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Abstract: An important objective of the process of volunettieformation of materials is to obtain a
flawless part with required qualities. Reaching tbbjective is possible through the simulationhaf t
process, but we have to know the behaviour of thterial during cold plastic deformation. From an
elastic point of view the behaviour of the mater&alinear and can be expressed by Hoocke’s law,
while from a plastic point of view the relationsedsare combinations of exponential laws (relations
Ludwick, Voce, Swift, Hollomon, Johnson-Cook etd). this paper we propose a relation that
combines the laws of Vocé, Hollomon and Johnsonk@oorder to characterize the plastic behaviour
of materials OLC15, OLC35, 18MnCrll, 40Crl0; weoalsresent the way to determine the
coefficients using the compression test. To vadidhe laws, the experimental results were compared
to the results obtained through the numerical sah of compression using the ABAQUS/CAE
program.
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INTRODUCTION

The process of cold deformation of materials, sashrolling or other similar industrial
processes, requires an improvement of the behaliamalysis of the material in order to describe
correctly the flow of the material during the def@tion process using numerical modelling.

The most frequently laws used for the analysis asmeulation of metal deformation at ambient
temperature when the effect of temperature risesezhlby the flowing tension within the plastic
deformation process can be neglected are Hollor@phrifidwik [10] and Ludwik-Hartley [6], [10],
Swift [14], Krupkowski [5], Samanta [5] and Voce5]1 When this effect cannot be neglected we use
Johnson-Cook’s law [1]17], [18].

Ludwik and Voce’s laws are recommended for theystf processes with relatively high rate
of deformation as they enable the determinatiothefcoefficients [5]. The studies presented in this
paper aimed at establishing a behavioural lawHerdold plastic deformation of the following types
of steel: OLC15, OLCC35, 18MnCrl11 and 40Cr10, idesrto be subsequently used for the processes
of volumetric cold plastic deformation (rolling).

EXPERIMENTAL AND NUMERICAL PROCEDURE
Material

The chemical composition and the mechanical chamatts of the types of steel used for the
experiments are presented in tables 1 and 2.



Table 1 Chemical composition of steel

Chemical composition, [%]

Steelmak —=TMn] cr [ Si| S| Ni| Mo| Cu
OLC15 | 0.15] 0.65] 0.11| 0.27]0.018 0.08| 0.01| 0.31
OLC35 | 0.37/ 0.56| 0.15| 0.26]0.034 0.18| 0.03| 0.34

18MnCr11 0.21| 1.03| 0.94| 0.29|0.007) 0.09| 0.01| 0.23
40Cr10 | 0.43 0.61| 0.97] 0.25]0.008 0.09| 0.01| 0.25

Table 2 Mechanical characteristics of steel

Rpo 2, Rm, A5, [%]
Steel mark N /mmz] N /mmz]
OLC 15 298 475 15
OLC 35 248 558 13
18MnCrl11 309 776 10
40Cr10 396 837 7

Establishing the behaviour law

The compression tests were made at two speedsarh/énin and 180 mm/min respectively,
which correspond to deformation speed40¥s™ andlO™s™ respectively. They were marked with
SS (low speed) and LS (high speed).

Johnson-Cook’s law expresses the effects of colingtg, deformation speed and temperature as
follows:

o—:[o—o+K5”][ﬁl+C|n(e‘/so)]E{1—(T_T°Jm} (1)
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Where: g,, K andn are the cold straining parameter§,”“the sensitivity coefficient of deformation

speedé, is the initial deformation speed, The reference temperature,, The fusion temperature in
the material antin” a constant.
This law points out the dependence of the stoatio: the plastic deformationrepresented by the first
element of the relation (1); the plastic deformatipeed , the second element of the relation (1); the
temperature T, the third element.
The cold straining coefficients,, K andn correspond to Ludwik’s law.

