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In order to account for the differences observed between low and high temperature
deformation textures, the influence of slip or cross-slip on planes other than the
{111 is considered in FCC metals. The first set of possible new slip systems treated
is the {100}(110). The dual single crystal yield surface is constructed using a novel
technique, and deformation textures are predicted for rolling and torsion using the
FC-RC model usually employed at room temperature. The {112} and {110}(110)
cross-slip systems are also considered. The rolling textures obtained when slip and
cross-slip or only cross-slip occur are presented. These two cases are first treated on
the assumption of a constant CRSS on all systems and then with the aid of a linear
latent hardening law, which only takes into account the interactions between colinear
systems.

It is shown that the concurrent activation of both slip and cross-slip systems leads
to the presence of three main rolling components: i.e. the Cu, S and brass
orientations, in proportions that vary with the CRSS ratios of the different systems.
These results are in good agreement with experimental observations for high SFE
metals such as aluminum. Some torsion textures are also presented for the case when
both slip and cross-slip systems are activated. The trends observed in this case are
not as clear as in the case of rolling. However, the B[I orientation, which is the only
component found at high temperatures and high strains in aluminum, is present in
higher proportions than with the classical FC-RC model, but some other texture
components are also present.
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1 INTRODUCTION

During the cold rolling of fcc metals, a copper-type texture is
generally observed in high SFE materials, whereas a brass-type
texture is normally formed in low SFE metals. These observations
are usually interpreted in terms of enhanced cross-slip in the former
case and the occurrence of twinning (Barrett and Massalski, 1966;
Hu, Cline and Goodman, 1966; Grewen and Wasserman, 1969;
Hirsch, 1984; Mecking, 1985) or of Sachs type deformation (Leffers,
1981) in the latter instance. As the SFE is increased, a smooth
transition is observed between the two types of components. Such
behaviour can be reasonably well simulated by means of the
classical Taylor (or "full constraint") model for equiaxed grains
(Taylor, 1938) and the relaxed constraint (or RC) model for
elongated grains (Honneff and Mecking, 1978), with the assumption
that the deformation is accommodated by slip on the (111)(110)
systems, supplemented by the occurrence of twinning. It has also
been demonstrated by Smallman (1975) that low SFE materials
deformed at high temperatures behave much as high SFE metals
deformed at room temperature. This can be explained by the
gradual disappearance of twinning as the temperature is increased.
However, the influence of deformation temperature on texture
development in high SFE metals is not well understood, in part
because the effect is relatively small.

Recently, a careful examination of published experimental data
has established that there is a second transition as the temperature
is increased, in this case from the copper back to the brass-type of
texture (Bacroix and Jonas, 1987a). The combined influence of
temperature and SFE on texture development just described is
represented schematically in Figure 1, together with the definitions
of what is meant by the brass-type texture for rolling, torsion and
tension (Bacroix and Jonas, 1987a). The texture transitions shown
in Figure 1 can be attributed to differences in the relative ease of
cross-slip, the activation of new slip or cross-slip systems, or the
occurrence of dynamic recovery (Bacroix, 1986). This paper is
mainly concerned with only one of these possibilities, i.e. the
activation of new slip or cross-slip systems.
When the temperature is increased, the critical resolved shear

stress of the {111)(110) systems decreases. It is possible for the
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Low SFE, T
High SFE, low T

% Brass Low SFE, high T
High SFE, T

Bs Ag Cu AI

High SFE, high T

3

SFE at T
orT

Brass-Type Copper-Type

Tension < 100 > fibre < 111 > fibre

Rolling fibre
Bs={ll0}<ll2> +
Goss {110} < 100 >

13 fibre
Cu={112}<111> +
S={123}<634> +
Bs={ll0}<ll2>

Torsion mostly B ={112}< 110> mostly C ={100}< 110>

Figure 1 Schematic representation of the dependence of the deformation texture of
fcc materials on SFE and temperature. The brass type is described in the table
included in the figure (Bacroix and Jonas, 1987a).

CRSS of other slip systems to decrease sufficiently over the same
interval that these also become activated. The most probable ones
in fcc metals are the {100}(110), because the {100} planes are the
most densely packed after the {111}. The activation of these
systems has in fact been observed at elevated temperatures (Hirth
and Lothe, 1968). Slip on the {110} and {112} planes has also been
reported in aluminum deformed above 0.35 T, (Le Hazif, Dorizzi
and Poirier, 1973; Le Hazif and Poirier, 1975). Slip on planes other
than the {111} was interpreted in these cases in terms of cross-slip
from a {111} to a {110} or {112} plane, especially in the instances
where all the {111} planes were equally stressed and where
cross-slip from one {111} plane to another was not favored. This is
the case for most of the stable experimental orientations in torsion
and rolling, which is why the assumption that cross-slip takes place
solely on the {111} planes only leads to small changes in the
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predicted textures (Bacroix and Jonas, 1987a). {100}(110) slip can
also be interpreted in terms of cross-slip, in this case from one given
{111} plane to another, resulting in apparent slip on a {100} plane.

In this paper, the influence of new slip or cross-slip systems will
be considered first separately and then concurrently with the
introduction of certain hardening laws. Some rolling and torsion
textures will be calculated according to the FC-RC model developed
by Tom6 and co-workers (1984) where a statistical transition from
FC to RC conditions is performed in each grain as the deformation
proceeds.? Thus, in the case of rolling, two shear components can
be relaxed, whereas in torsion only one shear component is allowed
to differ from grain to grain (Kocks and Canova, 1981). The
analysis will be presented in five sections, which deal with the
following items:

i) The construction and description of the dual {111)+ {100)
yield surface.

ii) Some texture predictions for the cases of rolling and torsion
using the dual yield surface.

iii) The activation of {110} + {112}(110) cross-slip systems; in
this section, various values of the critical resolved shear stress
(CRSS) of the different types of cross-slip systems are considered
and some results obtained for rolling are presented.

iv) The effect of "latent" hardening; the latter is introduced in a
simple way to account for the possible occurrence of cross-slip on
{110} and (112} planes as well as of slip on {100} planes. Here the
results are again restricted to the case of rolling.

v) The application of methods iii) and iv) above to the case of

f This approach is based on the argument that different numbers of slip systems
are required in different parts of each grain, and that the volume fraction of each
region changes as the strain is increased. Tom6 et al. (1984) proposed that the
volume fractions within individual grains in which 3, 4 or 5 strain components are
imposed be interpreted as fractions of all the grains in the population. In this way, in
rolling, all the grains start to deform according to the FC model and, as the
deformation proceeds, the number of grains in which/13 then k13 and k23 are relaxed
increases (1, 2 and 3 refer to the rolling, transverse and normal directions,
respectively). Similarly, in torsion, all the grains start to deform according to the FC
mode, but only one shear component is relaxed, i.e. kRV in an increasing number of
grains. Here R, X and Y designate the principal axes of current strain which coincide
with R, 0, Z at infinite strain.
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torsion; in this section, the torsion and rolling results are also
evaluated, and the validity of the starting model is discussed.

