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Abstract

Solid-solid phase transformation mechanisms need to be understood to establish suitable kinetic
laws. Here, the 5-Sn <+ v-Sn phase transformations are investigated at different strain rates at
300 K. On one side, single crystals have been statically compressed and characterized using in
situ x-ray diffraction. Multiple transformation cycles were performed in diamond anvil cells to
measure their conditions and the associated microstructures. (101)s][(110), and [101]g]|[111],
orientation relationships (OR) between §-Sn and 7-Sn are observed in most cases, for both direct
and reverse transformations. An atomic martensitic transformation mechanism, associated with
self-accommodation, is proposed to account for these OR and variant selection. However, y-Sn — (-
Sn reversion also presents massive diffusive transformation microstructural features. On the other
side, time-resolved (4 ps scale) dynamic diamond anvil cell experiments have been carried out.
They confirm that while 8-Sn — ¥-Sn transformation is martensitic and fast (Pg_,,=10.9 £ 0.2,
insensitive to strain rate), timescales of 3-Sn formation and subsequent recrystallization/growth
in this phase can be distinguished for the «-Sn — £-Sn transformation. As a result, measured
transition pressure P,_,g varies with strain rate, from 9.440.8 GPa to 6.35+0.4 GPa. A different

kinetic description needs to be used for direct and reverse transitions.

I. INTRODUCTION

The knowledge of the equilibrium phase diagram of the elements involved is a prerequisite
for any science under extreme conditions. Now that volumetric compression rates can be
varied by several decades, from 1074 s to 10? s7!, with time-resolved in situ measurements,
kinetic effects in phase transformation conditions and subsequent effects on measured phase
diagrams have been disclosed for several systems. The strain rate dependence of phase transi-
tions exhibits significant material-specific variations. Shock compression regimes, character-
ized by strain rates exceeding 10° s!, induce substantial shifts in the a-Fe—e-Fe transition
pressure, with reported increases of tens of GPa [1]. Conversely, intermediate strain rates
ranging from 10° to 10% s7, readily accessible via dynamic diamond anvil cell experiments
2], produce negligible effects on the phase transition pathway in iron [3]. However, this
behavior is not universal: materials such as TiOy demonstrate considerably greater strain

rate sensitivity, exhibiting measurable transition pressure shifts at strain rates as low as
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10° s7' [4, 5]. Notably, strain rate effects can yield counterintuitive outcomes: in certain
systems, i.e. Sb [6], Si [7], and Bi [8], high strain rates suppress intermediate high-pressure
phases, fundamentally altering the transition sequence.

Understanding such different kinetic behaviors requires a description of the transforma-
tion mechanism from atomic to mesoscale. Two classes of solid-solid phase transformations
are described in the literature. Martensitic transformations have a ’military’ displacive
atomic mechanism that produces a new phase seed with a time scale that can be as low
as sub-ns; however, they induce elastic stresses that need to be relaxed, which is a phe-
nomenon at the microstructure scale. Reconstructive transformations, with nucleation and
diffusional growth steps, sometimes massive, are thermally activated and slower but produce
a microstructure at mechanical equilibrium.

Sn (tin) exhibits a rich polymorphism under high pressure and varying temperatures
that has been studied with different techniques and platforms. This makes it an archetypal
system to study phase transformations in metals and their mechanisms. Under ambient
conditions, it adopts a body-centered tetragonal I4;/amd (-Sn) structure (4 atoms/unit
cell), similar to the high pressure phases of Si and Ge. Above ~10.8 GPa, [3-Sn transforms
to another body-centered tetragonal structure (bct), called -Sn (space group: I4/mmm,
same as In-I, 2 atoms/unit cell), with an initial ¢/a ratio of ~0.91 (a,=3.694 A and ¢,=3.370
A at 10.8 GPa). bco (Immm), bee (Im—3m), and hep (P63 /mmc) [9, 10] phases have been
observed at higher pressures, but the present report focuses on 5-Sn <+ v-Sn transition.

