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Abstract

The research undertaken for this paper was inspired by the results of theoretical analyzes and strong experimental evidence
confirming the possibility to induce the phenomenon of viscous flow (typical for liquids) in the process of low-temperature
KOBO extrusion of metals. Thus, despite the constant solid state of the metal, the KOBO plastic deformation process requires
much lower stress (low flow resistance) in comparison with conventional extrusion. On the other hand, the KOBO method
is particularly attractive due to the generation of high strength properties in the product/extrudate favorable for low (room)
temperature deformation as well as superplastic features at higher temperature ranges.

This paper presents the results of the studies on the efficiency of low-temperature KOBO extrusion of hardly-deformable
materials in massive form (Mg4Li, AK11, Cu6.5P) and fragmented fractions (2014, 7075, AZ91, titanium grade 2). Particular
attention was paid to the structure and mechanical properties of the obtained extrudates, which were rated as exceedingly
favorable. As such, the paper provides new technological arguments for the application of the KOBO method in plastic

deformation of materials as it guarantees their functional properties.

Keywords Nonferrous metals - Ingot - Chips - KOBO extrusion - Structure - Mechanical properties

1 Introduction

In earlier paper by Korbel [1] it was established that vis-
cous flow is the dominant deformation mechanism in the
KOBO extrusion of metals and it can be described by a lin-
ear mechanical characteristic typical for liquids and defined
as Newtonian laminar flow:

c=n-¢ (1)

(where o — flow stress, # — viscosity coefficient, & — strain rate).

Proving this relationship to be true during low-temper-
ature metal deformation is undoubtedly an important sci-
entific discovery and should inspire further research of the
phenomenon itself and its technological aspects (metal form-
ing technology).
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The description of the KOBO method, which gives the
metal particular structural state responsible for the viscous
flow phenomenon, together with an attempt at explaining
its physical background can be found in papers [1, 2]. The
results presented in this paper are based on the knowledge
on the deformation mechanism and ways of controlling it,
and focus mainly on the assessment of practical possibili-
ties to impact the structure and mechanical properties of
non-ferrous metal alloys in massive and fragmented form
by KOBO extrusion.

Firstly, it is necessary to outline the distinctive features
of the KOBO method and list the structural elements gen-
erated during its application as well as their relationships
with the deformation mechanism and mechanical character-
istics of the process. The KOBO extrusion process involves
reverse twisting of the die in order to create an additional
simultaneous reverse twist of the metal, i.e., conditions for
permanent change of deformation path. In comparison with
conventional extrusion, the KOBO method involves two new
parameters, namely the angle and frequency of twisting. As
a result, an intense localized plastic deformation — stratified
flow [3], occurs and an enormous, overequilibrial concen-
tration of point defects, particularly self-interstitial atoms
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with unusually low migration energy (e.g. of around 0.06 eV
for aluminum) is generated [1]. This leads to a significant
drop in the strength of bonds in the crystal lattice, which
lowers the metal's viscosity coefficient value to the level
observed in liquids (10® Pa-s) and creates the conditions
for the dominance of stratified flow. The phenomenon is
accompanied by a drop in plastic flow resistance, as shear
resistance in the viscous layers is very low. Therefore, even
though the deformed metal constantly remains in a solid
state, it behaves similar to a liquid and at low (e.g., room)
temperatures can reach a very high extrusion ratio A without
the need to limit the speed [3] of the process (strain rate).

What is particularly attractive about the KOBO method
is that the concentration of point defects remains high in the
final product/extrudate as well. At low temperatures it results
in high strength properties and at higher temperatures and
low strain rate it allows for the metal to reach a superplastic
state similar to the one occurring during KOBO process.

Transmission electron microscopy (TEM) observations of
pure metal revealed [3] that after the KOBO process it con-
tains densely situated nanometric clusters of point defects,
mainly self-interstitial atoms. Such formation of point
defects must have been created during or immediately after
the KOBO extrusion (post-deformation effect). It is impor-
tant to point out that the diffusion coefficient D indicated for
the metal undergoing KOBO extrusion is by several dozen
levels of magnitude higher than the equilibrial value.

D=Do-cd-exp<_—Ed> (2)

k-T

(where: D,— constant: geometrical and frequency param-

eter, ¢, — concentration of self-interstitial atoms, E;— migra-

tion energy of self-interstitial atoms, k — Boltzmann con-
stant, T — absolute temperature).

