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The crystallographic texture and Vickers hardness which develop during wire-drawing of
[0 01] oriented copper single crystals have been studied experimentally as well by simu-
lations. The experiments revealed orientation changes producing cross-shaped patterns in
the {2 0 0} pole figures and important variations in the Vickers hardness across the diam-
eter. Metallographic investigations showed the presence of deformation bands per-
pendicular to the initial 10 0) directions. By adopting a model for the velocity field inside
the die, simulations have been carried out by using a Taylor type rate sensitive crystal
plasticity model, including microscopic hardening. The simulated pole figures show the
features of the experimental ones and the predicted stress levels correlate well with the
measured hardness data.

Keywords: Wire drawing; Texture; Pole figure; Microhardness; Viscoplastic
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INTRODUCTION

Cold drawing is an important technological method to obtain wires of
small diameter.s. This process consists ofnumerous passes, during which
the material is drawn through several dies of successively decreasing
diameters. Large plastic deformations can be achieved by this forming
process, which can therefore involve severe strain hardening as shown
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by Gil Sevillano et al. (1980). It is difficult, however, to measure flow
stress in wire drawing, because ofthe friction forces between the wire and
the die. The hardening state of the material can also depend on the
radius. In such conditions, microhardness measurements are useful in
order to access the hardening characteristics of the material.

Because of the large strains during wire drawing, grain orientations
change progressively and preferred orientations (texture) appear.
Strong textures are indicators of anisotropy, which can be studied with
conventional pole figure measurements. Thus, in order to understand
better the deformation process, texture measurements can also be very
useful.
The texture changes which take place in wire drawn polycrystals as

well as in single crystals were the subject of several earlier studies by
Ahlborn (1965a,b; 1966), Ahlborn and Sauer (1968), Mathur and
Dawson (1990), Montesin et al. (1991), Sugondo et al. (1991) and Van
Houtte et al. (1994). Ahlborn (1965a,b; 1966) has examined the textures
which develop from different initial orientations of f.c.c, single crystals.
He found that at moderate strains the preferred orientations are the
(0 0 1) and (1 (parallel to the wire axis).

In the present work, [00 1] oriented copper single crystals are
deformed in wire drawing. The main advantage of studying single
crystals is that the boundary conditions of the deformation are well
defined, while the deformation of a grain in a polycrystal requires
several assumptions on the nature of the interaction between the grain
and its neighbors (e.g. Taylor, 1938, or self-consistent models of
Molinari et al., 1987). The aim of the experimental part of this work is
to explore the hardening state of the material via Vickers hardness
measurements, and its anisotropy by pole figure analysis. Finally, for a

better understanding of the deformation process, a suitable physical
model (Taylor viscoplastic approach) will be employed to predict the
hardening states as well as the textures which develop.

EXPERIMENTAL OBSERVATIONS

Sample Preparation and Wire Drawing

Two copper single crystal bars of 4mm diameter with [0 0 1] parallel to
the axis of the bar were grown from 5 N copper using the Bridgman
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TABLE Diameters of the dies, D, the cross-sectional area reductions AA/Ao, and
the corresponding true strains e

Pass Nr. D (mm) AA/Ao (%) e

0 4.00 0 0
3.80 10 0.10

2 3.38 29 0.34
3 3.00 44 0.58
4 2.73 55 0.76
5 2.49 61 0.95
6 2.30 67 1.11
7 2.12 72 1.27
8 1.98 75.5 1.41

technique. The crystallographic orientations ofboth crystals were exam-
ined with pole figure measurements and agreed with [0 0 1] within 1.
The samples were drawn at a constant velocity of 10mm/min. in a
Zwick tensile test machine at room temperature. Eight passes were done
with a die angle 2a of 10 and lubricant was used to reduce friction. The
diameters of the dies, the corresponding cross-sectional area reductions
and the computed true strains are presented in Table I.

