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We report real-time observations of a phase transition in the ionic solid CaF2, a model AB.
structure in high pressure physics. Synchrotron x-ray diffraction coupled with dynamic loading to
27.7 GPa, and separately with static compression, follows, in situ, the fluorite to cotunnite struc-
tural phase transition, both on nanosecond and on minute time scales. Using Rietveld refinement
techniques, we examine the kinetics and hysteresis of the transition. Our results give insight into
the kinetic timescale of the fluorite-cotunnite phase transition under shock compression, which is

relevant to a number of isomorphic compounds.

Understanding the behavior of compression-driven
phase transformations, their pathways, and kinetics, lies
at the core of contemporary static and dynamic compres-
sion research at advanced light sources [1]. Traditionally,
shock compression research infers phase transitions from
continuum level measurements and uses corresponding
static compression experiments, shock-recovery studies,
or calculations to deduce the resulting phase. The ad-
vent of synchrotron facilities where shock compression
is coupled with real time x-ray diffraction (XRD) now
allows for microstructural identification of phase transi-
tions and monitoring of transition kinetics [2-4]. Prior
dynamic diffraction experimental work has focused on
melting, crystallization, and the solid-solid phase transi-
tion in a simple monotonic solid. Here, we present direct
observation of the complex solid-solid phase transition in
an AB, ionic crystal: CaFs.

Somewhat surprisingly, given the relative simplicity of
CaFg and the many high-pressure studies[5-11], little
data is available from dynamic compression. Upon static
compression to 9 GPa (hydrostatic) or 11-16 GPa (non-
hydrostatic), CaFs undergoes a phase transition from the
cubic fluorite structure (Fm3m, Z=4) to an orthorhombic
cotunnite-type structure (Pnam, Z=4) [7, 12, 13]. The
sensitivity to non-hydrostatic conditions on static com-
pression suggests a sensitivity to dynamic compression.

Early shock compression experiments reported observ-
ing the cotunnite phase of CaFy using x-ray diffraction
on recoverved samples [14, 15]. More recently, researchers
made real-time measurements on CaFs using continuum-
scale velocimetry measurements that suggested the pres-
ence of a phase transition under shock [16, 17]. However,
these measurements do not provide time-resolved lattice
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or structure information. The transition observed in the
velocimetry data was assumed to be fluorite to cotunnite
analogous to static compression studies.

In this Letter, we report the method and results
from the first direct, real-time, microstructural, atomic-
scale observations of a shock-driven phase transition in
CaF3. Synchrotron XRD experiments are coupled with
plate impact launchers and Photonic Doppler Velocime-
try (PDV) to follow, in-situ, the solid-solid phase tran-
sition in shock-compressed CaF5. The results are com-
pared with our XRD studies under static compression
and high temperatures, designed to mimic the states
achieved in shock compression. We discuss the kinetics
and the reversibility of the transition both qualitatively
and quantitatively. Finally we present Hugoniot equation
of state data for 75% dense porous CaFs.

Plate-impact shock wave experiments coupled with dy-
namic XRD were performed on CaFy powder compacts.
Lexan® flyer plates were accelerated from 2 to 6 km/s
using a 2-stage light gas gun or powder gun that im-
pacted finely ground CaFs; powders ~754+1% theoreti-
cal maximum density (TMD, single crystal py = 3.18
g/cm?®). The back surface of each sample was mounted to
a TPX® window [18, 19]. Experiments were performed
at the Dynamic Compression Sector (DCS) at the Ad-
vanced Photon Source (APS). A focused pink x-ray beam
is used for single-pulse XRD images (~100 ps duration).
A four-image XRD detector allows the study of tempo-
ral evolution of structure during shock compression by
recording four XRD snapshots [20].

