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ABSTRACT

The main fundamental problem in studying plasticity and microstructure evolution is that they depend on five

components of the plastic strain tensor ¢, its entire path sp" ah and pressure p and its path pP @ which leaves little

hope of finding some general laws, especially at severe plastic straining and high pressures. Here, we review the
validity of the following hypothesis for quasi-static material behavior after some critical level of cold severe plas-
tic strain and some straining paths: initially isotropic polycrystalline materials behave like perfectly plastic,
isotropic, and strain-path-independent with the corresponding limit surface of perfect plasticity and reach steady
values of the crystallite/grain size and dislocation density, which are strain- and strain-path-independent. How-
ever, there are multiple steady microstructural states and corresponding limit surfaces of perfect plasticity. The

main challenge is to find for which classes of loading paths g[{’“’h path

surface of perfect plasticity and steady microstructural state and for which loading paths ep” “h and ppath thereisa

and p " material behaves along the same limit

jump to the different limit surface of perfect plasticity and steady microstructural state. Various experimental,
computational, and coupled experimental-computational techniques are analyzed, and some controversies and
challenges are summarized.

Notations

r={r;}and ry= {roj} position vectors of material points in

the deformed and the reference (undeformed) states, hpand h initial and final thickness of a sample compressed

respectively within Bridgman or diamond anvils
F= {F,J} deformation gradient o= {tfij} true (Cauchy) stress tensor
U, ={U,;} symmetric plastic stretch tensor p pressure

ath
R= {R,/} orthogonal rotation tensor l_’p pressure path )
d deformation rate D pressure averaged over the sample thickness h
v material particles velocity s={s;} deviatoric true stress
& plastic strain tensor oM von Mises equivalent stress
. . h .

gf)‘”” plastic strain tensor path ! (‘7’ & ) =0 yield surface
85 plastic strain measure 8,& defined by differen- ¢@(0) =0 fixed isotropic limit surface of perfect plasticity

tial equation & = d; Ji (o) three invariants of the stress tensor ;

14 ’
. . . L : : L.path

q equivalent or accumulated plastic strain J; three invariants of &,

(Odquist parameter)
lpand [ lengths of a sample in the undeformed and de-
formed states
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V.1 Levitas

m equivalent plastic strain necessary for transi-
tion to the perfectly plastic state

Monotonic straining straining path without sharp changes in
directions in the strain space

Non-monotonic straining straining path with sharp changes in
directions in the strain space, which may include elas-
tic unloading and reloading in different directions

Quasi-monotonic straining non-monotonic straining started
from the surface ¢ (6) = 0 followed by monotonic
straining increment with Ag exceeding some critical
value ¢* sufficient to reach the same surface ¢ (¢) = 0;

0y and %7y yield strengths at compression and shear, respec-
tively

%y and %« initial (at zero plastic strain) and maximum yield
strength at zero pressure

b pressure hardening coefficient

H Brinell or Vickers hardness

p ratio of the yield strength in compression af-
ter tension to stress reached at tension

oe Bauschinger strain, after which curves for com-
pression after tension reach the curve for monotonous
tension

p dislocation density

d grain size;

T contact shear friction stress

P force divided by the area of the sample com-
pressed in Bridgman anvils or twisted at HPT

SPD severe plastic deformations

HPT high-pressure torsion

DAC diamond anvil cell

RDAC rotational diamond anvil cell

XRD x-ray diffraction

FEM finite element method

1. Introduction

Processes involving severe plastic deformations (SPD) under normal
and high pressure are common in producing nanostructured materials
[1-7], materials shaping and surface processing (machining, polishing,
turning, scratching, etc.), various high-pressure experiments and tech-
nologies, material synthesis under high pressure and SPD, in functional
materials experiencing extreme stresses under contact friction, colli-
sion, and penetration, and in geophysics [8,9]. While formal continuum
large-strain plasticity theory at normal and high pressure is quite well

(a)
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developed [10-12], determination of the evolution of the yield surface
under multiaxial complex SPD is still challenging. The main basic chal-
lenge in studying plasticity (and microstructure evolution) is that they de-
pend not only on the reached plastic strain tensor €p but also on its entire
path gf,“’h (e.g., various combinations of non-proportional multiaxial com-
pressions/tensions and shears), which leaves a little hope to find some gen-
eral rules due to an infinite number of independent parameters.

We will focus the review on the quasi-static material deformations
at room temperature. The state of the art in the field in 1980 is pre-
sented in review [13]. It includes the main experimental methods in
studying large plastic deformations and related challenges. Thus, ho-
mogeneous strain in the tensile test is limited by necking, then stress-
strain curves should be corrected using solutions to the necking prob-
lem. Compression test is complicated by barreling due to contact fric-
tion. Friction can be reduced by applying a special solid lubricant (e.g.,
MoS,) [13] and producing multiple concentric grooves filled with dif-
ferent lubricants (e.g., graphite, powdered glass, and a mixture of pow-
dered glass and BN powder for high-temperature experiments [14] (Fig.
1a)), which allowed to reach uniform equivalent strain q up to 1. Re-
machining of the sample allows one to reach ¢ = 3 [13], but friction
and re-machining produce heterogeneity in the strain state. A single
cylindrical groove on each face of the cylindrical sample filled with
three-layer solid-semisolid-mineral oil lubricant (Fig. 1b) allowed to
reach larger uniform strain, at least up to 4.5-6 times reduction in
thickness and corresponding ¢ = 1.5-1.79 [10,11,15]. This led to
reaching a perfectly plastic plateau for six different metals, including
Cu, Al steels, and cast iron (see Fig. 8 below). Torsion of the cylindrical
specimen is one more example of large-strain experiments in which lin-
ear plastic shear distribution along the radius is assumed [13], and
stress-strain curves should be extracted utilizing a solution to the tor-
sion problem. Torsion of a thin wall tube sample assumes uniform stress
and strain states, but maximum strain is limited by buckling. Tensile
tests or hardness measurements after cumulative drawing or rolling or
any other SPD process (e.g., high-pressure torsion (HPT)
[1-4,13,16-18] or equal channel extrusion [19-22]) are broadly used
to find stress-strain curves. The largest equivalent plastic strain is
reached with HPT, e.g., ¢ > 8.5 X 10* in Ref. [23] after 2515 rota-
tions. In addition to the stress-strain curves, the microstructure evolu-
tion under SPD is studied in detail [1-4,7].

The main focus here will be on reviewing the following contradic-
tory results. Steady states after SPD in terms of torque, hardness,
stresses, grain size, and dislocation density (as well as in texture and
fraction of low- and high-angle grain boundaries) are well-known in lit-
erature, particularly after HPT [1-7,16-18,24-26]. At the same time,
there are many cases where they were not observed. In particular, in
old and recent reviews [13,27-30], asymptotic perfectly plastic behav-

(b)

Fig. 1. Samples for almost frictionless uniform compression in the initial and final state. (a) Samples with multiple concentric grooves filled with different lubri-
cants, which allowed to reach uniform equivalent strain g up to 1. Reproduced with permission from Ref. [14]. (b) Samples with a single cylindrical groove on
each face filled with three-layer solid-semisolid-mineral oil lubricant allowed to reach ¢ = 1.5-1.79 [10,11,15].
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ior at large strains was either not reached or observed for most materi-
als and loading modes. At ultra-SPD [23,31,32], small strain hardening
rate and grain refinement reappear after steady yield strength and grain
size regions. We will analyze various existing results within the frame-
works of the continuum theory of plasticity and microstructure evolu-
tion.

In particular, we review the validity of the following hypothesis for-
mulated in Refs. [10,11] and its possible generalization: after some criti-
cal level of SPD and monotonic and quasi-monotonic straining paths, ini-
tially isotropic polycrystalline materials behave like perfectly plastic,
isotropic, and strain-path-independent, with the fixed limit isotropic surfaces
of perfect plasticity, and reach steady values of the crystallite/grain size and
dislocation density, which are strain- and strain-path-independent. Also,
there are multiple steady fixed limit isotropic surfaces of perfect plastic-
ity and steady values of the crystallite/grain size and dislocation den-
sity, which can be reached by different classes of the straining
processes, after which material deforms according to the reached limit
isotropic surfaces of perfect plasticity with the same crystallite/grain
size and dislocation density for the same classes of straining (yet un-
known).

2. Some definitions

Typical types of material behavior for 1D loading in terms of equiva-
lent stress oum (e.g., von Mises true (Cauchy) stress) and equivalent plas-
tic strain g, e.g., Odquist parameter are presented in Fig. 2. The main fo-
cus here is on the perfectly plastic behavior, i.e., at constant true equiv-
alent stress, for large plastic strains (Fig. 2d).

