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EFFECT OF DEFORMATION MODE ON MICROSTRUCTURE EVOLUTION
AND PLASTIC DEFORMATION BEHAVIOR OF AZ61 MAGNESIUM ALLOY

The present study investigates the influence of deformation mode on the microstructure evolution and plastic deformation
behavior of AZ61 magnesium alloy. The material was processed using conventional extrusion and complex KoBo extrusion,
resulting in different initial microstructures. Compression tests were performed at elevated temperatures and various strain rates
to determine the flow stress behavior and plasticity characteristics of the alloy. The obtained stress-strain curves revealed significant
differences in deformation behavior depending on the deformation mode and the initial microstructure. The material processed
by the KoBo method exhibited lower flow stress and reduced peak stress compared to the alloy obtained by conventional extru-
sion. This behavior is associated with grain refinement and the enhanced activation of softening mechanisms during deformation.
The results indicate that the refined microstructure accelerates the kinetics of dynamic recrystallization and improves the plastic

deformation capability of AZ61 magnesium alloy.
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1. Introduction

Magnesium and its alloys are widely used in the metalwork-
ing industry due to their low density and favorable mechanical
and physical properties, which make them particularly attractive
for lightweight structural applications. With a density of ap-
proximately 1.74 g/cm®, the use of magnesium alloys allows for
areduction in component weight of up to 30%, which is of great
importance in modern engineering applications [1,2].

However, the wider application of magnesium alloys
is still limited by several disadvantages, including relatively
low corrosion resistance, flammability, limited strength, high
processing costs, and poor formability at low temperatures [3-5].
In particular, the hexagonal close-packed (HCP) crystal structure
restricts the number of available slip systems, which results in
low plasticity at ambient temperature.

Despite these limitations, magnesium alloys remain the
subject of intensive research due to their high potential for weight
reduction and performance improvement. Numerous studies have
focused on enhancing their mechanical properties and deform-
ability through both conventional and advanced deformation
methods. In particular, the refinement of microstructure to the

ultrafine or nanocrystalline scale has been shown to significantly
improve strength and ductility.

Among various grain refinement techniques, severe plastic
deformation (SPD) methods have attracted considerable atten-
tion. These include high-pressure torsion (HPT), equal channel
angular pressing (ECAP), multiaxial forging (MAF), accumula-
tive roll bonding (ARB), and cyclic extrusion and compression
(CEC) [6,7]. Although these methods are effective in producing
ultrafine-grained materials, their application in large-scale indus-
trial production remains limited due to technological complexity.

Recently, increasing attention has been paid to alternative
processing routes that enable significant grain refinement in a sin-
gle deformation step. High-ratio extrusion methods have been
shown to be effective in producing ultrafine-grained magnesium
alloys with improved mechanical properties. Most studies have
focused on AZ31, AZ80 and AZ91 alloys, while relatively less
attention has been given to AZ61.

One of the promising unconventional deformation methods
is the KoBo process, which combines extrusion with revers-
ible torsion of the die. This method enables the introduction of
complex strain paths and promotes intense plastic deformation,
leading to significant microstructural refinement [12-14]. The
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KoBo method allows deformation to be performed at reduced
temperatures or even at room temperature without prior heating,
due to the activation of viscoplastic flow mechanisms. