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DEVELOPMENT OF METHODS OF EXPERIMENTAL AND ANALYTICAL RESEARCH OF
METAL FLOW IN THE CENTER OF DEFORMATION OF ALUMINUM ALLOYS DURING
COMBINE PARTS ROLLING
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Abstract

Vinnytsia National Agrarian University,
Ukraine

It is proved that the efficiency of grain harvesting equipment decreases after three or four harvest periods,
which leads to increased downtime and, consequently, partial crop losses. To increase the reliability of combines,
high-quality production of the most worn transmission parts is required. For this purpose, an experimental-analyt-
ical method of studying the flow of metal in the deformation center in the transition and steady zones during rolling
of workpieces, taking into account the development of deformation over time, during their volumetric deformation,

is proposed.
Keywords: ductility, deformation, metal flow.

Introduction

Because of the growing need for expensive steels
that are difficult to deform, titanium, magnesium al-
loys, the research of non-uniformity is very important.
Due to their mechanical, physical and technical proper-
ties, they are widely used, not only in mechanical engi-
neering, but also in the agricultural production of ma-
chinery and equipment for crop and livestock produc-
tion.

The use of hot deformation reduces the effort,
which increases the ductility of alloys. In the absence
of zones of difficult deformation and local overheating,
comprehensive restoration of the metal structure takes
place.

Grain harvesting equipment consists of a large
number of standard mechanisms that are necessary for
harvesting cereals and other crops, such as sunflower,
corn, soybeans, canola, buckwheat and sugar beets [1,
2].

Breakdown and downtime of a combine harvester
in the field entails delay of harvesting process, violation
of the delivery terms, and also may result in partial or
full loss of a crop harvest. Therefore, the problem of the
reliability of grain harvesters remains topical, espe-
cially for those combines that have worked for several
seasons.

The experimental research conducted by the au-
thors [3, 4] revealed that the coefficient of readiness, as
an indicator of the technical condition of combines such
as "DON-1500", begins to decline after about 500-600
hours, which corresponds to the time of two harvests,
and for combines produced by the world leading com-
panies — after operating 1200-1400 hours. That is, com-
bines work steadily for three or four seasons.

To increase the reliability and durability of
Ukrainian combines, a comprehensive approach at all
stages of their production and assembly is required. The

development and implementation of the latest scientif-
ically substantiated processing methods, working out
traditional methods of manufacturing heavy-duty parts
of agricultural machinery will allow reaching a new
level of efficiency and reliability of their operation [5,
6].

It will reduce downtime, change the technical con-
dition of combines with increasing service life. This, in
turn, should decrease crop losses, which depend on the
productivity of the machinery.

One of the methods of manufacturing heavy-duty
parts of combines such as shafts, transmission parts is
the method of hot rolling, which produces profiles of
different shapes and sizes for further machining.

To obtain workpieces with given mechanical char-
acteristics in this way, it is necessary to follow the laws
of metal flow in the center of local deformation, which
depend on the geometry of the gauges, the speed of the
workpiece, the amount of compression, etc. [7, 8].

During the development of technological pro-
cesses of metal forming, questions arise on the determi-
nation of effort, energy consumption, selection of opti-
mal technological parameters of deformation, indica-
tion of non-uniformity of deformation, etc. To solve
these complex problems, various methods of metal
forming research are used, which are divided into ana-
Iytical, experimental and experimental-analytical ones
[9, 10].

Analysis of recent research and publications

A special place in the theory of rolling is occupied
by the movement of metal in the deformation center.
The development of rolling requires the disclosure of
patterns and physical essence of the phenomena occur-
ring during the deformation of the metal in the center
of deformation.