A volume decrease of ~ 1.9% [10-12] has been measured for the 5-Sn—~-Sn transfor-
mation, and a hysteresis between the direct and reverse transition pressures of 2-3 GPa
is observed under both static [12] and dynamic [11] compressions. A possible martensitic
(or displacive, in this report we use the two words equivalently) mechanism at the atomic
scale has been invented by Katzke et al. [13], based on the early work of Musgrave [14]. It
involves atomic shuffles of maximum +3/8c¢,, and a compressive transformation strain. As
far as we know, it has not been validated experimentally, which can be done by measuring
the Orientation Relationship (OR) between parent and daughter phases predicted for this
mechanism: (110)g||(100), and [001]4|/[001],. Katzke mechanism produces a single variant
for both direct f-Sn — -Sn and reverse 7-Sn — [-Sn transitions. The term variant corre-
sponds to one orientation of a daughter phase, for a fixed orientation of a parent phase [15].

In general, dislocation generation and/or twinning allow releasing the martensitic transfor-

3
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mation strain [16]. The 4 known twinning systems described for 5-Sn and -Sn, or similar
phases, that will be used in this work, are described in the Tab. S1 of the Supplementary
Materials [17]; the last column of the table indicates how they are noted in this report.
Here, we study 8 <> v phase transformations in tin by static and dynamic compression
in diamond anvil cells (DAC). Static in situ measurements of microstructures induced by
cycling the transformations in starting single crystals disclose the transition mechanisms in-
volved. Two martensitic mechanisms are observed, but the v — 3 transformation also bears
diffusive features. 3 <+ v transformations, induced by dynamic compression/decompression
of multi-grain foils, have also been monitored with time-resolved x-ray diffraction (XRD).
Only the reversion pressure exhibits a strain rate effect. The measured microstructural evo-
lution complements the static measurements, evidencing strong recrystallization of -Sn at

the ms time scale, which explains the static observations.

II. RESULTS AND DISCUSSION

A. Microstructures observed in static measurements

The static measurements reported here have been carried out using a powder Sn grain
(Run 1) and a laminated Sn foil (Run 2), annealed to approach a single crystal state (Fig. 1).
These samples were cyclically compressed in DACs, under hydrostatic conditions, to induce
[ —~—f transformations, characterized with XRD; see ”Methods”. Multi-exposure datasets
were collected to measure crystal orientations. Transformation conditions and Equation of
State are detailed in section S.B of the Supplementary Materials [17]. They are consistent
with previous studies, with a direct transformation at 10.9 4+ 0.2 GPa, and a reversion at
9.4 £ 0.8 GPa (Tab. S2, Fig. S2).

Crystal orientations measured in Run 1 are represented in Fig. 2 as an evolution sketch
(a) and pole figures (b-d). Starting from a dominant j; orientation (Fig. la), three (101),
twinned orientations (71, 72, v3) are formed (Fig. 2b). Two ORs are identified: Katzke OR
and a second OR defined by (101)[|(110), and [101]s||[111],, observed between [31-y; and
P1-73, respectively, within ~10° (i.e. inside experimental uncertainty for this run; Fig. 2b
and c). To our knowledge, the second OR found here does not correspond to any mechanism

described in the literature. We call it hereafter TW (This Work) OR. Upon reversion, a new
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FIG. 1: Diffraction images of starting samples for (a) Run 1 (powder grain) at 7.3 GPa,
and (b) Run 2 (annealed foil) at 7.4 GPa. Blue/red square boxes indicate the position of
XRD peaks for 3;/54 single crystals (see text). The insets show pictures of the high

pressure chambers.