A general 3D loading process is described by deformation gradient
F= {F,J}, which is defined as F = {%/or;}, where r={r,} and
ro = {ry;} are the position vectors of material points in the deformed
and the reference (undeformed) states [10-12]. For SPD, elastic strains
can be neglected for simplicity of the discussion, and ¥ = R « U, can be
decomposed into orthogonal rotation tensor R = {R;} and symmetric
stretch tensor U, = {U,;} ; Fij = Ry Uyy;. Here + denotes the contraction
of tensors, and summation over the repeated subscript k is assumed. To
avoid discussion about the independence of the constitutive equations
of the rigid-body rotation (frame-indifference), we will assume that ro-
tations are excluded by considering deformation in the rotating system,
in which F=U,. Strain-free state corresponds to U, =1, where
I = {6;} is the unit tensor and 8 is the Kronecker delta function (8; = 1
fori = jand 8; = 0 for i # /). For uniaxial straining U, = {I/l,} , where
ly and | are the lengths of a sample in the undeformed and deformed

ag
re d
b
a
C
0 >4q

Fig. 2. Stress-plastic strain curves for typical material behaviors: perfectly plas-
tic (a), hardening (b), softening (c) materials, and material that became per-
fectly plastic after SPD (d).
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states. Plastic strain measure ¢, = {£,;} can be some growing function
of U, equal to zero for U, =1, for example, U, — I (I/1, — 1 for 1D load-

ing), Lagrangian strain O‘S(U; - (05(2/ lg —1), and logarithmic

strain U, (In(l/ly)). The deformation rate is defined as
d=(F«F") = @) ={(m/a;) }, where superscripts 1 and sub-
script s denote the inverse operation and symmetrization of the tensors,
and v is material particles velocity. We focus on plastically incompress-
ible (i.e., non-porous) materials because (a) porous materials exhibit
strain hardening during compaction and cannot be discussed in the con-
text of perfect plasticity, and (b) under high pressure and SPD, even
powder materials are getting compact after some loading. Independent
of the specific chosen plastic strain measure, for plastically incompress-
ible materials, it has 5 independent components only. The first invari-
ant of the tensor d, d;;, is zero for plastically incompressible materials,
which means that 4 is a deviatoric tensor. For straining with fixed prin-
cipal axes, the same is true for /n U,. The only strain measure SIL, de-

fined in Refs. [10,11] by differential equation 8,% =d is deviatoric for
the general loading for plastically incompressible materials, i.e., the

first invariant J, (sﬁ) =0. Strain measure 8,% depends on the entire

straining path tensor UP*" = { yrah } prior to the current state U,. That
P pif

means that, e.g., compression followed by torsion and torsion followed
compression to the same U), result in different Slf . That is why this strain

measure is called in Refs. [10,11] the nonholonomic one.
The equivalent strain (Odquist parameter) q is defined by a differen-

0.5
tial equation g = (2/3dijdi]_)0.5 _ (2/3 é;:y“%ij ) , i.e., q also depends on

the entire straining path tensor gﬁ“’h. The yield surface can be gener-

ally presented in the form f (O’, sp,sﬁa’h> =0, where 6 = {0} is the
true (Cauchy) stress tensor. It is convenient to decompose ¢ = —pl +s,
where s is the deviatoric stress and 2 is the pressure. In the geometric
interpretation of the yield surface in the 6D stress o space, it is fixed for
the perfectly plastic material, expands in the loading direction for the
hardening material, and shrinks in the loading direction for the soften-

ing material (Fig. 3a-c). Von Mises equivalent stress is defined as

oy = (3/2sl-js,-j)0‘5

For materials that became perfectly plastic after SPD, the yield sur-
face became fixed in the stress space. There are two options: the fixed
yield surface is independent or depends on the plastic strain path prior

to the current strain, i.e., it is described by f(6) =0 or f <0', eﬁ”’h) =0,

respectively. For the first case, f(6) = 0 is the isotropic function (sur-
face) because for initially isotropic material anisotropy could be strain-
induced only, and since plastic strain and its paths are not arguments of
f (o), there are no any sources for the description of anisotropy. Thus,
f (o) is a function of three invariants J; (6) of the stress tensor. In the

second case, f (0‘, egmh> =0 (Fig. 3d), e”p“’h can formally produce fixed

strain-induced anisotropy, e.g., due to texture or back stresses. How-
ever, suppose the further straining vector is much different from the
prior straining vector (e.g., compression in one direction followed by
compression in the orthogonal direction). In that case, it is very difficult
to imagine that texture and back stress will not change and the yield
surface remains fixed. Thus, anisotropic material cannot be, in general,
perfectly plastic due to changes in texture and back stresses during gen-
eral straining. Consequently, if the material is perfectly plastic, the

yield surface f (6, eﬁath) =0 is isotropic in the stress space, i.e., de-
pends on three invariants of the stress tensor J; (6) and two indepen-

dent invariants J; (eﬁa’h) of sﬁ“’h. If the strain path is characterized in

L.path

terms of ¢,”"" prior to the current state 8,%, this yield surface can be pre-
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LA

(c) (d)

Fig. 3. Evolution of the yield surface for typical material behavior: perfectly plastic (a), hardening (b), and softening (c) materials, and materials that became per-
fectly plastic after SPD (d) but depends on the prior straining path. If material behavior is independent of the prior straining path, all three yield surfaces in (d) coin-

cide.

sented as f (J; (G),Jé,lg ) =0, where J[L is the ith invariant of gf,‘p“’h ,
since J- =0.

There is an apparent contradiction between the isotropic behavior
of the perfectly plastic material after SPD and the known texture and
back stresses (that depend on both €y and sﬁ"”’) of actual materials after

SPD, which should be eliminated. It is suggested in Refs. [10,11] that
in addition to the yield surface, there is a fixed isotropic limit surface
of perfect plasticity ¢ () = 0. Then, above some level of SPD in monot-
onic straining (straining path without sharp changes in directions), the
stress vector o and the actual anisotropic yield surface

f (o‘, £ ,sf,’”h) = 0 reach a fixed isotropic limit surface of perfect plastic-
ity ¢(6) =0 and both move along it. This means that the initially
isotropic polycrystalline materials deform like perfectly plastic and
isotropic with a strain path-independent limit surface of the perfect
plasticity @ (o) = 0 (Fig. 4). We would like to reiterate that the isotropy
of the surface @ (¢) = 0 is the strict consequence of the initially isotropic
material (i.e., anisotropy could be plastic strain-induced only) and inde-
pendence of the of ¢ (6) = 0 of the €y and eﬁ“"’. Usually, as-received ma-

terials are anisotropic due to thermomechanical treatment which is not

(b)

(a)

flo.epe5™™) =

reported in detail. However, if this anisotropy is plastic-strain-induced,
there is an initial isotropic state (obtained, e.g., by long enough anneal-
ing above the recrystallization temperature), which can be considered
as an undeformed state, and condition for the initial isotropy is met.
For non-monotonic loading (i.e., for straining path with sharp
changes in directions, which may include elastic unloading and reload-
ing in different directions), materials behave according to their actual

yield surface f <a, &ps sﬁ“’h) =0, i.e., like anisotropic and dependent on

plastic strain and its path (Fig. 4b and c). In Fig. 4c, non-monotonic
straining (e.g., multiple rollings or passes of equal channel extrusion)
leads to touching the limit surface of perfect plasticity ¢ (¢) = 0. It is
possible, in principle, to arrange such a non-monotonic straining, at
which the end of the stress vector ¢ will not reach the surface ¢ (6) =0,
but this is not the case we want to focus on. In Fig. 4b, non-monotonic
straining occurs after the surface ¢ (¢) = 0 is reached. For this case, an
additional hypothesis is that after some further straining, the stress vec-

tor and yield surface f (o-, Eps gﬁ“’h ) = 0 touch again the same limit sur-

face of the perfect plasticity @ (¢) = 0, and the material again behaves
like perfectly plastic, isotropic, and strain path independent. That is

]

{c)

Fig. 4. Mutual location of the evolving yield surface f <0', & f,ﬁmh) = 0 and limit surface of perfect plasticity ¢ (6) = 0 for hardening material at monotonic (a)

and non-monotonic straining after (b) and before (c) first reaching @ (6) = 0.
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why for the case when the limit surface of the perfect plasticity
@ (0) =0 is already reached, we define quasi-monotonic straining,
which is non-monotonic straining started from the surface ¢ () = 0 fol-
lowed by monotonic straining increment with Ag exceeding some criti-
cal value ¢*. For each material, after reaching the surface ¢ (¢) = 0 and
following non-monotonic straining, the critical value ¢* is chosen so

that the stress vector and yield surface f (a, sp,gza”‘) = 0 touch again

the same limit surface of the perfect plasticity ¢ (6) =0 and material
again behaves like perfectly plastic, isotropic, and strain path-
independent. We will show in Sections 4 and 5 that ¢* = 0.1, i.e., is sur-
prisingly small.

Note that different 0 — ¢ curves for different loadings (torsion,
compression, and tension) have been explained in Ref. [28] by different
texture evolution and the Taylor factor (connecting averaged shear
strain over all slip systems and deformation of a polycrystal) for these
loading modes. If such a difference persists till a perfectly plastic
plateau, it does not contradict the isotropy of the ¢ (¢) = 0 surface be-
cause it can be described with the help of the first and third invariants
of the stress tensor [12,33-35]. A comprehensive review of the texture
evolution and its effect on plasticity is presented in Ref. [30].

