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The evolution of texture and yield locus of AISI 409 ferritic stainless steel under different deformation
paths was analyzed.
Texture evolution with plastic deformation was predicted by two models: Taylor (TPG), assuming

pencil glide in {hki}(ll 1) slip systems and Viscoplastic under the relaxed constraint assumption
(VRC), considering the following slip systems: 110} 11 ), 112} 111 ), and 123} 11 ), selected
according to a strain rate sensitivity law. TPG model tends to predict some stronger developments of
texture than the VRC model.

Predictions of stress-strain curves along different loading paths with TPG and VRC models were
very close to experimental results. Texture evolution did not have a significant effect to modify the
rate and the isotropy of the strain hardening process of AISi 409 ferritic stainless steel.
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strain rate sensitivity exponent
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critical resolved shear stress
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symmetric part of the m’ tensor, m b-n’
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average Taylor factor
grain orientation in Euler space
Crystallite Orientation Function (ODF)
flow stress in uniaxial tension tests at 0, 45 and 90
(U0 + U9o + 2U45)/4
flow stress in quasi plane-strain tension tests
flow stress in biaxial tension test
Lankford anisotropy coetficient
parameters in equation o Ke"

1. INTRODUCTION

The knowledge of the evolution of crystallographic textures by plastic deforma-
tion is important for modelling mechanical properties of metals; texture is related
to the shape of the yield locus and to the elastic and plastic anisotropy. Taylor
(1938) (TPG) and Viscoplastic (VRC) Canova et al. 1985 models were used to
predict the evolution of crystallographic textures and stress-strain curves of an
AISI 409 ferritic stainless steel sheet netal, plastically deformed along different
loading paths. AISI 409 steel had the following chemical composition (wt.%): C:
0.03; S: 0.004; AI: 0.03; Si: 0.68; Cr: 11.5; Ti: 0.4. Predicted true stress-true
strain curves were compared to experimental data obtained by the following
mechanical tests: uniaxial tension along rolling (0) and transverse (90) direc-
tions; quasi plane-strain tension along 0 and 90 directions and biaxial tension.
The evolution of the shape of the yield locus was analyzed by comparing yield
stresses of material deformed by different loading paths, at the same level of
plastic deformation energy.

2. ANALYSIS OF TEXTURE EVOI_,UTION

(a) Description of Texture

The texture of the material was represented by a discrete set of orientations with
their corresponding weights. The initial texture of AISI 409 ferritic stainless steel
was described by a set of 371 orientations in Euler space. This corresponds to a
reduced representation of texture (Tom6 et al. 1988) that neglects orientations
whose volume fraction is smaller than a minimum value. Figure 1, shows good
agreement between the reduced representation of texture and that determined
from experimental pole figures. Texture analysis shows reinforcements around
the following orientations: {233}(113)(q9=45, 0=65, g,=0); {554}(225)
(q9=45, 0=60 p=0) and {111}(112) (tp=45, 0=55 p=0 and 60).

(b) Prediction of Texture Evolution

According to the classical methods to simulate texture evolution e.g. Arminjon
(1987), the orientations were allowed to evolve during deformation while the
associated volume fractions were kept constant. Two models were utilized to
predict the evolution of texture, starting from the initial experimental texture
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Figure {110} poic figures corresponding to the as received AISI 409 ferritic stainless stcel. (a)
Complete set of orientations. (b) Reduced orientations.

shown in Figure lb:

--Taylor model (TPG). TPG postulates that the strain is identical in all grains
and equal to the external imposed strain; for ferritic stainless steel, pencil glide
deformation on {hkl} (111) slip systems and full constraint was assumed.

--Viscoplastic model under the relaxed constraints assumption (VRC). VRC
considers that deformation is accommodated by {110}(111), {112}(111) and
{ 123} (111) slip systems. The shear strain rate on a slip system (’) is related to
the corresponding resolved shear stress (rk) by Eq. (1):

where" m is the strain rate sensitivity exponent, ,o and ro are reference shear
strain rate and resolved shear stress respectively.

