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The paper presents the results of experimental examination of material deformed state in the process of realization

of its mechanical processing (drawing with thinning). In particular, the new effect were revealed, which were not
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dynamics. The results of evolution of the material mechanical properties in various cross-sections of semiproducts
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Introduction

Functional-gradient materials (FGM) are identified as
the innovative class of materials with variation of structure,
mechanical properties and chemical composition through
material depth. Reveal of regularities of varying chemical
and physical-mechanical properties in dependence of a dis-
tance from separation boundaries of various types allowed
to substantiate necessity of introduction of the term “gradi-
ent structures” for more wide determination of the material
state. Thus, an increasing interest to materials not only with
gradient structure but also with a gradient of chemical and
physical-mechanical properties is quite correct [1].

The main methods of obtaining the functional-gradient
materials on metallic base are determined via the method
(route) of technological processing of materials, which are
used for their fabrication at the stage of non-uniform struc-
ture forming (gradation).

One of the directions of FGM manufacture is use of
intensive plastic deformation (IPD) for obtaining a fine-
grained material structure, what leads to qualitative varia-
tion of material properties. The following conclusions were
revealed on the base of publications of well-known national
specialists in this area (R. Z. Valiev [2—4] and G. A. Salish-
chev [5-7]):

1. Cold deformation provides substantial effect on mate-
rial structure fragmentation.

2. Low-alloy structural not-ageing steels are not consid-
ered in the researches, unlike low-carbon high-alloy steels
[8—11].

3. Drawing with wall thinness is not examined in the re-
searches [5—7] as potential IPD operations; however, “roll-
ing” of sheet semiproduct demonstrates good results in struc-
ture fragmentation and material strengthening.

Experimental methods for determination of the stress-
strain state of a billet in the process of drawing with wall thin-
ning were substantiated and developed under leadership of
I. P. Renne [12] in Tula mechanical institute (at present
time — Tula State University). These methods were also
presented and discussed in the work [13]. The problems of
analytical calculation of the stress-strain state of a billet,
of deformation force, of choosing an optimal technologi-
cal parameters in the process of drawing with wall thinning
were examined (among other problems) in the works of
M. V. Storozhev and E. A. Popov [10], A. L. Vorontsov [14].

Anisotropy account of the properties in the process of
drawing with wall thinning was examined in the researches
at Tula State University, implemented by V. V. Gryazev [15]
and S. N. Larin [16], as well as at Samara National Research
University named after S. P. Korolev. High results were
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achieved in material structure management and optimization
of technological processes for manufacturing shell products.
However, owing to the features of the aircraft industry, these
researches were aimed on aluminium alloys, and technologi-
cal processes in this industry don’t use the process of drawing
with wall thinning [17—21].

Drawing with wall thinness is based on significant redis-
tribution of material through its thickness, what is considered
as a deformation measure and approximate this processing
kind to IPD processes, especially to rolling. However, it re-
quires detailed examination, taking into account stress-strain
state of material and rigid scheme of stressed state, which
restricts ultimate material ductility.

Thus, generalizing the above-described experience, the
aim of this research is the experimental study of forming of
gradient structure and mechanical properties of low-carbon
steel in the process of drawing with wall thinning and assess-
ment of possibility of its consideration as the IPD process.

Materials and methods

The studies were carried out via the method of grate grid
for cutting of billets maxde of high-quality low-carbon steel
11YuA before drawing with wall thinning. Chemical com-
position of this steel is presented in the Table 1. The initial
semiproduct has diameter 107.8 mm with wall thickness in
the edge part 7.5 mm, and the final semiproduct has diameter
100 mm with wall thickness in the edge part 3.8 mm. These
billets were cut by two halves via laser cutting and rectangular
grate grid was applied on the obtained cross-sections. One
line family is approximately parallel to external surface of
billet wall, while another line family is perpendicular to the
first line family, i.e. approximately perpendicular to external
surface of billet wall. Then halves of billets were glued and
these billets were subjected to drawing with wall thinning.

