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ABSTRACT

Findings of a study are presented below regarding the formation of ultrafine-grained structure in M1 grade

copper under severe plastic deformation (SPD) by high pressure torsion at room temperature. The process was

modeled in the Deform 3D package in order to verify the implementation of high-pressure torsion method (HPT)

in new matrix. It allowed identifying “weak points” of the process, evaluating stress-strain state of the workpiece

at each cycle step, strain intensity obtained in one full cycle of this method, and also required strain force. A

laboratory experiment showed that after 8 cycles of deformation, an almost uniform structure with a subgrain size

of ~ 0.3 um forms in the copper. Tensile strength increased from 105 MPa to 380 MPa, elongation decreased from

28 % to 13%.
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INTRODUCTION

To implement the plans facing the economy of the
Republic of Kazakhstan, it is necessary to provide main
industries with high-quality metal products with unique
physical, mechanical and other operational properties.
Often the solution to these problems is associated with
high energy costs. In the conditions of lean use of energy
and raw materials, the problem of energy and resource-
saving methods for getting materials with properties is of
great practical importance. These should combine both
high strength and ductility, while using relatively simple
and inexpensive devices that allow spending minimum
possible amount of time to process products.

Traditional processes of plastic deformation, such
as rolling, drawing, pressing, forging, etc., do not pro-
vide an effective solution to the problems of structure
formation. When these methods are implemented, the
plasticity resource is largely depleted directly in the
process of deformation. As a result, processed materials
have insufficient plasticity, and effects of deformation
are only partially realized. The possibility of achieving a
high strain rate in such processes is linked with multiple
decrease of cross dimensions of processed products,
consequently leading to significant processing pressures

and the difficulty to get high properties in large sections.

Methods of severe plastic deformation, in contrast
to traditional methods of metal forming aimed primar-
ily at shaping, are used to significantly change the
structure, phase composition, physical and mechanical
properties [1 - 5]. As aresult of SPD the length of grain
and subgrain boundaries significantly increase in metal
materials, and the static and dynamic dilatation of at-
oms in crystal lattice noticeably changes. Through this
process, the strength characteristics of metals are getting
increased by many times while maintaining sufficiently
high plastic properties [6 - 9]. The most studied of all
SPD methods is the high pressure torsion method. This
method was developed by P.U. Bridgman (Nobel Prize
in Physics in 1946) in the 1950s and further developed
in the works of L.F. Vereshchagin, N.S. Yenikolopyan,
V.E. Panin and other scientists from Russia, USA, Aus-
tria, Japan and China. One of drawbacks of HPT is the
limiting grain refining, especially in pure metals, in the
range of 300 nm - 500 nm [10 - 11].

The aim of this work is to study the changes in the
microstructure and mechanical properties of M1 grade
copper in heat-treated state during deformation by HPT
in a new design matrix.
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Fig. 1. High pressure torsion matrix model: a - distribution
of logarithmic strain intensity €,_ over the workpiece cross
section; b - distribution of equivalent stresses o, over the
workpiece cross section; ¢ - distribution of medium stress
o, ., over the workpiece cross section.

EXPERIMENTAL

A matrix of special design was developed in order
to implement the process of high-pressure torsion on
the existing equipment of department laboratory. This
allows realizing high-pressure torsion process due to the
rectilinear motion of striker relative to the body (Fig. 1).

The rectilinear motion of the upper striker, with up-
per part of the matrix fixed to it, transmits torque to it
due to contact friction forces directed at inclined angle
to counterpart of the matrix. As a result, the rectilinear
motion turns into torsion motion.

The matrix consists of three parts. The lower part
is a fixed matrix, into which a sample is placed in the
form of a disk with a diameter of 30 mm and thickness
of 5 mm. There is a rotating part of matrix having a
lower flat surface in contact with the workpiece. And
the upper surface, which is a spiral shape, consisting of
four segments. The upper part of matrix is fixed in the
upper striker, also having a spiral shape, consisting of
four segments.

At the initial moment segments are disconnected, then
upper and lower parts of the matrix come closer together.
The central part of matrix is torqued due to segments of
the matrix located at acute angle and spiral shape, and the
pressure on the sample is directly happened.

To verify the implementation of method, the above-
mentioned process was modeled in Deform 3D package.
It allowed identifying “weak points” of the process,
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evaluating stress-strain state of the workpiece at each
cycle step, strain intensity obtained in one full cycle of
this method, and also required strain force. All these
factors are necessary to assess the implementation of
method, as well as design of technological equipment,
selection of power equipment for the experiment, on the
basis of which we can guide the degree of change in the
structure of workpiece material.

