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ANALYSIS OF STRESS-STRAIN
STATE (SSS) OF BILLET
MATERIAL IN THE COURSE OF
SETTING BY RESOURCE-SAVING
METHOD OF ROLL STAMPING

The processes of planting blanks by the rolling stamping
method allow for the efficient production of a wide range of high-
quality products, but the possibility of material destruction during
deformation prevents the expansion of their technological
capabilities. Further development of the processes is possible
through the development of new technological schemes based on
the analysis of deformation kinematics and the appointment of
favorable technological parameters, taking into account their
influence on the stress-strain state and deformability of the
material of the workpieces. In order to widely use the method of
assessing the deformability of workpieces, a reliable technique is
needed, which provides for the presence of a mathematical
model of the trajectory of deformation of material particles in the
coordinates ‘"stress state indicator - accumulated plastic
deformation before failure." The work uses an approach to finding
an analytical representation of the deformation trajectory based
on the construction of a differential equation between the
components of plastic deformation increments, followed by the
solution of this equation and the identification of its parameters
based on experimental data. According to the results of the
research, the deformation trajectories of the material particles of
the peripheral surface of the flange when planting by rolling
stamping method were schematically constructed in the
coordinates "intensity of deformations - stress state indicator".
Based on the built model, damage accumulation can be
simulated by changing the values of the model parameters for
different materials and deformation paths. An analytical
representation of the deformation trajectory in a parametric form
was obtained. The advantages of representing the deformation
trajectory in the form of parametric equations are the
convenience of analyzing these trajectories. The advantage of
the model of the trajectory of deformation of material particles in
the coordinates "stress state indicator - plastic strain accumulated
before failure" is the absence of a material constant in the
analytical expression for the stress state, and the consequence is
additional convenience of analyzing ratios and selecting the value
of the material constant based on experimental data.

Key words: rolling stamping, flange landing, stress-strain
state, mathematical model of the deformation trajectory..

Formulation of the problem. Information information, it is possible to determine the force
about the stress-strain state (SSS) of the parameters of the process, evaluate the
workpiece material and the influence of various deformability of the material of the workpieces and

technological parameters on it

is especially the stability of the tooling, purposefully expand the

important when developing rolling stamping technological capabilities of the process, and
processes (RSP). On the basis of such predict the service characteristics of the products
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[1]. One of the most widespread RSP operations is
planting, during which only part of the workpiece is
deposited. It is possible to obtain complex profiled
products with developed thin-walled elements with
high precision by planting. At the same time, due
to the achievement of significant deformations,
there is a risk of destruction of the workpiece
material due to its insufficient deformability [2, 3].
A variety of methods are used for the study of SSS
in OMD processes: experimental, analytical, and
simulation modeling. Combined experimental and
computational methods have proven themselves
to be the best in terms of accuracy and efficiency.
All of the above determines the urgency of
conducting a study of the SSS of the material of
the blanks when planting by the RSP method.
Analysis of Recent Research and
Publications. Process flow diagrams of outer
flange setting on pipe billets using conical roll are
shown in fig. 1. As follows from research [2], the

ma mexHoJs1o2isIx
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kinematics of billet material flow and, accordingly,
the SSS of the material significantly depend on
mutual location of the roll and the billet. From the
viewpoint of destruction, flange’s external free side
surface was the most dangerous one. Where the
position of the roll top coincides with billet’'s axis
(Fig. 1a), the material flow occurs both towards the
axis and in the centrifugal direction, which is the
predominant one. In case of material flow limitation
to the axis using an internal mandrel, the material
will be squeezed between the roll and the mandrel.
The form of such a billet is shown in fig. 2, a. As
the roll top shifts in the direction of the contact
spot, as shown in Fig. 1, b, the intensity of material
flow from the billet axis increases. This
displacement contributes to the centrifugal

material flow and to departure of billet flange’s
peripheral part from the contact with the roll, as
can be seen in fig. 2, b.