2 THE COMPOSITE {111) + {100) YIELD SURFACE

The geometric features of the 6 (100)(110) systems are listed in
Table 1, together with those of the 24 {111)(110). This table
includes the coordinates of all the systems considered here. The
latter are defined in an orthonormal five dimensional space in which
the deviatoric stress and strain rate tensors are represented by the
following vectors (Lequeu et al., 1987):

(1)

Table 1 Coordinates of the 36 slip systems associated with the composite yield
surface

Slip Slip Coordinates of N
System plane dir.
no. i. n b ml m2 m3 m4 ms

1-13 11i 011 1/2V3 -1/2 0 1/2V 1/2V3
2-14 lli 101 -1/2V -1/2 1/2V3 0 1/2V3
3-15 lli 1i0 -1/V 0 1/2V3 -1/23 0
4-16 lii Oli -1/2V 1/2 0 -1/2V3 1/2V3
5-17 11] 101 -1/2Vr -1/2 -1/2V 0 -1/2V3
6-18 lii 110 -1/V 0 -1/2X/-J -1/2_ 0
7-19 lil 011 -1/2V 1/2 0 1/2X/-5 1/2VC5
8-20 lil lOi -1/2V 1/2 1/2V3 0 -1/2f
9-21 lil 110 -1/V 0 1/2V3 1/23 0
10-22 111 Oli 1/2V -1/2 0 -1/2V3 1/2Vc5
11-23 111 10i -1/2V -1/2 -1/23 0 1/2/-5
12-24 111 10 -l/V3 0 -1/2V3 1/2Vr5 0
25-31 100 011 0 0 0 1/2 1/2
26-32 100 01i 0 0 0 -1/2 1/2
27-33 010 101 0 0 1/2 0 1/2
28-34 010 10i 0 0 -1/2 0 1/2
29-35 001 110 0 0 1/2 1/2 0
30-36 001 li0 0 0 -1/2 1/2 0
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The normal to the facet corresponding to system is defined by the
following N vector:

(2)

where n and b are the slip plane normal and slip direction defining
system i. It should first be noted that the {100}(110) systems are
not independent 5 by 5 (i.e., their first two components are all equal
to zero), which means that they cannot by themselves accommodate
any imposed strain rate vector.

In order to be able to perform Bishop and Hill calculations (i.e.
using the principle of maximum work), the possible stress states
(coordinates of the vertices of the composite yield surface) must be
known. These vertices can be characterized by considering all the
combinations of 5 out of the full 36 slip systems (defined in terms of
Ni) and determining if there exists a solution to the following linear
problem:

S N =re for i=1,5
(3)

S-Ni-< :c for the others

Here S is normalized by the CRSS of the {ill}(110} systems such
that :c 1 for the {111}(110) and 2= a for the {100}(110). If
the determinant of this set of equations differs from zero, then the
systems under consideration are independent and it is possible to
define a stress state that activates them. This involves a considerable
amount of computing time, which can be reduced if the method
developed by Tom6 and Kocks (1985) is used. The latter technique
is completely general, can be used for any structure, and is very
efficient when nothing is known a priori about the yield surface.

In the present case, another method was employed (based on that
of Tom6 and Kocks) which takes advantage of the detailed
knowledge available of the classical Bishop and Hill yield surface.
This method is more elegant and still reduces the computing time.
The coordinates of all the vertices, 4th, 3rd and 2nd order edges of
the conventional BH yield surface were tabulated by Kocks,
Canova and Jonas (1983). With this information available, it is
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possible to derive analytically the locations of the vertices of the
new SCYS by determining where the planes associated with the new
systems, i.e. the {100}(110) ones, intersect the BH polyhedron.
But first, the range of variation of tr must be defined; the latter
represents 1// of the distance of a given {100}(110) plane from
the origin of the yield surface" (when the stress states are
normalized by "g’cl, the CRSS of the {111}(110) systems). If tr is
such that none of the vertices of the BH polyhedron is eliminated
by the addition of the new systems, the yield surface remains
unchanged and the new slip systems are never activated. Thus,
every stress state of the BH polyhedron which satisfies the relation:

Sn/" N > tr (4)
for at least one of the 12 {100}(110) systems (indexed j), lies
outside the new yield surface. The points of intersection can be
located on the facets of this YS (where only one {111}(110) system
is activated), or on the edges (where 2 to 6 are activated) or even at
the vertices. They constitute new vertices if they activate at least 5
independent systems. The facets are readily eliminated, since they
involve the activation of 4 {100}(110) systems, which are not
independent 4 by 4.

2.1 Construction of the composite yield surface

General procedure. Let us now consider the vertices of the BH
polyhedron. To determine whether or not these are retained by the
cutting procedure, the products Si. N were calculated for each of
the 28 stress states S of the BHYS and every N vector associated
with each of the 6 (plus opposite) {100}(110) systems. The results
of this calculation are listed in Table 2. It can readily be seen that if
tr is greater than /-, the newy_,stems never intersect the BHYS.
For tr ranging from - to V3/2, some vertices are retained and

" The distance from the origin of a given plane of normal N is expressed by:

d=S. NJ/IINII- 1/IINII- / for the {111}(110) systems

c/llNXll / for the {100}(110) systems.

This is because, in the 5 dimensional space defined here, the N vectors are not unit
vectors (see Eq. 2); instead, their norms are given by [INJ[[ 1/’/.
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Talfle 2 Value of the product Si. N for the 28 vertices of the BH polyhedron and
the 6(100} (110) systems

Si, N for the 28 vertices and the 6 new systems
(normalized by V)

Vertex
Group no. i. Si. N25 Si. N26 Si. N27 Si N28 Si. N29 Si. N30

A 0 0 0 0 0 0
2 0 0 0 0 0 0
3 0 0 0 0 0 0

B 4 0 0 0
5 0 0 0
6 0 1 0 0 -1
7 0 -1 0 -1 0

C 8 0 0 -1 1 -1
9 -1 0 0
10 1 1 0 0

D 11 1 0 1/2 1/2 1/2 1/2
12 -1 0 -1/2 -1/2 -1/2 -1/2
13 0 -1 -1/2 -1/2 1/2 1/2
14 0 1 1/2 1/2 -1/2 -1/2
15 1/2 1/2 1 0 1/2 -1/2
16 -1/2 -1/2 -1 0 -1/2 1/2
17 1/2 1/2 0 -1/2 1/2
18 -1/2 -1/2 0 -1 1/2 -1/2
19 1/2 -1/2 1/2 -1/2 0
20 -1/2 1/2 -1/2 1/2 -1 0
21 -1/2 1/2 1/2 -1/2 0 -1
22 1/2 -1/2 -1/2 1/2 0

