MECHANIK NR 3/2015 317

procesy technologiczne, obrébka powierzchniowastwa wierzchnia, kontakt nieliniowy, modelowanie,
metoda elementu skezonego, réwnania dyskretne, metoda explicit, @aatumeryczna

technological processes, metal forming, surfacedagonlinear contact, modelling, Finite Elementthted, discretized model, dynamic
explicit method, numerical analysis

Leon KUKIELKA®
Krzysztof KUKIELKA?

MODELLING AND ANALYSIS OF THE TECHNOLOGICAL P ROCESSES
USING FINITE ELEMENT METHOD

Paper presents the problem of modelling and amalysimetalworking processes. Technological prosesse
were considered as a geometrical, physical andntileboundary and initial value problem, with unkmow
boundary conditions in the contact zone. An incnatialemodel of the contact problem between movailid or
thermo-elastic body (tool) and thermo-elastic/thenisco-plastic-phases body (object) in updatedriage
formulation, for spatial states (3D) was considerg@tie incremental functional of the total energyd an
variational, non-linear equation of motion of olijand heat transfer on the typical step time werévdd. This
equation has been discretized by finite elemenhatktand the system of discrete equations of matiwhheat
transfer of objects were received. For solutiothese equations the explicit or implicit methodswaed. The
applications were developed in the ANSYS/LS-Dynstesy,, which makes possible a complex time anabfsis
the states of displacements, strains and streissé®e workpieces in fabrication processes. Appiicaof this
method was showed for examples the modelling aaaitalysis of burnishing rolling, thread rollingdaturning
processes. The numerical result were verified énpeatally.

MODELOWANIE | ANALIZA PROCESOW TECHNOLOGICZNYCH
METOD A ELEMENTU SKONCZONEGO

W artykule przedstawiono problematyknodelowania i analizy numerycznej proceséw teabgioknych
obrébki metali. Proces te rozpatrzono jako georngsefng, fizycznie i cieplnie nieliniowe zagadniebizegowo-
pocztkowe, z nieznanymi warunkami brzegowymi w obszakmataktu. Do opisu zjawisk nieliniowych, na
typowym kroku przyrostowym, wykorzystano uaktuaimjoopis Lagrange'a, traktgj narzdzie jako cialo
sztywne lub termo-spzyste natomiast przedmiot jako ciato termoegpste/termo-lepko-plastyczne-fazowe.
Réwnania ruchu obiektu i ciepta wyprowadzono wykstajac rachunek wariacyjny. Otrzymane réwnania
wariacyjne dyskretyzowano stosajaproksymag wlasciwa metodzie elementu skozonego. Dyskretne row-
nania rozwazano stosuc jawne metody catkowania. Opracowano aplikacjeystesnie ANSYS/LS-Dyna, kté-
re pozwalaj na kompleksow analiz standéw przemieszcagodksztalca, napezen w dowolnym miejscu ciata
i w dowolnej chwili realizacji procesu obrébki. Bdstawiono przyktadowe wyniki oblickenumerycznych
stanow napyzen i odksztatcé wybranych proceséw technologicznych: nagniatam&cowania gwintow i to-
czenia. Wyniki obliczé numerycznych weryfikowano eksperymentalnie.

1. INTRODUCTION

The dynamic development of technology means tleagtbater are the requirements that are put befodern
machines and equipment; even greater are the eaogmts in respect of durability and reliability afsociated
units which, in certain operational conditions, stitnte tribological systems.

Improper physical and stereometrical propertieshef surface layer cause the failure damage in appro
mately 85% of modern machine units; they also @fte the decrease in life and the increase of gnerg
consumption to overcome frictional resistance. Namya, about 50% of the energy supplied is loshénftic-
tion of elements in relative motion [1, 2]

Thus, one of the most important technological peoid in the manufacturing and in the recovery ahelats
is the formation of the surface layer, characteriby assigned physical and stereometrical propedied
precision in dimension and form, that affects tuget life and the reliability of the machined etants. Special
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attention should be paid to those machine elemehiish are costly to manufacture, or which have aring on
machine reliability and environmental pollutiong.et

Knowledge of the guillotining process is based iiyagm experimental methods, which are often expensi
and unable to be extrapolated to other cuttingigardtions. Therefore, computational models, sictha finite
element method (FEM), are valuable in reducingrthmber of trial-and-error experiments required tedpct
the state of material displacememgsidual stresses, strains, material fractureststieformations and quality of
the sheared edge.

Numerical analysis is a valuable tool to extendgleod of time and knowledge of phenomena whoge-ex
rimental researches is difficult or impossible. 3&a@re mainly phenomena occurring in extremely Isanahs,
running at high speeds, existing in a very shonetiand determining the results of the treatmentess. For
such problems, in particular:

— friction, adhesion and slip,

— displacement, strain, stress and temperatuteisurface layer of the workpiece,

— variability tool contact areas with the objectidoundary conditions,

— variability of the workpiece during machining.

Understanding the effect of the treatment on thtestf strain, stress and temperature in the suttaer of
the workpiece is important for the correct desifithe process.

