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We study the influence of thermomechanical processing, namely, severe plastic de-
formation by high-pressure torsion and cryogenic cooling, on the change of the
microstructure and mechanical properties of the piston rings made of AISI-316 stain-
less steel. The deformation of the annular workpieces is carried out in a tool of a
new design, the key feature of which is a double helix system. In the first part of the
experiment, an estimation simulation of the high-pressure torsion process is carried
out in a new matrix design. To estimate the process possibility, the main techno-
logical parameters of the process are varied in order to determine the most optimal
conditions. Parameters such as the workpiece heating temperature, the upper striker
vertical speed, and the friction coefficient at the contact of the workpiece with the
tool are selected. The stress—strain state of the annular workpiece during defor-
mation is also studied. At the second stage of the study, a laboratory experiment
on the annular blanks deformation is performed. The microstructure evolution and
mechanical properties of deformed workpieces after 8 cycles of deformation by high-
pressure torsion at cryogenic temperature are studied. All the metallographic studies
are carried out using the modern methods such as transmission electron microscopy
and analysis of diffraction patterns of back-reflected electrons. As a deformation
result, a nanocrystalline structure with a size of 30—40 microns with a large number
of large-angle boundaries and a high complex of mechanical properties is obtained.
The tensile strength rises from 595 MPa to 1965 MPa, while the yield strength rises
from 320 to 1280 MPa. The plasticity value decreases from 55% to 24% as compared
to the initial state, but it remains at a sufficient level to be applied.
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1. Intfroduction

1.1. The Severe Plastic Deformation Methods
as the Potential Ways of Piston Rings Processing

Piston rings are special open-type rings, which have a small gap in their
structure and are planted in the piston grooves of the power plant. All
the piston rings are distinguished as two main types: oil-removing and
compression rings [1].

Compression rings are a type of piston rings of a car engine that
prevent the penetration or breakthrough of gases from the combustion
chamber of the cylinders into the crankcase of the power plant. As a
rule, the outer diameter of such rings in the free state will be smaller
than the inner diameter of the cylinder. Note that a small section of com-
pression rings is specially cut off; such a cut out in these details is
called a lock. Oil-removing rings are a type of piston rings that prevent
the penetration of engine oil from the engine crankcase into the combus-
tion chamber and ensure the removal of excess oil from the cylinder
walls. Rings of this type are installed in the power plant below the com-
pression level. The main design difference between oil-removing rings
and compression rings is the presence of the first special through holes
[2].

Piston rings are the most important antifriction parts of an internal
combustion engine, therefore high requirements are imposed on their
material, both in terms of physical and mechanical, and a number of
special properties.

In modern engines, piston rings are subjected to dynamic loads that
affect the fatigue strength of the material. In this case, there is a need
to increase their additional strength while maintaining the stability of
elastic properties and preventing their breakdowns.

The elastic-properties’ stability of piston rings and the prevention
of their breakdowns are achieved by choosing the optimal compositions
and alloys, manufacturing technology, methods of thermal or thermo-
mechanical processing. Therefore, manufacturers of internal combus-
tion engines around the world are constantly searching for new tech-
nologies in the manufacture of piston rings.

One of the main tasks of physical materials science is to provide the
required combination of technological and operational properties of
modern materials. Mechanical properties depend on such structural pa-
rameters as grain sizes, dislocation density, and types of intercrystal-
line boundaries [3, 4]. The simplest and most effective way to obtain
materials with an ultrafine-grained structure is thermomechanical
processing (TMP) based on a combination of large plastic deformations
and annealing [5, 6]. By varying the TMP modes, it is possible to obtain
structures with different parameters as a result of the development of
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certain recrystallization processes, which makes it possible to control the
properties of materials in a wide range due to microstructural design.

To date, great attention of scientists is paid to the study of methods
that allow obtaining ultrafine-grained (UFG) or even nanostructure. It
is possible to obtain ultrafine-grained and nanostructured materials in
macro volumes in two fundamentally different ways, namely, compac-
ting the mass of already obtained isolated particles of material having
the appropriate size or using the severe plastic deformation (SPD) with
grinding the size of the structural units to the desired ones.

The first method involves controlled condensation of crystals from
the gas phase or grinding the material in ball mills to the state of an ultra-
fine powder and, then, compacting it into a finished part [7, 8]. This
method has a number of disadvantages associated with the residual po-
rosity of finished products, geometric limitations on the dimensions of
the parts obtained and the inevitable impurities of impurities in the
powder. In addition, the technological and economic part of the issue is
very important, which is expressed in the need to use two complex and
very energy-intensive processes on complex equipment in sequence.

The severe plastic deformation methods are devoid of described dis-
advantages. According to numerous studies [9-13], the production of
equiaxed UFG grains with high-angle boundaries by this method is pos-
sible under the following conditions:

(i) achieving high degrees of strain for grain grinding (>6—8);

(ii) formation of high hydrostatic pressure preventing the destruction
of the sample and annihilation of crystal lattice defects (1 GPa and higher);

(iii) deformation at temperatures of 0.4 melting point and below,
preventing recrystallization;

(iv) ensuring turbulence and non-monotonicity of deformation, con-
tributing to the formation of high-angle intergrain boundaries.

Similar conditions can be obtained by such methods as high-pressure
torsion, equal-channel angular pressing, screw extrusion, multiaxial
forging and others.

One of the widely known SPD methods is equal-channel angular
pressing (ECAP) [14, 15]. The ECAP method makes it possible to obtain
volumetric prismatic samples with a homogeneous UFG structure at a
grain size of 100—200 nm and does not require complex equipment. The
method consists in pushing the workpiece through the angular channel
of the matrix and implements a simple shift scheme. The transverse
dimensions of the workpiece remain unchanged during deformation,
thereby allowing multiple processing of one sample, which leads to large
applied deformations.

The ECAP allows materials to be subjected to large plastic deforma-
tions without changing the workpiece cross-section, which makes it pos-
sible for them to be redeformed. However, the formation of fine-grained
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structures by ECAP depends on many factors, such as the number of
passes, the route, the deformation temperature, the angle of channels
intersection, the rounding radius at the channels intersection, the press-
ing speed, the sample material, lubricant that reduces the friction coef-
ficient between channels and material. This method is the most studied
and is one of the most frequently mentioned in scientific articles de-
voted to the study of various UFG materials.

