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The paper contains a set of experimental data on the influence of the KOBO extrusion (extrusion with
simultaneous cyclic torsion) on mechanical properties of pure zinc and proves that they can be controlled in
order to achieve the desired final values, while tensile characteristics may either show monotonic course or
contain the Lüders-type effect. It has been found that the mechanical properties of the KOBO extruded zinc
are not linked to the grain size, thus proving the hypothesis about the dominating role of over-equilibrial
concentration of point defects (including their clusters).
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1. Introduction

The main objective of SPD (severe plastic deformation)
methods is a radical refinement of grains in metallic materials,
in particular—a reduction of typical grain size from several
dozen or several hundreds of micrometers into a nanometer
scale (Ref 1-3). It is widely known that nano-metals have very
attractive mechanical properties, including very high strength-
ening and increased plasticity at low temperatures and super-
plasticity at higher temperature values.

Low-temperature KOBO extrusion is one of the SPD
methods (Ref 4, 5). However, it has been proved that metals
undergoing this process do not have to meet the grain size
criterion in order to acquire extreme mechanical properties (Ref
6). What is more, results of experimental research on the
evolution of structure during the KOBO process suggest a
dominant role of mechanically generated point defects, mainly
self-interstitial atoms, the concentration of which exceeds the
equilibrium by many levels of magnitude (Ref 6, 7). This
phenomenon results from a change in the deformation path,
which leads to instability of the dislocation structure and
subsequently, to strong local deformity of the crystal lattice
(Ref 8). In other words, as a result of slip dislocations crossing
the forest dislocation, vast numbers of point defects are
generated in simultaneously created shear bands. Next, a part
of the thermodynamically unstable over-equilibrial point
defects undergo immediate annihilation at grain boundaries or
on the metal surface, while others evolve into low-energy nano-

sized clusters (Ref 6). The clusters are responsible for high
strengthening of the metal product (Ref 9-12), but if destroyed
due to thermal or mechanical stimulus, in the form of point
defects can again saturate the metal (as during the KOBO
extrusion) reducing its flow stress. It can be assumed that the
microstructure evolves in this way whenever the deformation
path changes; however, during the KOBO process it seems
qualitatively and quantitatively most striking. In this context,
the generation of fine/nano-sized grains can be considered as
the KOBO extrusion ’side effect.’ Moreover, it appears that
regardless of the scheme of the change in deformation path
(e.g., in various SPD methods), the mechanism responsible for
the mechanical properties of the final products is the same,
although highly deformed crystalline structure in the active
shear bands evolves into polycrystalline aggregate, the grains of
which consist of a vast number of point defect clusters. The
paper (Ref 6) proves the durability of clusters generated in
metals as a result of the KOBO extrusion even after later
recrystallization and grain expansion processes.

From a physical point of view, it seems obvious that
mechanical instability can only occur in the deformed metals
when the deformation process is organized in time and space
(shear bands). The phenomenon can be very clearly observed
during tensile tests, when the shear bands propagate through
most, if not all of the cross section of the sample (Lüders band,
the Portevin–Le Chatelier effect, initiation and neck develop-
ment). Interestingly, the occurrence of shear bands is not
exclusive to crystalline materials, as they are also present in
metallic glasses, influencing their mechanical properties, as ’the
critical stress for initiating a shear band determines the upper
limit of yield stress, while the density of shear band and the
critical failure condition of shear band control the global
plasticity of metallic glasses’ (Ref 13).

But is mechanical instability an inevitable consequence of
the shear bands activity? The scale of the phenomenon seems to
be the deciding factor here. If the shear bands are dense and
small (thin and short), the process is fairly lengthy, and the
stress–strain curve can be smooth and monotonic. The histor-
ical interpretation of Lüders effect as a result of the interaction
between dislocations and the Cottrell’s atmospheres is not to be
proved true by the next experimental data, confirming the
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occurrence of the same mechanical effect in pure metals (Ref
14-19). Therefore, today, mechanical instability is considered to
be linked to the occurrence of ultra-fine or nano-sized grains
(Ref 18, 20-23).