One major steps to achieve effective solution$éoRinite Element Method is to develop a universatlel
of the investigated process. At Department of TaliMechanics at the Faculty of Mechanical Engimegof
the Koszalin University of Technology were develdmpplications on the system ANSYS (APDL language),
which allow a comprehensive time analysis for deftion (displacement, velocity, strain, strain yagtresses
and boundary condition in contact zone tool-obgexturring in the object, both the spatial conditi@s well as
plane, in the processes technological precisiorhinag parts (Fig. 1): cutting processes [8, 36,37, 45, 47,
55, 56, 62, 63, 66, 74], turning processes [20534 75], burnishing rolling processes [1, 2637, 11, 17, 22,
28, 29 ,31-33, 36, 46, 49, 51, 60, 61, 65, 71,78378], sliding burnishing [43, 53, 57, 58, 68],ttog by an
abrasive single grain [12, 14, 19, 21, 24, 25,383,40, 72], embossing [12, 23, 30, 50, 70], threalling
[1,2,4,5,9, 10, 13, 15, 16, 18, 26, 35, 41,481, 54, 67], duplex burnishing [13, 14, 36], direyv[27, 52, 69]
and shot penning [42, 59, 64]. In applications wased a theoretical bases processes precision maghof
modern parts, developed in [3, 6, 7, 15, 26, 2732839, 40-42, 46].
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Fig. 1. Schema of precision machining of modern parts

The latest trend in the modelling and analysis @sses is the numerical modelling using Finite Eltme
Method (FEM). It involves replacing the continuaalgect (the real) discrete object with separatesalbmes
and/or sub-areas — finite elements containing igefinumber of nodes. The development of the contiouiz
capabilities of computers and software allows ssialgf modern technological processes precisiorhinag of
parts using computer programs using FEM [79-81] #achtive calculation using the updated Lagrangian
description [79].
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Numerical analysis is a valuable tool for underdiag phenomena that experimental study is difficult
impossible. These are mainly phenomena occurringxinemely small areas, running at high speedsintps
a very short time and determining the results ef $hding cutting or burnishing. Until such problerare, in
particular friction, adhesion and slip, movemestsin, stress and temperature of the workpieeewirkpiece
variability of cracking material. Numerical analysalso allows to determine the impact of technologythe
quality of the product: the type of material arsl state, geometry tools, the effect of processomglitions on
the state of strain, stress and temperatures isubgect, shapes burrs, chips, quality surfacsHini
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Fig. 2. Schema of modern modelling and numerical anabyfsischnological processes
and its implementation for the treatment of macluags

Knowledge of the physical phenomena occurring ertfaterial, in areas where the tool is in contatt the
object while the technological processes are chrmig, is a basic necessity. It also enables timéraloof the
properties of the surface layer of the product thiedachieving of the greatest shape-dimensionalracg. Thus,
one of the most important technological problemsthe metal forming processes is the calculation of
displacement, strain and stress in the surface.l@ye objective in this paper is to present theleno method to
modelling, analysis and testing of a solution pthse for the geometrical, physical and thermal hosar
analysis of thermo-elastic/thermo-visco-plasticg#®a behaviour with/without temperature-dependertemad
properties (Fig. 2).

The incremental mathematical model of technologisaicesses, in the updated Lagrange formulation,
contain the constitutive equations (model of dyr@inyield stress, thermo-elastic/thermo-visco-jtaghases
strains model, thermo-elastic/thermo-visco-plaptiases stress model), the model of contact betwean
workpiece, dynamic equation of motion and defororgtiequations of heat transfer, initial and boundar
conditions. First, variational method developedagimun of motion and deformation for a typical stepe. Then,
equation with Finite Element Method (FEM) was déti@ed, given the equations of motion and deforomaéind
head transfer of a discrete object. Then, the exgIDEM) or implicit (DIM) schemes to step by stapmerical
solution are adopted. The algorithms of numerigadlysis in ANSYS program for different technolodica
processes were elaborated [8, 12, 14-24, 29-343386-59, 62-78], where discrete equation was iegppl
together with initial and boundary conditions.
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2. CONTINUOUS INCREMENTAL MATHEMATICAL EQUATION S

The incremental mathematical model of technologmalcesses, in the updated Lagrange formulatian, fo
typical step timet — 7 =t+At, contain the constitutive equations (model of thesgnamical yield stress,
thermo-elastic/thermo-visco-plastic-phases stainsleh thermo-elastic/thermo-visco-plastic-phasessst mo-
del), the model of contact between tool-workpieymamic equation of motion and deformation, moddieat
transfer and initial and boundary conditions.

2.1. Incremental model of thermo-dynamic yieldstress

Yield streswoy is the most important parameter characterizingehistance of a thermo-visco-plastic deforma-
tion. The incremental model of yield stress folidgpstep timet —» 7 =t +At, is defined as [6, 7, 39, 40]:

Ao, =F(y)[Ay+ @ [F3(g$ép)) Ula“gc’f) ZOEP)D e (VP
o 7 (1)
07F ( D

Za

where Ag("P) and 4 g(VP) are the increment of effective visco-plastic strand strain rate, respectivelygy is state

o+ 250 g,
oo,

st

stress depending of the accumulated effective aptastic strain and timg F, (y) [Ay is the component of change
in the initial yield stress, with a change of chemical compositid? F,(0)/ do ] (F,(£{”) el is the
component of change in the temporary vyield stresg with change of the visco-plastic strain,
[OF, (0 0¢8P 1 el.” is the component of change in the temporary yitelss with change of the visco-plastic
strain rate,[J F,()/ JT] AT is the component of change in the temporary ystfdss with change of the
temperature[J F, ([)/ do ] [F,(t) [At is the component of change of a temporary yie&stwith time.

2.2. Damping model

Very essential and difficult problem during modadji of technological processes is the regard the
phenomenon of dissipation energy. The dissipatibrerergy influences on decrease of displacement and
dynamic stress in object. The difficulty depends smbection of proper physical model mainly as wadl
qualification of suitable values of his parameteks.present [79-81] usually the Rayleigh dampingused,
which damping matrixC is calculated from equatior€ = a, (M + a, K, whereM andK are mass and stiffness

matrices,a, and a, are constants to be determined from two given dagngtios that correspond to two une-

qual frequencies of vibration.

