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Abstract: The effects of severe plastic deformation (SPD) with a forward-backward rotating die
(KOBO extrusion) on pure magnesium, in the form of cold-compacted powder, sintered powder,
or cast ingots as reference, were examined. This method is known to reinforce metals, but the
role of the initial form of magnesium applied in the fabrication of metal-based rods, as well as
related phenomena, has not been characterized until now. The problem is important in the potential
processing of commercial metal powders, the recycling of metal shavings, and the fabrication of metal
matrix composites with discontinuous reinforcing phases. In the presented experiments, rods of 8 mm
in diameter and 400 mm in length were obtained, and the structural effects induced by KOBO that
occurred on a macro- and microscale on the surface and cross sections were characterized. Changes in
the size and orientation of x-Mg crystallites were determined by XRD. The porosity, hardness, tensile
strength, and compressive strength were measured, and the mechanisms of decohesion dependent
on starting metal form were analyzed. After KOBO extrusion, significant differences were observed
in the microstructure and properties between the materials derived from cold-compacted powder,
sintered powder, and reference cast magnesium. Due to the application of KOBO, apart from «-Mg
grain refinement, the MgO derived from the initial powder’s surface was refined to fine regular
particles surrounded by magnesium. Their bands curved in the perpendicular plane and were
oriented with the extrusion direction of the formed network, which augmented some mechanical
properties and changed the decohesion mechanism. The conducted experiments revealed that before
extrusion by KOBO, the magnesium powder required sintering under pressure.

Keywords: magnesium-based materials; powder metallurgy; extrusion; SPD; KOBO; cellular structure

1. Introduction

Various technologies can be used for the fabrication of metal items, but casting and
powder metallurgy are the leading techniques. In addition, the manufacture of metal rods,
wires, or sheets needs many forming and heat-treating techniques. Usually, for this type
of product, cast ingots of various shapes and sizes are used as raw materials, but in some
cases metal powders or shavings are used instead [1-9]. The processing of metal matrix
composites, apart from appropriate metal deformation, additionally requires a strong
bonding between the components and a homogenous distribution of the reinforcing phases
(particles or discontinuous fibers) [10-14]. In this case, to obtain metal matrix composite
rods or another composite product of suitable geometry, ingots fabricated by stir casting or
powder component mixtures are usually employed.
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The issue considered in this study is the application of severe plastic deformation
(SPD) with a forward-backward rotating die (KOBO) [15-21] using magnesium powder
as a raw material. This type of extrusion belongs to the large group of SPD methods
extensively described in the literature for the processing of various materials, but in contrast
to previously described methods also enables the fabrication of rods with cross sections of
various shapes and sizes. The SPD methods that are most frequently used and described in
the literature are: equal channel angular extrusion [22-24], high-pressure torsion [25-27],
accumulative roll bonding [28-30], repetitive corrugation and straightening [31-33], and
asymmetric rolling [34-36]. The aim of all of them is the intense refining of the metal grain
size in order to obtain superior mechanical properties. The usefulness of SPD methods in the
processing of metal matrix composites has also been examined, and it was found that they
can ensure an effective augmentation in the mechanical properties of the composites [37-41].
These advantageous properties are mainly due to metal grain refinement, while the other
components present largely play the role of functional additions changing the tribological,
electrical, or thermal properties. The lower reinforcing effect of particles or short fibers
is related to phenomena induced at the metal/reinforcing phase interface by intense
plastic deformation.

In the case of the KOBO method, better mechanical properties were obtained af-
ter the application of cast alloys of aluminum [17,42,43], magnesium [44-50], and cop-
per [51-55], as well as composite ingots with matrices of aluminum [56], magnesium [57],
and silver matrix composites [58]. The application of magnesium powder to KOBO ex-
trusion is a new technological concept, which requires studies covering potential rod
fabrication from magnesium powders, shavings, and matrix composites with functional
phases. The implementation of these concepts requires a thorough knowledge of the struc-
tural effects occurring in magnesium powder processed by KOBO and its influence on
decohesion effects.

In comparison with the extrusion of cast raw materials, an additional structural
element, MgO, which arises from the presence of a surface oxide film on magnesium
powders or shavings, is an inherent feature affecting powder grain consolidation, both in
cold and hot forming techniques. The phenomena occurring in powder consolidation start
to be even more complex when nonmetallic submicro and nanosized components, such as
nanoparticles, nanotubes, and nanoflakes, are added to the magnesium [59].