The process was stopped during drawing and the billet
was extracted and separated to two initial halves with grate
grid in the following cases:

a) after passing of the bottom section of a billet;

b) after passing of the middle of wall height;

¢) after passing of almost whole wall — 90 % of wall height;

d) after complete passing of drawing with wall thinning.

To determine mechanical properties of the material of
stamped shell, a test for Vickers hardness using the hard-
ness tester HBRV 187.5 and bending test using the testing
machine Shimadzu AGX-100 were carried out. These tests
were conducted instead of classic extension test, because the
material of stamped shell has not high ductility, while the
samples are destructed during preparing operation and there
is no possibility to prepare the samples for extension test. The
samples for testing were cut off from two semiproducts: be-
fore and after the operation of drawing with wall thinness. To
assess mechanical properties through the whole billet height,
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the samples were cut off from its lower, middle and edge parts.
In order to determine hardness through the walls of semi-
products from its internal and external sides, material layer
with thickness 0.5 mm was removed using a milling machine,
and hardness was measured. To identify macro- and micro-
structure, chemical pickling using Nital reactant in nitric
acid solution (33 ml of ethanol + 3 ml of HNO;) was carried
out with holding time 5—10 s. Chemical composition of the
surface of samples was examined using the scanning electron
microscope Mira Tescan with the system of energy-dispersive
microanalysis AztecLive Advanced Ultim Max 65. Analysis
of an average grain size was determined in accordance with
the GOST 5639-82. Scale 1 Vickers microhardness was de-
termined in accordance with the GOST 9450-76, load during
measuring was 500 g and hardness indentation time was 10 s.

Results and discussion

The conducted experiments allowed to reveal the new
features of material flow dynamics during drawing with wall
thinness, which were not previously reflected in the technical
literature and provide substantial input in comprehension
of process physics, despite rather small quantitative effect of
forming mechanical properties of billet material.

Maximal interest (from the point of view of material
deformation kinematics) is focused on a plastic deforma-
tion area at the stationary stage of semiproduct drawing (see
Fig. 1). This picture allows fixing chronological sequence of
semiproduct material deformation from the entrance in the
main area of plastic deformation to its final forming. The
following sequence of forming can be noted:

— inclination of the straight line interval in the direc-
tion of work tool motion in the zone adjacent to a plastic
deformation area;

—bending in the central part of a line interval with saving
straightness of edges in an upper cross-section of a matrix
cone part;

— further curve bending in a lower cross-section of a ma-
trix cone part;

— inclination of the straight line interval adjacent to ex-
ternal surface of semiproduct and forming of final fiber form,
close to a straight line interval.

Firstly, let us note that the above-mentioned lowering of
external edge of cross fiber before the entrance in the plastic
deformation area, with absence of such lowering after the
plastic deformation area, means that summarized distance
between cross fibers along external surface is smaller than
along the internal one. Respectively, the external layers
should be positioned in compression conditions.

Secondly, it can be concluded from the described kind of
form variation for cross fiber during deformation that speed
values of motion of material particles of cross fiber vary in the
process of passing through the plastic deformation area. The

Table 1. Chemical composition of high-quality low-carbon steel 11YuA

Steel grade
Carbon Manganese

Silicon
0.13

Phosphorus

11YuA 0.09-0.013 0.3-0.5 0.025

Content, %

Not more than
Sulfur Chromium Nickel Copper Aluminium
0.025 0.2 0.15 0.2 0.03-0.09
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Fig. 1. Grate grid in the plastic deformation area:
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a) original picture; b) deformation stages are underlined; ¢) computer-aided simulation

particles near internal, middle and external surfaces of a prod-
uct become the most rapid moving particles in this succession.

Thirdly, it is necessary to mention that relative transfer of
external edge of cross fiber is at first lower than that of inter-
nal edge, and then higher that internal edge. It means that the
real trajectory length of metal flow for external layers is larger
that it seems to be in the case of typical deformation calcula-
tion for relative varying of shape and dimensions of a grate
grid cell in comparison with its primary shape and dimen-
sions. This appearance can be explained by bending of cross
fiber in the opposite directions. The distance between cross
fibers along internal edge differs from the distance along ex-
ternal edge, respectively deletion of cells along internal and
external contours is not equal.

