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A time-resolved x-ray diffraction technique is employed to monitor the structural transformation of laser-shocked
bismuth. Results reveal a retarded transformation from the shock-induced Bi-V phase to a metastable Bi-IV phase during
the shock release, instead of the thermodynamically stable Bi-III phase. The emergence of the metastable Bi-IV phase is
understood by the competitive interplay between two transformation pathways towards the Bi-IV and Bi-III, respectively.
The former is more rapid than the latter because the Bi-V to B-IV transformation is driven by interaction between the
closest atoms while the Bi-V to B-III transformation requires interaction between the second-closest atoms. The nucleation
time for the Bi-V to Bi-IV transformation is determined to be 5.1£0.9 ns according to a classical nucleation model. This
observation demonstrates the importance of the formation of the transient metastable phases, which can change the phase

transformation pathway in a dynamic process.

Keywords: phase transformation, time-resolved x-ray diffraction (XRD), bismuth, metastable phase, nonequi-

librium phase diagram
PACS: 64.70.K-, 64.60.My, 62.50.Ef

1. Introduction

Structural transformations in a dynamic process are of
great concern because the associated properties (such as
mechanical,!'-? optical,>! electrical®’! ones) may change
abruptly and evolve in a different pattern from then on. These
transformations are usually non-equilibrium in nature, ®! pro-
ceeding in nanosecond or even picosecond timescales!®~!3]
with the kinetics different from the one in the equilibrium
case.l'®! Fully understanding the transformation kinetics, es-
pecially its rate dependence, under dynamic compression has
been a long-term pursuit in the field of materials dynamics.

Bismuth, a prototype for the study of phase transi-
tions under high pressure, has been intensively investigated
by both static and dynamic compression techniques.!!’-%3]
Even though bismuth has a complex phase diagram includ-
ing multiple polymorphisms, its equations of state,?'~>3! crys-
tal structures!>>~2* and phase boundaries!>>~>"! at equilibrium
have been well clarified with both experimental and theoretical
efforts. When the loading or unloading rate is non-negligible
compared to the rate of phase transformations, the kinetic ef-
fect needs to be considered. The kinetics of phase transfor-
mations and the transformation pathways are by far much less
understood.!1%17:28-311 Generally speaking, the transformation
pathway in the dynamic process could be different from one
predicted using the equilibrium phase diagram by shifting

fCorresponding author. E-mail: jianbo.hu@caep.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd
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the phase boundaries towards the loading direction.*°] How-
ever, the formation of transient metastable phases in the dy-

[1628.29] gignificantly changes the landscape of

namic process
dynamic phase transformation, making it unreliable to inter-
pret the data from traditional shock wave experiments based
only on the equilibrium phase diagram. For bismuth, it is
found that the phase transformation follows a pathway across
the static phase diagram with phase boundaries shifted by the
kinetics when the loading and unloading processes are per-

20301 but adopts another

formed in a timescale of milliseconds, |
pathway with metastable phases deeply engaged in a timescale
of nanoseconds.!'%?82%1 The differences between the phase
transformation pathways in the two timescales highlight the
importance of investigating the phase transformation kinetics
of bismuth, especially the kinetics associated with metastable
phases.

In order to gain a better understanding of the transfor-
mation kinetics of bismuth, in this study, we employ a time-
resolved x-ray diffraction (XRD) technique to monitor the
structural change of bismuth in the shock release period with
the controlled decreasing rate of pressure. A retarded trans-
formation from the shock-induced Bi-V phase to a metastable
phase has been observed in the release period with the phase
identified as metastable Bi-IV. The mechanism for the forma-
tion of the metastable Bi-IV instead of the thermodynamically
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stable Bi-III phase is discussed from the perspective of phase
transformation kinetics.

2. Experiment

Experiments were performed at the beamline NW14A
of the Photon Factory Advanced Ring (PF-AR) of the
High Energy Accelerator Research Organization (KEK). The
schematic of the experimental setup is shown in Fig. 1(a). Ex-
perimental details are given in Ref. [32]. Briefly, the target
assembly consists of four layers, a 25 pm thick polyethylene
terephthalate (PET) layer, a glue layer with a mean thickness
of 20 (£2) um, and an 8 um thick bismuth film deposited on
a 100 pm thick LiF single crystal window. A flat-top ablation
laser with a temporal Gaussian pulse duration of 12 ns and
a pulse energy of 10.7 (£0.1) J is focused on the PET layer

