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Abstract

The contribution of non-octahedral {100}h110i slip to texture evolution under simple shear in face-centred cubic (fcc) polycrystals
was studied. It was found that, by adding the {100}h110i slip system family to the usual {111}h110i, the ideal orientations remain the
same. However, the stability of the ideal orientations, the rotation field and the rate of change of the orientation density function were
affected by the non-octahedral slip activity. The stress state, the slip distribution and the form of the equipotential functions were also
examined along the ideal fibres. Finally, the texture evolution in pure aluminium during equal channel angular extrusion was simulated
and analysed.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Ideal orientations; Non-octahedral slip; Textures; Simple shear; Equal channel angular extrusion
1. Introduction

Aluminium and its alloys are widely used mainly for
their light weight compared with other metals. In order
to improve their mechanical properties, severe plastic
deformation (SPD) is often applied by different processes,
e.g. equal channel angular extrusion (ECAE [1]), high pres-
sure torsion [2], accumulated roll bonding [3] or, more
recently, high pressure tube twisting [4].

SPD processes impose usually large shear deformation
in the material, involving very significant texture develop-
ment, which in turn affects the final mechanical properties
of the material. Thus, simulations of the texture evolution
during SPD are of great importance not only for a quanti-
tative description of the forming process, but also to
account for the anisotropy in the physical properties of
the product.

Experiments revealed that, in addition to the usual
{11 1}h110i face-centred cubic (fcc) slip systems, non-octa-
1359-6454/$36.00 � 2009 Acta Materialia Inc. Published by Elsevier Ltd. All

doi:10.1016/j.actamat.2009.01.041

* Corresponding author. Tel.: +33 387547238; fax: +33 387315366.
E-mail address: toth@univ-metz.fr (L.S. Tóth).
hedral (NOC) glide is also a possible deformation mecha-
nism in aluminium [5]. Several NOC slip system families
were identified: {100}h110i, {1 12}h110i and {11 0}
h1 10i. Among them, the most significant contribution is
attributed to the {100}h1 10i family, because the {100}
planes are the most densely packed after {11 1}. Bacroix
and Jonas [6] examined the effect of deformation tempera-
ture on texture development in high stacking fault energy
metals. For this purpose, they took into account the possibil-
ity of the activation of new slip systems or cross-slip in a rate-
insensitive analysis by employing the full constraints (Tay-
lor) model. After finding out that the introduction of NOC
slip does not really improve the rolling textures observed at
high temperatures, they simulated the effect of cross-slip,
which led to better simulation results. It is shown in the pres-
ent paper that strain rate sensitivity is a very important ele-
ment in the slip process which could not be taken into
account in the study of Bacroix and Jonas [6].

Increasing temperature leads to the activation of several
deformation mechanisms, i.e. non-compact slip, disloca-
tion climb, diffusion processes, recrystallization, cross-slip
[7–10]. Maurice and Driver [11] studied hot rolling textures
rights reserved.
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in high-temperature plane strain compression in Al alloy
crystals both experimentally and numerically, employing
both the self-consistent models [12,13] and the Taylor full
constraints and relaxed constraints models. They showed
that, by incorporating several NOC slip system families
with equal reference strengths, the simulations resulted in
better hot rolling texture predictions than using only the
usual {111}h110i family. They studied only the high-tem-
perature case and suggested that the adaptation of their
work for hot torsion textures would be of great interest.
It is important to note that, for all models, they used a rel-
atively high strain rate sensitivity exponent for the crystal-
lographic slip, which is in accord with the findings of the
present study.

In the present work, a detailed analysis of the effect of
{10 0}h110i NOC glide on the stability of the ideal orien-
tations and the shape of the yield potential surface is pre-
sented during simple shear of aluminium using rate-
dependent slip. First, the persistence characteristics as well
as the velocity field of the ideal orientations are examined.
Then, the second part is devoted to an analysis of the stress
state and the slip distribution around the ideal positions,
together with the shape of the stress-equipotentials. It
was found that the addition of NOC slip does not change
the ideal orientations; only the relative intensities of the
texture components changes. Finally, the texture develop-
ment in ECAE is modelled to illustrate the main findings
of the first two theoretical sections. Two ECAE experi-
ments are simulated: first pass of route A, and fifth pass
of route Bc. The main finding is that NOC slip improves
the simulation of texture development, especially at large
strains.
2. Fundamental relations

Simple shear deformation with a shear rate _c ¼
ffiffiffi
3
p

s�1

was imposed on fcc crystals defined by the following veloc-
ity gradient in a rectangular reference system ðx1; x2; x3Þ:

L ¼
0 _c 0

0 0 0

0 0 0

0
B@

1
CA ð1Þ

This shear rate corresponds to a von Mises equivalent
strain-rate of �_e ¼ 1:0 s�1. For polycrystals, the Taylor
hypothesis was used, according to which L is the same
for all crystals. For crystallographic slip, the well-known
rate-dependent constitutive law was employed [14]:

ss;f ¼ sf
0 sgn _cs;f

� � _cs;f

_c0

����
����
m

¼ sf
0

_cs;f

_c0

� �
_cs;f

_c0

����
����
m�1

ð2Þ

Here ss,f is the resolved shear stress in the slip system, in-
dexed by ‘s’, of the family, indexed by ‘f’, _cs;f is the slip rate,
sf