In [9], a review of the research of metal flow in the
deformation center is described by analytical and ex-
perimental-analytical methods. Thus, A. Hollenberg
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drilled holes in the middle of the width of the strip, into
which he pressed rods. A. Hollenberg judged the move-
ment of metal in the center of deformation by the nature
of the curvature of the rods. N. Metz replaced the
smooth rods with screws, which made it possible to de-
termine the distribution of deformation along the height
of the strip by changing the pitch of the screw. In addi-
tion, he applied a coordinate grid on the side surfaces
of the strip. Observation of the curvature of screws or
rods after rolling can only provide an approximate
guantitative estimate of the distribution of deformation
in the deformation center. The violation of the integrity
of the pumped metal is the disadvantage of this method.
W. Trinks made lead strips from two halves, on the sur-
faces of which he applied vertical lines with a cutting
tool. To detect the flow of metal in the center of the
strip, these lines were filled with paint, after which the
halves of the sample were soldered in several places at
the coincidence of the lines on the side surface and in
the middle of the sample. G. Ungel used composite
samples to determine the flow of metal in the defor-
mation center. M.L. Zaroshchynskyi judged the nature
and distribution of deformation by the curvature of
screws and lines on the side faces; the length of the ad-
hesion zone was determined by measuring the distances
between the lines on the contact surface of the defor-
mation center on the strip braked in the rolls. O.H. Mu-
zaliovskyi studied the flow velocities of metal in the
deformation zone by moving the coordinate grid during
hot rolling of aluminum alloys by the method of high-
speed filming. T.M. Golubiev studied the movement of
separate layers of metal on a lateral surface of lead sam-
ples with a device of an original design. The device
made it possible to graphically depict the movement of
the points of the sample, taken at different heights in
one plane of the cross section, and flow velocities were
plotted according to the obtained data. T.M. Golubiev
used two methods to determine the boundaries of the
adhesion zone on the contact surface: samples of col-
ored plasticine were rolled in rolls of transparent mate-
rial with lines along the generatrix, applied at a certain
distance from each other; the plastic sample with the
lead needles inserted into it was illuminated by X-rays
in the course of rolling. The Ural Institute of Ferrous
Metallurgy used layered lead samples with a printed
grid in the research of the metal flow in the deformation
center. A.l. Kolpashnikov conducted significant and
original research in the field of determining the flow of
metal in the center of deformation. The research was
carried out by the methods of filming and recrystallized
grain when rolling aluminum alloys AMC and D16
with a slight expansion, which was not taken into ac-
count. The limits of the actual deformation center, the
length and position of the adhesion zone, the nature of
the velocity distribution in wide, thin and thick work-
pieces under different conditions of deformation — de-
grees of deformation, rolling speeds and lubrications
were determined.

The theoretical analysis of metal forming pro-
cesses is carried out by different methods, each of
which is characterized by certain possibilities and lim-
itations.

In [11] it is emphasized that the study of issues re-
lated to determining the patterns of metal movement
during rolling of workpieces depending on various fac-
tors influencing the unevenness of deformation (shape
and size of gauges, speed and degree of deformation,
the ratio of geometric shapes of gauge and rolled work-
piece, edging in the rolling process, etc.) will make it
possible to improve the quality of the deformed metal:
to avoid a flash at rolling, to reduce unevenness of de-
formation or to obtain a profile with the set unevenness
of deformation, to improve the structure of metal and
mechanical properties of a profile.

It should be noted that the non-uniformity of the
metal flow process is the result of different concentra-
tions of plastic deformation in its volume. The non-uni-
formity of deformation can be determined by studying
the nature of the movement of the metal in the research
area, choosing for this purpose one of the above meth-
ods, which are widely covered in the literature on the
theory of metal forming.

Formulation of the problem

Due to the growing need for the use of expensive
steels that are difficult to deform, titanium, magnesium
alloys, the study of non-uniformity is very important.

The analysis of the above methods revealed that
the correct choice of the actual resistance to defor-
mation and boundary conditions on the contact surfaces
of the tool is especially important for solving the metal
forming problems depending on their class.