~100 ps PET and glue layers
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with the spot diameter of 450 um to generate loading waves,
which propagate forward to compress the sample. A 15.6 keV
(dE/E = 1.3%) x-ray pulse outputted from the synchrotron
is used to probe the compressed state of the sample, generat-
ing an XRD pattern on the CCD detector (MarCCD 165, Ray-
onix, LLC). The pulse width of the x-ray beam, constraining
the temporal resolution of the XRD technique, is 100 ps. The
x-ray beam size at the sample position is tailored by slits to
be 460 um (H)x240 pm (V), with about 98% of the x-ray
photons passing through the loaded sample. Considering the
sample-to-detector distance of 93.912 mm, the angular reso-
lution is expected to be around 0.3°. By manipulating the de-
lay time between the laser shock and the x-ray probe, time-
resolved XRD spectra of bismuth in the compression and re-
lease period are obtained.
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PET and glue layers

Fiber tip to the
laser interferometry

Ablation laser

The CCD detector

8.0

6.0 2
o
S

4.0 &
=
@
9]
-

2.0 ~

PET and glue Bi LiF
0

0 20
Lagrangian position (pm)

40 60 80

Fig. 1. (a) Schematic of the experimental setup for time-resolved XRD measurement. (b) Schematic of the experimental setup for the Bi/LiF
interface velocity measurement. (c) The Bi/LiF interface velocities obtained from the periodical laser interferometry signal and from the
hydrodynamic simulation. (d) A 1D hydrodynamic simulation of the laser loading and unloading process.

In order to quantify the stress history that the Bi sample

[3334] {5 employed to

underwent, a laser interferometry system
monitor the interfacial particle velocity profile between the Bi
sample and the LiF window, as shown in Fig. 1(b). The in-
terferometry data are fitted by a series of sinusoidal functions.
The interfacial velocity is then obtained from the derivative of
the phase in the sinusoidal function with respect to time, 3!
taking into account the correction due to the refractive index
of the LiF window.*%37] As shown in Fig. 1(c), the peak ve-
locity is 0.41+0.02 km/s, corresponding to the peak stress of
7.9£0.4 GPa. Thereafter, the interfacial velocity decreases
gradually over about 10 ns, indicating a low decreasing rate of

the pressure in Bi. This is also confirmed by the 1D hydrody-

namic simulation using MULTI-1D, [38] a5 shown in Fig. 1(d).
To simplify the simulation, a single-phase Griineisen equation
of state for Bi (pg = 9.84 g/cm?, ¢y = 1.83 km/s, A = 1.47,
Yo = 1.1) is employed. The ramping slope in the increase of
the velocity profile, which failed to be captured by the simu-
lation, is possibly due to elastic precursors and phase transfor-
mations. Afterwards, the velocity profile shows a long release
period, which is in fairly good agreement with the simulation
despite the simplicity of the equation of state model. Accord-
ing to the simulation, the long release period is associated with
the long pulse duration of the ablation laser. As the laser in-
tensity enters the decreasing phase of the Gaussian profile, the
release waves produced at the ablation side start to attenuate

046401-2
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the pressure inside the sample. The decreasing rate of the pres-
sure in the sample was held to keep pace with the decreasing
rate of the laser intensity, resulting in a much longer release

period than those reported previously. 282311

3. Results and discussion

After integrating the intensity of the diffraction patterns
recorded on the CCD at each probing time (see Fig. S1 in
the supplementary material for the raw CCD images), time-
resolved XRD spectra of bismuth under laser-driven shock
compression are shown in Fig. 2(a). The x axis is the mo-
mentum transfer Q = 47 sin 6 /A, where 6 is the Bragg angle.
The static diffraction spectrum shows that the Bi-I phase is
the primary phase before the laser compression. We set the
time to zero when the shock wave enters the bismuth film. At
t = 1.2 ns, a new peak at Q = 2.3 A~! appears corresponding
to the Bi-V phase, and the peak at Q = 1.9 A~! shows con-
tributions from both the uncompressed and compressed Bi-I
phase, indicating that part of the sample is compressed and