E 23 0 0 1/2 -1/2 1/2 -1/2
24 0 0 -1/2 1/2 -1/2 1/2
25 1/2. -1/2 0 0 1/2 1/2
26 -1/2 1/2 0 0 -1/2 -1/2
27 1/2 1/2 1/2 1/2 0 0
28 -1/2 -1/2 -1/2 -1/2 0 0

others are eliminated by at least one new system. For tr less than-, a completely new configuration exists. However, the last case
is not of interest because it would signify that the {100}(110)
systems are more easily activated than the {111}(110), which is
unrealistic. It thus remains to examine only the case where

From Table 2 it is evident that, for this specific range of tr, the
type A and E vertices still lie on the "dual" yield surface, whereas
those of types B, C and D are eliminated. Turning now to the
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edges, it can readily be determined whether a particular edge is
retained completely, only partly, or eliminated entirely when the
surface is cut by new planes. In this procedure, it is sufficient to
consider only one edge of each type because of the cubic symmetry.
All the other edges of the same type (i.e. 4A to 4H, 3A to 3G and
2A to 2E) can be deduced from the first by applying symmetry
operations. Furthermore, if a new vertex is found on a particular
edge, the vertices associated with the other edges of the same group
can also be found by applying the symmetry operations to the first
vertex.

If all the vertices delimiting one particular edge are eliminated by
at least one of the new systems, then the complete edge is
eliminated as well. Examining all the different types of edges, it can
be said without any further calculation and simply by looking at the
values of the product Si. N that the 4C, 4D, 4E, 4F, 3D, 3E and
2B edges do not belong to the new yield surface and only the
remaining edges need be considered further. In this way, it can also
be shown that all of the type 4B and 3B edges are retained. The
other ones are only partly retained. It is thus now necessary to look
at a representative example of each of the following groups: 4A,
4G, 4H, 3A, 3C, 3F, 3G, 2A, 2C, 2D and 2E, and to determine the
new vertices which lie on these edges.
To do so, advantage can be taken of still another property of the

BH yield surface, i.e. that each nth order edge is delimited by edges
of higher order. For example, a 4th order edge constitutes a one
dimensional space and is delimited by 2 vertices. (These are points
in 5 dimensional space and thus have no dimension.) A 3rd order
edge constitutes a two dimensional surface and is delimited by 3 or
4 vertices defining 3 or 4 4th order edges. Similarly, a 2nd order
edge, surrounded by 5, 6 or 8 vertices, constitutes a 3 dimensional
volume, whose faces are 3rd order edges and whose edges are 4th
order edges (see Figure 2). It is therefore possible to consider only
the 2nd order edges (more specifically one of each type), since they
include all the possible types of 3rd and 4th order edges, and
determine on these where the planes associated with the new
systems intersect to create vertices.
The problem can in this way be reduced to the following. Which

stress states included in the volume of one particular second order
edge are part of the new YS, and which ones activate at least 5
independent slip systems so as to constitute a vertex?
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Figure 2
(1983)).

2nd order edge 2D(31)

//I

$4 4E

3G

4H

F

48

$23

Example of a second order edge (notation of Kocks, Canova and Jonas,

If 3 planes associated with the {100}(110) systems intersect at a
point within the volume defined by the edge, this point constitutes a
vertex since 2 {111}(110) systems are already activated at this
point; this situation nevertheless requires that:

1) the 5 systems be independent; and that
2) the stress state considered satisfies the relation S. N -< o for

all the other {100} (110) systems.

If 2 planes intersect at a point of a 3rd order edge (a facet of the
2nd order edge), this point is also a vertex, since 3 systems are
already active at this point (provided that the above 2 conditions are
again fulfilled). The same holds if a plane intersects a 4th order
edge. The two conditions listed above have to be checked every
time a new vertex is being tested.

Example. Let us now consider a specific example to describe the
complete procedure. Second order edge number 31 of type 2D is
delimited by vertices 4, 8, 15, 23 and 48 in the notation of Kocks,
Canova and Jonas (1981) and is represented schematically in Figure
2, together with the associated edges of 3rd and 4th order. It is
already known that, among these particular edges, only the 4G, 4H,
3F, 3G and 2D are partly retained, the others being completely
eliminated. These edges can thus be examined one by one to
establish the actual intersection points.



THE INFLUENCE OF NON-OCTAHEDRAL SLIP 277

i) Edge 4G" This edge is delimited by vertices 8 and 23 and
activates systems 2, 8, 18 and 24. Every stress state lying on this
edge satisfies the relation:

S 0{188 --1-- 0{2S23 (6)
with

I’ "1" 0"2 1 and ca, 0(2 " 0

From Table 2, it can be seen that systems 27, 29, 34 and 36 intersect
this edge. Calculating the product S.N for these 4 systems gives:

S" N27= "’(0{ + 0g2/2)
S-N29= -(12" --I-- a’2/2)
S. N34-- /(0{ + c/2)

(7)

S. N36= (1 -k- a’2/2)
If one of these products is equal to o, the corresponding stress state
constitutes a vertex of the new yield surface (provided that the
independence of the systems is satisfied). It is readily seen that for:

S S8 + j(S23- S8) with fl 2(1 a/-) (8)
the 4 systems are critical and this point constitutes a vertex of the
yield surface associated with the 8 systems: 2, 18, 8, 24, 27, 29, 34
and 36 (4{111}(110) and 4 {100}(110) systems). This of course
requires that a combination of 5 independent systems can be found
among the 8, a matter which will be checked later.

ii) Edge 4H: This edge is defined by vertices 48 and 23 and is
associated with the 5 slip systems 1, 2, 8, 16, and i8. When the
above procedure is repeated, it is found that the stress state:

S S48 + j(S23 548) with /3 2(1 (9)
activates the following 6 systems: 1, 2, 8, 16, 18 and 35 (i.e.
5 {111}{110) systems +1{100}110)).

iii) Edge 3F: This edge is defined by vertices 4, 15, 23 and 48
and is associated with systems 1, 2 and 18. When the two groups of
vertices 4, 15, 48 and 4, 23, 48 are investigated separately, a vertex
is found which fulfills the condition:

S S4 -/(S23- 54) with 2(1 (10)
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It activates 3 {111}(110) systems (1, 2 and 18) and two {100}(110)
systems (27 and 29).

Edges 3G and 2B were also investigated in this way, but no new
vertex was found within these edges and this study is not re-
produced here. The above procedure was then repeated for a
representative example of each second order edge of types 2A, 2C
and 2E to enable all the vertices of the yield surface to be
determined analytically.

2.2 Description of the composite {111} + {100} yield surface

The procedure described above leads to the determination of the
stress states which activate at least 5 systems among the 36
available. It remains to be checked if, among the 5, 6 or 8 found, it
is possible to find 5 which are independent. This has been done with
the aid of a computer and it was found in this way that the new
yield surface is composed of 93 vertices divided into 8 groups. These
are defined in Table 3, which gives the vertices or edges of the BH
yield surface on which these new vertices are located, the number of
vertices in each group, as well as the number of combinations of 5
independent systems associated with each vertex. Also included are
the coordinates of one representative of each group.

