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Abstract: In this article, a number of theoretical studies have been conducted on a new combined process of multicycle thermomechanical
processing, including wire drawing and subsequent cooling in liquid nitrogen. When analyzing the deformation, it was found that the
presence of intermediate heating to ambient temperature allows calculating the force according to the Krasilshchikov formula and the well-
known nomogram of the tensile strength of AISI-316 steel at 20°C with minimal errors. The lack of heating leads to the fact that the second
and third drawing cycles take place at partially negative temperatures in the workpiece section. This leads to an increase in the difference in
the force values obtained by calculation and during modeling. To be able to use the Krasilshchikov formula and the nomogram of the tensile
strength of AISI-316 steel at 20°C, it is necessary to adjust the resulting force values by increasing by about 30% for a diameter of 6 mm and
20% for a diameter of 9 mm in the absence of heating of the workpiece and by 35% for a diameter of 6 mm and 25% for a diameter of 9 mm

in in case of preheating the workpiece.
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1. Introduction
Currently, combined technologies are one of the most promising
areas for improving innovative technologies for producing long-
length semi-finished products [1-2]. Such technologies contribute
to the development of new processes that improve production
efficiency, as well as significantly increase labor productivity as a
result of reducing the number of low-productivity operations.
Also, the combination of innovative modern technologies helps to
reduce production space. Over the past few years, scientists have
been interested in materials that are characterized by ultrafine-
grained and nano-structures, due to the fact that they have high
strength properties. But usually a significant increase in strength,
resulting from the accumulation of a volume fraction of the
surface boundaries of grains, leads to a parallel decrease in plastic
properties. As a result, the scope of application of such metals will
be significantly reduced. And the ever-increasing demands that
are now being placed on today's materials are pushing to improve
their manufacturing technologies. It is necessary to achieve this
goal with a winning combination of high strength and plasticity.
As a result of the above, the development of a technology that
allows to increase the strength and performance properties of
austenitic chromium-nickel steel wire by thermomechanical
processing is an urgent task.

Wire was always one of the main types of rolled metal, since
it is made of various profiles, but most often round, according to
the shape of the cross section. With the development of modern
industry, which has occurred at the moment, metals are becoming
more and more in demand. The wire production technologies
currently used by Kazakhstan companies can be safely called
outdated, since they are characterized by such negative factors as
high energy consumption and low productivity. The annual global
production of austenitic corrosion-resistant steels is about 22
million tons per year, which accounts for 80% of the global
market for all corrosion-resistant steels [3]. The main advantage
of such steels is their high performance characteristics: corrosion
resistance, ductility and strength. Therefore, austenitic corrosion-
resistant steels are widely used as a structural material in
metallurgy, instrument engineering, various branches of
mechanical engineering, etc. An important property of such steels
is that after quenching they have a purely austenitic structure and
undergo a y-o transformation during plastic deformation. And the
higher the concentration of martensite, the lower the deformation
temperature and the higher the deformation degree.

Despite the fact that, as a rule, even after very intense
deformation, a part of austenite may not turn into martensite [4,5].
Therefore, in the production of wire made of AISI-316 steel and
its analogues with high strength properties, a deformation of 90-
92% is recommended [6,7]. And even with such compressions,
only 75% of martensite is formed in the structure. And also the
best combination of plastic and strength properties is obtained.
When deforming medium and large cross-sections of wire, the use
of such high compressions is not advisable, since the resulting
wire diameter always has its limitations. The use of drawing
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always leads to a significant reduction in the diameter of such a
wire.

Recently, there has been great interest in the use of cryogenic
cooling during deformation by metal forming using liquid
nitrogen [8,9]. In this case, the processing is not accompanied by
recrystallization or dynamic return. This makes it possible to
grind the microstructure more intensively. Another advantage of
such deformation is a strong increase in strength properties at
lower deformation degrees compared to traditional metal forming
methods.

There are studies [8,9] that have been conducted in the field of
cryogenic deformations, which confirm the effectiveness of such
treatment in terms of grinding structural components. Thus, in
[8,10] it was proved that the microstructure of the initial coarse-
grained copper and aluminum after cryogenic deformation differs
in significantly smaller grain size than after conventional cold
deformation. Therefore, it is proposed to use cryogenic cooling
immediately when the wire leaves the drawing using liquid
nitrogen, which will give a more favorable compromise between
the strength and ductility of the material. This can be achieved
due to the increased mobility of dislocations and, at the same
time, their increased density. When the martensitic
transformation takes place at a temperature below the temperature
of the beginning of the martensitic transformation, a large
difference in free energies occurs, which leads to a sharp decrease
in grain size compared with stable growth.

2. Material and research methodology

The developed technology of thermomechanical wire
processing is a combined process that includes successive stages of
wire drawing and cooling in a special chamber with liquid nitrogen.

At the theoretical stage of research on deformation processes
which have a drawing scheme, a study of force parameters is
usually carried out, since the very possibility of deformation of the
wire depends on the force magnitude. The drawing force depends
on various geometric and technological factors, such as the
mechanical properties of the deformable material, the amount of
compression, external friction, the shape and size of the drawing,
the drawing speed, the presence or absence of tension at the front
and rear ends of the workpiece, as well as the transverse area of the
resulting profile. For solid round profiles, you can use the
Krasilshchikov formula, which was obtained on the basis of
numerous experimental data:

2_ 42
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where oray — average tensile strength, equal to the arithmetic
mean of tensile strength of the material before and after pass, MPa;
do — diameter of the wire before pass, mm; d; — diameter of the wire
after pass, mm.
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The determination of the average tensile strength during
drawing is carried out according to nomograms constructed based
on the results of experimental tensile tests after a series of draws at
different compressions. In particular, for austenitic stainless steel
AlSI-316, deformable at 20°C, it is necessary to use the nomogram
shown in Fig. 1.
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Fig. 1. Nomogram of the tensile strength of AISI-316 steel during drawing
at 20°C

The thermomechanical processing route was carried out in two
variants, in each variant the workpiece was deformed to a
predetermined diameter, after which it fell into a container with
liquid nitrogen.