Similar to the role of second phase particles in alloys,

point defect clusters are an obstacle to deformation via

dislocation slip by raising the material's strength properties.
On the other hand, clusters can be transformed (,,dissolved”)
into many separate point defects, thus ,,oversaturating” the
metal as a result of both — the effect of heat (high tempera-
ture) and the applied deformation. In both cases localized
stratified flow, albeit of different intensity, can be observed.

This paper presents the results of experimental research
on low-temperature KOBO extrusion of hardly-deformable
non-ferrous metallic (mainly light) materials (Tables 1 and 2).
The samples were either in the form of massive (ingots from
the AK11, Mg4Li and Cu6.5P alloys) or fragmented (chips
from the 2014, 7075, AZ91 and Ti Grade 2 materials) and
differed in terms of strengthening state (after casting, after
heat- and mechanical- treatments).

Particular attention was paid to the studies of extrudates/
products which were subjected to structural observations and
strength testing (tensile tests at room temperature).

2 Methodology

The KOBO extrusion process was carried out on a horizontal
laboratory hydraulic press with a maximum force of 1100
kN equipped with a mechanical two-sided cyclic die rota-
tion system by an angle of up to £12°, at a frequency of up
to 8 Hz. The maximum achievable extrusion rate (punch
movement) equaled 2.0 mm/s. The press container's inner
diameter equaled 40 mm and could be resistively heated to
the initial temperature of 400 °C. In our own previous stud-
ies the used extrusion ratio 4 were between 11.1 (usually
100) [1] and 10 000 [2].

The experiments conducted for this paper included both
direct (Fig. 1a) and lateral (Fig. 1b) extrusion of materials,
mainly carried out at room temperature (cold extrusion) — [4],
and their in-depth analysis resulted in establishing effective
parameters of the process with particular consideration of the
extrudate properties (quality, mechanical parameters). The

Table 1 Chemical composition (wt.%) of the researched non-ferrous metallic alloys

Alloy Al Si Fe Cu Mn Mg Cr Zn Ni Ti Li
2014 Balance 0.5-1.2 0.7 3.9-5 0.4-1.2 0.2-0.8 0.1 0.25 0.15
7075 Balance 0.18 0.37 1.71 0.25 2.34 0.19 5.45 0.002 0.02
Mg4Li Balance 4
AZ91 8.7 Max. 0.01 Max. 0.012 Max. 0.01 0.17 Balance 0.76 0.001
Cu6.5P Max. 0.01 6.5P Balance Max. 0.05
AKI11 Balance 10.58 0.38 0.16 0.51 0.28 0.03 0.1 0.12 0.06 -
Table 2 Chgnical composition Material T N C Fe H Mg 0 Other
(wt.%) of Ti of the Grade 2 type

Ti Grade 2 Balance 0.01 0.02 0.1 0.002 0.2-0.8 0.13 <0.4
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Fig.1 Scheme of direct (a)
and lateral (b) extrusion by
the KOBO method: 1 — punch,
2 — container (recipient), 3 —
extruded material, 4 — lock,

5 —reversibly rotating die, 6 —
product, 7 — reversibly rotating
mandrel, 8 — die located on
container’s side surface

\

a)

usual reverse die rotation angle and frequency values were
+8° and 5 Hz respectively. Another variant of the experi-
ment involved a systematical reduction of the frequency
value during the process from 8 to 3 Hz in order to maintain
constant extrusion force [1, 5]. According to formula (1) it
should result in a constant viscosity coefficient 7, and there-
fore the same deformation mechanism throughout the whole
process. In this case, regardless of the material's self-induced
heating (e.g. for aluminum from room temperature to over
300 °C - [6]), the structure and mechanical properties of the
obtained product remain identical along its whole length.

3 Results
3.1 Mg-Lialloy

Products made of the MgLi alloy are usually manufactured
by die-casting, due to their low formability. It is particu-
larly true in the case of alloys with a HCP (Hexagonal Close
Packed) structure, containing up to 5.7 wt.% Li (Mg solid
solution). That is why alloys where the addition of Li varies
between 5.7 and 10.3 wt.% with duplex phase structure, con-
taining both o« — Mg phase and 8 — Li phase (Li solid solu-
tion, Body-Centered Cubic structure), are of more impor-
tance. Because phase f§ has excellent formability [7], alloys
with the structure of a + f§ can be successfully subjected
to plastic deformation. Unfortunately, despite high specific
yield strength (~160 kN-m-kg™!) in practice they display
low mechanical strength, and raising their utility properties
involves applying additional procedures, such as cold work-
ing [8], addition [9] of alloying elements (Zn, Al, Y ... ) or
precipitation hardening [10].

