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ABSTRACT

Severe plastic deformations under high pressure are used to produce nanostructured materials but
were studied ex-situ. Rough diamond anvils are introduced to reach maximum friction equal to yield
strength in shear and the first in-situ study of the evolution of the pressure-dependent yield strength
and radial distribution of nanostructural parameters are performed for severely pre-deformed Zr. w-
Zr behaves like perfectly plastic, isotropic, and strain-path-independent and reaches steady values of
the crystallite size and dislocation density, which are pressure-, strain- and strain-path-independent.
However, steady states for «-Zr obtained with smooth and rough anvils are different, causing major

challenge in plasticity theory.
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-5’« ot

IMPACT STATEMENT

ARTICLE HISTORY
Received 12 May 2023

KEYWORDS

High pressures; severe plastic
deformations; in-situ
synchrotron diffraction; yield
strength; nanostructure
evolution

14 GPa (+0.5)

© 10GPa (+1.77)
6 GPa (+3.35)

© 3GPa(+4.45)

1 2 3 0 g
Normalized radial position (c/h)

In-situ study of severe plastic deformation of w-Zr with rough diamond anvils revealed that pressure-
dependent yield strength, crystallite size, and dislocation density are getting steady and plastic

strain- and strain-path-independent.

1. Introduction

Processes involving severe plastic deformations (SPD)
under high pressure are common in producing nanos-
tructured materials [1-8], in functional materials experi-
encing extreme stresses under contact friction, collision,
and penetration, and in geophysics [9,10]. The effects
of SPD under high pressure on microstructure evolu-
tion are mostly studied with high-pressure torsion (HPT)
with metallic or ceramic anvils [1-4]. Stationary states
after SPD in terms of torque, hardness, grain size, and
dislocation density are well-known in literature, partic-
ularly after HPT, along with many cases where they
were not observed [1-8, 11]. However, all these results
were not observed in-situ but obtained postmortem after
pressure release and further treatment during sample
preparation for mechanical and structural studies (see

supplementary material). The direct effect of pressure
and the combined effect of pressure and plastic strain-
ing on the yield strength, crystallite size, and disloca-
tion density were not determined. This is very impor-
tant because, as one will see, the yield strength of the
w-Zr doubles at ~13 GPa, but hardness and, conse-
quently, yield strength after pressure release are inde-
pendent of the pressure at HPT [12]. The only paper
[13] studies in situ the microstructure evolution in Ni
and amorphization and a reverse martensitic transforma-
tion in NiTi during HPT in a single peripheral region
(see details in supplementary material). During pres-
sure release after HPT of Ni, crystallite size increases,
and dislocation density decreases by a factor of 2 [13].
Similar results were obtained for Zr under hydrostatic
loading [14].
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Figure 1. Surface asperity profile of a smooth-DA and a rough-DA. (a) Traditional smooth-DA with an asperity profile range [—10 nm;

10 nm] and (b) rough-DA with range [—500 nm; 500 nm].

Robust method for measurement of the yield strength
in compression oy(p) under high pressure p is lack-
ing. The main difficulty in studying plasticity, structural
changes, and contact friction is that they depend on five
components of the plastic strain tensor €, and its entire

path egath, making an unspecifiable number of combi-
nations of independent parameters. The yield surface in

the 5D deviatoric stress s space f(s, sp,egmh) = 0y(p)

depends onp, €,,and egmh, demonstrating strain harden-
ing/softening and strain-induced anisotropy. This com-
plexity makes it impossible to determine the complete
evolution of the yield surface, even at small strains and
ambient condition. For measurement of yield strength at
high pressure, all methods [15-17] treat the yield surface

as f(s) = ag,(p), i.e. like for perfectly plastic material (for

which the yield surface is independent of &, and egmh,

i.e. is fixed in the 5D stress space), and dependence on

€p and egath is neglected and merged in pressure, which
causes large error. One of the methods to determine the
yield strength in shear 7, = o,/ /3 in diamond anvil cell
(DAC) is based on applying the simplified equilibrium

. 2 . .
equation ‘2—1: =— %, assuming the anvil-sample contact

friction stress 7r = 7, [16-18] (see supplement). Here, p
is the pressure averaged over the sample current thick-
ness h. However, recent experiments [15, 19] show that
77 < 7. Coupled simulations and experiments demon-
strate that 7 = 7, only in a small region, even above
100 GPa [20]. Rough diamond anvil (rough-DA), whose
culet is roughly polished to increase friction (Figure 1),
is introduced. It is demonstrated that maximum friction
7 = 1y is reached for rough-DA, which allowed us to
robustly determine o, (p) and plastic friction.