Metallographic Investigations

The deformed samples were examined metallographically on two sur-
faces: one which is perpendicular to the drawing direction, called "axial
case" (see Fig. l(a)), and another, made parallel to the sample axis,
called "side case" (see Fig. (b)). The samples were chemically polished
in a solution containing equal proportions of Struers OP-S and another
mixture made of 500ml H20, 500ml C2HsOH and 10 g Fe2N3. In order
to make the slip line pattern visible, chemical etching was applied using
the technique described by Pokorny and Pokorny (1967). Pictures were
taken with the help of a Zeiss optical interference microscope.
As it can be seen from the micrographs of Fig. 1, both the axial and

the side surfaces show clear deformation bands. In Fig. (a), the bands
display a symmetrical pattern having a four-fold symmetry around the
wire axis. The orientation of the bands were determined from pole
figure measurements and they were found to be aligned almost per-
pendicular either to the [1 0 0] or to the [0 0] directions. In Fig. l(b),
the deformation bands appear parallel to the sample axis, from which it
cn be concluded that these bands are continued all along the sample.
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a b

FIGURE Metallographic pictures taken from the sample experiencing 7 passes
(strain: e= 1.27) showing (a) cut perpendicular to the drawing axis [001], (b) cut
parallel to the drawing axis.

FIGURE 2 Indentations together with the corresponding Vickers hardness values.
The hardness is different in adjacent bands and also between the [100] and [1 10]
directions (strain: e 1.11).

It can also be seen from Fig. l(b) that the broadness of the bands
decreases with the distance from the axis of the sample and that the
contrast varies periodically from one band to the next which reveals
misorientations between the bands.

Figure 2 shows some deformation bands at a higher magnification
together with the indentations made during the microhardness
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measurements. In the vicinity of the indentations, slip lines are clearly
visible, which are aligned parallel to the (1 0) directions. The angle
between these slip lines and the deformation bands is close to 45 At
this higher magnification scale in Fig. 2 it can be seen that the defor-
mation bands are not perfectly aligned with the [1 0 0] direction. They
look like ’teeth’ of two superimposed ’combs’. The metallographic
picture for the axial case (Fig. l(a)) suggests an inhomogeneous
deformation pattern. In fact, in the (1 10) directions, near the surface
of the sample, the deformation seems to be more important than
elsewhere. The defoxnation bands are quite straight perpendicular to
the [1 0 0] or [0 0] directions, while the bands show more complicated
forms in the (1 0) directions.

Vickers Hardness Measurements

The heterogeneity of the deformation was quantitatively character-
ized by Vickers hardness measurements in the cross section of a sample
deformed to a true strain ofe 1.11. The hardness values were obtained
by employing a weight of 0.25 N and were converted into flow stresses
using a dividing factor of 3.0, as proposed by Tabor (1951). Mea-
surements have been carried out in two different directions: [1 0 0] and
[1 0], starting from the center of the sample. Figure 3 shows the results
obtained for the sample deformed to a true strain of 1.11 as a function
of the radius. Similar results were obtained for other samples, too.
According to the results shown in Fig. 3, the wire is the softest in its

center and is in a more and more hardened state as the radius increases.
There are, however, important differences between the hardness values
measured along the [1 00] and [1 0] directions; the hardness being
significantly lower along the radius parallel to the [1 0] direction.
The hardness is different from one band to another but varies inside

ofa single band, too. Figure 4 presents the microhardness data obtained
within a single deformation band by employing a Shimadzu DUH-202
nano-indenter instrument. Using a weight of 5 mN, the indentation
diameter was only about 0.3 tm, which is in the order of the dislocation
cell size expected for this deformation stage (see Gil Sevillano et al.
(1980)). Figure 4 shows that the hardness is higher at the borders of the
band than in its center, which is probably a consequence ofthe different
dislocation densities between these regions.
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FIGURE 3 Vickers hardness values measured on the sample passing through 6 dies
(strain: e 1.11) taken along the radius in the [10 0] and [1 10] directions. The results
of the crystal plasticity simulations are also shown with continuous lines.

220

200

180

160

70

e=l.ll

[] [] []
[]

[]

70 8{0 850

Distance from the sample axis [lam]

FIGURE 4 Hardness values measured in the [010] direction through a deformation
band of picture (1 b) with the help of a nano-indenter.
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Texture Measurements

Texture measurements have been carried out on the maximumdeformed
sample (strain of 1.41) on its cross section perpendicular to the long-
itudinal axis using a multi-pole-figure goniometer with an INEL curved
position sensitive detector. AFeK radiation was used with a beam size
of 1.25 x 2.5 mm2. In order to obtain precise information on the dis-
tribution ofthe pole densities, the step size was 1.25 and 5 in tilt and in
azimuth, respectively. The measured {2 0 0}, { } and {2 2 0} pole
figures are presented in Fig. 5(a)-(c), respectively. Some small amount
ofshift ofthe reflection peaks can be seen in the pole figures which is due
to a small deviation of the polished sample surface from the position of
perfect perpendicularity to the longitudinal axis.