In the first variant, the workpiece was heated in air to a
temperature of 20 ° C after each treatment with liquid nitrogen. In
the second variant, this heating was absent. For the first option, the
nomogram in Figure 1 is completely suitable, since before each
stage of drawing, the workpiece is evenly heated to room
temperature.

Given that in the second variant, the workpiece will have a
negative temperature after nitrogen treatment, the usual Deform
material database will not be suitable for such modeling, since the
standard lower temperature limit is 20°C. In [11], FEM modeling of
this steel under cryogenic cooling was carried out. For this purpose,
a new database was developed, which included the rheological
properties of AISI-316 steel up to -200°C.

3. Experimental results
Using formula (1), when drawing a wire with a diameter of 6 mm,
the following force values were obtained:

- on the first pass from 6 mm to 5.6 mm = 44201 N.

- on the second pass from 5.6 mm to 5.3 mm = 37326 N.

- on the third pass from 5.3 mm to 5 mm = 36144 N.

When drawing a wire with a diameter of 9 mm, the following force
values were obtained:

- on the first pass from 9 mm to 8.2 mm = 175051 N.

- on the second pass from 8.2 mm to 7.5 mm = 158087 N.

- on the third pass from 7.5 mm to 7 mm = 122863 N.

To verify the correctness of the received data, it was decided to
carry out verification using finite element modeling. Figures 2-3
show graphs of forces when drawing workpieces with diameters of
6 and 9 mm using heating and without using at speeds of 500 mm/s
and 1000 mm/s.

Comparing the values obtained during calculation and
modeling, it is necessary to note a high level of error, which is
approximately 35% for a diameter of 6 mm and 25% for a diameter
of 9 mm. The decrease in error with an increase in the workpiece
thickness is due to the fact that with an increased thickness and a
constant cooling time in nitrogen, a higher temperature gradient
occurs when the central layers are cooled less intensively.
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At the same time, all calculated values are lower than the values
obtained during modeling, which is the result of deformation at a
reduced temperature. Taking into account the results obtained, it
can be recommended to increase the calculated values by about
35% for a diameter of 6 mm and by 25% for a diameter of 9 mm
when using a calculation technique and a nomogram to obtain
correct values.

Load (N)
42000
R B B S S
33600 [ /Y \2.28 36481)
25200 |
16800 |
8400.0 |
oooooo [/ . . ooy o4 T
220 222 225 227 230 232
Time (sec)
a
Load (N)
161620
T T T I
129290 ]
Y e Tt a Tt
/_/ (2.29, 123340)
96970 i
f
64646 | ]
32323 ]
0.00000 J' M Ll I [
222 2.25 2.28 230 233 2.36
Time (sec)
Load (N)
38921
— - R
- -\\
amar | // N T (1.13, 34524~ \. 1
III \
23353 | / .\ ]
!
15568 | | I\ ]
| .
[ | '
77842 | ] \ ]
! 1
| \
| 1
0.00000 |/, I L M R i
1.10 1.11 1.2 1.14 1.15 1.16
Time (sac)
C

YEARVIII, ISSUE 1, P.P. 10-13 (2024)



INTERNATIONAL SCIENTIFIC JOURNAL "MATHEMATICAL MODELING"

WEB ISSN 2603-2929; PRINT ISSN 2535-0986

Load (N)
149790

119830 ]
s, 118090 ~~/
89872 \

59914 {

20057 . ‘\

0.00000 ..|......|...|..\.

1.1 1.13 1.14 1.15 117
Time (sec)

d

Fig. 2. Graphs of drawing forces after 3 passes (with workpiece heating): a

— diameter of 6 mm at a speed of 500 mm/s, b — diameter of 9 mm at a speed

of 500 mm/s, ¢ — diameter of 6 mm at a speed of 1000 mm/s, d - diameter of
9 mm at a speed of 1000 mm/swith
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Fig. 3. Graphs of drawing forces after 3 passes (without workpiece
heating): a — with a diameter of 6 mm at a speed of 500 mm/s, b — with a
diameter of 9 mm at a speed of 500 mm/s, ¢ — with a diameter of 6 mm at a
speed of 1000 mm/s, d - with a diameter of 9 mm at a speed of 1000 mm/s

4. Conclusions

FEM simulation of a new combined process of multicycle
thermomechanical processing, including wire drawing and
subsequent cooling in liquid nitrogen have been conducted. It was
found that the presence of intermediate heating to ambient
temperature allows calculating the force according to the
Krasilshchikov formula and the well-known nomogram of the
tensile strength of AISI-316 steel at 20°C with minimal errors. The
deformation without intermediate heating leads to the negative
temperatures in the workpiece section in the second and third
drawing cycles. To be able to use the Krasilshchikov formula and
the nomogram of the tensile strength of AISI-316 steel at 20°C, it is
necessary to adjust the resulting force values by increasing by
certain percent values.
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