It should be noted that for 21 vertices out of 93, the extent of the
ambiguities is expected to be large (32, 36 or 40 combinations are
possible), whereas for the 72 others, there is only one possible
combination of 5 independent slip systems.
The 4th order edges can now be derived, so as to have an idea of

the ambiguities present in an RC calculation. These edges were
determined by the method of Kocks, Canova and Jonas (1981); i.e.
by examining the connections between vertices and testing whether
these pairs activate at least four common slip systems. The
independence of the systems also has to be verified. A similar
procedure was used to determine the 3rd order edges and the
results for the two sets of edges are presented in Tables 4 and 5,
respectively. It can be seen that the composite YS comprises 288 4th
order edges associated with 672 combinations of 4 independent
systems and 310 3rd order edges associated with 364 combinations
of 3 independent systems. The procedure described in this para-



279

xx x x x x x x

+ + + + +



280

X XX X XX X X X X X X X XX



281

X X X X X X X X X X X X X:

++ + + ++



282 B. BACROIX AND J. J. JONAS

graph has also been applied with success to the construction of a
mixed yield surface for bcc materials (Orlans-Joliet et al., 1987).

3 FC-RC PREDICTIONS FOR THE CASE OF DUPLEX SLIP

It was first checked that the extent of the ambiguities in terms of
rotations was small in the case of torsion and rolling for both the FC
and FC-RC models (see Section 1 for the description of the FC-RC
model). Whenever there were several solutions, the average rota-
tion was calculated. The influence of the o: parameter was also
investigated. It is worth noting that the value of o: has no influence
on the FC predictions as long as it remains in the range defined
above. Although it affects the stress state, the activated slip systems
remain the same. However, in an RC calculation, even if the
vertices are associated with the same systems for different values of
o:, a plane $4 0 (for example) can cut the yield surface in different
places for different values of o:, resulting in the activation of
different sets of slip systems. So the value of o: does have an
influence on FC-RC simulations.
The FC-RC predictions obtained for torsion are presented in

terms of {111} pole figures in Figure 3 for tr 1.5 and in Figure 4
for o: 0.89. These two values are located at the two extremes of
the allowable range. For tr= 1.5, the {100}(110) systems cut the
BHYS only slightly, so that the predictions are close to the classical
FC-RC ones. The A//, B/l] and C components are present in the
same proportions:? C is the strongest at large strains, followed by
A/,, whereas B/3 is almost absent (Canova, Kocks and Jonas,
1984). For o:=0.89, on the other hand, the {100}(110) systems
have more influence on the calculations and a new texture com-
ponent appears: the {100} (010), which involves the equal activa-
tion of two of the new systems. This component is the equivalent of
the C orientation for the {111}(110) systems, in the sense that it
activates only two slip systems in a symmetrical manner. These
systems are coplanar whereas the C orientation activates two
colinear systems. Unfortunately, it is not observed at high tempera-

" See Figure 15 for the definition of the torsion ideal orientations, A/A, B/I)
and C.
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a)

Levels 1,2, 3, 4, 8, 14

Imax 175

b)

Levels 1, 2, 4, 6, 8, 16

Imax 17

c)

Levels 1, 2, 4, 8, 16, 2

Imax 22

Figure 3 Torsion textures predicted using the FC-RC model with {l l} +
{100}(110) slip. "c(lOO)/;c(111)=].5; a) =2, b) =4 and c) g=6; {111} pole
figures.
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a)

Levels 1, 2, 3, 4, 8, 12

Imax 13

b

Levels 1, 2, 3, 4, 8, 10

Imax 12

z

c)

Levels 1, 2, 3, 4, 8, 16

Imax 20

Z

Figure 4 Torsion textures predicted using the FC-RC model with (111} +
{100}(110) slip. c(lOO)/c(11)=0.89;a) =2, b) =4 and c) =6; {111} pole
figures.
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al
Levels 1, 2, 3, 4, 8, 16

Imax 17.3

b)

Levels 1,2, 4, 8, 16, 28

Imax 31.3

D

Figure 5 Rolling textures predicted using the FC-RC model with {111)+
{100)(110) slip. rc(1O0)/r(111) 1; a) and b) 3; {111} pole figures.

tures (Montheillet, Cohen and Jonas, 1984). Moreover, introduc-
tion of the {100}(110) systems does not lead to an increase in the
B/I component, as can be seen from Figure 4, whereas the
orientation is the one which becomes accentuated in aluminum at
high strains (and to a lesser extent in copper) (Montheillet, Cohen
and Jonas, 1984).
Some {111} pole figures obtained for the case of rolling with

c 1 are shown in Figure 5 for strains of 1 and 3 and Figure 6
shows the CODF corresponding to 3. The procedure used to
calculate the ODF from the theoretical results is described in
Appendix 1. A gaussian spread of 3 was generated around each of
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O, fmax 4.9 2 5, fmax 2.1

2 20, fmax 34.4 (2 25, fmax 55.4

2 10, fmax 10.9

2 30, fmax 29.5

2 15, fmax 39

2 40, fmax 4.4

Cu S’

2 45, fmax 8.5 )2 50, fmax 28.5
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Figure 6 CODF corresponding to Figure 5b. A gaussian spread of 3 has been fitted
to each of the 800 orientations composing the texture. The following legend applies
to Figures 6, 8-11, 13, 14: Cu=(112)(111); Bs=(011}(211); S=(123}(634);
S’ (124}(211).
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the 800 orientations used in the calculation. Even though the chosen
spread is unrealistically small and the maxima obtained very sharp,
the stable orientations obtained with such a dual yield surface can
be identified more clearly in this way. From Figure 6, it can be seen
that the activation of both the (111 } and {100} slip planes produces
a sharp S component, which can be described here as {124}(211), a
component which is sometimes found in aluminum (Ito, Miisik and
Liicke, 1983). The copper component is much weaker and the brass
component is completely absent. These results are in disagreement
with the conclusions reached by Wierzbanowski (1978) who claimed
that the activation of {100)(110) systems leads to a strong copper
texture (i.e., one composed of the Cu, S and brass orientations). It
should be added, however, that his calculations were performed
according to the strict FC model.
From these figures, it can be seen that the introduction of

{100)(110) slip does not lead to the deformation textures observed
at high temperature. It was thus decided to simulate the addition of
the {110}(110) and {112}(110) systems as well, since cross-slip on
these planes has indeed been observed.