3. Experimental confirmation of perfectly plastic behavior at
monotonic straining under high pressure using compression with
Bridgman anvils [10,11]

Here, we present the first experimental confirmation of perfectly
plastic, isotropic, and strain path-independent material behavior under
high pressure [10,11]. The following methods of testing were used in
works [36-38]: a disc with the height h, is compressed between the
Bridgman anvils [39] (which possess flat circular faces surrounded by
conical surfaces to increase anvils’ strength) down to the final height h
while the applied force increases from zero to some constant value P for
all experiments for each material. With small error, the working disc di-
ameter d is a constant during deformation and equal to the anvil face di-
ameter. After flowing outside the diameter d, brittle materials fracture,
and ductile materials have small, low-stress contact with the inclined
anvil surface. Therefore, the specific force 7 =4P/zd? is also approxi-
mately the same at the end of all experiments. The goal of the experi-
ments is to find the dependence h(hy) at p =const (Fig. 5), which quali-
tatively characterizes the resistance to shear. Stress state analyses in
Ref. [36] utilized a simplified equilibrium equation and condition that
the friction stress equals the yield strength in shear. This resulted in a

fi=h,

Fig. 5. Dependence of final height of the sample h on the initial height h, for
constant final force for materials of various types [10,11]: 1 - perfectly plastic;
2 - hardening; 3 - softening: 3'-hardening material to a certain degree of strain-
ing, then - softening; 4 and 4' - material behaving like perfectly plastic,
isotropic, and independent of the strain path after some critical deformation, 5
- material behaving like perfectly plastic after some critical deformation but
dependent of the prior strain path.
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large pressure gradient (qualitatively similar to that in Fig. 9). The fact
that the material is in the plastic state means that an increase in applied
force leads to a further reduction in the sample thickness. During com-
pression, the straining is monotone, the plastic strains, particles rota-
tion, and their paths are very heterogeneous within the sample due to
contact friction and significantly vary with varying h,. Examples of
straining paths for different material points for a similar problem are
determined in Ref. [40] with the finite element method (FEM). Particles
rotations are essential because they change the orientation of the mate-
rial anisotropy and lead to heterogeneous material, for which hetero-
geneity distribution depends on h,. Also, different initial thicknesses
lead to different material points remaining between anvil faces after
reaching the prescribed load. All these should lead to different thick-
nesses h for different initial thicknesses h, unless the material behaves
like perfectly plastic, isotropic, and independent of the straining path
after some critical deformation.

Typical dependencies h(h) for different types of materials obtained
by a qualitative analysis based on known solutions to the compression
problems by rough anvils are presented in Fig. 5. Below some critical
initial thickness h,, the material deforms elastically everywhere or in
the major part of the sample, and h=h,,. For higher initial thicknesses,
the sample deforms plastically, and the final thickness depends on h,,.
Only for perfectly plastic isotropic material and material behaving like
perfectly plastic, isotropic, and independent of the straining path after
some critical deformation, there is a horizontal plateau in h(hy) curve.

In the experiments, for all the materials studied in Ref. [36] and (ex-
cept four materials) in Refs. [37,38], a horizontal section on curve h
(ho) at p =const was found. That means that after some critical defor-
mation, these materials behave like perfectly plastic, isotropic, and in-
dependent of the strain path. This is true for 43 from 47 materials stud-
ied in Refs. [36-38] related to various classes, like metals (indium, alu-
minum, lead, and copper), oxides (MnO,, SnO,, MoO, ZrO,, and com-
pacted powder of MgO with Bakelite varnish bond), various types of py-
rophyllite (from Africa, Goto, Mitsuishi, Shokozon, natural blocked or
compacted powder, also with different thermal treatments and addition
of NaCl and Fe,03), two types of graphite, AI(OH)3;, Ca(OH),, boron,
BN, B,C, H3BO,, NaCl, AgCl, KJ, KCl, KBr, pressboard, polystyrole, talc,
marble, kobushnendo clay, micarex, Teflon, and two types of card-
board. One of the exceptions is a fabric cloth-based laminate [38],
which is initially anisotropic material and should not exhibit perfectly
plastic behavior. Three others are blocked and compacted with the
Bakelite varnish bond powder of the CaCO; (limestone) and green sili-
con carbide [37,38], which exhibit a clear trend of curve h(h,) toward
the horizontal line. These are probably not exceptions; just strain re-
quired for perfectly plastic behavior was not reached. Indeed, for
blocked and compacted with the Bakelite varnish and polyvinyl alcohol
limestones, such a transition to perfectly plastic behavior was found in
experiments in Refs. [10,11]. It was found by the coincidence of the
curves P (h) for different initial thicknesses h,, starting with some degree
of compression. This is a more general method than in Refs. [36-38] be-
cause it utilizes a broad range of applied forces and, consequently,
achieved pressures, in contrast to a single selected force in Refs.
[36-38].

The method used to prove the perfectly plastic behavior is suffi-
ciently sensitive to detect possible deviations from the perfect plasticity
since hardening and softening portions of the curves h(h,) are well visi-
ble for all materials before reaching a horizontal portion and a horizon-
tal portion is lacking for the initially anisotropic fabric cloth-based lam-
inate.

Values of the strain m = In (hy/h) for transition to the perfectly plas-
tic state for selected material are given in Table 1. This strain ranges
from 0.368 for the compacted pyrophyllite powder to 1.262 for Armco-
iron, which is the order of magnitude smaller than 10-20 reported in
HPT works for metals [3,25,29].
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Table 1
Values of the strain m for transition to the perfectly plastic state [10,11]. Re-
produced with permission from Ref. [11].

Material m
Blocked pyrophyllite 0.375
Pyrophyllite powder 0.368

Compacted powder of MnO with Bakelite varnish bond subjected to thermal 0.421
treatment at 180 °C

Compacted pyrophyllite with NaCl (1:1) subjected to thermal treatment at  0.873
800 °C

Compacted powder of ZnO with Bakelite varnish bond subjected to thermal 0.405
treatment at 180 °C

Compacted magnesite with Bakelite varnish bond subjected to thermal 0.624
treatment at 180 °C
Cardboard 1.386
Copper M2 1.175
Armco-iron 1.262
Blocked lithographic limestone 0.405
Lithographic limestone compacted with Bakelite varnish bond 0.588
Lithographic limestone compacted with polyvinyl alcohol 0.629

4. Experimental confirmation of perfectly plastic behavior at
quasi-monotonic straining: steady hardness [10,11]

Here, we discuss the first experimental confirmation of perfectly
plastic, isotropic, and strain path-independent material behavior at
quasi-monotonic straining based on achieving steady hardness [10,11].
Following [10,11], we will analyze below some of the published in
Refs. [41,42] results of the experimental study of the hardness and mi-
crohardness (Vickers and Brinell hardness testers and PMT-3), of pre-
strained to SPD materials at room temperature. Prestraining was pro-
duced by deforming broaching and under tension and compression
down to fracture of cylindrical specimens [41], as well as by various
surface treatment techniques [42]. Deforming broaching consists of
broaching through bushing a broach whose diameter d is larger than
the bushing diameter by the value of interference to increase the bush-
ing hole. The process is repeated multiple times with a gradual increase
in the broach diameters. Work [41] describes 6 ductile steels 10, 20,
30XTI'CA, 40XHMA, 38XMIOA, and Y8, alloys 16T and AK6) and 3 low
ductile metal B93, B95 and Mn5mu. Correspondence between marking
in Russian literature and literature in the USA, UK, and some other
countries can be found in Ref. [34]; the chemical composition for all
non-US marked alloys is given in Table 4.

The contact friction conditions, bushing wall thickness, angle of the
broach inclination, interference, and the number of runs (up to 40)
have been varied in the experiments. While the average over the wall
thickness strain did not exceed 0.2, the contact friction caused the local
shear strains in the thin surface layer to be several hundred percent
[10,11,43], determined in particular by grain deformation.

The measured hardness on the internal surface of the bushings in a
thin contact layer increased with a number of broaching passes,
reached the maximum value, and remained steady during further defor-
mation. The critical point is that the steady hardness for each material
is independent of the varied geometric and processing parameters and
is the same while measured perpendicularly to the bushing surface and
in the meridional section after cutting the bushing.

The strain paths during broaching are very complicated, occurring
beyond contact zones ahead and behind the broach, but mainly in the
contact region under large normal and shear contact stresses, which,
depending on the process conditions, may vary by two orders of magni-
tude [41,43]. There is elastic unloading and reloading after each run in
slightly different directions of the stress vector because of changed
geometry and related contact conditions, conditions beyond the contact
process zone, and heterogeneity of the residual stress-strain fields.

Consequently, the loading is non-monotone, but shear dominated,
similar to that in the contact layer during the compression in Bridgman
anvils and diamond anvil cells (DAC), in which metallic or ceramic
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anvils are substituted with the diamond anvils, but at lower pressures.
Thus, the steady hardness for each material is independent of plastic
strain and strain paths realized in the broaching with different control-
ling parameters.

In addition, tensile testing of cylindrical specimens made of 8 stud-
ied ductile metals and compressive testing of 3 metals with low ductil-
ity were performed till fracture [41]. After that, Vickers hardness was
measured in the broken neck of the tensile specimens along the axis and
in the fractured cross-section of the compressed specimens. Fig. 6 shows
the relationship between maximum hardness in the surface layer of the
bushing after deforming broaching and hardness in the neck of de-
stroyed specimens or the cross-section of compressed till fracture speci-
mens [41]. Fig. 6 demonstrates a good correlation between steady hard-
nesses after broaching and the hardness of the fracture surface for all 11
metals. Consequently, the same steady hardness is also achieved on the
fracture surfaces of the ductile and brittle materials, which means that
large enough local plastic strain is reached (much larger than the aver-
aged strains) and that steady hardness is independent of the straining
paths for the studied paths. This is a very unexpected and important re-
sult. The straining path for points of the fractured surfaces during the
testing is complex but monotone. However, the straining path for the
specimen fracturing followed by hardness measurement is non-
monotone because of unloading followed by loading in a different di-
rection of the stress vector. In hardness measurement, the loading is
monotone, and the increment of Ag in the region adjoining the indenter
and influencing hardness is in the range of 0.05-0.1 for the ball inden-
tation and 0.02-0.3 for the cone indentation [44]. The known relation-
ship between ®y and hardness H, o, = k H, with a factor k in the range
from 1/3 to 0.386 [13,45-48], allows to connect oy and H. Conse-
quently, steady hardness obtained after different types of SPD here and
in other SPD processes [1-7,24] also means steady yield strength under
normal pressure, i.e., perfectly plastic behavior. While factor k may de-
pend on strain (due to strain hardening) and strain mode [13,45-48],
these effects are reduced by approaching the perfectly plastic stage.

