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IMPACT OF MECHANICAL ANISOTROPY
ON FLAT-ROLLED WIRES GEOMETRY

T. Massé’, Y. Chastel, L. Fourment!, P. Montmitonnet!,
C. Bobadilla?, N. Persem, S. Foissey

! Mines ParisTech, CEMEF - Centre for Material FargiiCNRS UMR 7635
2 ArcelorMittal Gandrange, Research Center Long Qaibars & Wires
3 ArcelorMittal Bourg-en-Bresse, Wire Solutions

ABSTRACT: A precise final geometry of flat-rolled wires isjéred in view of their industrial applications. Wever,
comparison between experimental and computed sexssns shows a gap of 10%. This difference nugiginate in
the anisotropy introduced by wire drawing. Coeéfits of an anisotropic constitutive model (Hill 48ve been
identified from transverse compression tests. Tt@n3®, a finite element software, has been usedhtalate rolling
passes. The anisotropic law previously establisigdificantly improves the estimation of the finaldth: yet the
underestimation of the experimental width is 5%ead of 10%. Possible ways for further improvenagatdiscussed.
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1 INTRODUCTION steels, another probable origin is the progressive
) ) _orientation of the pearlite colonies along the draw
Flat-rolled steel wires are used e.g. in automotive ayjs resuling also in the decrease of cementite
industries. Since ever-higher mechanical charatiesi  jyterlamellar spacing [3-4]. The structure alignmisna
and more complex geometries are required, thediofit  najor contribution to the development of a strong
the current forming processes tend to be reachedcystallographic texture [3-5]. All this explainset
Numerical ~simulation may help improving the s5nearance and evolution of a strong anisotropyedis

knowledge of the process. The manufacturing processys changes in the mechanical properties [3, 4, 6].
involves wire drawing on single-pass benches fadidw

by multi-pass tandem rolling, starting from a paten
wire rod. In the past, some authors [1] have nucadyi
shown that spread was quite sensitive to anisotropt
no experimental results where shown. The preseugrpa
proves the effects of wire-drawing-induced mechalnic :
anisotropy effects on flat-rolled wire width, a gdi Figure 1: Comparison of experimental and computed
hitherto not addressed to the authors’ knowledgeeH  (dark blue line) cross-sections

the theoretical result in [1] is verified on a readterial ) ] . ]

(high carbon steel) using its measured mechanicalPlastic anisotropy can be easily manifested e.g. by

properties, therefore using physics-based simuiatio ovalization in tension or compression tests [7,s#jce
the difference in yield stress will favour one os

sectional direction with respect to the other. tdev to

2 EFFECT OF ANISOTROPY validate our hypothesis about anisotropy, compoessi
21 EVIDENCE OF ANISOTROPY tests in the transverse and longitudinal directieigure

2) have been performed at several stages of theiryaw
Following [2], the industrial drawing and flat-rioly process. Figure 3 clearly shows a progressive zatith

process has been simulated by FEM (Forge2005®).for transverse samples, which confirms the appearan
Comparing experimental and computed final cross-of anisotropy, more precisely an easier flow in the
sections, an important product characteristic Ewbf transverse (radial) as compared to the axial (drgwi
applications, a difference appears (Figure 1): thedijrection. The vyield stress shows a very weak 2%
computed section is too narrow $y10%, way above the  difference of between the two directiofg(re 3.

tolerance. This difference might originate in the In the longitudinal direction, no ovalization issible
anisotropy introduced by the wire drawing process, (Figure 9, proving isotropy in the section.

coming either from a crystallographic or a morpigadal In the next paragraphs, the coefficients of anarogic
texture (grain elongation). In the case of highboar  constitutive model (Hill 48 [7]) will be identifiedrom
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the abovementioned compression tests. Then Lam3, &igure 5: Compression stress-strain curves after drawing
finite element software enabling to use Hill's fitaty, 2.2 ANISOTROPIC CONSTITUTIVE MODEL
will be used to simulate rolling passes and to \stiln

sensitivity of the process to anisotropy. The well-known isotropic, quadratic Von Mises criber

o~ writes [9]:
e o
. 1
2 _ _ 2 — 2
(\ /f\\\* Transvers:xti::mpressmn Ueq = E[(g-yy Uzz) + (Jzz axx) + (1)
Ty @\\ (0= 0,,)" +60%, +67% +60%] = 0
\\\\ ' N
AN : )‘<1 To introduce anisotropy, Hill [7] kept the quadr&tiem,
3, v but added six coefficients to describe the direetio
\‘“Q: / dependent plastic flow properties:
\\\ -, Yo i,
Wire\g;;v]ng axi:a nd {F(a-w_a-zz)2 +G(0y, _Uxx)z +H (0 _a-w)2 (2)
longitudinal compression axi: +2L0'32 + ZMOf(Z + 2N0';2<Y} =1

