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g Abstract

14 High pressure phase transformations play an important role in the.search for new materials and

15 material synthesis, as well as in geophysics. However, they are poorlycharacterized, and phase

16 transformation pressure and pressure hysteresis vary drastically in:experiments of different

17 researchers, with different pressure transmitting media, and with.different material suppliers. Here
12 we review the current state, challenges in studying phase transformations under high pressure, and
20 the possible ways in overcoming the challenges. This field isicritically compared with fields of

21 phase transformations under normal pressure in steelsiand shape memory alloys, as well as plastic
22 deformation of materials. The main reason for the above mentioned discrepancy is the lack of

23 understanding that there is a fundamental difference between pressure-induced transformations

24 under hydrostatic conditions, stress-induced transformations under nonhydrostatic conditions below
25 yield, and strain-induced transformations during plastic flow. Each of these types of transformations
;? has different mechanisms and requires a‘completely different thermodynamic and kinetic description
28 and experimental characterization. In comparisen with other fields the following challenges are

29 indicated for high pressure phase transformation:(a) initial and evolving microstructure is not

30 included in characterization of transformations; (b) continuum theory is poorly developed; (c)

31 heterogeneous stress and strain fields in.experiments are not determined, which leads to confusing
32 material transformational properties with assystem behavior. Some ways to advance the field of high
33 pressure phase transformations are suggested. The key points are: (a) to take into account plastic

2‘5‘ deformations and microstructure evolution during transformations; (b) to formulate phase

36 transformation criteria and kinetic equations in terms of stress and plastic strain tensors (instead of
37 pressure alone); (c) to developsmultiscale continuum theories, and (d) to couple experimental,

38 theoretical, and computational studies of the behavior of a tested sample to extract information about
39 fields of stress and strain tensorsand concentration of high pressure phase, transformation criteria
40 and kinetics. The ideal characterization should contain complete information which is required for
j; simulation of the same experiments.

ji 1. Introduction

45 Under application-of high pressure almost all materials transform to different phases changing
46 their crystallographic structures. The high pressure phases have lower molecular volume; that is why
47 high pressure Is an/effective tool to obtain them. High pressure phase transformations (PTs) are of
48 greatdnterest in‘the search for new high pressure phases with unique properties. Some of these

49 phases became important materials for various engineering applications after their industrial

g? synthesisthad been established. For example, industrial synthesis of the diamond from graphite and
5o superhard cubic boron nitride (BN) from graphite-like boron nitride occurs in the pressure range of
53 5-10 GPa and temperatures of 1500-2000 K. Also, high pressure PTs play a key role in geophysics
54 and planetary science.

55 A major part of static high pressure research is performed in a diamond anvil cell (DAC), in
g? which a sample is compressed between two diamonds up to a desired high pressure. To create
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hydrostatic conditions the sample is placed in a liquid/gas or in materials with a low,yield strength
(quasi-hydrostatic media), which are sealed within a deformable gasket made of strong materials
(stainless steel, tantalum, tungsten, rhenium, and even superhard cubic BN and diamond powders).
The material’s behavior is characterized in terms of the pressure p — specific volume v (per unit
mass, mole, or atom) curve and phase transformations are detected by jumps in velume and changes
in x-ray diffraction (XRD) patterns characterizing crystallographic structuregand/or by a change in
the Raman spectra.

For each material the pressure-temperature phase diagram is developed, which contains
regions of stability of various phases. Each phase boundary is defined.theoretically from the
conditions of equality of corresponding Gibbs energies. In experiments, significant deviation of the
actual transformation start lines from the phase equilibrium lines is.observed. Thus, PTs to high
pressure phases occur at pressures higher than the equilibrium pressure,-and reverse PT occurs
below the phase equilibrium pressure or does not occur at all at'a.complete pressure release. This
leads to metastable phases at normal pressure, which can be potentiallyused in engineering
applications. This is one of the applied reasons why actual phase transformation kinetics under large
deviation from the thermodynamic equilibrium should be studied. Such a deviation of PT pressure
from the equilibrium one leads to complex hysteretic behavior under loading-unloading and regions
of metastability of phases. For example, phase equilibrium pressure between graphite and diamond
at room temperature is ~2 GPa. However, under hydrostatic conditions graphite transforms to
diamond at 70 GPa (Ref. 1) and diamond nevertransformsyback at zero pressure even under any
large tensile stress, which only lead to its fracture. Thus, actual (rather than equilibrium)
transformation diagrams are reported for'various materials. However, they are not treated as
fundamental properties of phase transformations but rather as a result of messy kinetics, which was
almost never characterized experimentally and deseribed theoretically in detail. Also, pressure for
PT initiation is not a complete characteristic either, e.g., PT from hexagonal to wurtzitic BN starts at
8.1 GPa but does not complete even at:25 GPa[2]. In addition, numerous metastable phases may
appear under different conditions, which'are not present in the equilibrium phase diagram at all but
may be important for applications. Thus, silicon (and germanium) has just one stable high pressure
phase, Si I, at a pressure below20 GPa but almost a dozen metastable phases [3].

2. Effect of nonhydrostatic stresses
Though the PTs are called pressure-induced, in reality they occur in most cases under

nonhydrostatic conditions.dn these cases three principle stresses or generally six components o, of

the symmetric stress tensor o act on material and material response is described by six components
&" of the strain tensor.¢ , Which (for simplicity, in geometrically linear approximation) usually

includes elastic ¢, thermal ¢, , transformational ¢, , and plastic &, contributions, i.e.,
£=¢,+¢&,4 & +&,Inaddition, crystal lattice rotation occurs leading to texture formation or

transformation of asingle-crystal into twinned or polycrystalline aggregate. Thus, information
required-forthe description of material behavior is getting much more complicated than a single
scalar relationship between pressure, volume, and temperature (i.e., equation of state). We will
focus on experiments at constant temperature near room temperature or at least below
recrystallization temperature, so that viscous relaxation of nonhydrostatic (called also deviatoric)
stresses can be neglected. Transformation strain can be determined by mapping the crystal lattice of
the single crystal of the low pressure phase into that of the high pressure phase for a stress-free case.
Then all six components of the stress tensor affect the phase equilibrium and transformation

conditions through expression for transformation work, X =0, =0, , where summation over
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repeated indices is assumed. Thus, the contribution of each component of the stressdensor to the
thermodynamic driving force for transformation can be evaluated from this expression.’/An
additional mechanical contribution is related to a jJump of the elastic moduli duringtransformations
and is in many cases less pronounced.

The effect of nonhydrostatic stresses on high pressure PTs has not.been elucidated
quantitatively in experiments. Major efforts are directed to reducing the degree of nonhydrostaticity
by reducing the yield strength of the transmitting media. Such experimentsiare called under “quasi-
hydrostatic” conditions, and since such conditions are not quantified, resalts strongly depend on
transmitting media. E.qg., by changing transmitting media from hydrostatic to highly nonhydrostatic,
both the a—¢ and reverse € — o PT start pressure in iron can be changed in the range of 10-16 GPa
[4]. The PT completion pressure range is reported in the range of 15.3to 25.4 GPa for the o—¢ PT
and in the range of 3.7-8 GPa for the reverse € — o PT [4]. These studies.at'least partially explain
(but not quantify) even larger scatter in experimental data on PT indron in literature (collected in
Ref. 4-5), with “phase equilibrium” pressure in the range of 6-14. GPa, a—¢ PT start and finish
pressures in the range of 8.6-16 GPa and 14-25.4 GPa, respectively;.and the reverse € — o PT start
and finish pressures in the range of 7-16.2 GPa and 1-8.5 GPa, respectively. As it will be discussed
below the effect of nonhydrostatic stresses is quite limited,.and itis plastic strain that is responsible
for the above scatter.