Even though in comparison with typical Mg alloys, the
mechanical strength of Mg—-Li alloys is much lower even
after SPD (Severe Plastic Deformation) processing [11], it
is assumed that light-weight magnesium alloys can be suc-
cessfully used in automotive [12], aerospace [13], as well as
in electronic [14] and implants production [15]. Attempts at
plastic deformation of hardly-deformable single-phase (o

)

\
NN

Z

N

\—

Ji b)

— Mg) Mgl alloys, particularly via high-temperature extru-
sion, are also carried out [16].

For this paper, the possibilities to apply the KOBO
method for low-temperature extrusion of a magnesium alloy
with 4 wt.% Li were explored. To this end, non-homoge-
nized ingot @40 mm from Mg—4wt.%Li alloy was subjected
to lateral KOBO extrusion at room temperature, as a result
of which a wire with a diameter of 0.4 mm (A = 10000) was
obtained. The extrusion rate was 0.5 mm/s. The initial die
rotation frequency of 8 Hz was reduced during the process
in order to maintain a constant extrusion force of 700 kN.
Immediately after leaving the die the wire was cooled with a
stream of air at room temperature and the pressure of 5 atm.

The lateral extrusion was chosen due to the construction
of the press, because only this way allows to lead the wire
immediately after it left the die. During direct extrusion
the product in the shape of a thin wire cannot freely pass
the distance of around 400 mm from the die to the exit of
the press and usually gets tangled up, therefore blocking
the press exit channel and terminating the procedure. It is
important to point out that regardless of the direction of the
KOBO extrusion the material follows identical mechanism
(stratified flow) as for liquids according to the Pascal law. It
was experimentally proved [4] that the actual parameters of
direct and lateral KOBO extrusion require the same process
parameters and lead to the same mechanical properties of
the extrudates.

With such conditions of the process set, the aim was to
gather precise information on the possibilities of intensi-
fying the currently used industrial multi-staged process of
manufacturing surgical sutures. Obviously, at the very high
deformation rate the heat generated during the KOBO pro-
cedure leads to a significant rise in the alloy's temperature.
Despite cooling both the alloy and the tools, the temperature
of the extruded wire in place of leaving the die was around
200 °C, which undoubtedly influenced the relatively low
strength properties.

The image of the wire as well as its structure and strength
properties are presented in Fig. 2. The quality of the wire
(its surface state) was assessed as very good. The observed
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fibrousness of structure is typical for low-temperature
extruded metals and alloys.

Electron microscopy observations (Fig. 3) indicate the
presence of low density dislocations forming homogene-
ously distributed very small cells, which can be linked to
the fact that a dynamic recovery occurs during the process.
Mechanical properties of the wire revealed by tensile test
are very attractive: YS = 198 MPa, UTS = 281 MPa, A =
10%. The tensile curve has a distinct Liider's type plasticity
boundary and a developing Portevin-Le Chatelier effect. In
comparison, Mg-3wt.%Li alloy [16] prepared by casting
reached YS = 55 MPa, UTS = 95 MPa and A = 6% during
tensile test, while during compressive test: CYS =51 MPa,
UCS =276 MPa and A = 29.3%. The alloy additionally
subjected to extrusion at high (300 °C) temperature with

Fig.2 Ingot of Mg4Li magne-
sium alloy and wires produced
out of it by low-temperature
KOBO extrusion (a); micro-
structure (b) and mechanical
properties (c) of the wire

the extrusion ratio A of 79, obtained the following param-
eters: YS = 88 MPa, UTS =175 MPa, A = 12.3% and CYS
=75 MPa, YCS = 330 MPa and A = 15%.

In paper [17], comparative strength parameters for dual-
phase structured Mg-Li alloys (6.24+9.98 wt.% Li) pre-
pared by melting, casting into a steel mold and subjected
to compression test were given. A mixture of a and f§
phases made it possible to obtain YS values of between
91.8+85.1 MPa, while the stress corresponding to com-
pressive strain equal to 35% was 300+250 MPa.