As can be seen, the theoretical analysis of metal
forming processes is given much attention, a significant
number of analytical and experimental-analytical meth-
ods for determining the deforming forces and defor-
mations, the nature of the movement of the metal dur-
ing deformation are developed. These methods are suc-
cessfully applied depending on the necessary
conditions in solving flat and axisymmetric problems.
However, they do not allow determining the movement
of metal in the center of the researched area (defor-
mation center) and the non-uniformity of deformation
depending on the geometric ratios of the caliber and the
rolled workpiece when solving problems in three-di-
mensional space (volumetric problem).

This shortcoming is eliminated by the method de-
veloped by DSc (Eng.) S.O. Skryabin on the basis of
deformation theory of plasticity, application of imagi-
nary coordinate grid, method of finite differences and
variable parameter of elasticity, method of theoretical
research of metal flow process during rolling of volume
deformation workpieces in deformation center with ar-
bitrary contour and discretely set boundary conditions
[12-14].

The method makes it possible to reveal the pattern
of metal movement in the researched area both for
steady (deformation under constant compression) and
unsteady (deformation with increasing or decreasing
deformation) processes of hot deformation, to deter-
mine the non-uniformity of deformation depending on
the ratio of geometric shapes and gauges as well as the
area of possible concentration of stress.

Material and methods of 3D problems of plas-
ticity theory
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The stress state of a deformed body is determined
by the stress tensor:

Gx z-xy sz
_ (1)
o = [Ty o, Ty, s
sz Txy Gz
whose components meet balance equations
0
% + ﬂ + % + X = 0,
OoX 6y oz (2)
0 0 .
i + ﬂ + % + O = O'
ox oy oz
0
% + ﬁ + % +7Z = 0,
ox oy oz

where X, Y, Z—the components of external forces.
Body deformation is determined by the defor-
mation tensor:

.11
X Zyxy 27/xz
1 1
Tg: Eﬂ/yx gy nyz
1 1
Eyzx E}/ZY 8y

(3)

The components of the deformation tensor can be

calculated if vector U (u,v, w) of displacement of arbi-
trary point of the deformed body is known via formu-
las:

&x = 67”,- gy= 00 g= %
ox 6y ! Oz ’
(4)
- ow 0v _o0u ow _0v Ou
YT — e —— T T — 4 —.
oy oz oz Ox ox Oy

In the linear theory of elasticity, the components
of the displacement vector, as well as their derivatives,
are small quantities, the squares of which and their de-
rivatives can be neglected.

The calculation of the components of the defor-
mation tensor by formulas (3, 4) is possible only with
an accuracy up to constants [15, 16], i.e. with an accu-
racy of rigid displacement of the body as a whole. The
components of deformation 7, and stress 7, tensors are
interconnected by the relations of Hooke’s law.

In the case of a homogeneous isotropic body, they
are of the following form:

o, =A0+2pue,; t,=uy,;
Oy =A0+2us,; T, = Uy, ©
o, =A0+2us,; T, =4y,,

ou oOv
where ¢ =&, te e =+ +

ox oy Oz

A, — Lame’s elastic constants.

The basic equations of statics of an elastic body
can be written in displacements (Lame's equation), sub-
stituting formulas (5) in equilibrium equation (2) and
using relation (4):

A+ u %+yvzé+6:0;
X
6
00 2 A A ©
(/1+,u)a+,uv v+0=0;

(/1+,u)%+,uvzw+2=0,

2 2 2
wherevzziﬂ_aiz_'_iz.
ox* oy° Oz
As the direction of coordinate OZ includes defor-
mation elongations &, and hence displacements w,

these components are determined from Hooke's gener-
alized law

=2 (0,10, &, =g o, ~ver)
v ; 2 l+v) L~ _E
“glo ) =T G

where E —Young’s module, v —Poisson’s ratio,

Lame's differential equations under incompressi-
bility ex+ey+ez=0 are expressed by the following for-
mulas:

(/1+,u)g—f+,uvzé =0;

®)
(/1 +,u)%+,uvzu =0;

A o8 oOv
—— | —=+—|z+w=0.
2u+A\ 00 00
The conditions of the deformed workpiece contour
are written down in the form:

P, =0,c0s(v,X)+7,cos(v,y),

9)
P, =7,,c0s(v,x)+0o,cos(v,y).
Using geometric equations:
Ex = al,. &y = 671) €= Wl” Yxy = a_u+@,
ox oy’ z oy oX
and the equation of deformations continuity
o, azgy _ 627/xy , (10)

2 + 2
oy ox~  oxoy
we get eight equations with eight unknowns. This
system is closed and can be solved by different methods
(force method, displacement method, mixed method).
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For a clearer representation of the non-uniformity
of the deformation distribution, this problem was
solved by the method of displacements. To determine
the boundary conditions on the end and the surface of
the workpiece @ 50 x 150 mm from the alloy AK6 a 5
x 5 mm grid was applied, which after deformation of
the workpiece — the sample was used to determine the

displacements on the surface of the researched area,
Fig.1.

The samples consisted of several diameters with
an applied grid, Fig.2. The displacements of the grid
point on the deformed samples after rolling were meas-
ured with a large instrumental microscope VMI-1. The
measurement error did not exceed & 0.005.

Fig. 2 —A sample consisting of several diameters with an applied grid

Research of metal flow in transition and steady
zones during rolling of workpieces in the deformation
center, taking into account the development of defor-
mation over time.

The development of a method for the theoretical
research of the flow of metal in the transition and steady
zones during the rolling of workpieces in the center of
deformation, taking into account the development of
deformation over time, is a further development of the
theoretical method for studying the flow of metal in the
center of deformation during volumetric deformation
worked out by DSc (Eng.) Skryabin S.O. [11, 16-18].
The method described in these papers was taken as a
basis for the theoretical research of the process of metal
flow during volumetric deformation of workpieces in
calibers. The research problem is solved in stages: the
elastic problem as the first approximation to the elastic-
plastic one, the elastic-plastic problem for small plastic
deformations. The nature of the movement of the metal
in the calibers is described using the finite difference
method and a variable parameter.

To solve the volumetric problem by determining
the process of metal flow in the deformation center, the
following conditions were adopted:

- in the plastic area of the deformation center there
is no change in volume Gtéyté 0.

- stress and deformation tensors for each point of
the deformed layer dz, Figs 2.3, are of the form:

o, Ty 0
T = Ty o, 0 [;
0 0 o,
1
&y 57/ Xy 0
1 (11)

T = E;/yx & 0 |;
0 0 £
z

- the stress state at each point of the deformed me-
dium during plastic deformations depends not only on
the deviator part of the stress tensor, but also on the nor-
mal octahedral stress

Ox =0 Txy T2 Ocp 0 0 (12)
T,=| 74 Oy =0y T, +0 o, 0]
Ty t, 0,) 0 0 o
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Ox =0 Ty

where - the deviator

part of the stress tensor;

% O 0 ) _pall stress tensor;

0 o, O
0 0 o,
o — the normal octahedral stress in the point.
cp
- in each deforming layer dz of the deformation
center, the stress state is characterized by a three-di-
mensional circuit with three compressive stresses
|gl| >|02| >|03|;- in the plastic area of the deformation

— e

%]

G,

G,

e

center, the elastic component of the plastic deformation
is not taken into account;

- in each deforming layer dz of the deformation
center, the plastic deformation begins only when the
stress reaches the yield strength;

- stressed-deformed state of the deforming me-
dium meets the law of rigid-plastic deformation;

- the loading process at each point of the defor-
mation center is characterized by the absence of rota-
tion of the main axes of stress and deformation tensors;

- the loading process at each point of the defor-
mation center is proportional to the value of the growth
of the stress tensor of some parameter, which in the
plastic area of deformation is equal to twice the value
of the shear modulus of the second kind, i.e. 2G*.

\ dz ans yeranenoro
D~ -

npoLecy

dz ansa neycranenoro
g
npouecy

Fig.3 —Scheme of the stress state in the transition zone of the rolled workpiece

For a steady rolling process, with volumetric de-
formation of the workpiece, the deformation tensor Tg

is of form (13), since direction OZ contains elongation
deformations g, hence, displacement W.

