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ABSTRACT

The effect of high-pressure torsion process in a new die on the structure and mechanical properties of corrosion-

resistant steel AISI 316 was studied. Deformation was carried out at room temperature, the number of deformation cycles

was 7. In the process of high-pressure torsion, the structure of samples is considerably refined to nanostructured, so

steel AISI 316 with an average grain size of 30 um after deformation is refined to 80 - 100 nm. The tensile strength and

yield strength values increase in seven passes from 595 to 1590 MPa and from 320 to 870 MPa, respectively. Relative

elongation changes from 55 to 25 %, but remains at a sufficient level for an application. The initial structure of non-

deformed steel has good ductility and demonstrates typical signs of ductile fracture. But with increasing HPT cycles the

fracture mechanism changes from ductile to brittle, indicating a decrease in ductility of stainless steel AISI 316.
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INTRODUCTION

In the last twenty years, there is an increasing
interest in bulk nanocrystalline materials, and especially
in materials processed by severe plastic deformation
(SPD) methods [1 - 5], such as high pressure torsion
(HPT) [6 - 8] and angular equal channel pressing (ECAP)
[9 - 12]. They are successfully used as new processing
technologies to obtain nano- and submicrocrystalline
metal materials. This interest is due not only to the
unique physical and mechanical properties achieved by
various nanostructured materials, but also to a number of
material advantages over other nanostructured materials.
When implementing SPD methods, grain refinement
occurs during processing due to shear deformations
and phase transformations [13, 14]. This results in
ultrafine grain size and unique chemical, physical, and
mechanical properties, such as high yield strength and
tensile strength, significantly higher than those of the
coarse-grained state [15 - 17].

As a result of its ability to strongly deform
the sample (true deformation > 10) and to achieve
excellent grain refinement with exceptional strength,
the HPT method, which involves treating the sample by
torsional deformation under pressure and compression,
has become very important and one of the main SPD
methods [6 - 8]. Although extensive research has
been done in this area, the behavior and fundamental
principles are not yet fully understood because such
materials have extraordinary strength, but ductility is too
low, and also discs treated in this way have anisotropic
properties between the center and the edges [18].

Today, with SPD capabilities to produce bulk
nanostructured materials, the use of such materials in
electrical wires and microdevices is very realistic. In
the field of biomedical engineering bulk nanostructured
materials have already been successfully used as
materials for dental implants. This opens the door for
transition of researches to commercial production of a
wide range of promising products.
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In order to be able to develop new and innovative
material processing methods that can improve the
performance and mechanical properties of the materials
processed by SPD, a thorough understanding of
the mechanisms of formation and evolution of
microstructure and grain refinement, as well as the
physics of deformation and fracture, is required.

Based on the above, the purpose of this study was
to investigate the evolution of the microstructure and
the mechanism of grain refinement during deformation
and also to determine the factors influencing on grain
refinement during deformation.

One of the stages of the study was the development
of a special die design, which allows to implement
this process of intense plastic deformation on ring
workpieces. On the basis of modeling in the software
package Deform, given in papers [19, 20], design
drawings were developed. The design consists of several
parts: an upper striker which is driven by the press; a
lower striker which is driven by the translational motion
of the upper striker and a matrix. On the lower edge of
the upper striker 4 periodic spiral shaped indentations
are created. In the center of the upper striker there is a
cylindrical hole for the rod of deforming element and for
ensuring alignment of both strikers. The lower striker has

several steps. This design solution is necessary because
in this case we are talking about deformation of a circular
workpiece, but not of a disk workpiece (Fig. 1).

EXPERIMENTAL

The initial workpiece had a ring shape with a
diameter of 76 mm, a width of 3.5 mm and a thickness
of 3 mm. Austenitic stainless steel AISI 316 (0.08 %
C;13 % Ni; 17 % Cr; 2.0 % Mo; 0.6 % Si; 1.8 % Mn;
0.8 % Ti) was selected as the material of the workpiece
because it is high-strength, corrosion-resistant, ductile
and heat-resistant. The advantages of the steel are
the addition of molybdenum and a higher content of
chromium and nickel.