Results in Ref. [41] that hardness at the fracture surfaces reaches the
same value as steady hardness after multiple broaching is counterintu-
itive and of great importance. They should be checked and supple-
mented by microstructural measurements, which should shed light on
the possible reasons and mechanisms.

An additional method to determine a steady hardness was suggested
in Ref. [49]. When the apex of a conical sample is compressed along its
axis, a facet forms on which ¢ > m. This method is simpler than fractur-
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Fig. 6. Relationship between the steady hardness HV of the internal surface of
the bushings after deforming broaching (subscript n) and hardness in the neck
of the fractured specimen or broken cross-section of compressed to fracture
(subscript p) specimen [41].
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ing tensile or compressive samples and requires lower force. Still, it
gives the same value as the steady hardness of the latter. This is one
more example of the independence of the steady hardness of the plastic
straining path.

SPD was also created by various methods of surface plastic harden-
ing: grit blasting, centrifugal-ball treatment, spinning with rollers and
balls, with variations of pressure, the diameter of balls, longitudinal
feeding, and the number of runs [42]. It was found for eight grades of
carbon steel with variations in the carbon contents from 0 to 1.2 % that
the steady hardness was reached, independent of the hardening method
and the treatment modes. The straining for surface hardening is
strongly non-monotone, with multiple unloadings and reloadings, and
the straining paths strongly depend on the hardening method and the
treatment modes.

Thus, the above experimental results for deforming broaching, frac-
ture, and surface treatment imply that the steady hardness is reached
for each tested metal, independent of the monotone and non-monotone
straining paths.

Let us consider the process of measuring the Vickers or Brinell hard-
ness of a material after heterogeneous SPD. During SPD, material parti-
cles experience not only straining but also rigid-body translations and
rotations. Therefore, if during heterogeneous SPD, the material was or
became hardening (softening), anisotropic, and nonuniform, then the
distributions of inhomogeneity, anisotropy, and yield surfaces evolve
during the following straining. If one knows these distributions, then,
solving the problem of hardness indentation, one can determine the
hardness, i.e., the ratio of the force to the impression area. Simple
analysis shows that only for initially perfectly plastic, isotropic, and ho-
mogeneous material or material that behaves like perfectly plastic,
isotropic, and homogeneous after some critical straining, further strain-
ing does not change the uniform distribution of the fixed isotropic limit
surface of the perfect plasticity ¢ (6) = 0. That is why hardness will be
steady for further plastic straining. For all other types of materials, their
hardness should evolve. Even if the material behaves like perfectly plas-
tic, isotropic, and homogeneous after some critical straining, but its be-
havior depends on the straining path, the heterogeneous SPD process
leads to the heterogeneous distribution of fixed isotropic yield surfaces
@ (J;(6),J5,J% ) =0, which depends on the straining process - Then,
hardness also depends on the straining process. Thus, steady hardness af-
ter all the above deformation processes implies that material deforms like
perfectly plastic and isotropic with a strain path-independent limit surface of
the perfect plasticity ¢ (6) = 0.

Since for Vickers hardness measuring, 0.02 < Ag <0.3 [44], the
value ¢* in the definition of the quasi-monotonic straining for all stud-
ied materials has the order of magnitude of these values. Note that the
maximum deviation from the mean values of the limit hardness for all
materials studied in Refs. [41,42] did not exceed +5 %, within the lim-
its of errors for the hardness measuring. However, it means that if some
parameters (plastic strain and its path, anisotropy, etc.) change the
hardness by less than 5 %, it is impossible to strictly conclude it does
not affect the limit surface of the perfect plasticity ¢ (c) = 0.

Note that the steady hardness independent of the straining path un-
der compression between anvils was also proved for the compacted
limestone [10,11]. Thus, it behaves like perfectly plastic, isotropic, and
independent of the straining path not only under monotonic compres-
sion but also under quasi-monotonic loading.

5. Estimate of parameter ¢* for quasi-monotonic loading
Based on limited data, the following procedure was suggested in
Refs. [10,11] utilizing some finite-strain data on the Bauschinger effect

obtained in Refs. [44,46].

(a) Stress-logarithmic strain curves for compression after tension for
some metals coincide with a curve for monotonous tension (Fig.
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7a) after exceeding some strain (Bauschinger strain 6¢y) shown in
Fig. 7c.

(b) Variation of the ratio f of the yield strength in compression after
tension to stress reached at tension is getting steady and in the
range of 0.4-0.6 after prestraining of 0.35 (Fig. 7b).

(c) Bauschinger strain saturates at the level of 0.06 after prestraining
exceeding 0.2.

These results, extrapolated to SPD, led to the conclusion that if the
limit surface of perfect plasticity ¢ (¢) =0 is reached, for the reverse
loading (showing maximum deviation of the yield surface

f <o-, £, e‘gath) = 0 from the limit surface @ (¢) = 0), the same limit sur-

face @ (o) = 0 will be reached on the opposite side after exceeding the
Bauschinger strain. The Bauschinger strain is identified as a strain ¢* for
quasi-monotonic loading and is on the order of 0.06-0.1 and is consid-
ered the upper bound for other than the reversed loading. Such a defini-
tion is evident if the only source of the anisotropy is the back stress and
less justified if shape change and rotation of the yield surface due to tex-
ture is considered. Still, ¢* = 0.1 is consistent with reaching the same
steady hardness after very different modes and strain paths during SPD,
as discussed above. Quite a general 3D model for complex SPD with
kinematic hardening was developed in Refs. [10,11] based on a gener-
alization of experiments in Refs. [44,46].

6. Constitutive equations for large-strain homogeneous loading

As we mentioned, in numerous papers and reviews [13,27-30], as-
ymptotic perfectly plastic behavior at large strains is either not reached
or not observed for most materials and loading modes. That is why most
textbook approximations of 1D stress-strain curves represent versions
of power functions (e.g., Ludwick (1909), Holloman (1944), Swift
(1947), and Ramberg and Osgood (1943)), for which stress tends to in-
finity for infinite strain [35]. The most popular model with finite steady
stress for infinite strain was the Voce model [50,51].

6 =0yt (aoo - ayo) [l —exp (—ns)] s 6

where %y0 and 0 are initial and maximum yield strength asymptoti-
cally reached at infinity, ¢ is the logarithmic strain, and n is a material
parameter. Eq. (1) has been used to describe stress-strain curves for 8
copper alloys for a 60 % reduction in height (i.e., £ = 0.916), for which a
steady state is not reached, but there is a tendency to it. In their review,
Kocks and Mecking [28] did not observe a tendency to complete satura-
tion of the strain hardening for the accumulated strain of 2. They men-
tioned that the Voce rule does not describe the whole stress-strain
curve, but 0« is the convenient scaling parameter to derive more gen-
eral approximations for the stress-strain curves, which do not show per-
fectly plastic behavior.

Since these results were in contradiction with the existence of the
limit surface of perfect plasticity formulated in Refs. [10,11] and in Sec-
tions 2-4, samples with groves filled with a special multilayer lubricant
(Fig. 1b) were optimized and used to study uniform compression
[10,11,15] of 7 metals (Fig. 8). For all of them, a perfectly plastic
plateau is observed, and all curves are well described by equations

6=04—(00o—0 )<2—1>2 for1<1‘ (2
o o Y0 m y mo
q
o =0 for P > 1.
Eq. (2) is the simplest parabolic approximation utilizing conditions
6(0) = 0,9, 6 (m) = 6, and smooth transition to the plateau do/dg = 0

for ¢ = m. Material parameters in Eq. (2) are presented in Table 2. For 3
of 4 steels and copper, m > 1; it is quite small, 0.44, for the cast iron.
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Fig. 7. (a) Stress || -logarithmic strain ¢, curves for compression (1) after tension (2) for steel Cm 3 (St 3). (b) Variation of the ratio # of the yield strength in com-
pression after tension to stress reached at tension at logarithmic strain ¢, for steel Cm 3 (St 3), aluminum alloy /{16 (D16), and brass [762 (L62). (¢) Bauschinger

strain 0e, after which curves for compression after tension reach the curve for monotonous tension versus logarithmic strain ¢, at tension. Reproduced from Ref.
[46].
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Fig. 8. Stress-strain curves for uniform compression using samples in Fig. 1b for steels 12 KhN3A (1), 45 (2), and U8A (3), copper M2 (4), steel St 3 (5), and cast iron
VCh-50 (6). Symbols are for experimental points, and curves are described by Eq. (2). Reproduced with permission from Ref. [15].
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Fig. 9. Experimental radial pressure distributions in o-Zr (symbols) com-
pressed in DAC to four different loads, designated by a maximum pressure at
the sample center, are well described by Eq. (4) with o, = 1.24 GPa and
b = 0.0965 (solid lines). The dashed line separates the data not used for the de-
termination of the yield strength because Eq. (4) is not applicable near the sam-
ple center due to the reduction in friction stress to zero at the symmetry axis.
The upper unified curve combines all data by translating each curve (which is
allowed by Eq. (3)) along the horizontal axis by the distance shown in parenthe-
ses. Reproduced with permission from Ref. [59].

