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Abstract" The classical three-dimensional .analysis
(O.D.F.) has been extended in such a manner as to obtain
the representation of the texture, and, more precisely,
the distribution of the slip systems <lll>{hk} in the
planes where shear stresses induced in equibiaxial ex-
pansion are maximum.

Quantification of the slip systems configuration
allows the development of a deformation model which takes
into account the factors influencing the degree of
stretchability of the steels. From this model it is pos-
sible to define true hardening rates and equibiaxiality
coefficients characterizing the ability of the steel to
distribute the deformation in the macroscopic shear
planes.

In association with the resistance to thinning de-
fined by the configuration of the slip systems, the the-
oretical treatment makes it possible to grade different
steels according to their experimental behavior.

1 INTRODUCTION

A mathematical model for calculation of plastic deforma-
tions with the objective of predicting the distributions of
local deformations in drawn pieces has been formulated at our
laboratory,

In its simple version, this model regards plastic defor-
mation as resulting from the superposition of plastic flows
in maximum shear planes located at 45 from the axes of prin-
cipal stresses, and is, therefore, not valid for anisotropic
(textured) materials.

The complete calculation of plastic behavior will there-
fore require a preliminary examination of the slip systems
that are really active; and this will make it necessary to
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take their orientations into account in the calculation of the
deformations.

The crystalline texture of steel sheets for drawing ap-
plications can most precisely be represented by the three-
dimensional orientation distribution function.2- Even with
this texture representation, it is difficult to visualize the
various slip systems capable of being activated during de-
formation.

For this reason we have extended the classical three-
dimensional analysis (O.D.F.) in such a manner as to obtain
the representation of the texture, and, more precisely, the
distribution of the slip systems <lll>{hk} in the planes
where shear stresses are maximum, s Our analysis is concerned
particularly with biaxial expansion.

In the first stage, we describe the textures of three
steels and their modifications during biaxial expansion. The
crystalline orientations are then described in the planes at
45 from the principal axes, and this enables us to reveal
the slip systems <lll>{hk} in these planes.

By geometrical considerations it is then possible to
quantify the density of the slip systems in these maximum
shear planes. This quantification constitutes a starting
point for the introduction of the crystalline texture into
the stress-strain relationships during biaxial deformation.

2. ANALYSIS OF DEFORMATION TEXTURES

2. i. S.t.ret.chability of the .Steels
Texture analysis was made for three mild steels

(Table I) of which the stretchability is different as is shown

TABLE I

CHARACTERIZATION OF STEELS

Reference Steels r n n* d ()

Decarb.-denitr. 1.74 0.188 0. 309 26

H.S.L.A. 1.20 0.155 0.177 7

Stabilized L.D. 1.57 0.195 0.199 12

by comparing the variations of polar deformations in thickness
as a function of polar height during bulge testing of these
steels (Fig. i)o The results show that it is possible to
classify the steels in the order B, A, C, with the steel C
having the best stretchability. This classification cannot
be explained on the basis of the classical mechanical charac-
teristics of the steels and more particularly the r and n-
values (Table I)
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Fig. i. Polar strain e3 p as a function of the cup
height (bulge test).

The measurements of principal strains el, e2 by means of
a millimetric grid (circles of 2 mm) previously set on the
sheet, and the calculation of the corresponding principal
stresses, i, 2 on the basis of measurements of pressure, of
thicknesses and of radii of curvature of the sheet allow the
determination of the .principal stress-strain relationships
and of the strain hardening rate coefficients n* during bi-
axial expansion ,2 (Table I). These coefficients n* do not
seem to correlate with the behavior of the steels and their
classification (Fig. i).

Biaxial expansion thus appears as a complex process which
cannot be interpreted only by the characteristics of the
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plastic anisotropy and strain hardening rate coefficients.
The former appears as an excessively rough approximation to
the original crystalline texture and takes its modifications
during expansion into account only to a very small extent;
whereas the latter is a parameter too complex to distinguish
the true behavior of the material from the interferences due
to the rotations of the crystals (modifications of texture),
particularly at high strains.

