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SUMMARY
An X-ray examination of the development of textures during unidirectiondl drawing

of pure copper a: 77K and 196K is reported. Initially, a triplex < 100 >, < 111 > ,

< 112 > texture is observed in which the < 112 > texture forms rapidly and predomi-
notes at low strain. This texture is eventually transformed into a dual < 100 >, < 111 >
texture, the rate of transformation being temperature dependent.

Calculations of the X-ray absorption across the cross-section of a wire provide an
explanation of observed asymmetries of d:ffractometer traces and pole figures. Such
asymmetries are caused by unidirectional drawing conditions, which favour certain slip
directions, creating a partial cylindrical texture.
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1 16. N A BSTRACT
An X-ray examination of the development of textures during unidirectional drawing

of pure copper at 77K and 196K is reported. Initially, a triplex < 100 >, < ill >.

• < 112 > texture is observed in which the < 112 > texture forms rapidly and predomi-
notes at low strain. This texture is eventually transformed into a dual < 100 >, < Ill >

• texture, the rate of transformation being temperature dependent.
- Cakula:ion.c of the X-ray absorption across the cross-section of a w ire provide an

explanation of observed asymmetries of dlffractometer traces and pok figures. Such
. asymmetries are caused by unidirectional drawing conditions, which favour certain slip

directions, creating a partial cylindrical texture.
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• 
• 1. INTRODUCTION

In a previous paper (I) on the drawing of pure copper, the development of a dual < 100 >,
- < I l l  > texture was investigated for deformation at temperatures of 293, 373 and 473K. It

was found that , when the wire was drawn unidirectionally, the intensities of the < I I I  >
texture arcs measured on a diffractometer trace taken around the diffraction cone were not
the same in the four quadrants. This paper shows that these inequalities arise because (i) the
cross-sectional plane normal to the wire axis does not constitute a crystallographic mirror

• plane, and (ii) the diffracted rays which contribute to the individual arcs have differing path
• lengths through the specimen. The inequalities can be calculated provided appropriate absorption

corrections are applied. Also discussed is the interpretation of the more complex textures formed
when copper is unidirectionally drawn at temperatures of 77 and 196K.

• Schematic cross-sections of various fibre textures are shown in Fig. 1; the triangles represent
the ( I l l )  plane faces of octahedrons made up of all the {l I I )  planes viewed from the [I l l ]
direction (Fig. 2). The four types represented are (a) true fibre , (b) single crystal, (c) cylindrical
and (d) and (e) partial cylindrical. The first three types have been widely investigated by a number
of workers (2, 3, 4, 5, 6, 7); this paper will deal mostly with the partial cylindrical types as found

• • 
in unidirectionally drawn copper wire. The < I l l  > texture has lower symmetry and will be

• described first ; this texture will also be used as a basis for interpreting the diffractometer traces.
• A < I l l  > fibre texture is defined as having a < I l l  > direction oriented parallel to

the fibre axis. A true fibre texture is fully defined by this one parameter ; the crystallographic
directions perpendicular to the fibre axis are randomly oriented (Fig. 1(a)). The single crystal
fibre texture (Fig. 1(b)) consists of a mosaic of crystallites with approximately the same orien-
tation (2) and the cylindrical fibre texture (Fig. 1(c)) has a plane, usually the (112) in copper,
aligned parallel to the fibre surface (8). When there is a spread in the alignment of the (112)

• planes (independent of the spread of the alignment of the < I l l  > direction along the axis),
the texture is termed partial cylindrical. Two forms of partial cylindrical texture are illustrated
in Figs 1(d) and (e) ; in the fist , there is a random distribution of crystallite misorientation
over a limited range with respect to the surface (Fig. 1(d)) ; in the second, the misorientations
have a nearest neighbour correlation within the same range of misorientations (Fig. 1(e)).

2. THE TRANSMISSION FACTO R FOR X-RAY DIFFRACT ION FROM FIBRES

If absorption is negligible and the wire is rapidly rotated (using geometry as in Fig. 3(a)),
all types of fibre texture give the same X-ray diffraction pattern. In cases where X-ray absorption
is appreciable, systematic extinctions and enhancements of the diffraction arcs occur for wires
with cylindrica l texture (9). Variations of arc intensities , compared with those for a true fibre
texture, arise because the diffracting crystallites in the cylindrica l texture have different locations,
and hence different path lengths, fro m those in a true fibre texture.