0 is the reference stress level (at which the slip rate is _c0),
and m is the strain rate sensitivity index. The reference
stress sf

0 was assumed to be the same within a given slip sys-
tem family but could be different from one family to the
other. Hereafter, the reference stresses will be referred as
sOC

0 and sNOC
0 for the octahedral and NOC slip system fam-

ilies, respectively. The ratio r between these two reference
stresses is an important parameter which characterizes
the relative strengths of the two slip system families:

r ¼ sNOC
0 =sOC

0 ð3Þ

In the present work, an analysis of the orientation persis-
tence of the crystals is presented under plastic strain (elastic
distortions are neglected). For this purpose, it is necessary
to distinguish between three types of rotations. They are:
the material spin b, the plastic spin x and the lattice spin
X. The material spin is the skew-symmetric part of the
velocity gradient L relative to the fixed laboratory reference
system:

bij ¼
Lij � Lji

2
ð4Þ

The plastic spin x is the skew-symmetric part of the veloc-
ity gradient corresponding to plastic slip only, with respect
to the fixed reference system; it is given by [15,16]:

xij ¼
Xnf

f¼1

Xnsf

s¼1

ms;f
ij � ms;f

ji

2
_cs;f ð5Þ

where m is the Schmid orientation tensor of a slip system.
Finally, the lattice spin X is the rate of rotation of the crys-
tallographic directions with respect to the fixed reference
system. (The index ‘nf’ denotes the total number of fami-
lies, and ‘nsf’ is the number of slip system in family ‘f’.)
The following relation exists between the above-defined
spin quantities [17]:

X ¼ b� x ð6Þ

A crystal orientation can be identified by a vector g, which
is defined by the three Euler angles g ¼ ðu1;u;u2Þ. Using a
crystal plasticity model, the corresponding rotation veloc-
ity field _g ¼ ð _u1; _u; _u2Þ can be calculated for any g. The fol-
lowing relation relates the lattice spin X to the
transformation matrix T , which expresses the orientation
of the crystal axes with respect to the laboratory frame:

_T ¼ XT ð7Þ

T is constructed with the help of the Euler angles. Using
Eq. (7), the components of _g can be obtained [18,19]:

_u1 ¼ X12 � _u2 cos u;

_u ¼ X32 cos u1 � X13 sin u1;

_u2 ¼ X32 sin u1 � X13 cos u1ð Þ= sin u:

ð8Þ

The T matrix expresses the same transformation as the g
vector. T and g are, however, mathematically different
quantities; this is the reason why the orientation change
is calculated from Eq. (8). In this way, the updating of
the Euler angles leaves T orthogonal, even at large
strains.
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3. Influence of NOC slip on the lattice spin

3.1. Orientation persistence

The original technique proposed by Tóth et al. [20] for
evaluating the persistence characteristics of fcc structures
was based on a parameter P obtained from the lattice spin
X using the following definition:

P ðg; _eÞ¼ ln
�_e

Xðg; _eÞ
��� ��� with kXk¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2

12þX2
31þX2

23

q
ð9Þ

where �_e is the von Mises equivalent strain rate. One diffi-
culty with this parameter is that it can become infinity
when X ¼ 0. Although it does not happen for simple shear
– when the slip is rate sensitive [20,21] – it can happen for
9
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Fig. 1. (a–d) Orientation persistence maps in Euler space (m = 0.05) for OC
stability parameter by adding the OC+NOC slip systems.
other deformation modes, such as rolling [22]. Thus, in or-
der to have persistence parameter that can be calculated for
any deformation mode and for any orientation, the follow-
ing new definition is proposed here:

P g; _e
	 


¼ 1� X g; _e
	 
��� ���.Xmax

	 
1=3

ð10Þ

Here, Xmax is the maximum value of kXk in the whole Euler
space, and _e is the strain rate tensor. In this way, the P

parameter varies between 0 and 1. The exponent 1/3 was
chosen so that, when P is plotted in orientation space, its
map resembles an orientation density function (ODF) of
a well-developed deformation texture.

In previous stability studies and experimental work
[20,23–43], two ideal fibres, i.e. where the persistence of
grain orientations is high, were identified. They are the A
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fibre {111}huvwi and the B fibre {hk l}h110i, where {hk l}
identifies the shear plane and h110i is the shear direction.
They can be obtained by rotating a grain initially oriented
in the ð11�1Þ½1�10� position around the shear plane normal
(A fibre) or around the shear direction (B fibre).