Figure 1 inset shows a schematic view of the exper-
imental configuration. The Lexan projectile impacts
CaFs, sending a shock wave through the sample. A 4-



A Altschuler: 100% TMD IUs :'(262;019)'4,(1);3&1'7) UP' s impact velocity, we apply the Rankine-Hugoniot jump
——————— Al'tschuler: Hugoniot fit - .
O Sekine: 100% TMD s conditions [24] and the Monte Carlo impedance match-
10| & Taniguchi: 65% TMD A A 1 & ing [20, 25] method, to determine the CaF5 density (p),
iﬁ:\%;g"ﬁgﬁgix?t A e s stress (o), and Up. The resulting Hugoniot states are
8| % thiswork-75%TMD | A ] w plotted in Ug-Up space in Fig. 1. A linear fit to our data
= f o o yields Ug = (2.62£0.19) 4+ (1.43+0.17)Up with a covari-
= X-ray Path o1 ance of -0.030994 between the parameters. Comparison
;T’D °r o with Ref. 22 shows our Hugoniot data is consistent with
2 o3 their 65% and 85% dense CaFs data. Experimental de-
4r Lexan Projectile — o tails, a list of shots and Hugoniot data are in [20].
[ s XRD and Analysis of the Shock Event
2L o Fig. 3 (a and b) show dynamic XRD data, measured
[ Debyes“;::; o7 as a function of time, and hence shock state. Details
T T s of the experiments are in [20]. Static compression data

00_0 05 10 15 20 25 30 35 40 45 50 55 o (Fig. 3(c)) will be addressed later. Starting at t=0, a
Up (kmis) 1o planar shock wave traverses the sample and produces the
1 maximum stress state (“state 17 later used in the stress-
FIG. 1. Experimental Hugoniot data in the shock velocity '® unit cell volume analysis). When the shock reaches the
(Us) vs. particle velocity (Up) plane, for five shots (two 102 lower impedance TPX, a release wave is generated trav-
data points are overlapped). Five solid red stars (two are s eling back into the CaF, lowering the stress. When the
overlapped) represent CaFz at 75£1% TMD investigated in s initial shock reaches the TPX free surface, a release fan
this work. Open symbols refer to literature data for CaFs at 45 travels back through the window. Later the sample ex-
various initial densities [17, 21, 22]. 107 periences multiple wave interactions, generating complex
stress gradients and obscuring the stress state (Fig. 2 and
Fig. S7 in [20]).
mwo  Depending on the shock stress CaFy responds in dif-
w ferent fashion. Figure 3(a) shows the dynamic XRD
data for CaFy shock-compressed to a maximum stress
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pre-shot] | uz of 7.8 GPa. At 105 ns after impact, the shock wave has
B 3000 3 us traveled through 30% of the sample. The cubic lattice
S 1 us is compressed, as indicated by the diffraction lines mov-
o 2000 ] w6 ing towards lower d-spacings, meaning increased density.
‘ 1 w The shifted diffraction lines appear as shoulders on the
1000 L };‘;‘r’:g‘” g}'dd'e t“",‘i'r‘f;:w overlap of reflected waves 1 18 right of ambient lines, because the x-ray beam is passing
|interface| target | interface sim: impactor/target 1 uo through both shocked and unshocked regions in CaFs.
oL sim: mid-pointtarget  [{ 120 By 259 ns the shock wave has made it through 90% of
shock sim: target/window ] the sample, with only 10% still at ambient pressure. At

shock state 1 | i 5 —o— measured: target/window | ] = ple; y 10% . p

, A ; ; ; ; 1 12 412 ns and 566 ns, as the stress continues to decrease,
0 100 200 300 400 500 123 because of release waves, the diffraction lines move back
time (ns) 124 towards higher d-spacings, meaning lower density. Hence

the evolution of density (diffraction lines) mirrors the
FIG. 2. Example of the temporal connection between XRD 15 shock event unfolding in the sample. Line broadening
images acquired and the evolution of the shock event as mea- is attributed to measurement over multiple stress states.
sured by PDV (circles). Dashed lines show times when Debye- Shock-Driven Phase Transition