transforms into the Bi-V phase following the propagation of
the compression wave. The pressure of the Bi-V phase is de-
termined to be 7.9 GPa from the measured velocity profile. At
t = 4.3 ns, the peak at Q = 1.9 A~! nearly disappears and the
peak at Q = 2.3 A~! becomes the dominant one, indicating
that the compression wave turns nearly the whole sample into
the Bi-V phase. Moreover, two other characteristic peaks of
the Bi-V phase at Q = 3.2 A~! and 3.9 A~! become notable.
In the delay times at = 6.9 ns, 10.7 ns, 13.7 ns and 17.0 ns, the
pressure decreases continuously as indicated by the shift of the
peak locations of the Bi-V phase. Meanwhile, another peak
with a larger FWHM located at Q = 2.2 A~! keeps increas-
ing the intensity and overtakes the original Bi-V phase peak
located at Q = 2.3 A~!. At the same time, weak peaks located
at Q =2.7 A=! and 3.0 A~! grow synchronously, suggesting
the possible nucleation and growth of the Bi-IV phase as iden-
tified in Fig. 2(a). Att = 17.0 ns, the characteristic peaks of the
Bi-V phase disappear and the peak located at Q = 2.2 A~! be-
comes dominant, indicating that the transformation from Bi-V
to the metastable phase is nearly finished.

| (a)
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MW/W 13.7 ns

F(b)

+ Experimental data
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Fig. 2. (a) Time-resolved XRD spectra of bismuth under laser-driven shock compression with the notable diffraction spots of the LiF single

crystal removed before performing the integration. (b) A zoomed-in view of XRD peak profiles in the Q range of 1.8-2.5 A~! with the fitting
curve by Voigt functions, showing the phase transformation from the Bi-V to the Bi-IV phase in the release period.

To strengthen this identification, a comparison of the
XRD spectrum at + = 17.0 ns where the metastable phase
becomes dominant with the spectra of possible candidates,
such as the Bi-IV,!?! Bi-II1,?% Bi-II' 28] and Bi-11%3] phases
from the literature, are shown in Fig. 3. Apart from a mi-
nor contribution of the Bi-II phase, with XRD peaks located
at Q =2.0 A=! and Q = 2.3 A~!, formed probably due to

the irremovable pressure gradient as suggested by Gorman et

al.,'?! the other XRD peak features, including the dominant
peak located at Q = 2.2 A~! and other minor peaks located
at 0 =2.7 A=! and 3.0 A~!, can be well approximated using
the peak features of the Bi-IV phase. There are probably two
reasons for the broadening of the diffraction peak located at
0=22A"1

fancy, with the grain sizes so small that the crystal structure

One is that the new phase was still in its in-

was easily deformable due to external stress. Another reason

046401-3
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is that the pressure gradient, which was increasing with time,
generated a broadened diffraction peak. This observation is
consistent with the result obtained by Gorman et al. using
high-flux XFEL beams (see Fig. S4 in Ref. [16]), although
they suggest that the metastable phase is different from the
Bi-IV phase due to the absence of a weak diffraction peak lo-
cated at Q = 2.4 A=1.118) One needs to realize that it is nearly
impossible to find a different crystal structure with the same
diffraction spectrum but with only one peak missing. There-
fore, it is very likely that the missing weak diffraction peak is
due to the texture in the transformed Bi-IV phase.

(Pepin et al., 2019)

(Jenei et al., 2019)

(Chen et al., 1997)

XRD intensity (arb. units)

t=17.0 ns (this work)

2.0 2.5 3.0 3.5 4.0 4.5
Q(ATY

Fig. 3. Comparison of the XRD spectrum at f = 17.0 ns obtained in this

work with the spectra of the Bi-IV, ! Bi-IIT, %1 Bi-II'[**] and Bi-111*3]

phases from the literature.

The identification of the target phase as the Bi-IV phase
is intriguing if one looks at the equilibrium phase diagram of
bismuth.[?8] Referring to the phase diagram, it was expected
that the Bi-III phase would come into being instead of the
Bi-IV phase, as observed in the unloading process performed

1301 However, Principi et al.

in the timescale of milliseconds.
reported that the transformation from the Bi-V to the Bi-IV
phase may occur when the thermodynamic state enters the
stability field of the Bi-III phase along the path of decreas-
ing temperature, '8! as shown in Fig. 4. The formation of the
metastable Bi-IV instead of the stable Bi-III phase points to
two possibilities for the phase transformation pathways. (1)
The structural transformation from the Bi-V to the Bi-III phase
‘bypasses’ the Bi-IV phase, as in the case of the formation
of metastable body-centered cubic (bcc) structure in the path-
way of the transformation from close-packed hexagonal (hcp)
structure to simple hexagonal (®) structure upon shock com-
pression of zirconium.3%4%! (2) The structural transformations
from the Bi-V to the Bi-IV phase or from the Bi-V to the Bi-
III phase are independent, or more precisely competitive, with
the former more rapid than the latter, thus resulting in a tran-
sient dominance of the metastable Bi-IV phase. To determine
the underlying transformation pathway, the displacive mecha-
nisms associated with the two transformations are analyzed in

the following diagrams.