Over the past two decades, the work related to equal-channel angu-
lar pressing of metal materials has aroused considerable interest among
researchers in the field of materials science and metal physics. One of
the main objectives of the work was to grind the grains of metals and
alloys of various compositions to a fine-grained or ultrafine-grained
state (grain size less than 10 or 1 microns, respectively), which ensured
the achievement of a unique set of mechanical and physical properties.
Another purpose of the research was to study the basic laws and mecha-
nisms of the formation of ultrafine-grained microstructure in the se-
vere plastic deformations processes, since equal-channel angular press-
ing can ideally achieve arbitrarily large deformation degrees, without
changing the shape and size of the pressed blanks [16]. In addition, this
method has many variations of technical and technological execution
presented in patents of different countries.

The improvements are mainly aimed at increasing the degree of de-
formation in one pass, and increasing the uniformity of the study of the
structure throughout the volume. The most attention will be paid to the
stepped ECA matrix (ECA matrix with parallel channels in some sourc-
es) [17, 18], which allows to realize two alternating deformation zones
at once, provided that the input and output channels are co-directional.
This scheme is also energy saving, since it allows you to realize a large
deformation degree in one pass with the same effort. Due to the direc-
tionality of the input and output channels and a relatively small press-
ing force, matrices of this type are most convenient for creating com-
bined processes.

A variant of ECAP with an angle less than 90° has also been developed.
For example, in work [19], the ECAP method in matrix with a 45°-chan-
nel junction angle and a special form of channel coupling was proposed,
providing the highest deformation degree per pass, with reduced force
and maintaining the correct shape of the front end of the workpiece.

In the method described in Ref. [20], combined severe plastic defor-
mation is carried out in the following sequence: torsion deformation in
a screw channel, then the workpiece passes into a section of the matrix
that implements equal-channel angular pressing. When pressing the
workpiece through the screw channel of the matrix, it obtains severe
shear deformation mainly in cross-section, which is superimposed with
a homogeneous intense volumetric shear deformation during subsequent
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pressing. During the full pressing cycle, the structure is crushed in the
material of the workpieces, while the proposed sequence leads to a more
isotropic structural state. This is explained by the fact that a less homo-
geneous torsion deformation is superimposed by a more homogeneous
and intense shear deformation during compression, which smooths out
the resulting inhomogeneity after torsion, both structurally and in ob-
taining more homogeneous properties. The reverse sequence leads to the
imposition of a more heterogeneous state on a homogeneous one, which is
fixed in the workpiece after pressing, while all the known methods of
the pressure treatment show that the values of these characteristics of
the material in different directions of the workpiece differ significantly.

There is also a tendency to create multi-angle equal-channel matri-
ces (equal channels multi angular extrusion, ECMAE) in order to imple-
ment alternating deformations. The most interesting solutions are pre-
sented in works [21-24]. These methods increase the degree and uni-
formity of deformation in one pass, but require significantly more ef-
fort and are not suitable for all the materials and temperature—velocity
deformation conditions.

Pressing in those tools is accompanied by a change in the shear direc-
tion in the next zone, including the opposite. In each zone, the main
deformation axes undergo rotation, and when the material passes
through each subsequent zone, the axes rotation direction changes to
the opposite. This contributes to the effective fragmentation of struc-
tural components and the formation of structure isotropy in each defor-
mation cycle. With each subsequent zone and deformation cycle, because
of the appearance of a large number of directions, in which an elemen-
tary shift in the microvolumes of the deformable material can occur, the
microdistortions of the crystal lattice are redistributed between indi-
vidual microvolumes of the plastically deformable material. This also
contributes to the intensive process of crushing mosaic blocks and indi-
vidual crystallites, because of which a finely dispersed structure is ob-
served [25].

With these methods, the hardening intensity is less than with tra-
ditional monotonous plastic deformation (e.g., hydroextrusion) due to
some relaxation of microstresses because of more intensive structure
crushing with intermittent alternating course of the deformation process.

With all the described advantages of multiangle ECAP in the forma-
tion of a homogeneous UFG and nanostructure, it also has disadvan-
tages associated with a large effort or with the need for a large number
of passes, or is not suitable for all the materials and temperature—veloc-
ity deformation conditions.

The described methods and devices are the most effective and popular
for obtaining UFG and nanostructures. However, there are other methods,
which also allow obtaining UFG products by severe plastic deformation.
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The screw extrusion method (SE) proposed in Ref. [26] differs from
the known methods by the stress-strain state in the sample, as well as
technological possibilities of application. SE allows accumulating large
deformations in metals, noticeably grinding their microstructure and
can be implemented in hydroextrusion plants to produce precision long-
length profiles of different shapes (rods, pipes, drills, etc.). However, it
can lead to the appearance of strong undesirable anisotropy, for example,
in pure titanium. The use of subsequent rolling makes it possible to re-
duce significantly the degree of anisotropy caused by SE [27].

The SE essence is that the prismatic blank is pressed through a
screw matrix, the channel of which consists of three sections: entrance,
screw and calibration. The geometric parameters of the cross-sections of
all the sections are the same. The characteristic of the helical section is
the inclination angle of the helical line furthest from the matrix axis to
the extrusion axis.

Due to the specified features of the channel geometry, when the
workpiece is pushed through it, its shape does not change, which allows
multiple extrusion in order to accumulate severe deformations. At the
same time, its structure and properties change while maintaining the
identity of the initial and final forms. The geometric parameters of all
the cross-sections are the same. The fibre located along the axis of the
sample undergoes minimal deformation; the fibres furthest from the
axis undergo maximum deformation [28, 29].

Comprehensive forging (multiaxial forging, 3D forging) [30] can
also be used to form UFG and nanostructures in massive samples. The
process of comprehensive forging is usually accompanied by dynamic
recrystallization. Closed forging is a modification of the comprehensive
forging process [31]. Comprehensive isothermal forging is a type of de-
formation processing that allows obtaining an ultrafine-grained struc-
ture in massive workpieces without changing the original geometry.

The main idea is a series of sediments by 40-60% in a closed die
with a change of the deformation axis by 90° [32], which make it pos-
sible to work out ‘stagnant’ deformation zones [33]. Hydraulic and me-
chanical presses, as well as hammers, are used as deforming equipment
for forging. For the first two types of presses, the strain rates vary in
the range of 102-10 s7!, in the case of a hammer from 102 s! and high-
er [34]. It is known that, for greater workability of the structure, it is
advisable to use low speeds, which increase the deformation ability, as
well as reduce heating during deformation. In addition, the use of closed
and semi-closed stamps is appropriate for this purpose: greater uni-
formity of deformation and stable geometry is achieved.