Scherrer rings were recorded (corresponding diffraction shown 128 . . .
in Fig. 3). Simulated Up traces (solid lines, using the Hugo- Figure 3(b) shows the unfolding of the CaF; fluorite
niot of reference [21]) illustrate the shock state of the sample % tO cotunnite phase transition under shock compression
at three locations. 11 to 22.6 GPa. The sample starts in its fluorite structure
(XRD-0). The phase transition to cotunnite initially ap-
pears in coexistence with the fluorite phase, as the shock
s channel PDV system [23] records the impact time and 11« wave creates a stress state of 22.6 GPa, while in front of
70 the particle velocity (Up) at the CaF3/TPX interface. 155 the wave ~60% of the sample is still at 0 GPa (XRD-
w The first abrupt change in the interface Up indicates s 1). Next, the cotunnite phase becomes more prevalent
a the initial shock arrival time at the CaF/TPX inter- 1 (XRD-2, 216ns) ~25% of the sample being between 10.5
@ face (Fig. 2). The shock velocity is calculated from s and 22.6 GPa, while ~75% of the sample is at 10.5 GPa,
&3 the known thickness and shock wave transit time. Us- 13 because of the impedance mismatch between the CaFq
s ing the Lexan Hugoniot [18] along with the measured o and TPX window[20]. At this time, both fluorite and co-
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g XRD-21] | cotunnite 216 ns] [ ! ]
= 259 ns ] [ | 11.8GPa]
] XRD-1{ - fluorite + RT
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FIG. 3. In-situ XRD patterns under shock-compression measured as a function of time, showing (a) a shot to 7.8 GPa, below
the phase transition conditions, (b) a shot to 22.6 GPa, with a phase transition and (c) in-situ XRD patterns under static
compression in DAC as a function of pressure and temperature. Times are relative to impact (t=0). Inset in (a) shows a
zoom of the [111] diffraction line, where shock compression and release are seen in the evolution of line position. In (b) arrows
indicate new lines of the cotunnite phase; stars indicate the reappearing fluorite phase upon shock release. Fractions refer to
intensity scaling done for display purposes. “Au” in (c¢) marks diffraction lines of the gold pressure calibrant while “RT” stands
for room temperature.

tunnite are visible, but the fluorite phase is compressed. 17  Unit cell volumes were obtained from measured
At 370 ns (XRD-3) the sample is at 12.5+1 GPa and s XRD patterns (not the Hugoniot state determined via
mostly in the cotunnite structure. At 523 ns CaFs re- 10 impedance matching). Unit cell volume was evaluated,
verts to a fluorite/cotunnite coexistence, as the shock o from Rietveld full-profile structural refinements of pat-
state releases down to between 6 and 1 GPa. The shock 1 terns labeled XRD-1 for each shot, while the sample was
stress necessary to induce the phase transition can be i in the well defined initial shock state (Fig. 4 and [20]).
bound between 7.8 GPa and 22.6 GPa. s Dynamic vs Static Compression

XRD and Quantitative Analysis wma  CaFg was also investigated under static compression at