According to the studies presentfldl] we noticed that a three parameter law does not

correctly represent the strain-deformation curvehenentire deformation domain. The laws we tested
are Swift (2), Hollomon (3) and Vocé (4):

o=K(g, +&) )
o=KI[E&" (3)
o = J1- Aexp(-Be)| &)

If we take into account the rapidity of the rollipgocess (the one we want to use for the
simulation of behaviour laws), it is interestingaioalyse a behaviour law that takes into consiuberat
other parameters beside the cold straining ones. i§hwhy we chose a five parameter law which
combines Hollomon and Voce's laws and rewrote the bf thermo-viscoplastic behaviour as

follows:
o=k &+ S(1- Alexp- B2))] {u C |n{££oﬂ [ﬁl_[a—j{ﬂ (5)




For the low speed test (SS), the process, defawmapeed is equal to the speed used for the
test £=10°s™, and the reference temperature is the ambienteratye T=300K. Thus, the previous
law becomes:

Ogs = [Ke“ +S@A- Aexp( Bs))] 6) (
The high speed test, made at a speed 100 timesrhigtiescribed by:
o= [Ka” +S(1- Aexp(—Bg))][[Jl+CIn100] 1—(_: _Z? J )
m~ lo

For this law we will consider the same cold stragncoefficients determined in the case of
low speed compression (K, n, S, A and B) and weaonily identify coefficients C and m. The heating

T —T, under adiabatic conditions corresponds to fracffaf the plastic force that turns into heat.

Under these conditions, the degree of tempera’lsmél;r is obtained with the equation:

[oé = coT (8)
where:

B is coefficient Taylor-Quinney [12], generally equal 0.9, and represents the fraction of plastic

force that turns into heat, C=0.460 J/gK is th@galpower specific to the materia=7.810° J/nTK
is the volumetric mass [12].

Thereby, we assume that the heatimg<T,) is fractiona of the heating under adiabatic conditions,
calculated with the equation (8) using the fold&rthe experimental poin{g, £) . To ensure a better

coherence of the identification we set the sameevdbr fractiona of the real temperature rise
function of the temperature rise under adiabati@@ns for all materials. We chose a medium value
of 0.7. Thus, we obtained a very good adjustmetih@fcurves at high speed and the only parameters
to be identified were the sensitivity coefficie@tof deformation speed and the exponenin the
element of temperature sensitivity.

We will use the two laws, (6) and (7), as posdibidi to describe the plastic behaviour of the
material for the numerical simulations, assumingt ttheir extrapolation to the entire domain of
deformations that appear during the rolling processlid.

Methods and experimental means

The compression test is better adapted to chaizettdre behaviour of the material since it
allows us to reach high rates of deformation amdstiate of tension generated by the process of cold
volumetric deformation is compression.

The compression tests were made on a Zwick tractompression machine. The test was
done at an ambient temperature on a blank of sgehdf material with identical dimensions (220 x
30mm). The motion speed of the blades was of 1.8mm(£=10°s™) and 180 mm/min £ =10"s"

1) respectively, the lubricant between the pressitagles and the blanks was vaseline. The values
measured were the compression force (F) and theesiing of the blank4]). The identification of

the 5 parameterK( n, S, A, Bof the behaviour law was done through mathemlaficagramming
with the program FORTRAN on a LINUX operating syste

Simulating the test

In order to validate the laws determined we madaerical simulations of the test using the
program ABAQUS/CAE. First we analyzed the resutticé (F) — movementA() assuming that the
state of deformations is homogeneous and we datetmthe behaviour laws. Then we made
numerical simulations of the compression test uglieglaws determined and based on the simulated
results F Al we determined the dependencess].

During the simulation, the material of the blanksvafined as follows:
- from an elastic point of view through Young’s moelll = 210 GPa and Poisson’s coefficient
v=0.3;
- from a plastic point of view through the values(c) obtained with the behaviour law.



The analysis was made under dynamic conditionssingle step. The contact between the surfaces is
“surface-to-surface”, the friction coefficient besen the blades and the blank was of 0.3 and the
movement imposed to the blade was of 18 mm.

RESULTS

The state of deformations at the compression sesthomogeneous because of the frictions
between the blank and the blades of the machimeblink takes the shape of a barrel, fig. 1. This
shape is obtained both experimentally and througherical simulation.

Fig. 1 Shape of the workpiece after the test

The real strains and deformations were calculdtedg, fig.3), starting from the dimensions
measured experimentally (8; figure 2).