Fig. 1. Process flow diagrams of billet's outer flange setting using the rolling stamping method
depending on the position of the roll top: a) without its displacement from the billet axis, b) with

displacement in the direction of the contact spot.

a)

b)

Fig. 2. The view of billet flanges obtained by setting using RSP method according to the

diagrams in fig. 1,a and 1,b — respectively

Papers [2, 3] represent various studies of
material’s SSS in the pipe billet’s flange area. Fig.
3 shows the nature of stress intensity distribution

o, =const and strain intensity &, =const, as

obtained byhardness measurement method, with
Fig. 4 showing deformation intensities, as obtained
using the finite element method (FEM) and Fig. 5

64

showing a fragment of the original grid on the pipe
billet surface.

In paper [4], the paths of strain of material
particles of the flange’s free surface were obtained
using the grids method within the coordinates of
the stress state indicator — the deformation
intensity.
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Fig. 3. The nature of distribution
within flange cross-section with
€ =const (O),o,=const (O) gection
parameters

Since process capabilities of the operation
under research may significantly be limited due to
formation of cracks on the side surface during
RSP, the said processes should be developed
together with generation and study of material
deformability model for specified dangerous zones
of the billets.

One of the elements of billet material
deformability model in plastic deformation
processes is the mathematical model of material
particles’ deformation trajectory in the coordinates
of the “stress state indicator” — pre-failure
accumulated plastic deformation” [5]. Studies have
shown that the most effective approach would be
to find an analytical representation of the
deformation trajectory based on construction of a
differential equation between the components of
plastic deformation increments to be followed by
solution of this equation and identification of its

parameters based on experimental data. Of
course, the effectiveness of this approach
significantly depends on the degree of

reasonableness of choice of the original differential
equation.

Research Purpose and Objectives. The
purpose of this paper is to determine the stress
state indicator using experimental-and-analytical
method and to construct the deformation trajectory
on the billet flange’s free surface in the course of
setting operation using the rolling stamping
method.

Main Results of the Research. Let us
consider the main elements of the analytical part
of the said experimental-and-analytical approach
[6, 7, 8]. Let's write down the relationship between

axial &€z and circular &, logarithmic

deformations of the billet material’s macroparticle:
£, =¢,(s,) @)

Considered in [7, 8] is the side surface of a
cylindrical sample under end compression, and the
conditions for construction of this dependence in
the form of a differential equation are formulated.

Based on these results, we formulate the
conditions for construction of a similar dependence
describing the change in deformed state of the

Fig. 4. g = const
distribution within flange
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Fig. 5. ‘Fré\"gméh't of the original
grid on the pipe billet surface

billet flange’s free surface in the course of setting
operation using the RSP method:
e The following structure of the 1% order

nonlinear  differential  equation  with
separable variables is proposed:
de, . 2
=g,(g,)

(4
e it is believed that, at the initial moment of
deformation, the material’s stressed state
can be stiffer than uniaxial compression’s
stressed state:

de
2(g,=0)=—(1+0),0<0<1; 3
(4
e it is also believed that, when the
deformation rises to an arbitrarily large
value, the material's stressed state 4
approaches to an uniaxial tension:

lim 382 > _1; )
gw%wdg(p 2

e due to the phenomenon of gradual
transition from of the side surface’s
cylindrical shape to a barrel shape with the

increase of circular deformation value 6‘(p,

in connection with barrel formation
development on the side surface, the ratio

of increments of axial &, and circular

6‘¢ deformations increases (with absolute

value decreasing), that is:

(5]
9% ) _d& o )

dgw dgqf
. the condition of the smallest
possible number of parameters;
. the condition of the differential

equation’s integrability and low computational

65
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complexity of solving the problem of limit
deformations determination;

the structure of the differential
equation should be such that its solution in the

parametric form would have the following form:
1n=n(t);

{éizm-f(t).

It should be noted that, with 0 :1condition
(3) becomes identical to the similar condition
formulated by the authors of [7, 8] for the process
of cylindrical sample’s end compression:

9 (¢, =0)

de,
With further implementation of the flow
theory, it will be shown that this condition
corresponds to the stress state of uniaxial

compression:
77(8¢ = 0) =-1. (@

The last condition means that regardless
of the friction conditions at the cylindrical sample’s
ends at the initial stage of end compression, the
material of the free side surface remains in a
stressed state of uniform compression.