Rietveld full-profile structural refinements [26] were s both ambient temperature and at 500K with in-situ XRD
done to confirm the phase composition in each time- s (Fig 3(c)), under conditions designed to approximate the
dependent XRD snapshot. At ambient conditions CaF5 177 stress and temperature states achieved in our shock ex-
starts in the fluorite structure (Fm3m, Z=4), which is s periments. Synchrotron powder XRD in a diamond anvil
built of a cubic close-packed array of cations, with an- o cell (DAC) was carried out at endstation 16-ID-B, HP-
ions occupying tetrahedral sites (Fig. 4). Upon shock .0 CAT, of the Advanced Photon Source [20]. A comparison
compression to 22.6 GPa we observe the progressive de- 1 of diffraction results under shock compression with static
velopment of the orthorhombic cotunnite-type structure i compression reveals similarities and differences (Figs. 3
(Pnam, Z=4). A Rietveld refinement of diffraction pat- 13 and 4). CaFs undergoes the same phase transition un-
tern XRD-3 (Fig. 4) confirms that at 370 ns CaFy fully 1 der both dynamic and static compression. A decrease in
transitions to the cotunnite structure, where anions are in 1ss unit cell volume at the phase transition in both types of
a distorted hexagonal-close-packed lattice, while cations 1ss compression is a signature of a first-order reconstructive
are situated within tricapped trigonal prisms, with the 1 transition. In Fig. 3(b) and (c) the pattern at 370 ns
three outer anions in the plane of the cation [27]. We s (shock compression) and that at 24.1 GPa, 500K (static
estimate [20] that at 370 ns the stress state in the sample 10 compression) have the same overall shape. Shock com-
is predominantly uniform at 12.5+1 GPa with only 10% 1% pression below or above the phase transition is character-
of the back of the target experiencing a gradient between 101 ized by decrease in intensity and line broadening (Fig. 3).
12 and 10 GPa. 12 This is because there are two or more stress states during
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FIG. 4. The evolution of the CaFs unit cell volume ver-
sus stress/pressure obtained from dynamic (shock) and from
static compression (DAC). Solid triangles and stars represent
the fluorite and cotunnite unit cell volume, respectively, under
shock compression. Open squares and inverted triangles refer
to static compression at 298K to 36 GPa in non-hydrostatic
conditions. Solid red circles represent compression at 500K.
Open pentagons are from Ref. 10. The inset on the right
shows a Rietveld structural refinement at 370 ns, of the shock-
driven phase transition from fluorite to cotunnite.

shock compression (decrease by factor of 2 or 3) and be-
cause the transition is from a highly symmetric structure
to a lower symmetry one (factor of 3).

Dynamic compression is accompanied by shock-
induced heating. For a single crystal of CaFy we esti-
mate the shock temperatures to be 360K at 7.7 GPa and
1000K at 33.1 GPa. Heating effects are larger in a porous
sample [28]. Evidence of heating is observed (Fig. 4)
in the evolution of unit cell volumes vs. stress (shock)
and vs. pressure (static compression). At equivalent
pressure/stress states, the shocked sample has a larger
unit cell volume (between 0.5% and 2%). This depar-
ture from static (cold) compression grows with increased
shock of compression, because shock-induced heating be-
comes more significant as the stress state increases.

Kinetics of the Phase Transition

Plate impact, shock compression experiments pro-
vide a short, steady shock wave, without spatial stress
gradients as the shock wave traverses the sample for
the first time (state-1). For the experiment shown in
Fig. 3(b), the initial shock transit is ~146 ns. Thus, if
the phase transition were instantaneous, only cotunnite
phase would exist in the diffraction pattern at 216 ns
(XRD-2). Instead, we still observe a compressed fluo-
rite/cotunnite mixture although the pressure throughout
the sample is greater than the transition threshold pres-
sure. Not until ~370 ns (XRD-3) where a nearly steady
stress state exists, with 90% of the sample at 12.5+1
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GPa (Fig. 4 and [20]), do we observe a nearly complete
transition to the cotunnite structure

Our experiments under static compression show the co-
existence of phases over a range of pressures between 11
GPa and 16 GPa in CaF, and point to a sluggish phase
transition driven by diffusion, consistent with Yel’kin
et. al [12]. Upon decompression, both the shock and
the static compression-driven transitions show significant
hysteresis. Under static compression, upon decrease of
pressure from 24 GPa at 500 K the transition is found to
be completely reversible, but not until 2 GPa (Fig 3(c)).
Under shock compression, at 523 ns, the stress distribu-
tion in the sample is between 6 and 1 GPa [20]. In the
corresponding XRD pattern, we observe a reversibility
to fluorite, yet with significant co-existence of the co-
tunnite phase, below 7.8 GPa, which is the estimated
lower bound of the phase transformation. At such a late
time, edge effects are likely affecting the sample, espe-
cially along the angled path of the x-ray beam.

Static compression and shock-driven phase transitions,
especially first-order, are usually of mixed type, with
essentially unexplored kinetics. The results of our in-
situ XRD experiments on CaF5 and of analysis of phase
percentages from Rietveld refinements allow us to ana-
lyze quantitatively phase transition kinetics under shock-
compression by using the classical formulation of nu-
cleation, developed independently by Kolmogorov [29],
Johnson and Mehl [30], and Avrami [31-33] (KJMA), but
applied to processes in the nanosecond timescale [20].