Figure 2: Scheme of transverse compression sampling These parameters have a physical meaning, they are

linked to the axial and shear yield stresses:

1 1 1
Ooxx — v Ogyy — y Opzz = )
N T IETH = IElG (3)
1 1 1
after machining after patenting Ogxz = W v Ooxy = ﬁ v Owz= E

Thus, the equivalent stress can be chosen as [1]:

F(UYY _0.22)2 +G(Uzz _Uxx)z

Uezq =Aq+H (Uxx _UYY)Z (4)
during wire drawing after wire drawing + 2L0’$Z +2M U>2<z + ZNJ)Z<Y
Figure 3: Compression tests in transverse direction In the anisotropic case, A is taken by conventi®fil
highlight evolutive anisotropy. Initial dimensions are H = 6 1 (3
mm, R = 2.5 mm. Height reduction 43%. The horizontal A:\f,with >=FH+FG+GH (5)
bar of the T is the radial direction; the vertical bar is the 2\
drawing direction. F=G=H=1 and L=M=N=3 return the Von Mises criterion

(1). Hill's criterion therefore appears as the dasp
quadratic generalization of Von Mises criterion. The
axis-symmetry of drawing brings further simplifieat,
since all directions in the cross section are egjaiu:

H G,N= M, L= 2F+G (6)
During After
patenting drawing | drawing Equation (2) becomes:
Figure 4: Compression tests in longitudinal direction F(o, - a'zz)z

highlight isotropic behaviour in the section. Height

2 _ 2 2
reduction 50%. Oeq = A +G[(Jzz _axx) + (Jxx _UYY) ] (7)

+2Mo?,
{/ —longitudinal compression 1 —— 2.3 COEFFICIENTS MEASUREMENT
g | longitudinal compression 2 |— Ovalization can be characterized by the shape rfaufto
a1 ~longitudinal compression 3 | the section (Figure 6) and related to the anisgtrop
4 —longitudinal compression 4 | | coefficients, giving a first relation from which&/can
b —transverse compression 1 be identified:
transverse Compression 2
— (F-G)/(F+G)
— transverse compression 3 E - (&j (8)

h

Strain a




To fully identify the three coefficients F, G and Mpre — 0o, R
information is required. The yield stress in trengverse I, = mﬁ' withm= 02 (10)
direction (equation (3) fooyz,) gives G, and torsion

tests give access to M. All the experimental stress The simulation takes into account tensions between
strain curves available for our material at alpssof the  rolling stands. A more precise description of getiyn
cold forming schedule have been compiled in Figlre computing conditions and kinematics is giving if. [2
(tensile tests, transverse and longitudinal congimes  Sections shown below are those of the last roftiass.
tests). These curves lead to the coefficients regairt
Table 1. Furthermore, a strain hardening law [2] lban
identified from Figure 7, valid for all tests and
deformation modes.

As shown in Figure 9, rolling simulation with the
anisotropic law previously established significantl
improves the estimation of the final width in termk
widening: yet the underestimation of the experirabnt
F width is 5% instead of 10%. As mentioned abovel'dil
quadratic criterion is not sufficient to describer doulk
material anisotropy.

Ih" hI _______

_ p—
~ —n
© Pl s
. . S I
Figure 6: Compression test geometry i
2 ( — Tensile test before drawing —Tensile test 1
. . A
These paramgters have beep validated _by rg—s[ngllatm O —tensie stz Tensile test 3
the COmprESSIOI'! tests. We fl!’St had to |den.t|f¢t|bn 5 — Tensile test 4 ® Microhardness points for rolling
based on barrelling, resulting in a Tresca's fricfactor — Behavior law Transverse compression test
m= 02. Then, recomputing compression tests resulted — Longitudinal compression test  —Torsion test
in a good agreement on ovalization as showRrigore 8 Strain

(b/a=1.21 instead of 1.24 experimentally). ) ,
Figure 7: Strain-stress curves at all stages of the cold

But the agreement on the yield stresses is far fromforming process (scales withdrawn for confidentiality)
satisfactory. In the experiments, the differencavben
the axial and the radial yield stress is never nibes
2%. Fitting ovalization and the radial yield stress
described above leaves us with a ratigy / oprg = 1.3.
This difficulty is usual in sheet forming, wherestvery
hard to fit the angular dependence of both flowtguat
(Lankford coefficient) and yield stress [10-12]. Mor
sophisticated anisotropy models need be developed f
this purpose [13]. In the absence of any reliabiegely
accepted anisotropy model for bulk material (except
maybe polycrystalline modeJ$4-15]), and since we are
firstly interested in transverse flow, the followirstudy

is carried out with the constitutive parametersitdied
above from the flow pattern in compression.