Before deformation, the measured pole figures showed very con-
centrated and high intensity peaks (not shown here) as it was expec-
ted for an undeformed single crystal. However, it can be seen in
Fig. 5(a)-(c) that in the highly deformed state, the intensity distri-
butions are broadened significantly and some important deformations
in the intensity distribution of the peaks are also evident. The (00 2)
reflection in the middle part of Fig. 5(a) is definitely cross shaped, and
the { } reflections are also elongated in Fig. 5(b) towards the center
ofthe pole figure as well as perpendicularly to the radial directions. The
crosses in both measured pole figures are oriented at 45 with respect
to the (00 1) directions. In the {2 20} pole figures, the pole density

a b c

lsovalues: 0.8 1.6 2.5 14,

min.: 0, 19.

lsovalues: 0.7 1.5 2.5 3.5 7, lsovalues: 8,

rain.: 0, 9.6. rain.: 0, 10.3.

FIGURE 5 Measured pole figures after 8 passes (strain: e 1.41)" (a) {002}, (b) 111
and (c) {220}.
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distribution shows also an interesting pattern; a kind of ’ears’ can be
seen at the edge of each maximum.
As the pole figure measurements were carried out globally on the

whole sample surface, they can only show average tendencies. The
amount of orientation changes may depend on the radius. In fact,
detailed investigations of the slip line patterns in the etched sample
surfaces showed that the rotation of the crystal axes is definitely higher
near the outermost radius of the sample than in the central regions.

CRYSTAL PLASTICITY MODELING

In order to explain some of the experimental observations, crystal
plasticity simulations have been carried out. In the present case as the
specimens are monocrystalline the boundary conditions for their
plastic deformation are relatively well defined, so the Taylor visco-
plastic model is perfectly adequate. During wire drawing, each material
element follows a certain flow line. This element is part of the original
single crystal, which hardens and can change its orientation during its
passage in the die. If the flow lines are known, they can be introduced
into the crystal plasticity model and the hardening state as well as the
orientation changes can be readily calculated. For this purpose, the
flow line model ofAltan et al. (1992) has been used in the present work
as it was already successfully employed in earlier polycrystal modeling
of wire drawing by Heizmann et al. (1996). In what follows, first the
main elements of the Altan et al. (1992) model will be given, then the
crystal plasticity calculations will be described. Finally, the obtained
results will be compared to the experimental observations.

The Altan et aL Velocity Field in Wire Drawing

Altan et al. (1992) described the deformation of the material in wire
drawing with the help of flow lines, see Fig. 6. These lines are cubic
functions of the z-coordinate and are continuous everywhere, including
the entrance and the exit points of the die:

A3/(RI Rz)rf(r,z) z2(3A 2z) + Rz/(R Rz)A3
=c.
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FIGURE 6 A flow line in the Altan et al. model.

In this relation, A is the length of the deformation zone in the die, RI
and RE are the radii of the wire before and after the pass, r and z are the
radial and axial cylindrical coordinates, respectively, and C defines the
position of the flow line within the die (for example, C-0 or C--
represents a flow line at the center or at the surface of the die,
respectively). The components of the velocity of a material element
along a flow line defined in Eq. (1) are given by

vo 0,

Vr -vf(R:/(R R2)A3)26rz(A z)(z2(3A 2z)

-t-R2/(R1 R2)A3) -3,
Vz -vf(R2/(R1 R2)/13) 2 (22(3/1 2z) + (R2/(RI R2)/13) -2,

where If is the velocity of the wire leaving the die. The velocity
gradient d can be derived from Eq. (2), which leads to 4 non-null
components in d:

OIYr/Or 0 OlYr/OZ
d- o v_r 0 )o D Ov lO 

(3)
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For the mathematical expressions of the components of d, see

Appendix. As can be seen from Eq. (3), there is only one shear com-
ponent, drz. In fact, this component accounts for the changes in the
direction of the flow as material travels along the flow line. A possible
friction with the die is not accounted for in the model of Altan et al.
(1992).
The total time for passing through the die along a given flow line can

also be readily calculated; see its expression in the Appendix. As the
crystal plasticity code is working in an incremental way, this time
interval is divided into 100 equal time increments. The numerical code
is then supplied with a list of 100 velocity gradient matrices calculated
from Eq. (3), each describing the local velocity gradient along the given
flow line.