This poses the question of possible reactions of pure zinc
extruded by the KOBO method during a tensile test with
regards to the Lüders-type mechanical instability and the
instability connected to the maximum strain, as well as their
links to the KOBO process parameters. It is worth pointing out
that the Lüders phenomenon was observed in KOBO extruded
pure zinc with the grain size of 40 lm (Ref 6, 24) and papers
(Ref 25-28) suggest that mechanical instability of the stretched
metal is a result of strain localization in shear bands, which
seems to be the dominant mechanism in the KOBO process.

It is curious why different processes, not only SPD
deformation, but also conventional rolling with a significant
strain (Ref 15, 29-31) as well as the KOBO extrusion result in
identical mechanical reaction (Lüders instability), despite great
differentiation in grain sizes . There are strong presumptions
that the characteristics of metals which previously underwent
intense plastic deformation largely depend on structural nano-
elements in the form of point defects (particularly self-
interstitial atoms), their concentrations and finally their spatial
distribution—clusters. All of the deformation methods men-
tioned above promote self or externally imposed change
(changes) of the deformation path, resulting in the strain
localization in shear bands, which are simultaneously ’over-
saturated’ with point defects (Ref 32). Such structure is the
cause of mechanical instability (sudden drop in uniform
deformation, including Lüders effect) during tensile tests.

For this paper, a number of investigations were carried out
on zinc in order to measure its mechanical properties before and
after the KOBO extrusion in relation to structural observations
conducted with the use of optical and electron microscopy. The
aim of the research was to find dependencies between zinc’s
mechanical properties, including its tensile characteristics
(Lüders effect), and the plastic deformation conditions engaged
during the KOBO process. In this context, particular attention
was paid to the role of grain size and over-equilibrial
concentrations of point defects generated during the KOBO
process.

2. The Experiment

Billets made of pure zinc (99.995%), the chemical compo-
sition of which is shown in Table 1, in the form of cylinders
with the dimensions of Ø40950 mm, were used as the research
material. They were subjected to direct extrusion by the KOBO
method (Fig. 1) on a press of 1.0 MN, extrusion ratio k = 100
(the product’s diameter was 4 mm) at room temperature and at
three different rates of 0.1; 0.33 and 0.5 mm/s. The die

oscillation angle was ± 8� each time and its frequency was
constant for part of the tests and equaled 3, 5 or 8 Hz.

Some of the billets were extruded under the conditions of
constant press force (force exerted by punch) (Ref 6, 7), thanks
to reduction of the initial die oscillation frequency (3; 5 or 8
Hz) during the KOBO process. The press tools and products
were cooled throughout the entire deformation procedure with
cold water.

It is important to point out that earlier research on the
KOBO extrusion of zinc (Ref 33) and analyzes of stress–strain
curves of the obtained product have shown that the mechanical
characteristics are either monotonic or unstable depending on
the extrusion force level, which is highly controlled by the
twisting frequency of the extruded metal and goes down with
an increase in this parameter’s value. This paper pays particular
attention to this issue.

100-mm-long samples (gauge length 50 mm) were subjected
to tensile test at the strain rates of 1910�4 to 9910�3 s�1, but
also at a changing strain rate, which made it possible to assess
its sensitivity parameter m:

m ¼ d lnr
d ln _e

ðEq 1Þ

where m is the strain rate sensitivity, r is the flow stress and _e is
the strain rate).

The results of tensile tests are presented as the dependencies
between stress (force/initial cross section) and elongation (%).
Tensile tests were performed on the Zwick/Roell Z050 machine
equipped with the testXexpert II software.

The samples were observed both in macro- and microscale
with the use of optical and electron microscopy. In order to
check the relations between the character of plastic flow and
grain size, the last parameter was also measured. The samples
for microscopic observations were first grinded with abrasive
paper (with a grain size of 240 do 2000) and then polished with
diamond suspensions (with the grain size of 9 to 0.1 lm), using
dedicated Struers procedures. The obtained specimens were
subsequently etched in a 10% HNO3 solution. The observations
were made on the NIKON Epiphot 200 optical microscope
equipped with the NIS Elementes Analisis software.