It was hypothesized in [18] that, above some level
of plastic strain in monotonous straining (straining

path without sharp changes in directions), the initially
isotropic polycrystalline materials deform as perfectly
plastic and isotropic with a strain path-independent sur-
face of the perfect plasticity ¢(s) = o,(p) (Figure 2).
Some qualitative supportive arguments for the perfect
plastic behavior are presented in [18], but the quan-
titative experimental proof is lacking for any material.
Here, commercial Zr is severely pre-deformed by mul-
tiple rolling until saturation of its hardness. It is shown

that after the «-w phase transformation, for four different

. . . th
compression stages (i.e. for very different €, and €£a )

all pressure distributions of w-Zr are described by single
function o, = 1.24 + (0.0965 £ 0.0016)p(GPa). This is
possible only if the material behaves like perfectly plastic,
isotropic, and independent of €, and egath. Similarly, fric-
tion stress 7 = 7, = 0.72 + (0.0557 & 0.0009)p(GPa) is

also independent of €, and sgath. The perfectly plas-

tic state is connected to reaching a steady nanostruc-
ture, determined here by in-situ synchrotron XRD in
terms of crystallite (grain) size d and dislocation den-
sity o, which do not change under successive plas-
tic straining. For rough-DA in «-Zr at the beginning
of a-w phase transformation, d, is smaller, and p, is
larger than those from smooth anvils, i.e. rough-DA
produces a different, more refined steady nanostructure.
The steady nanostructure for w-Zr after phase transfor-
mation is the same for smooth and rough-DAs and is
pressure-independent.

2. Materials and methods

The commercially pure (99.8%) «-Zr was heavily pre-
deformed to reach the saturation of its hardness. Any
method can be used; here, it is obtained by putting a Zr



f(s &, 6% = g, (p)

@(s) = a,(p)

Figure 2. Evolving vyield surface and fixed surface of perfect
plasticity. Schematic of the evolution of the yield surface

f(s, ep,eﬁath) = oy(p) until it reaches the fixed surface of per-
fect plasticity ¢(s) = oy(p) in ‘5D’ space of deviatoric stresses s

at fixed p. The initial yield surface and ¢(s) = oy, (p) are isotropic

(circles). Two other yield surfaces depend on &, and e’,;ath, and

acquire strain-induced anisotropy, namely shifted centers O; and
0, (back stress) and ellipsoidal shape due to texture. When
the yield surface reaches ¢(s) = oy, (p), the material deforms
like perfectly plastic, isotropic with the fixed surface of perfect
plasticity.

slab with an initial thickness of 5.25 mm into a rolling
machine and rolling it 7 times to the thicknesses 3, 2, 1,
0.54,0.3,0.206, and 0.163 mm. 3 mm diameter disks were
punched out for compression in DAC with rough-DAs,
and smooth-DAs for comparison. The pressure distri-
bution is determined using measured lattice parameters
through 3rd-order Birch-Murnaghan equation of state
from [19]. Samples were compressed gradually up to
~ 14-15 GPa at the culet center. In-situ synchrotron XRD
in axial diffraction geometry were performed at 16-BM-
D beamline at HPCAT at Advanced Photon Source with a
wavelength of 0.3100 A and recorded with Perkin Elmer
detector. The measurements were performed along two
perpendicular culet diameters (230 pm) in 10 pm steps.
The sample current thickness (see Table S1) was mea-
sured through x-ray intensity absorption using the lin-
ear attenuation equation [19]. The diffraction images
were converted to unrolled patterns using FIT2D soft-
ware [21] and then analyzed through Rietveld refinement
using MAUD software [22] to obtain the lattice param-
eters, volume fractions of w-Zr, microstrains, crystallite
sizes, and dislocation density [23] (see supplementary
material).

MATER. RES. LETT. 759

3. Results and discussion

It is assumed and then proved that after SPD and phase
transformation, the initially isotropic polycrystalline Zr
deforms as perfectly plastic and isotropic with a strain
path-independent surface of the perfect plasticity ¢(s) =
a,(p) (Figure 2). To determine the pressure dependence
of the yield strength of w-Zr, the pressure distribution
of fully transformed region can be used only, i.e. region
around culet center of 3 GPa step and the whole diame-
ters after 3 GPa step. Assuming von Mises yield condition
with o), = 0)? + bp, and considering non-hydrostatic
stress and heterogeneity along thickness, the equilibrium
equation averaged over thickness is advanced to (see
supplementary material):

dp 0}9 + bP

— =—-A—-———>P
dr h

o0 . &0
=Py + 2 —Ab—2) -2,
<°+ b)eXp< I ) b

_2(1+0.524b)
V31— 0.262b)