The persistence parameter as defined in Eq. (10) was cal-
culated in the whole Euler space for different combinations
of the two slip system families. The value of P depends on
the strain rate sensitivity index m; the value of m = 0.05
was used in the present work. This choice of m was based
on modelling of deformation texture development. Indeed,
by decreasing m further, the texture development remains
very similar [35]. Fig. 1 shows maps of the persistence
parameter in two sections of the whole Euler space; u2 =
0� and u2 = 45�. Only these sections were selected for the
following two reasons: (1) these two sections contain all
ideal components of simple shear textures; (2) in this
way, the space required for plotting the whole map is
reduced, which permits more detail to be shown. Fig. 1a
and b displays P for the classical case when NOC slip is
not activated, while Fig. 1c and d shows P when the resis-
tances of both slip system families are equal: sOC

0 ¼ sNOC
0 ,

that is when r = 1. The three-dimensional velocity field
_g ¼ _u1; _u; _u2ð Þ is also projected on these two sections and
is examined in the following section.

A comparison of the persistence maps presented in
Fig. 1 shows that there is no difference in the position of
the ideal orientations, and there are no new stable compo-
nents when NOC slip is added to the octahedral slip system
family. The ideal positions remain the same as previously
reported in experimental work [23–31,33,34,36,37,39] as
well as in modelling [20,30,32,35,38–43]. There are, never-
theless, differences in the value of the persistence parame-
ter. Fig. 1e and f shows the differences in percentages in
the same two sections defined as follows:

d ¼ 100� P OCþNOC � P OC
� ��

P OCþNOC ð11Þ
Fig. 2. Dependence of the stability parameter P on position along the
Here, POC means the persistence only for octahedral slip,
and POC+NOC is for the case when both octahedral and
NOC slips are allowed. Thus, d can reach �30% in certain
zones of the u2 = 0� section and nearly 100% in the u2 =
45� section. However, the zones where d is significantly dif-
ferent from zero are located far from the ideal positions,
thus NOC slip affects the lattice rotation of those orienta-
tions which are not near the ideal positions. (There are
some small differences also along the A fibre, which will
be discussed separately below.) Another observation is
that, with NOC slip, the stability parameter is globally lar-
ger than when the classical octahedral slip is considered
alone. It means that the lattice spin decreases with NOC
slip activity (at same time, the plastic spin increases; see
Eq. (6)). Thus, the activity of NOC slip decreases the lattice
rotation when the grains are oriented far from the ideal ori-
entations; consequently, grain orientations will be slower to
reach the ideal positions with increasing plastic strain. So,
it is expected that the speed of the texture evolution reduces
when NOC slip occurs.

Fig. 2 represents the stability parameter P along the A
and B fibres calculated numerically for m = 0.05 and for
the OC and OC+NOC glide cases, respectively. Along
the A fibre, P attains its minimum and maximum values
at the A=A and A�1=A�2 orientations, respectively (A�2 is not
shown in the A fibre, but its P value is the same as for
A�1). When NOC slip is added with equal strength, the max-
imum and minimum are reversed, and P decreases all along
the A and B fibres. Along the B fibre, the maximum value
of P is located at the A and A orientations, and the mini-
mum is at the C for octahedral slip. While P is decreasing
in general all along the B fibre when NOC slip is activated,
P remains unchanged for the C orientation. As a conse-
quence, the maximum value of P, located at A and A for
octahedral slip can be found between A and B (the same
between A and B) when NOC slip is added. Note that,
along the two fibres, the stability parameter does not reach
A and B fibres. For the A fibre, the curve is repeated every 60�.
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the limiting value of 1.0, which would correspond to zero
lattice spin. This is an effect of the rate sensitivity of slip
and has already been discussed in [20] for octahedral slip.
It means that, under rate-sensitive conditions, there is no
permanent ideal orientation along the ideal A and B fibres.

Fig. 2 shows that NOC slip affects the orientation persis-
tence mainly along the ideal A fibre. Nevertheless, the value
of P changes by only a few per cent (�5% maximum).
These relatively small changes in P are not expected to
affect the texture evolution drastically. However, it will
be shown in the following that texture evolution is signifi-
cantly affected by the activity of the NOC slip both in
experiments and in simulations. In order to understand
the effects of NOC slip on the texture development, it is
necessary to examine the rotation field and the rate of
change of the ODF in the whole orientation space.

3.2. Rotation field

The crystallographic texture of a polycrystal is best
described by the ODF denoted by f ðgÞ. In order to under-
stand the changes that can take place during large plastic
deformation, both the rotation field _g ¼ ð _u1; _u; _u2Þ and
the rate of change of f ðgÞ must be examined. These two
elements are the main ingredients of the continuity equa-
tion of texture development [18,19,44,45], which can be
obtained in the following way. The crystal deformation
mechanism considered here (i.e. crystallographic slip) pre-
serves volume; consequently, the polycrystal volume frac-
tion contained in an elementary volume of orientation
space dg ¼ sinðuÞdu1dudu2 remains constant during mac-
roscopic shearing:

d f dg
	 


dc
¼ dg

df
dc
þ f

d dg
	 

dc

¼ f dg
d ln f

dc
þ

d ln dg
	 

dc

2
4

3
5 ¼ 0

ð12Þ

Deriving dg with respect to c, one obtains:

d dg
	 

dc

¼ 1

_c
dg _u cot uþ o _u1

ou1

þ o _u
ou
þ o _u2

ou2

� 

¼ 1

_c
dg _u cot uþ div _g

	 
h i
ð13Þ

Using these two equations, the continuity equation can be
written (in the Lagrangian formulation):