As regards the RSP pattern, where the
conical roll’s top can be displaced from the billet
axis in the direction of the contact spot (Fig. 1, d),
we would have a slightly different situation. This
pattern makes it possible to obtain wide flanges,
but already at the initial stages of rolling, the
flange’s peripheral zone departs from contact with
the roll, this forming quite a rigid stress state
pattern on the free surface. Therefore, at the initial
stage of the specified process already, the
material’s more rigid stress state may occur in the
dangerous zones, as compared to cylindrical
samples’ end compression.

Taking into account a number of
formulated conditions, the following differential
equation was constructed:

(6)

£,=0)=-2. ™

mZ

3 —2],m>0,030§1 9)

4 (2_9)'[3

Numerical values of M, @ parameters are

normally determined based on the results of
measurements of changes in the coordinate grid’s
dimensions. Since this is related to appreciable
scattering of such experimental data, it is
necessary to first find the analytical form of
dependence (1). In other words, we need to find a
partial solution of the differential equation that
would satisfy the following condition:

gz(g(p =0)=O.

de, 1

de

4

2
&, +Mm

(10)
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We have an ordinary 1%t order differential
equation with separable variables (9). Let's
separate the variables and integrate the both parts
of the resulting equation:

gz=—§-gf(z—e)(l

—+
3

Having found the defined integral, we will

finally obtain:

3 1 Py
(2-60)-|=-& +m-arctg| £ | |.(12)
( ) 3 8(0 g(mj

2
M lde, -@D
g,+m

4

Upon obtaining the analytical dependence
for description of the change in the deformed
state, we’ll proceed to determination of the stress
state indicator and construction of the deformation
trajectory on the billet flange’s free surface during
the setting operation using the RSP method.

The stress state in the billet’s dangerous
part will be determined using the method detailed

in [7, 8].
According to the flow theory relations, we
will get:
2 S,
§; = - x==—>de;, (13)
3 de,

where Sij are stress deviator components,

o is the first invariant of the stress tensor or the
average stress:

s = ii. (15)
3

S..

stresses ij

0,,0,, 0, are  main

deij being the components of stress tensors and
increments of plastic deformations, respectively;
O;, dei are stress intensities and  strain
increments, respectively;

o, =%-\/(02 —0¢)2 +(0¢ —ar)z +(o, —GZ)2 (16)

de, = \/(dej )+ %>(der- de,) s @7

dé‘r is the increase in radial deformation.
The increment radial deformation

in

d & is determined

incompressibility:
de, +dg, +de, =0. @8

It should be noted that in the context of the
methodology used, the definition of the stress

from the condition of
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state means the definition of the stress state
indicator:
o,+0_ +0
77:# (19)
O

As can be seen from recent research
papers [9], this indicator has been widely used not
only in national literature [10], but also in the
papers by researchers from far-abroad countries.
In addition, it was shown that over the past
decades, the number of papers in which this
indicator is used to predict the destruction of
materials under plastic deformation conditions has
been steadily increasing.

The key aspect of the ability to determine
the stress state indicator on the free side surface
is the fact that the radial stress component is equal

tozeroS = 0.

Proceeding from this condition, expression
(16) for the stress intensity takes the following
form:

o, 2%-\/(0'2 —O'w)z +(0'(p)2 +(0'Z)2 (20)

Based on the flow theory, we get [7, 8]

ma mexHoJs1o2isIx
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de
2—2+1
) de . (2
S ==
B 1 % de g
1+ 2422+ 1+
3 dg F
2+ 9% (22
2 de,
s, ==
b8 1 & de g
1+7>§2 L4 1=
3 dy F
5
) &dez4_1z
h= dej 5 (23)
&
1+ >*§2dez+1§
de, §
An important feature of the applied

methodology for determination of the material’s
stress-strained state is that numerical values of the
average stress and stress intensity remain
undefined. However, in order to assess billet
material’s deformability, it would be sufficient to
generate the mathematical model of deformations’
trajectory within “stress state indicator -
accumulated plastic deformation” coordinates.