[-Sn orientation (fs) forms, with a clear vo-82 TW OR. It comes to a surprise that three
starting y-Sn orientations produce crystal(s) with one single orientation. This behavior
cannot be attributed to a variant selection by memory effect [18], as the new [ crystal
orientation differs from the starting one. Possible mechanisms include de-twinning in y-Sn
prior to the phase transformation or recrystallization in $-Sn. Two additional § — v —
cycles were performed during Run 1: one at 300 K and the other at 425 K. During cycle 2,
three 7-Sn orientations (74, 75, and 74) are produced, all related to Sy with TW OR (see
Fig. 54 of the Supplementary [17]). The reversion restores the crystal back to 3, orientation.
For the last cycle, a sequence: S5 — v5 — 5 is observed. It is thus similar to cycle 2, except
for the variant selection in v-Sn that could be related to the higher temperature for this

cycle (425 K).

In Run 2, one grain 4, with an XRD signal as presented in Fig. 1b, is present throughout
most of the starting sample. Additional grains are observed close to its edges and are not
followed. At 11.0 GPa, four -Sn orientations (y4 to vyp) form, with OR summarized in
Fig. 3. TW OR is found three times, the fourth orientation being obtained by subsequent

(101), twinning. Only one orientation Sp forms during v — f reversion, from four 7-Sn

5
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FIG. 2: Run 1: (a) Schematic representation of orientations and OR. This work (TW)
OR is (101)4]|(110), and [101]g||[111],. Plain/dashed arrows indicate that OR are
observed within 2 °/10 ° (see computations in Tab. S6 [17]). (b)-(c) Pole figure showing
Katzke OR (b) and TW OR (c) between (; (empty black circles) and v; (red dots). In
both cases the observed OR present a misorientation of ~10° compared to the perfect
ones. (d) Pole figure showing TW OR between v (blue dots) and 35 (empty circles). Blue

arrows highlight the coincidences. X (horizontal) is the compression direction.

orientations. Again, de-twinning of 7-Sn could explain this, but the decrease in crystal
mosaicity (Supplementary Fig. S3 [17]) suggests crystal healing. Massive mechanisms for
solid-solid phase transformation involve nucleation and growth by atomic diffusion steps;
they can transform polycrystals into single crystals, as observed here. They are thermally
activated and competitive with respect to displacive mechanisms when T > T},,¢;; X 0.4 [19].
This is the case here at 9 GPa and 300 K, with an extrapolated melting temperature of 5-Sn
around 700 K. OR can be reported for massive transformations when the starting nucleus
forms with a displacive mechanism, leading to a coherent boundary [19]. Here, an accurate
TW OR exists between vg and (g, suggesting that S-Sn nucleates within a vy grain and

subsequently grows to cover the entire sample.
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After Cycle 1, run 2, three additional full 5 — v — 3 cycles and one compression
are performed. Cycle 2 reversion forms a new single crystal (8¢), which is recovered in
subsequent cycles. It is interesting to note that o orientation has the @ axis aligned with
the direction of compression. The direct transitions produce a more complex microstructure
with two main ~-Sn orientations, which become reproducible after the fourth cycle. TW
OR is systematically observed, with a (112), twinning relationship between two variants
(see Fig. 3a-c).

To sum up, [-Sn—7y-Sn—(-Sn transformations exhibit a displacive character as OR
are observed between parent and child phases: once, Katzke OR; several times, a new
(101)g[|(110)., and [101]s]|[111], OR called TW. For the direct S—- transition, Katzke dis-
placive mechanism — which has only one variant and a uniaxial compressive strain tensor [13]
— is coupled with (101), twinning, which likely releases transformation stress. In the case of
the new mechanism, it seems that the production of two variants diminishes microstructure
stress: neither plastic strain nor (101), twinning are observed after transformations. Below,
we discuss how observed TW OR and variant selection can be interpreted by an atomistic
martensitic mechanism. The y—f transformation exhibits strong reconstructive/massive
transformation features (crystal growth and a decrease in mosaicity), even if TW OR is

repeatedly observed.

