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Abstract—Mechanical properties, such as the tensile anisotropy, of bcc metal sheets are significantly influ-
enced by their rolling textures, so it is important to investigate the texture formation mechanisms in the metals
in order to control their textures. A biaxial stress texture theory, which can be used to reveal the texture for-
mation mechanism in bcc metal sheets by analyzing the grain rotation during rolling,—is put forward in this
work. With the theory, rolling textures and deformation microstructures in W sheets are studied and it is
demonstrated that two stable texture components, namely, (001)[110] and (111)  textures, are formed in the
W sheet rolled to a large reduction (92.4%). The two textures can be converted between each other under the
action of conjugate slips and cross slip, leading them to be the stable orientations in the W sheets. The deforma-
tion microstructures in the W sheets are investigated by trace analysis in a pole figure based on the biaxial stress
texture theory, which shows a consistency between the predictions of the theory and experimental results.
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INTRODUCTION

Textures in metal sheets have a significant influ-
ence on their mechanical anisotropy and workability
(such as the deep drawability) [1–4], so it is of practi-
cal importance to study the formation mechanisms of
rolling textures in metals. In the literature, with regard
to the rolling textures in bcc metals, some researchers
have focused on modeling the texture formation pro-
cesses based on the slip system analysis [5–9]. A 90°
rotation relationship has been found between the roll-
ing and shear textures in cubic metals, which was
explained with the symmetry of the slip systems in
cubic metals [9]. Analysis based on a pole figure (PF),
which is a powerful modeling tool for slip mechanism
analysis, should play an effective role in modeling and
interpreting the experimental results if applied. Tex-
ture transformations in metals during deformation
have been investigated quantitatively [4, 10, 11], of
which one of the most remarkable research was con-
ducted by Dillamore [10] who studied the texture
transformation during rolling from the crystal-rota-
tion viewpoint on the basis of rolling stress determina-
tion utilizing PFs. However, the algorithm for his
model and related analytical methods were not pre-
sented in detail, impeding the application of his the-
ory. In a metal sheet, a correspondence can often be

found between the rolling texture and special defor-
mation microstructure [12–14]. However, a combined
analysis of them based on the texture formation mech-
anism has been paid little attention. In this work an
analytical method and related algorithm are provided
for studying the crystal rotation by PFs during rolling.
Based on this, the slip mechanism from the {100}011
type texture to the {111}100 type texture in W sheets,
which are two stable orientations in bcc metal sheets
[15, 16], is revealed and related deformation micro-
structures is analyzed referring to the slip mechanism.

MATERIALS AND METHODS
W sheets used in this work for texture determina-

tion were prepared as follows. First, the 22 mm thick
W ingots prepared by powder metallurgy were hot
rolled at 1500°C to a reduction of 40% through
3 passes, and then they were rolled at 1200°C to a
reduction of 92.3% through 8 passes. Microstructures
and textures of the rolled W sheets were characterized
using EBSD analysis on the rolling direction-normal
direction (RD-ND) surfaces of the W sheets. Samples
for EBSD examination were prepared by mechanical
grinding and electro-polishing in a 2 wt % NaOH solu-
tion at room temperature at a constant voltage of 12 V for
1min. For EBSD characterization, the JSM-5600LV
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Fig. 1. Standard PF of bcc metals viewed along the [001] direction, see text for notation.
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field emission gun of an SEM microscope equipped
with the HKL EBSD systems was used and the results
were analyzed by HKL Channel 5 software. The crys-
tal rotation occurring during rolling was theoretically
investigated as follows. First based on the initial orien-
tation of a grain established by EBSD experiment, the
rotation axis and angle were computed using the biax-
ial stress texture theory proposed in this paper, then
the moving trajectories of the poles of RD, transverse
direction (TD) and rolling stress direction (RSD) of
the rolled sheet were drawn in a PF with the CaRIne
Crystallography software based on the knowledge of
rotation axis and angle. According to the drawn trajec-
tories, the texture transformations and deformation
microstructures in the W sheets were analyzed.

RESULTS AND DISSCUSSION

The Biaxial Stress Texture Theory

In Fig. 1 the PF of bcc metals viewed along the
[001] direction is shown, in which the following slip
elements are indicated.