3. Effect of plastic strain

3.1. Limited effect of the macroscopic nonhydrostatic stresses

Superposition of plastic shear on high pressure'drastically reduces PT pressure [6-11], in some
cases by an order of magnitude [8]. These results have been obtained in rotational Bridgman or
rotational diamond anvil cells. Since PT pressure is,in some cases getting smaller than the phase
equilibrium pressure, the conclusion'was.made that plastic shear reduces phase equilibrium pressure
as well [6]. Note that traditional continuum thermodynamics supplemented by the effect of
deviatoric stresses cannot explain such a'strong effect of shear stresses [12]. Indeed, the mechanical
contribution to the thermodynamic driving force under action of pressure p and shear stress z is:
Xm=-peot Ty, where & and y are thewvolumetric and shear transformation strains; the sign — is
because the volumetric strain is negative and positive pressure p produces a positive contribution to
the driving force for transformation. However, shear stress z is limited by the yield strength in shear,
say 1 GPa to make an order of magnitude estimate. Assuming for simplicity eo=-y, we obtain Xm=-
(p+7) €o0. Thus, the same driving force X under hydrostatic conditions and under shear stress will be
when pressure is reduced by'the value of shear stress z. If PT pressure under hydrostatic conditions
is 10 GPa or 50 GPa, the:shear stress can reduce these numbers to 9 and 49 GPa, respectively, i.e.,
by 10% and 2%/only. Thus, applied shear stress cannot explain reduction in PT pressure by several
times or an order. of magnitude.

3.2. Classification.of PTs

A resolution of these paradoxical results was suggested in [9-10]. First, classification of high-
pressure PTs‘has been suggested. In most cases nucleation of the product phase occurs
heterogeneously-at some defects (dislocations, grain and twin boundaries), which produce a
concentration of the stress tensor and/or provide some initial surface energy. Temperature-induced
transformations nucleate predominantly at pre-existing defects without stresses at the specimen
surface. Similarly, pressure-induced transformations occur mostly by nucleation at the same pre-
existing defects under action of external hydrostatic pressure. Stress-induced transformations occur
at the'same defects when external nonhydrostatic stresses do not exceed the macroscopic yield
strength in compression oy. If the PTs take place during plastic deformations they are classified as
strain-induced transformations. They occur by nucleation at new defects generated during plastic
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deformation. A similar classification (but without pressure-induced transformationssand any relation
to high pressure) was used for PTs in steels [13]. The main point in Refs. [9-10] was that the strain-
induced PTs require completely different theoretical (thermodynamic) treatment and experimental
characterization. The number of pre-existing nucleation sites (defects) is limited. That iswhy for
pressure and stress-induced PTs one has to increase pressure or stresses to activateless potent
defects (i.e., defects with a smaller stress concentrator, e.g., dislocation pile-ups with'smaller
number of dislocations). This explains the spreading of the PT over the broad pressure range. In
contrast, plastic flow generates new defects and consequently new nucleation sites. First, this means
that there are no needs to increase pressure; PT can be driven by increasing plastic shear and
generating new defects at constant pressure, and new high pressure phase nucleiwill appear near
tips of these strong defects. Nuclei cannot grow significantly, because stresses decrease with
distance away from the defect tip. However, the number of defects with-auclei at the tip of the new
defects increases, filling the major part or entire sample. Second, stress concentration at the plastic
strain-generated defects may be much stronger than for the preexisting.defects. For example, the
concentration of all components of the stress tensor at the tip of the dislocation pile up is
proportional to the number of dislocations in a pile up, and'it.can be as large as 10 to 100. Thus, one
needs much smaller external pressures to produce the samerequired PT pressure in a small region
near the tip of a strong defect. This explains the significant reduction of the applied PT pressure in
experiments. This mechanism has been confirmed.more quantitatively utilizing an analytical model
of nucleation at the dislocation pile up in Refs. [9-10] and phase field simulations of strain-induced
PT in a bi-crystal in Ref. [12,14]. While we will not focus on strain-induced PT in rotational DAC
here, the main point is that in major cases PTs in traditional DAC and even in a perfectly hydrostatic
medium include plastic straining and should ke treated to some extent as strain-induced PTs as
well. Indeed, without a hydrostatic medium-the pressure growth in DAC occurs during plastic
compression of the sample or the sample. within a gasket, since a final thickness of a sample after
pressure release is essentially smallerthan the‘initial thickness. The same is true for a solid-state
“hydrostatic” medium, which still possesses finite yield strength and can impose shear stresses on a
sample. As it was discussed in'Refs. [9-10,15,16], there is no fundamental difference between strain-
induced PTs under plastic compressien in traditional DAC and under pressure and shear in
rotational DAC in terms of mechanism, thermodynamics, and kinetics. The only difference is in the
pressure-plastic strain path-for-each material point of the sample. In rotational DAC pressure can in
principle be kept constant during torsion and PT (see, e.g., Ref. [17]), that is why it can be kept low
and these experiments exhibit the strongest effect of plastic straining on PT pressure. In traditional
DAC plastic straining.occursiduring increasing force and consequently pressure, even if is not
required for PT*®, Because of this, the promoting effect of plastic straining is hidden. Thus, the
growth of pressure required to continue and complete PT in DAC is not a fundamental property of
the PT thermodynamics and kinetics but the result of sample-loading system behavior.

As it was'mentioned above, pressures for initiation and completion of direct and reverse PTs in
experiments under nonhydrostatic conditions in DAC have drastic scatter in different papers and in
the same paper for different transmitting media®. In most cases without transmitting media the
reasons for discrepancy were not clear. However, if one would consider these PTs as strain-induced
rather than pressure-induced, the difference is caused by different plastic strain which was not
measured.nor even discussed. Different geometric parameters and elastoplastic properties of the
gasket, transmitting media, and sample lead to different plastic strains and, consequently,
transformation pressure and pressure-concentration of high pressure phase curves. Thus,
experimental results do not characterize thermodynamic and kinetics of a sample material but
represent complex behavior of the sample-gasket (and, at very high pressure, anvil) system. Finite
element modeling of PT in DAC as the strain-induced PTs!81° based on the theory developed in
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Refs. [9-10,15] supported this statement. With the same mechanical properties, thermodynamic and
Kinetic parameters of a sample, different ratios of the yield strength of the gasket and sample

o /ayl and different radii and heights of a sample led to different pressures for initiation and

completion of PT and the entire pressure - concentration of high pressure phasesc, curves (Fig. 1).
These system parameters change degree, direction, and heterogeneity of plastic flow.andsliding
(friction) at the contact surfaces between sample, diamonds, and gasket, causing changeuin strain-
controlled PT Kinetics.

Consequently, plastic strain is a primary parameter, which should be ‘measured or calculated
along with pressure and concentration of high-pressure phase.
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Fig. 1. Variations of concentration of high-pressure phase c, and accumulated plastic
strain g, averaged over the deformed sample thickness at the symmetry axis versus

pressure p at the contact surface at theysymmetry axis. (a) for o, =30,,and different

relative radii of a sample over the,radius of the cullet S=0.4 andS =0.7; (b) For S=0.7 and
with different gasket strengths o, =3¢, and o, =20,,. Adopted from [18].