Table 2
Material parameters in Eq. (2). Reproduced with permission from Ref. [15].
Material m 0%, MPa 0,0, MPa
Copper M2 annealed 1.01.57 430 330
430 183.5

Steels
St3 1.35 445 200
45 1.3 815 370
12KhN3A 1.1 820 430
USA 0.82 942.5 555
Cast Iron VCh-50 0.44 527.5 250

It should be mentioned that while the value 0« for Cu corresponds
to steady hardness from other studies, %o is too large. This implies that
Cu in Ref. [15] was not in the annealed state but rather plastically pre-
deformed. If one utilizes the value oy = 183.5 MPa for annealed Cu
from various sources, then the same experimental data are described
with m = 1.57 (Table 2), which was used in Ref. [52] for FEM simula-
tions of HPT of Cu.

Note that Eq. (1) gives a much worse description of experiments in
Ref. [15] than Eq. (2): It either describes well initial portion of the
curves and then is much below than experimental points for larger
strains and gives much larger m or describes well experimental points at
g=m but then is much higher than experimental points for intermedi-
ate strains.

It is clear that for elevated temperature, the transition to perfect
plastic behavior occurs at smaller m, making detection easier. This was
shown in Ref. [14] for 1100 Al and Fe-2 %S alloy for several tempera-
tures and strain rates. By definition, above the recrystallization temper-
ature, m = 0. This condition was utilized in Refs. [10,11] to approxi-
mately include temperature in Eq. (2).
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7. Steady torque during HPT and steady hardness and
microstructure after SPD

Starting with pioneering Bridgman's experiments [39] and followed
by modern works on HPT [1-4,16-18], the initial increase of the torque
with a number of rotations of an anvil at constant axial force saturates
and leads to a constant (steady) value. This was interpreted as a transi-
tion to the perfectly plastic behavior, which explicitly assumes that the
contact friction shear stresses reached the yield strength in shear. These
results are indeed consistent with the perfectly plastic behavior after
some large degree of straining. However, the independence of the
straining path and isotropic behavior was not discussed in the litera-
ture. Since torsion is strongly shear-dominated, the effect of the strain-
ing path cannot be studied unless special repeated compression-torsion
loadings are applied or back-and-forth torsion is used. Also, compared
with force, torque gets a major contribution from the large radii, includ-
ing material outside of the anvil flat faces for Brigman anvils and in the
flash region for quasi-constrained HPT. In those regions, pressure is rel-
atively low, and friction stress is determined by the Coulomb law and is
smaller than the yield strength in shear. Experimental linear depen-
dence of the steady torque versus applied pressure in Ref. [17] was re-
lated to the increase in Coulomb friction in the flash region because the
effect of pressure on the yield/ultimate strength is much weaker. FEM
simulations of quasi-constrained HPT of Cu in Ref. [52] utilizing Eq. (2)
concluded the following. Relation between the torque and rotation an-
gle strongly depends on the Coulomb friction coefficient p between the
flash and anvil; the best correspondence with an experiment in Ref.
[53] is obtained at a relatively low p = 0.12. Therefore, stress-strain re-
lationships obtained from torque-rotation angle functions possess sig-
nificant errors. In particular, the critical plastic strain for transition to
the perfectly plastic behavior, m, determined from the HPT experiments
(which is in the range of m = 5 to 20 for Cu [17,53]), is strongly over-
estimated because the torque - anvil rotation angle curves are weakly
dependent on the m. In particular, for uniform compression of Cu
m = 1.57 (Table 2). Similarly, m > 34 for Ni [25] in HPT is an overes-
timation. Also, even for rough anvils surfaces, when complete adhesion
is expected, analytical [54,55] and FEM [56,57] solutions predict sig-
nificant relative sliding within deformed sample near the contact with
anvils. The sliding was observed experimentally by disappearing the
line drawn on the sample surface after some rotation, after which
torque reduces [18].

Steady states after SPD in terms of grain size, dislocation density,
and hardness are well-documented in literature for metals and ceram-
ics; however, there are also reports in which they were not reached
[1-7,24]. Since the yield strength can be expressed as a combination of
the Taylor contribution due to dislocation density # and Hall-Petch con-
tribution due to grain size 4 [58,59], one obtains:

oy =5, (p) +ap™ +pd ", 3)

where G, () is a pressure-dependent parameter. It is clear that steady
states in terms of ¢ and d result in perfectly plastic pressure-dependent
behavior. Since the transition to steady ¢ and d are generally reached at
different critical strains m, and some other parameters that possess
other m (like texture) may affect °y, a steady state for ®y also can be
reached for different m than for microstructural parameters. We will as-
sume in a qualitative discussion that if one of the parameters (yield
strength, hardness, dislocation density, and grain size) is getting steady,
then others are getting steady as well (while not all of them are re-
ported simultaneously).

Since after HPT, uniform hardness and microstructure are reached
in a major part of the sample (excluding the central region), but the
shear strain is proportional to the radius, they are clearly independent
of the magnitude of the plastic strain. Due to the shear-dominated char-
acter of the plastic flow during HPT, it is impossible to claim that the
hardness and microstructure are independent of the straining path. In
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fact, Bridgman [39] argued that reducing the strain hardening toward
zero is typical for simple shear only. Segal claimed [20-22] that the
straining mode (e.g., different shearing routes and the difference be-
tween simple and pure shear) affect essentially microstructure and me-
chanical properties; despite very large strains, a clear conclusion about
perfectly plastic behavior was not made based on different straining
paths during equal channel extrusion.

8. Compression and compression and shear in DAC and rotational
DAC

Qualitatively new opportunities to study transition to perfect plas-
ticity and steady microstructure emerged in experiments on compres-
sion of materials in DAC and torsion in RDAC. Due to the transparency
of diamonds, pressure distributions along the radius, dislocation den-
sity, and crystallite size can be measured in situ under pressure using X-
ray diffraction with synchrotron radiation and other techniques. This is
much more detailed and precise information than just force, moment,
hardness, and microstructural parameters measured after pressure re-
lease. It was obtained for NaCl in Ref. [60] that pressure distribution
does not practically change during torsion increment in rotational DAC
(RDAC) at fixed applied force after compression to a maximum pressure
of 12 GPa. Corresponding analytical [54,55] and FEM [56] solutions
for isotropic perfectly plastic material show the same, i.e., NaCl after
plastic compression behaves like perfectly plastic and isotropic. Still,
nothing can be said about strain path-independence. In Ref. [61], prac-
tically the same pressure distributions were measured after different
compression-unloading-torsion programs in RDAC, ending with the
same sample thickness for NaCl to a maximum pressure of 12 GPa and
for hardened stainless steel to 35 GPa. These results also show the inde-
pendence of the straining paths, at least for the tested paths. Note that
change in the yield strength during torsion (e.g., due to phase transfor-
mation) is well visible in experiments [60,61], analytical solutions
[10,11], and simulations [57,62].

Determination of linear pressure dependence of the yield strength.
Finding the yield strength at high pressures is an extremely important
and challenging problem because the yield strength determines the
maximum static pressure that can be reached in DAC. That is why
many related papers were published in highly-ranked journals
[63-68]. After reaching a perfectly plastic state, the yield strength in
compression %y or shear 7y depends on pressure only, and this depen-
dence was found to be linear for all studied materials [10,11,37,63-68]
0y =0q +bp; T).=Gy/\/_=(0'°°+bp)/\/§. @

The pressure-dependent version of the von Mises yield condition,
oy = 04 + bp, was utilized. One of the methods to determine 7y in DAC
is based on applying the well-known in theory of metal forming a sim-
plified equilibrium equation

/2

@b_ M
dr

, )
h

assuming contact friction stress 7y = 7y at the anvil-sample bound-
ary (plastic friction condition) [10,11,64,65], where p is the pressure
averaged over the deformed sample thickness h. With measured pres-
sure distribution and sample thickness, two constants in the linear pres-
sure dependence of 7y were determined. However, since usually (ex-
cluding [10,11]) a perfectly plastic state and steady microstructure
were not reached (because this was not aimed and checked and prelimi-
nary SPD was not applied), %y also depends on ¢p, sza’h, and grain size.
This dependence was neglected, and change in 7y was solely pre-
scribed to change in pressure, which introduced an error. Error reduced
with increasing pressure since high pressure was reached in the course
of plastic compression, thus approaching a perfectly plastic state. This
method was used in Refs. [10,11] to fit pressure distribution to the ex-

10
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perimental one in Ref. [69] for a sample from T301 stainless steel com-
pressed in DAC up to 170 GPa. The obtained result has been refined us-
ing a numerical solution with the slip lines method for a disc of per-
fectly plastic material compressed by rigid anvils. Despite the very
small p = 1074, it makes visible changes in pressure distribution for
such high pressure.

For ceramic and metallic anvils, pressure distribution is not avail-
able. Similar slip line solutions were used in Refs. [10,11] to fit experi-
mental p (h) curves to determine ®« and b for pyrophyllite and two
types of blocked and compacted with the Bakelite varnish and polyvinyl
alcohol limestones after reaching a perfectly plastic state. A simple pro-
cedure was developed to determine 6« and b separately.

In Ref. [70], the problem of compression of a rhenium sample in
DAC was solved using a large-strain, isotropic, elastic-perfectly plastic
model with FEM, which includes finite elastic strain in a sample and di-
amond and significant change in the shape of the diamond. The solu-
tion was fitted well to 3 experimental pressure distributions from Ref.
[63] for pressures up to 300 GPa and reduction in thickness by a factor
of 30, which allowed, in particular, to determine ¢, = 8.00 GPaa nd
b = 0.04. The description of the experimental curves was much better
than with the simplified model in Ref. [66]. Contact friction was de-
scribed in Ref. [70] by the Coulomb friction law with a friction coeffi-
cient of 0.1, followed by 7s = 7, (p) when Coloumb friction exceeded
7, (p) . However, at megabar pressure, a major part of the contact sur-
face is under plastic friction.