The scheme of comprehensive forging is based on the use of multiple
repetitions of free forging operations: draft-broach with an axis change
of the applied deforming force. The deformation uniformity in this
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technological scheme in comparison with ECAP or torsion is lower.
However, this method makes it possible to obtain an UFG state in suf-
ficiently fragile materials, since processing begins with elevated tem-
peratures and small specific loads on the tool are provided. The choice
of appropriate temperature-velocity deformation conditions makes it
possible to obtain very fine grains of about 100-500 nm in pure metals
and less than 100 nm in alloys. This approach is usually implemented at
plastic deformation temperatures in the range (0.3-0.6) of the melting
point. Disadvantages of forging processes are their high labour and en-
ergy intensity, with an inhomogeneous strain distribution over the
workpiece volume.

High-pressure torsion (HPT), as the Bridgman anvil evolution, was
one of the first methods for obtaining volumetric UFG and nanostruc-
tured samples, later developed in [34—36]. This method was developed
by P.W. Bridgman (Nobel Prize in Physics in 1946) and further developed
in the works of L.F. Vereshchagin, N.S. Enikolopyan, V.E. Panin and other
scientists from USA, Austria, Japan, China, and RF. Samples in the
disk form with a diameter of 1020 mm and a thickness of 0.3—1 mm
are deformed by torsion under conditions of high applied hydrostatic
pressure. The sample is placed inside the cavity made in the lower strik-
er, and a hydrostatic pressure of 1 to 10 GPa is applied to it. Plastic
deformation by torsion is carried out due to rotation of one of the strik-
ers. Turning the movable anvil at a certain angle allows achieving vary-
ing deformation degrees. The use of hydrostatic pressure makes it pos-
sible to prevent the sample destruction during deformation, while it is
possible to achieve large deformation degrees.

The sample geometric shape is such that the material bulk is de-
formed under quasi-hydrostatic compression under the action of applied
pressure and pressure from the sample outer layers. As a result, the
deformable sample despite a large deformation degree is not destructed.
At the same time, the sample deformation has a radial inhomogeneity,
which, according to studies [34—37], can be minimized by a large number
of revolutions. The high-pressure torsion method is also possible to process
the workpiece in the ring form, according to the scheme proposed by S.
Erbel [38]. This method has improvements aimed at increasing the struc-
ture uniformity in the centre and on the periphery of the sample, man-
ufacturability and expansion of the types of materials produced.

Thus, in work [39] it is proposed to carry out a cyclic change in the
specific pressure by 10-20% of the current value with a frequency of
0.1-1.5 of the set rotation speed of the striker during HPT. In addition,
the task is achieved by changing the direction of rotation of the striker
with a step of 0.1-1.5 turns during deformation.

The technical result is achieved by the fact that the load cycling
during HPT leads to a change in the material vacancies’ concentration,
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which affects the dislocation crawling rate and on the mechanisms of
deformation and ultrafine-grained structure formation, ensuring its
uniformity. The load cycling at HPT is similar to the sample rotation
during ECAP, which leads to a change of sliding systems during process-
ing and thereby provides a more uniform microstructure of the mate-
rial and an increase in physical and mechanical properties, such as ten-
sile strength and microhardness. It was established that SPD by HPT
method affects the material structure, increases the density of crystal
lattice defects; the material processed by HPT is deformed inhomogene-
ously along the radius, as a result the grains removed from the centre
are deformed more, which leads to their fragmentation. As a result, the
material structure becomes fine-grained and it affects the mechanical
and functional properties of the material, such as strength, ductility,
electrical conductivity, etc. Using HPT method, many researchers in
many materials managed to obtain a structure with the smallest grain
size (up to 20 nm), study its features and evaluate a number of their
mechanical and physical properties.

Hydrostatic extrusion (HE) is successfully used to induce severe
plastic deformations in bulk metals and to produce UFG and nanostruc-
tures [40]. Hydrostatic extrusion carried out at ambient temperature
makes it possible to grind the structure more strongly than conven-
tional plastic deformation methods (for example, rolling, extrusion,
drawing, forging, ECAP, etc.). In normal deformation processes, the
deformation per pass cannot be large, since deformation hardening can
lead to cracking of the material.

During hydrostatic extrusion, due to ultra-high all-round pressure,
the structure microdefects of the extruded material close and its plas-
ticity increases sharply. Due to this, it becomes possible to obtain pro-
files of complex shape from fine plastic and brittle materials that could
not be processed by extrusion with a rigid punch. In addition, due to
deformation under conditions of high all-round pressure, the structure
of processed metals and alloys improves.

Based on the analysis of the methods described above for obtaining
an ultrafine-grained structure, high-pressure torsion is the most suita-
ble method for piston rings processing and improving their operational
properties.

1.2. Materials for the Piston Rings Manufacture

The materials for the piston rings manufacture have to be selected tak-
ing into account the antifriction properties and the conditions under
which the piston rings should work. High elasticity and corrosion resist-
ance are important as well as high resistance to damage under extreme
operating conditions.
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Most piston rings are made of a cast iron as a common material in
the automotive industry. The structure of this material allows the rings
to hold the engine oil, thereby reducing the wear of the power plant.
The most popular type of cast iron in the piston rings production is
ductile iron. This type of cast iron has many positive qualities, the most
important of which is the ability to deform elastically. This quality fa-
cilitates the process of installing rings in the grooves of pistons [2].

In addition to the material described above, there is another one,
which was created in order to increase the rings service life, as well as
to ensure their accelerated running-in. The basis of such material is cast
iron, and the outer surface consists of a molybdenum coating. Unlike
chromium, molybdenum has anti-wear properties and has greater re-
sistance to mechanical influences. To date, most modern engines are
assembled with molybdenum piston rings, as they are more reliable,
durable than steel and cast iron, and are easily adjusted to the power
plant nodes.

The next type of material from which piston rings are made is stain-
less steel. This material is an improved type of chrome-plated cast iron.
Stainless steel is a material that contains a certain amount of chromi-
um. Such rings almost do not differ in properties from chrome ones.
Unlike rings made of cast iron, steel elements are better able to with-
stand high temperature, as well as its sharp drop. To increase wear re-
sistance, the surface of such steels is subjected to hardening. This is
usually done by nitriding. In addition, coatings that improve rheologi-
cal properties are applied to the piston rings surface. At the same time,
priority is given to increasing wear resistance, as well as ensuring com-
paction in extreme conditions.