N

3.3. Characterization/of phase transformations at high pressure
The question arises: what would be the ideal experimental characterization of phase
transformations in high pressure experiments? During elastoplastic compression of a sample and
gasket, with or without phase transformations, all fields are extremely heterogeneous and not all of
them can be measured or. have been measured. To extract information from experiments these
heterogeneous fields should be modeled. This leads us to the following definition:

Ideal characterization should contain complete information which is required for simulating
the same experiments.

Theny by quantitative comparison and fitting experimental and simulated fields, one can
extract information about material behavior, and complete material characterization and models at
some level of complexity and accuracy. Without continuum theory it is impossible to do. Thus,
characterization involves development of continuum theories for the description of processes in
diamondanvils, which includes coupled kinetic equations for elastoplastic deformations and phase
transformations, which can be solved in the sample and surrounding components (gasket and
anvils).
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4. Relationship between theory and experiment and simulation of technelogical

processes

Let us compare the relationship between theory and experiment and technological
applications for several disciplines.

High pressure science is experimentally driven. We are not discussing atomistic simulations
here, which lead to predictions of new phases and determination of material properties under
pressure, see Ref. [20-22] as examples. Our point is that there is no continuum theory describing
transformation Kkinetics, hysteresis (metastability), the effect of the stressitensor and plastic strain,
except some works described above®%23-26 However, those models were not.calibrated by
experiment. That is why there is no simulation tool for high pressure technolagies. The only
exception is modeling efforts on industrial diamond synthesis which, however, were also not fully
fitted to experiments?’28, The effect of the stress tensor in that case was-aotimportant because
graphite transforms to diamond inside of liquid metal. The probable reason for the lack of
continuum theory is the existence of numerous new phases and-exciting/phenomena?®-222%-3 tg pe
discovered, and desire to achieve maximum pressure and measure all physical parameters that could
be measured. This seems to be much more attractive and topically closer for physicists, material
scientists, chemists, and geophysicists than worrying about:heterogeneities of parameters and
focusing on continuum theories. It should be mentioned that continuum theories required for the
description of processes in diamond anvils are extremely.complex. They include: (a) physical
nonlinearities (nonlinear elasticity, plasticity, phase transfogmations); (b) geometric nonlinearities
(large elastic, plastic, and transformational strains and lattice rotations); and (c) contact
nonlinearities (sliding and cohesion along the contact surfaces between different materials, variable
contact zone, and combination of the Coulomb.and plastic friction), and their coupling. Also, both
phase transformation and plasticity are multiscale phenomena and models at different scales are
quite different.

Let us consider the current trends in some other disciplines.

Plasticity. There are numerous text:books on plasticity** and corresponding courses. Most
parts of the books consist of theory and sophisticated equations. Equations are formulated for a 3D
case and arbitrary complex stress and plastic strain tensor histories. There is a limited number of
experiments to calibrate and verify madels, usually under homogeneous 1D and 2D stress-strain
states. In the first approximatien; material behavior is described by an experimentally determined
stress-strain (or plastic strain) curve in tension, compression, or torsion. With the help of the
simplest von Mises plasticity theory with isotropic hardening this curve completely determines
plastic deformation under complex 3D loading. While these and much more sophisticated
phenomenological-models have never been directly checked under complex 3D loading they are
broadly and successfully applied to simulate and optimize technological processes, like forging,
extrusion, sheet forming, and so on. This means that even with existing inaccuracies these models
have predictive'power.and applied significance. Definitely, even a simple model is much better than
no model at all{which should be accepted by the high pressure community.

Phase transformations in shape memory alloys. For martensitic PTs austenite transforms to a
finitenumber of erystallographically equivalent martensitic variants. Theories of different
complexities describe PTs in terms of the concentration of martensite®’, or concentrations of
martensitic variants (e.g., 3 variants for cubic to tetragonal transformation)=°, or (at larger scale)
concentrations of habit plane variants (e.g., 24 habit plane variants for cubic to tetragonal
transformation, each consisting of a fine mixture of two martensitic variants)**-4. Thus, in addition
to anaustenite-martensite transformation, variant-variant transformations, which represent in most
cases twinning, are described. Since volumetric transformation strain for phase transformations in
shape memory alloys is almost zero, the effect of hydrostatic pressure is negligible and phase
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transformations are solely driven by the deviatoric stress tensor. Similar to plasticity, 3D constitutive
equations are formulated under a general stress tensor. Kinetic equations for the rateof
concentration of each variant are formulated in terms of the thermodynamic drivingforces conjugate
to the rate of corresponding concentration. They include both temperature and effect of deviatoric
stress tensor. The effect of plasticity in most cases is neglected. Similar to plasticity theory there is
a limited number of experiments to calibrate and verify models, usually under.homogeneous 1D and
2D stress-strain states. These models are applied to simulate behavior of structures made of shape
memory alloys®’°, including actuators, energy absorbers, medical devices,.and components
assembly based on shape memory effects.

Phase transformations in steels are classified as temperature<induced(with no external
stresses), stress-induced (for external stresses below the yield strength), and strain-induced when PT
occurs during plastic deformation'®4%-48, Each type of transformation is modeled in a different way
but internal stresses and elastic and plastic strains are important for@all of them. Thermally-induced
PTs are broadly modeled for heat treatment of steels and for material design. Stress-induced
transformations are mostly modeled in order to describe transformation-induced plasticity (TRIP)
[49], which occurs due to internal stresses caused by heterageneous transformation strain under
external stresses below the yield strength. Strain-induced transfarmations in steel are usually
described based on a martensite nucleation model at.the intersection of shear bands*¢475%°1 |t is also
formulated for a 3D case for concentration of product phase and transformation strain versus stress
tensor and plastic strain tensor history and calibrated and verified by a limited number of
experiments*%°052-54 Models are applied to simulaté technological processes, like thermal and
thermomechanical treatment, see e.g. Ref. [54].

Note that in all of these fields there are.continuum models at different scales and different
complexities. For example, in plasticity there are models based on discrete dislocations (traditional
and phase field models), dislocation‘densities, single crystal plasticity, polycrystalline aggregates,
and macroscopic phenomenological flow theories. Similarly, for phase transformations there are
models based on detailed resolution of microstructure (sharp interfaces and phase field modeling),
crystallographic and micromechanical models of martensite in a single and polycrystals, and
phenomenological macroscopic'madels. There are sophisticated methods to measure stress and
displacement fields and attempted to connect them for calibration and verification of
micromechanical models,€:g.;\n.Ref. [55-57].

Thus, in plasticity and PTs in steels and shape memory alloy, continuum theories are quite
well developed and play an‘important part in extraction of material properties from experiments. It
should be our goal to do the'same for high pressure science. The best initial point is to start with the
simplest macroscale models, similar to the von Mises theory in plasticity.

