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OR structure in drawn industrial single crystal copper wires
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Abstract: By using transmission electron microscopy, the microstructures of drawn industrial single crystal copper wires produced
by Ohno Continuous Casting(OCC) process were analyzed. The results show that the typical microstructures in the wires mainly
include extended planar dislocation boundaries, a small fraction of twins and some dislocation cells sharing boundaries parallel to
drawn direction. Besides the typical microstructures, 9R structure configurations were observed in the wires. The formation of 9R
polytypes may be caused by the coupled emission of Shockley dislocations from a boundary.
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1 Introduction

By use of Ohno Continuous Casting(OCC)[1]
process, it is possible to obtain the long and thin
industrial single crystal copper wires. Since there is
almost no grain boundary (GB) in the copper wires, the
quality of electronic signal transmission will be excellent
[2—6]. For example, the resistivity of industrial single
crystal copper wires is about 15.57% lower than that of
ploycrystal wires[4]. Thus, the single crystal copper
wires produced by OCC have become very attractive. Up
to now, technological parameters for preparing single
crystal copper wires by OCC have been identified[5].
However, since the diameter of such wires is too large
for some commercial copper cables, they have to be
heavily cold drawn to very fine wires. Cold-drawing
process makes the microstructures heavily deformed,
thus affecting the properties of the wires. For a
satisfactory explanation of properties of drawn single
crystal copper wires produced by OCC process, it is
necessary to systematically investigate the deformation
microstructures.

It is commonly accepted that Cu maintains its face
centered cubic (FCC) crystal structure. However, specific
internal constraints imposed on the Cu crystal may
induce polytypic forms. In <110> tilt boundaries slabs of

a rhombohedral structure of a-Sm-type have been found
in Cu[7-8]. The a-Sm-type structure can be derived from
FCC structure by a particular stacking of close-packed
planes and it can be considered as a Cu polytype. Also,
the occurrence of thin atomic layers in copper exhibiting
a body-centered cubic(BCC) crystal structure has been
theoretically predicted and then found in <211> tilt
boundaries of Cu bicrystals[8—9]. Although the
occurrence of polytypes is well known in FCC crystals
[7-13], the occurrence of polytypes in drawn single
crystal copper wires has not been reported yet. In the
present work, the microstructures of drawn single crystal
copper wires are studied by use of transmission electron
microscopy(TEM). Besides the typical microstructures,
such as extended planar dislocation boundaries, twins
and dislocation cells, the occurrence of 9R polytypes has
been found, which can shed a new light on the
deformation mechanism of industrial single crystal
copper wires drawn at room temperature.

2 Experimental

Single crystal copper wires with 8 mm in diameter
were produced by OCC technique. The wires were drawn
at room temperature to different diameters. The drawing
directions were kept the same in every time of drawing
to exclude the influence of drawing direction on defor-
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mation microstructure. The true strain of drawn single
crystal copper wires is calculated by the following
equation:

e=In(4y/4)=2In(do/d) ()

where ¢ indicates the true strain of drawn single crystal
copper wires. Ay and d, denote the initial cross-section
area and diameter respectively. 4 and d are those of the
drawn single crystal copper wires.

In order to analyze the crystal defects by TEM, the
thin foils have been cut from the longitudinal section of
the drawn single crystal copper wires. The samples were
electropolished in a solution of 500 mL distilled water,
250 mL HPOs;, 250 mL ethanol, 50 mL propanal and 5 g
carbamide at 4 V and —15 C using standard methods.
TEM observations have been carried out in a JEM—2010
or a Tecnai 20 with acceleration voltage of 200 kV. The
drawn direction of the wires was made coincident with
the longitudinal axis of the double-tilt specimen holder
during the microstructure analysis.

