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faster at the later stage of unloading than at the initial stage, which differs from the case

for unloading after compression in the ordinary DAC [31]. Torque and shear stress

which, however, significantly reduce during axial force release in RDAC under fixed
rotation angle, play a significant role in plastic flow during unloading in RDAC. In [31]
for DAC, plastic flow at the later stage of unloading become not so obvious as at initial
stage, and in some cases there is a quite large region at center of a sample without change

in plastic strain at all.
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FIG. 12. Distributions of pressure p, high-pressure phase concentration c, and the
increment in accumulated plastic strain AQ after starting unloading, under

unloading at a fixed rotation angle, for o, /o,, =0.2 and 1, and k=5.
Fig. 13 shows distribution of the concentration of lower-strength high-pressure

phase ¢ with different kinetic parameters k under release of the axial force at a fixed
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rotational angle. With the growth of k, the rate of the reverse PT increases. Change in
concentration for k=1 is not very obvious, but it is for k=10. One can find that in addition
to growth in k itself, another important reason for rising rate of reverse PT is the growing
rate of change in plastic flow: by combination of Figs. 12(a) and 14, change in
accumulated plastic strain is much larger for k=5 than that for k=1, which provides a
stronger driving force for reverse PT. Also, TRIP strongly affects the PTs due to both
transformation strain and mismatch of strengths. In addition, reverse PT reduces the rate
of reduction in pressure under unloading by an increase in volume, but unlike the case in

Fig. 12(a), pressure curves in Fig. 14 are almost parallel in the whole sample during

unloading due to relatively low reverse PT increment.
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FI1G.13. Concentration of high-pressure phase ¢ with decreasing axial compressive force
F under a constant rotation angle 0.84, for o, = 0-2O'y1, and k=1, 5 and 10.
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Different compared to the previous unloading path, the process of unloading in
Fig. 15 consists of two steps: first, torque is released to zero at a fixed axial force F=4.44,
and after that the axial force F is released. When comparing two types of unloading paths
in Figs. 13(c) and 15, we find that the rate of reverse PT in Fig. 15 is slower. During the
release of the moment, reverse PT almost does not occur due to high pressure in the high
pressure phase and then changes of accumulated plastic strain become smaller during
releasing axial force than the case in Fig. 12(c). These results can be useful in designing
unloading program and may help, for example, to preserve ¢ phase of iron after large

plastic shear (see [36]).
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FIG. 14. Distributions of pressure p, high-pressure phase concentration c, and the
increment in accumulated plastic strain Aq after starting unloading, under

unloading at a fixed rotation angle, for o, =0.20,; and k=1.
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FIG. 15. Concentration of high-pressure phase ¢ under unloading. The first bar is the
concentration of high pressure phase after complete moment release at a fixed

axial force F=4.44, and from the second bar to the fifth bar, the axial force F
reduces from 4.44 to 1.29.

3.5 Phase transformations under reloading

In this section, we will discuss the reloading process to explore new pressure-
plastic strain paths for strain-induced PTs in RDAC, and to interpret experimental
phenomena. Two kinds of reloading paths were carried out. First, after unloading to a low
load F=1.29 at the last step in Fig. 11(a), the diamond anvil cell is subjected to rising
axial force to the final value at a fixed angle and then is further twisted by an additional
angle Ag, at the fixed final axial force. Second, after the final loading in section Il
(Figs. 2(b), 5(b), and 8(b)), the axial force is slightly released at a fixed rotational angle.
After that, the diamond anvil is subjected to further torsion without changes in the axial
force. In comparison with Fig. 16(a), after re-increasing axial force to 4.44, without
additional twisting (A@, =0) in Fig. 16(b), PT zone still does not return to the case
before loading. Therefore reverse PT is not completely recoverable during this process;
but once a small rotational angle Ag, is applied, geometry of PTs is very similar to the

case with loading in Fig. 16(a) only. In addition, further increasing in rotation angle does

not essentially boost direct PT because PT has almost completed in the regions where