(1)

where Py is the pressure at point rg. From Equation (1),

dp A dp 5
dr T d(F) @
The pressure distributions are plotted vs. r/h in Figure 3.
To extract the yield strength utilizing data at all
compression steps and positions, pressure distribu-
tions from different compression stages are shifted
horizontally to the same position. Figure 3 shows
that for four different compression stages all pres-
sure distributions overlap with each other and are
described by Equation (1) with single pressure depen-
dence 0y = 1.24 + (0.0965 =+ 0.0016)p(GPa). Note that
00 = 1.24GPa is converted from the hardness of w-Zr
from [24], HV = 3.72 GPa, based on the known relation-
ship 0)? = HV/3, proving that 7, is reached with rough-
DA. Finite element simulations of the processes in DAC

[20, 25, 26] and Figure S1 demonstrate that for differ-

. p . path
ent material positions and compression stages, €p, £,

and material rotations vary substantially. Consequently,
the ability to describe all four curves with single func-
tion 0,(p) demonstrates strict proof, for the first time,
that for the monotonous loading with rough-DAs, w-Zr
deforms as perfectly plastic and isotropic material with &,

oy (P) = —Ah

h . . . .
and egm -independent surface of perfect plasticity. Since

h S
€p and egat are the only reasons for the strain-induced
anisotropy, independence of the yield surface of them
implies isotropy also from the theory. Similar, friction
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Figure 3. Pressure in single-phase w-Zr vs. r/h. Solid lines cor-
respond to Equation (1) for 0}9 = 1.24GPa and b = 0.0965.
Equation (1) is not valid around the culet center due to reduction
in friction stress to zero at the symmetry axis. Dashed line shows
the position where data is truncated. The unified curve for all load-
ings (necessary for using data from all four compression stages
as a single data set) is obtained by shifting each curve (which is
allowed by differential Equation (1)) along the horizontal axis by
distance shown in parentheses. Note that uncertainty of pressure
as well as crystallite size and dislocation density in the following
are smaller than the symbols.

Oy

stress T = T, = ol 0.72 4 (0.0557 &= 0.0009) p(GPa)

. . path
is also independent of &, and ), .

The perfectly plastic behavior is connected with reach-
ing steady nanostructure. After completing phase trans-
formation in the whole sample, crystallite size d,, for 6,
10, and 14 GPa steps scatters between 40 and 60 nm,
being practically independent of radius (Figure 4(a)).
Dislocation density p, = (1.04 & 0.19) x 10°m=2 s

also practically independent of radius (Figure 4(b)). Since

th . . . .
€p, ega , and p strongly vary with radius and increasing

load, this indicates that steady nanostructure, which is

independent of pressure, €, and egmh, is reached. Using
the general equation for the yield strength as a combina-
tion of the Taylor contribution due to dislocation density
and Hall-Petch contribution due to grain size [27], one
obtains:

6y = &y(P) + aPO'S + ﬂd—O.S. (3)

Eq. (3) shows consistency between steady states in Oy» 05
and d.

Pressure-independence of the steady microstructure
is consistent with pressure-independence of hardness
for single-phase Zr for p < 4 GPa and 6 < p < 40 GPa
[12], Tifor p < 4 GPaand 20 < p < 40 GPa [28], and Fe
for p < 7 GPa and 28 < p < 40 GPa [11]. After HPT of
Ni, at the periphery (where the steady state is reached)
0.17 < d < 0.2 micronsfor3 < p < 9 GPa[2,29], which

is within an error and is consistent with the pressure-
independent hardness for 2 < p < 40 GPa [11]. Larger
grain size for 1 GPa may be related to not reaching a
steady state due to smaller friction and plastic strain.
Pressure-independent grain size was reached in V [30],
Hf, Pt, Ag, Au, Al, Cu, and Cu-30%Zn [11]. The supple-
mentary material gives some rationales for the pressure
independence of the grain size for w-Zr and difference
between known ex-situ and the current in-situ rules.
Pressure in single-phase a-Zr is too low to claim pressure
independence.

For w-Zr, with smooth and rough-DA, the steady
Po = (0.95£0.05) x 10°m™% and (1.04£0.19) x
10°m =2, respectively, and d,, = 49 & 1 nm and 47 +
6 nm, respectively, are practically the same. A completely
different situation is with o-Zr, which has three steady
states:

1. After multiple rolling at ambient pressure, with p, =
(1.00 +0.02) x 10"*m 2 and do = 75 £ 1 nm.

2. After deformation with smooth anvils, just before
initiation of the «-w phase transformation at 1.36
GPa, with p = (1.26 £0.07) x 10"°m~?and d, =
65+ 1nm.

3. After deformation with rough-DA, just before ini-
tiation of the «-w transformation at 0.67 GPa,
with py = (1.83 £0.03) x 10°m 2 and d, = 48 +
2 nm.

