brown regardless of the pressure.

phase is limited by its kinetics, its proportion remains very low for a short period during which the
macroscopic behavior of the mixture is still essentially that of bee iron [27]. No effect on wave profiles
is observed yet at this stage, where a steady pressure state is maintained behind the ramp wave until
about 50 ps (Fig. 2a). Next, the amount of hep phase becomes sufficient to relax locally the pressure
in the mixture, because the bce-hep change is associated with a volume reduction. Thereafter, the
dynamic behavior results from an interplay between the ramp wave evolution during its propagation
and the progressive phase transformation leading to a time dependent bee/hep phase boundary velocity
[28, 29]. For this low piston velocity of 600 m.s™!, the corresponding maximum pressure is about 31
GPa resulting in a small over-compression. Therefore, the bee to hep phase transition kinetics is slow
(Fig. 2c), with the hep phase nucleation activated around several microvoids before the onset of a
rapid growth regime (see Fig. 3). Due to kinetic effects, the pressure release accompanying the phase
transformation becomes more important with increasing simulation time (Fig. 2a). Then, follows a
region where bcc iron is converted to almost full hcp phase over some lattice constants. Here, we refer
to as hep/bee phase boundary this region that separates the almost full hep phase from the hep/bee
mixture. Behind this phase boundary, the transition is completed and the hcp iron is compressed
to the final steady state. For the maximum piston velocity of 600 m.s™!, the velocity of this phase
boundary interface is about 2000 m.s~! (Fig. 4), so that several nucleation sites are still active up to
a simulation time of 80 ps. The pressure relaxation associated with the transition is about 5.5 GPa.
Ahead of the phase transition, the plastic activity in the bce phase generates twins, which tend to
become thicker with time (Fig. 2d and 2e). They survive further compression in this case because the

shear stress is locally relaxed (Fig. 2b) by the germination of hcp nuclei around the microvoids. In



fact, the microstructure of the daughter hcp phase behind the transition front is found to be strongly
affected by those twins inherited from plastic deformation in the parent phase. Indeed, it contains
distinct regions delimited by former twin boundaries (at 45° from the z direction in Fig. 2d, and
normal to that direction in Fig. 2e). Actually, these regions are shown to be twins within the hep
phase, as assessed by the crystal symmetries across the green-colored boundaries in Fig. 5a and 5b.
Besides, as previously reported [30], the hep nuclei are observed to develop more rapidly in the (110)
and (110) planes than along the perpendicular direction. This anisotropic growth leads to secondary
twinning within the hep phase [3, 31|, as illustrated in Fig. 5c¢. Thus, the microstructure in the hep
phase is conditioned by the plastic activity in the bce phase, leading to a microstructure composed of
twins inside twins as observed for other bee metals such tantalum [32].

When the piston maximum velocity is increased beyond 800 m.s~!, although the micro-twins
in the bcc phase still survive, their density becomes very low upon further compression by the P1

wave. Consequently, they are completely annihilated during the phase transition. Note that this effect
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Figure 2: Spatial profiles of the longitudinal pressure P, (a), shear stress (b) and hcp phase fraction
(c) along the wave propagation axis z for a defective [001]-oriented single crystal iron ramp compressed
to a piston maximum velocity of 600 m.s~! during 30 ps. (d) and (e): selected snapshots of atomic
configuration showing the correlation between deformation twinning in the bee phase (atoms colored
in brown) and the microstructure in the hep phase (atoms colored in violet). Atoms colored in cyan

are fcc atoms.
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Figure 3: Nucleation and growth of the high pressure hep phase (violet colored atoms), including some
atoms of fcc type (cyan colored atoms), around the initial defects in a defective single crystal iron
ramp-compressed to a piston maximum velocity of 600 m.s~! (same as Fig. 2d, but without displaying

the bce atoms).
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Figure 4: bce/hep phase boundary velocity for maximum piston velocities of 600 m.s~! (a), 1000

m.s~! (b) and 1600 m.s~! (c). In this latter case, the phase boundary progressively accelerates during

its propagation and overtakes the longitudinal sound speed of about 6 km.s~! in iron.
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Figure 5: : Atomic configurations in y-z (a) and x-z (b) sections showing the microstructure in the
hep phase with primary twins (region between the two lines of green-colored atoms) issued from the
plastic activity in the bce phase. (c¢) cross-section perpendicular to the z-axis across the twin of (b)

showing secondary twinning activity resulting from the hcp phase nucleation and growth.



depends on the pressure state behind the plastic deformation wave and not on the strain rate, since it
is still observed when changing the ramp rise time.