B. [ ¢ v martensitic mechanisms

Vigilano software [20] has been used to determine if TW (101)4]](110),, [101]4]|[111],
OR corresponds to a new atomistic martensitic mechanism or could result from Katzke
mechanism [13] coupled with twinning. All occurrences of TW OR have thus been compared
(in terms of misorientation angles) to sequences including Katzke mechanism and up to two
twinning steps (listed in Tab. S1 [17]). When double twinning of one phase is involved, the
hypothesis is made that the same twinning system is activated at both steps; as recently
observed in e-Fe [21] and ~-Fe [18]. The results (tabulated in Tab. S6 [17]) show that Katkze

mechanism has to be coupled with at least two twinnings to reproduce the observed OR:
Twinning Twinning Katzke Twinning Twinning Katzke
8 fp Timming, g Kk, g g TN, g Tining, g

(301)8 (301)8 (101)8 (101)8
the system follows such paths, it is surprising that Katzke OR alone is observed only seldom

> v (or reverse). If

in our experiments. We thus believe that TW OR are not likely to be explained by Katzke

7
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FIG. 3: Run 2: (a) Schematic representation of orientations and OR during the
experiment. This work (TW) OR is (101)4]|(110), and [101]4][[111],. Plain/dashed arrows
indicate that OR are observed within 2 °/10 ° (see computations in the Tab S6 [17]). (b)
Composite diffraction images of the 5-Sn phase at 9.1 GPa (left) and ~-Sn phase at 12.3
GPa (right). Green, cyan and magenta square boxes indicate the position of XRD peaks
for B¢, g and v single crystals during third cycle, respectively. Common diffracted peaks
evidence the (112), twinning relation between the two variants of the same mechanism (see
text). (c)-(d) Pole figures showing TW OR between [¢c (empty black circles) and g (cyan
dots) and yp (magenta dots). In both cases the observed OR present a misorientation of
~1.5° compared to the perfect ones. Blue arrows highlight the coincidences. The
identification of plane and direction related to the mechanism are displayed for y-Sn.

Horizontal line is the compression direction.

mechanism, and consider below an alternative atomistic mechanism.

The atomistic mechanism involved in TW OR is represented in Fig. 4: a (101)s plane must
transform into a (110)., plane; such transformation produces 8 variants, as four equivalent
(101)4 planes and two different (110)., planes exist. The transformation requires small atomic

shuffles, illustrated in Fig. 4a: a vertical translation of the four atoms located within the

8



@ j-Sn atoms

4 @ 5-Sn after
B shuffle

@® y-Snatoms
after shear

(c) (101)4 = (110),

FIG. 4: Schematic illustration of shuffle and shear associated with TW mechanism. (a)

Shuffle: vertical translation (indicated with green arrows) of four atoms of the conventional
unit cell; after shuffle (b), a pattern matching (110)., planes’ configuration appears in
(101)4 planes (highlighted with yellow lines). Green atoms represent the atoms impacted
by shuffle. (c) Shear in (101)4 plane. Blue/red atoms are the position before/after
applying Fj strain (see section S.H [17]). Two variants V.1 and V.2 can be formed in a
symmetric way to reduce the global shear (see text) and form the so-called herringbone
microstructure, with (112), plane as interface. The yellow rectangle indicates [110], and
[001],, directions. (d) Unit cell of 4-Sn (purple rectangular prism with red atoms)

represented within £-Sn unit cell.

166 faces of the conventional dbct unit cell forms the sets of four atoms that outline the future
17 (110), pattern. To obtain the required 7-Sn lengths and angles, an additional deformation

168 is required : see Fig. 4c.