The relaxed condition hypothesis (Honneff and Mecking 1981) assumes that
some components of stress (Sachs 1928) and some components of strain (Taylor)
are imposed and the relaxed or free components are obtained by equation:

where ii is the strain rate tensor, r/ is the symmetric part of the m tensor
(m. b-n’), b and ,,’ are the components of slip vector and the normal to the
slip plane respectively, ol,, is the stress tensor. The strain state for each
deformation path was described by the eii tensor, with principal directions along
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Filgtre 2 Predicted (110} pole ligurcs flr unixiai tension along rolling direction, at e =0. 18. (a)
TPG model. (b) VRC model.

rolling (0), transverse (90) and normal directions; the ratio (-q) of transverse to
longitudinal strain was used to describe different loading paths.
Both models: TPG and VRC assumed isotropic hardening of the critical

resolved shear stress :,. with a strain hardening exponent equal to the one
observed in uniaxial tension tests; the strain rate sensitivity exponent (m) detined
by Eq. (1), takes values of 0 for TPG and I).05 for VRC.

Figures 2 to 6 show pole figures predicted with the VRC and TPG-models for
material deformedup to the indicated level of plastic strainunder: uniaxial
tension (Figs. 2 and 3), quasi plane-strain tension (Figs. 4 and 5) and biaxial
tension (Fig. 6).
The analysis of pole figures shows thc following results:

Uniaxial tension tests (Figures 2 and 3)" the VRC and TPG models predict a
reinforcement of the { 111 (110) and { 111 (112) texture components.
Quasi Plane-strain tension tests (Figures 4 and 5): For rolling direction, both
VRC and TPG models predict reinforcements of fiber components around:
{111}(110) and {111}(1!2); {100}(110) and {112}(110). The TPG model
predicts a strong reinforcement of the 111 } (110) and { 112} (110) components;
the VRC model leads to a less sharper texture than the TPG model, a usual
trend associated to the model (Mingoio 1990). The stability of the {554} (225)
component with deformation was also predicted. This result is in agreement
with experimental textures corresponding to Ti-stabilized ferritic steels (lnagaki
1988). Texture evolution, for quasi plane-strain tests along transverse direction,
shows the development of the {i11} (uvw) fiber component, with a reinforce-
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Figure 3 Predicted {110} pole figures for uniaxial tension along transverse direction, at e
0.30. (a) TPG model. (b) VRC model.

RD
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Figure 4 Predicted {II0} pole figures for quasi-plane strain tension along rolling direction, at
e 0.23. (a) TPG model. (b) VRC model.
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Figure 5 Predicted pole ligurcs for tlUa,,ci-I}lanc strain tension along transverse direction, at
e =0.22. (a) TPG model. (b) VRC model.
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Figure 6 Predicted pole ligures for uniaxial tension, at t-" =0.20 (deformation in the plane of the
sheet) (a) TPG model. (b) VRC model.
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mentaround the {111}(110), (111}(112) and {111}(123) components. The
initial {554} (225) component was also stable with deformation.

Biaxial tension (Figure 6): the {lll}(uvw) fiber component was reinforced,
mainly around the {111}(112) and (111}(110) orientations. The texture
predicted by the TPG model shows a tendency to complete the {lll}(uvw)
fiber texture.

3. PREDICTION OF THE EVOLUTION OF THE YIELD LOCUS

(a) Description of the Yield Locus Utilizing Textural Data
It is well known that the yield locus of a polycrystalline material is the envelope
of hyperplans, which are tangent to it. Each hyperplane corresponds to an
imposed strain state eij. The following equation is verified in the stress space

eiioii r,.l(/l(eii) e, eq (3)
where: r is the critical resolved shear stress (CRSS) for slip, identical on all
{hkl}(lll) systems; eq is the equivalent strain [eCq= (2/3ee:) 2] and (e0.) is
the average Taylor factor.
Both models, TPG and VRC, predicted stress-strain curves along different

loading paths assuming that r,. increases isotropically with the strain hardening
exponent determined in uniaxial tension tests; this assumption was based on the
small variations shown by the "n" exponent of the differea’t uniaxial tension
curves (Table l).
For a textured specimen, the average Taylor factor is calculated by:

lf4(e) ’l(e, g)f(g) dg (4)

where" (e, g) corresponds to the Taylor factor associated to a given grain
orientation g, f(g) is the Crystallite Orientation Function (ODF) and f(g). dg
defines the volume fraction of grains having an orientation g(,, 0, (p) in the
Euler space. In the present work, the texture representation included a discrete
number of orientations, then the integral was replaced by a sum over the different
orientations of grains with their corresponding weights.

