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Abstract

The purpose of the article is to develop an apparatus providing maximum or predicted durability of parts treated during their manufacture
by plastic deformation. In these terms, the parameters of the technological process should provide the maximum or expected increase of
the endurance limit in comparison with the initial parts values before the strengthening by the surface plastic deformation or after plastic
forming. The article describes the influence of the degree of preliminary deformation on the kinetics of fatigue failure of metals and al-
loys. Experimental data of the ultimate deformations of welded workpieces were obtained, which make it possible to evaluate the manu-
facturing of parts with a weld seam at the design stage of the technological process. The developed method made it possible to determine
the nonstationary field of stresses in the deformation region, ultimate deformations and the most rational scheme of the stress-strain state,
which excludes the localization of deformations and destruction of the weld zone of a welded cylindrical workpieces.

Keywords: cylindrical workpiece; deformation; durability; strengthening; weld seam; wheel rim.

1. Introduction

Reliable and safe operation of machine parts and engineering
structures in the various operating conditions is largely determined
by the structure and properties of the materials used for their man-
ufacture. To improve the structure and properties of the raw mate-
rials, various technological processes for their pretreatment are
used. In particular, welding, the volume and the surface plastic
deformation (SPD).

SPD as rolling by balls and rollers, grit blasting, diamond smooth-
ing, cavitation in alkaline environment, vibration grinding, etc. is
one of the most common and effective technological methods for
increasing the machine parts and mechanisms resource.

According to present views, of a large number of factors affecting
to the fatigue resistance of welded joints the most important are
the stress concentration around the different ledges, pores and
notches and residual stresses, the value of which can even exceed
the yield strength of the material, and, therefore, significantly
reduce the safety margin of welded products. The most effective
technological ways of increasing the cyclic durability of welded
joints are the heat treatment and SPD of the seam material and the
weld zone. According to [1], the hardening of the weld can signif-
icantly increase the fatigue resistance. Thus, if the previously con-
sidered [2] that the durability of the welded joint is determined
mainly by the cracks proliferation after welding since the signifi-
cant defects after welding remain leading to the elimination of the
crack initiation step, in [3] shown the basic and, perhaps, the dom-
inant role of the stage of its formation.

The published data on the effects of cold plastic deformation re-
sistance to fatigue failure is very limited and contradictory. The
discrepancy between the experimental data is determined by the
dependence of the fatigue resistance to the degree of preliminary

plastic deformation. However, information about this is rare and
has a random character. Based on the analysis of literature data, it
could be concluded that the SPD, as a rule, leads to an increase of
the materials resistance to the fatigue due to the compaction of the
surface layers and the residual compressive stresses appearance in
them. A particularly significant increase of fatigue properties is
observed after the friction-strengthening types of surface treatment
when forming a structure of the "white layer" — a thin secondary
quench layer consisting of a mixture of finely dispersed needled
martensite and austenite and very fine precipitates of Fe,C-type
carbides.

In connection with this and with taking into account the intensive
development of progressive methods of volumetric and surface
plastic deformation, the task of increasing the operational durabil-
ity of deformation-hardened steels and their welded joints with a
decrease of the metal consumption of products is very relevant.
The studies were carried out on the steels and their welded joints
that are widely used in the automotive and other industries. Sam-
ples were preliminarily deposited with a degree of deformation ¢ =
0...29 % with a strain rate of 2 - 10° s, The optimum processing
time was determined from the distribution patterns and the magni-
tude of the axial residual compressive stresses.

2. Research Methods

2.1. Determination of the Destructive Deformations

The definition of destructive deformations can be carried out in
several ways. To determine the deformations at which the welded
cylindrical workpiece collapses (welded seam is located along the
generatrix) it is possible to use a semi-empirical approach, which
is based on the extrapolation of deformations obtained by stepwise
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loading of the samples. The block diagram is presented on
the Fig. 1.
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Fig. 1: Block diagram of the destructive deformations determination.

In this case, the workpiece is loaded at least by three forming op-
erations before failure. After each operation the achieved defor-
mations €, €, €3 and the current workpiece diameters up to which
the spreading or crimping carried out are measured. The obtained
diameters are plotted on the graph in Fig. 2 and the deformations
are on the graph in Fig. 3.
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Fig. 2: Dependence of diameters and deformations of samples by steps.
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Fig. 3: Dependence of deformations of samples by steps.