5. Directionsfor. coupled measurements, modeling, simulations, and characterization of
different types.of phase transformations under high pressure

5.1. Pressuresinduced transformations

Let us considera spherical particle placed in the ideal liquid under high pressure, i.e., under ideal
hydrostatic conditions®1, Let the spherical nucleus or macroscopic region of high pressure phase
appear at.thecenter of initial sphere, keeping spherical symmetry. Due to jump in a specific volume
(or transformation volumetric strain) during PT, the nucleus of the high pressure phase will pull the
remaining part of the hollow sphere of the low pressure phase. As a result, while the internal sphere
remains under hydrostatic conditions, the pressure in it significantly reduces. The hollow sphere of
low pressure phase is under nonhydrostatic conditions, and when (for the jump in volume exceeding
a few percents) the magnitude of the difference between radial and hoop stress exceeds the yield

7
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strength, plastic flow in the low pressure phase near the phase interface will take placesIn the course
of PT plastic strain and dislocation and/or twin structure in the low pressure are inherited by the high
pressure phase. In this region the stress state is becoming nonhydrostatic and additional,plastic
deformation in the high pressure phase may occur. Thus, even in the most ideal situation phase
transitions in solids occur in most cases under local nonhydrostatic conditions and in the presence of
plastic deformation. This has been known for a long time®? for hydrostatic loading of a
polycrystalline sample, in which internal stresses result in broadening of diffraction lines. Also,
cyclic direct-reverse PTs under increasing-decreasing pressure is accompanied by an'increase in
hardness, transformation pressure for direct PT, and pressure hysteresis®sThis:is the so-called
transformation hardening phenomenon, which also occurs for temperature-induced cyclic PTs. It is
connected to plastic deformation caused by internal stresses due to-heterogeneous transformation
strain evolution during PTs. Under hydrostatic conditions the shape of the polycrystalline sample
does not change, so this plasticity is not measurable at the scale'of.the sample.

.
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Fig. 2. Isabands of the accumulated plastic strain q in austenite around growing martensitic plate
(white region‘in the left figure) and in the right part of the martensitic plate (right figure).
Adopted-from [63].

Even.without pressure, just for temperature-induced martensitic PT in steel, large plastic
strain is accumulated during PT, see Fig. 2 from Ref. [63]. Despite the relatively small
transformation volumetric strain £0=0.02 and shear of 0.2, the accumulated plastic strain q (defined

fromg=(2/3d,: dp)l’z, where d o Is the plastic deformation rate; for uniaxial compression or

tension, q is reduced to the logarithmic strain) within the martensitic plate and surrounding austenite
is around 0.6! Plastic strain first appears in a weaker austenite, then it is inherited by the growing
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martensitic plate which causes huge internal stresses and additional plastic deformations in both. It
is shown in Ref. [63] that the plastic strain arrests martensitic plate growth and is responsible for the
plate to lath morphological transition.
Deviation of the actual transformation pressure p from the phase equilibrium pressure pe is
caused by the following reasons:
(@) Nucleation barrier.
(b) Energy of internal stresses.
(c) Athermal interface friction (dissipation) caused by Peierls barrierpinteraction’of a moving
interface with stress field of various defects, e.g. point defects (solute and impurity atoms,
vacancies), dislocations, grain, subgrain and twin boundaries‘and precipitates.

Phase transformation progress in elastoplastic material is determined by-the'thermodynamic PT
criterion>9-60.64-66

X=K, 1)

where X is the thermodynamic driving force for PT and K'is the athermal threshold. The general
expression for X in Ref. [59-60,64-66] is quite sophisticated and requires knowledge of plastic
strain and internal stress evolution during each transformation increment. Also, X depends on the
geometry of the evolving microstructure. For phase transfogmation in elastic materials X is equal to
the difference between the Gibbs energy of the initial and final states, and the actual geometry and
the internal structure of the transformed segions (when.interface dissipation is neglected) is
determined by the principle of minimum of the.Gibbs energy, or X —max. When plastic and
interface dissipations are included the principle of minimum of the Gibbs energy is not applicable.
With the help of the postulate of realizability the following extremum principle, X-K—max , for
each transformation increment is justified in [59,64-66]. Examples of application of this approach
for the description of temperature- and stress-induced PTs can be found in Refs. [9,51,59-60,64-66]
and in the application to pressure-induced PT in a DAC, in Refs. [24,25]. However, to extract
experimental information and«develop simplified models of pressure-induced PTs, which can be
used for simulation of a pressure-induced PT, one can transform PT criterion X=K to a simplified
expression for transformation pressure

p. =P, +b(c)o, (c.g)*a(c)o,(c.q) or p =p, +b,(c)H(c,q)*a, (c)H(c.q), (2

where the signs x7is for direct and reverse PTs, c is the concentration of the high pressure phase; a, b
and a, , b, are factors to.be determined from experiment, and o, and H are the yield strength and

hardness of the.two-phase mixture of low- and high-pressure phases. Eq.(2) can be obtained from
Eq.(1) by specifying the expression for X and K and dividing by volumetric transformation strain & .
Since the yield strength and hardness are proportional to each other, both Egs.(2) are equivalent.
The first term on'the top of the phase equilibrium pressure p, is the back pressure due to energy of
internal stresses caused by volumetric transformation strain &, which is the same for direct and
reverse PTs.and, consequently, does not contribute to the pressure hysteresis. Proportionality of the
back pressure to the yield strength is accepted because the contributions to X due to internal stresses,
when they cause plastic flow, are proportional to o, [58-61]. The last term in Eq.(2) is K/ex. There

are several hints that make Eq.(2) a good starting point for the description of pressure-induced PTs.
In'Ref. [6], pressure hysteresis (i.e., difference between initiation pressure for the direct and reverse
PT) for a number of materials (RbCI, KCI, KBr, CdS, CdSe, Ce, InSb, Bi) for different degrees of
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preliminary plastic deformation, was found to be proportional to the hardness of theJlow pressure
phase after deformation. According to Eq.(2), pressure hysteresis (defined as the difference in the
pressure for initiation of the direct PT and pressure for initiation of the reverse PT_after.completing
the direct PT) is

h=a(0)o,(0,q)+a(l)o, (Lg+Aq)=0,(0,q)[a(0)+a(l)o, (1,q+Aq)/ay(0,9)1,

where Aqis the increment of plastic strain after complete direct PT. If the'term in square parenthesis
is weakly dependent on plastic strain g, then h ~ o, (0,9), in correspondence with experimental data

in Ref. [6]. Independently, one of the often used assumptions is that,the phase equilibrium pressure
is a semisum of the pressure of initiation of the direct and reverse PTs«In this case,

a(0)o,(0,9)=a(l)o,(Lq+Aq) and h=2a(0)o, (0,9) ~ 0,(0,9)=

Based on the above experiments and some analytical solutions:it was suggested in Ref. [59,64] that
the athermal threshold K is proportional to o, (q) . This seems reasonable because the threshold K

characterizes an interaction between a moving interface.and the material’s microstructure and the
yield strength characterizes the resistance to the/motion.of dislocations through the same

microstructure (obstacles). Proportionality between'K and o, (q) is also proved for temperature-

induced martensitic PT in steels®’ and utilized in simulations in Ref. [63].

Eq.(2) explains in a simple way the main.reason for the significant scatter in PT pressure vs.
concentration (or just for initiation .and completing of PTs). Pressure-concentration curve depends
on the yield strength and plastic strain, which.were not characterized. Initial samples could be
produced by different methods (rolling, extrusion, or others) and have different values of the yield
strength, which characterizes microstructure:; Depending on the value of strain, the yield strength
may change by a factor of 1.5 to 5.for different materials®. At large strains (q>0.4 for rocks and
g>1 for metals), according to'the regularity revealed in Ref. [34], o, , H, and, consequently, K are

becoming strain and strain-his{ory independent. In this case transformation pressure is a function of
c only. Thus, two steps couldbe made in order to achieve consistent characterization of pressure-
induced PTs under externalshydrostatic pressure:

(@) Performpressure=induced characterization after large plastic deformation of a sample

and achieve maximum yield strength (hardness),

(b) Perform pressure-induced characterization after annealing and different degrees of

preliminary plastic deformation of a sample and measuring hardness (or yield strength).
This would besthe first guantitative characterization and description of pressure-induced PTs, which
has accuraCy comparable to the accuracy of the phenomenological flow theory plasticity [36] and
theory for'thermally-induced PTs [67].