3.2 Cu6.5P alloy

Dual phase Cu-P alloys, particularly Cu-6.5wt.%P, are
known as extremely good solders that do not require flux

Tensile stress o (MPa)
g

C) Strain £ (%)

) 2o

Fig.3 Microstructure of Mg4Li wire extruded by KOBO method with the ratio A = 10000; (a, b) different magnifications
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application [18]. Unfortunately, their plastic deformation
from ingots into final extrudates with a required geometry
(such as wires or tapes) is very difficult due to the mate-
rial's low plasticity. That is why they are mostly extruded
at high temperatures [19] and subsequently subjected to
plastic forming and heat treatment [20]. Low formability of
the Cu—6.5wt.%P ingots is a consequence of their structural
composition, which is a mixture of a (P solution in Cu) and
Cu,P (eutectics) as well as large dendrites of the a phase.
Phase « is plastic, but in the company of hardly-deforma-
ble Cu,P phase, the Cu—6.5wt.% P alloy has a significantly
lower susceptibility to plastic deformation, particularly at
low (room) temperature.

For the purposes of this paper, an ingot from the Cu6.5P
alloy was prepared via semi-continuous casting. The extru-
sion ratio A of the direct KOBO extrusion was 100 (wire @4
mm), extrusion rate equaled 0.5 mm/s, and the double-sided

KOBO extrusion

v=05mm/s y=18" A=100

Various frequency Various force

Constant force: Constant frequency:
700 kN 850 kN 5 Hz 8 Hz
Billet temperature:
20 °C |100°C | 200 °C| 300 °C| 400 °C

Fig.4 Variants of extrusion by the KOBO method of Cu6.5P alloy

Extrusion force x10 (kN);
Displacement (mm)
Torque (kNm)

LK © N & o ®

Time (s)

b)

die rotation angle y = +8°. Other parameters of the process
are presented in the scheme in Fig. 4.

The registered values included extrusion force, torque
and displacement. The extrudate was subjected to struc-
tural observations and tensile testing at the rate of 8 x 107
s”', however the results were linked to the parts where the
samples were taken from (beginning, middle and end of the
wire).

Two examples of mechanical characteristics of KOBO
extrusion are given in Fig. 5. The first one corresponds with
constant die rotation frequency of 8 Hz (dropping extrusion
force), while the other shows the parameters for the process
with constant extrusion force value (systematically reduced
frequency with the initial value of 8 Hz). Summarized data
on the impact of temperature on the maximum extrusion
force and corresponding torque are shown in Fig. 6. Both,
the process temperature and twisting frequency, have practi-
cally no impact on the maximum extrusion force, as opposed
to torque. In this case the most significant changes occur
at the frequency of 5 Hz, when the torque value drops by
around 30% due to the rise in temperature from room tem-
perature to 400 °C.

Figure 6 also provides an important information con-
firming the data presented in [1] that the higher twisting
frequency (of 8 Hz) does not require higher torque values
than the lower twisting frequency (of 5 Hz). Additionally,
taking the extrusion force into account it can be stated that
the KOBO extrusion at the frequency of 8 Hz consumes
less energy than the process at the frequency of 5 Hz, which
indicates particularly favorable contribution of the so called
,,structural factor”.

Tensile curves of the wire produced according to different
variants of the KOBO extrusion are similar (Fig. 7). How-
ever, samples taken from the beginning of the wires show
low elongation (A = 4%), while in the samples taken from
other sections its values reach around 30% and apart from
the range of high rise in shear stress — visible in all of the

Constant force range

Extrusion force x10 (kN);
Displacement (mm)
Torque (kNm)

L © N & o ®

100

Time (s)

Fig.5 Mechanical characteristics of KOBO extrusion of Cu6.5P alloy at room temperature: a) extrusion with constant frequency; b) extrusion
with constant force. Note: 1 — extrusion force; 2 — displacement; 3 — torque
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Fig.6 The impact of tem-
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Fig.7 The impact of KOBO extrusion temperature at constant die oscillation frequency of 8Hz on the mechanical characteristics of the Cu6.5P
alloy: a) 20 °C; b) 200 °C. Note: 1 — beginning, 2 — middle, 3 — end of the wire

samples — they have relatively wide ,,plateau” and at the
end, the stress is gradually reducing, which is linked to the
formation of neck and eventual destruction of the samples.