The main purpose of preheating of workpieces in our
case is to obtain a fine-grained structure and to reduce the
force during deformation, which will help to carry out
further operation - HPT without much effort and losses,
as well as to obtain in the future an ultrafine-grained
structure. It is well known that the initial microstructure
affects the microstructure hardening process during HPT,
since a more homogeneous initial microstructure will
result in a more homogeneous final microstructure and
therefore better mechanical properties. Thus, an initial

Fig. 1. General view of the complete construction: 1 - bottom carrier, 2 - top carrier, 3 - upper striker, 4 - lower striker,

5 - matrix, 6 - piston ring.
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heat treatment was applied to the supplied ferrite-perlite
microstructure to modify it to a more homogeneous. To
obtain a single-phase y - structure in our steel we apply
a standard heat treatment, which includes heating to a
temperature of 1100°C, holding for 30 min and cooling
in water. As a result of such heat treatment in chromium-
nickel corrosion-resistant steels y - solid solution with a
homogeneous distribution of alloying elements is fixed,
in which there are no carbide precipitations, which
provides the best corrosion properties [21].

The deformation temperature should be lower
than 0.4 Tm. At this temperature, no recrystallization
processes occur, so the main deformation mechanism
will be the movement of dislocations. At higher
deformation temperatures, alternative mechanisms,
such as dislocation anihilation and diffusion creep, will
be activated, which will have a negative effect on grain
refinement. Thus, the room temperature was chosen as
deformation temperature.

The laboratory experiment was carried out on a crank
hot-stamping single-column press with the force of 1000
kN model PB 6330-02. Deformation was carried out at
room temperature, since in austenitic steels martensitic
transformation is observed and, depending on the
deformation temperature, the amount of martensite
in the structure can vary. The number of deformation
cycles was 7. Experimental tooling for the HPT was
made of 5XV2C steel on a CNC turn-mill machine.
The components of the structure were subjected to a
special heat treatment after manufacturing to increase
the strength properties. After manufacturing all elements
of the structure were assembled. Thus, the lower holder
was installed on the base plate of the hydraulic press
and secured with tie bolts through the retaining brackets
(Fig. 2). The lower striker was installed in the bottom
holder, with a chamber for deformation of rings, the
upper matrix was installed from above on the sample.

Metallographic analysis of all examined samples in
cross-sectional and longitudinal sections was performed
using a JEM2100 electron transmission microscope. All
samples were tested in the median plane to avoid the
influence of peripheral areas. Preparation of samples
for metallographic analysis was carried out on an
electrolytic sample preparation unit Struers.

Mechanical uniaxial tension tests were performed
at room temperature on Instron 5882 machine at
a deformation rate of 1.0 mm min’'. The sample

deformation was measured with an Instron strain gauge.
Tensile tests were carried out on flat samples cut from
the ring (working part dimensions 3.0 x 3.0 x 6.0 mm)
in accordance with GOST 1497-84 recommendations.
Tensile tests of mechanical properties were used to
determine strength and ductility characteristics: yield
strength (_,), tensile strength (o,) and maximum
elongation to failure (3).

Vickers microhardness was determined using DM-8
automatic microhardness tester (Affri).

RESULTS AND DISCUSSION

Fig. 3(a) shows that the microstructure before HPT is
coarse-grained, with an average grain size of 30 um. In
the structure of metastable austenitic steel AISI 316 in the
initial state contains ~ 100 % austenite, polyhedral grains
with thin boundaries and annealing twins.

After 1 cycle of deformation, deformation twins
appear in austenite (Fig. 3(b)). When the number of cycles
increases to 2, the number of dislocations near the grain
boundaries increases, since the boundaries are a barrier
to dislocation motion. After 3 cycles of deformation, the
austenite structure shows a large number of dislocation

Fig. 2. Construction assembly.
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Fig. 3. Microstructure of AISI 316 steel during high-pressure torsion: a - initial state; b - 1 cycle; ¢ - 3 cycles; d - 5 cycles;

e - 7 cycles.