The phase boundary velocity increases with the over-compression in agreement with the classical
theory of nucleation and growth [28, 29]. When the piston maximum velocity is increased to 1000
m.s~! (Fig. 6) and higher, the pressure profiles show the common three-wave structure, with an
elastic precursor followed by the P1 wave compressing the bce phase up to a plateau, then the P2 wave
where the bce to hep phase transformation occurs followed by subsequent compression to the final
pressure. At early times, the velocity of phase boundary is low (Fig. 4), so that nucleation has time to
develop around the microvoids leading to a mixed bee and hep/fec regime behind the P1 wave (Figs. 6¢
and Fig. 7). A plateau is progressively formed in wave profiles corresponding to the onset of the phase
transition. With increasing propagation distance, the pressure at the plateau decreases from 37.1 GPa
at 30 ps to 29.2 GPa at 60 ps, while the plateau duration decreases in consistence with experimental
observations under nanosecond laser compression [33, 27]. Next, as the kinetics accelerates with the
pressure in the ramp, the velocity of the phase boundary increases up to an approximately steady value
about 3000 m.s~! (Fig. 4). Although, this value is lower than the local sound velocity, the interface
progressively engulfs the nucleation region. At late times, the transition occurs through a single sharp
front where initial defects which provided nucleation sites facilitating the onset of the transformation

do not play this role anymore. Thus, the amplitude of the P1 wave, i.e. the transition onset pressure,

Figure 6: : Spatial profiles of the longitudinal pressure P, (a) and hcp phase fraction (b) along the
wave propagation axis z for a defective [001]-oriented single crystal iron when the bcc to phase is
overcompressed to a piston maximum velocity of 1000 m.s~! during 30 ps. (c) selected snapshots of
atomic configuration showing the wave propagation, defects associated with the plastic deformation

and local phase structures. The atoms colors are the same as in Fig. 2.
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Figure 7: : Nucleation and growth of the high pressure hcp phase (violet colored atoms), including
some atoms of fcc type (cyan colored atoms), around the initial defects in a defective single crystal
iron when the bcc to hep phase transition is over-compressed to a piston maximum velocity of 1000

m.s~! (same as Fig. 6¢, but without displaying the bcc atoms).

is observed to increase (Fig. 6a).

Finally, when highly over-compressed at a piston velocity of 1600 m.s~! (Fig. 8), the dynamic

(b)

Figure 8: : Spatial profiles of the longitudinal pressure P, (a) and hcp phase fraction (b) along the
wave propagation axis z for a defective [001]-oriented single crystal iron when the bee to phase is highly
over-compressed to a piston maximum velocity of 1600 m.s~! during 30 ps. (c) selected snapshots of
atomic configuration showing the wave propagation, defects associated with the plastic deformation

and local phase structures. The atoms colors are the same as in Fig. 2.
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Figure 9: Nucleation and growth of the high pressure hep phase (violet colored atoms), including some

atoms of fcc type (cyan colored atoms), around the initial defects in a defective single crystal iron
where the bee to hep phase transition is highly over-compressed to a piston maximum velocity of 1600

m.s~! (same as Fig. 8 without displaying bec atoms).

response is initially similar to that of the previous case, although the ramp is steeper (by a factor 1.6).
Then, due to the rapid evolution of the pressure in the ramp, the plateau at the onset of the phase
transition propagates without any significant pressure relaxation while the phase boundary velocity
increases with increasing time, up to becoming supersonic (Fig. 4). The phase transition then becomes
almost instantaneous, across a very sharp front now independent on the presence of pre-existing defects
(Fig. 9). Along with this transition front, the P2 wave becomes steeper too, due to the increase of
sound velocity with pressure, and exhibits a classical evolution into a shock front, which velocity is
now higher than that of the P1 wave. In this overdriven regime, the compression consists of a small
elastic precursor followed by a single shock front where the bce phase is instantaneously converted
to hep phase, which is also instantaneously compressed to the final pressure (Figs. 8c and 9). This
is consistent with the simple hydrodynamic description of shock wave physics and with experimental
observations [34, 35]. All these results are in qualitative agreement with the phenomenological models
proposed by Kolmogorov [36] and Avrami [37, 38, 39|, where the interface velocity is a function of the

over-compression [28].

4 Conclusion

Non Equilibrium Molecular dynamics (NEMD) simulations have been used to study the kinetics of
the bee to hep phase transition in single-crystal iron when ramp compressed along the [001] crystal-
lographic direction in the presence of initial defects. Depending on the ramp maximum pressure, the
microstructure in the hcp phase is found to be strongly conditioned by deformation twinning in the
bee phase, as well as by anisotropic growth of hcp nuclei. This leads to secondary twins inside larger
twins directly inherited from the plastic activity in the parent phase prior to the transformation. The
bee /hep phase boundary velocity increases with the over-compression in accordance with classical the-
ories of nucleation and growth. These results provide insight into the mechanisms governing displacive

phase transformations and their dynamics. They confirm the good capabilities of the modified Ackland



potential to predict many realistic features of the complex behavior of dynamically compressed iron,

and they are expected to be used to improve kinetic models implemented in hydrodynamic codes.
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