450

440
g 430 .
o)
=] 420 1 .
45 13.7__115§ e Bi-V
g ! 17.0 : -

.Ons_~ 1L
E) 400 F o7 Metastable phase|
- % [ |Bi1v

390 Bi-IIT [ IBi-v .
\ [ IBi-iquid
3 4 5 6 7 8 9
Pressure (GPa)

Fig. 4. The thermodynamic and metastable phase diagram of
bismuth'828) with the Hugoniot and the isentropic release paths de-
noted by dash-dot and dash lines, respectively. The thermodynamic
states probed by the time-resolved XRD technique are represented by
scattered stars with filled colors. The gradual change of the colors from
red to blue indicates the phase transformations from the Bi-V to the Bi-
IV phase in the release period. Both the pressure and the temperature
error bars are from the hydrodynamic simulation.

380

The displacing mechanism associated with the Bi-V to
Bi-IV transformation is shown in Fig. 5(a). The Bi-V phase
has a bec structure and the Bi-IV phase is described as a dis-
torted bee structure.>>#!! The symbols Ai (red), Bi (blue) and
Ci (magenta) (i =0, 1, 2, etc.) label the atoms on the first, sec-
ond and third layers from the perspective shown in Fig. 5(a).
It is found that the first layer resembles the third layer after a
displacement. The transformation from the Bi-V to the Bi-IV
phase can be interpreted as a distortion involving three collec-
tive displacements in a unit cell as follows: 1) the movement
of BO atom in the [001] direction; 2) the movement of C1 and
C3 atoms towards each other, and that of C2 and C4 atoms
against each other; 3) the expansion and rotation of the square
formed by Ai (i = 1, 2, 3, 4) atoms.

The displacing mechanism associated with the Bi-V to
Bi-III transformation'*? is shown in Fig. 5(b). The Bi-III
phase has a host-guest (hg) structure with the Ai and Bi (i =1,
2, 3, 4) atoms forming a ‘cage’ and the BO atom in the ‘cage’
center (the slight modulations of the atomic positions are not
discussed here for the sake of simplicity). The transformation
from the Bi-V to Bi-III phase can also be interpreted from the
perspective of ‘cage’ formation involving three collective dis-
placements as follows: 1) the movement of BO atom in the
[001] direction; 2) the contraction and rotation of the square
formed by Bi (i = 1, 2, 3, 4) atoms; 3) the expansion and rota-
tion of the square formed by Ai (i =1, 2, 3, 4) atoms.

It is noted that the main difference between the transfor-
mation from the Bi-V to Bi-IV or to Bi-III lies on the second
collective displacement. Since the atoms are repelling each
other under high pressure, for the Bi-V to Bi-IV transforma-
tion, the movement of C1 and C3 atoms towards each other is
correlated to the movement of BO atom in the [001] direction
to achieve a minimized energy of the crystal. For the Bi-V to
Bi-III transformation, the contraction of the square formed by

046401-4
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Bi(i=1, 2, 3, 4) atoms is correlated to the movement of BO
atom in the [001] direction to achieve a minimized energy of
the crystal. The former displacement is driven by the inter-
action between the closest atoms (C1 and B0, as well as C3

The Bi-V phase

[001]

and BO0), while the latter is driven by the interaction between
the second-closest atoms (Bi and BO, i =1, 2, 3, 4). We thus
suggest that the former displacement is more efficient than the
latter, since it causes a faster nucleation of the Bi-IV phase.

The Bi-III phase

Fig. 5. The displacive mechanisms associated with the Bi-V to Bi-IV transformation (a) and the Bi-V to Bi-III transformation (b).

The faster nucleation of the Bi-IV instead of the Bi-III
phase provides an example to illustrate that the nucleation time
is more directly related to the gradient of the Gibbs free en-
ergy with respect to the collective displacements of the atoms
(VRG, R is the coordinates of atoms) rather than the difference
in the Gibbs free energy between the parent and child phases
(AG), which is usually considered as the main driving force
for the phase transformation.!®!”! If AG was the main driv-
ing force for the phase transformation, AGvy_py (the difference
in Gibbs energy between the Bi-V and Bi-III phase) is larger
than AGvy_1y in absolute value. Thus, the Bi-V to Bi-III trans-
formation should be faster than the Bi-V to Bi-IV transforma-
tion. This is not supported by our observations in this study.
Whereas, if VRG is considered to be the driving force for the
phase transformation, Vg Gy_1v is larger than VrGy_jy in ab-

solute value. Thus, the Bi-V to Bi-IV transformation should

be faster than the Bi-V to Bi-III transformation, which is in
agreement with our observations.

