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Mathematical simulation of plastic deformations in rolling of porous materials involves a con-
sequent combination of the general energy relationship in plasticity and the variation inequality ex-
pressing the principle of minimum of entire deformation energy. A real deformation state in a plastic
zone beneath rolls and corresponding kinematic and dynamic conditions on the contact surface are
considered as a limited one for the consequent approximate deformation states and found out by
the method of approximated approach. Any realization of this kind of method on personal computers
requires a rational construction of a kinematic admissible velocity field in the spatial domain on plas-
tic flow. Using the ordinary propositions and assumptions it became possible to construct one of
the simple spatial kinematic admissible velocity field in the plastic zone beneath rolls. On the base
of a big amount of experimental data a new hypothesis and analytic function describing the density
distribution along the plastic zone during the rolling process have been proposed. On the base of
the consequent approach in which the general energetic relationship and the variation inequality are
interrelated it has been able to find out the geometric, kinematic and dynamic characteristics of plas-

tic deformation states in rolling of porous materials.
Keywords: simulation, deformation, rolling, velocity field, plastic zone.

Model of plastic deformations in rolling

of porous materials

A real deformation state in a plastic zone be-
neath rolls and corresponding kinematic and dy-
namic conditions on the contact surface are con-
sidered as a limited one for the consequent ap-
proximate deformation states and found out by
the method of approximated approach [1-5].
In this process the real values of the variation
parameters describing the deformation state, ki-
nematic and dynamic conditions on the contact
surface are calculated by the step-by-step using
of the basic energetic relationship of plasticity
[6-11]:

J, THAV +%; fQj Ts|Av|;dQ —

~J,, PV dF = 0 (1)
and the variation inequality describing the princi-
ple of minimum of entire deformation energy
[12-14]:

J, TH*AV +%; ferslAvflde -
~,, PV dF 20, )

where an asterisk marks is for the values relating
to a kinematic admissible deformation state in
the plastic zone; H — the intensity of the shear

strain rates; 7' — the intensity of the shear
strains (7 = 7, — in the state of ideal plasticity);
p= {px;py;pz} — a vector of the surface unit
pressure and its components; U = {vx; vy;vz} -
a vector-velocity of a particle displacement in
the deformation zone V; |Av,|; —a leap of the tan-
gent component of a velocity on a discontinuous
surface €;; F; — the contact surface. In con-
structing the mathematical model of the rolling
process the following assumptions are adopted:

1) any plastic deformation state is described
in accordance by the plane cross sections hypo-
thesis [15], when

Oy = 0x(X), Uy = Vx(X), px = px(x); (3)

2) an increasing of porous material density
dp on any cross-section x € [0; 1] of the plastic
zone is proportional to a product of a relative de-
gree of deformation dh/h on this cross-section,
of an accumulative logarithmic deformation
In(ho/ hey) and at the same time is inversely pro-
portional to strip density at the same cross-
section of the deformation zone, that is

ho 1™ dh/h(x)

dp =4 [Z”Fx)] GOl @

where A is a proportional coefficient; m and n
(m>1, n>2) are parameters characterizing
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the rate of porous strip compactness in the direc-
tion of rolling (Fig. 1).

Solving differential relationship (4) under
the boundary conditions given:

P |x=1 = Por P(X)|x=0 = P1. (%)
where x =/ is the equation of the enter plane and
x =0 is the equation of the exit plane of the de-
formation zone in rolling respectively, it is found
out the following analytic function describing
porous material density distribution along the plas-
tic deformation zone (Fig. 2):

. n Pinn Inho/h(x)m*+1)
pG) = po 1+ (@ — 1] (Rl )
3) density of porous strip and any kinematic-
admissible deformation state are interrelated by

according to the constant mass law which is writ-
ten as follows

where the assumptions mentioned above are
taking into account;
4) on the contact surface z=h(x) =R + h; —

—VR? — x?2,x € [0; 1], there is a relative move-
ment and an intensive force vector of friction f
is defined as following:

- ATy

7= () g ®)
where f is a friction coefficient; p=p(x) is
a function describing the changing of intensive
normal pressure on the contact surface along
the direction of rolling; is a velocity-vector of
relative movement on the contact surface.