However, the nitriding process takes a very long time, and when
applying the coating, the layers deposited on the working surfaces often
peel off. The reason for this is mainly errors in the piston rings instal-
lation (too much stretching when installed on the piston or rings defor-
mation). In addition, in the structure of hardened stainless steel, there
is a certain amount of fairly soft residual austenite, which is due to its
chemical composition and heat treatment mode. As a result, hardness,
strength, thermal conductivity and magnetic properties decrease, the
steel viscosity increases, the dimensions change, and the surface quality
of the product deteriorates. Tempering of hardened steel in order to
eliminate or reduce the amount of residual austenite is ineffective in
most cases, since the necessary degree of decomposition of residual
austenite and its replacement with martensite is not achieved. To im-
prove the structure of hardened steel, reduce the amount of austenite in
its composition, improve the quality and strength of products, it is most
rational to use the cryogenic method of metal processing (processing
and exposure to cold, deep cooling).
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Recent years, the demand for austenitic stainless steel has increased
significantly. This material is often chosen because of its high corrosion
resistance and good formability. However, most austenitic steels suffer
from low yield strength, which limits their technological application.
The task is to strengthen these materials without compromising their
useful properties.

1.3. The Cryogenic Cooling Effect during the SPD

In recent years, there has been an increased interest in using the defor-
mation possibilities at the liquid nitrogen temperature or near [41-47].
Such processing is not accompanied by dynamic return or recrystalliza-
tion, which makes it possible to grind the grain structure more effi-
ciently. Cryogenic treatment provides improved mechanical properties,
increased wear resistance and hardness. The surfaces quality subjected
to polishing or finishing is improved (the presence of soft and viscous
austenitic areas in the structure of the surface layer prevents the crea-
tion of a homogeneous mirror surface), which is necessary for piston
rings.

Cryogenic cooling is also used in the production of nanostructured
metals, using various types of severe plastic deformation. Deep defor-
mation of metals (up to 80-90%) is combined with heat treatment at the
liquid nitrogen temperature.

As described above, the SPD methods, in contrast to traditional
methods of metal forming, aimed primarily at shaping, are used to sig-
nificantly change the structure, phase composition, physical and me-
chanical properties. As a result, the length of grain and subgrain bound-
aries increases by orders, the static and dynamic dilation of the atoms
of the crystal lattice changes markedly. Due to this, the strength char-
acteristics of metals increase many times while maintaining sufficiently
high plastic properties [48—53].

The high hydrostatic pressure associated with hydrostatic extru-
sion, which increases the metal ductility, plays a very useful role in
cryoprocessing, in which solids become more brittle compared to those
that undergo deformation at ambient temperature. On the other hand,
the triaxial compressive stress state induced by hydrostatic extrusion
preserves the material adhesion even with much larger contractions per
pass. It is expected that the high hydrostatic pressure applied during
deformation will prevent the unfavourable increase in brittleness char-
acteristic of metals at low temperatures. Therefore, the authors [40]
propose a hydrostatic extrusion conducted at cryogenic temperature,
which gives a more favourable compromise between the strength and
ductility. This was achieved due to the increased dislocations mobility
and their increased density.
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As described above, a good combination of strength and plasticity is
obtained using ECAP. Such high strength and hardness is obtained by
reducing the grain size to an ultrafine-grained state, deformation hard-
ening also occurs due to dislocation hardening and an increase in the
proportion of high-angle grain boundaries. At ambient temperature,
deformed workpieces demonstrate increased mechanical strength due to
an increase in the pass number along with very small-elongated grains
reaching nanoscale. Cryogenic deformation by ECAP method was car-
ried out for pure titanium, a decrease in the temperature of ECAP and
an increase in the pass number led to the microstructure change with a
smaller average grain size. Deformation of copper up to 16 passes and
aging at 700 °C slightly increase the hardness and yield strength of the
deformable material, but aging at 100 °C relatively improves these prop-
erties due to residual hardening, although it does not affect plasticity.
Samples after ECAP can be processed by cold rolling or cryorolling.
Cryoprocessing at low temperature strengthens the material by redu-
cing the grain size and increasing the dislocation density, which leads
to immobilization or difficulty in the dislocations movement [54, 55].

In addition, due to the dislocation short movement free path, the
UFG microstructure has a weak interaction with dislocations, which
leads to low hardening, plastic instability and early neck formation dur-
ing stretching, leading to limited plastic deformation [56].

High strength with high ductility can be realized in metals and al-
loys using bimodal grain size distribution, where large grains provide
ductility and small grains carry the main load to provide most of the
strength. In Ref. [57], a bimodal grain size distribution with high
strength and ductility in Cu was reported using ECAP followed by cryo-
processing and instant annealing for a short time. Annealing for a short
time after deformation causes abnormal grain growth in a limited
number of grains.

One of the HPT disadvantages is the extreme grain grinding, espe-
cially in pure metals, in the range of 300-500 nm. The limitation of
grain grinding with an increase in the deformation degree by tradi-
tional SPD methods is explained by the release of heat during deforma-
tion, which does not have time to be removed. As a result, the sample
temperature increases noticeably. The formation of a recrystallized
structure in the alloy indicates that the sample is heated to dynamic
recrystallization temperatures during the HPT process.

The work [58] describes a method for obtaining products from mag-
netically soft amorphous alloys by HPT with cryogenic deformation
temperature. This approach makes it possible to improve the magnetic
(hysteresis) characteristics of amorphous soft magnetic alloys by grin-
ding the structural units of the material to 100 nm or less. Here, for
ultra-high grinding, the authors ensured the lowest possible tempera-
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tures, despite the fact that deformation of such materials without de-
struction, especially at low temperatures, is possible only under high
hydrostatic pressure.

Another advantage of obtaining an ultrafine grain microstructure
by cryoprocessing over methods of severe plastic deformation is due to
the difference in the process of grain fragmentation and the nature of
grain boundaries. In cryorolling, grain fragmentation is facilitated by
suppressing dynamic recovery at cryogenic temperature, and the simul-
taneous occurrence of dynamic recovery and recrystallization promotes
grain grinding by SPD methods [59].