3 Results

Fig.1(a) shows the optical microstructure of the
wires produced by OCC process. From Fig.1(a), it can be
seen that there are still very few GBs in the wires, but the
number of GBs in the wires is much less than that of
common copper wires. Then, the copper wires produced
by OCC process can be considered as the industrial
single crystal copper wires. In some other literatures

Fig.1 Optical microstructures of single crystal copper wires
produced by OCC method: (a) Without deformation; (b) With
true strain of 0.94

[3—4], such kind of copper wires are also considered as
the single crystal copper wires. Although there are still
few grain boundaries, the axial direction of grains in the
wires is almost along <100>[3]. Fig.1(b) shows the
optical microstructure of drawn wires with a true strain
of 0.94, indicating that besides few GBs in the wires,
deformation bands resulting from grain subdivision can
be observed.

Fig.2 shows the typical microstructures of deformed
industrial single crystal copper wires under TEM
observation. Fig.2(b) shows the microstructure of regions
denoted by the letter “A” in Fig.2(a). From Fig.2, it can
be seen that there are three kinds of typical
microstructure: 1) a large number of extended planar
dislocation boundaries, not parallel to the drawn
direction, as shown in Fig.2(a); 2) a small fraction of
twins, as shown in Fig.2(b); and 3) some dislocation cells
and some boundaries parallel to drawn direction shared
by some dislocation cells, as shown in Fig.2(c).

Besides these three kinds of typical microstructures
mentioned above, other unexpected structural
configurations are also observed in the drawn industrial
single crystal copper wires. Fig.3 shows the unexpected
structural configurations with the corresponding selected
area diffraction pattern and a dark-field image taken
from the bright spot arrowed in Fig.3(c). From Figs.3(a)
and 3(b), the unexpected microstructures consist of some
extremely thin (about 10 nm) plates. The diffraction
pattern (Fig.3(c)) is obtained from regions with thin
plates and these thin plates can be discerned only when a
given plate is in exact Bragg position. For other positions
the plates are invisible. Those configurations are likely
the deformation twin or stacking fault. However,
deformation twin or stacking fault should not change
crystal structure and the diffraction pattern in Fig.3(c)
definitely does not correspond to that of FCC crystal
structure, indicating that there is a polytype phenomenon.
According to the indexing result of the diffraction pattern
in Fig.3(c), the regions with thin plates are of 9R crystal
structure, which is exactly the same as the results
reported by DYMEK et al[13].

4 Discussion

4.1 Formation of typical microstructures

In the present work, three kinds of typical
microstructures, twins, extended planar dislocation
boundaries not parallel to drawn direction and a large
number of dislocation cells sharing boundaries parallel to
the drawn direction, are found, as shown in Fig.2.
Regarding the small fraction of twins, they may be
formed in solidification process of producing the wires
[3]. For extended planar dislocation boundaries not
parallel to drawn direction, as shown in Fig.2(a), many
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Fig.2 Microstructures of deformed single crystal copper wires: (a) Extended planar dislocation boundaries; (b) Twins; (c) Some

dislocation cells and some boundaries parallel to drawn direction shared by some dislocation cells

researches[13—19] proved that the formation of these
boundaries are resulted from dislocation tangles. In
deformed metals with medium or high stacking fault
energy, if there are dislocation tangles, the value of the
dislocation so-called upper cut-off radius will be reduced,
and then the stored energy of the system will be lowered.
The dislocation boundaries resulting from tangling
dislocations are mainly composed of incidental
dislocation boundaries and geometrically necessary
boundaries[13—19]. When the strains are small, these
geometrically necessary boundaries mainly include
microbands and dense dislocation walls, as shown in
Fig.2(a). When the industrial single crystal copper wires
are subjected to a large strain, S-bands and lamellar
boundaries parallel to drawn direction can form[3].
Because the strain of the wires with a strain of 0.94 is not
large, S-bands and lamellar boundaries almost cannot be
found.