Similar griding and polishing procedure was applied to
prepare thin foils for electron microscopy observations. After
the material reached the thickness of around 0.05-0.08 mm, it

Fig. 1 Scheme of KOBO extrusion process: 1—punch,
2—container, 3—billet, 4—lock, 5—reversibly rotating die,
6—extrudate (wire)

Table 1 Chemical composition (wt.%) of zinc used for
the research

Zn Pb Cd Fe Cu Sn

Balance 0.003 0.0001 0.0006 0.0004 0.0001
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was electrolytically polished on the Struers Tenupol 3 machine
in the A2 electrolyte (at the voltage of 20-25 V and 2 A
electricity). Prior to the observations, an additional ion thinning
procedure on the Gatan 691 machine was performed. Electron
microscopy observations were made on the JEOL 2010 field
emission transmission electron microscope (TEM) operated at
200 kV and equipped with the Gatan Orius software.

3. Research Results

3.1 Mechanical Research

Figure 2 shows the typical characteristics of the KOBO
extrusion of zinc. The linear range of rapidly growing extrusion
force, typical for the first stage of the process (curve 1), is
linked to the billet’s compression. The zinc begins to flow

Fig. 2 Characteristics of the KOBO extrusion of zinc. Note: 1—extrusion force; 2—displacement; 3—torque

Fig. 3 Stress–strain curves for the KOBO extruded zinc with extrusion rate 0.1 mm/s, reverse die oscillation frequency 5 Hz, extrusion force
dropping from 700 to 500 kN. Strain rate during tensile test _e = 5910�4 s�1. Samples taken from the beginning (1), middle (2) and end (3)
sections of the wire
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through the die after a maximum extrusion force has been
achieved. As shown in papers (Ref 7, 34), the drop in extrusion
force occurring in the following stage of the KOBO procedure
is neither dominated by the reduction of friction between the
billet and inner walls of the press container, nor by the rise of
temperature of the extruded metal, but by the intensifying
increase in point defects concentration in the billet, which
drastically reduces (by many levels of magnitude) the ’dy-
namic’ viscosity coefficient. The torque value remains practi-
cally unchanged throughout the process (curve 3).

The decreasing extrusion force during the KOBO extrusion
is responsible for the reduction of mechanical properties along
the final product reaching several dozen percent (Ref 6, 7).
Figure 3 and 4 shows two sets of stress–strain curves for zinc
extruded by the KOBO method at two different speeds of the

punch movement of 0.1 and 0.5 mm/s while the other
parameters remain the same. The sets are significantly different
from one another in terms of stress–strain characteristics, flow
stress levels and elongations. In the first case the stretched zinc
clearly undergoes the Lüders effect, while in the second
example the course of the tensile curve is monotonic (smooth,
without strain surges, i.e., strain instability). The KOBO
extrusion process at a lower speed requires the use of a force
of 700 to 500 kN, while at higher speed the force range is
between 1050 and 800 kN, which proves that the value of flow
stress during tensile test depends on the level of extrusion force.

The registered differences in mechanical properties along
the samples, obtained as a result of the KOBO extrusion, can be
eliminated by introducing constant speed of the punch move-
ment (constant strain rate _e) and constant extrusion force (flow

Fig. 4 Stress–strain curves for the KOBO extruded zinc with extrusion rate 0.5 mm/s, reverse die oscillation frequency 5 Hz, extrusion force
dropping from 1050 to 800 kN. Strain rate during tensile test _e = 5910�4 s�1. Curve note is shown in Fig. 3

Fig. 5 Stress–strain curves for the KOBO extruded zinc with extrusion rate 0.1 mm/s, reduced reverse die oscillation frequency from 5 to 2
Hz, extrusion force 600 kN. Strain rate during tensile test _e = 3910�4 s�1. Curve note is shown in Fig. 3
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stress r), which is proved both, experimentally and theoreti-
cally with a Newtonian equation for metal flow r ¼ g_e (Ref 7,
32). Under such conditions, the value of the viscosity
coefficient g remains at its initial level during the whole
extrusion process. As a result, the product has a uniformly
homogeneous structure and identical mechanical properties
throughout, regardless of the rising temperature of the billet
during extrusion. As indicated in papers (Ref 7, 32, 33), the
temperature of aluminum extruded at room temperature (20
�C), in the final phase of the process exceeded 300 �C with
absolutely no impact on its properties.

