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ABSTRACT

The textures that develop during rolling are among the most important
factors affecting the properties of rolled sheets, as well as their behaviour in sub-
sequent forming processes. For FCC polycrystals, the main ideal orientations of
rolling textures are cube, Goss, brass, copper, Taylor and S. The behaviour of
these ideal orientations during rolling are investigated in this paper. Analytical
and numerical results for the stress states, slip distributions, lattice rotation fields
and orientation developments are obtained using a rate-sensitive crystal plasticity
model. The rate-sensitive results are compared with those obtained from the clas-
sical rate-independent Bishop and Hill theory. Comparisons are also made with
the experimental observations reported by Hirsch and Liicke.

1. INTRODUCTION

The textures that develop during rolling have been investigated for many
years [1-6]. The main_ideal orientations of rolling textures for FCC metals are
found to be cube {001} < 100 >,_ G (Goss) {011} < 100 >, B (brass) {011} <
211 >, S {123} < 412 > or {123} < 634 > and C (copper) {112} < 111 >. In
order to explain further the formation of rolling textures and the development of
crystalline orientations duri_ng rolling, the behaviour of these ideal orientations,
including T (Taylor) {44 11} < 11 118 >, are investigated in this paper using a
rate-sensitive crystal plasticity model [7,8]. Analytical and numerical results for
the stress states, slip distributions, lattice rotation fields and the development of
orientations during rolling are obtained under three constraint conditions of defor-
mation: plane strain compression (PSC), "lath" compression (LC), and "pancake"
compression (PC).

The analysis shows that all the ideal orientations, except S, are highly sym-
metrical. In the limit of zero strain-rate sensitivity, the shear slips in the slip
systems change continuously in the vicinity of these orientations. Four systems
are active in the ideal positions with 4-equal or 2x2-equal slips. However, in the
vicinity of the ideal orientations the stress states are not continuous they change

1055



1056 Y. ZHOU ETAL

suddenly from one vertex of the Bishop and Hill yield surface to the average of
two or four vertices. The three dimensional rotation fields show that two fibres,
which include the ideal orientations, exist. The formation of rolling textures de-
pends on the behaviour of these two fibres during deformation. Comparisons with
reported experimental observations indicate that the orientation changes in plane
strain compression at small strains, in "lath" compression at intermediate strains
and in "pancake" compression at large strains coincide with that of FCC metals
with high stacking-fault energy during rolling.

2. CRYSTAL MODEL AND CONSTRAINT CONDITIONS

The rate-sensitive crystal model adopted in the present work is that em-
ployed by TSth and co-workers [7,8]. The rate sensitivity of slip is expressed by a
power-law relationship between the shear rate , and resolved shear stress ’, [10]:

(1)

where m is the strain-rate sensitivity index, z0 and ’o are the reference shear stress
and shear rate, respectively, assumed to be constant and equal for all slip systems
in this analysis. The strain-rate tensor D associated with the Cauchy stress is
given by the constitutive equation

Here m’ = b’ x n is the Schmid tensor for the slip system s. The vectors b and
n are the unit slip direction and the unit slip plane normal for the slip system s
in the deformed configuration, respectively. The lattice spin can be determined
from the relation

1

where is the rigid body spin and the second term is the plastic spin. All geo-
metrically possible slip systems are activated in rate-sensitive slip. The deviatoric
stress components and shear rates are uniquely determined for a specified strain-
rate state. The rate-insensitive response can be evaluated directly from these
solutions as the limiting case of zero strain-rate sensitivity (m ---, 0).

Here the laboratory coordinate system is defined by the XI and X3 axes
which correspond to the rolling and normal directions, respectively. Three types
of constraint conditions are considered in the present work: plane strain compres-
sion (full constraints), "lath" compression (relaxed constraints), and "pancake"
compression (relaxed constraints). For lath compression, the strain-rate compo-
nent Dla is relaxed [11,12]. For the case of pancake compression, the grain shape
is assumed to be very fiat and two shear-rate components (Dis and D2a) are left
free [11,12].

3. ANALYTICAL SOLUTIONS FOR THE IDEAL ORIENTATIONS

With the rate-sensitive model and the constraint conditions described above,
the behaviour of the ideal orientations have been predicted analytically. The
calculations are based on rate-sensitive slip in the 12 {III} < 110 > slip systems of
a FCC crystal (listed in [4]). The Euler angles of the considered ideal orientations
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are: cube (0, 0, 90), G (0, 45, 90), B (35.26, 45, 90), $1 (56.79, 29.21,
63.43), Sa (58.980,36.70, 63.43), C (90, 35.260,45) and T (900,27.37, 45).
Table 1 gives the limiting solutions (m --, 0) for the stress states, slip distributions
and lattice spins for the ideal orientations (except S). In Table 1, the stress states
correspond to the boundary condition trl] = 0.

Table 1 Limiting Solutions (m --. 0) for the Ideal Orientations.