Let's write down the expression for the stress state indicator based on (23) and taking into

account (9):
£ &
J§>§(Q- 2)>§1+

2 0 O

2 2+
e’ + m'%

L

i}

h

2 0 Q

& ® :
12+§( %1 H
e+m— 5

;_+_2

, {e,.m} ¥ ),qf 0.1]

(24)

and analyze the obtained ratio. Since obtaining this ratio and its analysis are associated with elementary
but rather cumbersome transformations, we will use the system of computer mathematics.

In a separate case, with 6 = 0 the last relation is transformed into the following expression:

2
L S
h(q: 0): J 2 { m}i [0,¥ )’ (25)
& m Q
1+3 -
e’ + m’3

obtained by the authors of [7, 8]. At the initial
moment of deformation at E,= 0, the following

is obtained from this ratio:

h(ad=0e =0)=- 1.

(26)

On the basis of (24), with respect to the

initial deformation moment of, we obtain the
following condition:
V3g- 1) ;
h(e = ip1] @

\/Q-3>('1)
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being the generalization of the previous condition
in case of generation of a more rigid, as compared
to uniaxial compression, stress state at the first
stage of deformation — prior to the initially
cylindrical sample’s acquiring a barrel-type shape.

It is believed that depending on the
amount of displacement of conical roll's top
relative to the billet axis in the direction of the
contact spot, the stress state of the free surface at
the initial moment of deformation can not be stiffer
compared to the shear stress state:

h(a=0,e = 0)= 0.

Fig. 6 shows the graphs giving an idea of
the patterns of changes in the possible values of
the stress state with the growth of plastic

Taking into account (9), we get:

ma mexHoJs1o2isIx
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deformation depending on the parameters of the
model generated.

According to presentation (24), each
particular deformation trajectory is determined by

fixed values of (0 and M parameters. For the
analytical presentation of the deformation
trajectory, we still need to obtain the description of
accumulated plastic deformation.

As the basis, we will take the following
relationship for accumulated deformation [7, 8]:

%

()=

e

i
0

g‘/’ 2
(28) €(5)=2\/§-I ds, +dgz+l-d8 (29)
e 3 3\lde, de, v
2 2 2
[.2-0y- 1+ g4(2-0) 14 2™ | 116 de, - (30)
8¢+m 8w+m

In fact, we obtained an analytical representation of the deformation trajectory in a parametric
form with 6‘(/, parameter. Indeed, based on (24) and (30), we can write as follows:

3-m?
3. (6-2)|1+ +4
V3 ( ) gl+m?
77(6(/)) 2 ’{gfp’m}e[o’oo)’ee[o’l] (31)
2
12+| (6-2)-| 1+ g§+mm2 +2
_ B 3 Ep 2 2 1 3 . m2 2 4 2 g 1 3 . m2 16 d
o(e) =g [0 1 300 | -0 1 S foaeae,
4 ?
Loy
oty
[} "l), I’I’l’ "”ll[ AR AR
”’l "I” ”” I”’ ‘-t-.‘“.“ “““““‘
*? i S
0 :,,,n,,m,;;r \\\\\l\\\\\\\\\l\l\\‘\#\
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c)

Fig. 6. Stress state indicator r depending on parameters (] Ta M at different stages of plastic
deformation: calculation according to (24); ej —a)0,b)0.25,¢c)0.6,d)0.85.

Let's transform the parametric
representation taking into account the last
substitution. When searching for the definite
integral, one should take into account that:

The authors of [7, 8] use a parametric
representation of the deformation trajectory with
another 1 parameter:

de :L-dt. (33)

T
g,=m-tg(t),te 0.5 (32) " cos’(t)
After some transformations, we obtain:
g.(4—(2 0)-(1+3cos’(1)))
1t =153
2—(2- 1 )
\P4 (2= (2-0)- o 3oos” (t))) me[O,oo),He[O,l],te{O,%{ 34
2
t./(2—-(2-0)-(1+3cos?(t))] +12
E(t)zﬁmj\/( ( ) ( . ())) dt,
6 cos’ (t)
At the initial moment of deformation with
t =0, the following emerges from this ratio: t 1-3cos’(t)
nt)=—————,
1+3cos’(t
77(0)_ 2'(‘9_1) t e ( ) me[O,oo),te{O,%{' (36)
= , B 1
\/1+;-(2-9-1)2 6<[0,1] (35) ei(t)=m'f Fwn ®
_ which was obtamed by the authors of [7, 8].
ei(o):O' Note that the last relation has only one