The temperature of workpiece, as well as the tem-
perature of matrix, was chosen equal to 20°C, in order
to obtain optimal values of strain-stress state parameters
and deformation forces.

A laboratory experiment was conducted on existing
hydraulic press PB 6330-02 model after modeling and
determining the geometric and technological parameters
of the deformation.

The samples were torsion under high pressure (P =
6 GPa) at a temperature of 20°C, the number of cycles
is n = 8. The thickness of samples for deformation was
5+ 0.15 mm and was chosen on the basis of sufficient
comprehensive hydrostatic compression during defor-
mation by HPT method.

Preparation of samples for metallographic analysis
was carried out on the electrolytic sample preparation
unit Struers.

All samples were examined in the middle plane of
the sample to avoid the influence of peripheral areas.
The obtained samples were considered in two sections:
transverse and longitudinal. The structure and phase
composition of the alloy were analyzed by optical and
transmission electron microscopy. Qualitative and quan-
titative analyses of the microstructure of the groundmass
and primary phases was carried out using an optical
microscope LEICA, equipped with an attachment for
determining the microhardness of individual phases, as
well as software for determining the grain score and the
number of phases on mechanically polished and etched
by Keller’s reagent thin sections.

A fine structure was examined on a transmission
electron microscope (TEM) JEM2100 in the magni-
fication range from 1000 to 50000 times. The objects
for TEM were prepared by polishing with a Tenupol-3
device at a temperature of -28°C and a voltage of 20V
in a 20 % solution of nitric acid in methyl alcohol. The
surface of the samples for recording was prepared by
means of jet polishing on a Tenupol-3 device.

To assess the mechanical characteristics of the alloy
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after HPT, the torsion-tearing machine MI40KU was
used. Standard samples of a cylindrical shape (diameter
of the working part 3 mm, length - 15 mm) were tested in
accordance with state standard GOST 1497-84. To carry
out a tensile test from workpieces on a lathe, a sample
was prepared for stretching of the I11-d type. Stretching
speed of samples is 0.5 mm min™!, which corresponds
to a strain rate of 0.56x1073 s,

The microhardness was determined on an AntonPaar
hardness tester in accordance with state standard GOST
9450-76 by the method of indenting a diamond pyramid
with an angle between opposite faces of 136° with a
load of 1N and a loading time of 2 s. To calculate the
microhardness value, an average value of 5 measure-
ments was used in each considered area.

RESULTS AND DISCUSSION

Stress-strain state (SSS) during deformation was
analyzed according to distribution results:

- logarithmic strain intensity (strain effective) — ¢, ;

- equivalent stress (stress effective) — O,

- hydrostatic pressure or medium stress (stress
mean) -c_ .
Logarithmic strain intensity (strain effective)

The results of SSS distribution during deformation
by torsion method under high pressure are presented in
Fig. 2. As a result of modeling, the logarithmic strain
intensities are determined by Mises criterion g, . Based
on the data obtained, it was found that in the process of
deformation the highest logarithmic strain is observed
along outlines of workpiece as there is an influence of
external friction. Analyzing SSS of sections of obtained
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samples, it was found that the distribution of deforma-
tion over the entire volume of deformable workpiece is
very uniform. Moreover, the degree of deformation of
inner layers practically does not differ from the degree
of deformation of surface layers - this can be gone by
the uniform coloring of inner and outer layers in the cut
section (Fig. 2(a)).

Equivalent stress (stress effective)

The stress state of workpiece at the time of defor-
mation is the most important characteristic in order to
get high-quality metal. The results of distribution of
equivalent stresses o, during HPT are presented in Fig.
2(b). Environmental stress and required values in central
layers of workpiece are up to 450 MPa and up to 630
MPa in outer layers.

Hydrostatic pressure or medium stress (stress mean)
“Omnea

An important factor that significantly affects the ef-
ficiency of structure formation, especially for low-plastic
and hard-to-deform materials, such as titanium, is the
value of hydrostatic pressure. The application of hydro-
static pressure provides a high uniformity of distribution
of stresses, strains and structural state, contributes to
the creation of favorable conditions of contact friction,
preservation of plasticity resource.