1
Ex nyy 0
1
—I_‘g = Ej/yx gy 0 (13)
0 0 P
z

With this ratio of the deformation tensor, the
amount of displacement W for layer dz, Figure 2.3,
will be determined by formula:

W=g, 2 (14)

Since the direction of coordinate OZ contains de-
formations of elongation &;, hence, displacement w,
these components are determined from Hooke's gener-
alized law,

1 1
& :E(O-X _Vay); &y :E(O'y _VGX);
g, =é(crx +0,)i7, Z@% (15)

where E —Young’s modulus; v - Poisson’s ratio,
we obtain:

W:E(O'X+O'y)2’ (16)

E
— 17
0'X+Gy—1_v(gx+gy). (17
After substituting the right-hand part of equation
(17) into formula (16) we obtain

v
W:TV(EX-FEy)Z, (18)
Using relation (19),
Ex:al" Ey:aiu.gzz%. (19)
ox oy ! oz’
Yyz = 67w+@,_ Yzx = 6_U+@’ Yyx =
oy Oz 0z  OX
ov au
_+_1
ox oy

we obtain w —moving in a layer equal to the step
of the grid in the direction of the axis oz

v (ou Ov
W= ol +— |Z.
—viox oy (20)
Substituting the parts of the derivatives by their fi-
nite differences in formula (20), we obtain the formula

for determining the displacements along axis OZ for the
transition zone

v [ U= Ui U U .
+ i + i '
1-v hal haZ (21)
To determine the flow of metal during the un-
steady rolling process (transition zone), the calculation

W
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method is used with the previous division of the transi- u . L. _

tion zone into a number of elementary sections dz (Fig. Values ") and ") are determined by the
3), in each of which the process is considered as estab- ~ method described in paper [2], Fig. 4

lished.

Fig. 4 —The area of the deformation center

To determine the nature of the metal flow in the  the parallel YOZ (Fig. 6) into sections (1; 1), (2; 2), (4;
transition zone of the rolled workpiece, the sample was  4), (6; 6), (8; 8); by a plane parallel to XQOY (Fig. 7)
cut by a plane parallel to XOZ (Fig. 5) into sections (2; into sections (1; 1), (2; 2), (3; 3), (4; 4), (5; 5).

2) (4; 4) (6; 6) (8; 8) (10; 10) (11; 11); by the plane of

Fig. 6 — The general view of the side section
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Fig. 7 contains a view of the surface of the end of the rolled workpiece after volumetric deformation in
oval caliber (first approximation)

Fig. 7 — Change of "plastic waves" in the center of deformation with taking into account the development
of deformation over time, s: (1- 1) — 0.0145; (2 - 2) — 0. 0290; (3 - 3) — 0. 043;
(4-4)-0.0580; (5-5)-0.0725

Figs. 8, 9 contain a pattern of the flow of metal in the research area in the analytical (a) and experimental
(b) forms

(11 (22) 33 44) (5.5
L £ L ? 4

A, W - = 4

LL

/
.
a
Top view: a —analytical research; b —experimental Fig .8 —Change of "plastic waves" in the center of
research) taking into account the development of defor-  deformation on the surface (1-1) — 0.0145; (2-2) —
mation in time, s: 0.0290; (3-3) — 0.0435; (4-4) — 0.0580; (5-5) — 0.0725

{10

(2:2)

(3:3) (a;9) (5:5)

TN
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a —analytical research; b —experimental research
Fig. 9 — Change of "plastic waves" in the center of deformation on the surface of the test specimen (side view)
taking into account the development of deformation over time, s: (1 -1) — 0.0145; (2-2) — 0.0290; (3-3) — 0.0435;
(4-4) — 0.0580; (5-5) —0.0725

From the analysis and comparison of experimental
data shown in Figs. 8, 9 it is seen that the solution to the
problem in three-dimensional formulation in the field
of small elastic-plastic deformations, using the methods
of finite differences and variable parameter, gives a true

pattern of the metal movement during rolling of round
sections in oval calibers.