Using a digital computer, the transmission factor for cylindrical X-ray diffraction specimens
can be obtained by calculating the path lengths of diffracted rays from all orientations of the
diffracting crystallites in all positions in the specimen (10). The program ( I I )  was written using
polar co-ordinates with variables r and w, the origin is at the centre of the wire section and
the angular positions of the diffracting crystallites, w , are measured anti-clockwise from the
normal to the diffracting plane (Fig. 4). The transmission factor is found by summing the trans-
mission of each single crystal element dr.dw. The specimen is spinning about its axis and hence,

- • in the geometry of Fig. 4, all crystallites with diffracting plane normals coplanar with the incident 1

and diffracted beams assume all orientations to the incident X-rays. The angle of incidence
of the X-rays will be equal to the Bragg angle for diffraction , 0, only when w is equal to the

Li



~ 
~~~~~~~~~~~~~~~~~~~~~~

angle between the normal to the diffracting plane and the radius through the centre of the
crystallite. Non-equatorial reflections are measured by tilting the specimen through an angle, 4,,
about the axis AB (Fig. 4). The diffracting section of the specimen is thus transformed into an
ellipse, thereby providing the general case considered in the program. The calculations for
w > 90 and w < 90 degrees are done separately to enable computation of path lengths in the• interior to be stopped where transmission becomes negligible; this enables a small dp.dw to be

• used with economy of computer time.
Fig. 5 shows the calculated transmission of copper 1(2 X-rays diffracted from 200 planes

of copper wire of various diameters. When the diameter is greater than 0 2  mm most of the• transmission is from planes which are oriented almost perpendicular to the radius of the wire.
Fig. 6 shows the calculated variation of transmission factor with 4,, the angle of tilt of the
specimen, for copper wire of various diameters. The incident beam was assumed to be of uniform
height and infinite width , and care was taken to fulfil this condition over the range of 4, for
which the correction was used.

Fig. 7 shows the reflection components which are integrated to make up the transmission
factor for the 200 reflection (i.e. 4, 353  degrees) from a copper wire with a < I l l  > true

• fibre texture. This diagram has been constructed using a stereographic projection (Fig. 8(a))
to establish the angles at which particular planes will diffract . The pole of the projection is taken as
the (112) plane (based on the cylindrical texture for copper (8)) ; the latitude corresponds to 4, and

• - :  the meridian angle to w. The conditions for maximum transmission, under the conditions of
Figs 3 and 4, are met when the pole of a plane is rotated into the pole of projection through

• angles 4, and w.
The crystallites in a true fibre texture have a uniform orientation distribution with respect

to w and hence the average transmission factor can be found by integrating over the range
• . w = + 180 degrees. For a partial cylindrical texture, the transmission factor is found by averaging

over the range of w present and weighting for any non-uniform distribution of crystallites with
• respect to w. For a perfect cylindrical texture, the range of w over which planes may diffract

tends to zero for wires of any diameter.

• 
• 3. EXPERIMENTAL

• .‘~ 3.1 Initial Material
• 

• High conductivity (oxygen-free), copper rods of 12 7  mm diameter were initially cleaned
in a copper bright-dip solution , rotary swaged in 6 steps to 8~7 mm (i.e. approximately 50%
reduction in area) and vacuum-annealed at 820K for two hours . After cooling to room tempera-
ture, the rod was swaged in 5 steps to 5.7 mm diameter and vacuum-annealed at 820K for two
hours . This series of swaging and annealing stages gave a uniform grain size of 30 ~m, with

I a standard deviation of 4, in the 5~7 mm diameter rod. This rod was used as the initial material
for wire-drawing. Pole figures taken from longitudinal sections of the rod indicated that the
orientations of the grains were nearl y random (Fig. 9). This conclusion is consistent with other

- texture evidence ( I )  that t h e  initial material was effectively randomly oriented.

• 3.2 Wire Drawing

The 5~7 mm diameter rod was drawn to various diameters, the smallest of which was
O’18 mm , i.e. strains up to 7 (strain - - In (initial area/final area)). The wire was drawn through
the dies in the same direction i.e. no reverse drawing occurred—except in the special case