(1) poles of the 4 close-packed directions marked
with A, B, C, and D;

(2) poles of the normals of 6 closed-packed planes
marked with 1, 2, 3, 4, 5, and 6;
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
(3) traces of the 6 closed-packed planes, marked
with (011),  (110),  (101), and 

In bcc metals there are 12 close-packed slip sys-
tems, i. e., 1B, 1C, 2C, 2D, 3A, 3D, 4A, 4B, 5A, 5C,
6B, and 6D slip systems. The PF in Fig. 1 is divided
into 24 unit triangles and the slip systems with the
maximum shear stress for a rolling stress in any one of
the unit triangles are indicated. When the rolling stress
locates near or on an adjacent edge between two trian-
gles, the conjugate slip systems indicated in the two
triangles will be activated [17].

The rolling stress in a grain can be resolved approx-
imately into a tensile component σt parallel to RD and
a compressive component σc parallel to ND of the
rolled sheet, so a vector along σt in a grain with an ori-
entation of (hkl)[uvw], i. e., the (hkl) plane of the grain
is parallel to the rolling plane and the [uvw] direction
is parallel to the RD of the rolled sheet, can be deter-
mined as follows.

The unit vector Vn along ND of the rolled sheet can
be determined as

(1)

(0 11), (110), (101).
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Fig. 2. Schematic illustration of the matrix representations
of the rotation relationships between the crystal coordinate
systems before and after rolling and the sample coordinate
system.
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where the vectors  , and  are the unit vectors along
the crystal coordinate axises. The unit vector Vr along
RD can be determined as

(2)

Then the vector Vrs along RSD can be determined as

(3)

So the activated slip systems in the grain can be
determined referring to the position of the vector Vrs in
the PF shown in Fig. 1, and then the orientation of the
grain rotated to accompany the slips can be deter-
mined according to the principles as follows. With the
activated slip systems, the slip planes in the grain will
rotate to be parallel to the rolling plane, and the slip
directions will rotate to be parallel to RD. If a conju-
gate slip system is activated, the crystal plane of which
the index can be  determined as the sum of the plane
indexes of the conjugate slip systems will rotate to be
parallel to the rolling plane, and the crystal direction
of which the index can be determined as the sum of the
direction indexes of the conjugate slip systems will
rotate to be  parallel to RD. In the following a
method for computing the rotation axis and angle by
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PHYSICS OF META
which a grain rotates as is described above will be
given.

The grain orientation before the rotation can be
represented as a matrix

(4)

where [u1 v1 w1] represents the unit vector along
RD,[r1 s1 t1] the unit vector along TD, and [h1 k1 l1] the
unit vector along ND. The three unit vectors are
expressed in the crystal coordinate system. For matrix
G1 an equation can be written as

(5)

where the three unit column vectors in the second
matrix can be regarded as the three vectors along the
crystal coordinate axes. According to the matrix
expression corresponding to a crystal rotation, G1 is
also the rotation matrix by which the crystal coordi-
nate system can be rotated to the initial orientation of
the sample coordinate system before rolling.

It is assumed that the grain orientation after rolling,
which is named the goal orientation here, can be rep-
resented as a matrix

(6)

where [u2 v2 w2] is the unit vector along RD, [r2 s2 t2]
the unit vector along TD, and [h2 k2 l2] the unit vector
along ND. The three unit vectors are expressed in the
crystal coordinate system. Matrix G2 is also the rota-
tion matrix by which the goal orientation of the sample
coordinate system can be rotated to the crystal coordi-
nate system. On the other hand, according to the
above definition,  is the rotation matrix by which
the initial sample coordinate system before rolling can
be rotated to the crystal coordinate system. So the
rotation matrix by which the sample coordinate sys-
tem before rolling can be rotated to the goal orienta-
tion of the sample coordinate system after rolling can
be obtained as

(7)

Furthermore, it can be obtained that 
because matrix G1 consists of three unit vectors which
are perpendicular to one another [18], so matrix G can
be determined as

(8)
The matrix representations of the rotations

between the different coordinate systems described
above are schematically illustrated in Fig. 2.
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According to the theory of coordinate rotation
[19], the rotation angle θ and axis R of the rotation
represented by matrix G can be determined as

(9)

(10)

respectively, for which Gij is the element in matrix G in
the ith row and the jth column. In Eq. (10) the rotation
axis is expressed in the crystal coordinate system.
Based on the rotation axis and angle, the rotation tra-
jectories of RSD, ND, and RD on a PF can be drawn
using the CaRIne Crystallography 3.1 software and
then activated slip systems and texture transformation
can be analyzed.