4 ACTIVATION OF THE (110} + (112}(110) SYSTEMS

4.1 Experimental evidence

The incorporation of these systems is based on the experimental
observations of Le Hazif, Dorizzi and Poirier (1973) and Le Hazif
and Poirier (1975). These authors reported that slip on {110} and
{112} planes is possible in fcc materials under some conditions.
They compressed single crystals of Ag, AI, Au, Cu and Ni with a
{100} axis parallel to the compression axis in each case. They then
determined the temperatures T1 below which only the (111} planes
are active and the temperatures T2 above which only the {110}
planes are active (See Table 6). They also found that there was a
nearly linear relationship between T1 (or T2) and 1/y (the SFE).
They interpreted their observations in terms of cross-slip from
{111} to {110} planes and defined a critical resolved shear stress for
cross-slip which is strongly dependent on the temperature, espe-
cially for the two types of slip plane quoted above.
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Table 6 Values of the temperatures T1 and T2 for the materials tested in
compression by Le Hazif, Dorizzi and Poirier (1973)

Metal T1 (K) T2 (K) Tm (K) T1/Tm T2/Tm

AI =350 =540 933 =0.35 =0.60
Ni =700 =1225 1726 =0.40 =0.70
Au =650 =900 1336 =0.50 =0.70
Cu =820 ->1270 1356 =0.60 ->0.91
Ag =870 ->1185 1234 =0.70 >-0.96

They proposed the following mechanism to account for their
observations: for the particular orientation studied, deformation
takes place, in the early stages, by an equal amount of slip on the 4
{111} planes. Since all the (111} are primary planes and disloca-
tions are equally hindered on all of them, nothing would be gained
by cross-slipping from one to another. The deformation can only be
continued if the dislocations are able to escape onto (110} planes.
Then, the glide may be stabilized on the latter by the creation of
stable stacking faults on these planes. Their T1 and T2 temperatures
for aluminum were 77 and 267C, respectively. It can be argued that
these are unreasonably low, but it must be borne in mind that they
were determined for very specific orientations. For an untextured
material, the equivalent average temperatures for all possible
orientations can be assumed to be higher. Cross-slip from the (111)
to the (112) planes was also given the same interpretation (Le
Hazif, Dorizzi and Poirier, 1973).

4.2 Interpretation of the results of Le Hazif et al

Figure 7 is taken from the work of Chin and Mammel (1967) and
shows the domains of activation of the 5 different classes of vertex
pertaining to the Bishop and Hill polyhedron. The number of pairs
of colinear systems associated with each of these vertex regions is
also indicated on this figure. It can be seen that for all the
orientations which activate vertices of type A, B or C, cross-slip
from one {111} plane to another is impossible since the critical
systems are already grouped into 3 or 4 pairs of colinear systems. In
such cases, other cross-slip systems must become active. To check
this possibility, a single orientation was chosen in each of the 5
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111

pairs
8 systems

100 110

Figure 7 Number of systems and pairs of colinear systems associated with each type
of vertex. The orientations considered in Section 4.2 are also represented on this
figure (0).

domains (see Figure 7) and the activated slip systems were
determined for different values of the CRSS’s of the {111}(110),
{100}(110, {110}(110 and {112}(110) systems for the case of
compression. The results are presented in Table 7. It can be seen
from this table that, for the particular case of the A orientation
(which corresponds to the experiments of Le Hazif et al.), cross-slip
from the {111} to the {110} can take place; by contrast, for the B
orientation, only the {112} or {100}(110} systems can become
active. It would be of interest to check this prediction experimen-
tally by compressing a {111} single crystal. (Note that the letters A
to E refer here to the type of active vertex and do not correspond to
ideal orientations.)
These calculations also provided the values of CRSS below which

the different families of slip system can become active. If the CRSS
of the {111}(110) systems is set equal to 1, the critical values for
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Talfle 7 Types of activated systems for the five orientations defined in Figure 7

Possible active systems

{111} + {100}
Orien- {111} + {110} +
tation {111} + {100} {111} + {110} {111} + {112} + {112} {110} + {112}

A {111} {111} + {110} {111} {111} + {110} {111} + {110}
a {111} + {100} {111} {112} {112} {100} + {112}
C {111} + {100} {111} {112} {112} {100} + {110}

+ {112}
D {111} + {100} {111} {111} + {112} {111} + {112} {111} + {100}

+
{110} + {112}

E {111} {111} + {110} {111} + {112} {111} + {112} {111} + {100}
+

{100} + {112}

Orientation near the one described by Le Hazif, Dorizzi and Poirier (1973) and Le Hazif
and Poirier (1975).

the others are the following:

rc110 -<- V/-/2 { 110} (110) active

11=< => {112}(110) active (11)

roo0 =< ::> {100} (110) active

It was thus decided to simulate such a cross-slip situation in
rolling by first simply addingf the {110}(110) and {112}(110)
systems to the classical {111}(110) ones. In terms of the model
proposed above, this neglects the first stages of deformation, when
slip occurs only on the {111} planes. There are 6 {110}(110)
systems (plus their opposites), but these systems have to be grouped
into 3 pairs. For example, systems (110)[10] and (10)[110]
constitute one pair, since any strain rate vector which can be
accommodated by a given shear rate on one of them can also be
accommodated by the same shear rate on the other. In other words,
when the components of the vectors N associated with each of the

f Instead of constructing the yield surface for all the cases presented below, the
linear programming technique was used. Because of the introduction of a hardening
law, the maximum work rate (Bishop and Hill) method involves the repeated
construction of a new yield surface after each step of the calculation. By contrast,
linear programming is considerably more efficient.
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systems are written in the 5 dimensional notation described above,
it is readily seen that the two vectors coincide, just as the
{111}(110) systems in fcc materials and the {110)(111) systems in
bcc materials correspond to the same yield surface. Consequently, it
is sufficient to consider only 3 {110)(110) systems plus their
opposites. However, the activation of one or the other of the two
{110}(110) systems of a given pair will not lead to the same lattice
rotation (Chin and Mammel, 1973); the Chin and Mammel criterion
of maximization of colinear slip was therefore used to determine the
shear rate on each system of a given pair. This criterion is described
in Appendix 2. The other systems which were considered are the
{112}(110) and there are 12 of these (plus their opposites).

4.3 Prediction of rolling textures

The 3 families of slip systems considered here have 3 different
values of rc: rc for the {111), rc for the {110}, and rc3 for the
{112}. As a first approximation, rcm,l is equal to 1 when the
systems {hkl)(llO) are assumed to be active and 10 in the opposite
case. Five different cases will be treated in turn:

i) "gcl 1 and "gc2--’r,c3=lO, which is the case when only
{111}(110) slip is possible (below T1). This case has already been
treated in some previous publications (see for example Van Houtte
(1981)).

ii) T,cl--T,c2"-" 1 and Vc3=10, where only the {110}(110) cross-
slip systems are favored (T1 < T < T2).

iii) c1= re3 1 and rc2 10, where only the {112}(110) cross-
slip systems are favored (T1 < T < T2).

iv) cl c2 c3 1, where the three types of system are equally
favored (T < T < T2), and

v) r 10, rc2 rc3 1, where the cross-slip systems are favored
over the conventional slip systems. This corresponds to the tem-
perature range above T.