Fig. 10 presents a general view of the flow of
metal in the volumetric deformation of the workpieces
in the oval caliber

Fig.10 —The general type of change of "plastic waves" at volumetric deformation of workpieces in oval caliber
(first approximation) taking into account the development of deformation over time, s:
(1-1) — 0.0145; (2-2) — 0.0290; (3-3) — 0.0435; (4-4) —0.0580;
(5-5) - 0.0725

The movements of coordinate grids ("plastic
waves") presented in Figs. 7, 8a, 9a, 10 were researched
using experimental data obtained by DSc. (Eng.)
Skryabin S.O. in the study of metal flow during volu-
metric deformation of workpieces in oval caliber and
determined taking into account the development of de-
formation over time (lines: 1; 1 — 0. 0145 s; 2; 2 —
0.02905s; 3; 3—0. 04355; 4; 4 —0.0580's; 5; 5 - 0.0725
S).

As another approach to solving the problem that
characterizes the flow, when rolling in the center of de-

o = arccos (1—

where — R3 —workpiece radius, mm;
Rp —rollers working radius, mm;
Ah —absolute compression, mm.

formation, taking into account the development of de-
formation over time, consider rolling workpieces with

dimensions @ 25 150 mm of aluminum alloy AK6 in
oval caliber of the following dimensions: height 13
mm, width 29 mm, caliber radius 20.5 mm, rolls work-
ing radius 66.5 mm, gap between rolls 1.0 mm. Rolling
temperature 450 °C. Rollers rotation frequency 37 min
-1.

The angle of contact of the rolled workpiece with
the tool is determined by formula

The intervals of deformation of the workpiece over time were determined by formula (23), Table 1

t=103( By

1Y)

3

where vB - rollers rotation speed, m/s.

2R, —Ah
2R,
=arc cos (0.9022) = 0.4458 , (22)
j [66,50,4458]20’145
=10-3 0,2 23)
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Table 1
The intervals of deformation of the workpiece over time
o 5 10 15 20 25
ti, s 0.029 0.058 0.087 0.1160 0.1450
Other intervals of deformation over time are deter- Ah
mined similarly. 1‘5
The values of the contact angle in the cross section P = R -
of the deformation center were determined by formula P ) (24)
(24), Table 2 where Rk —caliber radius, mm.
Table 2
The value of the contact angle in the cross section of the deformation center
ti, s 0.029 0.058 0.087 0.1160 0.1450
Qi 0.1312 0.2624 0.3936 0.5248 0.6561
The lengths of the cross-sectional arcs of the con- !
tact zone for each value of current angle @i were deter- 7= Rpol. (25)

mined by formula (25), Table 3

Table3 —The lengths of the arcs of the cross section of the contact zone for each the value of the current angle

Qi 0.1312 0.2624 0.3936 0.5248 0.6381
Rk 20.5 20.5 20.5 20.5 20.5
lopi 2.689 5.379 8.068 10.758 13.450
The coefficients of deformation along the contact p® h®
arc are determined by formulas (26), Table 4 Ky = ﬁ = ﬁ
3 3 (26)
Table 4
Coefficients of deformations along the contact arc
ti,s 0.29 0.085 0.087 0.1160 0.1450
Kx(i) 1.048 1.092 1.140 1.188 1.240
Ky(i) 0.876 0.7352 0.6320 0.5640 0.5400
The change in the width of the oval caliber de-
pending on the time of deformation is determined by where b 3 - oval caliber width, mm;
formula (27), Table 5 )
t! - deformation time, s.
(b, +2R))
_— Ug
pos= % T (27)
Table 5
The width of the oval caliber depending on the time of deformation
ti, s 0.029 0.058 0.087 0.1160 0.145
Bos(i) 26.2 27.3 28.4 29.7 31.0
The contact area in each period of the deformation FO R, v, -t Yhig gy 2et o, -t; _R,sin 2t UL, )]
time is determined by formula (28), Table 6 R, 2R, 2R, (28)
Table 6
The contact area in each period of the deformation time
ti,s 0.029 0.058 0.087 0.116 0.145
Fk(i) 16.7 66.9 157.8 268.9 431.5
The step in the direction of the coordinate axes is h,,z(”) R,K (')(COSﬂ ja —Cos 3., J) (30)

determined by the formulas:
in the direction of OX axis (29), Table 7

h, 'V =RKUGEing,, —sing ).
in the d1rect10n of OY (30), mm

/(29)