In case of modelling the dynamical processes oneldtapply the damping models dependent from visioci
strain and strain rate. For this reason we promadeulate the dissipation energy, for typical stiepe, from
following Eq. [31]:

AE, Do, [f pIAY Ay CAV+a, [ p @ uOpDdVE a, [ pCUA U0 dv
\Y \% \Y
1 1 .
+§W2Ej Cl® D [Dé, v+ [, O G (D¢ [ Odv+ )
\Y

1
o, Ej ClY &, D, BV,

where Au,, Ay are the th increment components of displacement and vela@ttors at typical step timest,
respectively,u; is accumulatedi component of displacement vector at time

2.3. Increment components of total strain andstress tensor models
The aim of this section is to present a material@havhich includes the combined effects of therrz-e

sticity (in reversible zone) and thermo-visco-fkEst (in non reversible zone). The model takes iatcount the
history of the strain, strain rate and temperatdimmaterial and a possibility of phase change o it.
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A basic assumption in the formulation of the moidethat the usual small increment componeﬁl!sJ of
strain tensorT,, can be expressed as the sum of thermo-elM‘EE) , visco-plasticAaiEVP) , phaseAaiJ(F) and

thermal Ae‘iJ(TH) increment strains:

Ag; =D +06Y + A& ™ + pglf, 3)
where:
At =aafE (4)
5,
2™ Do, (T) T 3, , (4b)

F) _ _(plp,)-1
=AS LY = 3 L&,
are visco-plastic, thermal and phases strain temeepectively,a,, is the mean coefficient of thermal expan-
sion,Ag is the coefficient of expansion into a phase ckang and p, are the mass densities of old and new
phase,

(4c)

& 2
§ G0 Bg — 318 (637,657 NOE D]
= n ~ 2 - 2
§ 059 05 +2 Doy (87 607, W Tl 607, T+ 0

is the positive scalar variable - Lagrange’s caoéfit, éj = § —a; is the component of the reduced stress

(4d)

deviator D é(agp>, (e‘ff),T) is a materials parameter defining the componéwats of the increment translation

tensor AT, , & is the cumulative elastic tensor component at img, =do, (¢35, T) /0l is hardening

modulus at the time, E; =do,(c%,é07 T)/0:Y] determines the sensitivity of the material at taee of

deformation,a, (&%, T) is thermodynamic yield stress of the materiaihae t.
Finally we obtain the isotropic material models ebhiincludes the combined effects of thermo-elagtici
termo-visco-plasticity for mixed hardening matedald with a possibility of phase change to occ@ f]:

* Increment components of visco-plastic strain tensor

AP = M08, =

~ 2 . : .
S E‘Efﬁ) [Ae,, _g va(fé\ép) ,Sé\ép) T Dﬂfé\ép)

= 5 = (5)
. = . 2 !
§ [CR° 5 +% Eﬂ oD DT NP C(ESD 687 )+ Er]
=5 5 m:k,amg A5 =S Dfg + 48,

where the following substitute notation is used:
= 3: |:Smn Eciglril)n ' (5a)
~ALS;, (Sb)
§ = 3 (50)

. 2 '
§ T B+ 200 (e 7 T (el 247 T) + 2 ]
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e Increment components of total strain tensor:
1
Ag; =—1_t§* [6Du(k|?) Ao, +
t

2 . s e R
SHo (e & T ] By (2, 15, D)

2 : = : 2
§ (5 8 +5 Do (a7 €80T tﬁcx & TS EET]

i Increment components of total stress tensor:

TE ¢Sy
tTAaij "(kl ){ A - t~(TE) t S t2t 2,15, 2t *
tSj tCija "t S +§tap( ttC +§t Er)

X[ tSu ttcu(kT|E)( e~ (A& = X AT, )+ij tTACij(I;II-E)tt‘gIEIE) +

(5e)
2, (’[ap)r . d(o o) r ty, 7
-—. 0 A€ AT 1 =/A80, — xATo, 1} +
3! p[o.,(tté._eq)t eq t 0.,( ) | KTt w1}
+/ACUE) LelF)
i
or:
Ao; Cukl 1-S~ )Aey - ukl (]A‘fld +AS Dy +a, AT [ )+ (50
+ACi|(I|E) EISI )= Cij%E y e, +AJ|J )
where:
Ci’ =clif1-5"), (50)
C&E)(T) AT )D§ (B + u(T [ﬁék LD + 6 LD ) (5h)
is the component of temperature dependent elacmlstmtlve tensor,
&TE(T)
ACiEI,E)(AT)=”TAT , (5i)
is his increments,
Aoy = _CULE 0ds, + AE B, +a,, AT [, )+AC|JkI Eﬂgl ). (5)
is component of a mcrement stress tensor,
S** = ST umn |:Smn' (5k)

is positive scalar variable

S] [ﬂ_ umn I:Smn UO’ T +AE) + Smn |]Cmnk)l B‘IEI ) ] (5|)
is component of a mcrement strain tensor, ’
E(T)(T E(T
ATy EDT o E(T)
[L+v(T)f1-2(T)] qr+v(m)]’
are Lame constants, whiIE(T) and V(T) are temperature-dependent Young’'s modulus and®os

(5m)

ratio, respectivelyg; is the Kronecker deltaleIE) is accumulated components of elastic strain teasor
timet.

2.4. Model of contact tool-object

The qualification of the area real shape of thadsdatontact zones is combined with the deternomaith these
areas of the states of loading mechanics (presancefiction forces) and the state of the defoionadf the object
material, and the opposite. In practical considemat these states are uncoupled in the way tlafitst one
determines the shape and the field of the contziot prea of bodies and then loads the resulthiesd conditions.
The above case of the contact problem has an edsmetning: the contact forces, contact stiffnebspe and
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field of the contact area of bodies, contact boondanditions and friction conditions in this arédodel of
contact tool-workpiece and its application in tealogical processes was presented in [28].

The incremental models (1)-(5) with model of contaml-workpiece were used for practical enginegrin
analysis. These models are used for variationahditation of non-linear equation of motion of thehrological
processes.