that is, the deformation trajectory can originate at material constant M, while generalized relation

the points of the abscissa axis located to the right (34) has two material constants — d and M

of point 77 =—1. Another advantage of the last obtained relation is
In a separate case, with & =0, relation the absence of a material constant in the analytical
(34) turns into the following expression: expression for a stressed state of the deformation

trajectory’s parametric representation. This entails
an additional convenience of analyzing these
ratios and selecting the material constant value on
the basis of experimental data. In generalized
relations (34), material constant M is also absent
in the analytical expression for the stress state

indicator, but there remains material constant a.
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These shortcomings represent a natural price for
the possibility of building a more adequate model
of change in the SSS of material macroparticle on
the billet’s free surface in the course of the during
roll stamping, provided that conical roll’s top is
displaced from the billet axis in the direction of the
contact spot.

Fig. 7 shows the deformation trajectories
constructed by us for different values of material
constants J and M.

The advantages of representing the
deformation trajectory in the form of parametric
equations consist in the convenience of analyzing

ma mexHoJs1o2isIx
2023

these trajectories. Yes, with the fixed value of
constant (we can determine the value of
parameter { corresponding to the intersection point
of the ordinate axis deformation trajectory of the.

Based on the first equation of system (34), let's
write as follows:

n(t)=4-(2-6) (143005’ (t) =0t 07 7

08
07 3
06 4
05
3
04
03 .
-7
T"- =
1 405 1 05 1 1 45 05 1
a) b)
4 12
104

3_

H-

2 6
||%|| II%II
1 @5 U "Y' 1 o5 ¥ 05 1

c) d)

Fig. 7. Deformation trajectories §| = §| (h) —calculation according to (34):

ql [0;1]
M= a)0.1, 6)0.5,8)0.85, &) 2.0.
Whence it follows:
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2+0
3-(2-9)

(38)

t= arccos{

|

ma mexHoJs1o2isIx
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For example, with @ =0, t ~0.9553166180. Based on the second equation of system

(36), we determine as follows:

§ (t=0.9553166180) O%eeoeiee

m
From the last equality,
determine the ordinate (the amount of
accumulated deformation) of the point of

intersection between the deformation trajectory
and the ordinate axis, and in particular:

0
it is easy to

§(7=0m=0.2)~044,8(n=0,m=07)~154 45
&(n=0,m=12)~265,5(7=0,m=1.8)~3.97

Conclusions. The problems of analyzing
the stress-strain state of the material particles in
the peripheral zone of the outer flange of the pipe
billet during planting by the SSS method are
considered. An analytical representation of the
deformation trajectory is applied based on the
construction of a differential equation between the
components of plastic deformation increments,
followed by the solution of this equation and the
identification of its parameters based on
experimental data. An analytical representation of
the deformation trajectory in a parametric form
was obtained, the advantage of which is the
convenience of analyzing these trajectories. The
advantage of the developed model of the trajectory
of the deformation of the material particles of the
peripheral zone of the flange when planting by the
SSS method in the coordinates "stress state
indicator - accumulated plastic deformation until
failure" is the absence of a material constant in the
analytical expression for the stress state, and the
consequence is additional convenience of
analyzing ratios and selecting the value of the
material constant based on experimental data.

According to the given methodology, the
dependences of the stress state indicator on the
influence parameters at different stages of plastic
deformation and the trajectory of the deformation
of the material particles of the peripheral zone of
the flange during planting by the SSS method are
constructed.
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AHANI3 CTAHY HAMPYIKM TA OE®OPMALIT
MATEPIANTY 3ArotToBKM nMPU nocAQuUi
PECYPCO3BEPIF'AIOHUM METOIOM
LUTAMMYBAHHSA NMPOKATOM

lpoyecu nocadku 3a20mMoOBOK MemMoOoM
MPOKamHo20 wmamryeaHHs1 00380/15110Mb
eghekmugHo 8upobrisimu WupoKuli acopmumeHm
BUCOKOSIKICHOI  rpolyKuii, — ane  MoXmnusicmb
pylHysaHHs ~ Mamepiany  npu
nepewkodxae pPOIWUPEHHIO 1X MEXHOMo2iYHUX
moxnugocmed. lNodanbwuli pO3BUMOK rpouecie