The subsequent extrapolation of the curves for diameters deter-
mines the step number at which the workpiece reaches the re-
quired size and the corresponding extrapolation of deformations
determines the level of the necessary step, at which the values of
g and &, are corresponding to the required spreading diameter of
the workpiece. These deformations must be compared with the
diagram of the ultimate strains. If the obtained deformations are in
the stamping area, then no special technological methods are nec-
essary. Therefore, it is sufficient to make a rational choice of the
number of steps. In practice, when carrying out similar experi-
ments, it is accessible and simple to measure diameters and from
here — to measure circumferential deformations €; and thinnings
€. Those, to clarify the method of calculating the parameters of
the ultimate shape change, it is expedient to carry out experiments
for determining the ultimate deformations in the spreading of

welded cylindrical workpieces and to develop a method for deter-
mining the destructive deformations and localizations of defor-
mations preceding destruction.

Considering that at present, a number of methods that making it
possible to obtain information on how it is necessary to influence
on workpieces in order to increase the permissible deformation
degrees have been developed, it is quite appropriate to use the
obtained results for the analysis in theoretical studies.

As a criterion for estimating the ductility of a metal under a plane
stressed state and the dependence of plasticity to the stress state
scheme, it is expedient to use the stress state index when the aver-
age stress is zero (o, = 0) [4]:

2u, . 0

n:\/ui+3

And in the case of flat compression:

+3
n= ch = %)
u(5+

where 7 — stress state index;
M, — Lode-Nadai coefficient.

2.2. Analysis of Defects of Welded Cylindrical Work-
pieces at the Radial-Rotational Profiling Of Wheel Rims

In the automotive, aviation, shipbuilding and instrument-making
industries, items obtained by the methods of plastic deformation
from welded cylindrical workpieces are widely used. For the for-
mation of wheel rims is using the butt welding. The workpiece is
usually rolled with straight ends. After deburring and removing of
the planted metal from the outer and inner sides of the rim, it is
calibrated in special devices. First, the rim is evenly stretching in
the expander and then crimping to a specified size. Rim with poor-
quality welding is usually destroyed in the expander. At the same
time, the high quality of welding does not guarantee the formation
of cylindrical workpieces without destroying the weld seam and
the weld zone.
All the defects encountered during butt welding of cylindrical
workpieces are proposed to be divided into three groups [5]:

— irregularity of the geometrical shape of the welded assembly;

— macrostructure defects;

— microstructure defects.
The defects of the first group include the displacement of the sec-
tion symmetry axis, the difference in the geometry of the sections
to be joined, the skew, the different thicknesses of the welded
surfaces (ends of the cut of welded workpiece). The presence of
these defects causes a decrease in the strength of the welded struc-
ture. The displacement and misalignment of the jointed sections
are caused by inaccurate workpiece preparation, improper installa-
tion in the electrodes, insufficiently rigid attachment, significant
gaps in the guide machine and low stiffness of the frame.
The main defects of the second and third group are low-quality
welding, stratification, cracks, friability, coarse grain structure,
pollution of the joint with non-metallic inclusions and microcracks.
These defects in the manufacturing of the wheel rims are virtually
eliminated and there is no point in considering them.
The value of the defective wheel rims connected with the welded
joint and the weld zone material discontinuity is up to 29 — 37 %.
Of this number, up to 80 % account to the break in weld seam
(Fig. 4), about 17 — 19 % to the fracture of the weld zone (Fig. 5),
about 2 — 3% to the combined gap when the continuity of the
welded joint and the weld zone is broken simultaneously (Fig. 6).
The breaking of the workpiece basic material (Fig. 7) occurs rare-

ly.
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Fig. 7: Breaking of the workpiece basic material.

To determine the causes of defects, the following analysis meth-
ods were used: macroscopic, microscopic, fractographic. Micro-
and fractographic analysis was carried out using an electron mi-
croscope which is a tool for measuring linear dimensions in the
range of 0.1 — 5000 pm with resolution ability in high vacuum
secondary electrons of 4 nm.
As a result of the analysis it is established:

— the absence of a thermal influence zone during the formation
of a weld seam at the end of the workpiece;

— presence of the cold cracks at the point of a weld seam rupture
(Fig. 8, a);

— the absence of weld and the presence of the end cracks after
welding at the end of the workpiece (Fig. 8, b);

— quasi-cleavage as micromechanism of the weld failure
(Fig. 8, ¢);

— combination of peeling separation and stratification along the
slip planes as micromechanism of the workpiece end destruction
(Fig. 8, d).