2.5. Mathematical incremental model of heatransfer

Using an updated Lagrange description, assuming/ledge of the temperature field in the initial mortse
to and present time¢, while looking for a solution to the next time=t+At, where At is a very small
incremental of time [12, 39]. Then the equation dotypical incremental step - 7, in the global coordinate

{7} is assumed:

divfA(T) Corad ATz AY]} +Aq[]0+A gf]0= C)Tp )TR(Tz 4, t (6)
AT (z,At) :w (6a)

is the speed of incremental of the temperatut€l’), C(T), o(T) are depended on the temperature in the
initial step: heat conductivity, heat capacity amalss density, however:

_ 12OR(CT)  IPIR(T) |
Aq\/l[ EJ] - ketﬁ z—V - tV -
Y . (6b)
=k, ng mpl(TT)_(tSZJ o, (‘T) |,
1- |jV rrgl(vp) T T ~(VP) 1 a(V T
A%D[m:% Z[P) rJY( rgfeq )' r‘g(eqp)’ T)+
(6¢)

t-At

are the rate of incremental spatial heat sourcasrgted by electrical current and by visco-plaggéformation,
where o, (8 ,£07,T) is accumulated yield stress, depending on therjisif visco-plastic straine,” and
strain rate SQ;P) and temperaturd, R(T) is temperature-dependent electrical resistancenaigrial, o, (T) is
temperature-dependent resistivity of matefalis the field of the areas contaff = 0.05+ 0.1 is the coefficient
energy absorptiork, is the coefficient (for constant currégt 1 andk.= 0.7+ 0.97 for alternating current).

The equation of heat transfer (6) + (6¢) are coteglewith the initial condition and the four boungar
conditions.
Initial condition

Initial condition describes the temperature fieddime which is the initial moment:
T(z,t=)=T,(2), zOV. (7)

In typical processing conditions in technologicabgesses, the temperature of the object at timd, is
constant, then:

T(z,t=1,)=T, = const (8)
whereT, is ambient temperature.

Boundary conditions

— conditions of | gender the temperature may be prescribed at specifittpmn the surfaces, denoted by
21, and/or at the specific points in the volume @f tiody, denoted byr:
T(z,t)=T,(z,t), or AT(z,At)=AT (zAt), zDOZ, 9)

— conditions of Il gender— in the contact area tool and objEgtheat flows:
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- A,(M)nograd[AT(z,A9]=Rh(Aqg, +Aq,), zOZ,, (10)
- A(Mnograd[AT(z, A = R(Ag, +Aq,), zUOZ, (11)

— conditions of lll gender(continuity of the heat flows):

_ . _ AT, (z,At) - AT, (z,At)
A (Tne gradAT(z,A9] R (ZAY 12

=-A,(T)no gradAT(z A9, ZDZK’

where R is the heat resistance in the surface contactdéal contact R0), b, and g is the heat division
coefficients for burnishing element (b) and objéx}, nograd AT([)] is the scalar producthgg, [[! and

Agg [ are the rate of incremental surface heat souressrgted by electrical current (heat of Joule’s)
and fretting per unit surface,

— conditions of IV gender- they are in area&: i 2z, in which exchange heat is on road convection and
radiation, then the boundary conditions are defimed

AQ. =a (T)IAT=-A(T)no gradA Tz, A )], zOZ, (13)

Agg =ax(T)IAT=-A(T)no gradA Tz,A )], z0OZ, (14)
where Aq. and Ag, are incremental intensity flow heat exchange with environment by convection and

radiation, a.(T) and a,(T) are temperature - dependent convection coeffi@edt radiation coefficient

(3.
Equations (6)-(6¢) with initial condition (7) an@)( and boundary conditions (9)+(14) are a full imeat
matical description of heat transfer during thentexdogical processes, at the typical incrementaétstep. The
analytical solution is impossible, therefore in tiext section we are introduced variational forrtiaka

3. VARIATIONAL FORMULATION

3.1. Variational equation of motion and defamation

The equation of motion and deformation of the abisaeveloped in the updated Lagrange’s formutatist
this case a functional increment is formulatediferement displacementF(40, .40, ,Ay )= AF(0, where A,

are theth increment components of the acceleration vectsindgthe conditions of stationary of functionéF(0J,
we obtain a variational equation of motion and dettion:

Ol AF( D] =jp[(1ui + Al ) [B( Ay )m:|v+alcjpuaui B( Ay )@V +
\%

\

—Za)EJ.p Ay, [2; 1( Ay, )V +%D72 EJ.AEU BDu(k?) [D( A&, )dV +
v v

1 - _ 1 = ~
\ \

1 - _ 1 ~ ~
"'E Lér, EJ.A‘gij [(Dijgkllz) a( 4, )ldv +E Lar, EJ.J( Agy )[Cifklf) A, eV + (15)
v v

1 - _ 1 - -
"'E Lar, EJ.A‘gij [(Dijgkllz) a( g, )V +E Lar, EJ.J( A&y )[Cifklf) [Ae, [dV +
v v

1 ~ _ 1 - ~
"'Emz EJ.J( 4E, )Tl (U, [V +§B72 EJ.J( 4, )Tl AZ, @V +
v v

1 . _ ey A
-, [ 848, )ITLS (B( A5, YAV + [ 45, [T B( 48, )@V +
\% \%
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+ [ 28, [T B( 48, )@V + [ 2, [T (B( 43, )@V +
\% \%
e * p— 1 * % -~
+ [ 2, [T B( 28, )@V +EE~[ (T, + 40, )[B( 48, )V +
\% \%
L (1, + 40 Y25, IV - P ] p @2, @2, B( Ay )V
+§q(ij+aij) (4g, )V - EJ.pi i 12 [0(A4y )V +
\% \%
- [ ot + 4 )@B( Ay YAV - [(§ +44) [B(Au ), =0
\% 2

where T; are the components of Cauchy’s stress teriséjr,, Afij are linear and non-linear increment components
of Green-Lagrange’s strain rate tensfAg =(Ay; +Ay, )/2 and Ag; =(Ay, [Au,,)/2 are the linear and non-
linear increments components of Green-Lagrangegsnstensor, respectivelp, is the mass density at times;

are a accumulated components of total strain tesistimet (depend on the history of deformatiorf), Af, are

the components of the internal force and increntdatae vectors, respectivelyg, Aq are the components of

the externally applied surface force and surfacesimental force vectors in the contact body zoresgpectively,
£2; is the component of the gyro tensor. The integratiare performed over the voluiviend surface® of the
body, respectively.