The Crystal Plasticity Model

As discussed above, the velocity gradient along the flow lines is known.
It is then possible to calculate the operating slip systems and the
orientation changes with the help of the viscoplastic model of crystal
plasticity as formulated by Hutchinson (1976) and by Trth et al. (1990).
In the crystal plasticity calculations, the usual power law is used, which
relates the rate of slip "s with the resolved shear stress s in a slip system
identified by the index s (see Trth et al., 1990):

7-s 7- sign(-)ll (4)

In this relation, -s is a reference shear stress corresponding to the
reference slip rate .0 and rn is the strain rate sensitivity exponent. As
the material is pure copper, the 12 {1 1}(1 0) slip systems were used
in the simulations. As for the reference slip rate %, it was taken to
be 0.033 s-, which is the same value as the strain rate in the wire drawing
tests. Strain rate sensitivity is low in pure copper at room temperature;
the value of rn--0.02 was employed.
The strain rate tensor g is the symmetric part of the velocity gradient

d, so in order to obtain the slip distribution at a given time, the
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following equation system has to be solved:

Here p,. is the orientation factor of a slip system s, defined by p. bn],
where b and n are the slip direction and slip plane normal unit vectors.
A unique solution of the equation system (5) can be obtained when the
relation between the deviatoric stress S and the resolved shear stress -s
is considered:

"r SijPij (6)

Then, with the help of Eqs. (4)-(6), we obtain:

121 l--m
Eij (P. + P)i)7s SklPkl SnqPnq

s--1

(7)

As elasticity is neglected, there are five independent equations in (7),
because of plastic incompressibility. The unknowns are the 5 inde-
pendent components of the deviatoric stress tensor, which can be
obtained from Eqs. (7) via a numerical solution (for this purpose, the
Newton-Raphson technique was employed). Orice S is known, the slip
distribution can be calculated by using Eqs. (6) and (4). The slip dis-
tribution determines the orientation changes of the crystal (see, for
example, Trth et al., 1988; 1990) through the relation

’" T, (8)

where is the rate of lattice rotation defined by

(2ij dO Zp5/s, (9)
s=l

and T is the transformation matrix going from the sample to the
crystal reference system.
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Hardening was also accounted for in the simulations. It was done
in the same way as in the work of Bronkhorst et al. (1992). It was
simulated by varying the reference stresses ,0 in the constitutive law
Eq. (4):

with s,p 1,...,12, (10)
p

where the hardening matrix Hsp is defined by

Hsp qspho 1- sat (ll)

The 12 12 qp matrix governs self as well as latent hardening. It is
defined so that qp- for coplanar systems, and for all other elements
qp- 1.4. The hardening parameters in Eq. (11), i.e. h0, "/-sat (saturation
stress in the slip systems) and the exponent a, can be obtained from
several large strain simulations by reproducing the experimental stress
strain curves. Bronkhorst et al. (1992) deduced the following param-
eters for compression of an OFHC copper: h0= 180MPa, "/’sat

148 MPa and a 2.25. The same parameters were employed also in the
present work, except for one of them: as the present material is not an
OFHC copper but a 5 N one, the saturation stress "/’sat was lowered to
account for the higher purity; 7"sat- 111 MPa was used in the present
simulations. This value of 7"sa was obtained by reproducing the
experimental flow stress value only in one point of one of the curves
presented in Fig. 3. For the initialization of the reference resolved shear
stresses in Eq. (10), the value of ,0 16 MPa was prescribed to each
slip system before deformation started.

Simulation Results

The velocity gradient for 100 increments was calculated and imple-
mented into the crystal plasticity code to obtain the orientation changes
as well as the stress states.as the crystal passes each die subsequently.
In order to compare the predicted hardening state with the measured
one, an equivalent stress quantity Creq was defined with the help of the
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von Mises equivalent strain rate eq (ij ij)1/2 and the rate of plastic
work ,k- Sij gij, so that req be work-conjugate to geq:

(12)O’eq
Eeq

The calculated equivalent stresses are presented in Fig. 3, as a function
of the radius in the [1 0 0] and [0 0] directions, after the crystal passed
6 dies.