2.2. C..rystalline Textures Analysis

The crystalline textures were determined not only
before deformation (e 0) but also at different states of
deformation by equibiaxial expansion, in order to characterize
the texture modifications of the three steels during deforma-
tion. Samples for texture analysis were machined from the
top of cups drawn at different pressures; these samples were
sufficiently small to allow the deformation in thickness to
be regarded as constant. The following drawing parameters
characterize each sample: deformation in thickness
main stresses i 2 along the rolling (RD) and transverse
(TD) directions (Table II)

The three-dimensional representation of the texture
called in each case for the determination (Siemens-Lcke
goniometer) of the two complete pole figures {200} and {211}
and the calculation of the orientations distribution func-
tions. This three-dimensional representation reveals many
differences regarding not only the non-deformed states but
also the development of texture components during expansion.

2.3. Textures Before Deformation

In the three cases, the textures are characteristic
of mild steels for drawing and thus have strong components
of the partial fiber texture <III>//ND (Figs. 2 to 4). The
strength of these components is not directly related to the
plastic anisot_ropy c_oefficient . The relative strength of
the textures (Iii) [i12 and (iI) [0i differs according to
the steel considered. The fiber texture <III>//ND is almost
perfect in steels C and B although the levels are different,
in contrast to what is observed in steel A in which the tex-
ture (iii)[011] is predomina_nt. Moreover, the deviation of
the fiber texture towards (554) [25] is observed more partic-
ularly_in steels B and C. Strong deviations with respect to
(iii) [ii0] are also observed in the same steels in which the
predominant orientation would be (23)[[[0] in steel A, the
texture appears to be more ideally ([ii)[[[0].

Strong elements of the partial fiber <II0>//RD are super-
posed on the partial fiber texture <III>//ND. The former is
particularly important in the case of steel B in which all
the components between (32)[[[0] and (001)[[i0] are equally
represented. The components are more differentiated in steel
A, which_ has__ a major component _(ill) [![0] and a minor compon-
ent (113) [ii0]. Steel C has (223) [110] as the r_incipal com-
ponent,_and the orientations ranging from ([12)[110] to
(001) [i10] as the minor components.
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Fig. 2. Distribution function, 45 section, A steel.

The intensity level of the components (001) is lower when
the coefficient is higher. In fact, the coefficients r of
the steels are graded in the order of the ratios (Iii)/(i00).
It is, therefore, to be noted that the same coefficient of
plastic anisotropy r can be obtained from quite different
textures. Moreover, components (ii0) [uvw] are not observed
in the three steels.

2.4. Deformation Textures

The crystalline texture changes as the deformation
by biaxial expansion increases (Figs. 2 to 4). These textural
changes are different in detail for the three steels but al-
ways lead to the strengthening of the textures <III>//ND and
<I00>//ND, which are the classical compression textures. 6-8

Thus the resulting textures in biaxial expansion are clearly
different from those observed in uniaxial tension tests. 7’8
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Fig. 3. Distribution function, 45 section, B steel.

The evolution of the texture elements during deformation
is not continuous; and it is possible for the three steels
to show three successive stages in their development (Fig. 5).
The first is represented by an increase of the fiber texture
as a whole, that is to say of the components (iii)[011] and
(iii) [112]. Starting from a level of deformation close to
e i.2

_
0.10, these textures become stable, and then increase

again when necking is approached.
The textural modifications that are observed depend on

the initial texture and on the characteristics inherent in
the steel. Thus, the increase is very slight in steel B of
which the initial texture is not very sharp. In the two other
steels, A-and C. the increases are significant. The two com-
ponents (iii)[011] and (iii) [112] behave similarly in steel
A, and somewhat differently in steel C, of which the initial
texture is more ideally a fiber texture.



156 C. GASPARD, P. MESSIEN, J. MIGNON AND T. GREDAY

E:3-0,09

0.17 ,l’" :3"0.30

Fig. 4. Distribution function, 45 section, C steel.