The quality of metal, for example, the best process-
ing of the cast structure and welding of internal defects,
is positively affected by the presence of compressive
stresses inside deformable body arising during pressing.
These stresses can be characterized by the distribution
of medium stress ¢, over the workpiece section, (see

Stress - Effective (MPa)

316 o -
— 2340
I 2740 I
0.000

n -3150
610 Min -3110 Min
Z 859 Max Z 1080 Max

l

X Y v

Stress - Mean (MPa)

100

-306 I

=712

B 1120
-1530 I

-1930

Fig. 2. Distribution of SSS during deformation by HPT method: a - after 3 cycles of deformation; b - after 6 cycles of

deformation; c - after 8 cycles of deformation.
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Fig. 2(c)). The more the absolute value of medium com-
pression pressure (negative hydrostatic pressure) is, the
higher is the ductility of metal; and the less the tensile
stresses play in principal stress scheme, the greater the
ability to plastic deformation shown by the metal. High
hydrostatic pressure significantly increases the deform-
ability of materials. It is also known that high hydrostatic
pressure activates dislocation slip, suppresses return
processes, leads to fragmentation of the structure at
lower than usual degrees of deformation.

The nature of distribution o, shows that in the
deformation zone, except for small zones, compressive
stresses prevail. The maximum principal stresses of the
workpiece are not more than 1080 MPa, the distribution
of maximum principal stresses are concentrated mainly
on the periphery of workpiece.

After analysis using the “Damage” tool, it was
revealed that there is no danger of destruction of the
workpiece, even after ten cycles of deformation.

Photographs shown in Fig. 3 were obtained as a
result of metallographic analysis of the microstructure,
after the laboratory experiment.

The first three deformation cycles revealed a strong
heterogeneity of the microstructure. In the cross section
perpendicular to the anvil plane there are regions with
cellular dislocation structure (Fig. 3(a), which are inter-
spersed by fragmentation strips spreading almost parallel
to the anvil plane and, accordingly, perpendicular to the
torsion axis.

Strips density increases significantly after 6 cycles
of deformation, as the strip moves from central to pe-
ripheral part of the sample.

8 cycles of deformation lead to the fact that almost
entire volume of metal is represented by an anisotropic
ultrafine-grained structure, regardless of differences in
degrees of deformation of central and peripheral parts
ofthe sample. Boundaries of subgrains are characterized

by strongly distorted shape, which indicates their non-
equilibrium state. At the same time, there are individual
grains with almost straight boundaries of disorientation.
The largest submicrocrystalline grains, as a rule, are
divided into equiaxial subgrains with sizes of tenths
of a micron. A high anisotropy of misorientations of
discrete and continuous type is found in copper. This
is a consequence of a high anisotropy of displacement
and rotation fields during torsional deformation under
pressure in a new matrix.

As it is known, the grain size is an extremely impor-
tant characteristic of metals and alloys, which determines
the level of structurally sensitive mechanical properties.
Therefore, in addition to studying structural changes
during deformation, we studied mechanical properties
of workpieces after each type of tensile deformation at
room temperature.

Deformation by HPT method led to a significant
increase in the strength characteristics of copper and
a strong decrease in ductility values: tensile strength
increased from 105 MPa to 380 MPa, elongation de-
creased from 28 % to 13 %. The increase in strength
is linked with an increase in the density of dislocations
and small-angle boundaries in the structure. It is also
the reason for decrease in ductility, as there is a num-
ber of short- and long-range energy barriers hindered
the dislocation movement in the polycrystal, which
confirms earlier metallographic studies. Such changes
in mechanical properties are linked with formation of
capable token-passing dislocations from one grain to an-
other grain with a high-angle boundary in the structure.
These grains were formed by globularization of lamellar
component during continuous and intermittent dynamic
recrystallization happened while deformation process.

It should be added that “typical tensile curves of M1
grade copper after torsion under high pressure compared
with tensile curves of heat-treated samples are charac-
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terized by a small uniform plastic deformation and a
significant increase in the length of concentrated plastic
deformation until destruction point. This mechanical
behavior is typical for metal materials treated by SPD.

CONCLUSIONS

The matrix of special design was developed in or-
der to implement the process of high-pressure torsion
on the existing equipment in the laboratory of Pressure
metal treatment department. This matrix allows the
high-pressure torsion process to be realized due to the
rectilinear movement of the striker relative to the body.
The modeling was carried out in the DEFORM software
package in order to assess the possibility of deforma-
tion of titanium alloy in the matrix of a new design and
in order to assess the influence of stress-strain state
on the structure processing. The possibility to provide
shear strain in processed metal is shown based on SSS
analysis. As a result of shear strain we have got ultrafine-
grained structure.

The microstructure after 8 passes is strongly crushed
and consists mainly of deformation fragments and sub-
grains. When analyzing the structure, a large number of in-
dividual grains were found. They have the shape of almost
regular polygons with a low dislocation density, which
indicates their origin through dynamic recrystallization.

The deformation by HPT method led to significant
increase in strength characteristics of the alloy and strong
decrease in ductility values: tensile strength increased
from 105 MPa to 380 MPa, ductility decreased from
28 % to 13 %.
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