pressure is larger than p?. A possible way to stimulate direct PT is to raise the axial force
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F which could increase the area where pressure is above p!, and Fig. 16(c) shows that

after increasing the axial force F to 4.91, extra torsion makes high-pressure phase to

propagate to the periphery.
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FIG. 16. Concentration of high-pressure phase ¢ for o,, =0.20,, , and k=5. (a) The
first bar is the same as in the last step in Fig. 2(b) (i.e., after rotation of an anvil by
@ =0.84 at F=4.44) and then diamond anvil is subjected to an additional torsion
A, at constant force F=4.44; (b) the first bar is after an increase in axial force F

to 4.44 from last step of Fig. 13(b) (i.e., after unloading down to F=1.28 at the
fixed @ =0.84), and then further torsion A, is applied at the fixed F=4.44; (c)

the first bar is after an increase in axial force F to 4.91 from last step of Fig.
13(b), and then an additional torsion is applied at the fixed F=4.91.

After loading process described in the last step in Section Il (i.e., torsion at the

fixed axial force), the axial force F is slightly released from 4.44 to 3.68 at fixed ¢ and

then diamond anvil is twisted with additional angle A¢g, (Fig. 17). One can note that with
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growth of Ag, , obvious reverse PT occurs for o, /o, =0.2, 1 and 5; with growth of the
yield strength of high pressure phase, the rate of reverse PT reduces. For weaker high
pressure phase in Fig. 18(a), the pressure at the contact surface after extra torsion
increases in the center of sample (r/R <0.3) where a small amount of reverse PT occurs
and leads to slight increase in the volume, and pressure reduces at the periphery
(r/R ~ 0.5), both are qualitatively consistent with the experimental results for ZnSe [8]
(see Fig. 18(c)). However, for stronger high pressure phase in Fig. 18(b), the pressure

goes down in the center (r/R < 0.4); in most region of phase pressure is still very high

and above p;, which limits the occurrence of reverse PT, and obvious reverse PT only

take place in the very small two-phases region. Due to a fixed axial force during extra
torsion, decrease of pressure is found on the inclined surface C'B' in Fig. 1(c). Reduction
in pressure for a similar process for stronger high pressure phase corresponds to the

experimental observation for KCI in [3].
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FIG. 17. Concentration of high-pressure phase c, for o,,/c,, =0.2, 1, 5 and k= 5.
Following by the last step in Fig. 2(b), Fig. 5(b) and Fig. 8(b), respectively, the
first bars for (a), (b) and (c) are for the case when the axial force F is released to
3.68 at the fixed rotation angle, and the next bars correspond to additional torsion
of a diamond anvil at the constant axial force F=3.68.
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FIG. 18. Distributions of dimensionless pressure p and high-pressure phase concentration
c at the contact surface for weaker (a) and stronger (b) high pressure phases,
corresponding to reloading process in Figs.17 (a) and (c), respectively. Solid line
1 is for the case after unloading axial force F down to 3.86, without additional
rotation, and other lines correspond to increasing additional rotation angle Ag, .

(c) Experimental distributions of pressure p at the contact surface of the sample
for ZnSe [8]. Solid line 1 corresponds to a slight reduction of the axial force and
dashed line 2 to further torsion under a constant axial force.
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3.6 Concluding remarks
Coupled plastic flow and strain-induced PTs under high pressure and large plastic
shear in a sample under various types of loading, unloading, and reloading in a RDAC
are studied in detail. FEM and software ABAQUS have been used. The effect of four

main parameters in the pressure-dependent, strain-controlled kinetic Eq.(8) is elucidated,

which includes: 1) a parameter k which scales the PT rate, 2) the minimum pressure p°
below which direct strain-induced PT is impossible, 3) the maximum pressure p. above
which reverse strain-induced PT cannot occur, and 4) the ratio o, /o, of yield strengths