To this it must be added that in all cases the textures
develop during expansion by becoming more and more ideal, and
finally coinciding with the pure orientations at high strains.

The development of the components (i00) [uvw] during defor-
mation is substantially the same for the three steels (Fig. 6)
so that the deformation textures <I00>//ND depend essentially
on their initial value and increase in the order A-C-B. As
for the fiber texture <III>//ND, the actual development can
be resolved into three phases for steels A and C.

Minor components also appear during equibiaxial expan-
sion; this applies, for instance, to the orientations (113-
114) [uvw] or (102-203) [uvw] which are well known to be asso-
ciated with compression. 6 Also, minor components, more par-
ticularly (112)[uvw], which are present at the beginning of
the deformation, undergo hardly any modifications even at
high strains.

Thus the greatest textural modifications affect the fiber
textures <iii> and <001>//ND; the increase in <III>//ND in a
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Fig. 5. Evolution of the <iii> fiber texture in expan-
sion.

high drawability steel takes place from the beginning of the
deformation, whereas <001>//ND remains at a low level at
first and only increases when a given deformation (ez.2

_
0.05, steel C; ez.2

_
0.10, steel A) has been reached. The

increase in <III>//ND is not only less rapid in a steel of
lower drawability (steel B) but also smaller; the reverse of
this is true in the case of the texture <001>//ND. It is
thus observed that in the case of a high-drawability steel
the (iii)/(i00) ratio increases at the beginning of deforma-
tion, being opposite to what happens in a steel of lower draw-
ability. Moreover, irrespective of the level of deformation
rached, this ratio will be distinctly higher in the high-
drawability steel than in the low-drawability steel.

3. DEVELOPMENT OF CRYSTALLINE TEXTURE IN MAXIMUM
SHEAR PLANES

3. I. <.I.ii>, .S.l.ip Dir.ections Repres.entatiLon
The classical representation of texture in the refer-

ential RD, TD, ND does not make it possible to visualize the
slip systems in maximum shear planes located at 45 from the
axes of stresses. For this reason the function [IIIF(,)
has been used in order to determine the distributio3of the
<iii> slip directions in the macroscopic planes 13 and 23, in
which the shear stresses are maximum during equibiaxial ex-
pansion (Fig. 7).
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Fig. 6. Evolution of the <001> fiber texture in expan-
sion.

The general expression s of this function is:

with

mmn

Z yn (O )[ll.l].F(,e) 7. 7. 7. Dmn3 m n

1 7. 7. fs Ym(gor) Ys(90,55,45)
[yn(o 2 U s

(i)

where ee[0,] is the angle between the direction [iii] con-

sidered and a reference direction o in the i j section.

The coefficients fs are obtained from the experimental
determination of the two pole figures {200} and {211} in the
rolling plane2’; the Euler angles of the rotation gor .defin-
ing the shear plane considered are

plane 23: gor (0,90,45) Ro//RD

plane 13: gor (90,90,135) Ro//TD.
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Fig. 7. Definition of the R(e) direction in maximum
shear planes (equibiaxial expansion)

Owing to the symmetry conditions in the material, the

function <lll>F(,e). is calculated by means of the relation-
3

ship (I), considering only the real parts DmnR of the complex
coefficients Dn, with ,m even and n 4k.

3.2. <iii> Directions Distribution Before Deformation

Before deformation the slip directions <iii> are
distributed differently in the macroscopic planes 13 and 23
(Fig. 8). In 13, the directions <iii> are located in an+an-
gular region < 50 defined from a reference direction Ro
parallel to TD and their distribution is the most important in
the interval 20 < < 25 These directions are associated
in every case with crystallographic planes located half way
between {123} and {ii0}.