3.2. Variational equation of heat transfer

For the variational formulation of the equationhefat transfer in the technological processes eatytical time
step, is introduced an incremental functiodsf (AT, AT', AT,...), in which is one independent field — it is
temperature field, and its derivativeﬁ‘xT:d(AT)/dt, AT'=d(AT)/ dy. This functional has differential

equations (6)-(6c) in the global Cartesians cawtdi {Z} and boundary conditions (9)+(14). Using the cdiodis
of stationarity of functional we obtain (becau&€ is the only variable) in the global system} {39]:

AT, AT, AT = {Zsyi(n Eﬁ;A;T) us[d (AT)H v+

77

+ j J (AT) [T(T) (M) BAT) de+j5( d(AT)J 0 Jop( TR T dw

—j Aq, [T AT) V- [Aqd LA A T Odv- [ B2 g [T& A)TO 8, + (16)

j b[Aq. [[B(AT) [, + j AT, &ATb HAT) O, +

+jaC ) B(AT) [ + jaR(T) BT OE .~ [ A TBA TO,=0.

Equation (16) is variational formulation of heaartsfer at the typical step time, in updated Lage&ng
description in technological processes. The eqgnstid5) and (16) provides the basis for the fimikement
discretization for obtain the solution.

4. IMPLEMENTATION OF THE FINITE ELEMENT METHO D

4.1. Discretized equation of motion

Assume that the complete body under considerati@nhbeen idealized as an assemblage of finite etsmen
we obtain the discretized equation of motion foraasemblage of elements in the global coordinalteaf ty-
pical step timet — 7 =t +At, in the form:

MV +C ¥ +K +K )[A =R +B R F , @a7)

where the mass matrM, damping matrixC stiffness matriXK and force vectoF are knows at timg however
the increment stiffness matriXK, external incremental load vectAR, internal incremental forces vectF,
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and the incremental vectors of displacemmtvelocity Ar , and acceleratioddi’ of finite element assemblage
at typical step time are not knows. For solve &f groblem the DEM and DIM integration methods ased.

4.2. Discretized equation of heat transfer

Assume that the complete body under considerati@nbeen idealised as an assemblage of finite etemen
we have, at step time - t +At, for elemene andm:

AT®(F=[H() 20 Y,

AT*(@=[B(0] 100 Y,

AT (=[8,°(0] 120, (18)
AT (=[H"(0] 20" Y,

AT (=801 1009,

where: AT is the temperature increment of finite elemerfA®®} and{A®©} are vectors of increments in

the nodal point temperature and of increments & bdal point temperature rate, at Bllnodal points,
respectively.

Using the relation (18) in the variational equati{d®), we obtain the discretized equation of heatsfer
equilibrium in the global coordinate}{ (the non stabilized heat transfer):

[C{A®}+([K" HK T 4K T 1K 7{ AP £ AQ{+ AQ' (19)
where [C] and [K¥], [K€], [KR], [K"V] are the heat capacities, conductivity, convectiod radiation

matrices and total nodal point conditions of IV den {AQ} is the nodal point increment heat flow input vecto

{AQ'} is the vector of nodal point of the boundary ctinds of | gender.

5. DYNAMIC EXPLICIT METHOD ALGORITHMS

5.1. Solution the discretized equation of mimn

Assuming that the temporary step tim¢ is very small, it is possible to remove the inceamal stiffness
matrix (AK =0) and internal incremental force vecttﬁﬂF=O). Then, using the principle of incremental

decomposition, approximating thie and i in terms ofr in equation (17) using the central difference rodth
(DEM), and using the following approximate [11]:

R L ISP e R ) (20)
we obtain the solution ofr :
M Or =Q, (21)
whereM is the effective mass matrix an@ the effective load vector:
M=a,M +aC (21a)
Q=F+R+aOEM[QZDr—"A‘r)+a1[J o4 (21b)

with the integration constant; =1/At*, a, = 1/(2At).

Step-by-step solution using the Central Diféeice Method

In this section, the Central Difference Method BFH-is adopted to solve Eq. (21)-(21b) with initaxid
boundary conditions.

Initial calculations:
1. Form massv and dampingC matrices.
2. Initialise vectors®r , % and °F.

3. Select a time steft <At, =T, /77 and calculate the integration constaatanda;.
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4. Calculate vector®'r .
5. Form an effective stiffness matrik from equation (21a).
For each time step:

1. Calculate the effective load vectér from equation (21b).
2. Partitioning the equilibrium equation for twabks, write the problem in the form:

7 wxn 7 wew || 7 ,wxl Awxd | !
M21 M 22 tr2 2

where vectors ™, Q" are known and vectons™, Q%** are unknown.

3. Solve for the displacement vectpr™*:
=MD TR M B
4. Substitute vectofr,”™ into the equation:
Q" =My r ™ +M 5" F 1,
and solve to obtain the load vectf)gwxl in the tool-object contact zone.
5. Calculate the vectors and 't from equation (20).

5.2. Solution the discretized equation of hearansfer

Application the Dynamic Implicit Method (DIM) to &e@ the discretized equation of heat transfer was
presented in [12, 39]. In this section to solve #juation the Dynamic Explicit Method (DEM) waggented.