In the experiments presented herein magnesium rods extruded by the KOBO method
and obtained from three different raw materials—mechanically compacted magnesium
powder, sintered magnesium hot pressed in a vacuum, and an ingot of pure magnesium for
comparison—were characterized. The examinations were focused on structural phenomena
observed both on the rods’ surfaces and their cross sections. The tensile and compressive
strength were determined, and structural effects occurring at the fractures were analyzed.
The results obtained allowed the most convenient initial form of magnesium powder for
KOBO processing to be determined. Moreover, the results presented in this study can be
helpful in understanding the phenomena occurring in magnesium matrix composites with
micro- and nanosized reinforcement that are processed by SPD methods. The results of
KOBO extrusion for the Mg-CNT system will be presented in a further paper.

2. Materials and Methods

Three types of raw material were chosen for rod fabrication with KOBO extrusion:
pure magnesium powder (63-250 um, product number 13112, Sigma Aldrich, Saint Louis,
MO, USA) treated by cold compaction under a pressure of 30 tons (sample diameter
40 mm), sintered magnesium obtained from the same powder by hot pressing under
vacuum (temp. 350-600 °C, pressure 1.5-15 MPa), and magnesium of technical purity
as a reference. Figure 1 shows macrographs of the initial samples used for the experi-
ments, while Figure 2 shows the micrographs of their etched cross sections (33 mL H,O,
66 mL C;H50H, 1 mL HNOg, 2 g citric acid) obtained by light microscopy (LM) (Nikon
Eclipse MA-200, Nikon Metrology, Tokyo, Japan).
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a)

Figure 1. Raw materials used for metal rod processing by KOBO extrusion: (a) Mg powder macro
and microstructure before compaction, (b) sintered Mg billet, (c) cast Mg billet.

Figure 2. LM micrographs of raw material cross sections (etched): (a) Mg powder embedded in resin,
(b) sintered Mg, (c) cast Mg.

KOBO extrusion was conducted using a hydraulic press with a maximum extrusion
force of 1 MN. Initial samples, 40 mm in diameter and 20 mm high, were reversibly twisted
with a constant angle of +8° just before entering the die, where the cross section was
reduced to 8 mm (extrusion ratio A = 25). After obtaining the maximum force, a die
oscillation frequency of 5 Hz and an extrusion rate of 0.2 mm/s were applied. Neither the
samples nor any part of the equipment were additionally heated, so the process can be
classed as cold extrusion. However, the processes occurring in the material and its friction
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with the die induced heat, and the temperature determined with a thermographic camera
just behind the KOBO die was estimated at approximately 200 °C [60]. A scheme of the
KOBO extrusion is shown in Figure 3. The curves of extrusion force vs. time registered
for each KOBO process are presented in Figure 4, while Table 1 shows the measured
maximum force, as well as the required time and displacement to reach that force. The
following abbreviations are used: Mg(P)—compacted magnesium powder, Mg(S) sintered

magnesium, and Mg (C)—cast magnesium.

1

Figure 3. A scheme of direct extrusion by the KOBO method: 1—punch, 2—container, 3—reversibly
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rotated die, 4—extruded metal/billet, 5—product (rods).
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Figure 4. Curves of extrusion force vs. time registered for KOBO extrusion at room temperature with
frequency 5 Hz, extrusion rate 0.2 mm/s, and extrusion ratio A = 25 for: (a) compacted magnesium
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powder Mg(P), (b) sintered magnesium powder Mg(S), and (c) cast magnesium Mg(C).
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Table 1. Time and displacement parameters for maximum extrusion force during KOBO extrusion of
magnesium raw materials.

Maximum Extrusion Force [kN] Time [s] Displacement [mm]
Mg(P) 40 x 20 mm 476 42 7.3
Mg(S) 40 x 20 mm 379 30.4 5.2
Mg(C) 40 x 20 mm 624 24 2.7

The macrostructure of the rod surfaces and non-etched cross sections was examined,
and the microstructure of the polished and etched (I step 33 mL H,O, 66 mL C,HsOH,
1 mL HNOg, 2 g citric acid, II step 100 mL C,H50H, 10 mL HCl, 3 mL HNOj3) samples was
then characterized by LM, revealing the arrangement of both a-Mg and MgO.