The directions <iii> in the plane 23 are contained within
the region ee[20 ,50 with a maximum density corresponding
to e 35; they are in this case associated with crystallo-
graphic slip planes {ii0}. Irrespective of the macroscopic
plane, no slip system <111>{112} appears to be present; it is
thus found that in these macroscopic planes 13 and 23 only the
<iii>{Ii0} or adjacent slip systems will contribute to the
deformation.

The density of the slip systems <lll>{hk} depends both
on the steel and on the macroscopic plane considered. The
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Fig. 8. Distribution of the slip systems in shear planes
13 and 23 before expansion.

steels may be classified according to this density, and this
classification is the same for planes 13 and 23; the ease of
gliding increases in the order B, A, C.
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As shown by Fig. 7, the thinning of the steeI depends
essentially on the angle e between the direction Ro and the
slip directions <iii>. For the same applied stresses, the slip
systems located at s-angles lower than 45 will lead to less
thinning than the slip systems with s-angles higher than 45

The angular distribution e of the slip directions <iii>
must cause the resistance of the steels to thinning to in-
crease in the order B, A, C, as it is confirmed by measure-
ments of polar deformation e p (Fig. i) Moreover, as shown
in Fig. 8, only steel B characterized by a low coefficient
has slip systems <111>{112} located at 90 from o, that is
to say capable of promoting the thinning of the material from
the beginning of deformation.

3.3. <iii> Directions Modifications .During .Expansion

Equibiaxial expansion modifies the configuration of
the slip systems <iii> in the shear planes 13 and 23 (Fig. 9).

The modifications of texture depend on the initial texture
of the steel sheet and on the applied stresses. They appear
from the beginning of deformation, although large rotations
are in fact observed only at high levels of strain.

The modifications of texture are specific to the macro-
scopic shear plane examined. During the expansion the con-
figurations of the slip systems <iii> develop so as to become
equivalent in the two maximum shear planes 13 and 23. This
is in good agreement with the approach to the process of de-
formation that has been adopted, and, in particular, its de-
scription in the maximum shear planes, because in this model
the stresses T13 and T2 in the planes 13 and 23 are equal
during equibiaxial expansion.

Although the hypothesis of the pencil glide seems to be
the best adapted to the description of the process of defor-
mation, the different slip planes {hk} associated with the
directions <iii> do not develop in the same way during de-
formation. The slip systems <111>{112}, which are initially
of low density, decrease during expansion, being opposite to
the systems <IIi>{ii0} <111>{123} of which the densities
increase.

In the shear plane 23 the principal orientation <iii>
{011} e 35 which is present in the non-deformed state is
dissociated during expansion into two components 20
e 30 and 30 e 45-50 The first of these two com-
ponents is more important in steels C and A of which the re-
sistance to thinning is high. Moreover, the greater ease of
thinning of the steel B is explained by strengthening of the
slip orientation e 45-50

As in the case of the shear plane 23, the modifications
of the slip systems in the plane 13 lead to more thinning in
the steel B. It is in the latter, in fact, that the most un-
favorably oriented components of gliding (e 55 appear dur-
ing deformation. These (Fig. 9) are very important, and, as
will be noted, the rotation of the crystallites has progressed
in such a way that the gliding occurs in the plane {ii0}.
Although these rotations occur in steels A and C, they are
limited so that the gliding remains mainly located in the
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Fig. 9. Distribution of the slip systems in shear planes
13 and 23 after equibiaxial expansion (le31p 0o30).

planes {123} and leads, because of its localization (e 25-
30 to less thinning. In regard to the resistance to thin-
ning, the steels are thus graded in the order C, A, B when
the plane 13 is considered.
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4. PLASTIC DEFORMATION AND CRYSTALLINE TEXTURE

4.1. Mathematical Model

The deformation model proposed by D’Haeyer and
Gouzou supposes that all plastic deformation results from a
superposition of plastic flow in the planes of the material
in which the tangential stress is maximum, that is to say,
the planes ij located at 45 from the principal stresses. In
these planes i j the maximum tangential stress is expressed
by T ij i j and is parallel to the direction .