Cases (ii) to (v) were tested first in rolling with the FC-RC model
(see Section 1) using the linear programming technique. The results
are reproduced in Figures 8 to 11 in terms of CODF’s for a strain of
3 and a scatter width of 3. The corresponding {111} pole figures
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2 90, fmax 0.9

(2 75, fmax 2.9

Levels

2, 4, 8, 16, 30, 40, 70

Figure 8 Rolling texture predicted using the FC-RC model with
{110}(110) slip. "gc(llO)/’gc(111) 1; 3, Oo 3. {111}+
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2 20, fmax 12.2

2 40, fmax 40.6

2 60, fmax 5.2

2 80, fmax 33.2

2 5, fmax 41.7

2 25, fmax 9.4

Cu

2 45, fmax 40.0
Bs

Cu

(2 65, fmax 4.7

2 85, fmax 55.3

C2 10, fmax 13.9

30, fmax 2.4

2 SO, fmax 18.8

C2 70, fmax 2.8

2 90, fmax 37.1

Bs

2 15, fmax 3.8

c2 35, fmax 11.8

(2 55, fmax 6.1

(2 75, fmax 8.4

Levels

2,4, 8, 16,30,40

Figure 9 Rolling texture predicted using the FC-RC model with {111} +
{112}(110) slip. rc(l12)/r(111)= 1; g=3, 090=3.
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fmax 7.3

(:1)2 20, fmax 17.4

(l)2 40, fmax 26.3

(:1)2 5, fmax 22.7 10, fmax 19.8 2 15, fmax 6.7

(I)2 60, fmax 1.7
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Levels

2, 4,6,8, 16,20

(I)2 90, fmax 7.3

Figure 10 Rolling texture predicted using the FC-RC model with (111} + {110} +
3.{112}(110) slip. r(11o)/c(111) rc(.12)/(1) 1; = 3, to
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Figure 11 Rolling texture predicted using the FC-RC model with {110}+
{112}(110) slip. "gc(llO)/T;c(lll) rc(ll2)/rc(lll) =0.1; 3, Oo= 3.
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TD

RD

d)

Figure 12 (111) pole figures corresponding to the CODF’s presented in Figures 8 to
11; a) (111} + {110) slip, b) (111} + {112) slip, c) {111) + {110) + {112} slip and d)
(110} + {112} slip; 3.

are presented in Figure 12. It is clear from these figures that every
family of slip systems leads to the prediction of different ideal
orientations.

In the intermediate range where both slip and cross-slip can
occur, the activation of the {111} + {110} systems produces a strong
Cu component and a weaker S component (case ii, Figure 8). On
the other hand, cross-slip on the {112} planes produces a strong
brass component, the Goss and S orientations being much weaker
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Table $ Principal ideal orientations predicted by the FC-RC
model with different families of operating slip systems

Possible active slip Predicted ideal
planes orientations

111 strong Cu, strong S,
weak Goss

111 + 110} strong Cu, strong S
111 + 112} strong brass, weak Goss

and Cu
{111} + {110) + {112} strong near brass and

near Cu
{110} + {112} strong brass

(case iii, Figure 9). When the two families of cross-slip systems are
active concurrently, the ODF can be interpreted in terms of a
strong maximum near the brass position, followed by a minor peak
near the Cu position (case iv, Figure 10).
When cross-slip alone can take place (case v, Figure 11), only the

brass component remains, which is due solely to the activation of
the {112}(110) systems. It has to be noted that, because of the
values of the CRSS’s chosen, the {112}(110) systems have more
influence in these calculations than the {110}(110) (see Eq. (11)).
The predicted stable orientations pertaining to the different cases

treated above are listed in Table 8. It is worth noting that all the
orientations found in rolling over a wide range of SFE and
temperature are predicted in one or other of these cases. It can thus
be argued that any experimental ODF can be reproduced with the
FC-RC model provided that the CRSS’s of the cross-slip systems
are chosen appropriately. However, perhaps a more physically
realistic way of reproducing experimental results would be to
introduce hardening laws which can also account for the cross-slip
observations of Le Hazif and co-workers (1973, 1975). This is the
subject of the section that follows.

5 INTRODUCTION OF LATENT HARDENING

5.1 Theoretical basis

Most latent hardening experiments lead to the conclusion that there
is more hardening on the latent systems than on the primary one
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(Franciosi, Berveiller and Zaoui, 1980). However, not all the latent
systems have the same latent hardening ratio (LHR), although they
can be roughly grouped into two categories, depending on their
hardening rates:

i) the primary, colinear and coplanar systems, which have low
hardening rates; and

ii) the "unrelated" systems, which have high hardening rates
(Wierzbanowski and C16ment, 1986).
When several systems are active simultaneously, hardening due to
slip on all of them has to be taken into account and this can be
represented by the following formula:

Vic(t +dt) Vic(t) + hp_i ,i dt (12)

Here Vc(t) and Vic(t + dt) are the values of the CRSS of system at
instant and at + dt, respectively, , is the shear rate on system j
during the time increment dt, hp represents the self hardening of the

primary systems (set equal for all the systems), and hii characterizes
the interactions between the systems (Franciosi, Berveiller and
Zaoui, 1980; Wierzbanowski and C16ment, 1986)
To simulate differences in the ease of cross-slip, only colinear

systems are considered as low hardening systems in the present case
and the values of the hii/hp terms can simply be set equal to:

hij/hp 1 if and ] are colinear systems
(13)

hii/hp 1 +/ if and j are not colinear

In the calculations which are presented below, fl was set equal to
0.5, which is consistent with previous simulations and published
experimental data (Kocks, 1964; Wierzbanowski and C16ment,
1986). hp was set equal to :c0111, which implies an approximate
increase in the CRSS of 1% for every percent of deformation in a
single slip experiment.
With such a simplified hardening law, it is possible to reproduce

the experiments described in Refs 12 and 13 by selecting the initial
values of the CRSS’s of the different systems in such a way that only
the {111}(110) systems are active at the beginning of the calcula-
tion. The CRSS’s of the {100}, {112} and (110}(110) systems have
to be higher than the values given in Eq. (11).
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5.2 Predicted rolling textures

As experimental evidence of cross-slip on the {100} planes is less
clear than for the other types discussed here, two cases were
investigated:

i) cO{lll} 1, "lffcO{100 1.8, 17c0{110 1.3, ’c0{112) 1.5, where
VcO(hkt) represents the initial CRSS of the (hkl} (110) systems. After
a few percent of deformation, any of the above systems can become
active; and

ii) ZcO(1111 1, VcO(lOO) 10, rco(lo) 1.3, Zco(2) 1.5. The high
value of Vc selected for the {100} systems implies that the activation
of these systems is essentially forbidden along the entire calculation.