Using the principle of incremental decompositiopp@ximating the'® in terms of in equation (19) using
the central difference method (DEM), and usingfti®wing approximation:

ty — 1 4 t=A
{'& _EH [ (22)
we obtain the solution df* 0} :
[CID¢ £ @ (23)
where{Q the effective load vector:
~ | 1 t—ft 1 t-At g 7
{@H2Q + AQ [+]C ﬂm ?G[HCﬂE{ 9} K }re (23a)

Step-by-step solution using the Central Diféeice Method

In this section, the Central Difference Method FH-is adopted to solve Egs. (22) and (22a).
Initial calculations:
1. Form matrix'C], ['K"], ['K, [ K ] and ['K"] and calculation the effective matfi%<] :

[(KIs[CIHKI{KTfKT K}
2. Form vector§ AQ} and{AQ'" .
3. Calculate (initialise]' ™6} ," "™ @} and{'A®} .

For each time step:

1. Calculate the effective load vectér from equation (23a).
2. Partitioning the equilibrium equation for twabks, write the problem in the form:
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{c;:" cm} {fe?l} _ {}
C‘év;n C\SPQ(W re\é\xl \évxj.

where vector®”™*, QI* are known and vecto®™*, Q3" are unknown.

3. Solve for the displacement vect ™ :

0 = (") IR, - CRr e,

4. Substitute vectof* into the equation:
~ 1 1 w 1
Q, " =Cx e +C,L" 06y,

wx1

and solve to obtain the load veclér2 in the tool-object contact zone.

5. Calculate the vector®) from equation (22).

6. EXAMPLES OF NUMERICAL SOLUTION

6.1. Burnishing rolling process with electrical curent [3]

The analysis has been carried out using the fatigwdata: type of part - a roller, diameter of molle

d =30 mm; roughness profile of the transverse surfacacicordance with projection case | (triangular aspe-

rities) with the parameter® =0.142 mm; @, =a, =55 ; p, =0.2 rpm; burnishing by means of @ =60 mm
diameter roller-shaped element; depth of burnistgng0.071 mm; burnishing feedp, = p, =0.2 rpm; velocity
of burnishing rollingv, =1.5 ms™. Also, we assumed the data:
— intensity of electrical current: =0;100; 300; 500; 70CA,
— heat capacityC =484+ 0.0IAT J/(kg-K),
— resistivity:
0,, =151+ 0.00196AT P1T Qm, (object),

— coefficient of fretting:
M= 14 [{1- 00031y, )[{1-0.0000154T),

— heat conductivity coefficients:
A, =42- 0012[AT, W/(m-K), (object),

A, =132207-0.0032AT, W/(m-K), (tool),

— mass densityp = 7850/(1+ a [AT ), kgm?.
We demonstrate the results of non-linear 3D aralysfigures 3+5.

Fig. 3. The field of resultant temperature incremgmton surface in contact with the tool
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Fig. 4. Distribution of the resultant temperature T istorface layer object and tool on axig(x; = X, =0),
depending on the intensity of the electric curfentv, = 1.5 ms*and My = 002 (perfect contact
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Fig. 5. Temperature distribution in the tool and objetthie axial section for the perfect contdRi =0 (a)
and with thermal resistancB, = 0094 n?-K-W", (the condition 1V) at the contact tool-object) (b

In order to verification of results of computer Bs& experimental research of the process of bhimng
with current were conducted in stand shown in fgbir
Figure 7 shows scanning micrographs of exemplacyastructures of samples before and after burnjshin
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Fig. 6. Stand for burnishing rolling with current [3]: & lathe, 2 — burnishing attachment,
3 — hydraulic feeder, 4 — coolant feeder, 5 — anem& — welding transformer

Fig. 7. Exemplary microstructures of surface layer befouenishing (a) (initial pearlitic - ferritic
microstructure for steel C55) and after roller bighing with current (b) (martensitic micro-

structure) [3]

6.2. Thread rolling process [26]

Simulation studies the rolling process of the thré@ig. 8) wascarried out in two stages. In the first stage,
using a sensitivity analysis the effective discneiedel of the process was determined. In a sectap] 8sing
the discrete model developed, the calculations vpendormed in order to define the influence of tido
coefficient on the state of deformation (displaceteeand strain) and stress in the surface layehefobject.
The rolling process were considered as isothercaatied out cold at ambient temperature.

The numerical analysis for 2D states of deformatod 3D states of stress was applied on the exaofiple
steel C55. The tool is considered as rigid- « or elastic body, however the material model aslasto/visco-
plastic body with non-linear hardening. The modes discretized by finite element PLANE183 with rimear
function of the shape.

Fig. 8. Computer model of the axial thread rolling processcold of the thread on the bars or pipes
by an angle head comprising four rollers [26]: head, 2 — blank, 3 — handle
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6.2.1. Sensitivity analysis

The sensitivity analysis is defined as a measuthefesponse of the system changes due to a cbéatige
selected parameter called the decision variabléhdrcase of the FEM analysis of the thread rolfimgcess, an
important issue is to determine how is the sensjtof the maximum strain and stress at pointsisfréte body
to: changing the size of the finite element, nunifdmite elements and element shape function.

Influence of the size of the finite element
The shape factor SF of the finite element is defiae the ratio of height A to width B of the fingdéement

(SF=B/A) (Fig. 9).

ol

2
O

o

Fig. 9. Finite element mesh, the distribution of succedsiyers and the definition of shape factor

It is preferred that the shape factor was closeurtity. Due to the a strong geometrical non-lingarit
particularly in the bottom and top of the thredds tmodels were used, from discrete finite elemeiitts a big
shape factor. In order to reduce the number ofedeyof freedom of the model is to minimize the neirdf FE
by increasing the height of elements. In order ébednine the rational of the shape kE was performed
computer simulations to determine the influencethef SF on the distribution of stress and strain and the
accuracy of the mapping thread profile. Due to shmmetry of the model examined half of the profilde
analysis was performed using an application dewalap ANSYS system. For the discretization of thgeot
element type PLANE183 was used with eight key 8enwith a non-linear shape function. In order tced®ine
the maximum of the equivalent stress and straithbyhypothesis Huber-Mises-Hencky in the threagedding
on the shape fact@F variants of models were developed with differemsimdivision. Table 1 summarizes the
computational variants of the thread. The followinglues of the shape factor was considered:
SF=0,11;0,25;0,43; 0,66, 1;1,5; 2,33;i4.