In particular, it was shown in [60, 61] that the microstructure of
the initial coarse-grained copper and aluminium after cryogenic defor-
mation is characterized by significantly smaller grain sizes than after
conventional cold deformation. In this regard, it is of interest to use
intensive cooling in liquid nitrogen during deformation, which will al-
low obtaining a close to optimal combination of strength and ductility
of the material.

Therefore, it is proposed to manufacture rings from stainless steel
blanks with high mechanical strength, due to optimal thermomechanical
deformation hardening during the high-pressure torsion and cryogenic
cooling. Stainless steel is corrosion-resistant and when creating certain
structural and mechanical states with the help of the proposed thermo-
mechanical treatment and increasing its operational properties, the
service life of piston rings will increase.

2. Materials and Methods

2.1. Simulation of Process

At the previous stage of work [62, 63], a new design tool was developed
to implement the high-pressure torsion process of annular workpieces.
It was found that, for successful implementation, it is necessary to en-
sure the torsion of the deforming tool with the constant rectilinear
movement of the upper striker of the press. The solution of this techni-
cal problem can be implemented in practice only in the presence of a
composite deforming tool that includes both displacement and rotation
blocks. In this system, periodic spiral grooves of the same shapes and
sizes are created on two contacting surfaces. With mutual movement
towards each other and rotation of at least one body around its axis, the
contours of the spiral cut-outs begin to mate up to full contact. In our
case, the rotational motion will be communicated to the idle element due
to sliding friction between two spiral surfaces (Fig. 1).

Figure 1, a shows a three-dimensional model of the upper striker,
which is obtained the forward movement from the press. The 4 periodic
recesses of spiral shape have been created on the lower face. At the same
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a b

Fig. 1. Tool design: upper striker model (a) and lower striker
model (b) [63]

time, a cylindrical hole is provided in the centre of the striker for the
rod of the deforming element and ensuring the alignment of both strik-
ers. Figure 1, b shows a three-dimensional model of the lower striker,
which is informed by the torque from the translational motion of the
upper striker. Due to sliding friction between two spiral surfaces, this
element is forced to rotate around its axis until the vertical sections of
the spiral channels close.

In order to assess the possibility of a process stable flow, a simula-
tion by the finite element method in the Deform program was carried
out. The initial blank had an annular shape with a diameter of 76 mm,
a width of 3.5 mm and a thickness of 3 mm. AISI-316 austenitic stain-
less steel as the material of the workpiece was chosen. The deformation
at ambient and cryogenic temperatures was carried out. A non-isother-
mal type of calculation was established. An absolute tetrahedral grid on
the blank was built. The minimum size of the element was set to 0.3
mm, the maximum size of the element was set to 0.6 mm, and the pa-
rameters of the grid remeshing were set by default.

The movement speed of the upper striker was of 1.5 mm/s. To carry
out shear deformation in this process, a high degree of adhesion of the
workpiece with the tool is necessary. Therefore, at the contact of the
workpiece with the lower striker and the deforming element, the value
of the friction coefficient was set to 0.45. No velocity values were re-
ported to the deforming element. Instead, the following boundary condi-
tion was set on the axis of the cylindrical rod: free movement in the ver-
tical direction; axis movement in the other two directions was disabled.
This fixation corresponds to the fact that the rod falls into the cylindri-
cal hollow of the upper striker and can freely move and rotate in it.

In addition, rotation around this axis was allowed for all the spiral
surfaces of the deforming element. At the same time, the value of the
rotation angular velocity was also not set, instead, an extremely small
torque value of 10°® N-mm was set with a sign opposite to the rotation
intended direction. This method is universal when it is required to set
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an indirect rotation from the action of friction forces. At the contact of
two spiral surfaces, a small friction coefficient value equal to 0.1 was
established, which in real conditions is provided by a low level of rough-
ness of both surfaces and the use of lubrication.

The simplest way to assess the real possibility of implementing any
process is to consider the resulting deformation force, since this param-
eter determines the real deformation capabilities of the mechanical
equipment used. The resulting deformation force on the first two cycles
was considered. About 464 kN was obtained in the first cycle, and circa
1200 kN was obtained in the second cycle. These values are quite ade-
quate, given the complex loading scheme and the sufficiently durable
source material.

At the next stage, it was decided to vary the main technological
parameters of the process in order to determine the most optimal condi-
tions for the high-pressure torsion process implementation. When choos-
ing variable parameters during simulation, it is advisable to use those
parameters that are easy enough to change in real conditions. The fol-
lowing parameters were selected: workpiece heating temperature (easily
changed by heating in a furnace or cooling in liquid nitrogen), vertical
speed of upper striker (easily changed by press control panel) and fric-
tion coefficient at the contact of the workpiece with the tool (easily
changed by using technological lubrication).

After determining the list of variable parameters, it is necessary to
select their values for variation. For the workpiece temperature, it is
advisable to choose the same values in both directions from the set am-
bient temperature in order to assess the effect of heating or cooling.
When cooled in liquid nitrogen, the metal cools to a temperature of
-196 °C. Therefore, the values of —196 °C and +196 °C were chosen.

To simulate the material mechanical properties at cryogenic condi-
tions, it is necessary to include the appropriate information in the
Deform program. All the necessary parameters were determined accord-
ing to the data given in work [64], where data for temperature —200 °C
were described. As a result, a new hardening curve for the Deform pro-
gram at a temperature of —200 °C was obtained.

The upper striker vertical speed was set quite small by default
(1.5 mm/s); so, a higher value of 15 mm/s was chosen [18]. It will be
irrational to use the lower values of the upper striker speed, since, in
this case, the process duration will be excessively long, which will lead
to annihilation of the workpiece temperature effect, regardless of the
temperature value (positive or negative), with prolonged contact of the
workpiece with the tool, the workpiece temperature will align with the
tool temperature.

The friction coefficient at the contact of the workpiece with the tool
was set high enough by default (0.45) to ensure an adhesion high level
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of the workpiece with the tool. Increasing this value will be quite prob-
lematic, since the tool will have to be machined. At the same time, it is
quite easy to reduce the value of the friction coefficient by using tech-
nological lubrication. The value of the friction coefficient of 0.15 was
used. This value is the recommended for cold deformation processes
with prolonged contact of the workpiece and the tool.