All above-described testaments display on the expressed
non-monotonicity of drawing process with wall thinness
(monotonicity is accepted in determinationby G. A. Smir-
nov-Alyaev [22, p. 44]. To assess deformation forming for
various variants of tool geometry and wear, it is evidently
required to apply a computer simulation method. Simu-
lation of the operation was carried out for verification, in
accordance to technological features of the experimental
research. Fig. 1, ¢ displays a grate grid in the plastic deforma-
tion area based on the results of experimental research and
computer simulation, what confirms definitely adequacy of
deformation state calculation using a software package. Two
complexes of calculating experiments were conducted with
varying (I) the matrix cone angle (evaluating a preliminary
inclination angle) and (II) the friction coefficient at the con-
tact surface of a die and punch.

Material deformation process in three cross-sections,
which are equally distributed along height of semiproduct
generating line, was carried out. This deformation process
was conducted with various angles of die slope from 10 to
20 degrees. The obtained results are presented in the Fig. 2.

The obtained results allow to make a conclusion that
metal flow is less intensive in a bottom and middle casting
nozzle cross-section in comparison with a top one; it testifies
on low deformation values. It is also concluded that metal in
a top cross-section of semiproduct will be characterized by
rather higher deformation for large “preliminary inclination
angles”; additionally this deformation is alternating. Poten-
tially it can be a cause of material stability loss and can lead
to forming of surface and internal defects.

Determination of the deformed state using the grate grid
is based on the admission about deformation monotonic-
ity, thereby deformation degree can be set to deformation
intensity. To assess the deformed state in this research, the
method by P. O. Pashkov was chosen; it is based on acquiring
of a parallelogram form by a square cell after deformation.
The first and the second deformation components were de-
termined via the formula:

2
al +b’ + \/(a]2 + blz) —4a’blsin®s,

2
2a,

lln

12

where a, and b, are sizes of parallelogram sides after defor-
mation; §, is the angle between parallelogram sides; a, is a
cell side before deformation, equal to 0.5 mm.

The outline of deformed wall in a lower calculating cross-
section after deformation is displayed in the Fig. 3.

12

Mesh deflection angle

14 15 16
Die slope angle

Fig. 2. Relationship between grid inclination angle and die slope angle and outlines of
semiproucts at different deformation stages
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Fig. 3. The outline of deformed wall in a lower cross-section

Deformation intensity is determined according to the
following relationship:

o= e (ere) (e -a)

The hardness measuring results for samples are shown
in the Fig. 4. The blue and the red lines display the sample
before and after drawing respectively.

Similar to hardness distribution character in the middle
cross-section, the edge part is apparently characterized by
material strengthening after stamping. Maximal and mini-
mal hardness values for the sample before deformation are
equal to 238 HV and 209.8 HV, while maximal and minimal
hardness values for the sample after deformation are equal
to 285 HV and 226.1 HV. The relationships of deformation
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intensity and material hardness of semiproduct in control
cross-sections, which were obtained experimentally, are dis-
played in the Fig. 5.

Material hardness and deformation degree are distrib-
uted in the lower cross-section with non-uniformity 20.6 %
and 23 % respectively. It is important that the maximal and
minimal values of deformation intensity coincide with the
maximal and minimal values of hardness, what corresponds
to internal and external surfaces. As for other parts, hard-
ness distribution is non-uniform. Analysis of non-uniform
distribution of mechanical properties (see Table 2) showed
that non-uniformity level in billets before deformation drops
with approximation to the edge part of semiproduct. The
same tendency is observed for semiproducts after drawing
with thinning.