_c
d ln f

dc
þ _u cot uþ div _g

	 

¼ 0 ð14Þ

Similarly, in the Eulerian formulation:

_c
d ln f

dc
þ _u cot uþ div _g

	 

þ _g � gradðln f Þ ¼ 0 ð15Þ

Note that, for _g ¼ 0 (the case of ideal orientations), Eqs.
(14) and (15) are equivalent. The rate of change of the
ODF intensity at a given orientation is characterized by
the term _c � ðd ln f =dcÞ, which can be deduced from Eq.
(15). For relatively weak textures, _ggradðln f Þ can be ne-
glected because both _g and grad(ln f) are small near the
ideal orientations.

From the viewpoint of texture formation, a texture com-
ponent at orientation g can be considered stable during
deformation as long as

_g ¼ _u1; _u; _u2ð Þ ¼ 0 and _c
d ln f

dc
> 0 ð16Þ

In previous works [46–48], only the divðgÞ quantity was
used to characterize the divergent/convergent nature of
the orientation flow. However, the _cðd ln f =dcÞ quantity
represents better the changes that take place in the ODF
during plastic strain and thus, in the present work, this
quantity, which can be readily obtained from Eq. (15) by
neglecting the _ggradðln f Þ term, will be examined. In order
to shorten the notation, this term will be denoted by div(u)

because, basically, it is the divð _gÞ quantity including the
_u cot u correction term, which accounts for the distortion
of the Euler space that exists along the u coordinate.

Fig. 3 shows both _g ¼ ð _u1; _u; _u2Þ and the div(u) quanti-
ties in two sections of Euler space; u2 = 0� and u2 = 45� for
the OC and OC+NOC cases. div(u) is calculated from Eq.
(15) at grids points of Euler space separated by 2�, while _g
is represented on a grid of 5� using Eq. (7). Dark regions
correspond to div(u) < 0 while, in the light regions, div(u)

> 0. Black bold lines are placed at the boundaries of these
regions ðdivðuÞ ¼ 0Þ. The arrows are the projections of the g
vectors. The strain rate sensitivity index m is 0.05 and r = 1.

In these diagrams, there is overall orientation accumula-
tion (convergence) where div(u) < 0 (dark areas), and diver-
gence where div(u) > 0 (light areas). The shapes of these
regions are globally the same for OC and OC+NOC glides.
Note that all ideal orientations are situated at the boundary
lines: that is, at positions where div(u) = 0.

This is one of the main characteristics of shear textures
which was also observed in previous work for fcc [46,49],
bcc [47] and hcp [48] crystal structures. As shown in
Fig. 3, the contribution of NOC glide decreases the inten-
sity of div(u) (that is the rate of change of the ODF) by
�12% in the u2 = 0� section whereas, in the u2 = 45� sec-
tion, no significant change happens.

The rotation field in the vicinity of the ideal orientations
A, A, B, B, A�1, A�2 and C are shown in u2 = cst sections of
the Euler space in Fig. 4. The u2 = cst section was selected
because the velocity field is globally more affected by NOC
glide in the u2 = cst sections than in the u or u1 sections.
Red and black arrows are the projections of the g vectors
for OC and OC+NOC glides, respectively. As shown in
Fig. 4, the main lattice rotation takes place in the direction
of the rigid body spin imposed by the test. The axis of this
rotation is axis 3; this is why orientations drift mainly along
the �u1 direction in Euler space. This trend does not
change when NOC glide is added. Next, the rotation fields
around the ideal orientations are examined one by one:
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Fig. 3. Iso-value map of the rate of change of the ODF (m = 0.05). The light and dark regions correspond to accumulation and migration of the grains,
respectively.
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3.2.1. A�1 region

The velocity field in the accumulative zone (right side) of
A�1 is not affected by NOC glide, while on the left side it is
strongly modified. The grains quit the vicinity of the A�1 ori-
entation in the u direction faster, which indicates a faster
decrease in the intensity of the A�1 orientation once NOC
glide is present.

3.2.2. A�2 region

The direction of grain rotation remains the same in the
divergent region (left side) with NOC glide, while the veloc-
ity is increased. As for the accumulative zone, on the right
side, the rotation field becomes more parallel to the rigid
body rotation when NOC is active. These changes in the
rotation field mean that the catchment area of the A�2 tex-
ture component is decreased when NOC glide is present
and, consequently, one can expect that the intensity of this
component will be reduced with respect to the case when
only OC glide is operational.
3.2.3. C region

When NOC is active, the direction of the velocity field
remains the same on the bottom side of the C orientation,
but the grains rotate more slowly. On the top side, the rota-
tion field becomes more parallel to the rigid body rotation
without significant change in the velocity values. These
characteristics should lead to slightly lower intensity of
the C component when NOC slip is activated. In any case,
the C component has the largest catchment area of grain
orientations, and is thus expected to be the main texture
component when the texture is initially random.
3.2.4. A and A regions

The rotation fields for these two orientations are the
same; this is why both of them are indicated in Fig. 4. With
respect to the other ideal orientations, these regions are less
affected by the presence of NOC slip.