2.2, Laboratory Experiment

The experimental HPT equipment was made of 5KHV2S steel on a CNC
turning and milling machine. The structural components after manufac-
ture were subjected to special heat treatment to increase the strength
properties. After manufacturing all the structural elements, it was as-
sembled. Thus, the lower holder was installed on the base of the hydrau-
lic press plate and secured with tie bolts through the retaining corners
(Fig. 2). A lower striker is installed in the lower holder, with a chamber
for ring deformation; the upper striker is installed on top of the sample.
The experiment itself was carried out in the laboratory on a single-
column hot-stamping crank press of PB 6330-02 model. The number of
deformation cycles was 8. The deformation temperature was —196 °C.
To obtain a single-phase y-structure, a standard heat treatment was
applied, which includes heating to a temperature of 1100 °C, holding for
30 minutes and cooling in water. As a result of such heat treatment, a
y-solid solution with a homogeneous distribution of alloying elements is
fixed in chromium—nickel corrosion-resistant steels, in which there are
no carbide secretions, which provides the best corrosion properties. The
resulting structure and properties were taken as the original ones.
Metallographic analysis in transverse and longitudinal sections
was carried out using an electron transmission microscope JEM 2100.

a] o]

Fig. 2. Assembly of the structure: the upper holder with the
upper striker installed in it (a) and the lower holder with the
matrix installed (b)
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All the samples were tested in the middle plane to avoid the influence
of peripheral areas. The samples preparation for metallographic ana-
lysis was carried out at the Struers electrolytic sample preparation
facility.

Mechanical tests for uniaxial tension were carried out at ambient tem-
perature on an Instron 5882 machine with a strain rate of 1.0 mm/min.
The deformation of the sample was measured by an Instron strain gauge.
Tensile tests were carried out on flat samples cut out of the ring (the
dimensions of the working part are 3.0x3.0x6.0 mm) in accordance
with the recommendations of GOST (state standard) 1497-84. According
to the results of tensile tests of mechanical properties, the characteris-
tics of strength and plasticity were determined: yield strength, tensile
strength, and maximum elongation to failure. Microhardness according
to the Vickers method was determined using an automatic microhard-
ness meter DM-8 (Affri).

3. Results and Discussion
3.1. Simulation Results

The variation of the main technological parameters in order to deter-
mine the most optimal conditions for the high-pressure torsion imple-
mentation showed that in all the models at both deformation stages
sufficiently adequate force values arise. At the same time, as noted, an
increase in the workpiece temperature significantly reduces the defor-
mation force, which is a consequence of a decrease in the deformation
resistance level. A decrease in the friction coefficient also significantly
reduces the deformation force, which is a consequence of a decrease in
the adhesive level at the workpiece-tool contact. The change in the punch
speed has a negligible effect on the amount of force. In particular, with
an increase in the strain rate, the deformation heating level of the
metal increases. As a result, due to a more intense increase in tempera-
ture, the deformation force is reduced. The only model, in which an
increase in the magnitude of the force was recorded, is a model with a
reduced temperature of the workpiece to —196 °C. Here, at the first
stage, the deformation force increased by 48%, and at the second stage,
it increased by 33% . The decrease in the level of force growth is associ-
ated with the gradual deformation heating of the cooled metal.
However, despite the fact that quite adequate force values were ob-
tained in all the models, not all of the considered process conditions are
optimal. In particular, a model with a reduced friction coefficient to
0.15 can be considered as unsuccessful, since, at this value of the fric-
tion coefficient, the slip of the workpiece was recorded. A model with
an increased workpiece temperature up to 196 °C cannot also be called
optimal, since, in this case, preheating and subsequent deformation un-
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Fig. 4. Mises strain [66]

der high pressure cause a significant level of heating of the metal up to
670 °C (unlike the basic model, where heating reaches 360 °C).

The model with an increased punch speed of 15 mm/s practically
does not differ from the basic one in its resulting characteristics. The
difference is a slight increase in the heating level, which leads to a
slight decrease in effort. However, for the practical implementation of
these conditions, new pressing equipment operating at increased speeds
may be needed. Therefore, it was decided not to consider this model in
the future. As a result, a model was chosen to study the stress—strain
state at —196 °C (cryogenic cooling).

Figures 3 and 4 show the results of modelling the strain state after
the second deformation cycle. The following components were selected
as parameters for assessing the processing level: equivalent strain (for
analysing the overall processing level) and Mises strain (for assessing
the level of shear strain). Additional diametrical incisions were also
made to evaluate all the parameters in the cross-section of the annular
workpiece. It is established that, at the general level of equivalent strain
€ = 4, the value of Mises shear strain is approximately ¢, = 0.5—0.6.

It is also necessary to note the differences in the distribution of
these parameters. The equivalent strain accumulates mainly on the in-
ner vertical surface of the ring, as well as on the upper face (i.e., on the
immediate areas of contact with the moving tool). At the same time,
despite the presence of contact of the workpiece with the glass, the de-
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Fig. 6. Average hydrostatic pressure [66]

velopment of equivalent strain on the corresponding faces is signifi-
cantly lower due to the lack of torque in these zones. When analysing
Mises strain, the proportion of compressive strain is not considered.
Therefore, the level of shear strain development depends more on tor-
sion than on compression. As a result, a characteristic diagonal develop-
ment of this parameter is observed in the cross-section of the ring, with
maximum values in the areas of contact with the moving tool.

Figures 5 and 6 show the results of modelling the stress state after
the second deformation cycle. The following components were selected
as the evaluation parameters: equivalent stress (to analyse the overall
level of developed stresses) and average hydrostatic pressure (to assess
the level of tensile and compressive stresses). The level of equivalent
stresses shows the average value of the resulting stresses of all the load-
ing schemes, whether it is stretching, compression, torsion, or shear.
Considering the section of the workpiece in Fig. 5, it can be noted that
the growth of equivalent stresses occurs mainly in the high-altitude
(vertical) direction. This suggests that the main part of the strain the
workpiece receives from the action of a vertically directed force than
from the torque. This fact is also confirmed by the distribution of the
parameters of the deformed state, where the proportion of shear strain
is about 15%, the remaining proportion of deformations develops from
compression. Considering the distribution of equivalent stresses across
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the cross-section, it was found that, in the areas of contact with a mov-
ing tool (the upper half of the cross-section), the stress values reach
750-770 MPa. In the areas of contact with a stationary glass (the lower
half of the section), the stress values reach 810-830 MPa.