Fig. 8: Defects of welded surfaces after cutting on guillotine shears.

In addition to the microscopic analysis of the weld seam and the
weld zone fractures, the jointed sections before welding were con-
sidered. At the ends of the jointed sections after cutting on guillo-
tine shears cracks appeared. The presence of cracks arising during
the workpieces cutting aggravates the unfavorable conditions of
deformation of the workpiece locations that have been mostly
subjected to destruction and, eventually, the operational reliability
of the wheel rim.

3. Theoretical Research

3.1. Calculation of the Welded Workpieces Forming
Process with Taking into Account the Deformations Lo-
calization of Preceding Fracture

In the theoretical analysis of the workpiece deformation in the
process of radial-rotational profiling, three aspects can be identi-
fied:



International Journal of Engineering & Technology

95

— dynamic — shows the ratio of the stress tensor component aris-
ing during the workpiece deformation and rotation with the dis-
placement vector;

— geometric — which is corresponding to the deformation and fi-
nite displacements ratio;

— physical — determines the components of the strain and stress
tensors ratio.

These three aspects are described by equations which together
with the initial and boundary conditions are a closed system. For
the solving of the problems of rotating workpieces plastic defor-
mation the analytical solution of the system of equations is rather
complicated. Therefore, there are necessary to turn to its numeri-
cal solution [6].

Consider the basic assumptions. The workpiece is the thin-walled
shell. The criterion for the destruction of a welded workpiece is
the achievement of ultimate strains in the weld seam correspond-
ing to the ultimate stresses and the boundary value of the stress
state index.

The data for calculating of the wheel rim profiling process, physi-
cal and mechanical properties of the materials satisfying the re-
quirements of the profiling process for steels 08kp and 08ps (ana-
logue in the U.S. — steels 1008 and 1010, analogue in the EU —
steels DCO1 and DD13) are shown in Table 1.

Table 1: Physical and mechanical properties of the wheel rims material

Physical and mechanical properties Steel grade
Steel 08kp Steel 08ps
or, MPa 226 262
og, MPa 334 336
(ST/ OB, MPa 0.67 0.75
O, %0 26.2 24.9
HRB, MPa >42 >42
ov, MPa 408 411
€ 0.217 0.26
do >1.2 >1.2
a >1.5 >1.5
3, % 42.9 34.6

Note: o7 and og, — yield and strength limits; og and Jy — relative
elongations at the rupture and the sample uniform stretching at the
time of neck formation; HB — Brinell hardness index; oy and & —
the true ultimate strength (critical stress) and the logarithmic de-
formation degree at the time of the neck formation onset with the
sample uniform stretching; a, and a; — anisotropy coefficient in
the longitudinal and transverse directions.

The calculation method is based on the representation of the entire
shell in the form of a grid model. The workpiece is divided into
sections; the mass of each site is reduced to the point; the resulting
nodes are connected by weightless extensible links that remain
straight between mass concentration points; the external forces are
considered as concentrated at each mass point [7].

Fig. 9 shows the scheme for the workpiece splitting into sections
in a cylindrical coordinate system.

Fig. 9: The scheme of the workpiece splitting into sections in a cylindrical
coordinate system.

Fig. 10: The forces acting on the shell element.

In accordance to the adopted model, which allows solving equa-
tions in finite difference form, the entire bend is concentrated at
the mass location points.

Equations of motion in the finite difference form have the form:

NiRi €05 @; — N i1 Ri_y COS @i —QiR; sing; + (3)
+ Q¢i71Ri71 sin Qi — Nq)ASi + P(t)l RiASi —Pj Ri RI ASI = 0,
Ni Ri sin®; — N 4Ry Sin@;_y + Qi Rj cos ¢; — (4)

—Qqi-1Ri-1€0s ;1 + P(t), Z;AS; —p;R; Z; AS; =0.

where P(t); — external load on the i-th element of the shell.
The mesh acceleration in the median plane, its velocity and dis-
placement is determined from the equilibrium equations devel-
oped by the authors for each node of the workpiece:

Pa B DB a a a —va
V. M = QR + P + T + S5 = oX0,

mn' Yymn

MARI+V Q5" + Py +T +s3 =pX3 —pXic, ()

—pxﬁncl

aff a
Vv, Qs =0,

where Vﬁ — the sign of a covariant differentiation; M;,, — mem-

brane forces; L — bending moments; Qn/fn — cutting forces; p —

reduced weight; X! — acceleration; PJ — force effect of load-

ing; T, — friction forces in the peripheral zone of the workpiece;
S, — braking forces of the resistance elements; P, — forces

acting in the workpiece from the elements of resistance; R, —
tensor of curvature; ¢ — soundspeed in the environment.