The plastic flow in the planes i j are connected with
displacements of dislocations which in the case of b.c.c.
materials take place in the direction <iii> (pencil glide).

As we have seen above, each plane i j of the material has
<iii>an angular distribution i9 F (,) of crystallographic di-

rections <iii> associated with planes (hk), this angular dis-
tribution being modified according to the plane (ij) during
deformation.

Taking the hypothesis of the pencil glide, it is possible
to define in the plane ij a density of crystallographic di-
rections <IIi> in the direction (e) by the relationship:

Dij (’TiJ) /2n
O

<iii>
ijF(,,Tij) d (2)

Let us consider the glSding gij (e Tij) in the plane ij
according to the direction (e) (Fig. {0); this gliding de-
pends on the maximum shear stress Y ij and on the density of
the directions <iii> in () by the relationship:

gij (,Tij) Dij (,Tij) y(Tj) (3)

where Y(Tij) defines the elementary dislocations gliding cor-
responding to an orientation {hk}<lll> parallel to ();
Tj is the component of the shear stress in () equal to

sinlj +/-j

Tij

[g (,rij)]j.

Ri

Fig. i0. Gliding in shear plane ij.

With the assumption that the hardening of the material
during deformation arises essentially from dislocations-
dislocations interactions in one and the same direction ()
and is therefore independent of the angle e, the elementary
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gliding y(Tij) depends only on the stress Tlj:

y(Tij) K(T e l/n K(Yij sin e T o) 1/no (4)ij To

Taking into account the relationships (3) and (4) the
gliding gij (e,Tij) in the direction (e) will be expressed
in the form:

gij (e,ij) K Dij (e,ij) (ij sin e T o) l/n (5)

The contribution of this gliding in the direction of the
shear stress T ij (direction ) will be equal to:

[gij (e,ij) ]- gij (e,ij) sin e (6)

Now, the resultant macroscopic glidi,ng in the direction
of the tangential stress ij (direction -) will be obtained
by angular integration of the elementary glidings in the
plane ij

[Gij (Tij) ] [gij (e,Tij) ] de
o

(7)

These macroscopic glidings in the direction R lead to
the deformations ei_i, k in the principal directions i,j,k
(RD, TD and ND for ln sheets) by use of the relationship

eij= [Gij (Tij) [Gki (Tki) i,j,k (8)

4.2. Application to Equibiaxial Expansion

In equibiaxial expansion, the principal stresses
1 (// to RD) and 2 (// to TD) are equal and the stress
3 (// to ND) is zero. The tangential stresses are then maxi-
mum in the planes 13 and 23 at 45 degrees from the normal and
transverse directions on the one hand and the normal and roll-
ing directions on the other, and are expressed by

Y13 Y2 /2 Y with 0"1 O2 O

TI2 0

In this case, the principal deformations eEl, e{, eE are
connected with the macroscopic glidings [Gi (Yi)] in the
maximum shear planes 13 and 23 by the relations ips:

eE () GI (T)

E (O) G2 ()E 2

eE () -[GI () + G23 ()]

or more explicitly, taking into account the relationships
shown above, by:

(9)
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EE (0) K DI (e,T) (T sin T o) l/n sin ede
O

eE (0) K Da3 (,T) x (T sin To)l/n sin d
O

eE (0) -K [D, (e,T) + D2 (e,T)] (T sin e TO
O"

(io)

I/no sin ede

with 2; T T Ta 0/2.
The measurement of the variation in thickness of the

sheet at the top of the drawn pieces as a function of the
stress I during expansion makes it possible, if the

variation of the distribution function <III>
ijF(,,Tij) is

taken into account, to determine by a least square method the
coefficients K, no, To which appear in the relationships (i0) 9

(Table III).

TABLE III

Steel

COEFFICIENTS OF STRAIN HARDENING LAW

To

(MN m- K I/no no

A 60 2.77 i0- 1.25 0.80

B 90 2.98 i0- 2.90 0.34

C 45 1.12 10-6 2.70 0.37

The critical stress To corresponds to the threshold of
microplastic deformation in a uniaxial tensile test.