Table 2. Evaluation of distribution non-uniformity for
mechanical properties
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Fig. 4. Hardness distribution along wall thickness or the lower part (@), middle
cross-section (b), edge part of semiproduct (¢)




CIS Iron and Steel Review — Vol. 31 (2026), pp. 58-66

Metal Science and Metal Physics

09 250 1 260
245 09
> >
‘a 085 240 a 08 =
& b=
.7
S os # o> g ° 20 >
E m T | | E os T
o 075 s 9 [= T 230 9
S 4 S 8
g 220 =) % 04 [=]
s s 2 g 03 =
= < = <
S 065 20 T L 02 210 =
Q 205 L 04
a a
0.6 200 1] 200
04 07 1,1 15 18 22 26 29 33 3,7 40 44 48 51 55 04 07 1,1 14 18 21 25 29 32 36 39 43 46 50
Wall thickness, mm a Wall thickness, mm b
1 290
0,9 280
.é‘ 08
é g 270
S 07 2
= 260 T
o— 0,6 %y
=] 2% @
S o5 2
= 240
g 0,4 'c%
230
S 03 -
o
5 02 220
)]
01 210
0 200
0306 101316192326293235394245
‘Wall thickness, mm ¢

Fig. 5. Distribution of deformation intensity (blue line) and hardness (red
line) for the lower part (a), middle cross-section (), edge part of

semiproduct (c)

5 mm (x25)

Fig. 6. The scheme of location of cross-sections for microstructural analysis, x 25: general view panorama (a),
plastic deformation area (), bottom part of semiproduct (c)

The definite cross-sections were chosen for conduct-
ing metallographic investigations aimed on microstructure
evaluation of billets made of 11YuA steel. Location of these
cross-sections is displayed in the Fig. 6.

The results of macro- and microstructural analysis in the
plastic deformation area are presented in the Fig. 7.

Microstructure of the examined samples consists of fer-
rite grains (white areas) and pearlite (dark areas). Pearlite
presents a lamellar form. The area 2 (see the Fig. 7, ¢ and
7, d)ischaracterized by deformation strengthening of ferrite
grains due to plastic deformation. The results of evaluation

of structure, average structure of grains and microhardness
are presented in the Table 3.

Based on the results of microhardness measuring in the
zone where plastic deformation didn’t occur (areas 1 and 4),
microhardness made 108—123HYV, and for the areas 2 and 3
it was within the range 185—206HYV. Several features can be
underlined.

1. The microhardness values in the non-deformed zone
of the areas 1 and 4 (ferrite + pearlite structure) after re-
crystallization annealing before drawing should be simi-
lar. However, these values differ substantially (in average
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-l§

i

Fig. 7. Microstructure x100 (a) and x500 (b) in the area of the part 1; <100 (c) and <500 (d) in the area of the part 2; x100 (e)
and <500 (/) in the area of the part 3; X100 (g) and x500 (%) in the area of the part 4 (in correspondence to the Fig. 6)

1 Ferrite + pearlite
2 Ferrite + pearlite
& Ferrite + pearlite
4 Ferrite + pearlite

by 20 %), what means an influence effect of preliminary
plastic deformation in the zone of semiproduct wall, for a
stamping operation “folding”. Recrystallization annealing
evidently does not allow to restore completely material state
to initial one.

2. Plastic deformation increases microhardness in av-
erage by 2 times (comparison between the areas 2 and 4).
The area 3 (corresponding to the Fig. 7 and Fig. 8) is not lo-
cated directly in the plastic deformation area (Fig. 8); struc-

a

9
8
8 185+ 12
8 108+8

ture and grain size are similar to the area 4, however, micro-
hardness slightly (about 10 %) varies from material of the
deformed area.

Additional zones in the areas 1—4 (Fig. 9) were con-
sidered for detailed analysis of microstructure evolution of
semiproduct in the examined cross-sections. Microstructure
images in the additional zones are presented in the Fig. 10.

The area 2 with the sub-areas 2.1—2.3, where 2.1 is adja-
cent to a die surface and 2.3 is adjacent to a punch surface,

b
Fig. 8. Distribution of stress intensity («) and deformation intensity () in the plastic deformation area
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Fig. 9. Location of additional zones,x25: general view panorama of in the place
of plastic deformation area (@) and bottom part of semiproduct (b)

Fig. 10. Microstructure images in the additional zones, <500 in the zones of he area 1 — 1.1 (a), 1.2 (b), 1.3 (¢); in the zones of he
area2 — 2.1 (d), 2.2 (e), 2.3 (f); in the zones of he area 3 — 3.1 (g), 3.2 (), 3.3 (i); in the zones of he area 4 — 4.1 ()),

4.2 (k),4.3 ()

causes maximal interest. Pictures of microstructure, which
were inverted by colour for simplification of analysis and
evaluation, are presented below. As for the area 3, only the
sub-area 3.3 has deformed grains with shift stripes, which is
explained by its location approximately in one area with the
sub-area 2.3.