Also in zinc, extrusion at constant strain rate and extrusion
force lead to constant mechanical properties throughout the
whole wire. Results proving it true are presented in Fig. 5 for
extrusion force of 600 kN with a clearly visible Lüders effect
and in Fig. 6, where a high level of extrusion force (900 kN)
results in a monotonic course of the stress–strain curves. In this
case, maximum stress is reached after a short, initial period of
elongation (�10%) accompanied by intense strengthening and
followed by the creation of neck of the propagating type, which
develops until the fracture of the sample at about 50% of
elongation.

One of the main factors determining the level of extrusion
force and therefore also the mechanical properties of the
products obtained by the KOBO method is the extrusion rate.
At constant twisting frequency, the applied extrusion force
determines the number of oscillations per length unit and
therefore decides about the level of extrusion force and the
mechanical properties. The impact of extrusion speed on the
mechanical properties of zinc is presented in Fig. 7. As
indicated, during tensile tests carried out on products extruded
at lower rate (0.1 and 0.33 mm/s), the Lüders phenomenon is
initiated at a fairly low stress level. High extrusion rate (0.5
mm/s) on the other hand promotes monotonic characteristics.

The influence of constant die oscillation frequency (drop-
ping extrusion force) on mechanical properties of zinc at
constant extrusion rate is shown in Fig. 8, based on the tensile
test. During the extrusion at constant frequencies of 3 and 5 Hz,

set speed of punch movement generates the same type of
mechanical characteristics. The material strengthens within the
range of a couple percent of elongation and then reaches a
’plateau,’ which is followed by a decrease in stress linked to
significant strain localization and the initiation of the neck. The
stress–strain curve for a product obtained at the frequency of 8
Hz has a radically different shape and contains the Lüders-type
deformation at a relatively low stress level. The differences of
flow stress for the presented curves can be explained by the
aforementioned fact that the higher frequency results in more
twists per length unit and therefore the generation of more point
defects per volume unit.

Further research on zinc KOBO extrusion has shown that
the Lüders deformation can be linked to a particular level of
extrusion force which depends on the die oscillation frequency.
The higher the frequency, the lower the extrusion force. Graphs
(in Fig. 9, 10, 11) show the dependencies between the extrusion
force and the mechanical characteristics of zinc at a constant
speed punch movement value equal to 0.33 mm/s and various
die oscillation frequencies. The presented results suggest that in
products obtained at lower die oscillation frequencies (3 and 5
Hz) the extrusion force linked to the occurrence of Lüders
deformation in zinc reaches a fairly low level of about 500 kN
(Fig. 9 and 10). Stress–strain curves obtained for zinc extruded
at high die oscillation frequencies of 8 Hz (Fig. 11) are rather
different. Zinc strengthens quickly and its plasticity is limited
(the samples get destroyed at an elongation of about 15%). It is
also important to point out that during extrusion with the
frequency of 8 Hz the Lüders phenomenon is observed in zinc
at a relatively high extrusion force level of almost 900 kN.

The tensile tests conducted on zinc have shown significant
differences in flow stress values depending on the applied
tensile strain rate (Fig. 12 and 13). Under the Lüders effect
conditions higher strain rate generates higher flow stress and
reduces the range of the phenomenon (elongation). Unfortu-
nately, mechanical instability means that it is pointless to
mathematically determine the strain rate sensitivity m and it is
only possible to evaluate it ’optically.’ In the case of initial

Fig. 6 Stress–strain curves for the KOBO extruded zinc with extrusion rate 0.5 mm/s, reduced reverse die oscillation frequency from 5 to 2
Hz, extrusion force 900 kN. Strain rate during tensile test _e = 7910�4 s�1. Curve note as shown in Fig. 3
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Fig 7 Impact of extrusion rate on stress–strain curves of the KOBO extruded zinc with extrusion rate 0.5 mm/s (1); 0.33 mm/s (2); 0.1 mm/s
(3), reverse die oscillation frequency 5 Hz, extrusion force dropping from 800 to 600 kN. Strain rate during tensile test _e = 1910�4 s�1.
Samples taken from the beginning (a), middle (b) and end (c) sections of the wire
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Fig. 8 Impact of reverse die oscillation frequency on stress–strain curves of the KOBO extruded zinc with extrusion rate 0.33 mm/s, reverse
die oscillation frequency 3 Hz (1); 5 Hz (2); 8 Hz (3), extrusion force dropping from 900 to 700 kN. Strain rate during tensile test _e = 5910�4