A much more detailed approach was developed in Ref. [67] and ap-
plied to describe experimental results in Ref. [68] for tungsten up to
380 GPa. Four material parameters in the linear pressure dependence
of the yield strength and contact stress-dependent friction coefficient
have been identified to fit 2 pressure distributions up to 240 GPa. With
these parameters, very good verification was shown for two other pres-
sure distributions up to 380 GPa and four nontrivial sample thickness
profiles for pressures in the range 170-380 GPa. Obtained values,
0w =18GPaand b = 0.1, are much more reliable than those in the
previous works [63,68], which also have very large scatter. This study
also revealed various limitations. (a) The equation for Cy is valid for
p <225 GPa only since, for higher pressures, the sample in the central,
high-pressure region deforms elastically due to cup-like deformations of
the anvil-sample boundary. (b) The expression for the Coulomb friction
coefficient 4 = 0.05 4+ 0.001¢,., where 0. is the normal contact stress, is
valid for o. < 37 GPa only. (c) The region with plastic friction is very
small for the entire pressure range 170-380 GPa, which makes doubtful
applicability of the method based on Eq. (2) for DAC because of the
small friction coefficient and large deformation of diamonds and cohe-
sion zone at high pressures.

9. In situ study of steady yield strength and microstructure in DAC
with rough diamonds

Recent experiments in Ref. [71] on Zr also show that 7y <7y for
pressure up to 5 GPa. To resolve the problem, diamonds with rough
culets (with height of asperities of 300 nm instead of 10 nm for tradi-
tional DAC) were prepared and used to study compression of Zr up to
14 GPa in Ref. [59]. It was shown that condition 7 = 7y is fulfilled at a
major part of the diamond culet. This allowed us to utilize Eq. (2), or in
fact, a more precise equation
dp 2 1+0.524b 05 +bp
dr (3 1-02626 h

(6)

to determine the pressure dependence of the yield strength. Derivation
of Eq. (6) took into account the heterogeneity of all stress components
along the thickness of a sample. Also, to reach a steady state, the Zr
sheet was strongly predeformed by rolling from 5.25 mm to 163 pm in
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7 runs (i.e., ¢ = 3.47) until steady hardness was reached, thus exclud-
ing the effect of & and sﬁ“’h.

After completing a— phase transformation, four pressure distribu-
tions have been well-described by Eq. (3) (Fig. 9) with o, = 1.24 GPa
and b = 0.0965 + 0.0016. Also, dislocation density and crystallite size
distributions, measured with in situ X-ray diffraction (XRD) under
three different loads (Fig. 10), were practically independent of radius
and applied load (pressure distribution). Since radial heterogeneity of
&p, eﬁ“’h, and p is strong, and they strongly change during increasing
compression, approximate independence of the microstructure of ra-
dius and compression stage implies that steady crystallite size and
dislocation density are reached, which are independent of pressure,
€ and g;‘”h. Complex evolving fields of components of plastic strain

tensor from FEM simulation in Ref. [72] and selected straining paths
for different material points in Ref. [40] confirm essentially different
&> and gf,"”’ for such a loading before, during, and after completing
phase transformation.

Similar rules have been found for olivine and ringwoodite using tor-
sion in RDAC with rough diamonds. Namely, the crystallite size and mi-
crostrain of olivine and crystallite size of

ringwoodite (during olivine-ringwoodite transformation) are get-
ting steady and independent of &p, gﬁ“”’, pressure, and phase transfor-

mation progress [73]. Generally, rough diamonds essentially intensify
plastic flow and also strain-induced phase transformations in DAC and
RDAC [59,74,75].

10. Multiple steady states: key problems

Note that steady values of the crystallite size and dislocation density
in o-Zr are practically the same for compression with smooth and rough
anvils. However, for o-Zr, three different steady states with different
dislocation densities and crystallite sizes (Table 3) are obtained after
multiple rolling and compression with smooth and rough diamond
anvils; all are claimed to be independent of €y and eﬁ’”h. This is not sur-
prising from the technological point of view since different SPD tech-
nologies lead to different steady grain sizes, dislocation densities (Fig.
11), and hardness [76,77]. However, translating these technological
findings into the language of plasticity theory leads to the conclusion
that there is no currently consistent theory for SPD. Indeed, a theory
that includes isotropic strain path-independent limit surface of the per-
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fect plasticity ¢ () =0 [10,11] allows drastic simplification in the cali-
bration of material parameters within simplified phenomenological
plasticity. Suppose one knows the yield strength of an annealed mater-
ial, the hardness of the material in the steady state (independent of ¢
and gﬁ“’h), and consequently, the yield strength 0« (or determine pres-
sure-dependent limit yield strength), and an estimate of strain m re-
quired for the transition to the perfectly plastic state. In that case, one
can interpolate a stress-strain curve using Eq. (2), which is the main
part of a 3D theory [10,11]. However, based on Fig. 11 and results with
rough DAC, the steady limit ®« depends on sZ‘”h in general and in un-

known ways. However, it is independent of e’;“’h for some paths, which
were used to prove the path-independence of each limit surface of per-
fect plasticity. Thus, there are multiple isotropic strain path-
independent limit surface of the perfect plasticity ¢ (c) = 0 (see Fig. 12
with different designations for the yield surfaces from Ref. [59]). The
new key problem in the plasticity theory is: for which classes of plastic
strain €p, strain path sﬁ‘”h, pressure p, and pressure path pP®* material
deforms according to each of the surfaces ¢ () = 0 and for which of &,
gzmh, D, and pP®" classes there are jumps from one surface to another?
Pressure and pressure path are included because for plastically incom-
pressible materials (which is a kinematic constraint on £p), pressure p is
a reaction of the constraint and should be included along with its paths
in the characterizing loading process. Note that recent in situ XRD
measurements of the microstructure evolution in Zr under hydrostatic
loading/unloading [78] show that the effect of pressure is hysteretic,
i.e., it indeed depends on preh.

This is an outstanding problem to be solved to develop a general
plasticity theory for SPD, and ways to resolve it are not straightforward.
Considering different straining paths in various processes in Fig. 11, we
exclude ball milling from further analysis. Indeed, grain refinement in
ball milling is not only due to SPD but also fracture of small particles
among other processes, and also includes high strain rate heteroge-
neous loading and unloading, which we do not consider here. The sec-
ond best grain refinement process is HPT, which distinguishes itself by
higher pressure than other processes. Thus, one can hypothesize that
higher pressure leads to finer microstructure, higher dislocation den-
sity, and the yield strength. However, this is not supported by experi-
ments. According to Table 3, the pressure effect is nonmonotonous even
at low pressures. Indeed, for a-Zr, dislocation density first increases,
and crystallite size reduces at 0.67 GPa compared to ambient condi-
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Fig. 10. Radial distribution of the crystallite size (a) and dislocation density (b) in w-Zr for three loads. Since €p, sﬁa’h, and p have significant variation along the

radius and growing compression, approximate independence of the microstructure of radius and compression stage implies that steady crystallite size and disloca-

tion density are reached, which are independent of pressure, €p> and gﬁ‘”h. Reproduced with permission from Ref. [59].
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Table 3

Crystallite size and dislocation density in o-Zr and w-Zr for three material
steady states obtained by multiple rolling and compression with smooth and
rough diamond anvils (data from Ref. [59]); PT means phase transformation.

Multiple Rolling Smooth Rough Anvils
Anvils
Crystallite Size a- 75 *1 Steady state 65 + 1 48 + 2
(nm) Zr (ambient) at PT @ 1.36 GPa @ 0.67 GPa
initiation
o - Steady state 49 =1 47 £ 6
Zr after PT
Dislocation a- 1.00 = 0.02 Steady state 1.26 = 0.07 1.83 = 0.03
Density Zr (ambient) at PT @ 1.36 GPa @ 0.67 GPa
oBm=2 initiation
- - Steady state 0.95 = 0.05 1.04 = 0.19
Zr after PT
Table 4

Chemical composition of some alloys tested in the former USSR, for which
data are presented in the current review.

