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Abstract—Hexagonal samples with an initial coarse-grained structure (CG) in the near-axis zone and a gra-
dient ultrafine-grained (UFG) structure at the periphery are formed by twist extrusion (TE) of commercial-
purity copper through a hexagonal twist die with a small twist-line slope. This hybrid structure of the samples
provides conditions for a large uniform deformation before necking (due to the CG core) and a high yield
strength (due to the gradient UFG periphery). The hybrid CG—UFG structure can be formed due to the
threshold nature of metal grain refinement during cyclic deformation. A simple relation is derived for estimat-
ing the CG core diameter of the sample. The structure and the texture of the samples are investigated by X-ray

diffraction and optical microscopy.
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INTRODUCTION

Materials with a gradient structure include the
materials in which the size of structural elements grad-
ually increases from a ultrafine grained (UFG) level
near the surface to a coarse-grained (CG) level in the
inner layers [1, 2]. These materials are technically
attractive because of their high mechanical properties
[3—10]. Therefore, the processes that are involved in
the formation of a gradient structure in metals and
alloys are of interest.

Gradient structures can be formed, in particular,
by severe plastic deformation [11, 12], achieving a gra-
dient in a strain distribution. For example, plates and
rods with an UFG layer are produced by surface
mechanical attrition [13, 14] and plastic flow machin-
ing [15]. Gradient structures in cylindrical copper and
magnesium rods were formed by three-roll planetary
milling at large strains (also known as radial-shift roll-
ing) [16, 17].

Mathematical simulation [ 18] showed possible for-
mation of metal rods with an UFG shell and a CG
core by twist extrusion (TE) [19]. The advantage of the
method is the possibility to manage the outer UFG
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layer thickness even up to the transition of the entire
cross section of the sample to an UFG state. This is
important in the case when rods are machined after
their deformation to remove part of the surface layer,
for example, for threading.

The aim of this work is to study the possibilities of
TE to form gradient materials by the example of a cop-
per bar with a hexagonal cross section.

SUBSTANTIATION OF THE TECHNIQUE

The idea to use TE to produce rods with an UFG
shell and a CG core relies on the threshold nature of
metal grain refinement during cyclic deformation
[20—23]. This effect stems from the fact that deforma-
tion reversal discharges dislocation pileups, which lead
to the formation of high-angle boundaries. Grain
refinement during reverse deformation begins only after
the formation of a sufficient number of new dislocation
pileups. Therefore, reversal decreases the efficiency of
deformation-induced grain refinement. If the strain
amplitude is too low for the required volume of dislo-
cation pileups to form in a loading half cycle, no high-
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Fig. 1. Schematic of the twist die channel used for the pro-
duction of a gradient material.

angle boundaries form. Thus, grain refinement has an
amplitude threshold during cyclic deformation [18].

The finite element method calculations showed
that TE-induced deformation (simple shear along the
plane that is perpendicular to the extrusion axis) took
place at the borders of the twist section of the twist die
[19, 24]. The sign of the shear strain for a fixed mate-
rial point when it leaves the twist section is opposite to
that when the point enters into the twist section; i.e.
the deformation during TE is cyclic. Shear strain
amplitude 7y at distance r from the extrusion axis is
determined by the ratio

Y= (r/R)tanp, (1

where R is the distance from the axis to the most dis-
tant point of the cross section and [ is the angle
between the trajectory of this point and the axis.

The further the material point from the axis, the more
valid the described model and correlation (1) [25].

Assume that y* is the mentioned threshold of the
shear strain amplitude below which grain refinement
does not occur. Let us denote

r* = Ry*/tanp. 2)

Then, Egs. (1) and (2) suggest that an UFG struc-
ture forms in the material at a distance » > r* from the
extrusion axis after a sufficiently large number of TE
passes, and the microstructure is still in a CG state
atr <r*.

Simple Eq. (2) allows us to estimate the position of
the interface between UFG and CG zones when it is
relatively far away from the extrusion axis. The inaccu-
racy of this ratio increases when the interface between
microstructures approaches the axis, because the TE
model becomes incorrect.

EXPERIMENTAL

Prismatic commercial-purity copper (M1) billets
with a hexagonal cross section 40 mm in diameter and
80 mm in length were extruded. The initial material
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Fig. 2. Schematic diagram of cutting a template. The
arrows indicate the direction of XRD investigation. The
rectangles on the corresponding sides of the sample indi-
cate the location of the irradiated area.

was prepared by hot rolling and annealed at 550°C for
1 h. TE was carried out at room temperature using a
hexagonal twist die with a twist-line slope of 40°
(Fig. 1). The treatment included one or four TE passes
through a die at an applied backpressure of ~100 MPa.