The value of forces and moments acting on each element deter-
mined by the system of equations:

+0,55 cm” (SB —X Blen)
M = 0.5
-0,58 +Gmn (SB —-X Bgmn)(Gmn A%‘m) ’
mn 8[3 _ BB
0 e e @
+o" (85 - x°BS,,,)
o aL%[?] Ao 6 o "
an = axﬁ +Ann ?Q /ﬁ +A11n AY : mn
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The acceleration of the grid nodes of the workpiece median sur-
face in the next field of integration should be determined by equa-
tion:

0,5 . . . .
ernn = —_n(Pn:n +Tnfn + Sn]m +Hr:m)+
Po
0,5 oV Bj a_mn (7)
D | Ty A .L.Vw’ ,
P, | oxP oxP

where A, — the determinant of the metric tensor; V%) — space-
surface tensor.

The time interval At is chosen from the stability condition of the
computational process [8]:

.05
A< AX, o ps@-v )’ (E) ], ®)
where pf — the density of the workpiece material; v, — Poisson’s

ratio; E — Young’s modulus of the workpiece material.

After determining the coordinates of the points, it is possible to
calculate the strain values at the nodes along the layers:

el = (Ri —Roi) _ VoA®; , )
° Roi oRy;

i Api —Ago (10)
U _(AS: —AS_)AS,.. — f, — —*i “roi
€z ( i 0|) oi k 0,5(ASoi+1 —ASi)

where g{ — latitudinal deformation;

&) — meridional deformation;

Apy —the angle between the links i and i+1;
o —an index indicating that the value is determined in the non-
deformable state of the structure;
 —angular speed of roller rotation;
vo — feed speed of profiling roller;
1‘k — the distance of the layer from the neutral axis, which is de-

termined by formula:
f, =5(i-0,5(k+1))/k, (11)

where J — shell thickness;
k —number of layers;
i —layer number.

After determining the values of deformations at each node and in
each layer, proceed to the solution of the physical side of the prob-

lem - calculating the values of ol and o . In this case, the
workpiece material is generally considered to be elastic-plastic,
strain and kinematically hardening. Calculations of deformations

stresses are based on the dependences of the mathematical theory
of plastic flow:

it =gl + Z(Agg,j+l+u8iz,j+l), (12)
u
G|Zj+l _ G'ZJ " : (ASIZ’Hl +]VL8:9’H1)’ (13)

1+p

where u — Poisson's ratio;
o7 and oy — meridional and latitudinal stresses;

E — workpiece elastic modulus.

Equations to calculate the forces and moments:

ij+l _ k i, j+1 ij+l _ k i, j+1
NG =305, , N =36y, (14)
i=1 i=1
i+ _ k i, j+1 i+ _ k i, j+1
M =36t i, £ M = Yol s, f, (15)
i=1 i=1

where Je — the current thickness of the plate layer, defined as
5, =exp(e,) 8, - (16)

where d, — initial thickness of the plate layer.

The magnitude of the shear force Q, is determined from the equa-
tion of moments equilibrium:

%—Mecosd):Qch . 17

Then the cycle (9 — 17) is repeated until the moment when the
plastic properties of the material, predominantly in the weld zone,
approach to the limits for which at each step we compare the cur-
rent strain values with the ultimate ones. This technique allows to
stamp parts at large values of the main deformations, but its possi-
bilities are limited.

On the Fig. 11 is shown that form change occurs only when the
point C corresponding to the deformations on the cylindrical
workpiece is located inside the area bounded by the points ABD.
The abscissa of the current deformation point C, which is above
the curve of ultimate deformations BD, should not exceed the
maximum value of €7 . The point C, at the same time, should not

be above the AB curve, because behind this boundary the techno-
logical method does not give a positive result.
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Fig. 11: The curve of the ultimate strains.