s�1. Samples taken from the beginning (a), middle (b) and end (c) sections of the wire
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Fig. 9 Impact of extrusion force on stress–strain curves of the KOBO extruded zinc with extrusion rate 0.33 mm/s, reverse die oscillation
frequency 3 Hz, extrusion force dropping from: 1050 to 900 kN (1); 850 to 700 kN (2); 600 to 300 kN (3). Strain rate during tensile test _e =
3910�4 s�1. Samples taken from the beginning (a), middle (b) and end (c) sections of the wire
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Fig. 10 Impact of extrusion force on stress–strain curves of the KOBO extruded zinc with extrusion rate 0.33 mm/s, reverse die oscillation
frequency 5 Hz, extrusion force dropping from: 1000 to 900 kN (1); 900 to 800 kN (2); 600 to 300 kN (3). Strain rate during tensile test _e =
3910�4 s�1. Samples taken from the beginning (a), middle (b) and end (c) sections of the wire
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Fig. 11 Impact of extrusion force on stress–strain curves of the KOBO extruded zinc, extrusion rate 0.33 mm/s, reverse die oscillation
frequency 8 Hz, extrusion force dropping from: 1000 to 900 kN (1); 900 to 700 kN (2); 600 to 300 kN (3). Strain rate during tensile test _e =
7910�4 s�1. Samples taken from the beginning (a), middle (b) and end (c) sections of the wire
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Fig. 12 Impact of strain rate on stress–strain curves of the KOBO extruded zinc with extrusion rate 0.5 mm/s, reverse die oscillation frequency
5 Hz, extrusion force dropping from 600 to 400 kN. Samples taken from the beginning (a,b), middle (c,d) and end (e,f) sections of the wire.
Extensions of the non-homogenous range of deformation (b,d,f). Strain rate during tensile test _e: 1910�4 s�1 (1); 3910�4 s�1 (2); 5910�4 s�1

(3); 7910�4 s�1 (4); 9910�4 s�1 (5); 1910�3 s�1 (6); 3910�3 s�1 (7); 5910�3 s�1 (8); 7910�3 s�1 (9); 9910�3 s�1 (10)
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Fig. 12 continued
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Fig. 13 Stress–strain curves of the KOBO extruded zinc with extrusion rate 0.5 mm/s, reverse die oscillation frequency 5 Hz, extrusion force
dropping from 1050 to 800 kN. Samples taken from the beginning (a), middle (b) and end (c) sections of the wire. Curve note is shown in
Fig. 12
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largely homogeneous stress–strain curves for zinc, it is
otherwise. Average values of this parameter given by the Eq
1 for zinc extruded at the rate of 0.5 mm/s and die oscillation
frequency of 5 Hz equal 0.112 (for samples taken from the
beginning), 0.138 (from the middle) and 0.115 (from the end
part of the wire). Such high strain rate sensitivity at room
temperature suggests that during the KOBO process zinc
acquires properties predisposing it to superplastic-type flow. To
compare, this parameter for pure zinc with a grain size of 40
lm extruded conventionally is on average 0.078 and that for
zinc with a grain size of 300 lm equals 0.068 (Ref 30).

Some of the zinc samples extruded by the KOBO method
have a tendency to form multiple necks during tensile testing.
Stress–strain curves for the samples with localization of
deformation (neck), its fixing and continuation of plastic flow

taking place in a different part of the sample are all shown in
Fig. 14, while the images of the samples are presented in
Fig. 15. Stress–strain curves after obtaining maximum values of
stress (at an elongation of around 10%) are still monotonic up
to an elongation of about 90%. This paper only documents this
phenomenon without attempting to explain it.

