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INTRODUCTION

The rapidly growing long-term demand for energy and the increasing importance
of environmental problems postulate the leading role of nuclear and future
thermonuclear energy among other sources to meet the future energy needs of
mankind (Zinkle & Busby, 2009).

Alternative energy sources (wind and solar) despite the conditional
inexhaustibility and eco-concept, have a number of common problems with low
efficiency, high cost and low return on investment, the requirements of the
climate and the area, at that time, as the energy consumption steadily increases
and requires a more effective solutions.

Nuclear power does not have the above disadvantages, but it is associated with
great environmental risks. In many ways, the problem of accidents, leaks, and
increasing the service life of elements of nuclear power plants is solved through
the use of improved materials (Mansur et al., 2004, Zinkle & Was, 2013, Murty
& Charitl, 2008, Yvon & Carr, 2009). Similarly, the high properties of materials
will be critical to the future success of advanced thermonuclear reactors, which
will expose the metal structure of their design to unprecedented high-energy
neutron fluxes along with intense thermomechanical stresses (Kalinin et al.,
2000, Bloom, 1998).

Thus, based on the operating conditions of nuclear power plant structures, the
requirements for materials can be the following: high corrosion resistance; high
temperature resistance; creep resistance; fracture toughness; stability of the
structure and properties under irradiation. This makes it relevant to search for
materials capable of withstanding long-term (including dynamic) loads in
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conditions of high temperatures, aggressive environment and gradual structural
degradation under the influence of radiation. The last factor is key, since
materials with other requirements are successfully used in other industries not
related to contact with radiation — for example, chemical technology, heat power,
metallurgy, engine parts.

Structural materials under the influence of irradiation experience structural
transformations that have a negative impact primarily on mechanical properties
and corrosion resistance. Corrosion-resistant steels and aluminum alloys exhibit
the greatest resistance to radiation (Ge et al., 2019). However, the corrosion
rate of aluminum — based alloys in the water environment under irradiation
increases by 2-3 times, which is significantly less than austenitic chromium-
nickel steels, which, nevertheless, in wet steam are also subject to inter-
crystalline corrosion and corrosion cracking. Therefore, the use of steel, and
primarily austenitic stainless steel, is the most reasonable.

One of the ways to improve both mechanical and operational properties and
radiation resistance of metal products is the use of metal materials with ultra-
fine-grained (UFG) structure for their manufacture. Such materials due to the
small grain size contain a large number of grain boundaries in the structure,
which affect their mechanical and physical properties. At the same time, grain
boundaries should be predominantly small-angle, and the grains themselves
should be equiaxed, with sizes less than 1 micron. Such structures provide a
combination of a high level of strength characteristics with high plasticity, which
fundamentally distinguishes such materials from conventional ones. Also,
numerous grain boundaries serve as runoff surfaces for radiation defects,
preserving the structure, which causes their increased radiation resistance
(Maksimkin et al., 2015).

From all methods of obtaining sub-ultra-fine-grained materials the most
promising is the severe plastic deformation, due to the possibility of obtaining
isotropic products of a larger volume, without internal discontinuities. Thus,
bringing the metal microstructure into an ultra-fine-grained state opens up great
prospects in the field of material engineering (Valiev et al., 2000, Koch et al.,
2007).

Most of the methods of obtaining UFG materials by severe plastic deformation
do not allow to provide a sufficient number of UFG materials with sufficient
dimensions for commercial products. For example, the most frequently used and
studied method as equal-channel angular pressing, has critical restrictions on
the length of the resulting workpiece, which greatly complicates its industrial
application (Koch et al., 2007).

To solve the problem of obtaining long-length blanks with UFG structure is
possible by using radial-shear rolling (RSP) (Sheremetyev et al., 2019, Dobatkin
et al., 2019). The difference between this method of rolling and conventional
screw rolling is that a solid round bar is rolled according to a three-roll scheme
with increased feed angles of the rolls, which contributes to the intensification of
shear deformation and non-monotonicity of the metal flow under the
predominance of the hydrostatic compression scheme (Valiev et al., 2000).
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Such conditions are favorable for the UFG structure formation, especially at low
deformation temperatures. Therefore, this deformation method has a great
potential for obtaining long metal products with UFG structure, because unlike
other methods, it is as simple, effective and technological as possible.