160 The deformation gradient F' for this transformation, defined by F' = I + Vu, where [

wo is the identity of second-order tensors and Vu is the spatial gradient of displacement, is

9
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evaluated in section S.H of the Supplementary Materials [17]. It is:

1.06 040 0.15
F=1 025 102 047] . (1)
—0.04 —0.22  0.90

The norm of the corresponding Green-Lagrange strain tensor £ = % (F TP -1 ) is 0.64. A
zero norm would correspond to an absence of macroscopic strain; 0.64 is a high value, signifi-
cantly larger than for Katzke mechanism (0.15), that would imply large elastic stresses in the
material during the transformation. However, pairs of y-Sn variants sharing a (112)., plane
are systematically formed (see Figs. 2a and 3a); they correspond to variants V1 and V2 listed
in Tab. S5 of the Supplementary Materials [17]. This pairing greatly releases transformation
strain: the strain calculated for such pairs of the same size has a magnitude of only 0.104.
This is called self-accommodation in shape-memory alloys, where the variants of martensite
arrange themselves in such a manner that there is no macroscopic change in shape [22]. By
similarity with these materials, we can imagine a so-called herringbone microstructure com-
posed of stacked v-Sn twinned layers sharing (112) interfaces, as schematically illustrated
in Fig. 4c. The size of these structures should be smaller than the X-ray beam (8x12 pm),
as both orientations are systematically observed on each XRD image. The remaining 0.104
strain mainly consists of shear deformation, that could be facilitated by the low values of
the Cyy and Cgg stiffness components for both phases. For 5-Sn at ambient, Cyy=22 GPa
and Cgs=24 GPa [23], and ab initio calculations predict that Cyy ~11 GPa in v-Sn [24].
We observe that v—f transformation exhibits a partially reconstructive character. How
this interacts with the displacive mechanism chosen by the system for this transformation

is explored below, with the help of time-resolved measurements.

C. Dynamic measurements

In separate experiments, the same  — v — [ sequences are induced with compression
rates varying between 20 and 200 GPa/ms (corresponding to strain rates of ~400-4000 s~1).
Powder samples of Sn are compressed and decompressed in the 1-20 GPa range, without
pressure transmitting medium, and characterized with XRD in dynamic-diamond anvil cells

(dDAC) at 300 K, see “Methods”.

10
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The direct S-Sn—~-Sn transition proceeds at 11.0 GPa, with no effect of compression
rate; this is in line with recent shock measurements where the transition pressure measured
at 10° GPa/ms compression rate is found to agree with static transition pressure [12, 25].
From the similarity in XRD images, we infer that v-Sn microstructure consists of powder

grains with a size of the same order as starting [5-Sn.

(a) A (C) ' ' ' ' i— ]
300 ? % [ @ Data - ]
275 ke ,"-Q 4_‘ B Shock release ,’ 7]

ELim r /
250 N r 4

m o =30 ] B

3225 S a [ I ]

; M\\ 9 [ § ]

g 200 - N % 2F b ]

[= \ [ I ]
17 F e [ ! ]
150 - o 1r ! ]
125 a o »

E\ Ll I Ll P‘\ 0_ — _z--_lrz_-.l_o_, I2 I4 |6 .
10057595714 16 18 20 22 0 10 20 107 107¢ 10° 10% 10* 10
26 (deg.) Pressure (GPa) —P (GPa/ms)

FIG. 5: (a) Representative example of the y-Sn—-Sn phase transition measurement with
time-resolved XRD under dynamic decompression, starting at tq. Left: time evolution of
the azimuthally integrated XRD signal. The phase transition is observed at t,+65 us.
Right - pressure vs time. The black dashed line is to a linear fit of decompression pressure,
corresponding to a rate of -150 GPa/ms. (b) AP = Pyatic — Paynamic, With Pstatic/ Paynamic
static/dynamic y-Sn— [-Sn transition pressures vs. decompression rate —P. Our data
points alongside the shock release point from Ref. 26 are reported. The gray-dashed lines
is the best fit result of Eq. 2, for which the shock release point was not included.