X-ray diffraction (XRD) methods were employed for the characterization of crystallite
size in the raw materials and KOBO-processed rods, using a D8 Advance diffractometer
(Bruker AXS, Karlsruhe, Germany) with a Cu-Ka cathode (A = 1.54 A) operating at 40 kV
voltage and 40 mA current. The scan rate was 0.60° /min, with a scanning step 0.02° in
a range of 20° to 120° 20. The identification of fitted phases was performed using the
DIFFRAC.EVA program with the ICDD PDF-2 database, while the exact lattice parameters
of the fitted phases were calculated using Rietveld refinement with the TOPAS 6 program,
based on Williamson-Hall theory. The pseudo-Voigt function was applied to the description
of diffraction line profiles by the Rietveld refinement [61-64]. The Ryp (weighted-pattern
factor) and S (goodness-of-fit) parameters were used as numerical criteria of the quality of
the fit calculated with respect to the experimental diffraction data [63].

The open porosity of the obtained rods, the initial sinter, and the reference cast magne-
sium was measured by the Archimedes method (PN-EN 993-1:2019-01). Their hardness
was determined by the Vickers method (HV0.2) with a Zwick 110 hardness tester (Zwick-
Roell, Ulm, Germany). Rods of diameter ¢ = 8 mm were then prepared by machining
samples for tensile strength tests (h = 70 mm, ¢ = 8 mm; gauge h = 40 mm, ¢ =5 mm) and
also for compressive strength tests (h = 14 mm, ¢ = 7 mm). These diameter reductions
allowed the macrodefects on the rod surfaces that formed in the KOBO extrusion to be
removed. The mechanical property investigations were conducted for tensile strength
with an MTS-Landmark 100 kN (MTS Systems, Eden Prairie, MN, USA) and an Instron
4400 (Instron, Norwood, MA, USA) for compressive strength. For mechanical properties
examinations, for each case, tests were applied on 3 samples taken from the end part
of extruded rods. The microstructure of the fractured surfaces formed in both tests of
mechanical properties was characterized by scanning electron microscopy using a Hitachi
3400 N (Hitachi, Tokyo, Japan).

3. Results and Discussion
3.1. Macrostructure and Microstructure

The macrostructure of the magnesium rod surfaces and the polished and non-etched
cross sections after KOBO extrusion are shown in Figure 5. On the shiny surfaces of both
the Mg(P) and Mg(S) rods, regular plates resembling fish scales were formed, oriented in
line with the extrusion direction. Moreover, the length and depth of the scales on the Mg(P)
rod were higher than those on the Mg(S) rod, being approx. 1.9 mm and 1.3 mm in length
and 0.7 mm and 0.4 mm in depth, respectively. On the Mg(C) rod, which was also shiny,
only a regular relief in the form of crossing lines oriented at 45° to the extrusion direction
was observed.

The results of the open porosity measurements are presented in Table 2, and they are in
good agreement with the macroscopic observations and well-known effects usually induced
by plastic working. The extrusion process caused a decrease in porosity in both the sintered
and cast magnesium. In the case of rods obtained from cold compacted magnesium powder,
where the scales were longer and deeper, the open porosity was the highest. Additionally,
it must be mentioned that the KOBO extrusion of the compacted powder gave a porosity
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less than of that the sintered sample prior to extrusion (Table 2). Generally, the effect of
scale formation on the rod surfaces and the differences in porosity can be explained by the
high friction between the KOBO die and magnesium enriched in MgO, as well as by the
interaction between single powder grains covered with MgO film. The size of the scales,
both in length and depth, was several dozen percent higher for Mg(P) than for Mg(S). This
effect comes from a weaker bonding between powder grains in the Mg(P) sample, since
they were only mechanically compacted, meaning that the rods had greater friction with
the die surface, while their movement and deformation were both easier.

Extrusion direction

Figure 5. Macrographs of magnesium rod surfaces and cross sections obtained from: (a) com-
pacted magnesium powder—Mg(P), (b) sintered under pressure magnesium powder—Mg(S), (c) cast
magnesium—Mg(C).

Table 2. Results of open porosity measurements determined by Archimedes method.