The presented theoretical approach allows to describe the forming
process of the welded workpiece and to determine the values of
the ultimate stresses and deformations in the weld zone.

3.2. The Limiting Degree of Deformation of the Welded
Cylindrical Workpieces during the Expansion (Crimp-

ing)

Consider, how the weld seam affects to the localization of defor-
mations in the annular layer bordering to the edge of the work-
piece. The process of the workpiece with a weld seam expansion
is presented in Fig. 12.
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Fig. 12: The expansion process of the welded workpieces: a — view of the
workpiece with a weld seam; b — the process of expansion (crimping) of
the wheel rim workpiece before the forming

It should be noted that when the annular element is stretched,
more pliable elements will begin to deform plastically at the be-
ginning. Usually those elements are located at the weld zone. The
deformation will continue until the current yield stress of the weld
zone reaches the yield stress of the basic material [9].

The real stresses of the system, workpiece material and the weld
seam ratio has the form:

N
o, = Gge™ [5] , (18)

I, . . N .
where 3, = Inll is the main logarithmic deformation of elonga-

tion before the neck formation beginning in the tensile test;

8= InRi — the main logarithmic deformation of the annular layer

with the p coordinate and the workpiece initial radius of Ry;

op — tensile strength of the system;

os — yield stress.

The curve of the true stresses of the workpiece material is ex-
pressed as:

o, =cle™ (19)

where o) is the tensile strength of the workpiece material.
The weld zone hardening law is described as:

R =cr§,eﬁi , (20)

where cSB — the tensile strength of the weld zone material;

85 — logarithmic deformation of elongation before the neck for-
mation beginning in the tensile test.

The equations (18 — 20) describing the ratios of the tensile or
compression strains of the welded workpieces elements.
The system total deformations o to the weld seam partial defor-

mations & ratio:

sz_m[f‘w +Aosj, (21)

M 5°
e e

where Agy and Ags —the ratio of the initial lengths of the work-
piece elements to the initial circumference of the welded work-
piece.

The value of dx characterizing the ultimate deformation degree
during the expansion or crimping is determined by the formula:

By :[o,sso—g(uas)g}/ss& (22)

where B =R, ( Ay e’ + 455 );

dcriT — the critical degree of deformation, at which less compliant
material begins to deform.

The critical degree of deformation is determined as:

|
Scpir =IN5-, (23)
ISCRIT
where lgs — the initial length of weld seam;

| -
Sear — the weld zone critical length.

The results of calculating of the wheel rims ultimate diameters
after expansion and subsequent crimping according to (22) are
presented in Table 2.

Table 2: The results of calculating of the wheel rims ultimate diameters
after expansion and subsequent crimping

Workpiece diame- Ultimate diameter
e e ter Dy, mm after expansion Dy.t, mm
45Ex16 424 456.8
W8-16 424 456.8
DDW18Lx42 982 1103.2
W8-32 816 866
11,75x22,5 539 602.5
DW15Lx38 968 1024
DW15Lx34 867 920

4. Experimental Research Results

The workpieces for all types of experimental work were made
from a single sheet, the quality of the material complied with the
specifications. After the manufacturing and the heat treatment on
the selected regimes, the samples were tested for rupture.

Standard welded samples before and after the failure are shown
in Fig. 13.

Fig. 13: Welded samples before and after the failure.

During the break tests. standard welded samples were broken not
in the weld zone or in the weld seam, but in the basic material.
This is due to the coarse grained structure of the weld seam and
weld zone, so they have less plasticity than the basic material.
Cylindrical welded workpieces for the experimental works were
made from the Steel 08kp and from one sheet in the delivery con-
dition and after its heat treatment. The diameter of the workpieces
was 128 mm and the height was 250 mm (Fig. 14).




98

International Journal of Engineering & Technology

Fig. 14: Cylindrical sample after stamping.

Changing the height of the samples in the range from 50 to
250 mm and bringing them to the rupture, the results presented in
Table 3 were obtained.