On the contrary, 7-Sn— 3-Sn reversion condition exhibits a definite sensitivity to decom-
pression rate. Fig. ba shows a transition at Piynemic=6.35 £ 0.4 GPa for a decompression
rate of -150 GPa/ms (to be compared to Ps1;.=9.4 £ 0.8 GPa, see Table S2). No 7-Sn—f3-
Sn coexistence is observed, the transition being completed between two sequential frames
separated by 4 ps. The difference AP = Pyqtic — Paynamic measured at various compression

rates, including Ref. 26, is plotted in Fig. 5b. It can be fitted with (P < 0):
AP = aexp(b/P) , (2)

with a = 4.46 GPa and b = 50.5 GPa/ms. The saturation value a, independently validated

by the shock-release data point from Ref. 26, represents the maximum metastability of v-Sn,

11



210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

231

232

233

234

235

236

237

while b describes the transition rate.

The time-resolved XRD measurements also reveal an evolution of 5-Sn microstructure at
the ms time-scale. v-Sn— (3-Sn transition produces a fine powder of 5-Sn, which immediately
recrystallizes to form larger single crystalline grains, producing intense XRD peaks on the
two-dimensional detector as shown in Fig. 6a.

This evolution has been quantified using the relation between the average single crystal
grain size N, and the number of crystallites N, contained in the irradiated volume V' (N, o
1/G?). The relation can be extended to the number of (hkl) diffraction spots collected on
the detector [27, 28]. In particular, we focused here on the high multiplicity (101)g reflection.
Diffraction patterns have been azimuthally unrolled, and the number of (101)s diffraction
spots (Nip1) has been measured within 150° azimuthal angle (Fig. 6a bottom); it decreases
with time as shown in Fig. 6b. This trend has been fitted with a Burke normal grain growth

law [29], relevant for high temperature grain growth kinetics:
G"— Gy =kt (3)

Gy is the starting grain size, n = 2, and k is the growth constant. The fit result, with
Gop = 3.06 £ 0.05 um and k& = 1.79 £ 0.05 x 107 m?/us, is also plotted in Fig. 6b (the
uncertainties arise solely from the fitting procedure). This corresponds to an increase in
grain size by a factor of 1.7 in 10 ms. Two different timescales are thus revealed by dynamic
experiments: nucleation of 5-Sn, within less than 4 ps (the time between two successive
XRD frames), and its growth by high-temperature recrystallization, with typical timescales

of the order of 10 ms.

D. Discussion

The observations made under static and dynamic compression detail our view of S-Sn<>-
Sn mechanisms at 300 K. A martensitic mechanism, either coupled with twinning or with a
strong variant selection, explains the -Sn—7-Sn orientation relations measured in the static
experiments. Martensitic transformations are fast, at the ns timescale [25], and our dynamics
experiments show that $-Sn—~-Sn transition conditions are insensitive to compression rate.
B-Sn—y-Sn thus exhibits a strong martensitic character.

On the contrary, dynamic y-Sn— 3-Sn reversion conditions are sensitive to decompression

12
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FIG. 6: (a): XRD signal of $-Sn at ~1.5 GPa, after decompression at -150 GPa/ms. The
time indicated in raw XRD images (top) is the delay between the onset of decompression
(tp) and XRD collection. (bottom) One-dimensional patterns obtained by azimuthal
projection of the intensity along the (101)4 diffraction peak of the two-dimensional
patterns. For the runs presented here, v-Sn— [-Sn transformation is observed at
~ty + 65 us. The number of peaks in bottom graphs corresponds to the number of peaks
detected. (b): Time evolution of the volume normalized number of grains N/V in $-Sn
detected by XRD after phase transformation in the three different runs. The black line

corresponds to a fit with Burke normal grain growth (see text).