The results of the Cu6.5P compact tensile testing prove
(Fig. 8) that regardless of the KOBO extrusion tempera-
ture, die rotation frequency and the place where the sam-
ple is taken from (with the exception of the beginnings of
the wires), there are no major differences in the mechanical
properties of the products. The mean values of yield stress,
tensile strength and elongation, particularly for the twisting
frequency of 5 Hz in the samples taken from the middle and
end sections of the wire are 460 MPa, 670 MPa and 30%
respectively, while for the frequency of 8 Hz they equal 450
MPa, 665 MPa and 32%. Significantly different mechanical
properties at the beginnings of wires result from the need to
initiate the phenomenon of plastic flow in the alloy in order
to obtain a high enough concentration of point defects. In
other words, the aforementioned phenomena can only occur

@ Springer

if the load in the press container undergoes cyclic change of
deformation path, dislocation dipoles are formed and subse-
quently disintegrate into separate point defects.

The strength properties of the compact obtained at room
temperature during the KOBO extrusion with constant extru-
sion force depend on the force's value, although in the con-
ducted experiments they were each time higher than under the
conditions of constant twisting frequency and have slightly
lower elongation for the extrusion force of 850 kN or higher
for the force of 700 kN, as shown in Fig. 9. Average param-
eters of the wires were as follows: YS ~ 580 MPa, UTS ~ 760
MPa, A ~ 18% at the force of 850 kN and differ from the ones
observed in the wires produced at the frequency of 8 Hz by
25; 14 and —22% respectively. On the other hand, at the extru-
sion force of 700 kN, the mechanical properties are as follows:
YS ~ 570 MPa, UTS =~ 695 MPa, A ~ 30%, and therefore
higher than the values obtained by the wires extruded at the
frequency of 8 Hz by 23; 4.2 and 30% respectively.
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Fig.8 The impact of the load heating temperature and die oscillation frequency on the mechanical properties of wires (beginning, middle and
end sections) made of Cu6.5P alloy extruded by the KOBO method; die rotating frequency 5 Hz (a-c), 8 Hz (d-f)

In Fig. 10, the structure of a Cu6,5wt.%P alloy ingot
is shown, while Fig. 11 presents a typical structure of
the wire extruded by the KOBO method. Regardless of
the extrusion parameters, the extrudate (@34 mm wires)
has a fragmented and highly homogeneous structure,
without dendrites (Fig. 11). The observations of trans-
verse micro sections of the wire extruded at room tem-
perature with the frequency of 8 Hz (Fig. 11a,b) indicate
minor differences in grain sizes at the beginning and end
of the wires, however smaller grains are always observed
in the initial fragments of the extrudate. In the case of
extrusion with constant force the differences are not
noticeable (Fig. 12). In longitudinal sections (Fig. 1lc,

d and 12c¢,d) a typically fibrous structure linked to the
direction of plastic flow of the extruded alloy is addi-
tionally visible.

3.3 AK11 aluminum alloy

Aluminum and silicon form a eutectic bond o + B, although
at room temperature the components practically do not dis-
solve in one another. Large B-phase dendrites have a nega-
tive impact [21] on both strength properties and plasticity of
the Al-Si alloys (silumins), which depending on Si content
can be highly creep resistant and have good load-carrying
capacity [22].
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Fig. 9 The impact of KOBO extrusion conditions at room temperature on the mechanical properties of wires made of Cu6.5P alloy (beginning,

middle and end sections)

a)

b)

Fig. 10 The structure of a semi-continuous casting of the Cu6.5P alloy; (a, b) various magnifications

It is commonly assumed that silumins can be plastically
deformed up to just over 1 wt.% silicon content and those
with high silicone content (10+23wt.%) have good casting
properties. However, the expectations regarding silumins
do not follow their usual classification, for instance the
Al-11wt.% Si alloy is an indispensable material for overlay
welding (counteracting the effects of misruns), even though
its manufacturing into an applicable form of wire with a
diameter of 1.0 mm requires unusually complex procedures

@ Springer

from raising ingot formability to structure fragmentation
through cooling or modification after casting.

The microstructures of as-cast Al-Si alloys are character-
ized by a nonuniformly distributed Si particles [23], coarse
primary o — Al dendrites and porosity [24]. Usually, they
are subjected to heat-treatment, which consists of solution-
izing at high temperature (e.g.: 495 °C) for a long time (8
hours), quenching in oil (at 35°) followed by tempering (at
175 °C for 6h) and finally cooling in ambient temperature
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—

<)

Fig. 11 The structure of the Cu6.5P alloy extruded by the KOBO method at die oscillation frequency of 8 Hz and at room temperature: (a, b)
cross-section; (¢, d) longitudinal section; beginning (a, ¢) and end (b, d) of the wire

[25]. Examples of mechanical properties of an aluminum
alloy containing 7.5wt.% Si (as well as 0.4Fe and 0.3Mg) in
an as-cast state are as follows: YS = 113 MPa, UTS = 154
MPa, A = 2.7%, while after heat treatment YS = 196 MPa,
UTS = 230 MPa, A = 3.3%.