Figure 8: Comparison between experimental and
numerical ovalization

Table 1: Reduced parameters of anisotropic Hill criterion

e e . . . e -
(x10™" MPa™) during wire drawing Figure 9: Comparison of experimental and computed

(blue line for isotropic law and pink line for anisotropic
law) cross-sections

Non-drawn Half-drawn Fully drawn

F/IG 0.99¢ 1.52¢ 2.261
L/M 1 1.0/ 1.25 This is why this analysis has been complemented with
two parametric sensitivity studies. The first oneald
24 SIMULATION OF ROLLING WITH with anisotropy factors, namely the radial / axyald
ANISOTROPY stress ratio and the shear yield stress / meaiietemsid

stress (Table 2): width strongly depends on theosati
Here, the simulation is running with the above petween F, G and H, while L, M and N affect maifiig t
anisotropic behaviour law, associated to an EVP side barrelling (Figure 10).
formulation and Hill's parameters obtained at the ef The second study is about friction. In the Lam3 FEM

wire drawing. We keep the same values all aloninml  software, an anisotropic friction law is available.is
Lam3 works in stationary mode with linear hexahedral pased on a velocity-dependent Coulomb model:

elements with 8 Gauss points. We use a Trescaofnicti
law writing: Tx (respy) = Mm(lux(respY) .an,mx(resmo.K.vg) (11)



where" =£% is the ratio of friction coefficients in the X = Using a more complex phenomenological anisotropic

H law (Hosford [11], Barlat [13]...);
and Y directions.r>1 penalizes the flow in the = Using micro-macro modelling based on lamellar
longitudinal direction and therefore enhances trarse microstructure (rather than polycrystalline models
flow. Figure 11 shows that the isotropic friction [14, 15] in the present case): its progressive
coefficient has no notable impact on widening (di&fa orientation has been shown to explain mechanical
value of friction factorm is 0,2). Anisotropic friction anisotropy [16].

(r=2) expectedly increases spread, but the width under-

estimation decreases only from 5% to 4%: frictiares REFERENCES

not explain the too small computed widening. ]

Table 2: Parameters of anisotropic Hill criterion

V2 _dyy JF+G+G+H +VF+H 0L widening
JF+G Ooxx \/Z+\/W+ 2N g [2]
1 1N3 = 0.577 90%
0.78 0.541 94.5%
0.78 0.427 94.2% [3]
0.78 0.27 95%
0.78 0.171 96.3% 4
0.53 0.577 98.2% [4]

[5]

[6]

—Isotropic law

— Anisotropic bulk model, ratio =0,27 \\\\
Anisotropic bulk model, ratio =0,171 \ [7]

— Anisotropic bulk model, ratio =0,427 \ \ \

— Anisotropic bulk model, ratio =0,541
— Anisotropic bulk model, \ \\ X [8]
Soxx/Soyy=0,53

Width

Figure 10: Sensitivity of computed cross-sections to Hill’'s 9]
parameters

[10]

—Isotropic bulk model, isotropic
friction model m=0,2

— Anisotropic bulk model,isotropic [11]
friction model m=0,2

— Anisotropic bulk model, isotropic
friction model m=0,3
Anisotropic bulk model, isotropic [12]
friction model m=0,35

— Anisotropic bulk model, anisotropic
friction model m=0,2 and r=2

Width

[13]
Figure 11: Sensitivity of computed cross-sections to
anisotropic friction parameter

[14]
3 CONCLUSIONS

The role of anisotropy has been emphasized in fia w

cold rolling by comparison with experiments. Furthe [15]
studies have to be carried out to correctly andirately

predict final cross-sections. More precise material
modelling would be necessary for this purpose, agh

by order of growing complexity: [16]

= Re-measuring Hill's parameters after the rolling
process, whereas they were constant in this work;
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