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Kinetics of the iron α-ε phase transition at high-strain rates: Experiment and model
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In this article, we investigate the kinetics of the iron α-ε transition under laser-driven ramp compression for
deformation rates ranging from 3 to 9 × 107 s−1. As in previous work, we observe a plateau in the rear surface
velocity profile at the transition. With increasing deformation rate the transition onset pressure raises from 11
to 25 GPa, while the plateau duration decreases. These kinetic effects are well reproduced by an Avrami-type
kinetics model of nucleation and growth with a constant, nanosecond scale completion time, which suggests an
isokinetic regime over the explored range of strain rates.
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I. INTRODUCTION

Solid-solid polymorphic phase transitions under dynamic
compression play key roles for (i) material science where they
offer ways to synthesize materials for technological applica-
tions [1,2]; (ii) planetary science (including geophysics) where
they are fundamental for understanding Earth and telluric
exoplanet internal structure [3–5]; and (iii) condensed matter
physics, where they give insight into atomic rearrangement
under extreme conditions [6–9]. In particular, laser-driven
compression experiments can provide insight into some
specific features of phase transformation such as new phase
nucleation and growth rates, the transition characteristic time,
the transition stress and compression, etc. [6,10,11].

The most famous and widely studied example of such
solid-solid phase transition is the martensitic transformation of
iron from the ground state body-centered cubic (bcc) structure
(α phase) to the high pressure hexagonal close-packed (hcp)
structure (ε phase) around a pressure of 13 GPa. Since its
discovery by Bancroft et al. in 1956 [12], this transition has
been extensively studied under both static [9] and standard
shock compression [6,10,13–15].

Recently, efforts have been focused on investigating the
phase transition kinetics and dynamical behavior using ramp
compression which gives a continuous information along the
compression path. Fast compressed diamond anvil cells have
provided in situ data on the progress of the transition at low
strain rates in the 10−2 − 102 s−1 range [16]. At much higher
rates, Bastea et al. [17] have reported Z-pinch quasi-isentropic
compression of iron, for thick targets (≈500 μm) and long
compression times (≈200 ns), where transition kinetics has
been explored by varying the target initial temperature. By
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using a phase nucleation and growth kinetic model with
pressure dependent phase interface velocity, they found that
the thermodynamic path followed by the sample is strongly
dependent on the drive conditions and probably on the target
characteristics.

In a previous article, we have reported on the kinetic
effects of the iron α-ε transition under different laser ramp
loading conditions [18] where it was shown that the transition
leads to a plateau in the VISAR measured velocity profile.
Upon increasing the loading rate, this plateau is shifted to
higher velocities while its duration decreases. In a subsequent
article by Smith et al. [11], a time-dependence study of the
α-ε phase transformation under wide experimental conditions
(compression time between 3 and 300 ns and sample thickness
from 10 μm up to millimeter) was reported. One pointing
out of this latter work was that treating the kinetics of the
phase transformation locally as a function of the difference
in free energy with a constant time scale for the transition
reproduces quite poorly the velocity histories which suggests
the need for more explicit representation of the nucleation of
daughter phase within the parent followed by growth from the
nuclei to capture the response of the material under highly
dynamic deformation. Here, we report on a complementary
experimental and numerical investigation of the iron α-ε
dynamical phase transition kinematics under different laser
ramp compression loading conditions. The deformation rates
range from ε̇ = 3.2 to 8.6 × 107 s−1. Over this relatively
narrow range it is found that an Avrami-type transition
model based on a theoretical description of nucleation and
growth mechanism reproduces well the measured velocity
profiles with a constant characteristic time, which indicates an
isokinetic regime in which the transformation kinetics remains
invariant.

The article layout is as follows: In Sec. II we describe
the experiment setup and results while in Sec. III we present
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FIG. 1. Optimized laser pulse (red thick curve) used during our
experience and the resulting pressure loading profile (black thin
curve) at the target front surface as simulated by the code MULTI [19].

the phase transition kinetics model. The results are discussed
in Sec. IV and finally the main conclusions are presented in
Sec. V.

II. EXPERIMENT AND RESULTS

The experiment was performed at the LULI2000 laser
facility where a 5-ns laser pulse with energy up to 250 J

at 532 nm was used to drive a ramp compression into thin
polycrystalline iron target. To ensure a uniform compression
front, a hybrid phase plate (HPP) was used to obtain a
smooth flat profile with 800 μm diameter. Temporal laser pulse
shaping was used to optimize the ramp profile using a model
based on [20,21] resulting in an exponential type laser profile,
as shown in Fig. 1.