An initial deformation state is chosen as that
concerning to rolling process without broadening.
Using basic energetic relationship (1) adopted
to an elementary volume as a thin cross-section

L d vy dv, layer of the deformation zone we have got a dif-
div(pv) = dx (pvx) + p(x) [E + E] =0, (7) ferential equation of the distribution of normal
A )
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Fig. 2. Density curves of porous strip along the deformation
zone (X = x/l) when the ratio is %=1,29: o—m=1,n=1, A -m=2,
0

n=2,o0-m=1,n=3;0-m=2,n=3
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intensive pressure on the contact surface. Solving
this equation with taking into account the charac-
teristics of the initial deformation state there
found out the corresponding dynamic (p = p(x))
and kinematic (a value of critical angle y) condi-
tions on the contact surface. Then fixing on these
dynamic and kinematic conditions on the base of
variation inequality (2) there are found out cha-
racteristics of the first deformation approach
state. Repeating the procedure mentioned above
there are defined corresponding kinematic and
dynamic conditions on the contact surface. Ana-
logously there are calculated the following ap-
proaches of deformation states. An exit of this
iteration process is done by means of reaching
the accuracy given before for one of the im-
portant technologic parameters.

A kinematically admissible velocity field

in the deformation zone

Let's consider the deformation zone in rol-
ling of porous strip with a rectangular cross-
section area in two rolls when a changing of
broadening is not uniform along a height of rol-
ling porous strip. Due to symmetry of plastic
flow along the height and width of the defor-
mation zone the analytic describing of the rolling
process is considered for 1/4 part of the defor-
mation zone (Fig. 1). A kinematically admissible
velocity field and corresponding deformation
state of plastic zone are constructed on the as-
sumptions mentioned above and the following
addition hypotheses:

5) there is a relative movement of material
particles on the contact surface:

2y h@]=0; (9
6) there are the kinematic conditions on
symmetric planes:
v, (x,0,2) = 0; v,(x,y,0) = 0; (10)
7) the components ¢, and & of the defor-
mation rates at any point of the plastic zone are

interrelated as follows:
Sy

vp = (%)

€_ = k(x:Z: aOlal'aZ)’ (11)
where
2
k(x; z,Qy, a4, aZ) =Aayp + a; ﬁ + a; h2(x)’

ay, a1, a, — the variation coefficients the real va-
lues of which are found out as the result of sol-
ving the general variation problem of plasticity.
Taking into account all of assumptions and hy-
potheses mentioned above it is found out the fol-
lowing functions describing the kinematically

admissible velocity field in the deformation zone
beneath rolls:

!( B0 = (x) 1 [h’(l;)]l;

1 k(xz)

Uy(x'y'z) = _@1+k(xz)

(12)

(pvx)

vZ('xl Z) = p(x) dx (p X’) fo 1+k(x t)

1 du
where 6 = S EEEE——
fO 1+ag+auta,u?

Relying on the values and relationship of
the variation coefficients ay, a;, a, and the varia-
tion parameters n, m, p; in formula (6) the diffe-
rent variants of kinematic admissible states in
the plastic deformation zone are constructed.

Kinematically admissible trajectories

of particles displacement

in the deformation zone

As is known on the base of functions (12)
and the differential equations of trajectories,

namely
dy _ vy(xy.2) dz _ vy(xz)
dx ~ ve(x) T dx ve(x)’ (13)

where x is an independent variable, we are able to
calculate on any computer by means of one of
numerical methods the kinematically admissible
trajectories of particles displacement in the plastic
deformation zone in rolling. Let’s point out two
simple partial cases of solving of system (13).
SOLUTION 1. Let’s find out trajectories of
particles displacement on the horizontal sym-
metry plane z = 0. At this case differential system

of equations (13) is transformed as follows:

dy _ _ ap y d . odz_
dx ~ 14ag pvy dx PV); dx 0. (14)
Integrating of system (14) gives the following

equations of trajectories on the plane z = 0:

y() = yo [E2HB] 05 5(x) = 0, (1)

where y, is an y-coordination of a particle on
the enter cross-section plane x = 1.

SOLUTION 2. Let’s find out trajectories of
particles on the contact surface z = 4(x). Reasoning
analogously, we have got the following equa-
tions:

y (@) =y |22 (’”] z6)=h(x).  (16)
where B = —Zotatadz
1+ag+a +ay’

Analyses of the kinematically admissible
model of particles displacement shows that
the values of variation coefficients and parameters
and as well their relationship give the following
two cases on the contact surface:
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1) there is plastic flow along the Y-axis if
apta; +a,#0;

2) there is no plastic flow along the Y-axis if
do + ap + ay = 0.