The Al-11wt.% Si alloy in the form of an non-homog-
enized and unmodified ingot with the dimensions of
?40x47 mm was side-extruded at room temperature by
the KOBO method into a wire with a diameter of 0.8mm
(A = 2500). The extrusion rate was 0.2 mm/s and the ini-
tial die oscillation frequency equaled 5 Hz. The extrusion
force was maintained at the level of 1000 kN. The compact
was cooled at the press exit with a stream of air at room
temperature. Figure 13 presents the structure of an ingot
prepared for extrusion, the image of the #0.8mm wire
produced via the KOBO method, while Fig. 14 shows its
fragmented structure. The tensile curve for the wire with
characteristic Portevin-Le Chatelier strain instability is
given in Fig. 15. The properties equaled YS = 162 MPa,
UTS =261 MPa and A = 7.5%. It is commonly assumed
that the mechanical properties of the Al-Si alloys are
dependent on the size, shape and distribution of eutec-
tics and a + P particles. Small, spherical and uniformly

distributed o — Si particles increase the strength param-
eters of alloys. In comparison, the mechanical properties
of the Al — 11.6wt.% Si ingot [26] are as follows: YS = 80
MPa, UTS = 185.4 MPa, A = 5.8%.

3.4 Recycling by the KOBO method

The most commonly applied metallurgic recycling method
of metallic wastes (above all machining chips) is more often
than not considered to be ineffective and unacceptable due to
huge material losses (mainly its ,,burnout”), negative impact
on natural environment, energy consumption [27] and high
workload [28].

The main aim of KOBO extrusion of fragmented metallic
fractions (wastes, chips) is to fully consolidate them into a
solid product with a set geometry without the occurrence
of liquid phase. Reaching satisfactory density and expected
mechanical properties not differing from those obtained
from a solid material/load via the KOBO method requires
intimate adherence of neighboring and chemically active
surfaces of various load fragments, which depends on the
value of compressive strength (hydrostatic stress) and sus-
ceptibility to plastic deformation.
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Fig. 12 The structure of the Cu6.5P alloy extruded by the KOBO method at constant extrusion force of 850 kN and at room temperature: (a, b)
cross-section; (¢, d) longitudinal section; beginning (a, ¢) and end (b, d) of the wire

a)-b)

Fig. 13 The structure of as-cast AK11 alloy; (a, b) different magnifications

Conventional high-temperature extrusion of fragmented
fractions [29] usually does not guarantee satisfactory con-
solidation due to excess oxidation of the load and highly
limited extrusion ratio A, resulting from insufficient press
force of the equipment (presses) usually used for that pur-
pose [30]. On the contrary, low-temperature KOBO extru-
sion reveals ,,fresh” surfaces of load fragments (devoid of

@ Springer

oxides and other pollutants, e.g., remnants of emulsions
from machining), which get closer to one another even
under low stress, leading to the formation of atomic bonds
between them. Localization of deformation also affects dif-
fusion processes leading to their intensification, as the point
defects in shear bands are the carriers of these phenomena
and therefore become an additional consolidation factor.
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a)

<)

Fig. 14 The image of wire (a) from the AK11 alloy extruded by the KOBO method at extrusion ratio A = 2500 (0.8 mm) and its fragmented

microstructure (b, ¢)

3.4.1 Chips of aluminum alloys
Industrial chips of 2014 and 7075 alloys (Fig. 16a, b) were

subjected to low-temperature (room temperature) extrusion
by the KOBO method without any chemical or mechanical
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Fig. 15 Mechanical characteristics of the 0.8mm wire made of AK11
alloy lateral extruded by the KOBO method

cleaning from the remnants of machining (turning) emul-
sions. The chips were earlier stored at room temperature
in a place of low-humidity for a couple of days, where they
were dried and subsequently densified under the pressure
of 300 kN into briquettes (loads) with a diameter of #39.5
mm and length of 50 mm (Fig. 16¢, d). The KOBO extru-
sion process was carried out without pre-heating the loads,
i.e., on a ,,cold press” (at room temperature) at the rate of
0.2 mm/s. Initial die rotation frequency of 8 Hz was sys-
tematically reduced in order to maintain the set, constant
extrusion force (700 and 850 kN). Dies of different shapes
and sizes of working apertures were used in order to obtain
a compact with functional properties. The extrusion ratio
was not high — between 25 and 40. Upon exit from the
die, the compact was immediately cooled with cold water.