POROSITY, %
Mg(P) after Mg(S) after Mg(S) after Mg(C) after Mg(C) after
Extrusion Sintering Extrusion Casting Extrusion
4.12 5.18 3.92 1.03 0.83

The analysis of force vs. time curves for KOBO extrusion (Figure 4 and Table 1) showed
that the value of maximum force necessary for rod fabrication was highest for the cast
initial material, and its maximum was reached in a shorter time compared to the other two
samples. This behavior suggests that plastic deformation and changes in grain size are
the main processes in cast magnesium structure transformation. The comparison of the
curves for cold compacted and sintered powder extrusion revealed that a higher maximum
force and a longer processing time were needed for the compacted powder. In this case
the movement of the raw powder grains seemed to be easier due to weak bonding, but the
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friction between them was more intense. The observed differences in KOBO processing
(maximum force value, time, and displacement) between cold compacted powder, sintered
powder, and cast magnesium indicated that the consolidation and grain refinement induced
by SPD can give different effects on magnesium due to the presence of an MgO film in the
raw material. This issue will be presented in greater depth later in this paper.

The microstructure of the polished and etched samples at transverse and longitudinal
sections was characterized by LM, and the results are presented in Figures 6-8. The
observations revealed a-Mg grain boundaries and MgO (very fine spherical dark phases)
in all the materials, but differences in their content and arrangement, depending on the
sample type and plane orientation, could be observed. In the Mg(P) material in the section
transverse to the extrusion direction (Figure 6a,b), the refined oxides formed slightly curved
chains or accumulated around the «-Mg grains. In the Mg(S) rod (Figure 7a,b), both effects
were also visible, but the concentration of refined oxides was less. In the Mg(C) rod
(Figure 8a), only single and very fine oxides were noted. The longitudinal sections of the
Mg(P) rod exhibited (Figure 6¢,d) oxide bands that were also present in the Mg(S) rod
(Figure 7c,d) but were thinner. In the case of the Mg(C) rod (Figure 8b), in the longitudinally
oriented sample, only very fine single oxides unconnected with each other were noted.

The concentration of oxides was higher in the Mg(P) sample compared with the Mg(S)
sample, but the band distances were similar. This effect could have been a consequence
of the consolidation conditions for the Mg powder. Due to friction in the air atmosphere
during cold compaction and subsequent KOBO extrusion, further oxidation of newly
formed oxide-free microareas may have occurred.

Figure 6. LM micrographs of etched transverse (a,b) and longitudinal (c,d) sections of Mg(P) rod
KOBO-extruded: 1—MgO bands, 2—a-Mg grains, 3—x«-Mg grains of shape determined by MgO
bands position.
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Figure 7. LM micrographs of etched transverse (a,b) and longitudinal (c,d) sections of Mg(S) rod
KOBO-extruded: 1—MgO bands, 2—a&-Mg grains, 3—«x-Mg grains of shape determined by MgO
bands distribution.

Figure 8. LM micrographs of etched transverse (a,b) and longitudinal (c,d) sections of Mg(C) rod
KOBO-extruded: 1—single MgO particles, 2—x-Mg grains.
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In the LM examinations, qualitative differences in the size of the x-Mg grains and their
shape induced by KOBO extrusion were noted. The size of the x-Mg grains in the Mg(P) and
Mg(S) was similar and evidently less than in Mg(C). Moreover, in Mg(P) and Mg(S) some
grain boundaries shape was determined by the oxide band position (Figures 6¢,d and 7c,d).
Therefore, apart from the band orientation occurring at the longitudinal section, some
x-Mg grains boundaries were also oriented. Both differences in grain size and shape
can be explained by differences in the dynamic recrystallization. In the case of pure cast
magnesium applied as initial material, the grain growth was not limited by oxides, while
in the compacted or sintered powder the metal deformed by SPD processing was restricted
by being between the oxide bands. Deeper analysis of structural changes will be conducted
in the future with TEM (Transmission Electron Microscopy), EBSD (Electron Back Scattered
Diffraction), and quantitative image analysis.

XRD was employed in this study, and the lattice parameters, lattice strain, and the
crystallite size in the perpendicular and longitudinal orientations to the extrusion direction
were determined. The results are presented in Table 3.

Table 3. Lattice parameters, lattice strain, and crystallite size determined for raw materials and rods
extruded by KOBO method.