Table 3: The results obtained by the samples height varyingin the range
from 50 to 250 mm, leading to a rupture

Sample height | Sample diameter
(=]
SIBE |8 |2E | &¢
Elos |[2€ |os o £ & € &
BI8T |5 g8 £
1 250 240.2 128 143 0.112 0.04 0.072
2 | 200 | 188.3 128 145 0.126 | 0.06 0.066
3 | 170 | 1572 128 146.9 0.138 | 0.078 0.06
4 | 150 | 138.3 128 148 0.1455 | 0.081 | 0.0645
5) 130 119.4 128 148.7 0.1501 | 0.085 | 0.651
6 | 100 914 128 149.4 0.155 | 0.089 | 0.651
7 70 63.7 128 150 0.159 | 0.093 | 0.066
8 50 44.8 128 150.6 0.163 | 0.108 | 0.062

Analysis of the experimental data (Table 3) shows that when the
cylindrical sample is deformed, the component ¢, has a negative
sign. Therefore, at the expansion process of the cylindrical welded
workpieces, the material thinness is insignificant and the size
along the generatrix decreases while the radial size increases
(Fig. 15).

Fig. 15: The samples of wheel rims cylindrical workpieces after test.

The deformations redistribution on both across and along the weld
seam was provided by the use of a set of dies with a different sizes
of the ellipses semi-axes ratio (Table 4).

Table 4: The results of the deformations &; and &, redistribution on both
across and along the weld seam for different sizes of the semi-axes

No dl, MM dz, MM d1 / dz €1 €2
1 40 40 1 0.148 0.16
2 40 50 1.25 0.144 0.142
3 40 60 1.5 0.127 0.105
4 40 70 1.75 0.119 0.062
5) 40 80 2 0.105 0.03
6 40 100 2.5 0.1 0.015

By plotting the test results for the Steel 08kp and the Steel 08ps
from Tables 3 and 4, the dependence of ¢, and ez both across
and along the weld seam was obtained, at which the welded joint
failure occurs (Fig. 16).

€9 (1)
Steel 08kp
g 8 8
8
2

0,16
gSteel 08ps

0,08

-0,08 -0,16 00,08 0,16 €,(2)

Fig. 16: The curves of the welded joints ultimate deformations for the
Steel 08kp and the Steel 08ps.

It can be seen from the graphs in Fig. 16 that the area below the
curve is the stamping zone for a material, while the area above the
curve is the rupture zone of the welded workpiece. The diagram of
the welded joints ultimate deformations consists of two branches:
the left one, which correspondes to the cylindrical specimens ex-
pansion without flanges clamping, and the right one, which de-
scribes the strain change both across and along the weld seam with
the clamped flanges.

With a diagram of the welded joint ultimate strains for a specific
material, it is possible to predict the possibility of manufacturing a
part with a weld seam at the design stage of the process.

The experimental data indicate that with the adopted radial-
rotational profiling schemes there are practically no reserves for
reducing the thickness of the initial workpiece due to significant
metal thinning in radius transitions (permissible thinning is 20 —
25 %).

The analysis of the deformations distribution allowed developing,
testing and implementing a number of new technological schemes,
devices and techniques. Thus, the metal thinning can be signifi-
cantly reduced, thinner workpiece can be used and thereby a sig-
nificant reduction in metal consumption can be achieved.

5. Conclusions

1. The most suitable method for calculating the nonstationary
stress-strain field for elastoplastic deformation of a cylindrical
welded workpieces is the method based on the numerical finite
difference modeling of the shaping process.

2. The formalized dependences, which makes it possible to deter-
mine the value of the ultimate deformation degree during the
welded cylindrical workpieces expansion or crimping is obtained.
3. It is established that with an increase of the workpiece relative
thickness and the workpiece and the weld seam materials harden-
ing intensity, the ultimate deformation degree increases.

4. The developed method for calculating a welded cylindrical
workpieces made it possible to determine the nonstationary field
of stresses and deformations in the deformation region, ultimate
deformations and the most rational scheme of the stress-strain
state, which excluding the localization of deformations. This en-
sures the minimum thickness variability of the resulting items and
excludes the weld seam and the weld zone destruction.

5. An experimental diagram of the welded workpieces ultimate
deformations for the Steel 08kp and the Steel 08ps is obtained,
which makes it possible to evaluate the parts with a weld seam
manufacture without deformations localization and fracture at the
design stage of the technological process.

6. The obtained data allow to predict the plastically deformed
materials resistance to fatigue failure and optimize the treatment
technology in order to improve the operational properties of metal
products.
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