3.2.5. B and B regions

The same observation can be made as for the A and A
above.

In general, when NOC glide is active, the grains move
towards all ideal orientations with reduced speed, and they
also leave the accumulation zones more slowly. Thus,
under the same amount of shear, a smaller ODF intensity
is expected around the ideal orientations when NOC glide
is considered. This feature is in accordance with observa-
tions in Section 3.1, where the stability maps were exam-
ined (Fig. 1e and f).

4. Stress and slip analysis

In this section, the effect of NOC slip on the slip distri-
bution and on the stress state is analysed along the A and B
fibres. The general flow potential function in stress space is
also examined.



Fig. 4. The rotation field around the ideal orientations for two sections of the Euler space (in red OC, in black OC+NOC). The frames are 30� � 30� with
3� spacing. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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4.1. Stress and slip activity along the fibres

The true stress r is related to the deviator stress S by the
hydrostatic stress p as follows:

rij ¼ Sij þ pdij ð17Þ
where dij is the Kronecker delta. In a simple shear test,
there is no traction on the lateral surfaces normal to axis
3, which imposes the boundary condition r33 = 0. Thus,
the hydrostatic stress can be obtained from Eq. (17) as
p = �S33. Using this relation in Eq. (17), one obtains

r22 ¼ S22 � S33 ð18Þ
for the axial stress acting normal to the shear plane.

Along the B fibre, the stress state is relatively simple, as
there are only two components of the stress tensor that are
non-zero: the S12 and S13 shear components. (Actually, with
all normal components being zero, the B fibre does not con-
tribute to axial stresses in simple shear.) Fig. 5 shows these
non-zero shear stress components that were calculated



Table 1
Values of the microscopic shear on ideal positions for fcc structures under simple shear considering OC slip only and OC+NOC slipsa.

Slip systems A�1: u1 = 35.26�,
u = 45�, u2 = 0�

A�2: u1 = 144.74�,
u = 45�, u2 = 0�

A: u1 = 180�,
u = 35.26�, u2 = 45�

A: u1 = 0�,
u = 35.26�, u2 = 45�

C: u1 = 90�,
u = 45�, u2 = 0�

B: u1 = 180�,
u = 54.74�, u2 = 45�

B: u1 = 0�,
u = 54.74�, u2 = 45�

OC OC+NOC OC OC+NOC OC OC+NOC OC OC+NOC OC OC+NOC OC OC+NOC OC OC+NOC

Octahedral slip
system family

ð11�1Þh011i – – – – – – – – – – – – – –
ð11�1Þh101i 0.9997 0.99976 – �0.00007 – – – – – – – – – –
ð11�1Þh1�10i 0.9997 0.99976 – �0.00007 1.73181 1.73160 1.73181 1.73160 – – 1.83711 1.22461 1.83711 1.22461
ð1�1�1Þh01�1i – – 0.00024 – – – – – �1.5 �0.00003 – – – –
ð1�1�1Þh101i – – – �0.00012 – – – – – – – – – –
ð1�1�1Þh110i – 0.00008 – – 0.00014 0.00025 0.00014 0.00025 – – – – – –
ð1�11Þh011i – – – – – – – – – – – – – –
ð1�11Þh10�1i �0.00003 0.00016 �0.99995 �0.99975 – – – – – – – – – –
ð1�11Þh110i �0.00003 0.00016 �0.99995 �0.99975 0.00014 0.00025 0.00014 0.00025 – – – – – –
ð111Þh01�1i – – 0.00024 – – – – – �1.5 �0.00003 – – – –
ð111Þh10�1i – 0.00008 – – – – – – – – – – – –
ð111Þh1�10i – – – �0.00012 – – – – – – �0.6125 – �0.6125 –

Non-octahedral ð100Þh011i – – – – – – –
ð100Þh01�1i 0.00005 0.00022 – – �1.73201 – –
ð010Þh101i 0.0001 – – – – – –
ð010Þh10�1i – 0.00014 – – – – –
ð001Þh110i – �0.00014 – – – – –
ð001Þh1�10i �0.0001 – �0.00012 �0.00012 – �0.70726 �0.70726

a The exact values for the angles equal to 35.26�, 54.74� and 144.74� are arc cosð
ffiffiffiffiffiffiffiffi
2=3

p
Þ, arc sinð

ffiffiffiffiffiffiffiffi
2=3

p
Þ, ð90� þ arc sinð

ffiffiffiffiffiffiffiffi
2=3

p
ÞÞ, respectively.
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the OC and OC+NOC cases, respectively.
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numerically in the sample reference axes as a function of the
position along the fibre: the b angle. Both cases, with or with-
out NOC slip, are plotted on the same figure and for m =
0.05. Note that the B fibre is restricted to the interval of
0� 6 b 6 109:47�. Fig. 5 shows that the S13 and S12 compo-
nents are strongly affected by the activity of the NOC slip
along the stable part of the B fibre. In contrast, between A
and A, along the unstable part of the B fibre ð109:47� 6
b 6 180�Þ, NOC glide does not modify the stress state.