COMPUTER SIMULATION

The aim of this work was to study the process of radial-shear rolling of austenitic
stainless steel and to identify its impact on the microstructure evolution and
change in mechanical properties. At the first stage of these studies, computer
modelling was carried out in the Simufact Forming software package with the
Matilda material base, which allows modelling the microstructure evolution.

To create a model of radial-shear rolling, it was decided to use the parameters
of the existing SVP-08 mill installed at Rudny industrial institute. The initial billet
with a diameter of 30 mm and a length of 200 mm was rolled on the mill with a
compression of 3 mm. The billet material is stainless austenitic steel AISI-321
(0.08% C, 17-19% Cr; 9-11% Ni; 2% Mn; 0.8% Si; 0.5-0.7% Ti), since it is the
main structural material of nuclear power. In particular, it is used for the
manufacture of fuel rod tubes of the most advanced fast neutron reactors. Also,
this brand is used for the production of equipment operating in environments of
high temperature and aggressiveness (heat exchangers, pipes, parts of furnace
and reactor valves, spark plug electrodes). As for the selected grade of steel the
initial temperature of recrystallization or diffusion annealing is equal to 1020°C
(Ghazani & Eghbali, 2018), the heating temperature of the steel was equal to
1000°C (base model), as the maximum possible for elimination of the
recrystallization process, 900°C and 800°C, as low as possible for the
implementation of the rolling at mill SVP-08; the rolling speed was set to 50 rpm
as the nominal value at mill SVP-08. The coefficient of friction at the contact of
the workpiece and the rolls was taken to be 0.5, as the recommended value for
hot rolling. The resulting model is shown in Figure 1.

Fig. 1 Model of radial-shear rolling

In the study of any metal forming process, the main position before the
laboratory experiment is the study of the stress-strain state (SSS) (ASM
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International, 2002). This makes it possible to identify the distribution of stresses
and strains in the deformable workpiece, as well as to determine their critical
values, which will make it possible to check the working tool for strength.
Complex consideration of the stress-strain state in the radial-shear rolling
showed that in the implementation of this process in the workpiece there are
favorable conditions for intensive study of the initial structure of the metal — in
the entire cross section is dominated by compressive stresses, combined with a
sufficiently high level of shear deformation due to the twisting of the workpiece.
After the study of SSS was also investigated by computer simulation, and the
effect of radial-shear rolling on the microstructure evolution of steel AISI-321.
During deformation there are two kinds of recrystallisation (static and dynamic),
which have influence on initial grain size. Calculation of dynamic recrystallisation
is the part of model, which refers to the processes in the forming zone. It starts
when the effective log. strain € exceeds the critical strain ek. Main data in this
model is Zener-Hollomon parameter (Rajputa et al., 2016):

Zz(;-exp[R—QTj (1)

where:

& — strain rate, s;

Q — activation energy for forming, J/mol;

R — gas constant equal 8.3144 J/(mol - K);

T — forming temperature, K.

Critical strain for beginning of dynamic recrystallisation:
ek =[al - Do - Z233 + a4] - a5 (2)

where:

a1-a5 — model coefficients;

Do — initial gain size, um;

Z — Zener-Hollomon parameter.

Log. strain to 50 % of dyn. recrystallisation:

g50 = [c1 - DO -exp(c3 / T) - &% + c5 3)
where:
c1-c5 — model coefficients.
Dynamic recrystallised part:

Xpyn = 1 - exp[f1 - ((¢ - &)/ €50)%?) (4)
where:
f1, f2 — model coefficients.
Dynamic recrystallised grain size, ym:

Doyn = d1 - Z42 (5)
where:
d1, d2 — model coefficients.
Calculation of static recrystallisation is the part of model, when the workpiece
segment leave the forming zone.This is valid until the recrystallisation process
is interrupted to a new forming or a phase transition. It starts when the effective
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log. strain € exceeds the critical strain €k and it ends when the temperature is
below the lower application range boundary.
Mean log. strain after starting of dynamic recrystallisation:

e€m = p2-( & + €50 - {1 - exp[-(€ - €k)/ €50]}) (6)
where:
p2 — coefficent for model adaptation.