In the theory proposed above, the vector along
RSD in a grain is determined utilizing the directions of
RD and ND, so the theory is named the biaxial stress
texture theory.

Application of the Biaxial Stress Texture Theory

ND inverse pole figures (IPFs) and ψ2 = 45° ODF
sections of Orientation Distribution Function of the
W sheets rolled to the reductions of 50 and 92.4% are
shown in Fig. 3. It can be determined from Fig. 3b that
(001)[110], (001)  (111) , and (111)  tex-
tures are formed in the W sheet rolled to the reduction
of 50%. Furthermore, the grain orientations in the W
sheet are distributed mainly around the four textures at
this deformation stage. After the W sheet is rolled to
the reduction of 92.4%, both the (001)[110] and
(111)  textures are reinforced whereas other textures
are weakened significantly, as is shown in Fig. 3d.

In Figs. 4a, 4b the ND and RD RPFs of a grain
near the (001)[110] orientation in the W sheet hot
rolled to the reduction of 50% are shown, respectively.
In Figs. 4c, 4d (101) and (111) PFs of regions A and B
in Fig. 4a are shown, respectively. The green and blue
points on the two PFs denote the orientations of
regions A and B in Fig. 4a, respectively. It is deter-
mined with the HKL software that the orientation of
region A is (001)[ ], which is near the (001)
[ ] texture orientation. The orientation is ( )
[3, 10, 10] for region B, indicating a crystal rotation
between the regions A and B. This should be attributed
to the crystal slip occurred during rolling, which can
induce a texture transformation at the same time. In
the following this orientation transformation will be
analyzed based on the biaxial stress texture theory.
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The orientation of region A in Fig. 4a can be repre-
sented by a matrix according to Eq. (4) as

(11)

A vector along RSD in region A can be determined
according to Eq. (3) as [ ], the pole of
which is indicated by a red point on the PF in Fig. 5.
Compared with Fig. 1 it can be determined that at this
orientation of RSD, the conjugate slip systems of
2D(011)[ ] + 1B( )[111] will be activated in
region A, under which region A will rotate to the ori-
entation ( )[110] which can be expressed by a
matrix as

(12)

According to Eqs. (7)–(9) the rotation axis and
angle by which region A is rotated can be determined
based on matrix G1 in Eq. (11) and G2 in Eq. (12) as
( ) and 93.58°, respectively. The rotation
trajectories of the poles of RD, ND, and RSD are
drawn in Fig. 5 with a rotation angle interval of 5°
between adjacent points on the trajectories using the
CaRIne Crystallography software. The arrows in
Fig. 5 indicate the rotation directions. It can be seen
that during the rotation RSD will go over the trace of
( ) plane, stimulating the slip system 6D
( )[ ] which is the cross slip system of 2D slip
system. The cross slips occurred during deformation
can relax work hardening [20–22], so when RSD in
region A rotates to near the trace of ( ) plane it is
energetically favorable for the multiple slip systems of
2D + 1B + 6D to be activated. Under the multiple
slips, for the orientation ( )[110] to which region A
tends to rotate to under the action of conjugate slips of
2D + 1B, ( ) crystal plane in the orientation will be
transformed to ( ) plane as a result of the activation
of slip system 6D, without the crystal direction [110]
being changed, because both slip directions of systems
2D and 6D are [ ]. It means that a texture transfor-
mation from (001)[110] to ( )[110] occurs. In a sim-
ilar way, a texture transformation from ( )[110] to
(001)[110] can also be caused under the action of con-
jugate slip and cross slip, which can be derived also
using the biaxial stress texture theory. It means that the
two textures can only be transformed to each other,
other than being eliminated during rolling after they
are formed in the rolled sheets. This is why ( )[110]
and (001)[110] textures are the two stable orientations
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Fig. 3. (a) and (b) are the ND IPF and ψ2 = 45° ODF section of the W sheet rolled to the reduction of 50%, respectively; (c) and
(d) are the ND IPF and ψ2 = 45° ODF section of the W sheet rolled to the reduction of 92.4%, respectively; (e) ψ2 = 45° ODF
section of bcc metals.
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in the W sheets rolled to the large reduction, as shown
in Fig. 3d.