°

Sample Lattice Parameters, A Lattice Strain, % Crystallite Size, nm

Mg, reference from ICDD ! a=3.2095, c =5.2104 - -
Mg, powder 2 a=3211,c=5.214 0.13 +0.01 161 +3
Mg(P) rod, perpendicular a=3211,c=5.212 0.09 +£0.01 232 £ 4
Mg(P) rod, longitudinal a=3.212,c¢=5.213 0.09 +0.01 271 £9
Mg, sintered 2 a=3.210,c=5211 0.08 + 0.01 360 £ 10
Mg(S) rod, perpendicular a=23210,c=5211 0.11 £+ 0.02 210 + 10
Mg(S) rod, longitudinal a=3.210,c=5.211 0.11 £ 0.02 270 £5
cast Mg (%) a=3212,c=5.212 0.07 + 0.01 321 +8
Mg(C) rod, perpendicular a=3212,c=5213 0.14 £ 0.01 297 £9
Mg(C) rod, longitudinal a=23.211,c=5213 0.04 +£0.01 309 £7

1__International Center for Diffraction Data, card No. #00-004-0770. 2—values for perpendicular and longitudinal
directions almost the same.

Rietveld refinement studies of our Mg-based materials showed the presence of just the
x-Mg phase (P63 /mmc space group), with a minor variation in lattice parameters (Table 3).
The highest lattice strain and smallest crystallite size was found in magnesium powder,
which can be explained by the rapid crystallization in the fabrication process for such
powders. Sintering caused a twofold increase in crystallite mean size and a simultaneous
strain decrease. KOBO extruded rods (Mg(P)) fabricated from cold compacted powder
exhibited a lattice strain decrease and crystallite size increase. They were oriented with the
extrusion direction, and their longitudinal size was 16% higher than their perpendicular.
In the case of extruded sintered material (Mg(S)), the lattice stain was the highest, but the
crystallite size was less than in the initial sintered material, and they were also oriented
with respect to the direction of extrusion, with their longitudinal size being 29% higher
than their perpendicular. Compared to the initial sintered material, these values decreased
by 42% in the perpendicular and 25% in the longitudinal orientations. Examination of the
reference material showed a decrease in crystallite size of ~8%, but no orientation was
detected, and this result indicated the effect of full dynamic recovery and recrystallization
occurring in KOBO-processed rods produced from cast initial material.

As shown by XRD, the size of the crystallites was less for rods processed from magne-
sium powder than for those fabricated from cast magnesium, while anisotropy dependent
on the extrusion direction was also noted for the powder-derived material. These results
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are in good agreement with the LM observations, and they confirm the influence of MgO
bands on magnesium refining and recrystallization processes. It must be mentioned that
XRD analysis of the MgO microstructure changes induced by magnesium powder KOBO
processing was not possible, due to the crystalline oxide content being insufficient for
that method.

3.2. Mechanical Properties and Decohesion Effects

The results of hardness measurements (HV0.2) presented in Table 4 exhibited evident
differences, depending on the raw material applied in the KOBO extrusion. The hardness
of the materials obtained from magnesium powder was slightly higher in their transverse
section than in their longitudinal section, and it was evidently higher than that of the
material extruded from cast magnesium, where no hardness anisotropy was detected. This
effect can be explained by differences in microstructure, such as the finer x-Mg grain size
in the Mg(P) and Mg(S) rods, which was visible in the LM images, and the presence of very
fine MgO phases, for the influence of MgO also affected the measurements in the transverse
and longitudinal sections. Two reasons are possible for the higher hardness of Mg(S) than
Mg(P) rods—the slightly higher porosity of the Mg(P) sample and the higher content of
MgO, which can form bands of agglomerated particles. The role of potential differences in
grain size distribution needs further examination.

Table 4. Results of tensile and compressive strength tests and HV0.2 measurements determined for
KOBO-extruded rods.

Material Tensile Test Compressive Test Hardness HV 0.2
UTS 0.2 % OYS E 0 max YS E Before T Longitudinal
[MPa] [MPa] [GPa] [MPa] [MPa] [GPa] KOBO ransverse &
Mg(P) 108.63 97.48 30.75 183 133.6 11.1 34 46.6 445
& +723 +233 +0.92 +21.5 +32 +0.2 +3.58 +34 +44
Mg(S) 173.55 1145 33.95 320.3 171.6 12 33.9 51 50.6
& +191 =+ 19.66 +4.03 +10.8 +6.4 +£0.8 +37 £29 £33
Mg(C) 206.19 171.23 22.1 349 68.2 9.4 32 344 34.8
& +2.84 +4.14 +41 +224 +0.2 +1.01 +1.21 +14 +3.2

The results of tensile and compressive strength tests are presented in Table 4 and
Figures 9-16.