Cons- Stress in Sample Axes
Orien- traint (1-RD, 2-TD, 3-ND) Shear Rates in
ration Condi- (o.lj =0,others)

Active Slip
tions Systems
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Cube LC ) o.a a:2o.--/roPC
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Goss I } =-o
PSC) if3Brass 3 16 2

=ro

Taylor PSC

Copper C
1 5-=(--)o

3 2:_/-ro.3 3 -- o’2

Lat-
tice
Spin

=I/D
3

0

3.1 Slip distributions and lattice rotations

Our analytical solutions show that, in the limit of zero strain-rate sensitiv-
ity, there are four activated slip systems with 4-equal or 2x2-equal slips for all the
ideal orientations (except S), no matter what type of constraint condition is ap-
plied. The slip distribution is a consequence of the geometrical symmetry of these
orientations. This equal-slip distribution pattern is a result of the basic feature
of the rate-sensitive model, namely that equal resolved shear stresses imply equal
slip rates. Such symmetrical slip distributions lead to no lattice rotations for the
ideal orientations, except for the copper orientation in the two relaxed constraint
cases. As seen in Eq. (3), the lattice rotation depends on the rigid body spin and
plastic spin. It was pointed out by T6th et al. [4] that the minimum number of
slip systems necessary for zero plastic spin is four. Consequently, when rigid body
rotations are absent (in full constraint cases, for example), at least four activated
slip systems are required to maintain a constant orientation of a FCC grain. As
mentioned above, four slip systems are activated for all the ideal orientations with
equal shear rates, or two pairs of equal shear rates in the case of plane strain
compression. Since rigid body rotation is present only for the copper orientation
in the lath and pancake compression modes (Da 0), the slip distributions result
in zero lattice spin for each of the ideal orientations, except copper.

The solutions also indicate that, for all the constraint conditions considered
in the present work (full or relaxed constraints), the shears in the slip systems
change continuously in the vicinity of the ideal orientations.

3.2 Stress states

In contrast to the continuous changes in the slip distributions near the ideal
positions, the stress states change suddenly. As the sample axes move from the
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vicinity of these orientations to the exact ideal orientations, the limiting (m -* 0)
stress states jump from one vertex of the Bishop and Hill yield surface polyhedron
to the average of two or four vertices. These steep changes in the stress states
are due to the absence of high geometrical symmetry near the ideal positions.
For example, there is one vertex in the vicinity of the Goss orientation under the
condition of plane strain compression. If the same stress state is considered for the
exact Goss position, a contradiction is found between the yield and slip conditions
for some slip system (e.g., "1 = f4 but rl = -r4), which violates the consistency
law (if ’k = r0, % > 0 and if rk -r0,’ < 0). Therefore, another stress vertex
must contribute to the stress state to force - = "4 = 0 (or Ir] = 1 41 <
to the geometrical symmetry of this orientation, the stress state must correspond
to the average of the two active stress vertices of the Bishop and Hill yield surface.

3.3 A new method to obtain rate-sensitlve limiting solutions (m - 0)

Comparing the limiting solutions of the rate-sensitive model with those of the
Bishop and Hill theory for the case of full constraints, we find that the ambiguities
of stress and slip distributions existing in the latter are resolved by the rate-
sensitive model (m -- 0). When the prescribed strain-rate vector is perpendicular
to a hyperplane of the Bishop and Hill yield surface, the stress state predicted
by the rate-sensitive model in the limit m -- 0 is equal to the average of all the
stress vertices of that particular hyperplane. For all the orientations considered
in the present work, bi-equal or multi-equal (2, 4 or 8) slip is predicted by the
rate-sensitive model (m --* 0).

These characteristics establish the connection between the limiting solution
(rn -. 0) of the rate-sensitive model and the Bishop and Hill rate-independent
solutions, namely that the result of the rate-sensitive method (m 0) is one of
the possible solutions of the Bishop and Hill theory. As a result, a new procedure
can be proposed to obtain the limiting solution of the rate-sensitive model for
symmetrical orientations as follows: First, the stress vertices and the corresponding
activated slip systems are derived using the Bishop and Hill theory. Then, the
stress state is taken as the average of all the yield surface vertices if two or more
vertices are obtained. If the number of activated slip systems is greater than the
number of the constraint conditions, we may assume that multi-equal slips occur,
as long as the consistency law and the constraint conditions are not violated. Using
the above procedure, the solutions obtained for all the ideal orientations would be
identical to those listed in Table 1.,