Time to 50% of static recrystallisation, s:
.85

4
too=g167 D -exp(S) & 7)

where:
g1-g5 — model coefficients.
Time for begin and end of static recrystallisation, s:
tos= b1 - ts0
(8)

tos= b2 - tso
where:
b1, b2 — model coefficients.
Temperature corrected pause time, s:

Oy
tP_kor = Z{dn exp[_(IOOORT):H (9)
where:

dti — length of time increment i, s;
Qst — activation energy for static recrystallisation, J/mol.
Static recrystallized part:
Xstat = 1 - exp[m2-(tp_kor/ts0)™'] (10)
where:
m1, m2 — model coefficients.
Static recrystallized grain size, ym:
Dstat = [s1 - €52 - Do®3 - Z%4] + s5 (11)
where:
s1-s5 — model coefficients.
Mean grain size at the end of recrystallisation:

D :X D +(1_XDyn)XStatDSmt +|:1_XDyn _(I_XDyn)XStat]DO (12)

Dyn"~ Dyn
In large forming pauses the process of grain growth starts directly after the end
of dynamic and static recrystallisation when (Xpyn + Xstat) > 95 % and (tp_kor - tos)
> 0 the new mean grain size mKG in um is calculated according to:

mKG"! - D! = w2 - (tp_kor - tos) - exp[-Q/(RT)] (13)
where:
w1, w2 — model coefficients.
The coefficients in equations (2-13) are individual for different materials and
deformation modes. All of them are considered in detail in works (Lenard et al.,
2005, Lenard, 2013), where a large number of values of these coefficients for
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different grades of steels and alloys are presented, depending on the types of
deformation and thermal treatments.

Analysis of the microstructure evolution showed that reducing the heating
temperature of the workpiece is a very effective method for intensifying the
process of grain grinding. Despite the fact that in all three models considered
the level of dynamic recrystallization remains constant (due to the constant level
of compression), the share of static recrystallization with a decrease in the
heating temperature is also reduced. This leads to a greater increase in the
degree of grinding of the initial grain in the metal, especially in the surface area,
as can be seen from the diagram, reflecting the average grain size for the three
temperatures (Figure 2).
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mn I @ Center

Heating
1000 900 800 1000 900 800 1000 300 800 1000 300 800 1000 900 800 1000 900 800 1000 900 800 temperature

Pass number
Flg 2 Dlstrlbutlon of the average grain size along the passages
with heating temperature varying, pm

Analysis of the diagrams in Figure 2 shows that with a decrease in the initial
temperature, the grinding of the initial grain size occurs more intensively in all
three zones, but the largest grinding of grain is observed in the surface zone,
where after 7 passes at a heating temperature of the workpiece 900°C, The
grain size of 5 ym was fixed, which is 1.4 times less than the value in the base
model, i.e. at a temperature of 1000°C. In the case of heating the workpiece to
800°C, the grain size of 2 ym was fixed in the surface zone, which is 3.5 times
less than the value in the base model. In the other two zones, there is also a
significant grain grinding at lower temperatures. Thus, with a decrease in heating
by 100°C, the average grain size after 7 passes decreases by 22% in the axial
zone, by 28% in the peripheral zone. When heating is reduced by 200°C, the
average grain size after 7 passes is reduced by 57% in the axial zone, by 80%
in the peripheral zone.