For the tensile strength examination, it was found that the UTS and 0.2% OYS, as well
as the strain, gave their best values with the Mg(C) rods, but the Young’s modulus was
higher for the rods obtained from powdered magnesium, both sintered, Mg(S), and cold
compacted, Mg(P). Higher values of the Mg(C) UTS, 0.2% OYS and the strain, despite of
higher crystallites size than other materials, can be explained by it lower porosity. The
lower Young’s modulus is due to the lack of refined MgO grains. The comparison of Mg(S)
and Mg(P) rods showed that all the parameters determined by the tensile strength tests
were higher for the previously sintered powder-derived material.

Differences in the macro- and micro-observations of rods that were fractured in the ten-
sile strength tests were revealed, depending on the applied raw material. In the macroscale
images (Figures 11 and 12), both in the Mg(P) and Mg(S) rods, the fracture occurred without
neck formation and was of the cup and cone type. Additionally, in case of the broken Mg(P)
specimen, two zones (Figure 11), the inner one with dimensions of approx. 3.2 mm and
the outer resembling a ring approx. 0.9 mm thick, occurred at the cross section, both in
the cup and cone parts of the fracture. In the SEM micrographs, bands of deformed metal
were observed, oriented with the extrusion and the force applied in the tensile strength
test. In the perpendicular plane they formed very characteristic bands separated by voids
of a similar shape. Moreover, very fine and regular oxide phases were detected on the
surface of the magnesium bands. These results indicated the formation of a 3D network by
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the oxide/refined x-Mg mixture, which was oriented with respect to the KOBO direction.
Microareas of small dimples, typical for plastic deformation, were occasionally visible with
higher magnification. The fracture morphology was quite similar for both sample zones,
but that inside was less compact and the irregular slits between the deformed metal were
more frequent, indicating worse compaction and powder consolidation during the extru-
sion. The macroscale images of fractured Mg(P) (Figure 11a,b) revealed that the outer zone
was stronger and cracked in a brittle manner, while the formation of a characteristic cone
suggested a shear fracture. These observations are in good agreement with effects visible
on a microscale and confirm the influence of refined oxides on the fracture mechanism.
The morphology of the fractured Mg(P) sample indicates the necessity of strong control of
technological parameters when only a compacted powder is used as raw material.

250
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Mgs) . o
T 150 -
s 3
g Mg(P)
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Figure 9. Representative curves obtained in tensile strength tests for magnesium rods extruded
by the KOBO method from cold compacted magnesium powder—Mg(P), sintered magnesium
powder—Mg(S), and cast magnesium—Mg(C).
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Figure 10. Representative curves obtained in compressive strength tests for magnesium rods extruded
by the KOBO method from cold compacted magnesium powder—Mg(P), sintered magnesium
powder—Mg(S), and cast magnesium Mg(C).
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e

ZONE1

Figure 11. Decohesion effects in Mg(P) rod after tensile strength test. View of sample, fracture of
cone and cup type with two zones inside and outside (a—c). SEM micrographs of fracture surface
(d—i) with plastic deformed bands (1), cracks (2), and fine oxides (3).
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Figure 12. Decohesion effects in Mg(S) rod after tensile strength test. View of sample, fracture of cone
and cup type (a—c). SEM micrographs of fracture surface (d—i) with plastic deformed and curved
metal bands (1), cracks (2), fine oxides (3), and dimples of plastically deformed x-Mg (4).
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Figure 13. Decohesion effects in Mg(C) rod after tensile strength test. View of sample, fracture of
quasi-brittle type with approx. 45° angle (a—c). SEM micrographs of fracture surface (d—i) with cracks
perpendicular to extrusion direction (1), cleavage metal decohesion (2), and dimples of plastically