(b) Predicted and Experimental Results
The evolution of the Yield Locus was both calculated from the predicted
evolution of textures and experimentally determined from stress-strain curves
obtained by the following mechanical tests:
mUniaxial tension along rolling and transverse directions (Uo, Ugo), with
standard tensile specimens.
Quasi plane-strain tension with Wagoner type specimen (Wagoner 1980)
along rolling and transverse directions (P0, P9o). The Wagoner type specimen is
short in the tensile direction and wide in the transverse direction, a state of
quasi plane-strain is generated in most of the width of it, with the exception of
both ends.
--Biaxial tension (B). The well known bulge test was employed, with a 5 in.
diameter specimen.
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Table Experimental and predicted stress-
strain curves

(a) Experinwntal
Test K Ml’a n R

Uo 819.5 0.217
U, 8119.5 0.222
U4s 806.7 0.235
U,,,. 8116.7 I).227

P, 9811.9 0.235
P, 103 I. 11 0.230
B 938.0 0.213

1.24
1.28
i.35

(b) Predicted by 7"l’G and VR" models

K (Ml’a) n

TI’G VR(’ TPG VRC

11145 11147 11.271 0.256
1045 11146 11.233 11.229
948 973 (1.203 0.209

Table I shows true stress-true strain curves represenled by the parameters K
and n, obtained by power law regression of cquatiow o Ke", R is the Lankford
strain ratio. Experimental and predicted valueswith TPG and VRC models
are included.
Table II shows stress ratios for different loading paths, compared at the same

level of plastic deformation energy utilizing data from Table I. Three different
levels of plastic strain in uniaxial tension were considered.

Figure 7 compares experimental true stress- true strain curves obtained in

Table I! Stress ratios fir experimental and pre-
dicted stress-strain curves

e,,/U,,
eUo E.rperitnental "FPG VRC

0. 1.124 1. 108 I. 139
0.15 1. 1311 I. 127 1. 153
11.2 I. 134 I. 141 I. 164

!;,./
eU., Experim,’ntal TI’G VRC

11.1 1.2111 !.2117 1.217
0.15 1.2114 1.211 i.220
0.2 1.206 1.215 1.222"

e, Exl,erimental I’PG VRC

O. I. 126 I. 157 1.168
0.15 1.124 i.151 !.165
0.20 i. 23 I. 148 1.163
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Figure 7 "l’rue stress-true strain curves. Experimental and predicted with TPG and VRC modcls.
(a) P,. (b) I’,,,. (c) Biaxial.
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quasi-plane strain tension (P} and I’,,o) and biaxial tension (B) tests to predicted
curves with TPG and VRC models (Table I).

(c) Analysis of Results

Experimental results (Table 1) show isotropy in the plane of the sheet, uniaxial
tension true stress-true strain curves and Lankford coefficients (R) have no
significant variations at 0; 90 and 45 to the rolling direction. Strain hardening
exponents of quasi plane-strain (1: and t) and biaxial (B) curves do not differ
significantly from corresponding in uniaxiai tension. Experimental results show
isotropic evolution of the yield locus.
Table and Figure 7 show that TPG and VRC models give very similar

predictions. The agreement between predicted and experimental results is very
good for Biaxiai and P9o data; for I, predicted curves lie close to the
e’xperimentai data but predicted strain hardening exponents are somewhat higher
than experimental exponents.
The evolution of texture produced by plastic deformation along different

loading pathsinc_luded in prediction, of slress-strain curves with TPG and VRC
models through M(%)id not have a signiticant effect to modify the rate and
the isotropy of the strain hardening.

4. CONCLUSIONS

1. The use of a reduced representation of texture (371 orientations) produced a
good agreement with experimental results obtained by the complete set of
orientations.

2. The TPG model tends to predict some stronger developments of texture
than the VRC model.
3. Predictions with TPG and VRC models of stress-strain curves under
different loading paths were both very similar and close to the experimental
curves.
4. Predictions with TPG and VRC models assumed isotropic hardening of the
critical resolved shear stress with a strain hardening exponent equal to the one
observed in uniaxial tension tests. Texture evolution, included in the different
predictions of the stress-strain curves through the (%) factor, did not have a
significant effect to modify the rate and the isotropy of the strain hardening
process for AISI 409 ferritic stainless steel.
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