Results

1. It is propounded a new hypothesis of den-
sity distribution of porous strip along the plastic
zone in rolling and it is got corresponding analy-
tic function.

2. In case of simple rolling process, it is con-
structed spatial kinematically admissible velocity
field (12) that is not uniform along the height
(the Z-axis) and the width (the Y-axis) of the plas-
tic deformation zone.

3.1t is worked out the method of approxi-

mated approaches inside of which the basic ener-
getic relationship of plasticity (1) and the variation
inequality (2) expressing the principle of mini-
mum of entire deformation energy are interrelated.
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MOOENTMPOBAHUE MNIACTUYECKUX OE®OPMALIUNA
NMPU NPOKATKE

J1.A. Bapkoe’, 10.U. Kamerwukoe?, M.H. Camodypoea’, 10.C. lamepynuHa'’
" fOxHO-Ypanbckuli 2ocydapcmeeHHbill yHusepcumem, 2. YensbuHck, Poccus,
2 2. YensibuHck, Poccusi

MaremaTHyeckoe MOJISIMPOBAHKE IUTACTHIECKUX Ae()OpMALMiA ITPH MPOKATKE HOPUCTHIX MaTe-
pHAJIOB COCTOMUT M3 IIOCJIEAOBATEIFHOIO COYETAaHMs OOIIMX SHEPreTHYECKUX COOTHOIICHHH Iiac-
TUYHOCTH WM HEPaBEHCTBA BapHalWii, BRIPAXKAIOIINX MPUHIMII MUHIMYyMa BCEH SHepruu nedopma-
uun. PeanbHOe HanpspkeHHO-IE(GOPMHUPOBAHHOE COCTOSHHE B IJIACTHYECKOM 30HE O] BalKaMH M
COOTBETCTBYIOIIIME KHHEMATUUECKUE U JUHAMUYECKHE YCIOBHs HA IIOBEPXHOCTH KOHTAKTA paccMar-
pHUBArOTCA KaK IpaHUYHBIE JUIS MOCIETYIONNX IPUOIIKEHHBIX COCTOSHUHN NedopMmanuu U oOHapy-
KHUBAIOTCSA METOI0M MPHOIMKEHHOTO MmoaxoAa. JIobast peaau3anus 3TOro MeTo/1a Ha IepCOHAIBHBIX
KOMITBIOTEpAxX TpeOyeT panuoHAILHOTO IMOCTPOCHHSI KHHEMATHYECKOTO TI0JIS I0ITyCTUMOM CKOPOCTH
B IIPOCTPAHCTBEHHOI 00JIaCcTH Ha IUTACTHYECKOM TedeHHH. VIcTonb3ys OObIYHBIE NPEIIOKEHHS H
JIOILYLICHHS], CTAJI0 BO3MOXKHBIM IIOCTPOUTDH OJHO U3 IIPOCTHIX IPOCTPAHCTBEHHBIX KUHEMATUYECKHUX
MIOJIEH TOIYCTUMOW CKOPOCTH B INTACTHYECKOH 30HE IT0A BaJkaMu. Ha ocHOBe 00JbIIOro Koiaude-
CTBa HKCIEPUMEHTAIBHBIX JAHHBIX ObUIA MPEUIOKEHA HOBAas TUIOTE3a M aHAJIUTHUYECKass (yHK-
LM, ONUCHIBAIOIIAs PACIPEEIICHUE ITUIOTHOCTH BOJIb INIACTUYECKON 30HBI B IIPOLIECCE IPOKATKH.
Ha ocHoBe mocnenoBaTeabHOTO MMOIX0Aa, B KOTOPOM OOIIHE SHEpPreTHYeCcKie OTHOLICHHUS U BapHa-
LIMOHHOE HEPABEHCTBO B3aUMOCBS3aHbl, YIAJIOCh BBIICHUTh I'€OMETPUYECKHE, KUHEMATHYECKHE U
JMHAMHYECKUE XapaKTEPUCTHKH IUIACTHYECKUX Ae()OPMALMOHHBIX COCTOSIHUI MpH MPOKAaTKe Mo-
PHUCTBIX MAaTEPHUAJIOB.

Kuiouesvie cnosa: modenuposanue, degpopmayus, npokamia, noie ckopocmetl, niacmuyeckas
30Ha.
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