of high and low pressure phases. Multiple nontrivial experimental phenomena are
reproduced and interpreted, including pressure self-multiplication and demultiplication
effects, small 'steps' on pressure distribution on the contact surface in the two-phase
region, simultaneous occurrences of direct and reverse PTs, oscillatory distribution of
pressure for weaker high-pressure phase, localization of a weaker high-pressure phase at
a contact surface, as well as some types of behaviors under complex
loading/unloading/reloading processes. During unloading, unexpected essential plastic
flow and reverse PT are revealed, which change interpretation of the experimental results.
Obtained results allow better understanding of the experimental phenomena occurring in
RDAC, possibility of extracting experimental information from the heterogeneous fields
in a sample, and ways of controlling PTs by controlling pressure-plastic strain paths.
They also can be utilized for the search of new high pressure phases, ways to reduce
pressure for synthesis of high pressure phases and to retain them at ambient pressure.
Future work will be directed toward taking into account of contact sliding between

sample and diamond, consideration of a sample-gasket system, and combining results of
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simulations and experiments to determine all parameters and functions for PT and plastic
flow in specific materials. Similar numerical approach can be applied to study strain-
induced PTs during ball milling [17-20], high pressure torsion [21-23], and other
processes. Current FEM approaches to high pressure torsion [37-42], and twist [43] or
spiral [44, 45] extrusion consider plastic flow only, while these processing methods are

used also [21-23] or can be used for strain-induced PTs.
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CHAPTER 4. PLASTIC FLOWS AND PHASE TRANSFORMATIONS IN
MATERIALS UNDER COMPRESSION IN DIAMOND ANVIL CELL:
EFFECT OF CONTACT SLIDING

Modified from a paper published in Journal of Applied Physics

Biao Feng? Valery I. Levitas®* Oleg M. Zarechnyy!
1) Department of Aerospace Engineering, lowa State University, Ames, lowa 50011, USA

2) Departments of Aerospace Engineering, Mechanical Engineering, and Material
Science and Engineering, lowa State University, Ames, lowa 50011, USA
Abstract

Modeling of coupled plastic flows and strain-induced phase transformations (PTs)
under high pressure in a diamond anvil cell (DAC) is performed with the focus on the
effect of the contact sliding between sample and anvils. Finite element software
ABAQUS is utilized and a combination of Coulomb friction and plastic friction is
considered. 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
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
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on a strong assumption: there is no slipping on the contact surface between the sample
and the diamond anvil. As a result, a real large-sliding contact problem was degraded into
a problem under zero displacements along the boundary. Further, such a complete
cohesion assumption on the contact surface leads to two major drawbacks. First, because
material flows to the periphery during large compression but the tangent displacement at
the contact surface is specified as zero, there is an unrealistic shear band at the periphery

(r/R>0.6in Fig. 1(a)) within one finite element layer, i.e., it is mesh-dependent. Second,

a very large plastic strain appears at the conical surface (see surface AB in Fig. 1(d)),
which is unrealistic because the pressure and shear friction stress are very low, especially
in the neighborhood of the point B.

To resolve the problems mentioned above, a large-sliding contact model based on a
combination of classical isotropic Coulomb friction and plastic friction is utilized within
ABAQUS code?. Thus, in addition to physical nonlinearities due to plasticity and PTs, and
geometric nonlinearities due to large strains and rotations, contact nonlinearities are included,
making the problem very sophisticated. The results obtained in this paper are compared with
those for a no-slipping model, and the effects of the coefficient of friction on PTs and plastic

flow are elucidated.
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FIG. 1. (a) Diamond anvil cell scheme, (b) a quarter of a sample in the initial undeformed
state, (c) geometries of contact surface in the undeformed state, and (d) boundary
conditions.
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4.2  Problem formulation
Geometry and boundary conditions. A large-sliding contact problem coupled with
strain-induced PTs and plastic flow, in a sample of radius R between two rigid diamond
anvils under a rising axial compressive force P, is investigated in this paper by using the
finite element software ABAQUS. A similar geometric model and the same physical
equations for PTs as in Refs.15, 18 were utilized. Due to symmetries of geometry and
load, a quarter of a sample is considered in the cylindrical coordinate system rz@ (see the
undeformed configuration in Fig. 1(b) and the deformed one in Fig. 1(d)). The boundary
conditions for the DAC are shown in Fig. 1(d). The contact algorithm in ABAQUS

requires the master surface of a contact interaction (herein referring to the surface of the
diamond anvil) to be smooth and therefore a small fillet radius r,=H,/2 is utilized to

smooth the sharp corners of the diamond and the sample (See Fig. 1(c)).