deformed «-Mg (3).
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Figure 14. Decohesion effects in the Mg(P) rod after compressive strength test. View of sample
(a,b), fracture of cone and cup type with cracks (1) at the machined surface. SEM micrographs of
fracture surface: (c,e,g) splits (2) of deformed fine grained metal with dispersed oxide particles (3),
and (d,f,h) metal bands (4) with refined oxides (3) separated by cracks (1).
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Figure 15. Decohesion effects in the Mg(S) rod after compressive strength test. View of sample
(a,b) fracture of quasi-brittle type with approx. 45° angle and cracks (1) at the machined surface. SEM
micrographs of fracture surface: (c-h) cracks (1), smooth areas of metal (2), areas of refined metal (3),
and oxides (4).
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Figure 16. Decohesion effects in Mg(C) rod after compressive strength test. View of sample (a,b) frac-
ture of quasi-brittle type with approx. 45° angle. SEM micrographs of fracture surface: (¢c—f) cracks
(1), smooth areas of cleavage metal fracture (2), plastic deformed metal dimples (3).

The Mg(S) fracture (Figure 12) of a cone and cup type also revealed bands of deformed
metal, consisting of very fine grains with narrow irregular cracks between them. Moreover,
fine oxides strongly bonded with the metal and fine dimples confirming the plastic defor-
mation effects were found at the surface of the bands. This type of decohesion explains the
better properties of Mg(S) compared with Mg(P). Extrusion refined the magnesium grain
size for both Mg(P) and Mg(S), as was revealed by microstructure studies (Figures 6 and 7,
Table 3), but previous powder sintering followed by extrusion ensured better material
consolidation and influenced the thin film transformation processes.

The curvature and orientation observed in fractured Mg(S) rods were characteristic
for deformed metal bands and were in good agreement with the previously presented LM
microphotographs of materials just after extrusion. The MgO particles that were refined in
the KOBO extrusion formed bands curved in the perpendicular plane (Figure 7a,b), and
the similar surface morphology of the refined magnesium bands with MgO (Figure 12)
indicated their influence on the rods” decohesion and crack propagation.
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Analysis of the shape of the stress-strain curves (Figure 9) indicated that for Mg(S) and
Mg(P) the evident stress maximum of the curves was not obtained. This effect was probably
induced by structural internal defects (porosity)and in conjunction with results from the
examination of fractured samples suggested correction of the consolidation parameters,
particularly for the Mg(P) rods. In the case of the reference Mg®© rod, the fracture in the
macroscale images also occurred without neck formation, but with an axis of 45° as in the
typical brittle samples. Observations at a microscale (200 x) showed that the decohesion
occurred between very fine grains, while a further magnification increase (1000 x and more)
revealed typical but very fine dimples, suggesting plastic deformation as the dominant
effect. This behavior of SPD-processed cast magnesium was previous described by other
authors [65-68].

The samples taken from the Mg (C) rod subjected to the static tensile test showed a
typical shear fracture (Figure 13b). The obtained slip fracture (Figure 13a,c) was the result
of cracking in the planes having the highest tangential stress, which occurred at an angle
of 45° to the stretching direction. The fracture surfaces usually had a brittle character,
characteristic of a skid crack (Figure 13d-g). However, there were areas with characteristic
craters indicating plastic flow of the «-Mg matrix metal (Figure 13h,i).

From the compressive strength examination of the rods derived from powdered raw
materials (Table 4), it was found that the omax, YS, and E were higher in the case of previous
sintering (Mg(S) rod), which is in good agreement with the results of tensile strength tests
and microhardness measurements. The comparison with the©(C) rod showed that the
Omax of Mg(5) was approx. 10% less, but the YS approx. 140% and the E value approx. 27%
higher. Also, the Mg(P) rod exhibited evidently higher YS (85%) and E (18%) values than ©
Mg(C) rod.

Macro- and micro-observations of the samples fractured in compressive strength tests
presented in Figures 14-16 demonstrated differences induced by processing parameters.
In the Mg(P) rod after the compressive test (Figure 14), fractures of a cup and cone type,
resembling those in the tensile strength test, were observed, along with cracks at the
machined sample surface and inside the sample, these having different orientations. The
cone was compact, but the cup consisted of either compacted split metal or metal fibers,
and they were separated by cracks of various sizes. This failure mechanism indicated
differences in rod properties at the cross section, which were revealed earlier by the tensile
strength. Additionally, oxide phases that were compact in shape and very fine (1 um and
less) were present in the metal (Figure 14e-h) in the form of both split material and fibers.