Because ofplastic deformation the orientation of the crystal changes.
As the velocity gradient depends on r, the variations in the crystal
lattice orientations are also dependent on the radius. There is an

angular dependence, too, however, because the orientation of the initial
crystal with respect to the local flow line depends on the exact location
of the flow line within the cross section. During the pole figure mea-
surements, as the whole cross section is illuminated by X-rays, the
measured pole figure has to be seen as an average one. It is possible
however, to simulate this ’average’ pole figure, with the help of the
present crystal plasticity simulations. For this purpose, the final
orientations after 8 passes were calculated along 19 radial directions,
in radius increments of 0.05, these directions being separated by a
distance of 5 Then, taking into account the symmetry of the test, the
pole figure construction was made on the projection plane having its
normal parallel to the z axis. Evidently, the volume fraction of the

a b c

lsovalues: Isovalues: isovalues:

2.0-2.8-4.0-5.6-8.0-11-16-22. i.6-2.0-2.5-3.2-4.0-5.0-6.4-8.0-10. 1.4-2.0-4.0-5.6-8-11-16.

FIGURE 7 Simulated pole figures obtained from the crystal plasticity code after 8
passes (strain: e= 1.41): (a) {002}, (b) {111} and (c) {220}.
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[111]

[OOl] [o11]
FIGURE 8 Simulated inverse pole figure for the sample deformed by 8 passes
(strain: e 1.41).

grains at different radial distances is not the same. It varies with r2,
which was correctly taken into account in the construction of the
simulated pole figures. The pole figures obtained in this way are dis-
played in Fig. 7. In order to analyze the orientation changes, an inverse
pole figure has also been constructed, the one displaying the distribu-
tion of the longitudinal axis in the crystal reference system (Fig. 8).

DISCUSSION

As can be seen from a comparison of the measured and simulated
hardening curves (see Fig. 3), the simulation reproduces well the
experimental observations. The increase of the flow stress with the
radius is correctly reproduced. The same is valid for the angular
dependence. The variation of the flow stress is not too big along the
radius, but it is definitely increasing. In order to clarify the origin of this
variation, the strain distribution has been calculated along the [1 0 0]
and [1 0] directions as a function of the radius. More precisely, the
macroscopic and microscopic strains were calculated separately. The
macroscopic one can be readily obtained from the imposed velocity
gradient and it is represented by the von Mises accumulated strain after
6 passes in Fig. 9. Evidently, it does not have an angular dependence,
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FIGURE 9 Accumulated microscopic slip (resolved shear strain) and macroscopic
strains (von Mises), as well as their ratio, as a function of the radius after 6 passes
along the [100] and [1 10] directions, as predicted from crystal plasticity (strain:
e= 1.41).

because of symmetry. It shows a continuous increase as a function of
the radius. The origin of this dependence is that the shear component of
the prescribed strain increases with the radius. In fact, as it is clear from
Eq. (2), the progression of the material along different flow lines is
the same (as Vz is independent of r), that is, a plane perpendicular to
the z axis remains a plane during deformation. Therefore, along all flow
lines, the normal components of the imposed strain are the same. There
is difference only in the shear component, which explains the increase
in the accumulated von Mises strain as a function of the radius.
The origin of hardening, however, is crystallographic slip in the

present modeling, as described earlier. For this reason, the accumulated
resolved shear strain which is defined as the sum of all crystal-
lographic slips has also been calculated and displayed in Fig. 9. As
can be seen from this figure, the accumulated resolved shear strain
increases considerably as a function of the radius in both the [1 0 0] and
[1 0] directions. As it is expected, there is more increase in the [1 0 0]
direction than in the 0]. The ratio of the two kinds of accumulated
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strains (which could be called a kind of Taylor factor) also increases
with r (see Fig. 9). Near r 0, however, the total slip is the same in both
directions, which apparently seems to be in contradiction with the
differences predicted between the flow stresses (see Fig. 3). The reason
for this resides in the differences in the stress states. More precisely,
there is a significant difference in the shear stresses which are associated
with the imposed shear component, rz. Although this strain rate
component is the same for both cases, as the orientations are not the
same, there is a difference in the stress state, thus in the equivalent
stresses.
The predicted pole figures (Fig. 7) show also a good agreement with