Tab. 1. Variants of the finite element mesh

SF 0,11 | 0,25| 0,43 0,64 1 1,5 2,33 4 )
n — number of layers 205 182 160 136 114 91 91 46 2B
NFE — number of FE 8352 | 1483419484 | 22048 23054 22220 19546 1508378
NN — number of nodes |25645|44931|58697 | 66221 69067 66393 58199 44435251

NDF — number degrees
of freedom

51290|89862(117394132442(138134{132786(116398 88970(51042

Examples of simulation results influence of 8E on the accuracy the mapping tool, shown in FigLoe
The red line indicates outline tool. From the draysi it is apparent that the correct image on theowo of the
tool takes place only foSF=1. For the SF< 0,11 following was observed finite element object peatidn by
the elements of the tool. In Figure 7.4 shows tifiece of SF on the states of maximum equivalent stress and
strain. Most beneficial results calculated strass strain are obtained fd8F = 0,67+ 1,£. Further increas8F
(up to nine) does not have a significant impacth@naccuracy of the calculation, defined as thierihce values
in the elements and nodes.
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Fig. 10. View of deformation of the finite element mestdffierent shape factor [26]
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Fig. 11. The calculated maximum equivalent stress and stralnes for different values of shape factor

finite element [26]

The calculation results presented in Figure 11 destnate a strong convergence with the values apeh
factor. In the range of aspect ratio, it was fouhat the best solutions were obtained wilr=0,67+ 1,
Consequently, in the subsequent analyzes to deesl@fective discrete model, was adopfaied=1.

The effect of the finite element mesh density

The next step of the sensitivity analysis was ttegheine of the effect of the finite element meshsiy on
the results of the calculations. In order to deteenthe object mapping tool and to set the maxinminthe
equivalent stress and strain of trapezoidal thasad function of the density model variants weepared with
different numbers of finite elements. Calculatiovere performed for models that include the follogvitumber
of finite elementsNFE =220, 920, 3680, 8280, 22280, 32880 and 4E. Table 2 summarizes the calculation

options for SF =1 for trapezoidal thread. For discretization wasdue finite element PLANE183 type with 8-

eight-nodes and non-linear shape function.

Tab. 3.The parameters of discrete effective models fgrezaidal and round threads

Trapezoidal thread Round thread
SF (shape factor) 1 1
NFE (number of FE) 32280 17640
NN (number of nodes) 99433 53317
NDOF (number degrees of nodes) 198866 106634
Finite element type PLANE183 PLANE183

Influence of thread rolling conditions on thestates of stress and strain in the rounthread

Analyzing the distribution of deformation of thaifie element grid and state of effective straing sinesses,
presented in figures 13 and 14, where the influasfcéhe lubrication condition is observed. Far=0 in the
contact zone tool — workpiece (Fig. 13a), during fbrming the outline of the thread, material idraking by
tool and slide through the contact surface. Thevingrof vertical line of the finite element grid isvisible.
Other side, increase the friction coefficient caligerease braking of the material. For high valfithe friction



MECHANIK NR 3/2015 333

coefficient (Fig. 13c) occurs strong braking of era&l in the contact zone. Form also the adhesire 2of
material. That cause higher displacements of naterithe zone placed father from the contact zdinen the
line of the finite element grid are stronger curved

EES AR

/
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Fig. 13. The deformation of grid and the maps of effectixesses in the thread
on a longitudinal cutting plane for various valugfactions coefficient

The friction coefficient has high influence on valand distribution of strain. Fqu=0 the maximum of effect-
tive straine,, = 0,78 is located on the bottom of the thread, neareactintact surface (MX1, Fig. 14a). Far>0

appear an adhesion zone of material in the bottotmeathread, which take characteristic shape wédge. In this
zone the value of strain is very small. Fg= 0,39 strains are closer to the contact surface anihgetimaller to

value £, = 0,0016 (elastic strains) (MN, Fig. 14b). Whereat the laoaximum of strains (MX1) moving down in

surface layer. Then appear additional two local imams of the effective strains. Second maximum (Y2
placed near to the contact zone of the side oftread, where higher value of friction coefficiéamtrease strains
value from e, = 0,176 for =0 (Fig. 14a) to valuet,, =0,54 for 1 =0,39 (MX2, Fig. 14b). Next one local
maximum (MX3) is located in depth of material onmsgetry axis pass through top of the thread. Hdrains
are getting smaller together with increasing aftfoin coefficient from values,, = 0,351 for ¢=0 (Fig. 14a) to

£, =0,423for 1=0,39 (Fig. 14b).

[ ] .003129 o . = .003175 - .003138
- .050225 = .033887 = .037646
1 .097321 = 064599 = .072155
- .144416 = .095311 =] . 106664
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0 -5 e e 0 -2019

= e 0 s & 244699
0TS e R

426991 = 3 .279583 =02 .313716 1=0.39

Fig. 14. The maps of effective strains in the thread omaiktodinal cutting plane for various
value of friction coefficient
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Figure 15 shows a comparison of the outline thizadi the particle deformation (grid) (Fig. 15a),hwihe
results of model studies (Fig. 15b) and resultsnoferical analysis according (Fig. 15¢) and methiod
(Fig. 15d). Good agreement allows us to state ttheteffective discrete model for thread rollingdisveloped

properly.

d)

Fig. 15. Comparison of experimental results (a, b) with tasults of numerical calculations (c, d)
6.3. Turning process [33]

For the correct modelling and analysis of the fugnprocess, the knowledge of the course of theigdlys
phenomena occurring in the machining zone in realditions (i.e. geometry of tool and technological
parameters) proves to be necessary. For this peyposanalysis of the process of turning was caedud he
model of tool is considered as rigid or elastic yootlhe object is considered as the elastic/visesta body
(isothermal process). Numerical simulation in theS¥S system was conducted for four different materi
(failure straing, =1,5; 2; 2,75; 4 and four turning speed: = 40; 80; 160; 30! ms™. The object machined and
the tool were digitized by elements of PLANE162aypith a non-linear function of shape. The contaot with

body was modelling by Single Surface Auto 2D (AS$ZChe net of finished elements was concentratettien
contact area. Sample simulation results are predéntFigs. 15 and 16.