Boundary conditions on the surface of the deform-
able workpiece along the contact arc are determined by
formulas (31, 32), Table 2.8
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U, =R,1-KM)sin g oy v, =Ry-K{")cos S, ;
@) @) o® = (@
uH—lj R (1 K )SIn ﬂH—lj (31) I+1j =R (l K )CosﬂH-IJ (32)
Table 7
Step in the directions of axes OX and OY
t,s t=0.029
I, (L1 (3:3) (5:5) () (9:9) (13;11)
hal(i,j) 3.3902 3.1597 2.71301 2.0815 1.3086 0.4467
ha2(i,j) 0.3733 1.0939 1.7399 2.2677 2.6411 2.8338
t,s t=0.058
i, (1,1) (3;3) (5;5) ) (9;9) (11;11)
hal(i,j) 3.5326 3.2923 2.8268 2.1703 1.3635 0.4654
ha2(i,j) 0.3133 0.9180 1.4424 1.9032 2.2166 2.3783
t,s t=0.087
i, (1,1) (3;3) (5;5) ) (9;9) (11;11)
hal(i,j) 3.6879 3.4371 2.9511 2.2657 1.4235 0.4858
ha2(i,j) 0.2693 0.7891 1.2399 1.6360 1.9054 2.044
t,s t=0.116
i (11 (3:3) (5:5) (7;7) (9:9) (11;11)
h21(i,j) 3.8431 3.5818 3.0753 2.3611 1.4854 0.5063
h22(i,j) 0.2403 0.7042 1.1202 1.4600 1.7004 1.8245
t,s t=0.145
i (11 (3:3) (5:5) (7;7) (9:9) (11;11)
h21(i,j) 4.014 3.7386 3.2099 2.4645 1.5483 0.5284
h22(i,j) 0.2301 0.6733 1.0725 1.3978 1.6281 1.7469
Table 8
The value of the boundary conditions on the surface of the deformable workpiece along the contact arc loi
ti,s t1=0.029 s
i, j (1;1) (3:3) (5:5) () (9:9) (11;11)
Ui’ j+1 0.0000 -0.1552 -0.3000 -0.4242 -0.5136 -0.5754
U, ] -0.1552 -0.3000 -1.4242 -0.5196 -0.5754 -0.6000
Dijt1e 1.5500 1.4971 1.3423 1.0960 0.7750 0.4011
Ditij® 1.4971 1.3423 1.0960 0.7750 0.4011 0.000
ti,s t2=0.058 s
I, (1;1) (3:3) (5;5) (7;n (9;9) (11;11)
Ui’j+1 0.000 -2976 -05750 -0.8131 -0.9959 -1.1107
UM‘J- -0.2976 -0.575 -0.8131 -0.9959 -1.1107 -1.150
Dij+1® 3.3100 3.1971 2.8664 2.3405 1.155 0.8566
Dit1j® 3.1971 2.8664 2.3405 1.155 0.8566 0.0000
ti,s t3=0.087
i, J (1;1) 3:3) (55) (77 (99) (11;11)
l.li’j+1 0.000 -0.4528 -0.8750 -1.2374 -1.5155 -1.6903
UM‘J- -0.4528 -0.8750 -1.2374 -1.5155 -1.6903 -1.7500
Uit je 4.4431 3.9836 3.2526 2.3000 1.19048 0.0000
Uijr® 4.6000 4.4431 3.9836 3.2526 2.300 1.19048
ti,s t4=0.116 s
i (1;1) (3;3) (5;5) (7;7) (9;9) (11;11)
Ui,j+1 0.000 -0.6081 -1.1750 -1.6616 -2.0351 -2.2698
Uiﬂ,j -0.6081 -1.175 -1.6616 -2.0351 -2.2698 -2.3500
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Viit® 5.4500 5.2641 4.7197 3.8536 2.7260 1.4106
Vit j® 5.2641 4.7197 3.8536 2.7260 1.4106 0.0000
ti,S t5=0.1455
i 11) (3:3) (55 ) (9;9) (11;11)
Ui i1 0.0000 -0.7764 -1.500 -2.1213 -2.5980 -2.8977
Uity | -0.7769 -1.500 -2.1213 -2.598 -2.8577 -3.0000
Ditlj® 5.5539 4.9795 4.0658 2.8750 1.4881 0.0000
Dij+1® 5.7500 5.5539 4.9795 4.0658 2.8750 1.4881