The nucleation time from the Bi-V to Bi-IV phase can be
obtained from the increase in the integrated diffraction inten-
sity at Q = 2.2 A~! with time according to a classical nucle-

1,[4344] as shown in Fig. 6(a). Here, the time zero

ation mode
is redefined as when the rarefaction waves from the Bi/LiF
interface start to decrease the pressure in the bismuth sam-
ple according to the hydrodynamic simulation. The uncer-
tainty in time or more precisely time zero is due to the vari-
ation of the glue thickness. According to the Johnson—-Mehl—
Avrami equation!®~47 in classical nucleation theory, the vol-
ume fraction of the Bi-IV phase (¢ry) is related to the nu-
cleation time (7) by ¢rv = 1 —exp(—(z/7)"), where n is the
growth dimension of the new phase. Assuming a heteroge-

neous (homogeneous) nucleation, n = 1 (2) represents a planar
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growth, n = 2 (3) represents a cylindrical growth and n = 3
(4) represents a spherical growth. In order to determine n
as well as 7, the Johnson—-Mehl-Avrami equation is rewrit-
ten as In(—1In(1 — ¢ry)) = n(In(¢) —In(7)) 8! with the values
of In(—In(1 — ¢rv)) and In(¢) plotted in Fig. 6(b). The linear
fit reveals that n = 2.0 and 7 = 5.1 ns. From the value of n,
it is not sufficient to tell whether it is a homogeneous nucle-
ation with a planar growth or a heterogeneous nucleation with
a cylindrical growth. The variation of the nucleation time from
4.6 ns to 6.0 ns is shown as the shaded magenta region, giving
uncertainty of the nucleation time to be about 0.9 ns. The large
nucleation time of the Bi-IV phase in the Bi-V phase provides
a constraint on the experimental observation of a dominated
Bi-IV phase, suitable for structural identification or construc-
tion using the XRD technique. That is, the decreasing rate of
pressure should be low enough so that the nucleation of other
phases (such as Bi-II, Bi-II' or Bi-I) does not severely interfere
with the nucleation of the Bi-IV phase.

T T T T T T T T T
@ Experimental data (Bi-IV)
| == A classical nucleation model

XRD intensity

In(—In(1—¢rv))

—-1.0 0 1.0 2.0 3.0 7

1 1 1 1 1 1“(1) 1 1
0 2 4 6 8 10 12 14
Time (ns)

Fig. 6. (a) The increase in the integrated diffraction intensity at Q =
2.2 A=! with time. The result from a classical nucleation model is also
shown with the model parameters determined from (b). (b) A compar-
ison of the experimental data with the results from the classical nucle-
ation model. The nucleation time constant is determined to be 5.1 ns
(the red line), and its uncertainty is estimated by varying its value from
4.6 ns to 6.0 ns, as shown by the shaded magenta region.

4. Conclusion

The phase transformations of bismuth in a controlled
shock release process are monitored by the time-resolved x-
ray diffraction technique. The long release period allows the
phase transformation kinetics from the Bi-V to a metastable
Bi-IV phase to be revealed. The nucleation time for the trans-
formation is determined to be 5.1£0.9 ns, with the growth di-
mension n = 2, suggesting a planar growth in the homoge-
neous nucleation mode or a cylindrical growth in the hetero-
geneous nucleation mode. The formation of the metastable
Bi-1V instead of the stable Bi-IIl phase is attributed to the
competition between two transformation pathways, in which

the Bi-V to Bi-IV transformation is more rapid than the Bi-V
to Bi-III transformation, resulting in a transient dominance of
the metastable Bi-IV phase. This is supported by an analysis
of the collective displacements that the Bi-V to B-IV transfor-
mation is driven by the interaction between the closest atoms
while the Bi-V to B-III transformation requires the interaction
between the second closest atoms. The faster nucleation of the
Bi-1V instead of the Bi-III phase points to the fact that the nu-
cleation time is more directly related to VgxG rather than AG,
which can be helpful for establishing a theoretical model of
phase transformation.
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