900
Experimental 900 .
800 / 200 Experimental
700 700 P
600 / // et ’,
S = =500 : -~
T 400 //// = 400 ,/
300 - 300
200 /2 ——olc15s  ——O0LC35 200 CEY QISR
100 L ——18MinCrll ——40Crl0 100 ——18MnCrll ——40Cr10
o | 0 I I
0 5 10 15 20 0 10 15 20
Al fmm] Al[mm]
a) b)
Fig. 2 Force-motion curves experimentally obtaineda) low speed(ss), b) high speed(ls)
1,2
Experimental 1,2 T
Experimental
1
e ]
08 / e = o o — —
5 / T = : 2
E 06 Hf s 06 ? [ |
B =
04 ——oLc1s —0Le35 "0’4 | —0LC15 —0LC35
~——18MnCr1l1 -——40Crl0 ———18MnCr1l ——40Cr10
02 02
0 0
0 02 04 06 038 1 0 02 04 0,6 038 1
&l €[]
a) b)

Fig. 3 Strain — deformation curves obtained througtexperimental data: a) low speed(SS), b) high spggs)

By applying the processes presented at establistmagbehaviour lawwe obtained the
coefficients of the behaviour laws, table 3 for line speed test and table 4 for the high speed test

Table 3 Coefficients of the behaviour law at low sl (SS)

Material K n S A B
(MPa) (MPa)
OLC15 5425 0.13% 217.6| 0.99| 9.91
OLC35 645.2| 0.134 224.0| 0.99| 9.93
18MnCr11| 710.5| 0.104 216.5| 0.99| 13.53
40Cri10 673.8| 0.022 371.8| 0.99| 15.61




Table 4 Coefficients specific to the behaviour lawtdiigh speed (LS)

Material C m
OLC15 0.0125 0.78
OLC35 0.0164 0.71
18MnCri11 0.0213 0.70
40Cr10 0.0119 0.87

The compression test was simulated and the seslitained were compared to the
experimental ones. The comparisons force movememtl)( obtained through experiments and
simulation are presented in figure 4, the compasssirain deformationofe) are presented in figure

5.
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Fig.5 Strain — deformation curves for the four mateials




After analyzing these graphs we may notice that:

- the curves have the same relative positions fotthal materials: the high speed curve is
situated slightly above the low speed curve, the#sginderneath the latter (at high degrees of
deformation).

- in the case of the laws determined based on thesfmeed test the simulated curves overlap
the experimental ones, both for the force-deforomatdependences and for the strain-
deformation dependences, but only for a deformatae@ under 0.6. For deformation values
over 0.6, the values of the force and of the tensibtained through simulation are slightly
higher than those determined experimentally, tHferdince between them increases along
with the increase of the rate of deformation.

- in the case o the laws determined based on thespmed test we notice that the simulated
curves overlap those obtained experimentally, bmtlthe force-deformation dependences and
for the strain-deformation dependences, for théreegiomain of experimental values of the
degree of deformation.

CONCLUSIONS

In the study we took into consideration a law borimg Hollomon and Voce’s laws and the
thermo-viscoplastic behaviour (5) in order to cleteeze the behaviour of the material at plastic
deformation. This law was adapted function of tbaditions imposed by the compression tests: low
speed deformation (f0s* and 10" s?), thus obtaining laws (6) and (7). The laws deteet were
used for the numerical simulation of the compressssts of the four materials analyzed.

The comparison between the experimental results those obtained through simulation
shows that the behaviour law established basedenoiv speed compression test leads to results
which are very close to those obtained experimigntaut only for a rate of deformation under 0.6.
This is why it can only be used for the simulatadrcold plastic deformation with values under Or6.
exchange the law established based on the highd sgmepression test leads to results close to the
experimental ones for the entire experimental domBinis fact proves that it can be used to describe
the behaviour of materials for high rates of defation. The laws, adapted for each one of the four
materials, are as follows:

- OLC15:05s= [542.58%'%+217.6(1-0.99exp(-9.9E))];

OLs = [542.58°1%%217.6(11-0.99exp(-9.9E))] [1+0.0125In100TML-((T-To)/(Tw-To))* Y;
- OLC35:05s = [645.28°1*%224(1-0.99exp(-9.93))];

OLs = [645.28°3%224(1-0.99exp(-9.9%))] [1+0.0164In10OJML-((T-To)/(Tw-To))>
- 18MnCrlloss = [710.98"*°4216.5(1-0.99exp(-13.53))];

Oss = [710.98°1%%4216.5(1-0.99exp(-13.52))] [1+0.0213In100JL-((T-To)/(Tw-To)*™Y;

- 40Cr10:0ss = [673.88°°%%371.8(1-0.99exp(-15.6[))].

Oss = [673.88°%%%371.81-0.99exp(-15.6E))] [1+0.0119In100TM-((T-To)/(Tw-To))*?1.

The study can be continued by analyzing the imitaeof the use of the determined laws on the

results of the numerical simulation of some proesss volumetric cold plastic deformation, such as:
thread rolling, tool rack rolling, intermittent tiolg.