EXPERIMANTAL PART

Using the data of finite element simulation obtained earlier in works
(Nayzabekov et al., 2018, Lezhnev et al., 2018), it was decided to conduct a full-
scale experiment for the conditions defined as optimal. Thus, the plan of the
experiment included the rolling of rods with a 30 mm diameter on the radial-
shear rolling mill SVP-08 (Figure 3) to a 9 mm diameter in 7 passes with a
compression 3 mm in each pass, at a temperature of 800°C with a standard
speed of rolls rotation 50 rpm.
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Fig. 3 Radial-shear rolling mill SVP-08 and rolling process on it

To eliminate the influence of reheating, it was decided to roll all bars with one
heating the required number of passes, therefore, to study the evolution of the
microstructure and mechanical properties, 7 samples were used, one sample
for each final diameter. Two more samples were rolled to duplicate the results
in each pass. The fourth and last passages were chosen as duplicates.

Each initial sample was a rod with a diameter of 30 mm and a length of 200 mm.
The sample material was austenitic stainless steel AlSI-321 (0.08% C; 17-19%
Cr; 9-11% Ni; 2% Mn; 0.8% Si; 0.5-0.7% Ti). After achieving the desired
diameter, the intense cooling of the rod with water was produced. A similar
temperature regime for the production of stainless steel structure UFG was used
in work (Ge et al., 2019).

After rolling from each bar on a high-precision cutting machine Struers
AccuTom-5 along the bar were cut samples in the form of strips 30x3x0.3 mm
for mechanical testing, as well as prepared micro-plates for studying the
microstructure evolution. 3 strips from each point of the experiment (plus 3 strips
from the duplicate samples for passes 4 and 7) were taken for the tensile test.
Samples were also cut and prepared for mechanical testing and study of the
microstructure of the starting material.

Mechanical properties were determined by tensile testing of flat specimens on
the Instron-1195 test machine. For testing were taken from the strips, the central
line of which is at a distance % of the rod diameter that will allow to obtain the
most objective results given the anticipated heterogeneity of the microstructure
in the cross section of the rod. The test results for each point were averaged
and presented as graphs in Figure 4.

It can be concluded from the graphs that the mechanical properties change
monotonically depending on the number of passes. At the same time, the tensile
strength increased almost 2 times to a value of 1073 MPa, and the elongation,
which is one of the indicators of material plasticity, is reduced by 2 times,
reaching 21%, against the initial 40%. The decrease of elongation in this case
is within the norm for materials that have undergone such processing and is
comparable with the known data, for example, when this material is deformed
by the ECAP method (Rybalchenko et al., 2016).
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Fig. 4 Mechanical properties of austenitic stainless steel AlSI-321
after radial-shear rolling by passes

Further, using the remaining halves of the rod a study of the microhardness was
performed. The measurements were carried out on hardness testing machine
HVS-1000B with a force of 9.87 N at shutter speeds of 15 seconds. For each
sample, 7 measurements were done at a distance of at least 2.5 imprint sizes
from the point of the previous measurement. The initial micro-hardness was 160
HV. After radial-shear rolling, the microhardness level increased to 288-321 HV
and generally increased by 2 times compared to the original. The results were
averaged over the passages and presented as a graph in Figure 5a.
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Fig. 5 Microhardness HV of austenitic stainless steel AlISI-321 after radial shear rolling
a — by passes; b — in the cross section of rod after the final pass
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Taking into account the predicted heterogeneity of the microstructure at large
deformations, it was decided to investigate the change in microhardness along
the bar cross section for the last 7th pass, since this sample will further serve
for the preparation of samples for irradiation. In order to build the microhardness
profile, measurements were carried out through each millimetre of the sample
section 3 times at each point of the graph. The results for each point were
averaged. The graph of change of microhardness on section is shown in Fig.
5b.

As expected, due to the structural heterogeneity over the cross section of the
rod is observed a gradual decline of the microhardness in the axial zone of the
rod by 10.2% (33 HV). Otherwise, the level of microhardness is high enough
throughout the cross section without sharp dips.