The average hydrostatic pressure, in contrast to equivalent stresses,
shows the value of the stresses that occur, taking into account the sign,
whether it is tension or compression. Therefore, this parameter is the
most optimal for studying this loading scheme. Considering the distri-
bution of this parameter in Fig. 6, it can be noted that high compressive
stresses occur in the entire cross-section of the workpiece, reaching val-
ues of —4500 MPa. At the same time, the level of compressive stresses
decreases in the surface layers of all the four faces. In areas of contact
with a moving tool, thin zones (less than 0.1 mm thick) of tensile stress-
es of about 80—100 MPa occur on the surface of the workpiece due to
simultaneous compression and torsion.

It was also decided to analyse the stresses arising on the stamp com-
ponents directly in contact with the workpiece (deforming element and
lower striker). These components experience maximum stress during
deformation; therefore, at the design stage of experimental tooling, it
is necessary to know the stress level experienced by these parts and
their dislocations.

Figure 7 shows the results of the stress distribution on these instru-
ments, for the possibility of analysing the stress distribution over the
cross-section, diametrical sections are shown. The greatest stress values
in both parts occur in the areas of contact with the workpiece; here, the
stress values reach 2700—2800 MPa. At the same time, the stress distri-
bution pattern suggests that in both parts, the most dangerous zones in
terms of possible wear and cracks are the zones of the steps. As a result,
at the stage of tooling creation, it is necessary to provide measures to
increase the strength characteristics in these areas.

The simulation showed good results; the next step is a laboratory
experiment.
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3.2, Experiment Results

The microstructure analysis presented in Fig. 8, a showed that the
microstructure before deformation is coarse-grained, with an average
grain size of 30 microns. The structure of AISI-316 metastable auste-
nitic steel contains ~100% austenite, polyhedral grains with thin bound-
aries and annealing doubles. After the 1%t pass, the deformation twins
begin to appear in a small amount in austenite. After two passes, there
is an increase in the number of dislocations near the grain boundaries
and the process of martensitic transformation y—>o begins. Three defor-
mation passes leads to an increase in the austenite structure of a large
number of clusters of dislocations adjacent to the deformation twins,
which suggest the emergence of a mixed deformation mechanism, in-
cluding deformation twinning and sliding dislocations at HPT. After
the five passes, the grain size decreases to 0.3 microns, shear bands ap-
pear in austenite, and the boundaries of the twins become less clearly
defined. Eight cycles of deformation at ambient temperature lead to the
formation of an equiaxial homogeneous microstructure of 30-40 nm in
size (Fig. 8, b) with a predominant martensite structure. The formation
of the nanostructured state occurs due to the action of two mechanisms.
The first mechanism is associated with the fragmentation of the initial
grains due to the formation of shear deformation bands and twins of
deformation origin, and the second mechanism is associated with the
development of the phase transformation y—a by the shear mechanism
of the formation of deformation martensite. The results of the reduc-
tion processes are observed in the structure, since the grains are equi-
axed with clearly visible boundaries.

In addition to the microstructure study, the mechanical properties
of rings under tension were investigated. As mechanical tensile tests
have shown, the nanocrystalline structure of AISI-316 steel obtained in
the HPT process has a high complex of mechanical properties. Thus, the
tensile strength increased from 595 to 1965 MPa, the yield strength
from 320 to 1280 MPa. The plasticity value decreases from 55% to
24% as compared to the initial state, but remains at a sufficient level
for use.

The results of the microhardness determination correlate with the
data of mechanical tests and indicate that HPT in the new die makes it
possible to obtain a sufficiently uniform hardness over the entire cross-
section of the ring. After eight passes of HPT, the microhardness in-
creases by about three times as compared to the initial state from
1080 MPa to 3160 MPa. At the same time, the main increase in hard-
ness (60%) occurs on the first four passes.

The mechanisms of microstructure evolution during deformation to
various deformation degrees are clearly reflected in the distribution of
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Fig. 8. Microstructure of AISI-316 steel: initial state (a) and after eight passes of
the HPT at —196 °C (b) [60]
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Fig. 9. Histograms of the misorientation angles after initial state (a) and after eight
passes of the HPT at —-196 °C (b)

grain boundaries at the disorientation angles (Fig. 9). This distribution
before deformation is characterized by three distinctive peaks that cor-
respond to angles less than 10°, angles about 45° and angles about 60°.
The first peak is associated with the formation of small-angle subbound-
aries during plastic deformation. The second peak corresponding to the
boundaries with a misorientation of ~45° is associated with the course
of the martensitic transformation by a shear mechanism. The third peak
characterizes the development of deformation twinning processes [65].
The analysis of Fig. 9 showed that the misorientation of deforma-
tion subboundaries increases during deformation, i.e., the proportion of
small-angle subboundaries decreases with an increase of deformation
degree. Deformation twinning, characteristic of small deformation de-
grees, when using cryogenic cooling, does not fade even on the 8 defor-
mation cycle, as evidenced by the presence of a peak with a misorienta-
tion angle of ~60° (Fig. 9, b). The share of small-angle boundaries is of
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10% . The total share of large-angle boundaries is 90% , which suggests
the formation of a nanocrystalline structure with a predominance of
large-angle boundaries.

Cryogenic deformation is accompanied by martensitic transforma-
tion. The place of martensitic phases’ origin was the intersection of
shear microstrips, which are the preferred places of deformation mar-
tensite origin; their appearance contributes to the proportion growth of
martensite at intermediate deformation degrees. Martensitic transfor-
mation, which took place in the most deformed areas of austenite, pre-
vented the boundaries evolution of deformation origin in this phase and
slowed down the fragmentation development. Mechanical twinning was
the main mechanism for the formation of large-angle boundaries in the
austenitic phase. The formation of a strongly deformed microstructure
after eight deformation cycles by HPT method contributed to the course
of the y—>a shear phase transformation. Thus, using cryogenic cooling
after eight deformation cycles, 93% of martensite was obtained in the
structure. Such a large amount of martensite arose due to a strong dif-
ference in free energies, which led to a sharp decrease in grain size
compared to stable growth. In addition, the dynamic recovery at HPT is
significantly suppressed due to the sudden drop in atomic diffusion at
cryogenic temperature during deformation. Due to the stimulating ef-
fect of these defects on nucleation during the phase transition, a large
amount of deformation martensite begins to appear already at the 2
deformation pass.