discussed in section 4.2. The drawing speed was 8~7 mm per sec. and the strains per pass were
0~25±0~0l for total strains less than 4~8, 0~l6±0 - 02 for strains fro m 4~8 to 6~4 and 0~25±0~02

• 

0 for strains from 6 4  to 7. Colloidal graphite was used as a dry lubricant. The temperatures of
drawing were obtained as follows:

• ; (i) Liquid nitrogen (77K),
• . (ii) Dry-ice (C02) in alcohol (196K),

- (iii) Room temperature (293K),

- 
0 2

- I -

• •
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3.3 X-Ray Diffracdos

3.3.1 Fibre Spednie~~
X-ray diffraction patterns from single wires were measured using a Stoe four circle gonio-

meter mounted on a Hilger and Watts Y144 powder diffractometer. The incident beam had a
divergence of 4 degrees and was 8 mm high, and the receiving slit was adjusted to include all

• 
i the diffracted beam. Post- and pre-specimen Soller slits with a I degree divergence were fitted.

The specimen could be rotated about its axis at approximately 2 rotations per second and its
diffracting side was aligned on the centre of the incident beam. Copper radiation was used with
a proportional counter detector and the counts were recorded on a punched paper tape. The0 outer surface of the specimen was removed by electropolishing to a depth of either 0~02 mm
or 5% of the diameter, whichever was the larger. The polishing solution was made of one part
water, two parts orthophosphoric acid and 80 g/ l of copper (in the form of cupric phosphate).

3.3.2 Pole Figures
The distribution of crystallite orientations was checked, using pole figures measured from

flat specimens, by the Schulz technique (12). Two methods of preparation of the necessary
flat specimens are available (13) ; the first is to remove the interior of the specimen (by spark
machining techniques) leaving a thin annulus which is then slit and unrolled, and the second
is to mount a number of wires side by side in epoxy resin and to polish them down to a diametrstl
section. The first method is difficult to apply to thin wires and hence the second method was used .

4. RESULTS

0 4.1 Textures Present
Diffractometer traces of the 200 and 111 diffraction planes of copper wire drawn at 77

and 196K to various strains are shown in Figs 10 and 11. These traces indicate a triplex < 100 > ,
0 < I l l > , <112> texture. For drawing strains up to I ~7, the textures were poorly developed

and it was difficult to assess the relative amounts of each texture present. For these lower strains,
the diffraction peaks were sufficiently broad to encompass regions attributable to other textures,
in particular the <113> orientation. Indeed, a diffractometer scan of an end section showed
the presence of 100, i l l , 112 and 113 planes and no indication of 110 planes perpendicular
to the wire axis. As deformation proceeded, the diffractometer traces sharpened and more strongly
described the <112> orientation until , at a strain of approximately 2~7, the <112> texture
had become dominant (Figs 10(h) and 11(b)). For wires drawn at 196K to higher strains, the
amount of the < 112> texture then decreased until , at strains above 5~O, it could not be detected
and the wire texture was duplex < 100> , < 111>.  It should be noted that, in wires drawn to
strains above 1 ~6 at higher temperatures (viz. 293, 373, and 473K) no trace of a < 112> texture
was detected (1).

4.2 The Intensity Ratio of the <111> Texture Arcs
An important feature of the traces obtained is their asymmetry about 4, = 0, especially

for the < I l l >  and <112 > components. The intensity ratio for the < I l l >  texture arcs at
4, = ±35~3 degrees on the diffractometer traces from the 200 planes is related to the direction
of wire drawing. Fig. 12 shows diffractomcter traces from the 200 planes of wires drawn uni-

- - - directionally to a strain of 2~4 at 293K and then drawn in the reverse direction to a strain of 4.3.
The intensity ratio of the < I l l >  texture arcs varies with the number of passes and the direction
of drawing.

A number of copper wires were unidirectionally drawn at temperatures of 196K , and also
in previous work at 293, 373, and 473K (1). All wires larger than 0~25 mm diameter had an arc

0 intensity ratio of 0~5, with a standard deviation of 3% .

4.3 CrystallIte Orientation Distribution
As shown in previous work (I) , wires drawn at a temperature of 293K to strains greater

than I ~6 have a dual <100> , < I l l >  preferred orientation along the wire axis. However,

II. 

the crystallite directions perpendicular to the wire axis are not always randomly distributed 3
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throughout the wire cross-section. This non-randomness is shown by intensity fluctuations in