The results of these two simulations are presented in Figures 13
and 14 for an equivalent strain of 3. The Chin criterion of
maximization of colinear slip was used for the {110}(110) systems
and the gaussian spread selected to calculate the CODF is equal to
7 in the two cases. The maxima obtained near the Cu, S and brass
positions are listed in Table 9. The results can be interpreted as
follows:

When the activation of the {100} (110) systems is allowed (Figure
13), the strongest component is again the S (see also Figure 6),
whereas the brass is the strongest in the case where cross-slip can
only take place on the {112} or {110} planes (see Figure 14).
These results are consistent with the experiments of Le Hazif et

al. since the activation of these cross-slip planes occurs after a few
percent of deformation; they also agree with the experimental
textures obtained for aluminum rolled at high temperatures (Bull,
1986). The agreement with experiment is better in the latter case,
i.e. when activation of the {100}(110) systems is forbidden.

It can be argued that the hardening law selected here is
unrealistic and suffers from two important oversimplifications: (i)
that the h terms are constant with time and stress; and (ii) that
only interactions between colinear systems are considered. More
realistic laws, such as those quoted by Zarka (1972), Asaro and
Needleman (1985), Wierzbanowski et al. (1985) and Chidambarrao
and Havner (1987), could have been used instead. Nevertheless, the
appearance of new texture components is essentially due to allowing
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Figure 13 Rolling texture predicted using the FC-RC model with the hardening law
defined in Eq. (12) 3, too 7, ro(111 1, rco(loo 1.8, rcOto 1.3,
Tc0{112 1.5.



THE INFLUENCE OF NON-OCTAHEDRAL SLIP 301

o. fro., 5.2 2 5, fmax 5.1

ils

20, fmax 5.8 )2 25, fmax 6.0

Cu S’

2 10, fma= 4.1

2 30, fmax 5.7

C2 40, fmax 4.5

2 60, frnax 6.9

)2 80, fmax 4.6

2 65, fmax 6.2 70, fmax 5.4

2 85, fmax 4.5 C 90, fmax 5.2

2 5, fmax 5.8

S’

35, fmax 3.7

2 SS, fmax 6.5

2 75, fmax 4.6

Levels

0.8, 1.6, 2.4, 3.2,

4.0, 4.8, 5.6, 6.4,

Figure 14 Rolling texture predicted using the FC-RC model with the hardening law
defined in Eq. (12). =3, tOo=7 rco111}= 1, rcOtlOO}= 10, rcO(lo}= 1.3,
"g’cO{ 112} 1.5.
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Table 9 Values of the CODF near the brass, Cu and S
positions for the textures presented in Figures 13 and 14

Hardening law brass Cu S

with {100} 2.5 6.4 9
without (100) 5.2 5.5 6.2

the values of rc on the different systems to vary with time, so that
new families of slip systems can become active. Thus the present
results are probably qualitatively similar to those that would be
obtained with more detailed hardening laws, as long as changes in
the relative values of :c are permitted.

6. DISCUSSION

6.1 Application to torsion

Several different classes of slip geometry were analyzed above for
the case of rolling. Only three of these are presented below for the
case of torsion. The four {111} pole figures shown in Figure 15
correspond to the following cases ( 4):

i) The classical FC-RC model with slip solely on the {111}
planes. In this case, the texture is mainly composed of the C
orientation {100}(110) together with a partial fibre between
A/A({lll}(ll0)) and A’({i-l}(l12)).

ii) The extreme case of slip solely on the {112} and {110} planes
(see Section 4.3, case (v)). Here the A/A and A’ orientations
disappear and there is some spread around the B/I) position. The C
orientation is still very strong.

iii) The hardening law described in Section 5.1 according to
which the {100}, {110} and {112}(110) systems all become active
after the first few increments of strain. Under these conditions, the
texture exhibits some scatter around the A/A and A’ orientations.
The concentration is the highest around the B/I) and C
orientations.

iv) The hardening law of Section 5.1, but modified so that slip is
forbidden on the {100} planes. Here the texture looks similar to
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Sense of shear

b) Levels 1,2, 4, 6,
a) Levels 3, 5, 10, 14 .._ Imax Iil .8

Imx 15.2

(hkl)<

._-r-- ---i" X (i11)(ii0)
,,," ’,,, / A7 (iil)(112)

0 A (11i)(112)
B (i12)(110)

V m fi (lii)(iio)
C (1)(110)

Ima 11.0 Imax 16.0

Figure 15 Torsion textures predicted using the FC-RC model for 4 with: a) only
{111}(110) slip, b) only {110} + {112}(110} cross-slip, c) the hardening law defined
in Equation 12 with o(/= 1, o(mo/= 1.8, om/= 1.3, o(;/= 1.5 and d)
the hardening law defined in Eq. (12) with %o/= 1, o(mo/= 10, c0{110} 1.3,

cOa/= 1.5; {111} pole figures.
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that of the classical case, but with a slightly higher concentration
around B/l). C is the strongest orientation (as in (i) above) and
is weaker than in the previous case (iii).

It was seen above that the predicted ideal orientations cor-
responding to the different families of slip systems are clearly
distinguished in rolling. By contrast, the trends are much less clear
in the case of torsion, for which an increase in the B/B component
was expected (Montheillet, Cohen and Jonas, 1984). The strongest
peak near B/I) is obtained when the {100} + {110} + {112} systems
all become active (case iii). This result differs from the rolling case,
for which the best agreement was observed when slip is forbidden
on the {100} planes.

6.2 Limitations of this study

It was seen above that the FC-RC model predicts an increase in the
brass component in rolling when new slip or cross-slip systems
become activated. The agreement between theory and experiment
can even be quantitatively satisfactory provided that the CRSS’s of
the systems are chosen appropriately. However, when this is
applied to torsion, the agreement deteriorates. This can be due to
one or more of the following reasons:

i) the inappropriateness of the simplified hardening laws that
were employed;

ii) the lack of justification for the use of the Chin and Mammel
criterion for the maximization of colinear slip;

iii) the irrelevance of the assumptions about grain shape implied
by the FC-RC model.

With regard to the latter, it is known that when a polycrystal is
deformed at room temperature, the grains become fiat and elong-
ated in rolling, whereas they assume a related helical shape in
torsion. These special grain shapes permit the relaxation of two
shear rates in rolling and one in torsion. However, at high
temperatures, a well-formed substructure develops. For example, in
torsion, the subgrains are nearly equiaxed and approximately cubic,
with faces perpendicular to the sample axes (Ungar et al., 1986).
This particular shape calls for the relaxation of two shear com-
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ponents instead of only one (Kocks and Canova, 1981). Similarly, in
rolling, the subgrains are again equiaxed (and of more or less cubic
shape), so that all three shear components need to be relaxed."
The influence of enhanced recovery on substructure formation

and in this way on the texture developed is too complex a topic for
discussion here. It will therefore be treated in greater detail in a
separate publication (Bacroix and Jonas, 1987b).