The reason for different steady states cannot be related
to the different pressures only because its effect is non-
monotonous within a small pressure range. The results
about the existence of multiple steady states are consistent
with known results that different ways to produce SPD
(e.g. HPT, equal-channel angular pressing (ECAP), etc.)
lead to different steady grain sizes [1-3, 31]. However, dif-
ferent steady dislocation density and crystallite size mean
different yield strengths ayi (p) (which could not be deter-
mined robustly due to the small number of experimental
points for single-phase «-Zr) and surfaces of perfect plas-
ticity Pi(s) = a}f(p) (Figure 5). Each of these states was
obtained at quite different plastic strain and strain paths,

so each of them supposed to be independent of &, and

eguth. But if this is true, how can steady p, d, and a;(p)

be different, and which of these steady values should be
used in plasticity theory? Thus, the existence of multi-
ple steady states leads to the formulation of a new major
challenge in the plasticity and microstructure evolution

theories: for which classes of &, and eguth and may be
pressure path, material behaves along each of the surfaces
Pi(s) = a}f(p) with corresponding steady p and d, and
for which loading classes the material behavior jumps
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Figure 5. Evolving yield surface and several fixed surfaces of per-
fect plasticity. Part of the schematic with the internal fixed sur-
face of perfect plasticity ' (s) = ay1 (p) in ‘5D’ space of deviatoric
stresses s at fixed p coincides with thatin Figure 2. The difference is
in the presence of several other fixed surfaces of perfect plasticity
¢'(s) = o, (p) with larger yield strengths o, (p).

from one surface to another with different steady p and
d? When this problem is resolved, one will be able to
explain why different SPD technologies lead to different
steady p and d[1-3, 31], and how to design the loading
paths to reduce the p, and increase d and strength. One
of the potential reasons for different steady states may be
related to the qualitatively different character of the plas-
tic flow, like transition from the laminar to hierarchical
turbulent flow at different scales with different degrees of
complexity [32-34].
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Importantly, obtained findings are formulated in the
language of plasticity theory (plastic strain and strain
path tensors, yield surface, etc.) instead of technological
language, which allows one to use the obtained knowl-
edge to significantly enrich fundamental plasticity and
the formulation and application of plastic models to var-
ious processes. In addition, to increase the maximum
possible pressure in DAC, toroidal grooves are used [35],
which increase friction [18]. This can be done with
rough-DAs more uniformly throughout the culet and
with smaller stress concentrators.

4. Concluding remarks

In this paper, the first in-situ study of the rules of dislo-
cation density, crystallite size, yield surface, and contact
friction under high pressure and SPD is presented. In par-
ticular, after some critical plastic strain, w-Zr behaves like
perfectly plastic and isotropic, with fixed plastic strain
and the strain-path-independent surface of the perfect
plasticity ¢ (s) = o,(p). The perfectly plastic behavior is
connected to another rule: crystallite size and dislocation
density of o« and w-Zr are getting p (only for w-Zr), €, and

egmh—independent and reach steady values. To provide
a robust method to determine oy, (p) and plastic friction
stress, rough-DA with increased height of asperities is
introduced here, for which maximum friction 7y = 7, is
reached.

Three different steady states are obtained for a-Zr after
multiple rolling and with smooth and rough-DAs, all

are independent of &, and egmh.This leads to the new
key problem in plasticity theory: for which classes of &,

h .
egm , and maybe pressure path material behaves along

2.0 : :
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Figure 4. Radial distribution of the crystallite size (a) and dislocation density (b) in w-Zr for three loading steps after full transformation.
Since &, ezarh, and p strongly vary with radius and increasing load, approximate independence of d,, and p, of radius and load indicates

that steady nanostructure in terms of crystallite size and dislocation density, which is independent of pressure, &p,, and ezam, is reached.
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each of the surfaces ¢(s) = a}f(p) and for which load-
ing classes the material behavior jumps from one surface
to another? Solution to this problem will allow one to
explain why different SPD technologies lead to differ-
ent steady grain sizes and dislocation densities and how
to design the loading paths to reduce the grain size and
increase dislocation density and strength.

Obtained results suggest a more economical way to
produce the desired steady nanostructure. Instead of SPD
at high pressure, e.g. by HPT, one can reach one of the
steady nanostructures by SPD at normal pressure (e.g. by
rolling or ECAP) and then reach steady nanostructure
with smaller grain size at relatively small plastic strain
and low pressure by compression without or with HPT.
Since there is a significant reduction in dislocation den-
sity and an increase in the crystallite size during pressure
reduction [13], the in-situ study shows the potential for
further improvement of the microstructure and may help
to find an unloading path combined with torsion at low
pressures to minimize or eliminate this effect (see also
supplementary material). Utilizing rough-DAs in a rota-
tional DAC [36-38] will allow in-situ studies of HPT.
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