4. ROTATION FIELDS AROUND THE IDEAL ORIENTATIONS

The rotation fields in the vicinity of the ideal positions (within 10 ori-
entation deviations) have been determined numerically using the rate-sensitive
model and a very small value of ( 0.00 rota-strain-rate sensitivity m = t). The
tion fields reveal that, among the deal onentahons, only T and C are stable for
the full and relaxed constraint conditions, respectively. Moreover, two fibres exist
in the rotation fields: the c fibre (between G and B) and the/ fibre (between
B- S/S/Sa- T/C). Here S and S differ from the S and Sa orientations by
Ab 9 and 6, respectively. The shape of the/ fibre depends on the boundary
conditions. For plane strain compression, it consists of the brass, S and Taylor
orientations (B S T). For lath compression it is formed by the B $3 C,
while for pancake compression it is defined by B S C. During rolling, grain
orientations move either directly into the/ fibre, or first into the c fibre, then
along the c to/, and finally towards the corresponding stable end orientations.
Fig. 1 shows the schematic paths of the orientation changes under the boundary
conditions considered. The rotation rates along the two fibres are very slow. As a
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result, after large deformation few orientations could reach the end positions and
most orientations remain distributed along the whole fibre.

--’t’--
(a) (b) (e)

Figure 1 Schematic paths of the orientation development during.: a) plane strain com-
pression, b) lath compression, and c) pancake compresmon.

In addition to the different paths of texture formation, the boundary condi-
tions also change the flow velocities of orientations along the c and fibres. The
movement along thec fibre is faster in plane strain compression (PSC) than in
lath compression (LC) and pancake compression (PC). Under the conditions of
PC, the rotations away from the brass position are quite slow. Accordingly, the
brass orientation is metastable for this deformation mode. After grain orientations
pass the S positions, their flow velocities are very small and almost the same for
all the conditions considered. This implies that the S orientations are metastable
during rolling. When grains reach the = 50 position, their movement becomes
very slow in the PSC and LC deformation modes. This feature results from the
pseudo-divergence of the rotation fields around 2 = 45. On the other hand, the
flow velocities of orientations towards the a and/ fibres are strongly affected by
the boundary conditions. Orientations rotate to the/ fibre more slowly in the
PSC mode than in the LC and PC modes.. This implies that, in the latter two
cases, most grain orientations can reach the a or fibres at a lower degree of
rolling deformation.

It is obvious from the above predictions that different constraint conditions
result in different texture components after large deformation. For plane strain
compression, the deformation texture is comprised of the S- T fibre. The re-
laxation of the strain-rate component D13 alters the texture so that it includes
the main components ($3- C). If both strain-rate components D3 and D3 are
relaxed, the orientation flow rate changes, and the corresponding texture has the
main components (S- C) as well as the weaker components brass and cube. The
above observations imply that grain shapes can influence the formation of rolling
textures since the relaxation of D3 and D3 is based on grain shape arguments.

We now compare the orientation change predictions described above with
the experimental observations for FCC rolling textures reported by Hirsch and
Liicke [3]. In general, the tendencies of the orientation changes during rolling
predicted by the rate-sensitive model are in good agreement with measured rolling
textures. An important observation is that orientation changes in plane strain
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compression at small strains, in lath compression at intermediate strains, and in
pancake compression at large deformations coincide with those of FCC metals with
high stacking-fault energy (SFE). As the plane strain state deformation mode (full
constraints) is applicable only at the beginning of rolling, the orientations of all
FCC metals rotate to the c and fibres with nearly equal density, independent
of SFE. As deformation proceeds, the grains become fiat so that the plane strain
state cannot be maintained. In this case the orientation changes of high SFE
metals gradually follow the behaviour of the lath and pancake modes. As a result,
the a fibre gradually disappears and a slow movement along the/ fibre leads to a
stable end position near the copper orientation instead of the Taylor component.
Because the flow velocities along the/ fibre are very small, few orientations can
reach their stable positions most of them remain scattered along the//fibre even
at high degrees of rolling. Consequently, the rolling texture is comprised mainly
of the/ fibre along which the three main components (brass, S and copper) can
be found. According to the present predictions, the existence of the brass and
S components is due to the metastability of the two orientations during pancake
compression. At very large deformation, a peak density of orientation distribution
would be formed at the S position. Meanwhile, the densities of the components
B and C are increased.

8. CONCLUSIONS

From the present results it can be concluded that no ambiguities of the stress
states or slip distributions exist in the limiting solutions of the rate-sensitive model
(m -- 0). For symmetrical orientations, the limiting solutions are a subset of those
predicted by the Bishop and Hill theory. Under the constraint conditions consid-
ered, a symmetrical stress state (the average of all the stress vertices involved)
and symmetrical slip distribution (2, 4 or 8 slip systems each with the same shear
rate) are the characteristic limiting solutions of the rate-sensitive model.

The formation of rolling textures is determined mainly by the behaviour of
the c and/ fibres during deformation. During rolling, orientations move either
directly into the/ fibre, or first into c, then along c to/, and they finally move
along/ towards their end stable positions. The different boundary conditions
influence not only the composition of the/ fiber but also change the flow veloc-
ities towards and along both fibres. This in turn leads to different final texture
components at large rolling deformation.
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