Concerning the individual ideal orientations, Table 1
presents the active slip systems for OC and OC+NOC
glides. It is clear from this table that the slip system selec-
tion is strongly affected in the B, B and C ideal positions by
adding NOC glide. Indeed, the C ideal orientation passes
from double slip to single slip by switching to a NOC slip
system. (The very small slip rates in other slip systems are
due to the non-zero m = 0.05 strain rate sensitivity value
taken in the calculation; in the strain rate-insensitive limit,
they are expected to vanish.) In the B and B orientations,
there is double slip, and one of the OC slip systems is
replaced by a NOC slip system when NOC is added. In
A and A, there is no change in the slip activity and, conse-
quently, the stress state remains the same. Actually, S13 = 0
in the exact ideal position for A and A. These changes in the
slip systems are in coherence with the differences in the
stress states that are displayed in Fig. 5. One can say that,
globally, NOC glide decreases the variations in the stress
state along the ideal B fibre.

Along the A fibre, the deviator-diagonal, the axial and
the shear stress components (expressed in the sample refer-
ence system) are plotted in Fig. 6a–c, respectively. These
diagrams show that, generally, all the components of the
stress tensor are non-zero and that they can be of order
S12. As a consequence, the A fibre contributes to the axial
stresses that appear during simple shear. Note that the nor-
mal stress components shown in Fig. 6a are all deviator
stresses, because elastic deformation is not considered in
this work, only plastic slip.

The axial stress along the A fibre obtained by Eq. (18) is
plotted in Fig. 6b, which shows that it is compressive
between A and A ð60� < a < 120�Þ and tensile between
the A and A ð0� < a < 60�Þ portions of the fibre when only
OC slip is active. This situation, however, is inverted when
NOC slip is added to OC slip. There is no change in the
shear stress components S12 and S23; however, S13 is
strongly influenced by the presence of NOC slip; it tends
to zero all along the A fibre. As shown in Table 1, in the
A�1 and A�2 ideal orientations, the same OC slip systems
remain active even if the NOC slip systems are available.
This is quite interesting, because the axial stress state
changes radically (see above). It means that the there is
only a displacement of the stress state on the hyper-planes
corresponding to the active slip systems on the yield surface
when NOC slip systems are added.

4.2. Stress potential functions

As shown by the results presented above, the presence
of NOC slip can strongly influence the slip system selec-
tion as well as the stress state of the ideal orientations
in simple shear. In order to understand better the changes
in the stress states, it is useful to examine the changes in
the yield surface that are induced by the presence of
NOC slip systems. It is important to emphasize, however,
that, as there is no yield stress threshold for strain-rate-
sensitive slip corresponding to Eq. (2), a yield surface in
its classical sense does not exist. However, the possible
stress states can still be visualized with the help of a stress
potential function. The shapes of the yield potentials give
direct information about the plastic anisotropy of the
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crystal. Such analysis was carried out for fcc single crys-
tals by Tóth et al. [20] and for hcp crystals by Beausir
et al. [48]. In the following, a similar analysis is proposed
to examine the effect of NOC slip on the yield potentials
for fcc crystal structures.

Considering the fact that only the deviator part of the
stress affects the resolved shear stress, r can be replaced
by S. Hence, it is possible to reduce the dimension of the
stress space. For this purpose, five-component vector quan-
tities are introduced for the deviator stress S, the strain rate
_e and the slip system orientation factor M with the help of
Lequeu’s notation [50]:

S ¼ ðS22 � S11Þffiffiffi
2
p ;

ffiffiffi
3
pffiffiffi

2
p S33;

ffiffiffi
2
p

S23;
ffiffiffi
2
p

S31;
ffiffiffi
2
p

S12

 !
; ð19Þ

_e ¼ _e22 � _e11ð Þffiffiffi
2
p ;

ffiffiffi
3
pffiffiffi

2
p _e33;

ffiffiffi
2
p

_e23;
ffiffiffi
2
p

_e31;
ffiffiffi
2
p

_e12

 !
; ð20Þ



Þ

2450 M. Arzaghi et al. / Acta Materialia 57 (2009) 2440–2453
M s;f ¼
ms;f

22 � ms;f
11

� �
ffiffiffi
2
p ;

ffiffiffi
3
pffiffiffi

2
p ms;f

33 ;
ms;f

23 þ ms;f
32

� �
ffiffiffi
2
p ;

ms;f
31 þ ms;f

13

� �
ffiffiffi
2
p ;

 

�
ms;f

12 þ ms;f
21

� �
ffiffiffi
2
p

!
ð21
An equipotential is defined so that the plastic power _W is
constant along its surface; i.e.

