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ABSTRACT

The objectives included theoretical, computational, and experimental investigations of phase transformations (PTs) in ceramics under high
pressure and large plastic shear. Main results:

-Algorithm for contact sliding between diamond, gasket, and sample is developed. Strain-induced PTs under compression, compression and
torsion, unloading, and reloading in a rotational diamond anvil cell (RDAC) are studied in detail. Various experimental phenomena are
reproduced. Possible misinterpretations of experiments are demonstrated. Ways to extract kinetic information from heterogeneous
experimental fields are suggested.

-New mechanism of plastic deformation and stress relaxation at high strain-rates (10"9-10"12 s”-1) via virtual melting 4000 K below the
melting temperature is predicted using new thermodynamic theory and confirmed by molecular dynamic simulations.

-PT from disordered nanocrystalline hexagonal (h)BN to superhard wurtzitic (w)BN was found at 6.7 GPa under plastic shear in RDAC.
Under hydrostatic compression to 52.8GPa, hBN did not transform.

-Developments in the phase field approach:

a)General theory for multivariant martensitic PTs (including interface stresses and anisotropic interface energy), dislocations, & interaction
of dislocations and PTs and explicit models are formulated at large strains.

b)Finite-element approach is developed and numerous problems are solved, including interaction between PT and plasticity under
compression and shear in nanograin material.
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(4) Scientific Progress and Accomplishments

1. Theoretical and Computational Studies

1.1. Strain-induced phase transformations under compression, unloading, and
reloading in a diamond anvil cell [7]
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Fig. 1. Concentration of high pressure phase C in the sample after compression under unloading
for fast kinetics (k=30) and three different ratios of the low and high pressure phases (
c,=020,, o,=0,,and o,=50,). For weaker and equal-strength high pressure phase,
significant plastic flow and reverse phase transformation occurs under unloading, which may
lead to significant misinterpretation of experiments for recovered sample. For high strength high
pressure phase, plastic flow and reverse strain-induced phase transformation under unloading is
negligible.
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Strain-induced phase transformations (PTs) in a sample under compression, unloading,
and reloading in a diamond anvil cell (DAC) are investigated in detail, by applying finite element
method. In contrast to previous studies, the kinetic equation includes the pressure range, in which
both direct and reverse PTs occur simultaneously. Results are compared to the case when “no
transformation” region in the pressure range exists instead, for various values of the kinetic
parameters and ratios of the yield strengths of low and high pressure phases. Under unloading
(which has never been studied before), surprising plastic flow and reverse PT are found, which
were neglected in experiments and change interpretation of experimental results. They are
caused both by heterogeneous stress redistribution and transformation-induced plasticity. After
reloading, the reverse PT continues followed by intense direct PT. However, PT is less



pronounced than after initial compression and geometry of transformed zone changes. In
particular, a localized transformed band of a weaker high pressure phase does not reappear in
comparison with the initial compression. A number of experimental phenomena are reproduced
and interpreted.

1.2. Plastic flows and phase transformations in materials under compression in
diamond anvil cell: Effect of contact sliding [1]
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Fig. 2. Distribution of high-pressure phase concentration c, for k = 30, equal strength phases
o,, =0, and coefficient of friction (a) 2=0.1, (b) #=0.5and (d) =0, and (c) no slipping
model.

Modeling of coupled plastic flows and strain-induced phase transformations under high
pressure in a DAC is performed with the focus on the effect of the contact sliding between
sample and anvils. Equations for a combination of Coulomb friction and plastic friction with
variable parameters due to PT are formulated and corresponding computational algorithm is
developed. Finite element software ABAQUS is utilized. Results are obtained for PTs to weaker,
equal-strength, and stronger high pressure phases, using different scaling parameters in a strain-
controlled kinetic equation, and with various friction coefficients. Compared to the model with
cohesion, artificial shear banding near the constant surface is eliminated. Sliding and the
reduction in friction coefficient intensify radial plastic flow in the entire sample (excluding a
narrow region near the contact surface) and a reduction in thickness. A reduction in the friction

2



coefficient to 0.1 intensifies sliding and increases pressure in the central region. Increases in both
plastic strain and pressure lead to intensification of strain-induced PT. The effect of self-locking
of sliding is revealed. Multiple experimental phenomena are reproduced and interpreted. Thus,
plastic flow and PT can be controlled by controlling friction.