rate. Extrapolation of the current measurements to very high decompression rates suggests
that 7-Sn could be metastably preserved down to 4.9 GPa, while the static reversion pres-
sure is 9.4 + 0.8 GPa (AP = 4.5 GPa at maximum). Numerous -Sn grains nucleate as
small crystallites in less than a few ps, as shown by the continuous 5-Sn XRD rings col-
lected in dynamic experiments. This event is followed by (-Sn single crystal growth within
a 10 ms timescale. This is in line with static decompression observations, where similar
nucleation and growth steps are inferred for the y-Sn—(3-Sn transition. Due to the smaller
number of grains in the statically loaded samples and the proximity to the thermodynamic
transition pressure, only a limited number of 5-Sn grains are expected to form. They would
massively grow at the 10 ms timescale, forming a few healed single crystals. This explains

the static formation of a few good quality £-Sn single crystals and the scattered values of

transition pressure (9.4 + 0.8 GPa), the transition being triggered by the formation of one
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[-Sn nucleus. Nevertheless, the orientation relations repeatedly observed for the static re-
version show that the nucleus is formed with a martensitic mechanism. A pure martensitic
kinetics is thus expected at high decompression rate (above ~ 2x10* s71), too fast to allow
the growth step, with an hysteresis of 6.1 GPa. In general, v-Sn—/3-Sn reversion is de-
scribed by a mixed diffusive/martensitic mechanism; its kinetic description requires taking
into account this mixed character. Equation 2 could be interpreted as the n = 1 case of the
Johnson-Mehl-Avrami-Kolmogorov kinetics model [30-32], that describes multiple marten-
sitic nucleation events followed by a massive interface-controlled growth. Grain coarsening
by recrystallization is likely to be promoted by residual stresses within the microstructure,

which also advocates for a martensitic nucleation process.

III. CONCLUSION

In this work, we investigated the 5-Sn <+ 7-Sn transformations under pure hydrostatic
compression at 300 K and analyzed the microstructures formed over multiple compres-
sion—decompression cycles. The effect of strain rate has also been studied in separate exper-
iments. Different mechanisms are disclosed for 5-Sn — 7-Sn and v-Sn — (-Sn transitions,
that should be described with different kinetic laws.

The f — ~ transformation is found to be martensitic. During the first transition,
(101)[10-1] twinning in 7-Sn is activated, which appears to be a facilitating mechanism.
For further transformation cycles, a specific OR, characterized by (101)g||(110), and
[101]4]|[111],, is consistently observed with the formation of two specific self-accommodating
variants in v-Sn, and the microstructure stabilizes. We propose that the transformation
leads to the formation and accumulation of low-energy, highly compatible interfaces between
selected variants at the pm scale. These interfaces are likely reversible at low energetic cost.
No strain rate effect on the transition pressure could be measured in the scanned range
(P3-~,=10.9 &+ 0.2 GPa from 1072 to 4000 s™1).

The v — [ reverse transition presents a massive character allowed by T'/Tyelting ~ 0.4.
Martensitic grain nucleation (attested by static (101)s]|(110)., and [101]g||[111], OR) and
subsequent grain growth (with typical time of 10 ms) steps could be distinguished with 4

1

ps-time-resolved measurements. Increasing the decompression rate to 4000 s~ results in a

decrease in the v — [ transition pressure, from 9.4+0.8 GPa to 6.35+0.4 GPa. We expect
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that 7-Sn cannot be preserved below 4.9 GPa, for higher decompression rates.

Overall, the existence of an asymptotic transition pressure and the pronounced mediation
by crystal-modifying processes (twinning, recrystallization, etc.) point toward the necessity
of a coupled framework for transformation kinetics, not relying solely on a phenomenological

viscosity parameter.

IV. METHODS

Two different types of Sn samples were studied during static experiments: powder grains
(99.8% purity, Alfa Aesar) for Run 1 and a 15 um thickness laminated foil (99.95% purity,
Goodfellow), annealed 2h at 450 K under vacuum for Run 2. A disc with a diameter of
80 wm was then cut in the foil with a femtosecond laser. As discussed and presented in
Fig. 1, Run 1 powder grains turned out to be $-Sn single crystals, and a large part of Run
2 annealed foil was a [3-Sn single crystal.