We describe the volume fraction of the cotunnite phase
a(t) formed in the process of a shock-driven transition,
during time ¢ using the KJMA model:

a(t) = 1 — exp(—(k(t — 7)) 1)

The Avrami parameter N, is indicative of heteroge-
neous or homogeneous nucleation and changes from 0.3 to
4, depending on growth mechanisms. 7 is the transition
incubation time and k is the crystallization rate constant.
We note that the applicability of the KJMA formalism
for quantification of polymorphic transitions under shock
compression with an abrupt volume change must be ap-
proached carefully since the formalism was developed for
transformations between isotropic phases with a small
volume jump and a zero shear modulus. In our anal-
ysis, we group the shots to stresses between 22 and 27
GPa as a first approximation that only considers stress
as being sufficient to induce the phase transitions, be-
cause the temperature difference between those stresses
is small. While an imperfect approach, it nonetheless
provides insight into the kinetics of the fluorite-cotunnite
phase transition.

Figure 5 shows the phase concentration data and var-
ious KJMA fits. The best fit to our data results in 7
=36.3ns, N =0.19 and k = 2.9 x 10~%. This fit sug-
gests a phase transition characterized by an incubation
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FIG. 5. Phase percentage versus time. The phase transition
lags behind the shock front, marked with a grey line. The
colored lines are various fits to the data using the KJMA
formalism of Eqn 1.

time 7 ~36+1 ns [20]. This is consistent with the tran-
sition delay hinted at in a visual inspection of our time-
dependent XRD patterns (Fig. 3). The incubation time,
along with the hysteresis on stress release, suggests a
first-order reconstructive transition and points to a ki-
netic barrier that impedes the transition at the equilib-
rium pressure of the two phases. The incubation time is
comparable with shock compression of various materials,
from 6 ns to 10’s of ns [4, 34]. Figure 5 shows that the
phase transformation rate is initially fast, but slows when
the cotunnite phase percentage reaches ~30%. Under
static compression, Yelkin et al [12] observed a similar
slowdown in the transition rate around o ~20%-30%.

Our fitted N = 0.19 £ 0.04 [20] indicates an inhomo-
geneous distribution of nucleation sites [35] and points
to a distribution of grain sizes, where transformation be-
gins on the surface of grains. It was found that het-
erogeneous nucleation and likely simultaneous diffusion-
controlled crystallization correspond to N < 1 [36]. Our
Avrami parameter is also consistent with N~0.1 found
under static compression [12] for the stage when more
than ~20-30% cotunnite is formed. Forcing N > 1 pro-
duces negative incubation times (see [20]). Using molec-
ular dynamics simulations, Boulfelfel [37] showed that
the pressure-induced transition in CaFs is characterized
by nucleation and growth of the new phase, with local
melting of the fluoride sublattice, which produces defects,
followed by recrystallization into the cotunnite structure.
Our results are consistent both with local melting (long
incubation time) and with heterogeneous nucleation and
growth processes (low Avrami parameter).

We demonstrated a shock-driven phase transition in
an ionic solid, on nanosecond time scales and at a mi-
crostructural level from a more ordered to a less or-
dered structure. Time-resolved XRD illustrates the un-
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folding of the reconstructive phase transition and hys-
teresis on unloading. A direct comparison of unit cell
volumes between dynamic and static loading points to
measurable structural effects of temperature on increased
shock loading. The ability to combine in situ XRD mea-
surements with well-characterized shock loading experi-
ments now allows for Rietveld, full-profile structural re-
finements that lead to analysis of the phase concentra-
tions. Our results give insight into the kinetic timescale
of the fluorite-cotunnite phase transition under shock
compression, which is relevant to a number of isomorphic
compounds. These methods and results can be used to
develop improved kinetic models for complex, solid-solid
phase transitions.
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