4. Conclusions

Deform FEM-software was used to simulate the high-pressure torsion
process in a new design die for annular workpieces deformation. A spe-
cial feature of the stamp design is to ensure the torsion of the deform-
ing tool with the constant rectilinear movement of the press punch due
to the composite deforming tool, which includes both displacement and
rotation blocks. The results of the stress—strain state study indicate
that the overwhelming proportion of deformation is compression and
shear, with a distribution of approximately 85% and 15%, respectively.
Compression stresses reach 4.5 GPa.

The results of the laboratory study showed that, in the process of
severe plastic deformation by HPT method with cryogenic cooling, the
structure of the samples is significantly crushed to nanostructured.
Thus, the deformation of AISI-316 steel with an average grain size of
30 microns leads to the formation of an equiaxed homogeneous micro-
structure of 30—40 nm in size, consisting of 90% a-martensite with a
predominance of large-angle boundaries. The formation of a nanostruc-
tured state during high-pressure torsion in a new die at cryogenic tem-
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perature occurs due to the action of two mechanisms. The first mecha-
nism is associated with the fragmentation of the initial grains due to
the formation of shear deformation bands and twins of deformation
origin. The second mechanism is associated with the development of the
phase transformation y—a by the shear mechanism of the formation of
deformation martensite. The tensile strength increased from 595 to
1965 MPa, the yield strength increased from 320 to 1280 MPa. The
plasticity value decreases from 55% to 24% compared to the initial
state, but remains at a sufficient level for use. The results of the micro-
hardness determination correlate with the data of mechanical tests; so,
after the eight passes, the microhardness increases by about 3 times
from 1080 to 3160 MPa.
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A.B. Bonoximin!, 1.€. Bonoximina?, €. A. Ilanin!
! KaparagquHCLKUH iHgycTpiaabHuil yHiBEpCUTET,

upoct. Pecoy6uiku, 30, 101400 Temupray, Kasaxcran
2 PyaHeHCLKUI ingycTpiaabEuil iHCTUTYT,

Bya. 50 pokiB sKosTusa, 38, 111500 Pyauuii, Kasaxcran

TEPMOMEXAHIYHE OBPOBJIEHHS
TIOPIITHEBUX KIJIEITH I3 HEIPAKABIVHOI KPUIII

HocaimKyerbea BILIMB TEPMOMEXaHiYHOTO OOpPOOJeHHS, — iHTEHCUBHOI ILJIACTUYHOI
medopMarrii METOJOM KPYUYEeHHS ITIiJ] BUCOKUM TUCKOM i KDiOT€HHOTO OXOJIOAKEHHA, —
Ha 3MiHY MiKPOCTPYKTYPH Ta MEXaHIiUHWX BJIACTHUBOCTEN IIOPIITHEBUX Kijemb 3 Heip-
sxaBifiaol kpurni AISI-316. [JedopmMyBaHHA KiIbIleBUX 3aUOTOBOK 3AiMCHIOETHCA B iH-
CTPYMEHTi HOBOI KOHCTPYKIIii, KJIIOUOBOIO OCOOGJIMBICTIO AKOTO € cuUCTeMa IOABiAHOI
cripaJsi. ¥ mepiriii yacTHWHI eKCIIepUMEHTY IIPOBOAUTHCA OIliHIOBAJIbHE MOIEJTIOBAaHHS
mpoIlecy KPy4YeHHd IMiJi BUCOKMM THUCKOM Y HOBi#l KOHCTPyKIii maTpuii. s omiHio-
BaHHA MOJKJIMBOCTH IIepebiry mporecy BUKOHYETbCA BapiloBaHHS OCHOBHUX TEXHOJO-
riyHMX mapaMeTpiB Hpolecy 3aAjisd BU3HAUEHHSA HAMOIJBII ONTUMAJIbHUX yMOB. Bu-
OUparThCA TaKi mapaMeTpu AK TeMIepaTypa HarpiBaHHA 3arOTOBKU, BEPTUKAIbLHA
IIBUJKICTE PYXy BEPXHBOrO 0oiika Ta KoedillieHT TepTs Ha KOHTAKTi 3arOTOBKU 3
iHcTpymeHTOM. TaKOK BUBYAETHCA HAIPYKEHO-Te(OPMOBAHMU CTaH KiJIbIleBOl 3aro-
TiBKU ming yac nedopmyBaHHA. Ha apyromy erami mociigskeHHA IPOBOAUTHCS Jiabopa-
TOPHUI €KCIEPUMEHT 3 1ed)OPMYBAaHHSA KiJIbIIeBUX 3aTOTOBOK. BMBUa€THCA €BOJIIOIISA
MiKPOCTPYKTYPH Ta ME€XaHiuHi BJIaCTUBOCTi e(OPMOBAHNX 3aTOTOBOK IIiCJIA 8 IMKJIiB
neopMyBaHHA METOJOM KPYUYEeHHS IIiJl BUCOKMM THCKOM 3a KPiOT€HHOI TeMIiepaTypu.
Bcei meranmorpadgiuni mociaigikeHHA BUKOHYIOTHCA i3 3aIyYeHHAM Cy4YaCHUX METOXiB
IIPOCBIT/IIOBAJILHOI €JIEKTPOHHOI MiKPOCKOIII ¥ aHANidy KapTuH AUdpPaKilii 3BOpOTHEO
BiOuTUX eneKTpoHiB. B pesysbraTi medopMyBaHHS OHEpP:KYETHCS HAHOKPHUCTAJIIUHA
cTpyKTypa posmipom y 30—40 MKM 3 HAABHICTIO BEJIUKOI KiJIBKOCTH BEJIUKOKYTOBUX
Me)K 1 BUCOKMM KOMILIEKCOM MeXaHiYHUX BJacTHBoOcTeli. Meyka MiITHOCTH IIigBUIIY-
erscs Bim 595 MIla go 1965 MIla, a memxa maumaHOCTH — Big 320 mo 1280 MIla.
3HaueHHS IJIACTUYHOCTU MOHMMKYETHLCSA MOPIBHAHO 3 BUXigHUM craHoM Bim 55% mo
24% , MpoTe 3AJUIIAETHCSI HA NOCTATHHROMY IJIS BUKOPUCTAHDL PiBHI.

Kiarouosi cioBa: iHTeHCHUBHA IacTuyHa AedopmMallis, IOPIIHEBl KiJbisa, Heipkasiii-
Ha KPUIlA, MiKPOCTPYKTypa, MeXaHiuHi BJIaCTUBOCTi, KPiOT€HHE OXOJIOMKEeHH.
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