We cannet a priori exclude that even in the maximum hardened state there is a possibility
that p,(c) curves for direct and reverse transformation may depend on the mode of preliminary
plastic deformation (compression, shear, or any their combinations). Before reaching the maximum
hardenedstate the chances that the mode of preliminary plastic straining makes a difference are
higher. Also, texture and internal stresses due to possibly heterogeneous preliminary plastic
deformation may play an important role and lead to scatter in the p,(c) or p,(c,q) relationship.

In the next approximations a more sophisticated micromechanically-based theory can be
developed, like those in plasticity and PT in shape memory alloys. They are based on the
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consideration of a polycrystalline sample consisting of multiple single crystals and thesconsideration
of transformation strain tensors for each crystallographically equivalent variant. This could be
simplified analytical models or detailed finite element or spectral method modelingof.each of the
single crystal within polycrystalline sample. Such simulations can be compared with much more
detailed experiments [68-81], in which elastic strain tensor in each individual grain,is measured, and
orientation of each individual grain. Currently, such measurements are mostly.utilized for studying
plasticity under high pressure, but there are first works on studying PTs [70,80,82].

5.2. Stress-induced phase transformations under high pressure
In the first approximation, Eq. (2) can be generalized in the following form

~(p.=b(c)o, (c.0))ey +(S—A(c)o, (c.a)e,) s e, =—p, &, Fa(c)ay(€0)s, (3)
P, = p.+b(c)o,(c,q) ia(c)ay(c,q)+(s—A(c)ay(c,q)et):et/gm, (4)

where S :e, = Sije}j is the work of deviatoric stress tensor S'={S;}along the deviatoric
transformation strain tensor e, ={e;}, and A(c)o,(¢.g)e, is the deviatoric back stress due to
internal stresses, which is similar to the back prgssure assumed to be proportional to o, (c, q) .

While for simplicity we assume proportionality of the deviatoric back stress to e,, more complex
evolution equations are possible, similar to the plasticity [34-36] theory and shape memory alloys
[40-45]. We also assumed for simplicity that.the direction n= S/ | S | of the stress deviator in the
stress space does not change during PT.Without work of the deviatoric stresses Eq.(3) is equivalent
to Eq.(2). The left-hand side of Eq. (3)uis the transformation work of stresses minus back stresses.
The contribution due to deviatoric stressesiand transformation strain in Eq. (4) is always positive for

M MM

I
MinA-M:
A? M: &

M.—»A:>/ 7 " /f “

- o M:—M,
7

Fig. 3. Phase equilibrium (left) and transformation (right) lines in the deviatoric stress S plane . S; axes
are projections of o, axes into deviatoric plane. Deviatoric transformation strain vectors ey for each of

the crystallographically equivalent variants M; are directed along the S; axes. Cubic-tetragonal
equilibrium lines are orthogonal to vectors e and form a triangle. Within the triangle austenitic cubic
phase A is stable, outside of it the tetragonal martensitic variants M; are stable. The boundary between
variants M;— M; is orthogonal to e -e; and coincides with Sy. Transformation lines are obtained by
splitting each of equilibrium lines into two parallel lines, which leads to complex hysteretic behavior.
Reproduced from [83].
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direct PT and often positive for the reverse PT. Since ¢, is negative for pressure-induced PTs,

deviatoric stresses reduce transformation pressure for the direct PT and often for the‘reverse PTs.
Geometrically, conditions of phase equilibrium and transformations for a single crystal can be
presented in the six-dimensional space of the components of the stress tensor, similar to the yield
surface in plasticity theory. For example, for cubic to tetragonal PT, which has 3
crystallographically equivalent variants, these conditions can be presented inthe three-dimensional
space of normal stresses o; orthogonal to the cubic (and tetragonal) faces. For each.fixed pressure,

phase equilibrium and transformations conditions can be presented in the deviatoric stress S; plane
(see Fig. 3), which is equally inclined to all three axes o and orthogonal to the hydrostatic line

o, = 0, = g,. Transformation strains for any variant can be determined based on lattice parameters

of low and high pressure phases. For all other variants the components of the transformation strain
can be easily obtained by symmetry operations. Thus, to use Eq.(4), one'should measure deviatoric
stresses in addition to the measurements for pressure-induced PT. Regently [84-85], molecular
dynamics simulations for cubic to tetragonal PT Si «<->Si Il have determined the PT conditions in 3D
stress space of stresses o, normal to the cubic phases (Eig. 4).In agreement with the prediction of

the phase field approach [86], PT conditions are linear in o and independent of shear stresses.

Eq.(4) can also be applied for each specific variant, 3

P = pe+b(Ci )Gy (Ci J q) + a(ci )O-y (Ci ' q)+(S B A(Ci )Gy (Ci ' q)eﬁ) 18/ &, ()
where e, and c; is the transformation strain:and'econcentration for i variant. Since all variants are
equivalent, functions a and o, should,be the same for any variant and in the first approximation

should depend on the total concentration c= C1+Cz+cs+... . The total deviatoric transformation strain
Is determined by the mixturesule e, = ce +.C,e,, + C.e; +... . Thisis a more detailed description

than in terms of the total concentration of the high pressure phase. Also, there is no need to assume
for such a description that the direction.n = S/ | S| is unchanged during PT.

Fig«4- Confirmation of the phase transformation (lattice instability) criterion obtained with the

phase field.approach in [86] for Si I—Si Il PT. (A) Plane in stress space o, corresponding to the

PT criterion and corresponding instability points from the molecular dynamics simulations. (B)

The same plot as in (A) but rotated until theoretical plane is visible as a line, to demonstrate how

close the simulation points and the theoretical plane are. Adopted from [85].

For a polycrystalline sample or when each ci cannot be determined, e, depends on deviatoric

stress S . For micromechanical models of single and polycrystals it can be assumed or derived that
for the unchanged direction n one has
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e =4S, (6)

where A is a scalar, which is determined either theoretically or experimentally [37,49]. Scalar A may
depend on concentration ¢ and also on the stress mode, because in some cases the'magnitude of the
transformation strain is different for tension, compression and torsion [52-53].With the help of Eq.
(6), Eq.(4) transforms to

p, = p.+b(c)o, (c.q) +a(c)o,(c,q)+4S:S(1-1A(c)o, (c.q))le,, (7)

where S:S=2/30, >0, o, >0 is the equivalent von Mises stress, whieh'is often used in plasticity
theory (in particular, o; = o, for von Mises plasticity condition)."Eq.(7) corresponds to two coaxial

circles in the deviatoric stress plane. Since for direct PT 1>0, 2A(C)o, (c,q) <1(magnitude of

stress is greater than the magnitude of the back stress), and" g, <0, it is clear that deviatoric stresses

reduce PT pressure. If the second and third terms in Eg.(5) are the same as for loading under
hydrostatic conditions, then all parameters (excluding 1) can be determined in hydrostatic
experiment and then used for nonhydrostatic conditions. Parameter A(c) can be found from one
experiment with specific p(c) and S(c) measured experimentally and substituted in Eq.(6). Then
Eqgs.(6) and (7) can be used for any other loading conditions. To measure e, directly, one has to

measure change of shape of a sample under pressure which will be discussed in Section 5.3.