Examples of the KOBO process force characteristics are
presented in Fig. 17, while Fig. 18 shows the image of the
obtained compact.

Mechanical properties of the compact's circular section
were established via tensile testing conducted at room tem-
perature and the rate of 8x1073 s! (Fig. 19 and Table 3).
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¢)

d)

Fig. 16 Examples of aluminum 2014 (a) and 7075 (b) chips and their compacted form (¢, d) respectively

Tensile curves reveal a Portevin-Le Chatelier phenom-
enon commonly observed in alloys and the compact's
mechanical properties are better than those recorded for
products manufactured metallurgically after oversatura-
tion. As proved in earlier papers (concerning the KOBO
method), the mechanical properties of the compact - apart
from the type of alloy - strongly depend on the extrusion
ratio A, extrusion rate and temperature, and most of all on
the angle and frequency of die oscillation, in other words
on the set parameters of the KOBO process. The higher the
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processing degree A, the more favorable the effect of consoli-
dation. However, even under far from optimal experimental
conditions (A > 40) no structural discontinuities in the com-
pact were observed. Figure 20 presents typical structures of
the wire obtained via consolidation of industrial chips from
2014 and 7075 alloys without the liquid phase. The pro-
cess normally results in ,,irregularities” observed in cross-
sections (flow lines are curved in opposite directions to one
another — Fig. 20c) which result from double-sided twisting
of the alloy during KOBO extrusion.
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Fig. 17 Curves of plastic consolidation of AA2014 industrial chips via KOBO extrusion: a) angle profile, b) I-beam. Note: 1 — extrusion force;

2 — displacement
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Fig. 18 Images of profiles obtained by plastic consolidation of aluminum alloy industrial chips by the KOBO method: a) 2014; b) 7075
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Fig. 19 Tensile curves for =6mm rods obtained by KOBO method
consolidation of industrial chips from aluminum alloys 7075 (1) and
2014 (2)

Table 3 Mechanical properties of aluminum alloys' compact obtained
via plastic consolidation with the KOBO method

Material YS (MPa) UTS (MPa) A (%)
7075 195 327 3.8
2014 179 254 10.1

3.4.2 AZ91 chips

The recycling of magnesium alloy machining chips while
avoiding metallurgical processes is one of the current
challenges in materials science. The complex nature of
the process is exacerbated by the fact that the fragmented
chips easily become oxidized and can catch fire, which
significantly increases their processing costs. Therefore,
establishing new recycling methods is of great importance.

Conventional high-temperature extrusion of machining
chips does not lead to their satisfactory consolidation, due
to the rather low processing ratio of the procedure [31]

and high near-surface oxidation of individual chips [32].
Attempts at solving the problem via the SPD methods [33],
particularly ECAP (Equal Channel Angular Pressing) [34],
and CEC (Cyclic Extrusion-Compression) [35] conducted
to date, have proved to have low performance values and
thus, their results do not encourage their implementa-
tion on an industrial scale. Taking this into account, the
experimentally documented possibilities for consolidation
of magnesium alloy machining chips via low-temperature
KOBO extrusion opens both new research and practical
opportunities.

Two types of chips of the AZ91 alloy were subjected to
consolidation by low- temperature KOBO extrusion. One
type was obtained via turning without the use of emulsions
(under laboratory conditions) and the other with the use of
emulsions (under industrial conditions). The chips were not
cleaned thermally nor mechanically and were stored for 48h
in advance in a place of room temperature and low humidity.

Modified load from initially briquetted chips and a small
element blocking the die exit made from the same alloy in a
solid state were used (Fig. 21) in order to prevent potential
pushing of the unconsolidated or not fully consolidated chips
at the very beginning of the process. Relevant shape of the
blocking element guaranteed that the die rotation would be
fully carried onto the briquette (which prevented ,,slipping”
of the blockade upon touching the briquette).

In Fig. 22 mechanical characteristics of the compact
obtained via KOBO extrusion from ,,clean” chips. Curve 1
corresponds with the beginning of the compact originating
from the solid alloy (blocking element), while other curves
correspond with the compact produced from chips con-
solidated during KOBO extrusion, including its end parts
—curves 2.

Microstructures of the extrudate obtained from chips are
shown in Fig. 23. The same set of results for industrial chips
(i.e., polluted with emulsion) is presented in Figs. 24 and 25.