the measured ones (Fig. 5). The cross-shaped maxima are well repro-
duced in the simulations. Close inspection of the obtained lattice
rotations reveals that the crystal rotates more at larger radial positions,
and the rotation depends also on the angular position. In all cases,
however, the rotation takes place around the local tangential axis. It
can be readily verified that the crystal would not rotate in the absence
of the velocity gradient component drz, that is, without the presence
of the shear component. This component produces rotations in the
sense of the shear, which is negative at the entrance of the die and
becomes positive after the material passed the middle point and
approaches the exit. The net rotation is not null and accumulates
progressively. In fact, the net lattice rotation is maximum along the
radius parallel to [1 0], and zero along the radius [1 0 0]. As the rotation
takes place around a local tangential axis, this leads to a shift of the
reflection peaks and produces cross-shaped reflections in the pole
figures as it can be seen in Figs. 5 and 7. In the inverse pole figure of
the longitudinal axis, the above rotations promote mostly an elonga-
tion of the intensity distribution along the [0 0 1]--[1 1] line of the unit
triangle (see Fig. 8).
Ahlborn (1966) found that in copper at very large area reductions,

the two ideal positions are the [00 1] and [1 1]. When the initial
orientation is a single crystal, however, only one of them can appear,
depending on the initial orientation. In our experiments, the pole
figures show the maximum intensity in the [0 01] position, suggesting in
this way that this is a stable orientation. Nevertheless, its intensity
decreases as a function of strain. The simulations reveal some tendency
of rotation of the drawing axis in the direction of [1 1] (see Fig. 8).
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It does not mean, however, that the [1 1] orientation can develop from
the initial [0 0 1] at larger strains. We have carried out further simula-
tions, up to an area reduction bf 99%. The results obtained show that
the stable orientation is still the [0 0 1], the patterns ofthe predicted pole
figures stay essentially the same, there is only a slight increase in the
peak intensities.

Concerning the deformation bands which were seen experimentally
and presented in Fig. 1, the following comments can be made. The
origin of the deformation bands may be related to the differences
between the boundary conditions imposed by the die and the symmetry
elements of the crystal. The macroscopic deformation has cylindrical
symmetry, while the crystal displays a four-fold symmetry around the
axis of drawing, which is well reflected by the position of the defor-
mation bands which are oriented perpendicularly to the [0 0 1]/[0 0]
directions. Ahlborn (1965a,b; 1966) has also shown in several examples
that the deformation band pattern depends on the initial orientation
of the crystal and presents the same symmetry elements. According to
the present authors, the appearance of the deformation bands may be
related to the changes in the slip system activity. Due to the crystal
structure, the operating slip systems have to change as a function of
the angular position. According to the present crystal plasticity simu-
lations, there is only a certain angular interval around the [1 0 0] and
[0 10] directions, where the same slip systems operate, only their relative
activity varies to accommodate the prescribed deformation. However,
as the angular position approaches 45 or 135, there is a change in the
slip systems. This is because another combination of slips is necessary
to accommodate the prescribed deformation. This changeover in slip
system activity facilitates the instabilities which may develop at the
interface between these regions and may lead to the initiation of the
observed deformation bands.

CONCLUSIONS

[0 0 1] oriented copper single crystals were cold drawn up to true strains
of about 1.41. The deformed structure was characterized by metallo-
graphic investigations, microhardness and texture measurements.
To understand more the wire drawing process, crystal plasticity
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simulations have also been carried out to follow the hardening varia-
tions as well as the orientation changes. From the obtained experi-
mental as well as simulation results, the following main conclusions can
be drawn:

1. During wire drawing of [00 1] oriented copper single crystals, the
local orientation of the crystal varies due to a shear component. The
measured (1 0 0) and (1 1) average pole figures in the cross section
projection plane show cross-shaped maxima at a strain of e 1.41.

2. The measured microhardness increases in the cross section as a
function of the radius. The flow stress are significantly higher in the
(1 00) directions compared to those measured along the (1 0)
directions. Several deformation bands also develop, which are
oriented perpendicular to the (1 0 0) directions.

3. The flow line model of Altan et al. (1992) describes well the defor-
mation ofthe material through the die as it leads to good agreements
with the measured results when it is used in conjunction with crystal
plasticity calculations.

4. The viscoplastic crystal plasticity model including microscopic
hardening can be used efficiently to model the microstructural
changes (hardness and texture at the same time) in wire drawing of
[0 0 1] oriented copper single crystals.
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APPENDIX

The 4 non-null components of the velocity gradient can be obtained
by derivation of the velocities (Eq. (2)) in cylindrical coordinates.
They are:

l -vfE2
6z(A z)

F3

6vfrE2[18zZ(A z)2 (A 2z)r]
F4

lrr

where

R2A3
R1 R2’

F- z(3A 2z) + E.

The time necessary to pass through the die is obtained by an integral of
the velocity component

t=f -1 +