Thus defined, the strain hardening rate no is indepen-
dent of the crystalline texture of the material, which is not
so in the case of the strain hardening rate in uniaxial de-
formation and in symmetrical biaxial expansion n*. This
strain hardening rate no is particularly high for steel A of
which the grain size is large (26 ).

When the values of coefficients K, no, To are taken into
account the deformations el calculated by means of the re-
lationships (i0) agree very well with the experimental curves
of deformations of the three steels studied (Fig. Ii).

4.3. S_t_r.et.chability of the Steels

The analytical model developed above makes it pos-
sible to define a coefficient of equibiaxiality of deforma-
tions A e/e2. This coefficient, calculated by means of
the relationships (I0), depends on the initial angular dis-
tribution of the directions <Iii> in the shear planes 23 and
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Fig. ii. Stress-strain relationships in equibiaxial ex-
pansion.

13 and on their modifications during expansion. It in fact
represents the steel ability to distribute its principal de-
formations isotropically during expansion.

TABLE IV

EQUIBIAXIALITY COEFFICIENTS A OF STEELS

Steel A Steel B Steel C

190 0.72 225 0.48 170 1.19

215 0.68 285 0.75 190 0.98

237 0.77 328 0.85 208 0.91

255 0.85 333 0.77 236 i.ii

270 0.81 348 0.76 258 i. I0

Table IV shows the coefficients A of the three steels,
calculated for different levels of applied stress . For
steel C, the coefficient A is close to unity, and therefore
equibiaxiality of the principal strains i and 2 is prac-
tically obtained; for steels A and B, the strain 2 is higher
than the strain i irrespective of the level of applied
stress.
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This analysis enables the understanding of the various
behaviors of the steels during expansion with the aid of three
essential parameters: the angular distribution () of the
slip directions <1111> in the maximum shear planes, the coef-
ficient of equibiaxiality A and the strain hardening rate no

For steel C the particular distribution of the <iii> slip
directions in the shear planes 13 and 23 is such that equi-
biaxiality of the deformations el and e2 (A

_
I) is almost

obtained tQgether with a good resistance to thinning (the dis-
tribution (e) is located at the angles < 45); steel C is
therefore particularly suitable for equibiaxial expansion in
spite of its low hardening strain rate no

Owing to its worse equibiaxiality coefficient (A < i)
and the=presence of slip systems promoting thinning (distri-
bution () for angles > 45 ) steel B has a less favorable
behavior during expansion. In regard to steel A, the low
equibiaxiality coefficient IA < i), balanced by a good distri-
bution of the sli.p systems (e) and above all by a high strain
hardening rate (no 0.8) accounts for the medium behavior of
this steel during expansion.

CONCLUSIONS

Textural modifications during equibiaxial expansion are
towards the classical compression configurati.ons <iii> and
<I00>//ND; minor components (114) [uvw] and (102) [uvw] also
appear in accordance with the theory. The magnitude of the
modifications observed depends both on the deformation (e)
and on the initial texture of the steel: a high drawability
steel is characterized by a large (iii)/(i00) ratio which in-
creases during expansion.

The three-dimensional analysis does not make it possible
to understand the mechanisms of the deformation and, in par-
ticular, to separate the true hardening of the material from
the textural effects (rotations). The generalization of this
analysis in the maximum shear planes has enabled us to analyze
and quantify the configuration of the slip systems. This al-
lows the development of a deformation model which takes into
account the factors influencing the degree of stretchability
of the steels.

From this model it is possible to define true hardening
rates very different from those determined by mechanical tests,
and equibiaxiality coefficients characterizing the ability of
the steel to distribute the deformation in the macroscopic
shear planes. These two parameters in association with the
resistance to thinning defined by the configuration of the
slip systems in the macroscopic shear planes make it possible
to grade the different steels in such a manner that the the-
oretical behavior calculated on the basis of these parameters
is very close to the experimental results.
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