Grains in the structure of 11YuA steel are distributed in
non-uniform mode, their deformation stripes, which are
extended along the drawing direction, include ferrite grains
with size from 10 pm through 20 um to 40 pm in transver-
sal direction with essential longitudinal length (up to 90 pm
and more) and pearlite grains with size 3—5 pm (in strongly
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Fig. 11. Inverting microstructure image of the sub-areas 2.1 (a), 2.2 (b) and 2.3 (¢)

deformed areas) and 15—20 um (in slightly deformed areas).
Separate sections in deformation stripes are slightly mutu-
ally disoriented. In strongly deformed areas inside a grain,
neighbor sub-grains (blocks) can be turned relatively to each
other for substantial number of degrees: structure is charac-
terized by presence of sub-grains with observed shift stripes
having different density of their distribution, and by presence
of blocks with absence of shift stripes (sub-area 2.1 in the
Fig. 11, a). Grains with absence shift stripes are character-
ized by increased number if dispersed inclusions.

The sub-area 2.2, which corresponds to wall thickness
middle of semiproduct, is deformed intensively during the
examined drawing operation. Ferrite grains in deformation
stripes have smaller size both in transversal (5—10—30 pm)
and in longitudinal (10—30—60 um) in comparison with de-
formation stripes of the sub-area 2.1. In this case increased
density of shift stripes (the sub-area 2.2, Fig. 11, b) and
smaller size of sub-grains (3—5—10 pm) is typical for de-
formed ferrite grains.

The sub-area 2.3 is the smaller deformed one during draw-
ing among examined sub-areas. This steel is characterized by
deformation only by single grains with their size correspond-
ing approximately to the size of grains in the sub-area 2.1.
Sub-grains with restricted sizes and with shift strips of small
distribution density are presented in these deformed grains.

When comparing the obtained results, we can note non-
correspondence between quantitative values of deformation
intensity (see Fig. 8), where the maximal size corresponds
to the surface adjacent to a punch (the sub-area 2.3) and
evaluation of deformation level for microstructure varying,
where the sub-area 2.3 is characterized by minimal variation
of grain forms and sizes.

It should be mentioned especially that the “picture” of
deviation of initial grains orientation is rather similar to the
data presented for a steel subjected to cold symmetric and
asymmetric rolling |3, Fig. 21, dand 21, e].

Conclusion

It was established experimentally that wall material was
subjected to some plastic deformation before entering the
plastic deformation area during drawing with wall thinning
of the steel 11YuA semiproduct.

This deformation is characterized as differently direc-
tional in the edge of a billet wall: at first elongation along the
one main axis and shortening along the other main axis occur
and then deformation direction changes to the opposite one.

Material tensile strength increases by 20—25 %. Material
hardness values before and after operation increases in the
central and edge parts of a semiproduct approximately by
20 %. Non-uniformity of material mechanical properties by
wall thickness reaches 20 %.

Microstructure of the steel 11YuA after drawing with wall
thinning is characterized (in the zone with maximal defor-
mation) by essential disorientation and refinement of grains
and blocks, by non-uniform grain deformation along wall
thickness in the control cross-sections, as well as by moderate
hardness increase by ~ 15—20HYV relating to the initial state.

The obtained results confirm that drawing with wall thin-
ning of the steel 11YuA allow to change substantially material
structure and its properties in longitudinal and transversal
directions and thereby to determine the gradient of material
properties.

Further examination of regularities of forming the mate-
rial structure and properties , technological possibilities of
their prediction and determination relating to the tool shape
and the conditions of technological operation implementa-
tion is considered actual. ais

The research was carried out under financial support
of the RF Ministri of Science and Higher Education (Sci-
entific and research work “Study and prediction of gra-
dient strength fields and plastic parameters of metals in
cold metal forming processes with complicated loading”,
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