Material model. To obtain generic solutions, the simplest isotropic, perfectly plastic
model for the sample found in Refs. 15, 18 is assumed. The applicability of the perfectly
plastic and isotropic model with the yield strength independent of the deformation history
for monotonous loading is justified in Ref. 21 for various classes of materials (rocks,
metals, powders, etc.) starting with accumulated plastic strains q>0.6+1. Compressive
normal strains, stresses, and pressure will be considered positive. A complete system of
equations for the coupled plastic flow and the strain-induced PT is enumerated below.

The deformation rate d is decomposed into elastic, plastic, and transformational parts:

\%
d=g+&l+d). (1)
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Transformation volumetric strain:
& =¢&C. (@)
Hooke's law for pressure p and deviatoric stress part S=devT of the true stress tensor T
yields:
p=Ke,; s=2Gdeve, . ©)

Von Mises yield condition for two-phase mixture:

o, =(gs:s] | <o,(c)=(1-¢)o,, +Co,,. (4)

Plastic flow rule in the elastic region:

o <o,c) - d,=0. (5)
in the plastic region:
O'iZO'y(C) — d,=1s; A=0 . (6)
Equilibrium equation:
V-T=0. (7)

Strain-controlled kinetics for plastic strain-induced PT:

O
(1-c)pH(ps) 22 -cp,H(p,)
9 _ 10k Iy

dq c+(-c)oy,/o,

(8)

Here elastic, transformational, and plastic components are distinguished by subscripts e,

p-p; P-p;
= and p, =———= are dimensionless characteristic
Pn = P, Pn = P

t, and p respectively; p, =

pressures for direct and reverse PT; p’ and p, are the pressures for direct and reverse

d

&

PTs under hydrostatic loading, respectively; p{ is the minimum pressure below which



82

direct strain-induced PT to high pressure phase does not take place; p!is the maximum
pressure above which reverse strain-induced PT to low pressure phase cannot occur; q is

the accumulated plastic strain defined from ¢=(2/3d: dp)“z; I is the second-rank unit

v v
tensor; &. and s is the objective Jaumann time derivative of the elastic strain and

deviatoric stress; ¢,, and & are the elastic and transformation volumetric strains for

complete PT, respectively; H is the Heaviside step function; G and K are the shear and
bulk moduli, respectively; o, is the stress intensity or effective stress; A is a parameter

that is determined by iterative satisfaction of the yield condition; k is the kinetic
parameter which scales the rate of PTs.

Eq. (8) is derived in Ref. 10 as a coarse grained microscale model based on
barrierless nucleation on defects (e.g., dislocation pile ups) generated during plastic flow.
Since stress concentration near the tip of the defect sharply reduces away from the defect,
the nucleus reaches thermodynamic equilibrium and does not grow further. That is why
(and because of barrierless nucleation) time is not a parameter and accumulated plastic
strain q is a time-like parameter. In a two-phase mixture plastic strain is localized in the
phase with the smaller yield strength; this is the reason for appearance of the ratio of the
yield strengths of phases in Eq. (8).

Friction model. The standard Coulomb friction suggests that no relative motion on a

contact surface occurs if the friction stress 7 is less than the critical friction stress
T« = Mo, , Where o, is the normal to the contact surface stress, x is the coefficient of
friction that can be defined as a function of the contact normal stress, o,,; the slip rate u_;

the surface temperature and other field variables at the contact point. In this paper, the