-
~ 

0 the diffractometer trace of a wire taken at fixed 4, and 0 angles but slowly rotated around the
wire axis (Fig. 13(a)). This trace was selected as being typical of a specimen exhibiting regions
which behave as large mosaic crystals. It should be noted that intensity measurements, referred
to in section 4.2, were made on specimens which exhibited minimum fluctuations (Fig. 13(b)).

0 Pole figures may also be used to illustrate non-random crystallite distribution. Pole figures
- for wires drawn at 293K to strains of 3.1 and 6.1 are shown in Figs 14 and 15. The local peaks

0 

• in the <100> and <111> texture bands indicate that they have formed into ordered
• conglomerates.

5. DISCUSSION

5.1 Interpretation of Dlffractometer Traces

5.1.1 Textures at Low Strain

As can be seen from Figs 10 and 11 , the diffractometer traces do not allow an unambigous
determination of the textures present in wires deformed to low strains at 77 and 196K. Fig. II• shows that , while there are peaks due to the < 100> , < I l l >  and < 112> textures present,
these peaks are broad enough to encompass a range of the textures near to < 113> , < 114>

0
0 

• and <115> orientations. These latter orientations are sufficiently close to <112> that it is
likely that they form during initial stages of movement to a <112> orientation. The texture of
copper at low strains is thus one in which there is a broad band of fibre axis orientations running
between the< 100 > and < I l l >  corners of the stereographic triangle with broad local maxima

• 
- 

4 centred on the < 100 > , < 111> and <112> orientations. As strain increases, the peak
• due to the < 112> texture intensifies at the expense of the intensity due to the other local

textures and is then itself consumed as <100> and < I l l >  textures become dominant (Fig.
0 10). Therefore , the most important initial realignment of orientations during deformation is

the rotation away from a <110> orientation and this movement occurs before other
. deformation processes become energetically feasible.

Mechanisms, such as slip and twinning, involved in the formation of deformation textures
• in f .c.c. metals, have been discussed i14) in terms of Taylor’s minimum work criterion (15) for

selecting active slip systems. If one assumes that simple ( I I  lJ < 110> slip is most likely to occur
during the initial stages of deformation , it is found (16) that crystallite orientations rapidly
move away from the < 110> orientation towards the band of orientations between < 100 >
and < I l l >  in the stereographic triangle , and eventually toward s the <100> and < I l l >
orientations themselves. Thus, at low strains, it is possible for a broad intermediate texture near

• <112> to form before slipping to the predominant <100> and < I l l >  textures. Other slip
processes, such as cross-slip, will accelerate the rate at which movement occurs fro m <112> 0

to <I l l> , as well as increasing the final percentage of < I l l > .  Such texture changes are
illustrated by the rolling textures of aluminium and silver (17) in which , at low strains
(approximately I), a (110) <11 2> texture forms, probably as a result of extensive simple slip.
Upon further strain , the textures in aluminium and silver diverge in that , at a strain of
approximately 3, aluminium has developed a strong (112) < I l l >  texture, presumably by
cross-slip, whereas silver remains basically (110) < 1 12> .  The increased rate of cross-slip in
aluminium is due to its higher stacking fault energy and lower partial dislocation separation,

• - compared with silver.
A definite relationship between rolling and drawing textures is appa rent when considering

the texture of the flattened outer annulu s of —t wire and the rolling texture of a sheet of the same
metal. It is found that the wire axis corresponds to the sheet rolling direction and the wire radial
direction to the sheet normal direction.

An extrapolation of the results of rolled copper (18) to a drawn wire leads one to conclude
that , at low strains, wires will have a strong component based on the < 112 > direction and
that this component will gradually transform to the < I l l >  texture during further drawing.
The rate at which the transition occurs will depend on the rate of cross-slip, i.e. on both stacking
fault energy and temperature . Thus, in the previously reported results on textures in copper
at temperatures above 293K (I), which showed only a dual < 100 > , < I l l >  texture above a

I
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strain of 1.6, the absence of the < 112> peaks is due to the higher temperature of deformation