Then the microstructure was studied using a transmission electron microscope
(TEM). Samples were prepared by the electrolytic method in a solution (600 ml
Methanol, 360 ml Butylcellosolve, 60 ml Perchloric Acid) and examined on
transmission electron microscope JEM-2100 at an accelerating voltage of 200
kV. The microstructure was investigated in the center and the periphery of the
cross section of the rod. The average grain size was calculated by secant
method (Bhadeshia, 2014) by the most characteristic fields for each sample.
The calculation was carried out on samples cut from the peripheral zone, since
the largest grinding and formation of the required equiaxed UFG structure
occurs exactly there (Figure 6). This is also due to the fact that a fibrous texture
with long elongated grains is formed in the axial zone on the last passes and
therefore the determination of the average grain value is difficult and incorrect.
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Fig. 6 Changing the grain size of austenitic stainless steel AlISI-321
after radial-shear rolling by passes

According to this diagram, it can be concluded that the most intensive grinding
of the structure begins after the second pass, which can be explained by the
saturation of the grains of the deformable layer with dislocations due to high
degrees of deformation and low rolling temperature. The initial structure of steel
AISI-321 in the state of delivery has a coarse-grained structure with a grain size
of about 40-50 microns. After deformation with a total stretching equal 11, an
ultra-fine-grained microstructure was obtained in the peripheral part of the rod
with a grain size (300-700 nm) comparable to the results of known studies
(Tokar et al., 2018, Arbuz et al., 2018). At the same time, it should be noted that
the grains of the peripheral part have an equiaxed character. The structure of
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the axial zone of the bar consists of long and narrow grains elongated in the
direction of rolling and resembling the texture of rolling. After the second pass,
the grain size is monotonically halved for each pass and reaches an average
size of 500 nm at the end of rolling, i.e. after the seventh pass. The
microstructure of the peripheral and axial zones after seven passes is shown in
Figure 7.

Fig. 7 Microstructure of peripheral (a) and axial
(b) zones of austenitic stainless steel AlSI-321 after radial-shear rolling

CONCLUSIONS

Improvement the quality of ferrous metal products by grinding their structure to
an ultra-fine-grained state is one of the main trends in modern materials science,
however, the main problem of such materials is the small final size of blanks and
low technological production. The performed studies allowed to prove the
possibility of obtaining an ultra-fine-grained structure in long-length blanks of
austenitic stainless steel AlSI-321 by radial-shear rolling, as well as to achieve
a significant increase in the initial mechanical properties of this steel. Thus, in
the course of experimental studies, bars with a diameter of 13 mm were obtained
from AISI-321 steel with a grain size of 300-600 nm, while having an
inhomogeneity in the cross section of the bar. The mechanical properties and
microhardness of steel AlSI-321 increased more than 2 times compared to the
original values.
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Abstract.

Nuclear power is associated with great environmental risks. In many cases, the problem of
accidents of nuclear power plants is related to the use of materials that do not fully meet the
following requirements: high corrosion resistance; high temperature resistance; creep
resistance; fracture toughness; stability of structure and properties under irradiation.
Therefore, studies aimed at finding materials that can withstand long-term loads at high
temperatures, aggressive environment and gradual structural degradation under the influence
of radiation are relevant. One of the structural materials, which has high resistance to
radiation, is austenitic stainless steel. And one of the ways to increase the radiation resistance
of parts made of this steel grade is to grind its microstructure to ultra-fine-grained state. Such
structures provide a combination of a high level of strength characteristics with high plasticity,
which distinguishes such materials from their coarse-grained counterparts. Also, numerous
grain boundaries serve as runoff surfaces for radiation defects, preserving the structure, which
causes their increased radiation resistance. From all methods for producing sub-ultra-fine-
grained materials the most promising is the severe plastic deformation (SPD), which can be
implemented in the metal in various ways, including radial-shear rolling. This paper presents
the results of studies of the process of radial-shear rolling on the mill SVP-08 and its effect on
the microstructure and properties of austenitic stainless steel. During the study, bars with a
diameter of 13 mm from AlSI-321 steel with a grain size of 300-600 nm were obtained, while
the mechanical properties increased more than 2 times compared to the initial values.

Keywords: radial-shear rolling, austenitic stainless steel, severe plastic deformation,
ultrafine-grained materials