_W ¼ Si _ei ¼
Xnf

f¼1

Xns

s¼1

ss;f _cs;f ¼ C ð22Þ

With the help of Eq. (2) and knowing that the resolved
shear stress is related to the deviator stress tensor S by
ss;f ¼ ms;f

ij Sij, _W becomes:

_W ¼
Xnf

f¼1

_c0

ðsf
0Þ

1=m

Xns

s¼1

M s;f
i Si

�� ��1
mþ1 ¼ C ð23Þ

A property of the stress potential function f ðSÞ is that the
plastic strain-rate (in vector form) is normal to it:

_ei ¼
of ðSÞ
oSi

ð24Þ

Under this condition, f ðSÞ can be expressed as:

F ðSÞ ¼ m
mþ 1

Xnf

f¼1

_c0

ðsf
0Þ

1=m

Xns

s¼1

M s;f
i Si

�� ��1
mþ1 ¼ C ð25Þ

In the present work, the equipotentials were calculated in
the crystal reference system for all cases; for OC slip alone,
for NOC slip and finally for OC+NOC. A series of strain rate
sensitivity index values were considered: m = 1, 0.5, 0.2, 0.1,
0.05 and 0. The constant C in the expression of f ðSÞ (Eq.
(25)) was chosen as: C ¼ sOC

0 _c0m=ðmþ 1Þ. Here, sOC
0 _c0 is a

plastic power that corresponds to the plastic power for single
slip within one octahedral slip system, where the resolved
shear stress is equal to the reference strength sOC

0 , and the slip
rate is _c0 ¼ 1:0 s�1. All obtained stress components are
expressed in units of sOC

0 .
Fig. 7 shows the stress equipotentials for all possible sec-

tions of the five-dimensional deviator stress space in a spe-
cial representation concerning the stress axes. Namely,
1 : ED 

2 : ND

3, 3’ : TD

 = 90°

2’ : NSD 

1’ : SD

Φ

Fig. 8. ECAE schema.
because the stress potentials display mirror symmetries as
well as centro-symmetry, it is possible to use two stress
components on the same axis line (separated by the origin)
which permits four sections to be represented on the same
graph. The dotted lines, the bold solid lines and the solid
lines correspond to the classical octahedral slip only, the
NOC slip only and to OC+NOC slips with r = 1, respec-
tively. The stress potentials for the limiting case of m = 0
were plotted using the classical Schmid yield criterion.

Fig. 7 shows that the shapes of the equipotential surfaces
become more and more rounded as the m value is increased
and, as expected, sharp vertices appear in the limiting case
of rate-independent behaviour (m = 0). Adding the NOC
slip family does not change the centro-symmetry of the
potential surfaces. However, when only NOC slip is consid-
ered, the stress potential is not closed. Indeed, the NOC
slip family contains only three independent slip systems,
and thus cannot accommodate arbitrary deformations.
When both OC and NOC are considered, there is a limit
value of r above which NOC slip becomes completely inac-
tive, its value is indicated in Fig. 7: r >

ffiffiffi
3
p

. In contrast,
such a limit value does not exist to eliminate octahedral
slip. The influence of NOC slip on the yield surface was
examined by Bacroix and Jonas [6] for the rate-insensitive
case, and similar conclusions were made.

5. Application to ECAE

The results of the analysis presented above concerning
the effect of NOC slip in shear provide a detailed insight
into the plastic behaviour of fcc crystals. This makes a
good basis for understanding the textures that develop
during large strain shear. For this purpose, the texture
evolution in pure aluminium during ECAE is studied in
the present section. The ECAE process consists of extrud-
ing a lubricated sample through two channels of equal
and identical cross sections. The deformation mode is
near simple shear in the intersection plane of the two
channels that form the die (see Fig. 8). Although devia-
tions exist from the so-called simple shear model (see
the flow line model of Tóth et al. [51] and the FAN model
of Beyerlein and Tomé [52]), it remains a good approxi-
mation in many practical cases. In the present study,
the simple shear model was employed to simulate the tex-
ture development during ECAE. This approach has
recently been further justified in a study using the flow
lines in ECAE of Al [53].

As the deformation mode is considered to be simple
shear in ECAE, the ideal orientations are the same as in
simple shear, except that the reference system is rotated
by +45� around the TD axis (3-axis) for a 90� die, as illus-
trated in Fig. 8. Consequently, the ideal positions move by
+45� in the u1 direction of Euler space when the texture is
examined in the non-rotated (1, 2, 3) reference system (see
Fig. 8). The ideal positions for simple shear of fcc crystals
for OC slip remain unchanged when NOC slip is added, as
shown in the previous sections of this work.



Fig. 9. (111) pole figures of experimental and simulated texture of the first pass in route A. Levels: 0.8, 1.0, 1.3, 1.6, 2.0, 2.5, 3.2, 4.0, 5.0, 6.4.