1.3 Strain-induced phase transformations and plastic flows under high pressure and
torsion in a rotational diamond anvil cell: Simulation of loading, unloading, and
reloading [13]
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Fig.3. Concentration of high-pressure phase ¢ with decreasing axial compressive force F under a
constant rotation angle 0.84, fors,, =0.25,,, and k=1, 5 and 10.

Coupled plastic flow and strain-induced PTs under high pressure and torsion in a micron
scale sample under loading, unloading, and reloading in a rotational diamond anvil cell (RDAC)
are studied in detail, utilizing finite element approach. A plastic strain-controlled, pressure-
dependent kinetic equation, which describes strain-induced PTs, is used. The effects of four main
material parameters in this equation on PTs and plastic flow in RDAC in three-dimensional
formulation are systematically analyzed. Multiple experimental phenomena are reproduced and
interpreted, including pressure self-multiplication/demultiplication effects, small 'steps’ on
pressure distribution in the two-phase region, simultaneous occurrences of direct and reverse
PTs, oscillatory distribution of pressure for weaker high-pressure phase, and a thin layer of high-
pressure phase on a contact surface. During unloading, unexpected intensive plastic flow and
reverse PT are revealed, which change the interpretation of experimental results. The effect of
unloading and reloading paths on PTs is examined. Two types of pressure variations are
revealed, which are qualitatively consistent within experimental observations for ZnSe and KCI.
Obtained results lead to ways of controlling PTs by varying compression-torsion paths and can
be utilized for the search of new high pressure phases, ways to reduce pressure for the synthesis
of high pressure phases, and to retain them at ambient pressure.



1.4 Strain-induced phase transformations under high pressure and large shear in a
rotational diamond anvil cell: Effect of contact sliding [11]
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Fig. 4. Change in concentration of high-pressure phase ¢ with growing rotation angle ¢ under a
constant compressive axial force F=3.75, for k=5, o, =0,,and . Rotation angle is

(1) 0, (2) 0.1, (3) 0.2, (4) 0.5, (5) 0.8, (6) 1.2. (a), (b) and (c) are for the contact model with
friction coefficients of 0.1, 0.3 and 0.5, respectively; (d) is for cohesion model.

A three-dimensional large-sliding contact model coupled with strain-induced PTs and plastic
flow in a disk-like sample under torsion at high pressure in RDAC is formulated and studied.
Coulomb and plastic friction are combined and variable parameters due to PT are taken into
account. Results are obtained for weaker, equal-strength, and stronger high pressure phases, and
for three values of the kinetic coefficient in a strain-controlled kinetic equation and friction
coefficient. All drawbacks typical of problem with cohesion are overcome, including eliminating
mesh-dependent shear band and artificial plastic zones. Contact sliding intensifies radial plastic
flow, which leads to larger reduction in sample thickness. Larger plastic strain and increased
pressure in the central region lead to intensification of PT. However, the effect of the reduction
in the friction coefficient on PT kinetics is nonmonotonous. Sliding increases away from the
center and with growing rotation, and is weakly dependent on the kinetic coefficient. Also, cyclic
back and forth torsion is studied and compared to unidirectional torsion. Multiple experimental
phenomena, e.g., pressure self-multiplication effect, steps (plateaus) at pressure distribution, flow
to the center of a sample, and oscillatory pressure distribution for weaker high-pressure phase,
are reproduced and interpreted. Reverse PT in high pressure phase that flowed to the low



























































































