In the Mg(S) broken specimen (Figure 15), decohesion occurred with a plane oriented
at 45° to the extrusion direction, and on the machined sample surface only some sparse and
curved cracks were visible. The microstructure of the fractured surface contained parallel-
oriented magnesium bands with a smooth surface that suggested brittle cleavage fracturing,
and very fine oxide particles mixed with strongly refined magnesium (Figure 15h,i). These
results explain the generally better properties in comparison with those of Mg(P) and some
of those of Mg(C).

The fracture in the reference Mg(C) rod (Figure 16) occurred with a plane oriented at
45°, and at the fractured surface faults/cracks oriented perpendicularly to the extrusion
and compressive force were observed independently of the applied magnification. Crack
formation at the machined sample surface, as seen in the previously examined materials
fabricated from the powders, was not noted. The microstructure of the fractured surface
showed brittle cleavage with microareas of fine dimples visible with higher magnification.

As opposed to the tensile strength results, the shape of the stress-strain curves for
the compressive tests revealed the maximum stress value obtained by both the Mg(P) and
Mg(S) rods and their elastic deformation was higher than for Mg(C), particularly for Mg(S)
(Figure 10). This effect could have been induced by the presence of MgO and requires
further study.

The preliminary results of the application of KOBO extrusion for powdered mag-
nesium processing presented here demonstrated the potential of this SPD method for
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producing fabrications with a long profile, and revealed some structural aspects that should
be considered. Moreover, the performed studies could be used in design parameters for
ex situ magnesium composites with micro- and nanosized addition processing, as well as
analysis of phenomena occurring in multiphase powdered or compacted systems.

The main directions of further research that can be proposed based on the results
obtained herein are:

e  The selection of optimum extrusion parameters with respect to the properties of the
final products,

e  An explanation for the formation of different zones in the cross sections of the pro-
cessed rods and their influence on the bulk properties,

e  characterization of the influence on the magnesium refining processes of the oxide
from the magnesium powder surface.

4. Conclusions

The experiments presented in this work gave a comparison of the effects of the various
forms of magnesium in the KOBO method, when the same main parameters of plastic
working, including temperature, extrusion ratio, oscillation frequency, oscillation angle,
and extrusion rate were used. The course of extrusion, structural effects, and the properties
obtained varied depending on whether cast pure magnesium, cold compacted magnesium
powder, or magnesium powder that had been sintered under pressure were applied as the
raw materials.

The results can be outlined as follows:

1.  The application of magnesium powder in KOBO cold extrusion, both cold compacted
and sintered under pressure, gave rods of diameter 8 mm with shiny scales at the
surface oriented with the extrusion direction.

2. The sintering of powders under a protective atmosphere prior to the application of
the sintered material is recommended for KOBO extrusion. This type of raw material
ensures that rods with less porosity, better compaction, higher hardness, and higher
tensile and compressive strength parameters are obtained.

3. A comparison of rods fabricated from magnesium powder with respect to those
produced from cast magnesium showed an increase in hardness, Young’s modulus,
and yield strength, but a decrease in UTS and 0.2% OYS.

4.  The applied parameters of KOBO extrusion induced the formation of submicrosized
and elongated o-Mg crystallites in powder-based rods. They were similar in size and
degree of elongation, but the rods obtained from previously sintered powder clearly
had superior properties, due to better material consolidation. The grains in extruded
cast material were regular, but less refined, due to more intense dynamic recovery
and recrystallization.

5. The presence of oxide film on the surface of the employed powder played a crucial role
in the formation of rod microstructure and in the examined decohesion mechanisms.
In KOBO extrusion, the MgO film was refined into very fine regular submicro and
smaller particles. They were well connected with the strongly refined a-Mg grains
and formed bands of oxide-Mg mixture, which were oriented with the extrusion
direction but curved in the perpendicular plane, forming a 3D network in the matrix
of refined «-Mg crystals.

6. The dynamic recovery and recrystallization of x-Mg deformed by extrusion was lim-
ited, because of metal microareas closing in the oxide-«-Mg network, which influenced
not only the x-Mg grain size but also the shape and orientation of the boundaries.

7. The oxide-x-Mg network strongly changed the decohesion processes and fracture
morphology, because it formed a preferential path for crack propagation. However, in
the case of well-compacted material (e.g., Mg(S5)), this skeleton caused a significant
increase in hardness and elastic properties.
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