The target was a 9.5-μm thick iron sample either freestand-
ing or attached on a 1-mm thick sapphire window. Direct,
high intensity laser irradiation of mid-Z elements can generate
suprathermal electrons and/or x rays which may preheat
the sample ahead of the compression wave. According to
computations of laser-matter interaction described in Sec. III,
where thermal radiation transport and heat conduction are
accounted for, the maximum electronic temperature in our
shot conditions is about 800 eV for a very short time at the
end of the laser pulse. The penetration depth in iron of the
relatively soft x rays produced at such moderate temperature
is in the order of 1 μm, so that preheating will not affect wave
propagation and subsequent phase transformation throughout
our 9.5-μm thick sample.

When the compression wave breaks out, the target rear
surface expands into the vacuum or into the sapphire window.
The temporal profile of the rear surface velocity was measured
using two-channel velocity interferometer system for any
reflector (VISAR) [22], with temporal and spatial resolutions
of 100 ps and 10 μm, respectively. An example of raw VISAR
record is shown in Fig. 2 (bottom) with the resulting rear
surface velocity temporal profile (top).
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FIG. 2. An example of raw VISAR recorded data (bottom) with
the resulting rear surface velocity temporal profile (top). The iron α-ε
transition results in a plateau at 0.56 km/s in the profile.

The data shown in Fig. 2 corresponds to the shot of lowest
peak intensity (3.7 × 1012W/cm2). The plateau at the free
surface velocity of 0.56 km/s is due to the iron α-ε phase
transformation. The iron elastic-plastic transition is expected
to produce a small step precursor at about 100 m/s, which
is not observed, probably due to the small thickness of our
target [6].

In order to investigate the iron α-ε transition dynamics
under ramp compression, the laser peak intensity was varied
from 3.7 × 1012 W/cm2 to 16 ×1012 W/cm2 (increasing the
laser energy while keeping the temporal profile of the laser
pulse fixed). The corresponding mean deformation rates,
inferred from simulations described in Sec. III range from
3.2 × 107 s−1 for the laser intensity of 3.7 × 1012 W/cm2

to 8.6 × 107 s−1 for the laser intensity of 16 ×1012 W/cm2.
Under such increasing strain rate the particle velocity where
the transition occurs increases while the plateau duration
decreases (see Fig. 3 ). This behavior is the direct consequence
of the phase transition kinetic effects and is comparable
to that reported recently on iron α-ε transition under ramp
compression [11]. To simulate experiments the kinetics of the
phase transition have to be taken into account as shown in the
following section.

III. NUMERICAL SIMULATIONS

For each shot, a first simulation of laser-matter interaction
is performed with the 1D hydrodynamic code MULTI [19],
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FIG. 3. VISAR profiles for different lasers intensities (thin black
lines are numerical simulations). The onset velocity of the iron α-ε
transition increases with the increase of the laser intensity while
the plateau duration decreases. The particle velocity was obtained
from the rear surface velocity by applying the sapphire refractive-
index correction in the case of Fe/sapphire target [15,23,24] and by
supposing a good impedance matching between the iron and sapphire
[17] (shot 4.8 × 107s−1, 5.2 × 107s−1, and 7 × 107s−1) or applying
standard 2up = uf formula for free standing target [11] (shot 3.2 ×
107 s−1 and 8 × 107s−1). For better readability, the velocity profiles
are temporally shifted.

using the measured profile of laser intensity as input boundary
condition and material data from the SESAME tables. As
mentioned above, it shows that radiative preheating from
the plasma is not significant in the probed region. Thus, the
difference between the temperature computed in this region
with or without radiation transport is less than 50 K for
compression below 100 GPa, where phase transformation
is investigated. This simulation provides the amplitude and
temporal shape of the pressure ramp induced beneath the
irradiated surface (see Fig. 1). Then, this calculated ramp
profile is used as a boundary condition in the 1D hydrodynamic
code SHYLAC [25,26] to simulate the dynamic response of
iron, including the kinetics of the phase transition. Each cell
is considered as a mixture of α and ε phases (subscripts 1
and 2, respectively). X is defined as the mass fraction of
the ε phase (0 < X < 1). The specific volume V and specific
internal energy E of the mixture are expressed in terms of the
specific volumes V1, V2 and specific internal energies E1, E2
of the pure-phase constituents:

V = (1 − X)V1 + XV 2, (3.1)

E = (1 − X)E1 + XE2. (3.2)

As in previous work on phase transformation, pressure, and
thermal equilibrium is assumed between the two phases:

P (E,V ) = P1(E1,V1) = P2(E2,V2), (3.3)

T (E,V ) = T1(E1,V1) = T2(E2,V2), (3.4)

with the details of the equation of state for each pure phase
described in Refs. [25,26]. The evolution of the epsilon mass

FIG. 4. Influence of the N parameter on the transition kinetics
for θ = 1 ns and ε̇ equals 4.8 × 107 s−1 and 8.6 × 107 s−1.

fraction X is governed by a kinetics law derived as follows.
As an epsilon nucleon grows with the speed u, the size of the
nucleon at time t is given by

v(t) = D(ut)d, (3.5)

where d = 1,2,3 represent the dimension (linear, planar or
spherical) of the growth of the epsilon phase and D is a
shape factor equal to 2, π , 4π/3 for d = 1, 2, 3, respectively.
The epsilon mass fraction, according to the kinetics theory of
Avrami [27–29], is thus given by

X(t) = 1 − exp

(
−R

∫ t

0
v(t

′
)dt

′
)

, (3.6)

with R, the nucleation rate. Replacing v(t) by Eq. (3.5) and
integrating, it comes that

X(t) = 1 − exp

[
−D

N

(
t

θ

)N
]
, (3.7)

with N = d + 1 and θ = (Rud )−1/N . θ is thus a characteristic
time that can be seen as the completion time for the phase
transformation. In practice, the phase transformation starts
where and when the Gibbs free energy of the epsilon phase
becomes less than the alpha phase one, then its evolution is
governed by Eq. (3.7). N and θ are the only two free parameters
of the model. In a first, simple attempt to test the model, they
are fixed at constant values, which will be discussed in details
in the next section.

From the compression volume profile V (t) computed near
the ramp-loaded surface, a mean strain rate ε̇ = 1

V0

dV
dt

, with
V0 the initial volume, was calculated for each shot. For
lower deformation rate (ε̇ < 7 × 107 s−1), the simulations are
less sensitive to N . For (ε̇ > 7 × 107 s−1) the best match
between experiment and simultations was found for N = 4,
equivalently d = 3 (see Fig. 4). Thus, we conclude that growth
process is three-dimensional. Concerning the influence of the
characteristic time θ , we have found that the larger θ the
stiffer the slope of transition plateau while the plateau duration
remains roughly the same (see Fig. 5). For all our shots, the best
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FIG. 5. Influence of the characteristic time θ on the velocity
profile for N = 4 and ε̇ = 4.8 × 107 s−1.

agreement between experiments and simultations was obtained
for θ = 1 ns (see thin black curves on Fig. 3).

It is also worth noting that this Avrami-based model agrees
better with experiment than the Hayes empirical kinetics
model [30] which was used in earlier works [25,26]. Indeed,
there is no characteristic time for which the Hayes model
can reproduce correctly the experimental results at higher
strain rates, including the observed plateau (see Fig. 6). This
corroborates the statement that a model which treats the
kinetics of the phase transformation only as a function of
the difference in free energy should not reproduce the velocity
profile for high deformation rate as reported in Ref. [11].

IV. DISCUSSION

To investigate the coupling between compression dynamics
and transition kinetics, the propagation distance from the

FIG. 6. Comparison between Avrami and Hayes model for ε̇

equals 4.8 × 107 s−1 and 8.6 × 107 s−1. The Avrami simulations were
done with N = 4 and θ = 1 ns. The inset is a zoom on the high
deformation rate (8.6 × 107 s−1) phase transition region.

FIG. 7. The transition onset pressure for different deformation
rate.

loaded surface to the probed surface (target thickness) is
crucial. A sufficient propagation distance is necessary to start
forming the plateau, as it is the result of the sound speed
change at the phase transition. However, progressive wave
separation leads to a local decrease of the strain rate at the
plateau pressure, which in turn will lower the transition onset
during propagation. This process will continue until reaching
a stationary regime over larger propagation distance, where
the wavefront is no longer affected by transient kinetic effects.
Therefore, the small thickness of our targets (9.5 μm) is an
important precondition to observe such kinetic effects in the
velocity profiles.