The obtained results were rated as satisfactory. The
use of the element blocking the flow of compact made it
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Fig.20 Structures of profiles extruded by the KOBO method from industrial chips of the 2014 alloy (a, b) and 7075 alloy (c, d); cross-section

(a, ¢); longitudinal section (b, d)

a)

b)

Fig.21 Image of the AZ91 magnesium alloy briquette in the form of compacted chips with the additional blocking element (,,blockade”);

decomposition of load (a) and prepared for extrusion (b)

possible to maintain a relatively high and constant extru-
sion force throughout the KOBO procedure, which is
extremely difficult in the case of extrusion of fragmented
fractions controlled merely via reduction of die oscillation
frequency. As a result @4 mm rods of good quality were
obtained at room temperature from AZ91 alloy chips the

@ Springer

density and mechanical properties of which correspond
with those of their solid fraction.

3.4.3 Chips of titanium (Grade 2)

Titanium shows very high affinity to oxygen and nitrogen
so melting its chips needs application of vacuum or an inert
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Fig.22 Tensile curves of wire made of cleaned AZ91 alloy chips
consolidated by the KOBO method: 1 — beginning and 2 — ends of
the wire

gas. Low-temperature KOBO extrusion makes its recycling
significantly easier. In order to confirm the effectiveness of
the process, studies on titanium (Grade 2) chips consolida-
tion on the KOBO press at the temperature of 350°C were
conducted. At such temperature the chips do not yet recrys-
tallize and the process of compact flow could be initiated.
It was necessary due to high plastic flow resistance of Ti,
as even the maximum press force (1100 kN) turned out
too low to initiate the process at room temperature. On the
other hand, due to prolonged passive oscillation the die wore
quickly. It is important to point out that after initiating the
process at 350 °C, at the rate of 0.1 mm/s, double-sided die
rotation frequency of 5 Hz and extrusion ratio A=25, it was
constantly carried out with the maximum pressing force.
Figure 26 shows subsequent stages of Ti (Grade 2) chips
consolidation via KOBO extrusion, the compact structure and
its mechanical properties. Based on this data, it can be assumed
that low-temperature KOBO extrusion of titanium chips can
be successfully applied for recycling without the liquid phase.

[T
a)

b)

Strain € (%)

Fig. 24 Tensile curves of wire made of emulsion-polluted AZ91 alloy
chips consolidated by the KOBO method: 1 — beginning; 2 — middle
and 3 — end of wire

Interesting data on Ti chips consolidation via the KOBO
method can also be found in paper [36], which focuses on
the assessment of compact density, structural observations
and mechanical properties measurements depending on the
place of sampling. It was established that the extrudate had a
small number of voids [37, 38] and a homogeneous grained
structure and that the mechanical properties of the extru-
dates/rods were close to that of titanium from which the
chips were produced.

4 Summary

In the recently published paper [3] on the possibilities of
controlling the structure and mechanical properties of met-
als through the application of particular plastic deformation
scheme, the following important statement was made:

Fig. 23 Microstructures of wire made of cleaned AZ91 alloy chips consolidated by the KOBO method; (a, b) different magnifications
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a)-b)-

Fig. 25 Microstructures of wire made of emulsion-polluted AZ91 alloy chips consolidated by the KOBO method; (a, b) different magnifications

c) d)

Fig.26 Subsequent stages of titanium Grade 2 chips consolidation via the KOBO method: a) chips; b) briquette; ¢) extrudate/rod; d) rod struc-
ture; €) rod microstructure (TEM)
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“Therefore, a question whether using quite compli-
cated technological measures has already allowed to
obtain the best possible properties of a metallic mate-
rial, which has already been deformed or is undergo-
ing a deformation process or, in other words, whether
potential properties generated by plastic deformation
processes in the structure of metallic materials have
been used to their maximum, is worth asking”.

Experimental results obtained for the purpose of this
paper point to new areas of research and prove that it is
worth exploring them in order to find innovative solu-
tions based on the twenty year old concept of Struc-
ture Based Design of Metal Forming Operations (SBD-
MFO) [39]. Particularly the KOBO method, developed
as a result of this concept, is key to highly economical
industrial production processes involving plastic defor-
mation of hardly-deformable metallic materials not only
in solid state but also in fragmented fractions (chips), as
it significantly impacts their structural state both dur-
ing and after the KOBO procedure. i.e., the structure of
extrudates (post-deformation effect), guaranteeing their
high functional properties.
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