accumulations adjacent to deformation twins, which
suggests a mixed deformation mechanism including
deformation twinning and dislocation sliding during
HPT (Fig. 3(c)). In austenite, because of the high level
of packing defect energy, many deformation dislocations
annihilate and others rearrange into dislocation cells and
then turn into grains with grain boundaries with large
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misorientation angles. As the number of cycles increases
to 5, the size of austenite grains decreases even further
to 0.3 pm, as shown in Fig. 3(d), shear bands appear in
the austenite, and the boundaries of twins become less
clearly delineated. In accordance with the literature data,
twins are suitable for the nucleation of o-martensite, as
well as for y—o-transformation [22]. It is also known
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that the shear y —a’ phase transformation in the cold
deformation temperature intervals develops when the
critical deformation degree is reached during large plastic
deformation in materials with low packing defect energy.
This deformation mechanism is considered as one of the
mechanisms of structure formation of nanocrystalline
and submicrocrystalline structures during large plastic
deformation in materials with low energy of packing
defects. After 7 deformation cycles, (y—a)-martensitic
transformation and formation of an insignificant fraction
of a-martensite occur (Fig. 3(e)). Increasing the degree of
deformation leads to an increase in the volume fraction of
a-martensite in the phase transformation up to 27 %, but
the intensity of martensitic transformation decreases with
increasing deformation.

In addition to investigated changes in steel
microstructure during deformation, the mechanical
properties of the rings were studied during tensile. As
shown by mechanical tensile tests, obtained in the process
of HPT, nanocrystalline structure of steel AISI 316 has a
high complex of mechanical properties in contrast to the
initial state where the steel shows low strength properties

Fig. 4. Fractography of AISI 316 steel after tensile: a, ¢ - initial state; b, d - 7 cycles.

ultimate strength - 595 MPa, yield strength - 320 MPa with
fairly high ductility characteristics 55 %. It can be seen that
the formation of nanocrystalline structure after 7 cycles of
deformation by HPT method with an average grain size of
80 - 100 nm leads to an increase in the yield strength from
320 to 870 MPa compared to the initial state. The strength
increases from 595 to 1590 MPa in accordance with the
decrease in grain size and coherent scattering regions and
the increase in microdeformation values. The plasticity
value decreases sharply compared to the initial state up to
25 %, but remains at a sufficient level for an application.

The results of microhardness determination correlate
with the data of mechanical tests and testify that the HPT
in the new die allows obtaining sufficiently homogeneous
hardness over the entire cross section of the ring. After
seven passes of HPT the microhardness in comparison with
an initial condition increases approximately 3 times from
1080 MPa to 2680 MPa. In this case, the main increase in
hardness falls on the first 4 passes to 40 %.

Fig. 4 shows photographs of AISI 316 stainless steel
after tensile testing. The resulting undeformed steel initial
sample shows a feature of the sample neck, with the shear
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edge formed around the fracture surface, as shown in
Fig. 4(a). The grains are elongated along the tensile axis,
indicating high tensile ductility. Within the elongated
grains, there are several shear bands perpendicular to the
fracture plane, which is the result of neck deformation.
After 7 HPT cycles, the sample has a small neck and the
fracture surface is almost flat (Fig. 4(b)).

Clear bands of longitudinal shear appear on the lateral
surface, caused by neck deformation. This indicates that the
sample has a weak neck on the lateral surface. Under high
magnification, it is clearly visible that the fracture surface
of the undeformed sample contains many deep depressions,
uniformly distributed like honeycombs (Fig. 4(c)). After
7 passes of deformation, small depressions appear only in
local areas, and on the fracture surface of the sample, there
are many smooth areas (Fig. 4(d)).

From the results it can be concluded that the initial
structure of non-deformed steel has good ductility and
demonstrates typical signs of ductile fracture. But with
increasing HPT cycles the fracture mechanism changes
from ductile to brittle which indicates a decrease in
ductility of stainless steel 08X17H13M2.

CONCLUSIONS

The results of the study showed that in the process
of HPT the structure of samples is significantly refined
to nanostructured, so deformation of AISI 316 steel with
an average grain size of 30 wm leads to the formation of
uniform microstructure of 50 - 60 nm, consisting of a
mixture of austenite and o - martensite. The formation
of nanostructured state in the process of high-pressure
torsion in a new die at room temperature occurs through the
action of two mechanisms. The first mechanism is related
to the fragmentation of initial grains due to the formation
of deformation shear bands and deformation twins, and
the second mechanism is related to the development of
vy—a. phase transformation by the shear mechanism of
deformation martensite formation. The tensile strength
and yield strength values increase in seven passes from
595 to 1590 MPa and from 320 to 870 MPa, respectively.
Relative elongation changes from 55 to 25 %, but remains
at a sufficient level for the application.
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