• 

0 - assisting the rapid transformation of the initial < 112> textvre at low strains. It should also
be noted from Fig. 11 that the < 112> texture has transformed and is not detected at a strain
of 526  at a deformation temperature of 196K.

5.1.2 Asymmetry of the <111> Texture Arcs
The diffractometer traces from the 200 planes of wires drawn at 77K to a strain of 5~O and0 at 196K to a strain of 5~26, show that a duplex < I l l > , < 100 > texture is present (Figs 10(a),

• 11(a)). However, the < I l l >  texture arc at 4, 35~3 degrees has twice the intensity of the arc
at .. 35 •3 degrees. From Fig. 7, it can be seen that this condition arises if the (100) and (010)
planes contribute to the arc at 35~3 degrees and only the (001) plane contributes to the arc at
—35 .3 degrees. These reflection conditions correspond to a partial cylindrical texture with a
uniform distribution of planes over an w range of ±90 degrees about the (112) plane. This
conclusion is confirmed by examining the 111 traces (Figs 10(b), 11(b)) for strains greater than
5~0); here the < I l l >  texture arc at 4, = l9~5 degrees is half the intensity of that at — l 9~5
degrees. This difference in intensity corresponds to the ( I l l)  plane contributing to the arc at
l 9 5  degrees, while the (ITT ) and (ITT) planes contribute to that at — l 9~5 degrees, as shown
in Fig. 8(a).

5.1.3 Asymmetry of the <112> Texture Arcs

• - The complementary (III) [112 1 and ( l I T)  [112] stereographic projections (Figs 8(b) and
8(c)) can be used to show that , for a <1 12> fibre texture the 200 planes diffract at 4, = ±54~7
and ±24~ I degrees. However, if absorption is appreciable and if the range of distribution of
the crystallites is limited to w = ±90 degrees fro m the ( I I I )  [112] projection point, then the
arcs at —24~ I and 547  degrees will not be detected because the path lengths for the 010, TOO

0
0 and 001 planes are too long. Conversely, if the crystallites are distributed about the (T I ) )  plane,
• 0 

, then the arcs at 24~ I and —54~7 degrees will be extinct. This approach is consistent with the 4
• presence of arcs at —54 7 and 24~ I degrees and the absence of arcs at 54 ~7 and —24 W I degrees

on the 200 trace of a wire drawn to a strain of 2~6 (Fig. 11(a)) . Similarly for the I l l  trace
(Fig. 11(b)) where the <112 > texture arcs at 70~5, —28~l and 0 degrees are present and those

0 at —70~5 and 28~ I degrees are not detected.

5.1.4 Symmetry of the < 100> Texture Arcs
The intensities of the < 100> texture arcs at 4, = ±35~3 degrees on the I l l  diffractomete,

trace (Figs 10(b), 11(b)) are equal. It can be seen from the (001) [1001 projection (Fig. 8(d)) that
these two < 100> texture arcs should be of equal intensity for any distribution of orientation
with respect to w. In all wires examined , the intensities of these two arcs were equal to within
a standard deviation of 3%.

5.1.5 Development of Asymmetrical Textures
The ratio of the intensities of the < I I I >  texture arcs at 4, ±35~3 degrees on the 200

traces (Fig. 11(a), strain = 5~26) has been shown to be dependent on the direction of drawing
(Fig. 12, para. 4~2) and is therefore a function of deformation conditions.

For homogeneous deformation , the pole figure of a rolled sheet or of a flattened annulus
cut from a wire is symmetrica l about the deformation and transverse directions , as is found for
reverse drawn wire and sheet (19). The presumption that pole figures determined using X-rays
are symmetrical is often used to justify the measuring and plotting of one, rather than four , quad-
rants (20). It has been found , however , that pole figures from unidirectionally deformed sheet
are not symmetrical about the transverse direction , (21). In the terminology of .Iago and
Hatherly (22), the pole figures are double-variant when asymmetrical about the transverse
direction (unidirectionally deformed) and four-variant wl’.en symmetrical about the trans- 0
verse and deformation directions.

Asymmetrical textures are likely to be caused by the non-symmetrical forces , present during
* deformation , activating slip and rotations only in certain directions. These directions will be

reversed on either side of the deformation neutral axis (wire axis). The number of crystallite
rotations operable during unidirectional deformation will be therefore limited. Thus , a [ l 1 1J

• direction which might normally be expected to rotate toward s the deformation axis can onl y
do so if the deforming forces activate slip systems which allow it to rotate toward s the axis. If