Samples were loaded in DAC equipped with diamonds with culets of 500/400 pm (Run
1/Run 2) together with a pressure gauge in a pre-indented rhenium gasket (see insets in
Fig. 1). Almax-Boehler DAC design was used to ensure a wide angular opening in Run
2. Helium was used as a pressure transmitting medium (PTM) to ensure hydrostatic pres-
surizing conditions [33, 34]. Pressure was determined using the equation of state (EOS) of
Gold [35] or NaCl [36]. Since these EOS parameters were proposed before the publication of
the international practical pressure scale (IPPS-Ruby2020 [37]), we modified the Rydberg-
Vinet EOS parameters to take into account this new calibration: for Au, Ky = 161.9 GPa,
K{=16.1 and V, = 67.95 A?)/atom; for B1-NaCl, Ky = 23.5 GPa, Kj = 5.5 and V{ = 44.90
A’ /atom [38].

Experiments were carried out at the PSICHE beamline of SOLEIL synchrotron (France).
Angular dispersive X-ray diffraction (XRD) data were collected on a CdTe 2M PILATUS
detector, using a monochromatic (0.3738 A) X-ray beam with a 8x12 um? full width at half
maximum (FWHM) spot on the sample. The sample to detector distance, calibrated using
a reference CeOy sample, was around 370 mm.

The DAC was rotated between —6,,,, and +60,,,. around a vertical axis and one XRD
pattern was collected within 6., (see details in Tab.S4, Fig. S5). In total, 26,,4:/0step XRD

spectra were recorded for these multiexposure datasets. In Run 2, XRD mapping was also
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performed throughout the sample using a 50x50 um? grid (25 points) to check homogeneity
of its microstructure at selected pressure steps.

The bidimensional images were integrated using Dioptas software [39] to identify phases.
Then multiexposure XRD data were processed in order to determine the crystalline orien-
tation of the grains in the sample. TIMELeSS multigrain tools, available from the FABLE
project! are dedicated to this purpose for DAC experiments. For indexation, Grainspot-
ter [40] was used, as in several studies in the literature [18; 41, 42]. The different grain
orientations were exported as Euler angles with a Bunge convention [43]. All Euler angles
obtained during this work are available in the Supplementary [17] (Tab. S3). Lattice planes
and directions are plotted in pole figures (as presented in several figures in this report) using
MTEX toolbox [44] to determine possible OR between phases.

Dynamic compression experiments were performed using a modification of a membrane-
DAC [45] with a piston guided by four rods, in conjunction with the Piezosystem Jena
HPST 1000/35-25/80 VS45 to apply the force on the piston. A waveform Tabor Electronics
WW2074 and an Amplifier Piezosystem Jena RCV 1000/7 are used to deliver the current in
the piezoactuator with a chosen profile. This system was synchronized with XRD on ID09
beamlime at ESRF, where a 19 keV quasi-monochromatic beam (spot size ~25 pm FWHM)
was used (AE/E = 2% [46]). A JUNGFRAU 1M detector was used to collect the XRD
signal, operating at up to 250 kHz frame rates, with typical 10 us exposure times. The
set-up for piezo-electric actuator dDAC assemblies was as described in Ref. [47]. The fine
control of pre-pressurization allows producing both compression and decompression ramps
in the typical range 2-50 GPa, 20-200 GPa/ms, with highly reproducible P vs ¢ paths.
The same driving signal was applied to the piezoelectric actuator in successive runs while
probing the sample at distinct times, monitoring the S-Sn<+~-Sn transformations at various
compression /decompression rates.

DACs were equipped with Almax-Boehler design DAC with 300 um culets. Stainless steel
gaskets were used for all experiments, indented to 40 um thickness with a 100 pm-diameter
hole for the experimental chamber. Sn powder samples with typical grain sizes of a few
microns were loaded without pressure transmitting medium. Pressure was determined using

Sn azimuthally integrated XRD signal and EOS of 5-Sn and 7-Sn from Ref. [10].

! https://github.com/FABLE-3DXRD/TIMEIeSS
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