3.2 Structural Research

The commonly held view that the Lüders deformation is
strongly linked to intensely fragmented grains was verified by
studies on samples extruded by the KOBO method at a constant
extrusion rate and extrusion force. Mechanical characteristics of
samples that enabled to determine grain sizes for zinc
exhibiting Lüders phenomenon are presented in Fig. 16. Grain

Fig. 14 Impact of strain rate on stress–strain curves of the KOBO extruded zinc with extrusion rate 0.1 mm/s, reverse die oscillation frequency
3 Hz, extrusion force dropping from 850 to 700 kN. Samples taken from the end section of the rod. Strain rate during tensile test _e: 9910�4 s�1

(1); 7910�4 s�1 (2); 5910�4 s�1 (3); 3910�4 s�1 (4); 1910�4 s�1 (5)

Fig. 15 Images of zinc samples extruded by the KOBO method and subjected to tensile testing with parameters as shown in Fig. 14
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Fig. 16 Stress–strain curves for the KOBO extruded zinc exhibiting non-homogeneous Lüders-type deformation. Extrusion rate 0.5 mm/s,
reverse die oscillation frequency reduced from 5 to3 Hz, extrusion force 400 kN. Strain rate during tensile test _e = 3910�4 s�1. Samples taken
from the beginning (1) and end (2) of the wire

Fig. 17 Microstructures of zinc samples with mechanical characteristics (tensile tests) as shown in Fig. 16, observed in transverse (a,c) and
longitudinal (b,d) cross sections from the beginning (a,b) and end parts of the wire (c,d)
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sizes are the same throughout the sample and equal around 100
lm. According to earlier research results published in paper
(Ref 31), Lüders effect was also observed in zinc with a grain
size of 10-25 lm, although the phenomenon was extending its
range (elongation) along with the reduction in grain size and
extrusion rate.

Grain sizes for KOBO extruded zinc exhibiting monotonic
stress–strain curves were also measured. In this case, samples
extruded at the rate of 0.5 mm/s and frequency dropping from
5 to 3 Hz at the extrusion force (800 kN) in comparison with
the material exhibiting Lüders phenomenon (as shown in
Fig. 17) were examined. Such process conditions made it
possible to obtain a product that was homogeneous throughout
the sample. Its characteristics are presented in Fig. 18, while its
structure is shown in Fig. 19.

Grain fragmentation is widely considered to be the cause of
Lüders phenomenon; however, it was not found to be true
during the research of the KOBO extruded zinc samples.
Lüders phenomenon is observed in materials with size grains of
about 100 lm and does not occur in samples with grain sizes of
about 30 lm exhibiting a monotonic course of the r–e
dependency.

Electron microscopy observations of zinc samples extruded
by the KOBO method at the rate of 0.5 mm/s and constant
frequency of 5 Hz showing non-homogeneous Lüders defor-
mation (as shown in Fig. 16) were made under the conditions of
relevant diffraction contrast. They revealed the presence of
’strips’ (Fig. 20), similar to those first mentioned in paper (Ref
34). During the observations (radiation with an electron beam),
these ’strips’ get smudged (Fig. 21) and evolve into rows of so-
called black spots or, in other words, clusters (Ref 6, 32, 34,
35). Areas in the form of strips dotted with clusters have trans-
crystalline positions and can be identified as shear bands. A
rather different structure (Fig. 22) was revealed in samples

Fig. 18 Stress–strain curves for the KOBO extruded zinc exhibiting
homogeneous deformation. Extrusion rate 0.5 mm/s, reverse die
oscillation frequency reduced from 5 to 3 Hz, extrusion force 800
kN. Strain rate during tensile test _e = 8910�4 s�1. Curve note as
shown in Fig. 16

Fig. 19 Microstructures of samples as shown in Fig. 18 observed in transverse (a,c) and longitudinal (b,d) cross sections from the beginning
(a,b) and end parts of the wire (c,d)
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exhibiting a homogeneous course of deformation (as shown in
Fig. 18) extruded by the KOBO method at the rate of 0.5 mm/s
and constant extrusion force of 800 kN, which was maintained

by systematic decrease in frequency from 5 to 3 Hz. Its
microstructure shows the stage when the ’strips’ (shear bands)
highly saturated with point defects are transformed into rows of
clusters, the size of which is estimated to be around 2 nm. The
presence of over-equilibrial concentration of point defects and
their evolution into rows of clusters determine the mechanical
properties of zinc. Unlike in monotonic stress–strain curves
with the domination of well-formed clusters, shear bands
(strips) over-saturated with point defects are responsible for the
occurrence of Lüders effect.