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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0 the required slip systems are not activated, another < I l l >  pole may rotate, albeit through a
greater angle, towards the axis , and thereby form the texture. Thus, unidirectionally deformed
metals examined using low penetration X-rays will exhibit two-variant pole figures from one
side of the specimen; when using high penetration neutrons, all the specimen volume is irradiated

~ I 
• and a four-variant pole figure results from the addition of the two rotationally twinned , two-

1 • 
variant pole figures from either side of the neutral deformation axis.

With large diameter wires, only those crystallites in the half annulus on the R.I-LS. of AR
, (Fig. 4) have X-ray diffraction path lengths short enough to allow appreciable transmission.

• When the wire diameter is less than approximately 0~25 mm the crystallites on the L.H.S. of AB
can also contribute appreciable intensities to the diffraction arcs, the size of the contribution

• 0 is shown in Fig. 5. Thus, as can be seen in Fig. 7, for small diameter wires, the intensity due
to the (001) planes at 4, = 35 ~3 degrees is now augmented by the addition of reflections from
the (TOO) and (010) planes. Similarly, the (001) planes augment the intensity of the (100) and
(010) planes at 4, = 35~3 degrees. The ratio of the intensity of the arc at 35~3 degrees to that

4 at —35 •3 degrees therefore becomes greater than O~ 5 for small diameter wires and will approach
I as the diameter approaches zero.

5.2 GraIn Size and Orientation Distribution

Both X-ray diffraction line broadening (23) and electron microscopy (24) show that drawn
• copper wires have a small crystallite size (about O~2 to O~3 ~m diameter) . If these crystallites

have a random distribution of w angles within a limited range (as in the partial cylindrical case
- 

0 

J shown in Fig. 1 (d)) then there should be little variation in the count rate of the diffractometer
if 0 and 4, are kept constant and the specimen is slowly rotated around its axis. Such a random

0 distribution of crystallite orientations is not always obtained; some specimens exhibit extreme

‘ 
fluctuations in count rate as the specimen is slowly rotated. An example of this fluctuating count
rate is shown in Fig. 13(a), for a wire drawn to a strain of 2~4 at 293K.

The fluctuations indicate that the crystaHites are not completely random but some short
range order of crystallite orientation must be occurring, such as that shown schematically in

— - Fig. 1 (e). When tak ing measurements of the relative amounts of < I l l >  and < 100> textures
present in the wires, care was taken to select specimens which did not show large fluctuations
of intensity as the specimen was rotated. It should be noted that the ratio of the intensities
of the < I I I >  texture arcs in Fig. 10 is not 0~5 as expected from para 5.1.4; appa rentl y, the

0 - condition of uniform crystallite distribution over the range of w is not met.

6. CONCLUSIONS

Copper wire , drawn at temperatures of 77 and 196K , initially forms a texture based on
the < 100> , < I l l >  and < 112 >  directions. The <1 12 > based texture forms rapidly and

0 predominates at low strains , but is eventually transformed , and a dup lex <100 > , < I I I >
texture remains. The rate at which the <1 12> texture transfo t ms depends on the temperature
of deformation , thus accounting for the absence of <1 12>  texture in wires deformed to strains
greater than I ~6 at temperatures of 293K and above.

The < I I I >  and < 1 ) 2 >  texture components possess a part ial cylindrical texture , in which
the crystallites are oriented in the < I l l >  or < 1 12 >  directions along the wire axis and also
have a tendency to have < 1 12 >  or < I l l >  directions , respectively, along the wire radius.
There is also a limited spread of crystallite orientations about the main orientation , causing
the texture to be termed partial cylindrical.

Pole figures resulting fro m unidirectionally drawn wire and rolled sheet are asymmetrical
as a result of certain slip directions being favoured during the deformation process. To obtain

• 0 
• 

symmetrical pole figures, the direction of rolling or drawing must be reversed between passes.
- Pole figures represent the average distribution of crystallites over a large volume of specimen

0 and are not necessarily representative of the texture of local regions. Some copper wires possess
large volumes in which nei ghbouring crystallites have similar orientations akin to a mosaic

~

- 
. 

single crystal.

6
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