Fig. 11 shows the nature of the change of "plastic
waves" in the center of deformation during rolling of

the workpieces in oval caliber with the dimensions de-
scribed above (view of the end face of the workpiece,
the first approximation).

Fig. 11 —Change of "plastic waves" in the center of deformation with taking into account the development of
deformation over time, s:
(1-1)-0.0145; (2—-2)—-0. 0290; (3 —3) — 0. 0435;
(4-4)-0.0580; (5-5)-0.0725

The above figures demonstrate the nature of the
flow of metal during workpiece rolling in the defor-
mation center in a three-dimensional setting (volumet-
ric problem), performed by the method described in
[11, 14-19] and such that received further development,
which takes into account the development deformation
over time.

Experimental verification of the results of theoret-
ical and experimental research of metal flow during
workpiece rolling by volumetric deformation in the de-
formation center confirmed that the developed method
makes it possible to reveal the pattern of metal move-
ment for both steady (deformation under constant com-
pression) and unsteady (with increasing or decreasing
deformation) hot deformation processes, to determine
the non-uniformity of deformation depending on the ra-
tio of geometric shapes of the caliber and the deforma-
ble workpiece, find the area of possible stress concen-
tration.

The maximum discrepancy between theoretical
and experimental research in testing the proposed
method does not exceed 10% for the third approxima-
tion, which confirms the possibility of using this
method to research the flow of metal in the deformation
center during workpiece rolling in gauges of arbitrary
shape.

Conclusions.
Theoretical and experimental research of metal
flow in the deformation center in the transition and

steady zones during rolling of workpieces, taking into
account the development of deformation over time,
with their volumetric deformation, has been further de-
veloped.

The method of theoretical research of metal flow
in the deformation center during workpiece rolling by
volumetric deformation, taking into account the devel-
opment of deformation over time has been developed
and experimentally confirmed. The maximum discrep-
ancy between theoretical and experimental research in
testing the proposed method does not exceed 10% for
the third approximation, which confirms the possibility
of using this method to study the flow of metal in the
deformation cell.

Experimental verification of the results of theoret-
ical and experimental research of metal flow during
rolling of workpieces with their volumetric defor-
mation in the deformation center taking into account
the development of deformation over time has con-
firmed that the developed method allows revealing the
pattern of metal movement for both steady and un-
steady deformation processes.

The application of the method of calculating the
flow of metal in the local center of deformation makes
it possible to predict the mechanical characteristics of
the product, as well as to vary them in a wide range,
based on functional features and operating conditions.
This enables avoiding parts rejects and reducing the de-
bugging time at the design stage of the technological
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process. With regard to the transmission parts of com-
bines and other grain harvesting equipment, the use of
the method will increase the strength of heavily loaded
parts due to plastic deformation of the internal cross
section of the part, healing cracks and defects in the
structure of the workpiece. During the operation of such
a part in the mechanisms of the combine, the zones of
strong load strengthened by plastic deformation will
not change their operability for a long time.
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