For the regions with a large number of dislocation
cells sharing boundaries parallel to drawn direction, as
shown in Fig.2(c), WROBEL et al[19] also observed
them in the cold rolled single crystal copper in cubic
orientation. They proved that in these regions with the
boundaries shared by some dislocation cells, the
orientation does not change with the larger strains. In the
drawn industrial copper wires, the results obtained by
electron backscattering diffraction show that[3] if the
drawn direction of deformation bands evolves from
<100> to <111> during drawing process, the micro-
structures in the deformation bands are characterized as
boundaries like Fig.2(a). If the drawn direction of
deformation bands is <100> and the orientation does not
change with strain increasing, the microstructures are
characterized as some dislocation cells sharing
boundaries parallel to drawn direction like Fig.2(c),
which is in good agreement with that found by WROBEL
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Fig.3 Regions with 9R crystal structure in drawn single crystal
copper wires: (a) Bright-field image; (b) Dark-field image;
(c) Diffraction pattern obtained from regions with thin plates

et al[19].

4.2 Polytypism of drawn single copper wires
Polytypism can be considered as a specific type of
polymorphism in one dimension. The term “polytypism”
refers to a part of a crystal exhibiting a close-packed
structure (or other structure that is composed of a
successive stacking of atomic layers) which results from

different stacking sequences of the constituent atomic
layers. To reflect different translations of close-packed
plane with respect to an adjacent plane, a kind of symbol
is proposed[13], where the digit expresses the number of
close packed layers in the smallest repeated unit and the
letter specifies the unit cell symmetry: C for cubic, H for
hexagonal, R for rhombohedral. Then, FCC structure is
represented by 3C, stacking sequence of close-packed
layers in 3C corresponds to “:--abc-*+” and the stacking
sequence of close-packed layers in 9R corresponds to
“.--abcbcacab-*+”. In copper, the polytypes reported are
12R, 4H, 9R[7,10] structures. The diffraction pattern in
Fig.3(c) only corresponds to that of 9R type.

Crystal structure transformation may take place
only when the energy difference of the two crystal
structures is not too large[8]. In fact, the energy
difference between FCC and 9R type structure is rather
small and is about 0.50 mRy/atom from ab initio
calculations on copper[7]. Thus, 9R phase of copper is
frequently observed at tilt sub-boundaries in annealed
polycrystalline Cu reported by ERNST et al[7-8], in
pure Cu in form of precipitates in Fe-Cu and Fe-Cu-Ni
alloys by OTHEN et al[11]. Recently, 9R structure has
also been observed by DYMEK et al[13] in deformation
single crystal copper bar that is uniformly rolled to 50%
reduction in thickness and compressed in a channel die to
a further 30% reduction. This study is the first time to
show that 9R structure can also be presented in the
drawn single crystal copper wires.

In the cold drawn wires, 9R-type polytypes have the
plate-like features, as shown in Figs.3(a) and 3(b), which
is very similar to twins. Although deformation twins
were also observed in deformed copper recently[20], the
formation mechanism of 9R-type polytypes should not
be a pole mechanism. If the formation of a polytype
forms in the pole mechanism, Shockley dislocations on
parallel slip planes should introduce a stacking fault on
two consecutive {111} planes, but not on the third one.
This would require the Burgers vector of the pole
dislocation to alter during the course of 9R formation,
which is impossible. Actually, 9R phase of copper is
frequently observed in samples with martensitic
transformation, for example, in Cu-Zn and Cu-Al alloys
[12]. An alternative mechanism, which was proposed for
the explanation of FCC-hexagonal close-packed (HCP)
phase transformation or martensitic transformation, is
based on a coupled emission of dislocations from a
boundary in order to form the nucleus of a new plate-like
phase. Contrary to the pole mechanism, the mechanism
of the coupled emission of Shockley dislocations from
boundaries resulting from deformation may be more
reasonable to explain the formation of 9R polytypes in
the cold drawn industrial single copper wires.
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5 Conclusions

1) The typical microstructures in drawn industrial
single copper wires mainly include extended planar
dislocation boundaries, a small fraction of twins and
regions with a small fraction of dense dislocation and
some dislocation cells sharing boundaries parallel to
drawn direction.

2) Besides the typical microstructures, 9R structure
configurations have also been observed in the wires.

3) The formation of 9R-type polytypes in the wires
is based on the coupled emission of Shockley
dislocations from boundaries.
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