Moxxnusud wirisixom PO3pPObKU HoB8UX
MEexHOsIo2iYHUX  CXeM Ha  OCHO8i  aHanisy
KiHemamuku  Oegopmauii ma  npu3Ha4YeHHs

CripusIMIUBUX MEXHOJ/I02IYHUX MapamMempie 3
ypaxyesaHHsM  ix  ernnugy  Ha  Haripy)XeHo-
OepopmosaHuli cmaH ma deghopmosaHicmb
Mamepiany 3a20moeoK. 3 Memol WUPOKO20
suKopucmaHHsi memoOy ouiHkU deghopmosaHoCmi
3a20moeoK HeobxiOHa HadillHa mexHika, sKa
nepedbayae HasiBHiICMb Mamemamu4Hoi modersi
mpaekmopii degbopmauii yacmuHoK Mamepiarny 8
KoopOuHamax «iHOUKamop Harpy>eHo20 cmaHy -

Oepopmaui

ma mexHoJs1o2isIx
2023

HakonuyeHa nnacmu4yHa Oeghopmauiss rneped
giomoeo». Y pobomi eukopucmaHo ioxid 00
3Haxo0XeHHs1 aHallimu4yHo2o  rpedcmassieHHs
mpaekmopii deghopmavyii Ha ocHosi nobydosu
AugbepeHyjiaribHO20 PIBHSIHHST MK KOMMOHeHmamu
npupocmie rnnacmu4Hol deghopmayii 3 nodanbwum
po38'a3aHHSIM ub0o2o PIBHSIHHS ma
ideHmucpikaujiero (ioeo napamempie Ha OCHOS8I
eKkcriepumeHmarnbHUx OaHux. 3a pe3ynbmamamu
docnidxeHb, mpaekmopii deghopmauii HacmuHoK
Mamepiany nepughepiliHoi nosepxHi hraHys npu
rnocaduyi mMemodoM MpoKamHo20 WmamryeaHHs
cxemamu4Ho  6ydysanucsd 8  KoopOuHamax
«iHmeHcusHicmb  dechopmauiti -  iHOUKamop
Harnpy>xeHoe2o cmaHy». Ha ocHosi nobydosaHor
modersni  HaKOMUYEeHHS  MOWKOOXeHb  MOXHa
modenroeamu LTSIXOM 3MiHU 3HayYyeHb
napamempie modeni Onsa pi3HUX Mamepianie i
wrsixie  degpopmauii. OmpumaHo aHanimu4yHe

npedcmaesneHHs mpaekmopii  dechopmayii 8
napamempuyHoMy suasisioi. lNepesacamu
npedcmaesneHHs mpaekmopii  0egopmauii  y

guensdi napaMempuyqHUX pPieHSIHb € 3Py4YHiCMb
aHanizy uux mpaekmopit. [lepeeaca modersi
mpaekmopii dechopmauii yacmuHok mMamepiarny 8
KoopduHamax «iHOUKamop HarpyxeHo2o cmaHy -
nanacmuyHUd wmam, HakornuyeHut 0o giomosu» -
ue e8idcymHicmb MamepianbHOI KOHCMaHmu 8
aHanimu4YHoMy eupasi Orisi HarpyxeHo20 cmaHy, a
Hacniokom € 0QoGamkogsa 3py4YHiCMb aHanisy
criggiOHOWeHb i 8UBOPY 3HaAYeHHS MamepianbHOI
KOHCmaHmu Ha OCHO8i eKCrepuMeHmarbHUX
daHux.

Knro4voei cnoea: KouyearsibHe
wmamriyeaHHs, ¢hriaHuega rnocadka, HarpyXeHo-
degpopmauitiHuli cmaH, MamemamuyHa Moderslb
mpaekmopii deghopmauii.
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