The key difference between characterization of PTs under hydrostatic and nonhydrostatic
conditions is that under nonhydrostatic conditions the stress-strain state is usually quite
heterogeneous in the sample. Thus, nenhomogeneous fields should be measured, calculated, and
fitted to each other in order to extract all parameters in the constitutive equations and characterize a
PT. The main problem here‘isithat usually high pressure is produced in the course of plastic
compression of the sample and.gasket. Even with transmitting media, if it supports the
nonhydrostatic stresses it may produceplastic strain in a sample as well. Even when external
deviatoric stresses are much b{low the yield strength the total (external and internal) stresses can
meet the yield criterion, and cause TRIP.

Thus, it is very difficult to produce stress-induced PTs and to separate them from the strain-
induced PTs in high.pressure.experiments. Because of this we will focus on more widespread strain-
induced PTs.

5.3. Strain-induced phase transformations under high pressure

In this case the contribution to the driving force for PT due to defects (stress concentrations)
generated during plastic flow, which serve as nucleation sites, should be taken into account. This
was done in Refs. [9-10]in terms of a coarse-grained microscale model based on barrierless
nucleation on defects (e.g., dislocation pileups) generated during plastic flow and resulted in a
strain-controlled kinetic equation:

O
(L-c)pH (Py) = —cpH (D)
dc (o291 _nd '
dq C+(1_C)Gy2/o-yl ’ ‘ pr? - pg , ' pr: - p;
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Here p? is the minimum pressure below which direct strain-induced PT to high pressure phase does
not take place; p!is the maximum pressure above which reverse strain-induced PT to lowpressure
phase cannot occur; p, and p, are dimensionless characteristic pressures, which @are used.for direct
and reverse PTs; p{ and p{ are the pressures at which direct and reverse,PTs oceur under
hydrostatic loading, respectively; they may be a function of ¢ and q (see Eq.(2)); o, and &, are

the yield strength of the low and high pressure phases; k is a scaling parameter, and H is the
Heaviside step function. There are more general versions of Eq. (8) [9-10]. However, it also operates
with pressure and volumetric transformation strain only and should be generalized for the full stress
and transformation strain tensors.

Note that (a) nucleation is barrierless and does not requirg thermal fluctuations, and (b) stress
concentration near the tip of the defect sharply reduces away from the defect, the nucleus reaches
thermodynamic equilibrium and does not grow further. Thus{time is not'a parameter and
accumulated plastic strain q is a time-like parameter. Since defectsigenerate stresses of opposite
signs in the different regions they promote both direct and reverse PTs. That is why Eq.(8) takes into
account contributions due to both direct and reverse PTsiAlsSo, ina two-phase mixture plastic strain
is localized in the phase with the smaller yield strength; this isithe reason for the appearance of the
ratio of the yield strengths of phases in Eq. (8).

Eqg. (8) combined with macroscopic equations for coupled large elastoplastic deformations
and PTs has been utilized in analytical [9-10] and finite element studies of strain-induced PTs in
ordinary [15,18,19,87,88] and rotational DAC [16,23,26]. VVarious experimental phenomena have
been reproduced and interpreted. However, material parameters in Eq.(8) were not determined for
any material, because of a lack of corresponding experimental data. Usually, the pressure
distribution along the contact surface between.sample and diamond is measured [6,11,17,89-95],
which in combination with a measurement ofithe sample thickness under the load allows one to
determine the pressure dependence of thewyield strength in shear [34,91,93,95] and distribution of
the shear stresses at the contact.surface. The elastic strain tensor was measured in some selected
spots of a sample using axial orradial XRD [70,72,74,82,90,96-103]. When elastic single crystal
moduli at high pressure were known and with the help of an assumption connecting single and
polycrystalline elastic properties, the differential stress was determined, i.e., the difference between
axial and radial principle'stress. If plastic flow occurs, then this stress is equal to the yield strength
in compression under a given pressure. Alternatively, deviatoric stress is evaluated utilizing width
of x-ray peaks [104;105]. However, we are not aware of publications that present experimentally-
determined deviatoric stress distribution in DAC. Concentration of high pressure phase averaged
along the thickness of'a. sample has been measured for several distances from the center of a sample
in Ref. [17]. In.principle there are currently methods that allow one to measure the distribution of
elastic lattice strain that/may be converted into distribution of stresses [70,72,74]. However, the
main problem is that adistribution of plastic strain was not directly measured. That is why it was
impossible togxtract information for calibrating kinetic Eq. (8). Note that the recent development!©®
of high=resolutien‘transmission X-ray microscopy has enabled 3D tomography and measurement of
the shape andivolume of the sample loaded in a liquid transmitting medium in DAC with 30-nm
spatial resolution. Such a technique has been used for studying the deformation of metallic glasses
under hydrostatic pressure.°”1% This opens perspectives to measuring the total strain tensor of an
entire sample or particles embedded in a sample and, after accounting for the elastic strain tensor,
determining plastic strain. Distribution of the displacement of ruby particles placed at the contact
surface between the anvil and the sample was measured in Ref. [109,110]. For measurement of the
thickness of the sample under load, the method based on the electric capacity sensor can be used.'!
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The method of x-ray laminography was utilized for reconstruction of a sample geometry in DAC!?
and measurement of the displacement distribution of the Pt strain marker representing the plane
passing through the symmetry axes of a sample in rotational DAC.*3

Information about the distribution of displacements obtained by the aforementioned
methods, along with measured pressure distribution, can be utilized for comparison.with FEM
simulations. However, the problem is that the friction conditions at the contaet surface are not well-
defined and they may affect both simulations and experiments. This problem should be studied
separately. Alternatively, one can place metallic non-transforming particles with known elastic
properties under high pressure and use XRD to measure both elastic strain and.positions
(displacements) of particles. An advantage of x-ray measurements is'that these particles can be
placed in some middle plane of a sample by dividing a cylindrical sample into two cylinders of
smaller height and placing these parts one above another. Doublé information could be obtained if
displacements of both particles at the sample-diamond boundary and inside of the sample will be
determined simultaneously or consecutively. One of the possibilities isto place metallic particles at
the symmetry plane of a sample and focus an x-ray beam at this plane, both on particles and sample
material without particles. Shear stresses and strains at the'symmetry plane are zero, so only
principle stresses and strains are present which simplifies the processing of experimental data and
comparison with computations. Also, since the x-ray.spot will:average measurements from both
sides of the symmetry plane, this will be equivalent.to the reduction of the spot size by a factor of
two from the point of view of the heterogeneity of fields.algng the thickness. This is especially
important for very high pressures and a thin sample. Anather possibility is to place metallic particles
very close to the sample-diamond boundary. This (along with displacements of the ruby particles at
the sample-diamond boundary) will allow one'to determine the total strain distribution in a thin
contact layer of a sample. The stress state in thislayer is a superposition of hydrostatic (mean)
pressure (i.e., all normal stress components are.equal) and maximum shear stress, which is similar to
the stress state at the sample-diamond boundary in rotational DAC. A comparison of transformation
behavior at two different stress modes (States) is important due to the following reasons. First, stress
mode may affect the PT kineties; which is the case for some TRIP steels [50,52-53]. This should be
included in Eq.(6) and quantified. Second, if the effect of stress mode is negligible, this significantly
simplifies the theory and experimental determination of transformation kinetics.