Six-sided templates 10 mm thick were cut from the
middle of the extruded samples perpendicular to the
TE axis. The templates were examined by optical
microscopy and X-ray diffraction (XRD). The Vick-
ers hardness of the templates was measured using a
HYV-5 hardness tester at a load of 49 N (5 kgf) for 30 s.
The hardness distribution was determined along the
cross-sectional diameter.

The etched (HCI + FeCl; + H,O reagent) surface
of the templates was examined using a Carl Zeiss
Axiovert 40 MAT optical microscope to estimate the
length of an UFG layer. A 5-mm-long panoramic
image of the structure was composed by joining
sequentially taken photos.

The fourth part of the template was used for XRD
studies. The texture and the substructure characteris-
tics (coherent domain size (CDS), lattice microdistor-
tion € = Aa/a) in three directions indicated in Fig. 2
were analyzed. We examined the texture by XRD in
the Bragg—Brentano geometry and constructed
inverse pole figures (IPFs) [26, 27].

The initial sample, the extruded sample, and the
corresponding sample without texture (reference)
were analyzed by XRD using a DRON-3m diffrac-
tometer and Cu Ko radiation in the range 6—26. The
following XRD lines were detected: (111), (200),
(220), (311), (222), (400), (331), and (420). The stan-
dard was prepared from small recrystallized copper fil-
ings after annealing in a vacuum at 400°C for 1 h. The
ratios of the XRD integral intensities of the investi-
gated samples and the standard sample, which was
normalized according to Morris, were used as the pole
densities in IPFs [28].
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Fig. 3. Microstructure in the billet cross section after four TE passes: (a) 5-mm-long panoramic image taken along the diam-
eter of the hexagon in the direction from the edge to the center of the cross section (from left to right) and (b) center of the

cross section.

The lattice microdistortions and CDSs were deter-
mined by the approximation method [26]. According
to the method, the intrinsic broadening of the same
diffraction lines but different reflection orders are
compared to determine the microstrain anisotropy
and CDSs along different crystallographic directions
that coincide with the directions under study.

RESULTS AND DISCUSSION

Figure 3a shows a panoramic image of the micro-
structure from the edge to the center of the cross sec-
tion. At the given scale, the transition from a fine-
grained structure in the surface region (on the left) to
a coarse-grained structure at a distance of 5 mm from
the edge of the cross section (on the right) is clearly
visible. Figure 3b shows the central area of the cross
section at the same scale for comparison. We can say
that the microstructure at a distance of about 5 mm
from the billet surface after four TE passes is almost
of the same quality as that at the center of the cross
section.

The Vickers hardness distribution along the sample
diameter (Fig. 4) has an almost horizontal region at
r < 10 mm, which is adjacent to the axis. In the range
10 mm < r < 20 mm, the hardness increases rapidly
towards the sample surface. The HV{(r) dependence
does not change with increasing number of TE passes
from one to four.

The results obtained are in agreement with the con-
cepts described above. If we assume that 7 = 10 mm,
the shear strain amplitude calculated by Eq. (2) is y* =
0.42. This estimate agrees well with the strain thresh-
old, which was selected in [18] after analysis of litera-
ture sources.

Table 1 lists the parameters of the substructure
after four TE passes. Plastic deformation is known to
cause XRD lines to widen compared to those of an
undeformed or annealed metal. This widening is
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caused by CDS refinement (size <1 wm) and lattice
microdistortions. Table 1 suggests that there is anisot-
ropy of both the CDS and the lattice microdistortion
(therefore, the microstress).

CDSs in the axial direction (see Fig. 2) in the crys-
tallographic (111) directions, which coincide with the
pressing axis, were 0.99 um, and these sizes in the
(200) directions, which coincide with the extrusion
axis, were 0.11 pum. More severe grain refinement in
the (200) directions, the volume fraction of which is
large in the extrusion axis direction (Fig. 5a), provided
a lower level of lattice microdistortions in the (200)
directions (7.69 X 10~*) in comparison with the (111)
direction (9.95 x 107%).

The CDSs in the (111) directions, which coincide
with the internal radial direction of measurement (see
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Fig. 4. Vickers hardness as a function of the coordinate
along the diameter of the hexagonal cross section of the
billet: (V) one TE pass and (0) four TE passes.
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Table 1. CDS D and lattice microdistortion Aa/a measured along three directions

PROKOF’EVA et al.