7 . 1156407 L910E+09
675361 5028409 1D‘UE+1 L 456E+09,

NODAL SOLUTION‘ NODAL SOL

STEP=1 2

SUB =189

TIME=.130E-04
(BVG)

DMK =.001042

SMN =675361

LS-DYNA user input

E 7 . 176E+X 334804, 3
149E+0° 8828409 176E+ y 1.661

NODAL SOLUTION 4 NCDAL SOLUTICON
: STEP=1

SUB =145

TIME-=, 994F-05

EPTOEQV _(AVG)

- DX =.346E-03

9E+07 Y SMN =.334E-04
19 S MK =14.952

Fig. 15. Chip geometry and maps of effective stress dutingng process for different material steel [33]
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Fig. 16. Chip geometry and maps of effective stress dutingrig process for different turning speed
v = 40;80;160;300m-s"[33]

The numerical results were compared with experialgasults (Figs. 17-19).

b)

Fig. 17. Fragments of a single chip of the screw (a) withaat of its outer surface (b) [57]

a)

Fig. 18. Chips long strip (a) and the screw open long[{7)]
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Fig. 19. View of a portion of the helical chip (s) and tresaciated arc chip (b) [57]

7. CONCLUSIONS

The paper presents a possibility of applying theatianal and finite element methods for the analys
physical phenomena in the technological processes.

The technological processes are geometrical, phlyaied thermal non-linear initial and boundary peof
Boundary conditions in the contact zone tool-obgret not known. Measurement of a process paranuderde
on the technological quality, such as: displacemstrain, stress, etc. during the process with niays
technique of a measurement is impossible. Abour tdoeirse, we could conclude on the property oftfasluct.

An application of modern mathematical modellingmauical methods and computing systems allows an
analysis of complex physical phenomena occurringhe process under investigation. The update Lagman
description has been used to describe nonlineamgohena, on a typical incremental step. The statesrain
and strain rate have been described by mean ofneanldependence without any linearization. Thepero
measures of strain and stress increments, i.eéntchement of Green-Lagrange’s strain tensors aadritrement
of the second symmetric Pioli-Kirchhoff's straimsers were applied. The nonlinearity of the matenias
described using the incremental model, making allwe for the effects of strain history and straiter and
temperature. The workpieces have been consideeadinty an object as a body which can undergo thermo
elastic strains (in the range of reversible straimgrmo, viscous, plastic and phases (in the rafgermanent
strains). This body (thermo-elastic/thermo-viscastic-phases) has been designated as TE/TVPF. atexiah
model was prepared making use of Huber-Mises-Hegakynlinear condition of plasticity, the assocthtaw
of flow and the mixed (isotropic-kinematical) strahardening. The state of material after pre-prsiogswas
also taken into consideration introducing the @&itionditions of displacements, strains, stresedstlaeir rates.
The incremental contact model obtained comprises dbntact forces, contact rigidity, contact bougdar
conditions and friction conditions in this area.efhthe incremental functionals of the total sysemargy or
entropy, were derived. From stationary conditiorthefse functionals derived variational, nonlinequagion of
motion and heat transfer for object on the typinatemental step time. These equations has begadsaelith
finite elements spatial discretization, where tisette system of motions and deformations equatdrobjects
in the technological processes, were recived. Tipications developed in the ANSYS system enabléma
analysis of the technological processes with thesicieration of the changeability of the lubricaa@onditions.
On the course of physical phenomena in the workonge we can forecast a technological quality ofpttualuct.

The examples demonstrate the possibilities of nisalercalculation of the developed method. Using
mathematical incremental models, step-by-step nigalealgorithm and we can perform a comprehensive
analysis of thermal phenomena during the proce$aiofishing, even if we only partially know the teenature
boundary conditions (knowledge of the temperatus&idution in the contact zone object and toalfg&nown).
We can determine the temperature distribution &eddistribution of heat fluxes for data of the ialitstate of
the object, the pre-treatment conditions and theditions of burnishing, or vice versa - to the dedi
temperature, we can determine the initial statéhefobject and conditions for implementing the peatment
and burnishing.

The obtained results of the computer simulatiothefthread rolling process show that the frictioefficient
influence on the states of displacements, straidss&resses in the surface layer of the thread,ialsne of the
factors deciding about the technological and thalagtation quality. The best operational qualitytbé thread is
received during the rolling process on great luign conditions i = 0). The simulation results for condition of

lubrication can be use of while to designing thena thread rolling process: making a selectiorhefrocess
condition and kind of the lubrication factor in thgpect of the technological quality of the thread.



MECHANIK NR 3/2015 337

The distributions of stresses obtained for differemning conditions, can be used of while designina-
chining: making a selection of the machining candi and its optimising in the aspect of the tedbgical qua-
lity of the product.

Good agreement numerical results with experimawetslits allows us to state that the effective digcmo-
dels were developed properly.

The methodology can be applied to the calculatioth® state of strain, stress and temperaturesfiglather
metal forming processes such as embossing of megsjeerities before burnishing or thread rollinghweélectro
contact heating and other technological processesdutting processes, turning processes, bungstalling
processes, cutting by an abrasive single grain,ossibg, thread rolling, duplex burnishing, slidimgrnishing
and shot penning.
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