Results of simulations,;«even with model material parameters, give hints about possible
approaches to extract strain-controlled PT kinetics from the experiment. Thus, if the high pressure
phase is significantly weaker than the low pressure phase, it is currently almost impossible to extract
strain-controlled PT Kinetics'from the experiment, because PT leads to strain-softening and multiple
instabilities in the form of shear and transformation bands [15,16,18,19,23,26]. During plastic
compression of materials without a gasket and with a large pressure gradient there are some steps at
pressure distribution with almost constant pressure, which are usually located at the boundary
between lowand high.pressure phases. It was found in simulations that for materials with stronger

high pressure phases these steps correspond to pressure between p¢ and p'values [15,16,18,19,23],

which allows one to determine these parameters in the first approximation. Also, pressure at some
steps/is the same for compression and torsion for fullerene [11], which confirms the idea that there is
no basic difference in strain-induced kinetics for processes in DAC and rotational DAC. At the same
time, similar'steps for a weaker high pressure phase do not have any specific importance for
determining PT kinetics [15,16,18,19,23].

One.of the most important results in Ref. [18] consists of the suggested method to extract full
kinetic information (including plastic strain) from experiments for a stronger high-pressure phase for
assample within a gasket. Since all calculated fields (including plastic strain) are quite homogeneous
at the center of the sample (Fig. 5), stresses and concentration of the high pressure phase can be
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easily measured and plastic strain can be calculated based on changes in sample thickness under the
load.
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Fig. 5. Distributions of (a) concentration of high-pressure phase e, (b) accumulated
plastic strain g, and (c) dimensionless pressure p, in the half of a sample within a gasket
(not shown) for increasing applied force. All parameters are distributed relatively
homogeneously at the center of the sample. Reproducedfrem Ref. [18].

In general, to simplify the determination of kinetic information, it is desirable to preliminarily
heavily deform the sample plastically at normal pressure to reach a state of maximum hardening.
Then the effect of plastic strain on the yield strength/of the phases will be excluded, which
significantly simplifies both model and comparison with experiments. As a first step one can
determine pressure dependence of the yield strength for pure low pressure and high pressure phases
by compressing the sample without or with a gasket with significant reduction in thickness,
measuring the pressure gradient and sample thickness, and comparing results with simulations
[34,91,93,95]. With known elastic properties,of phases, the distribution of all components of the
stress tensor can be calculated and compared with distributions obtained by an XRD measurement
of elastic strain [34,70,72,74,82,96-103]. Making these two distributions consistent is not a trivial
task, the solution of which wouldeliminate or at least minimize indeterminacies in Refs.
[34,70,72,74,82,96-103].

A comparison of measured and calculated displacement fields will allow one to verify or improve
the model of plastic flowat highpressure. Actually, finite element modeling of plastic flow in DAC
offers quite good correspondence with experiments [90] in terms of pressure distribution and shape
of the sample-anvil.boundary upto 300 GPa, see Ref. [114,115]. Then focus should be on PTs with
a measuring field of concentration of high pressure phases by relative intensities of X-ray peaks.
The best way to eharacterize coupled PTs and plastic flow is to use the sample with a strong gasket
that produces conditions of a quasi-homogeneous state in the central part of the sample [17,18]. This
will allow one ta determine the pressure and concentration dependence of the yield strength of the
mixture of dow and high pressure phases and strain-controlled kinetics. If one can plastically deform
a two phase mixture without PT (e.g., by reducing pressure and then reloading and plastically
deforming below.p?), then plastic properties can be decoupled from the transformation. Then,

considering a‘coupled PT and plastic flow and evaluating plastic strain based on the measurement of
the reduction.of sample thickness, one can determine extra plastic strain due to PT. This is so called
TRIP, which can be very large in experiments when external stresses satisfy the plasticity condition,
as it was shown in Ref [17]. By varying ratios of height to diameter of a sample and radius of a
sampleto radius of an anvil, gasket material, and pressure-plastic strain trajectory at each point
(which can be varied significantly [18]) one can obtain a broad spectrum of kinetic data for
comparison between experiments and simulations.
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After experiments under quasi-homogeneous conditions and characterizing Kinetics-and
plasticity, one can repeat the same combined experiments and simulations for conditions.with large
pressure gradients and check equations for larger plastic strain and pressure. Some-caution,
however, should be exercised in the interpretation of experiments. During torsion the thickness of a
sample reduces and the high-pressure phase radially flows to the low-pressure region. If it does not
transform back, one may have made a wrong conclusion that high pressure phase appeared at
pressure significantly lower than in reality [15,16]. Both experimental and‘computational results
should be connected to material rather than to spatial points (Lagrangianidescription), at least by
recalculations.

Note that g represents a geometric rather than a physical characteristie.0f plastic strain. It
would be much more convenient and physically sound to substitute.it with a physically based
measure of plastic strain, which can be measured in situ, e.g., by XRD: As:an example, it was found
in Ref. [17] for hexagonal BN that the concentration of turbostratiesstacking fault, which was
measured in situ based on relative broadening of some diffraction peaks; is proportional to the
plastic strain, i.e., is a physical measure of plastic strain for layered structures. This, in particular,
allowed revealing TRIP, which is proportional to change in‘eoncentration of the high pressure
phase, and separate TRIP from conventional plasticity, whieh isiproportional to the angle of rotation
of an anvil. For metals a similar parameter may be a.dislocation,density. However, at very large
strain these parameters may saturate (similar to saturation of strain hardening).

5.4. Some experimental methods y
Modern methods allow the study of plastie.flow and.PTs in detail in micrometer-scale volumes
[68,69,73] utilizing synchrotron radiation. These methods have been further developed for studying
material compressed in DAC using axial orradial XRD [70-72,82,90]. Thus, in Ref. [70] combined
plastic flow and PTs between a, y4and:e phases in polycrystalline iron have been studied under a
special pressure-temperature program..Changes in pressure, differential stress, concentration of
phases, and texture have been recorded. Some models and codes describing texture formation due to
PT [74] and plasticity [116] are utilized to select the most plausible mechanisms describing
observed texture.

Three-dimensional X-ray diffraction (3D-XRD) can be used for characterizing the
orientation, position, and elastic strain tensor of single grains in a polycrystalline aggregate [68-
69,71-73,98] and dislocation.density [71]. Grain position, however, is not well defined in Ref. [72].
3D-XRD has not been used for studying PTs yet. However, plastic strain is not measured in these
experiments, which preventsithe determination of kinetic equations. The possibility of utilizing
dislocation densities along different slip systems, which was measured in Ref. [71], instead of
plastic strain should be explored. Also, heterogeneity of stress and strain distributions within DAC
was neglected{ To extract kinetic information from these experiments, a more sophisticated
micromechanically=based theory should be developed, like those in plasticity and PT in shape
memory alloys{ They are based on considering a polycrystalline sample consisting of multiple single
crystals and.considering transformation strain tensors for each crystallographically equivalent
variant. This could be simplified using analytical models, self-consistent approaches [108], or
detailed finite element or spectral method modeling of each of the single crystals within a
polyerystalline sample. However, natural logics of development of each discipline first requires
developing the simplest macroscopic models with minimum governing and material parameters, and
their calibration with the simplest experiments. This will allow one to determine a distribution of all
fields'within a sample compressed in DAC. Then for selected small volumes with known
macroscale strain and stress tensors history, one can perform more detailed coupled simulations and
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3D-XRD studies to calibrate models and study processes at the microscale. In such.a way, a
multiscale characterization and description can be performed.