HKL D, um e=10"%Aa/a E, GPa o = Fe, MPa
Axial measurement direction

(111), (222) 0.99 9.95 123 122.4

(200), (400) 0.11 7.69 123 94.6
External measurement direction

(111), (222) 0.92 5.61 123 69.0

(200), (400) 0.16 6.53 123 80.3
Internal measurement direction

(111), (222) 4.1 4.56 123 56.1

(200) 0.24 3.89 123 47.8

Fig. 2), were 4.1 um, and those in the (200) directions,
0.24 um. In the external measurement direction,
CDSs are even smaller, 0.92 and 0.16 um for crystallo-
graphic directions (111) and (200), respectively. This is
due to the plastic twisting deformation mechanism
and the vortex movement of refined grains in the
(200) directions to a greater extent than in the (111)
directions.
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Grain refinement is known to cause mutual grain
misorientation, which manifests itself in an increase in
lattice microdistortions. The microdistortions in the
(200) direction (radial external direction) are greater
than in the (111) direction (see Table 1). This is
explained by the fact that grains are more intensively
refined in the (200) direction, in contrast to the (111)
direction. The situation is opposite along the internal
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Fig. 5. Inverse pole figures after four TE passes ((a) axial direction, (b) external direction, (c) internal direction) and before TE

((d) direction perpendicular to the TE axis).
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radial direction after extrusion: microdistortions in the
(111) direction exceed those in the (200) directions.
However, microstresses are higher in the external part
than those inside the sample in both (111) and (200)
directions.

The corresponding IPFs are shown in Fig. 5. Anal-
ysis of IPFs showed that mainly crystallographic
directions (100) with scattering up to (111) are located
parallel to the extrusion axis (Fig. 5a). Crystallo-
graphic directions (100) with scattering up to (311) are
located in the external direction (Fig. 5b). The internal
direction (see Fig. 5¢) coincides with the crystallo-
graphic directions located along the base of the stereo-
graphic triangle (100)—(110) with maxima at the indi-
cated poles. It should be noted that the angle between
the planes of the internal and external regions is 30°.

The twist extrusion can be represented as a model
of compression deformation along the extrusion axis
and twist deformation (shear) on a plane perpendicu-
lar to the extrusion axis. As was shown in [29], the
main components of the twist texture in fcc metals (for
example, copper, aluminum) are {111} (uvw) (axial),
{hkl} (110) (axial), and {001} (110). Here, the curly
brackets indicate the planes in which a shear displace-
ment occurs in twisting around the pressing axis. The
angle brackets show the shear directions lying on the
shear plane.

Taking this into account, let us assume that this
arrangement of the pole density peaks in the IPFs of
the extruded copper sample (Figs. 5a—5c) is due to the
formation of twist texture components {100}{110).
Extrusion makes the texture weaker on the periphery
of the sample due to the vortex movement of the frag-
ments of refined grains. This is supported by the
decrease in the pole density in the IPFs of the external
side of the extruded sample (Fig. 5b). The fact that the
texture of the initial cylindrical sample (Fig. 5d) differs
from the above-described texture of the extruded sam-
ple is noteworthy. The crystallographic (111) and (311)
directions can be seen to coincide with the cylinder
axis, which have probably resulted from recrystalliza-
tion of the initial sample during annealing at 500°C.

A comparison of the data (Table 1) with the results
obtained at the IBR-2 pulsed reactor at the Joint Insti-
tute for Nuclear Research (Dubna) [30] showed that
the level of lattice microdistortions and the regularities
of their change along the radial direction of the hexa-
gon are quite close.

CONCLUSIONS

(1) The CG structure in the near axis zone and the
gradient structure in the thin layer at the periphery,
where the grain size varies from an initial to a submi-
crocrystalline one, were formed by TE in commercial-
purity copper. This possibility is caused by the fact that
the shear strain amplitude in a near-axis zone of a
sample at a small twist-line slope of the die does not
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exceed y*, which is the minimum necessary value for
grain refinement. The ratio #* = Ry*/tanf} gives a
rough estimation of the radius of the CG zone. As
closer the r* to R (distance from the axis to the most
distant point in the billet cross section), then more
reliable this ratio.

(2) XRD analysis was used to determine the sub-
structural characteristics (CDS, lattice microdistor-
tions, lattice microstresses). The texture was analyzed.
These substructural characteristics are anisotropic
over the cross section of the billet. Torsional texture
components {100}(110) appeared after TE. Extrusion
makes the texture weaker, the CDSs smaller, and
microdistortion larger at the periphery of the sample
due to the vortex movement of the fragments of the
grains to be refined.
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