Fig. 10. (111) pole figures of experimental and simulated texture of the fifth pass in route Bc. Levels: 0.8, 1.0, 1.3, 1.6, 2.0, 2.5, 3.2, 4.0, 5.0, 6.4.
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Pure aluminium was subjected to ECAE for the usual
routes A, Bc and C up to five passes (see Ref. [54] for
more experimental details). The experimental textures
were measured by X-ray diffraction on the longitudinal
middle plane of the deformed sample with normal direc-
tion. In the present work, only the texture evolution dur-
ing the first pass (named A1) and the fifth pass of route
Bc (named B5) are simulated (more simulation results
can be found in Ref. [54]). For this purpose, the experi-
mental input textures presented in Figs. 8 and 9 were used
in the simulations: for the first pass, the texture of the as-
received material; for the B5 texture, the texture after the
fourth pass. The viscoplastic self-consistent model was
employed for the simulations, and different values of the
strain-rate sensitivity index (m = 0.2, 0.1,0.05) and
ðr ¼

ffiffiffi
3
p

; 1:5; 1:0; 0:75; 0:5Þ were employed. In the absence
of available hardening data at the slip system level, the
r values were kept constant in a single pass of ECAE.
Figs. 9 and 10 show the experimental texture as well as
several simulated textures in (111) pole figure forms for
passes A1 and B5, respectively. The simulated textures
are quite sensitive to both parameters, and it is quite dif-
ficult to select the parameter combination that corre-
sponds best to the experimental texture.

In order to quantify the differences of the simulation
results in comparison with the experiments, the texture
index of experimental and simulated ODF was calculated
in the same way as in Refs. [55–57]. The texture index
was introduced by Bunge [58] as follows:

T ¼
Z

Euler space

f g
	 
h i2

dg ð26Þ



Fig. 11. The normalized texture index of the different ODF between
simulations and experience for (a) the first pass route A and (b) the fifth
pass route Bc.

Fig. 12. Non-octahedral slip activity during the first pass route A and the
fifth pass route Bc from simulation results.
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The value of T increases as texture sharpens. When the
difference between the simulated fsimðgÞ and experimental
ODF fexpðgÞ is used in place of f ðgÞ in Eq. (26), T describes
the strength of the deviation between the two textures. After
normalizing by the texture index of the experimental tex-
ture, a parameter Q representing the ‘texture-simulation
quality’ can be obtained:

Q ¼

R
Euler space

fexp g
	 

� fsim g

	 
h i2

dgR
Euler space fexp g

	 
h i2

dg
ð27Þ

The Q parameter was calculated for all the simulations
and is presented in Fig. 11a and b for the A1 and B5 passes,
respectively. The good simulation result corresponds to a
small Q value. In this way, the optimum r value can be
identified. For the first pass, the best agreement is obtained
for r = 1.25 and for a strain-rate sensitivity index m = 0.05.
As shown in Fig. 11a, the smaller the m, the better the sim-
ulation is for the A1 pass. However, at a large ECAE pass
number, for pass B5, the best parameters are different:
r = 1 and m = 0.2. Thus, for this pass, the role of the
strain-rate sensitivity index m on the quality of the simula-
tion is reversed; the larger the m, the better is the simula-
tion. Fig. 12 presents the relative activity of non-
octahedral slip during the first pass route A and the fifth
pass route B from simulation results. While the activity
of NOC glide remains more or less constant at �35% dur-
ing the fifth pass route B, a large increase of the activity
occurs during the first pass route A, from �10% at the
beginning up to 40% at the end of the pass.

The use of a relatively large value for the strain rate sen-
sitivity index m (=0.2) may seem unreasonable for the
behaviour of aluminium at room temperature and needs
discussion. Note that, in crystal plasticity, there are two
distinct effects of the strain rate sensitivity that must be
considered simultaneously. First, the stress equipotentials
become more and more rounded when m is increased
[20,48]. As a consequence, the number of active slip sys-
tems increases, and that affects the lattice spin, i.e. the tex-
ture evolution. This effect is called the ‘shape effect’ of the
yield surface on the texture evolution and remains valid
also when NOC slip occurs. The second effect is related
to the amplitude of the stress state, which also depends
on the strain rate sensitivity index m (see the constitutive
equation, Eq. (2)). It was shown in [59] that the second
effect is negligible on the texture evolution; only the
form-effect is relevant.
6. Summary and conclusions

This work examined how NOC slip affects the stress
state and the persistence characteristics around the ideal
orientations of fcc polycrystals as well as the texture devel-
opment in a simple shear test. The results obtained lead to
the following general conclusions.

1. The addition of NOC slip family to the OC slip does not
change the ideal orientation positions in the Euler space.

2. Grain orientations that are far from the ideal positions
reach the ideal positions more slowly when NOC slip
is present. Consequently, not only the speed of the tex-
ture evolution decreases, but also the intensity of the
ODF is smaller around the ideal orientations under
the same amount of shear when NOC slip is active.

3. When NOC slip is added, the stress state changes along
both the A and B fibres, but this variation is much less
pronounced on the B fibre. The axial stress is inverted
by adding NOC slip, and the slip system selection is
greatly affected in the B, B and C orientations.

4. The yield potential surfaces display a limit value ð
ffiffiffi
3
p
Þ

beyond which NOC slip becomes completely inactive.
5. The use of NOC slip in the simulation of texture devel-

opment in room temperature ECAE of pure Al
improves the textures significantly.
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