Russian designation English Main elements

translation
Cr3orCm 3 St3 Fe ~97 %; C <0.22 %, Mn < 0.65 %; Si
<0.17 %; Cr <0.3 %; Cu<0.3 %; Ni <0.3 %
Crais 10 Steel 10 Fe 97-98 %; C 0.07-0.14 %, Mn 0.35-
0.65 %; Si 0.17-0.37 %; Cr <0.15 %: Cu
<0.15 %; Ni <0.3 %
Cranp 20 Steel 20 Fe 97-98 %; C 0.17-0.24 %, Mn 0.35-
0.65 %; Si 0.17-0.37 %; Cr <0.25 %; Cu
<0.3 %; Ni <0.3 %
Crab 45 Steel 45 Fe 97-98 %; C 0.17-0.24 %, Mn 0.5-0.8 %;

Cr <0.25 %; Cu<0.3 %; Ni <0.3 %

Fe >95 %; C 0.09-0.16 %, Mn 0.3-0.6 %; Cr
0.6-0.9 %: Cu<0.3 %; Ni 2.75-3.15 %
Fe>95 %; C ~0.3 %, Mn 1 %; Si 1 %; Cr 1 %;
Cu<0.3%; Ni <0.3 %

Cranp 12XH3A Steel 12KhN3A

Cranp 30XI'CA Steel 30KhGSA

Cranp 40XHMA Steel Fe~97 %; C 0.36-0.44 %, Mn 0.50-0.80 %; Si
40KhNMA 0.17-0.37 %; Cr 0.80-1.10 %; Cu<0.3 %; Ni
<0.3%

Cramb V8 Steel U8 Fe>97.8 %; C 0.75-0.80 %, Mn 0.17-0.30 %;
Si 0.17-0.30 %; Cr <0.20 %; Cu<0.25 %; Ni
<0.25 %

Craynp Y8A Steel USA Fe>98 %; C 0.75-0.80 %, Mn 0.17-0.20 %;

Si 0.17-0.30 %; Cr <0.20 %; Cu<0.25 %; Ni
<0.25 %
High strength cast iron with spherical

Yyryn B93 and Cast iron V93

B95 and V95 graphite and the ultimate strength of 93 and
95 kg/mm2 (812 and 932 MPa), respectively.
Fe>90 %; C 3.2-3.6 %; Mn 0.4-0.7 %; Si
2.9-3.8 %; Cr <0.15 %; P<0.1 %; Cu
<0.6 %; Ni 0.6-0.8 %
Yyryu BU50 Cast iron High-strength cast iron with spherical
VCh50 graphite.
Fe>92.4 %; C 2.7-3.7 %; Mn 0.3-0.7 %; Si
0.8-2.9 %; Cr <0.15 %; P<0.1 %
AJTIOMUHUIEBBII Aluminum Al <94.7 %; Cu <4.9 %; Mg <1.8 %;
crutaB J16T alloy D16T Mn < 0.9 %; Si <0.5 %; Fe<0.5 %
AJTIOMUHUEBBII aluminum Al 93.3-96.7 %; Cu 1.8-2.6 %; Mg 0.4-0.8 %;
criaB AK6 alloy AK6 Mn 0.4-0.8 %; Si 0.7-1.2 %; Fe<0.7 %; Ni
<0.1 %; Ti <0.1 %; Zn<0.3 %
Meap M2 Copper M2 Cu > 99.6 %; Ni < 0,2 %
JlatyHs JI62 Brass L62 Cu 61.3 %; Zn 37.9 %; Al ~0.24 %; Si
~0.19 %
MarsueBsiii cijaB - Magnesium Mg 89.57-92.15 %; Al 7.5-9 %; Zn 0.2—

Mu1.5mg alloy ML.5pch 0.8 %; Mn 0.15-0.5 %

tions after rolling, but then the trend changes at 1.36 GPa. According to
Fig. 10, the pressure effect on microstructural parameters in w-Zr is
within experimental error and could be due to evolving heterogeneity
and texture along the sample thickness. This in situ measured pressure
independence is consistent with known ex situ results after treatment at
averaged pressure p, in particular, with pressure-independence of
steady hardness for single-phase Zr for P < 4 GPa and 6 < P < 40 GPa
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[791, Ni for 3 < P < 9 GPa [2,801, Fe for P < 7 GPaand 28 < P < 40 GPa
[24], and Ti for P<4GPa and 20 < P <40 GPa [81]. Pressure-
independent grain sizes have been demonstrated in V [82], Au, Ag, Hf,
Cu, Pt, Al, and Cu-30 %Zn [24]. Some numerical estimates for justifica-
tion of the pressure-independence of the grain size for w-Zr are pre-
sented in Ref. [59]. They are based on the analysis of pressure depen-
dence of the main parameters that participate in some empirical rela-
tionships for steady grain size, like the magnitude of Burgers vector,
self-diffusion activation energy, and the frequency factor for pipe diffu-
sion, shear modulus, stacking fault energy, hardness, melting tempera-
ture, etc. [83,84]. Still, different pressure paths along with € and g;“’h
could affect the steady yield strength and microstructure.

The following approaches could be outlined to resolve this problem.
In FEM simulations of each of the technological processes, loading
paths at each material integration point should be determined (e.g., like
in Ref. [40]), analyzed, and classified according to determined criteria,
including loading mode, monotonicity (unloading and reloading, sharp
changes, etc.), curvature of the straining and pressure trajectory, pro-
duced texture, and geometry and orientation of grains. Obtained aver-
aged characteristics of the loading paths should be connected to the
steady grain size, dislocation density, and yield strength, possibly utiliz-
ing machine learning techniques.

Note that small strain Il'yushin's theory of plasticity [85-87] is
based on the classification of loading processes in 5D deviatoric strain
and stress spaces based on the curvature, like simple loading along a
straight line, small, middle, and arbitrary curvature processes, two and
multilink trajectories with corners (which include elastic unloading),
etc., without referring to microstructure. Generalization of Il'yushin's
theory for the large strain was suggested in Refs. [10,11] utilizing path-
dependent strain measure €5, which is a deviatoric tensor for plasti-
cally incompressible materials and is work-conjugate with the devia-
toric true (Cauchy) stress s. If the strain path is characterized in

Path hrior to the current state 85, the isotropic limit surface of

) =0, where J*

terms of s,L,

perfect plasticity can be presented as ¢ (o, p”’”h,Jé,Jé

P4 since J& = 0.

is the ith invariant of slf

Fixed limit surfaces of perfect plasticity can also be obtained from
crystal plasticity simulations for different crystal symmetries and load-
ing paths, providing that the physics of single crystal plasticity and in-
teraction between crystals is described with proper accuracy. However,
at the initial stage, even utilizing the simplest single crystal plasticity
theory and Taylor equal strain assumptions may guide which parame-
ters are responsible for jumping from one limit surface of perfect plas-
ticity to another.

Mathematically, the evolution equation for dislocation density and
grain size has the following structure

0 _pr - A, @
dgq

where A+ and A~ are positive and negative contributions to the growth
of a. For example, for dislocation density, A+ is due to dislocation multi-
plication, and A~ is due to their annihilation; for grain size, A~ is due to
traditional mechanisms of grain refinement, and A+ is due to dynamic
recrystallization and grain boundary migration. Steady state corre-
sponds to A* = A~ independent of the initial conditions. This corre-
sponds to experiments on HPT of Ni [3,26,88], steel [89], and copper
[90]: if the initial grain size is smaller than the steady one, SPD leads to
grain growth to the same steady state as when starting with coarse-
grained material. Thus, making coefficients in A* and A~ dependent on

some characteristics of a’,;‘”h and pr@" solves the problem of obtaining
different steady states. However, it is unclear how to get the same
steady state for a broad class of ef,“’h and pP*" and jump to other steady
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Fig. 11. Steady-state grain size and dislocation density in Cu subjected to different SPD modes collected from various sources. (a) 1- ball milling (BM), 2- HPT, 3-
planar twist channel angular extrusion (PTCAE), 4- equal-channel angular pressing (ECAP), 5- ECAP + HPT, 6- ECAP with following cold rolling (ECAP + CR),
7- simple shear extrusion (SSE), and 8- constrained groove pressing. Reproduced with permission from Ref. [76]. (b) Multi-directional forging (MDF), twist extru-
sion (TE), and equal channel angular rolling (ECAR). Reproduced with permission from Ref. [77].

Fig. 12. Sketch of the evolution of the yield surface f (s, & eﬁmh> =o,(p)in

5D space of deviatoric stresses § at fixed p until it reaches the fixed isotropic
limit surface of perfect plasticity ¢ (5) = cr)l. (p), after which the material de-
forms like perfectly plastic, isotropic with the fixed limit surface of perfect

plasticity. However, for some classes of plastic strain paths #‘"h, multiple
other fixed limit surfaces of perfect plasticity @' (s) = 0;. (p) with different

yield strengths O'; (p) can be accessed. Reproduced with permission from Ref.
[59].

states for other broad classes of glp)“’h and pr@", and how to classify and
separate these classes.

Note that the dependence of the isotropic limit surface of perfect
plasticity on s;"’h does not mean that the theory of SPD, even for the
steady state, possesses similar complexity to the theory before reaching
the steady state, i.e., that the existence of the steady state does not sim-
plify theory. Indeed, for each of the technological processes in Fig. 11
and experiments leading to the conclusion of the independence of the
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limit surface of perfect plasticity on gﬁ‘“h, quite broad classes of d;‘”h

have been utilized, while not completely classified. This means that for
these experiments and processes, theory with the single surface
@ (o) = 0 with a steady yield strength (pressure dependent or not) deter-
mined for this process through hardness measurement or utilizing the
experiment in DAC described above is applicable. Indeed, defined in
such a way, the simple isotropic limit surface of perfect plasticity
@ (0) = 0 reproduced the complex experimental distribution of the evo-
lution of the distribution of multiple measured parameters (pressure,
radial and hoop elastic strains, and complex shape of the sample)
[59,67,70,72].

The independence of the final microstructure and properties of the
initial one is a part of the strain-path independence of the surface of
perfect plasticity if different initial microstructures are obtained by dif-
ferent plastic straining. However, different initial microstructures can
be caused by different preparation methods, e.g., by pressing/sintering
powders with different grain sizes.

11. Ultra-small strain hardening during ultra-SPD

Different studies indicate different values m for reaching steady
yield strength and microstructures. While uniform compression and
Bridgman anvil experiments [10,11,15,36-38] give 0.4<m < 1.6 with
smaller values for minerals and higher for metals, HPT experiments
suggest large scatter even for the same material (e.g., m = 5 to 20 for
Cu [17,53]) and even larger values m > 34 for Ni [3,25] with HPT. Pa-
rameter m can of course, depend on the straining mode, but hardly to
such an extent; other reasons related to HPT are discussed above.