Data on the Lüders-type deformation (Ref 6, 14, 17, 36)
indicate that the phenomenon is initiated as a thick slip band
forming in a most conveniently oriented grain and then
propagates to include adjoining grains, preserving the same
spatial geometry (shear band). Research conducted for this
study documents this phenomenon including the initial (up to a
couple percent of elongation) and final (neck forming and
destruction of sample) stages of zinc extrusion by the KOBO
method. A sample with a structure as shown in Fig. 23 was
subjected to stretching at an initial strain rate of _e = 3910�4

s�1. The test was terminated after the sample reached 5% of
elongation (Fig. 24), i.e., in the range, where the Lüders effect
occurs.

Fig. 20 Microstructure of the KOBO extruded zinc samples exhibiting Lüders deformation (as shown in Fig. 16); (a,b) different magnifications

Fig. 21 ’Strips’ smudged after being heated by a beam of electrons (TEM) in a sample exhibiting Lüders deformation (as shown in Fig. 16);
(a,b) different magnifications

Fig. 22 Rows of point defects in the form of clusters in zinc
extruded by the KOBO method at the extrusion force of 800 kN
(monotonic stress–strain curve as shown in Fig. 18)
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The surface of the sample formed during stretching (Fig. 25)
suggests that the Lüders effect is linked to intense propagation
of interrupted localization. The effects of very intense defor-
mation in the form of lens-like shapes, resembling deformation
twins, which can be treated as elements of shear bands, are
clearly visible.

Zinc extruded by the KOBO method at a rate of 0.5 mm/s
and constant die oscillation frequency of 5 Hz, i.e., under the
conditions of extrusion force dropping from 1000 to 700 kN,
was also subjected to similar research. The process parameters
promoted monotonic courses of stress–strain curves. A sample
with a structure as shown in Fig. 26 was stretched to 2.5% of
elongation and then observed with Nomarski contrast micro-

scopy (Fig. 27). The localization of deformation effects were
not found, instead traces of rotation of individual grains were
observed, leading to a significant differentiation in their surface
positioning against one another and suggesting a homogeneous
deformation, defined as crystallographic slip, occurring within
individual grains.

Figure 28, on the other hand, presents mechanical charac-
teristics of zinc extruded by the KOBO method under
conditions promoting the Lüders effect, where during tension
sudden destruction (cracking) or, alternatively, neck forming
occurs. Images of the samples representing these two extreme
behaviors of zinc are presented in Fig. 29, while their structures
revealed in the destroyed parts and presented in transverse cross

Fig. 23 Microstructure of zinc wire obtained as a result of the KOBO extrusion and exhibiting Lüders-type deformation during tensile testing.
Extrusion rate 0.5 mm/s, reverse die oscillation frequency reduced from 5 to 4 Hz, extrusion force 500 kN; transverse (a) and longitudinal (b)
cross sections

Fig. 24 Stress–strain curves of the KOBO extruded zinc. Process parameters as shown in Fig. 23. Strain rate during tensile testing _e = 9910�4

s�1. The tensile test was performed up to 5% elongation.
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Fig. 25 Surface topography of a sample exhibiting Lüders-type deformation after tensile testing to about 5% of elongation (see also Fig. 23
and 24); transverse (a) and longitudinal (b) cross sections

Fig. 26 Microstructures from the end of a zinc wire, obtained as a result of the KOBO extrusion and exhibiting homogeneous deformation
during tensile testing. Extrusion rate 0.5 mm/s, reverse die oscillation frequency 5 Hz, extrusion force dropping from 1000 to 700 kN; transverse
(a) and longitudinal (b) cross sections

Fig. 27 Surface topography of a zinc sample not exhibiting Lüders-type deformation after tensile testing up to about 2.5% of elongation;
transverse (a) and longitudinal (b) cross sections. The KOBO extrusion process parameters as shown in Fig. 26
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sections are shown in Fig. 30 and 31. It is noticeable that the
development of the neck leads only to grain elongation, but
does not cause their fragmentation, even though the images of
transverse cross sections might make such an impression.
Localization of deformation promoting neck development
(Fig. 29—bottom sample) or fracture (Fig. 29—upper sample)
depends on the strain rate during tensile test. When the process
is slow, it is accompanied by plastic flow in the neck.