7. CONCLUSIONS

One possible explanation for the differences observed between the
high and low temperature deformation textures of fcc metals is that
at elevated temperatures there is an increase in the activation of slip
or cross-slip systems other than the {111} (110). This has sometimes
been observed experimentally. The effects of the operation of such
mechanisms have been investigated here for the cases of rolling and
torsion with the aid of the FC-RC model normally employed at
room temperature. Two different methods have been used to
introduce the new slip systems:

i) The first consists of setting the CRSS’s of the {100}, {110} or
{112}(110) systems to low enough values so that they can be active
concurrently with the {111}(110). In this case, either the principle
of maximum external work rate, which involves the construction of
the mixed polyhedron (Section 2), or the principle of minimum

-A distinction must be made here between small equiaxed grains of various
shapes, on the one hand, and equiaxed and cubic grains (whose faces are
perpendicular to the principal axes of deformation), on the other hand. The former
case is generally treated according to the FC model, since the relaxation of any strain
rate component involves strong strain rate discontinuities across all the grain
boundaries. The latter case has been treated by Kocks and Canova (1981) as being
the least constrained equiaxed grain case. Since the faces of the cube are
perpendicular to the principal axes of deformation, compatibility requires the
principal components of the strain rate to be continuous through all the boundaries.
One additional shear component has to be continuous through each boundary,
different for each type of face. Thus, the assumption that the principal strain rates
are constant throughout each grain (and consequently throughout all the grains)
satisfies the most important compatibility relations everywhere. The additional
adjustments necessary in the neighborhood of grain boundaries generally average out
to give zero macroscopic shear in accordance with the specimen symmetry.
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internal work rate, with the aid of the linear programming
technique (Section 4), can be used.

ii) The second consists of employing a latent hardening law which
assumes that the CRSS’s of the different systems are not constant.
Consequently, even if the initial values are such that only the
{111}(110) systems are active at the beginning of the simulation,
other systems can become active due to differential hardening of the
different systems. The law selected in this study only took into
account interactions between colinear systems.

From this study, the following conclusions can be drawn:

1) In rolling, the activation of the {100}(110) systems leads to
the prediction of a strong S component, whereas slip on the {110}
planes produces mainly a Cu component and slip on the {112}
planes a brass-type texture.

2) When all the systems are concurrently active (through the use
of the latent hardening law), the three components are present
simultaneously, in proportions which vary with the ratios of the
initial CRSS’s. By contrast, the brass component is completely
absent from the FC-RC predictions when only slip on the {111}
planes is considered. Consequently, the present results are in good
agreement with high temperature rolling textures, in which the
brass component is in fact present (Bacroix and Jonas, 1987a).

3) The results are not quite so clear in the case of torsion. On the
basis of the rolling results, the intensity of the B/B (brass)
orientation was expected to increase; however, the predicted
increase at 4 is relatively small when compared with the results
of the classical FC-RC model, in which slip can only take place on
the { 111} planes.

4) The poor agreement in torsion may be due to the relatively
small strains involved in the simulations or to the effects of
enhanced recovery and the presence of an equiaxed substructure. In
the latter case, the components of the strain rate tensor which can
be relaxed in each grain or subgrain must be modified. When the
recovery processes leading to substructure formation are properly
taken into account, better predictions are indeed obtained (Bacroix
and Jonas, 1987a).
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APPENDIX 1

Calculation of the CODF for ideal orientations with a
gaussian scatter

When a texture is composed of only one ideal orientation go,
around which the scatter is represented by a gaussian distribution,
the CODF f(g) is given by (Lticke et al., 1981):

with

f(g) So exp(-o)z/w) (AI.1)

2V7So Zocoo[1 exp(co2o/4)] (A1.2)

In these equations, COo is the spread around go, CO is the misorienta-
tion between g and go and Zo is the so-called multiplicity of the
orientation go. It represents the number of points that describe the
orientation go in Euler space and depends on both the crystal and
sample symmetries. For most orientations, Zo is equal to 96 in the
case of rolling, but can be reduced to 48 or 24 in the case of
symmetrical orientations. For example, Z0 is 48 for the Cu and brass
orientations and 24 for the cube component.
Once COo has been selected and Z0 determined, f(g) can be

calculated from relation A1.1 through the following formula for co"

1 + 2 cos co max(trace(go, tge)) max(trace(goe ’g)). (A1.3)
Here goe and ge represent the orientations which are equivalent to go
and g, respectively, when both the crystal and sample symmetries
are taken into account. Only one of the two kinds of products listed
in Eq. (A1.3) needs to be calculated.
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When the texture is composed of N ideal orientations goi, each of
which is characterized by a particular gaussian spread o0i and a
multiplicity Zoi, the CODF is given by:

1
So, exp(-coZ/toi) (A1.4)f(g) =i:1

with

Sol
ZoitOoi[1 exp(tot]/4)] (A1.5)

In this case, Zoi must first be calculated for every goi, and O) can be
determined for each point g in Euler space and every goi with the
aid of equation A1.3. This procedure is very simple and does not
involve any development of the CODF in the form of spherical
harmonics; it also gives the exact value of the CODF for a gaussian
distribution. The only drawback is the length of the calculation,
since 96 products go" tge need to be evaluated for each g and goi.
This is nevertheless readily handled by any microcomputer.

APPENDIX 2

The maximization of colinear slip

In the case of the {110}(110) systems, the vectors n and b define a

pair of slip systems n l, b l, and n2, b2 with:

nl n, bl b
(A2.1)

n2=b, b2=n
where nl and n2 are the slip plane normals and bl and b2 are the slip
directions. (This is because the index 110 can refer to both a slip
direction and a slip plane.) Generally, when several systems are
active, minimization of the internal work rate gives the value of the
shear rate s on every active slip system. However, when one of the
systems corresponds to the {110}(110) pair considered here, only
the sum ’1 + 2 can be determined, where ,a is the shear rate on
system nl, b and 2 the shear rate on system n2, b2. If ( and (2
designate the sum of the shear rates on the other active systems
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having bl and b2 as their slip directions, respectively, the activity of
the colinear systems can be maximized by simply letting 1 and ’2
be proportional to 01 and 02, respectively (Chin and Mammel,
1973). The rules are the following:

01 -’1"- 02 ::/:: 0 :X ’’1 O1 + 02 (’’1 "1- ’’2) and ’2 O + 2 (1 + 2)

(A2.2)
The first condition applies when none of the active systems, except
for the {110}(110) system, has bl or b2 as a slip direction. In this
case, neither of the two systems of the 110 pair can be preferred,
and the two have equal shear rates. In the remaining case, the shear
rate is the greater along the slip direction which is already the one
most activated by the other systems.