Work [31] pioneered research on ultra-SPD with shear strain 7 >
1000, and reported that after a plateau in hardness, a new hardening
stage after HPT starts at y > 800 — 2,000 for Ti, Ni, and Fe. A more fo-
cused study [23] found that despite a large scatter, a hardening rate of
0.42 MPa for Fe and 0.22 MPa for Ni can be deduced for
q < 275,1i.e.,below the ultra — SPD regime. The scatter in data was up
~200 MPa for Fe and up to ~100 MPa for Ni, equivalent for such a
hardening rate to ¢ = 465. For the range 103< q < 8.5 x 10%, hardening
with a very small rate of 0.03 MPa is reported after some steady state.
Various hypothetical reasons for the reappearing of the hardening are
discussed in Refs. [23,29,31], including surface alloying, increased
density of point defects, transition in controlling deformation mecha-
nisms, and transition from laminar to turbulent flow. Without dis-
cussing these reasons, we would like to add one more related to the
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change in microstructure during unloading after HPT and the differ-
ence between in-situ and ex-situ studies.

(a) While for practical applications properties of the sample after
SPD and pressure release are significant, plasticity theory
describes processes during HPT or other high-pressure SPD. With
a generic pressure hardening parameter in Eq. (4) » = 0.1 and an
averaged pressure of 7.8 or 4 GPa used in Ref. [23], the pressure-
induced change in the yield strength is 780 or 400 MPa, which
translates into a change in hardness of 2.34 or 1.20 GPa. Thus, a
small change in hardness (i.e., in ®w) with strain can be
compensated by a small change in b with strain, resulting in a
negligible strain effect on the pressure-dependent yield strength.
During unloading after HPT of Ni, crystallite size grows, and
dislocation density reduces by a factor of 2 [91]. For comparison,
increment in ¢ from 50 to 250 for Ni reduces grain size from
250 nm to 200 nm [23]. This difference could be not because of
a grain size reduction during plastic flow under pressure but due
to a change in grain size growth during unloading. Also, pressure
distribution during HPT is heterogeneous [52,53], but most
important, it can reduce during rotations due to plastic
deformation of anvils, reduction in sample thickness, and also
after switching from anvils with larger to smaller depths. Smaller
pressure in the experiment can lead to smaller grain growth
during unloading and reduced with straining measured grain size
after pressure release. That is why in situ measurements of the
microstructural parameters and pressure-dependent yield
strength in DAC and RDAC are of great importance for correct
conclusions. Also, using diamond anvils with rough diamonds
[59,74,75] eliminates the potential effect of mechanical alloying
from the metallic/ceramic anvils. Note that a significant
variation of dislocation density and crystallite size was observed
in situ under hydrostatic loading of Zr [78].

(b)

Finally, even if strain hardening with the reported small rate occurs
in sity, it is relevant for ultra-SPD only and is undetectable at smaller
strains. Also, any statement about the independence of one parameter
from another is true within some range of change of the governing para-
meters, accuracy of the measurement and scatter, and acceptable error.
With increased accuracy and range of change of the governing parame-
ter, small variations can be taken into account, which does not reduce
the importance of the statement about independence and correspond-
ing models. Since no results related to strain path dependence and
anisotropy have been found so far, including weak dependence of the
surface ¢ (¢) = 0 on q is sufficient.

12. Concluding remarks

The main fundamental challenge in studying plastic flow and mi-
crostructure evolution is that these processes depend not only on the
current plastic strain tensor ¢p (already challenging enough) but also on
its whole straining path g;“’h prior to €p. Since for plastically incom-
pressible material, five components of the plastic strain tensor are in-
dependent only, and one also has to include pressure p (as a reaction of
the constraint) and its path pP®" in the list of independent parameters.
Due to the infinite number of independent parameters, this makes find-
ing some general rules close to impossible.

In the review, we collected and analyzed experimental results con-
firming the validity of the following hypothesis formulated in Refs.
[10,11] and its possible generalization: after some critical level of SPD
and monotonic and quasi-monotonic straining paths, initially isotropic
polycrystalline materials behave like perfectly plastic, isotropic, and
strain-path-independent with the corresponding limit surface of perfect
plasticity, and reach steady values of the crystallite/grain size and dis-
location density, which are strain- and strain-path-independent. These
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rules drastically simplify the general 3D theory of SPD, the develop-
ment of specific models, and the experimental determination of mater-
ial functions and parameters. Relatively simple determination of the pa-
rameters of the isotropic limit surface of perfect plasticity allows us to
find approximate models for materials behavior in the entire strain
range by interpolation.

For non-monotonic loading, materials behave according to their ac-

tual yield surface f (a, ep,e‘zmh> =0, i.e., like anisotropic and depen-

dent on plastic strain and its path. However, for non-monotonic
straining started from the surface ¢ (c) =0, after further monotonic
straining with increments exceeding some relatively small critical
value ¢* = 0.1 (quasi-monotonic loading), the stress vector and yield

surface f (0', & EZ“”’) = 0 touch again the same limit surface of the per-

fect plasticity @ (¢) =0, and the material again behaves like perfectly
plastic, isotropic, and strain path independent.

The key problem is that the experiments exhibit multiple steady mi-
crostructural states and corresponding limit surfaces of perfect plastic-
ity, obtained by different SPD techniques or by smooth or rough dia-
mond anvils. The main challenge is to find for which classes of loading

paths a’l;“’h and pP™" material behaves along the same limit surface of
perfect plasticity and steady microstructural states and for which load-
ing paths gﬁ‘"h and pP™" there is a jump to the different limit surface of

perfect plasticity and steady microstructural state. This is an open prob-
lem, and without its solution, the general theory of SPD does not exist.

However, for the similar classes of the loading paths ;,”p“’h and pPeh

(while not well defined) for the chosen SPD technology or loading
process, one can use theory plasticity with the corresponding fixed limit
isotropic surfaces of perfect plasticity and steady values of the crystal-
lite/grain size and dislocation density corresponding to this technology.
As an example, determined in such a way, the simple isotropic limit sur-
face of perfect plasticity expressed in terms of the equivalent von Mises
stress and linear pressure dependence of the yield strength reproduced
complex experimental evolution of the distribution of various measured
parameters (pressure, radial and hoop elastic strains, and complex
shape of the sample) [59,67,70,72].

Various methods have been used to prove the validity or plausibility
of the above hypotheses, partially or in whole. They include severe
quasi-homogeneous and homogeneous deformations of a sample, which
allow, in particular, to determine the equivalent strain m necessary for
reaching the steady state and corresponding equivalent stress «. Based
on literature data, m for the same material varies in a very broad range
depending on the testing method (i.e., straining mode and path), and in
many experiments perfectly plastic state was not reached. The main
problem is to find how m and 9« depend on the straining mode and
path. While experiments with heterogeneous fields, particularly in vari-
ous SPD technologies, provide broad classes of straining modes and
paths, extracting data from them is challenging and often misleading.
New opportunities emerged under high pressure utilizing in situ XRD
measurements of the radial distributions of pressure or elastic radial
and hoop strains, dislocation density, and crystallite size in DAC and
RDAG, especially in combination with FEM simulations and extraction
of the pressure-dependent yield strength [59,63,67,68,70,73]. Since a
broad spectrum of the straining and pressure paths are involved in these
experiments, independence of the measured parameters of the straining
and pressure paths can be concluded from those experiments.

Some intriguing results require their explanation. They include (a)
much higher yield strength after multiple drawings than for other de-
formation modes [13,29]; (b) the same steady hardness after multiple
broaching and in the neck of the fractured specimen or broken cross-
section of compressed to fracture specimen [41] and after compression
of the apex of a conical sample along its axis [49], i.e., at very different
straining paths, and (c) different steady states obtained by increasing
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contact friction during compression in DAC [59], i.e., at quite close
straining paths.

Ultra-small strain hardening at ultra-SPD revealed in Refs. [23,31]
(even if confirmed that this is not an artifact of mechanical alloying)
does not spoil the above hypotheses and rules about steady states and
perfectly plastic behavior. Any statement about the independence of
one parameter of another is true within some range of change of the
governing parameters, accuracy of the measurement and scatter, and
acceptable error. Observed ultra-small strain hardening is relevant for
ultra-SPD only and is undetectable for smaller strain ranges of major in-
terest. With increased accuracy and range of change of the governing
parameter, slight variations can be taken into account, which does not
reduce the importance of the statement about independence and corre-
sponding models. Since no results related to strain path dependence
and anisotropy have been found so far, including weak dependence of
the surface ¢ (6) = 0 on gq is sufficient.

Note that there are other steady states after SDP not covered in the
current review. In particular, after reaching steady yield strength, dislo-
cation density, and crystallite size, the minimum pressure for plastic
strain-induced phase transformations is also getting steady and inde-
pendent of the plastic strain tensor and its path [71-73,75,92,93]. Also,
SPD-induced composition and, in some cases, the volume fraction of a
high-pressure phase reach a steady state, independent of the initial
state [76,94]. Independence of the steady volume fraction of a high-
pressure phase was predicted analytically [54,55] for the case when di-
rect and reverse strain-induced transformation can occur simultane-
ously. Steady stresses and microstructural parameters related to the
high-temperature creep and cyclic deformations are analyzed in Ref.
[95]. The perfectly plastic model is broadly used for studying phase
transformations in plastic materials [96]. Various aspects of the effect
of SPD have been reviewed in the recent comprehensive papers
[97,98].
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