4. Conclusions

1. The possibility to control mechanical properties of pure
zinc via relevant KOBO extrusion parameters was
proved.

Fig. 28 Impact of strain rate on stress–strain curves of the KOBO extruded zinc. Extrusion rate 0.5 mm/s, reverse die oscillation frequency 5
Hz, extrusion force dropping from 600 to 450 kN. Strain rate during tensile testing _e: 5910�4 s�1 (1) and 1910�4 s�1 (2)

Fig. 29 Images of the KOBO extruded wire (conditions of the process are given in the caption of Fig. 28) after tensile testing, documenting
two extreme behaviors of zinc. The samples for structural observations presented in Fig. 30 and 31 were taken from the marked areas
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2. Depending on the values of the KOBO extrusion parame-
ters, zinc shows highly differentiated mechanical proper-
ties, either Lüders-type instability or monotonic stress–
strain curves.

3. The tendency for the Lüders phenomenon depends on the
level of the KOBO extrusion force. Low values of force
(from 600 to 300 kN for the frequencies of 3 and 5 Hz)
promotes Lüders-type deformation, and high force values
result in a monotonic course of the stress–strain curve.

4. It was confirmed that zinc extrusion by the KOBO meth-
od at constant speed and constant extrusion force guaran-
tees identical mechanical properties throughout the whole
product.

5. High strain rate sensitivity of zinc formerly extruded by
the KOBO method indicates its superplastic-like behav-
ior.

6. Fragmentation of grains as the main cause of Lüders-type
instability does not seem to be proved true by the re-
search results.

7. Transmission electron microscopy observations of the
KOBO extruded zinc indicated low numbers of disloca-
tions and high density of point defect clusters.

8. It was established that ’strips,’ equivalent to shear bands,
revealed in the structure of the KOBO extruded zinc, are
the places of point defects generation and their evolution
into rows of clusters, which decides about mechanical

Fig. 30 Microstructures of samples demonstrate cracking during tensile tests taken from areas marked in Fig. 29
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properties of the material. Unlike well-formed clusters,
responsible for smooth stress–strain curves, strips with
over-saturated point defects lead to Lüders-type mechani-
cal instability.
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6. A. Korbel and W. Bochniak, Lüders Deformation and Superplastic
Flow of Metals Extruded by KOBO Method, Philos. Mag., 2013, 93, p
1883–1913

7. A. Korbel, W. Bochniak, P. Ostachowski, A. Paliborek, M. Łagoda and
A. Brzostowicz, A New Constitutive Approach to Large Strain Plastic
Deformation, Int. J. Mater. Res., 2016, 107, p 44–51

8. A. Korbel and W. Bochniak, Stratified Plastic Flow in Metals, Int. J.
Mech. Sci., 2017, 128–129, p 269–276

9. M. Kiritani, K. Yasunaga, Y. Matsukawa and M. Komatsu, Plastic
Deformation of Thin Metal Foils Without Dislocations and Formation
of Point Defects and Point Defect Clusters, Rad. Eff. Defect. Solid.,
2002, 157, p 3–24

10. T. Byun and K. Farrell, Plastic Instability in Polycrystalline Metals
After Low Temperature Irradiation, Acta Mater., 2004, 52, p 1597–
1608

11. R. Maddin and A. Cottrell, Quench Hardening in Aluminium Single
Crystals, Philos. Mag., 1955, 46, p 735–743

12. R. Smallman and K. Westmacott, Structure of Quenched and Irradiated
Metals, J. Appl. Phys., 1959, 30, p 603–616

13. R.T. Qu, Z.Q. Liu, G. Wang and Z.F. Zhang, Progressive Shear Band
Propagation in Metallic Glasses Under Compression, Acta Mater.,
2015, 91, p 19–33

14. J.W. Wyrzykowski and M.W. Grabski, Lüders Deformation in
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on the Occurrence of the Lüders Phenomenon in CuSn2 Alloy, Mater.
Sci. Eng. A, 1989, 112, p 151–155

27. W. Bochniak, The Microstructure of Lüders Band in Cu-Sn2 Alloy, Scr.
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