Note that an increase in accuracy may completely change basic concepts and'way of
description. For example, in plasticity theory the engineering yield strength was determined as
corresponding to the offset of plastic strain of 0.2%. With such an offset, experimental yield
surfaces and their evolution have been determined in 2D stress space, e.g., for.tension (Compression)
and torsion or tension and internal pressure for a tubular sample. There was-a hope that reducing the
offset of plastic strain significantly by increasing the accuracy of displacement measurement will
allow for a more precise evolution of the yield surface during loading..However, with increasing
accuracy microplasticity which occurs at local stress concentrators (like grainsboundaries and triple
junctions, dislocation pile-ups, and others) became measurable. It appeared that microplastic
deformation starts at almost zero external stresses and occurs dufing unleading which compromised
the idea of the yield surface. In this case, multiple internal variables'describing the
microheterogeneous plastic deformation have been introduced, utilizing‘rheological models or a
micromechanical description. Similarly for PT, depending on the aceepted offset on the
concentration of the high pressure phase, which corresponds:to the beginning of PT, different levels
of complexity of characterization and description willdbe required:

6. Concluding remarks

Several important points for the study and characterization of high pressure PTs are made in
this paper.

1. It is underlined that there are three different types of high pressure PTs, namely, pressure-
induced, stress-induced, and strain-induced transformations. Each of these types of PTs requires
completely different thermodynamic and kinetic treatments and experimental characterization. In
most high pressure literature the difference between these types of PTs is neglected, which is one of
the reasons for large scatter in the reported PT pressure. The key point is the interaction between PT
and defect (e.qg., dislocation) structure, whieh evolves during the transformation and deformation
and which was neglected in high,pressure science. Even under hydrostatic external pressure a
change in volume and shape during the transformation causes nonhydrostatic stresses and plastic
deformation.

2. Usually, plastic-straiinduced PTs are studied under compression and torsion in rotational
Bridgman anvils or rotationall DAC. The main point is that since in major cases pressure growth in
traditional DAC occurs during plastic compression of a sample or sample within a gasket, PTs in
DAC include plasti¢ straining:and should be treated as strain-induced PTs as well. There is no
fundamental difference between strain-induced PTs under plastic compression in traditional DAC
and under pressure and.shear in rotational DAC in terms of mechanism, thermodynamics, and
kinetics. The anly difference is in the pressure-plastic strain path for each material point of the
sample.

3. During elastoplastic compression of a sample and gasket, all fields (stress and plastic
strain tensars; concentration of high pressure phase, and others) are extremely heterogeneous and
not all of them can be measured. To extract information from experiments these heterogeneous
fields should be modeled and compared to experimentally determined fields. In particular, the finite
element simulation of the plastic flow without PT in DAC [106,107] offers sufficient
correspondence with experiments [90] up to 300 GPa.

4. This leads us to the following definition: ideal characterization of high pressure PTs
should'contain complete information, which is required for simulation of the same experiments.

5. A comparison of the relationship between theory, experiment, and simulation of

technological applications for high pressure science, plasticity, stress-induced PTs in shape memory
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alloys, and strain-induced PTs in steels is performed. In all these fields but high pressure science,
theoretical continuum description and numerical simulation of heterogeneous fields play.a leading
role. All equations are formulated for the general 3D case and arbitrary complex stress and plastic
strain tensor histories. Models of different degrees of complexity are formulated; calibrated and
verified, usually under homogeneous 1D and 2D stress-strain states. While these andsimuch more
sophisticated phenomenological models have never been checked under complex 3D loading, they
are broadly and successfully applied to simulate and optimize corresponding technological
processes.

6. In contrast, high pressure science is experimentally driven. Even for the simplest
pressure-induced PTs, there is no continuum theory describing transformation kinetics and
hysteresis (metastability). For stress- and strain-induced PTs, there are some hypothetical models,
which are not calibrated by experiment because of lack of coupled experimental and simulation
efforts.

7. For pressure-induced PTs, deviation of actual transformation pressure from the phase
equilibrium for each concentration of high pressure phase ¢is formalized to be proportional to the
yield strength (or hardness) of material as a functiomof plastic strain and concentration c. This
seems reasonable because the athermal threshold forinterface motion K characterizes an interaction
between a moving interface and the material’s microstructure and the yield strength characterizes
the motion of dislocations through the same obstacles. Thus, the missing parameter, which promises
to eliminate big scatter in pressure for initiation and completing PT and entire PT kinetics, is the
accumulated plastic strain and it can be characterized by hardness. If the correlation between plastic
strain and width of the x-ray peakds found, then the entire characterization of pressure-induced PTs
can be performed in situ.

8. For stress-inducedPTs, two typesof characterizations are suggested which both require
measurement of deviatoric stresses.. For a single crystal, and when it is possible to measure
concentration of each crystallographic variant, the contribution of deviatoric stresses to the PT
criterion and Kinetic equation is.completely determined by the measured constant transformation
strain of each variant. When the description is in terms of the total concentration of the high pressure
phase, then proportionality/of deviatoric transformation strain and stresses is utilized and the
proportionality factorshould be determined from an experiment. A geometric interpretation of
phase equilibriumand,transformation conditions in the deviatoric stress plane is suggested.
However, there is a problem with distinguishing stress-induced PTs and strain-induced PTs, which
should be characterizeddn a completely different way.

9. Strain-induced PTs should be characterized in terms of strain-controlled kinetics. One of
the nano- and micromechanically based kinetic equations is suggested for this purpose. It is
currently used.in finite element simulations but was not calibrated and directly verified against
experiments. New experiments in traditional DAC and coupled experimental and computational
procedures-are suggested for calibrating this model. Some of them are based on a quasi-
homogeneous stress-strain-concentration state in the middle of a sample within a gasket as predicted
by simulations. Others are based on strongly heterogeneous states with a maximum pressure
gradient, when shear stress at the sample-diamond surface reaches the yield strength in shear. The
main problem is to find a way to determine plastic strain field.
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10. After these simplest models are calibrated, verified, and used for characterization of all
three types of PTs, much more sophisticated multiscale models and corresponding existing
experimental techniques can be coupled to develop characterization of PTs at several smallerscales
and with more detail.

Thus, recent progress in the classification of high pressure PTs, three-scale continuum theory
and simulations, as well as progress in multiscale in-situ characterization of high pressure.PTs and
defect structure, open the way to qualitatively advance this field to the level similarto that'in the
PTs under normal pressure and plastic deformation of materials. The key paoint is in synergistic
coupling of the modeling and experiments on PTs, plasticity, and microstructure.evolution at several
scales. Obtained information will lead to developing the nonequilibrium thermodynamics and
Kinetics in 6D space of the components of the stress tensor for stress-induced transformations and
12D space for strain-induced transformations (with additional six components of plastic strain
tensor) instead of pressure. Additional dimensions will substitute scatterdn transformation pressure
with a quantitative description. Higher dimension space of governing parameters will lead to a
computational design of pathways to synthesis of new phases and significant reduction in
transformation pressure, as well as ways to retain highpressure.phases at normal pressure.
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