ACKNOWLEDGEMENTS

This article was produced under the project "Sujipgryoung Ph.D students with frequency
by providing doctoral fellowships", co-financed finahe EUROPEAN SOCIAL FUND through the
Sectoral Operational Program Development of Huma&soRrces. This work was supported by
CNCSIS — UEFISCSU, project number PN Il — IDEI 7212008, "Analytical and numerical
modelling of the processes of cold plastic processif complex profiles” and ANCS project number
PN Il — CAPACITATI - Bilateral project “Branaii’ 211-2009, "Experimental characterization and
numerical modelling of the cold rolling of complprofiles”.

The numerical simulations were made in laboratdétyraversity of Metz.



REFERENCES

[1] Daridon L., OussouaddiO. and Ahzi, S.,rfluence of the material constitutive models on the
adiabatic shear band spacing: MTS, power law andndon—Cook model$nternational Journal of
Solids and Structures, Volume 41, Issues 11-123p09-3124, 2004

[2] Diot, S., Guines, D., Gavrus, A. & Ragneau, Bvo-step procedure for identification of metal
behavior from dynamic compression tebtggrnational Journal of Impact Engineering 34

ISSN 073-743x, pp. 1163-1184, 2007

[3] Diot S., Caracterisation experimentale ethumerique du corgment dynamique des materiaux.
PhD thesis]nstitut National des Sciences Appliquees de Ren2@03.

[4] Diot S, Gavrus A, Guines D, Ragneau Eentification of a forging steel behavior from @ynic
compression tests Proceedings of the Y5 ASCE engineering mechanics conference
ColumbiaUniversity, New York, USA, 2002

[5] Gronostojski, Z.Journal of MaterialsProcessing Technology 1p6. 40-44, 2000.

[6] Hartley, C. S., Garde, A, Ghung, H. M. & Kasgn€&. F., A microstructure based constitutive
relation for dilute alloys of-zirconium,Zirconium in the nuclear industry, ASM STP 68p. 342-
352, 1979

[7] Hartley, C. S., Srinivasan, RConstitutiveequations for large plastic deformatafmetals,J. Eng.
Mater. Technol. 105p. 162-167, 1983

[8] Hollomon, J.K.Trans. AIME162, pp. 268, 1945

[9] Kopp R, Luce R, Leisten B, Wolske M, Tschirnidhet al, Flow stress measuring by use of
cylindrical compression test and special applicatm metal forming processeSteel Research 72
(10), ISSN 01774832, pp. 394-401, 2001

[10] Ludwik, P.,Elemente der technonogischenmechaBprjnger-Verlag OHGpp. 32, 1909

[11] Marincei, L., lordache, M., Nitu E., Ungureamhy Boicea, G.,Theoretical and experimental
studies for the behavior determination of samelstet the cold plastic deformatipriodTech
International Conference - New face of TMCR Mod&ecthnologies, Quality and Innovation - New
face of TMCR, 20-22 May 2010

[12] Oussouaddi, O., Klepaczko, J.Rnalyse de la transition entre des deformationshisones et
adiabatiques dans le cas de la torsion d’'un tulbmural de Physique IV C3-323, Colloque C3, suppl.
au Journal de Physique 1lI, Vol. 1, 1991

[13] Rehrmann, T., Kopp, RRecent enhancements to determine flow stress datdagh speed
compression test$roc. of 1st Intl. Conference on High Speed Formingrtmund, ISBN 3-00-
012970-7, pp.71-80, 2004

[14] Swift, H. W..Plastic instability underplane stres$ Mech. Phys. Solids ISSN 00225096, pp.1-
18, 1952

[15] Voce, E,The Relationship Between Stress and Strain for @meous Deformatiorint. J.

Mech. Sci.74,pp. 537-562, 1948

[16] Voce, E. A practical strain — hardening functiodournal International Metallurgi&ol. 51, pp.
219-226., 1955

[17] Umbrello, D., Saoubi, R. M. and OuteidoC., The influence of Johnson—Cook material constants
on finite element simulation of machining of AI$6B steel, 2006.

[18] Vedantam, K., Bajaj, D., Brar, N. S., Hill, Sgohnson — Cook strength models for mild and DP
590 steelsShock Compression of Condensed Matter-2005 edijed1i. Furnish, M, Elert.T.P.
Russell and C.T White 2006 American Institute oy$tts 0-7354-0341-4-06$23.00, 2006