It can be determined from matrix G1 in Eq. (11)
that TD of region A in Fig. 4a is approximately parallel
PHYSICS OF META
to the [110] direction. Viewed along this direction, the
slip plane traces of slip systems 2D, 1B, and 6D can be
drawn on a PF, as shown in Fig. 6a (dashed lines). It
can be seen that the slip plane traces of slip systems 2D
and 1B are parallel to each other, and the angles
LS AND METALLOGRAPHY  Vol. 122  No. 7  2021
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Fig. 4. (a) ND and (b) RD RPFs of a grain of near the (001)[110] orientation in the W sheet rolled to the reduction of 50%, respec-
tively; (c) (101) and (d) (111) PFs of regions A and B in (a), respectively. On the two PFs, the green and blue points denote the
orientations of regions A and B, respectively in (a).
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between the slip plane traces of systems 1B and 6D and
2D and 6D are both 60°, respectively. In Fig. 6b all the
{110} plane traces determined by the EBSD software
analysis of region A in Fig. 4a are indicated by blue
lines on the quality figure of region A. In the quality
figure the main deformation microstructure boundar-
ies formed in region A are also marked by the red
dashed lines. It can be seen that two deformation
microstructure boundaries are formed in region A,
between which the angle is about 61.5° which is approx-
imately equal to the angle between the slip plane traces
indicated in Fig. 6a. It can be seen in Fig. 6b that the
deformation microstructure boundaries are also
approximately parallel to any one of the {110} plane
traces indicated by the blue lines, demonstrating that
the activated slip systems in region A should be the
multiple slip systems 2D + 1B + 6D. This indicating
that the slip systems predicted by the biaxial stress tex-
ture theory are in accordance with the actual case.

It is determined above that the grain in region A in
Fig. 4a will be rotated to the orientation ( )[101]111
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 122  No. 7  2021
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Fig. 6. (a) The slip plane traces (blue dashed lines) of slip
systems 2D, 1B, and 6D of region A in Fig. 4a on the PF
viewed along the [110] direction; (b) the quality image of
region A in Fig. 4a, in which the blue lines indicate the
traces of {110} planes in the pointed positions and the red
dashed lines indicate the main deformation microstruc-
ture boundaries in the image. It can be seen that a red
dashed line is approximately parallel to one of the blue
lines in the figure.
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under the action of multiple slip systems 2D + 1B +
6D, then the rotation matrix can be determined
according to Eqs. (4)–(9) as

(13)

Based on the rotation matrix G, it can be deter-
mined according to Eqs. (9) and (10) that the rotation
axis is ( ) and rotation angle 29.2°, based
on which the trajectories of {111} and {110} poles of
region A in Fig. 4a can be drawn on a PF viewed along
the TD direction. as shown in Fig. 7. It can be seen
that the trajectories of these poles predicted with the
biaxial stress texture theory are almost consistent with
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 = − −
  − 
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the shifts of the poles of region B compared with
region A observed practically in Figs. 4c, 4d, indicat-
ing that the biaxial stress texture theory can make a
reasonable prediction on the crystal rotation during
rolling, and region B should be the transitional orien-
tation of region A transformed to the orientation
( )[101].

CONCLUSIONS

Based on the matrix representation of crystal rota-
tion during rolling, a biaxial stress texture theory is
proposed in this work. The crystal rotation and hence
the texture formation mechanisms in bcc metals are
analyzed on PFs with the theory. EBSD experimental
results demonstrate that (001)[110], (001)[ ],
(111)[ ], and (111)[ ] textures are formed in the
W sheet rolled to the reduction of 50%, whereas only
(001)[110] and (111)[ ] components are retained
and reinforced after the W sheet is rolled to the reduc-
tion of 92.4%. Theoretical analysis with the texture
theory demonstrates that the two textures can be
transformed between each other under the action of
conjugate slips and cross slip, leading them to be the
stable orientations in the rolled W sheets. Based on the
trace analysis on PFs, the deformation microstructure
boundaries and crystal rotations are studied, demon-
strating the consistency between the theoretical pre-
dictions and experimental results and hence the valid-
ity of the biaxial stress texture theory.
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