As stated in Sec. III, the phase transformation is initiated
when the Gibbs free energy of the epsilon phase becomes
lower than that of the alpha phase. Thus, this thermodynamic
initiation is not strain rate dependent. However, because
subsequent growth of the epsilon phase is limited by its
kinetics, its proportion remains very small for a short time
(that can be seen as an incubation time) during which the
macroscopic behavior of the mixture is still essentially that
of alpha-iron. The velocity plateau starts only after this delay,
once the amount of epsilon phase becomes sufficient to affect
wave propagation. To present our results in similar terms as in
previous work [11,17], we associate this threshold, significant
amount of epsilon phase to the “onset” of the transformation.
Because the thermodynamic conditions evolve before reaching
this stage, the onset pressure is strain-rate dependent. It is
inferred at each shot from the velocity value at the measured
plateau, and plotted versus strain rate in Fig. 7. It is found
to vary from 11 GPa for ε̇ = 3.2 × 107 s−1 to 25 GPa for
ε̇ = 8.6 × 107 s−1 (Fig. 7). The transformation onset pressure
for the smallest deformation rate is below the equilibrium value
of 13 GPa. This may be due to the presence of large defect
density in a thinner target which should lower the transition
threshold by locally reducing the Gibbs free energy barrier
between both phases and thus lowering down the transition
onset pressure [7,8].

At higher rates, pressure overshoot conforms to that
reported previously under ramp compression [11]. However,
the Avrami-based approach adopted here differs substantially
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FIG. 8. Computed evolution of the epsilon fraction during the
phase transformation under different loading rates (see Fig. 3), with
a 1-ns characteristic time. In the Avrami model (thick black line),
the temporal evolutions is the same for all shots, with a characteristic
sigmoidal shape, while in the Hayes model (thin lines), the strain rate
directly affects the transformation duration.

from the kinetics model in [11], where an explicit dependence
of the transition rate on over-pressurization was introduced in
the form of a three-stage function fitted empirically. Instead,
we consider a simple, intrinsic transformation behavior involv-
ing one geometrical parameter N and one characteristic time θ

combining both nucleation (through R) and growth (through
u) of the daughter phase. Physically, the correct match for
N=4 suggests 3D spherical growth of the nuclei. Because
this shape allows minimizing the interface energy between
both phases, it indicates that the contribution of this interface
energy is important in the transition energetics [8]. This N
value of 4 has been reported to match a number of polymorphic
transformations with nucleation at constant or increasing rate
[31]. The use of a constant θ value corresponds to a regime
referred to as isokinetic, where the transition kinetics is
independent of the strain rate, like evidenced originally by
Avrami as some range of temperatures and concentrations
in which the characteristic kinetics of phase change remains
unchanged [27]. Thus, the computed variations of the ε fraction
are identical for all shots, with a sigmoidal shape (Fig. 8).
This shape was acknowledged as a general requirement for
quantitative description of the kinetics of many types of phase
transformations [27]. It was later reported as a nearly universal
shape of growth curves for first-order phase transformations
under quasistatic compression at room temperature [32]. Our
results suggest that this shape is important to capture the
behavior observed at very high-strain rates, which the Hayes
model fails to restitute, as mentioned in Sec. III. The 1-ns
value of the transition time is consistent with a previous report

under laser shock compression where the characteristic time
was found to be 2–5 ns [10,25,26].

However, in the literature it seems that this value should
vary with the deformation rate [17,32]. The isokinetic regime
(i.e., the fact that a single characteristic time θ fits all
deformation rates) evidenced in our experiments is probably
due to the narrow explored range (3−9 × 107 s−1). Over this
range, the observed influence of the strain rate, although
of obvious importance, is thus not directly dominated by
the transformation kinetics itself but rather by the evolution
of the thermodynamic conditions during the transformation,
with an interplay between sound velocity increase with
pressure and sound velocity decrease upon phase transition.
In particular, the variations of onset pressure are governed by
the maximum compression reached during the early stage of
slow transformation, then the sharp growth of ε proportion
induces a fast decrease of the sound speed which leads to the
pronounced plateau in the velocity profiles. Nevertheless, it
is not excluded that, over larger range of deformation rates or
various target thickness and preparation conditions as reported
in Ref. [11], the isokinetic assumption should be revised and
the characteristic time should be modified.

V. CONCLUSIONS

We have investigated the dynamics of the iron α-ε
transition under ramp compression for different deformation
rates ranging from 3 to 9 × 107 s−1. As in previous work,
we have observed a plateau in the rear surface velocity
profile at the transition. The higher the deformation rate
the higher the transition onset pressure and the smaller
the plateau duration. We have shown that behavior is well
reproduced by an Avrami-type kinetics model with a constant
characteristic time. This implies an isokinetic regime in which
the characteristic kinetics of the phase change is independent
on the strain rate. Thus, the observed effects are dominated by
the thermomechanical response and wave propagation during
the phase transformation rather than by the kinetics of this
transformation. The 1-ns value of the characteristic time is
consistent with that reported for this transition under laser
shock compression.
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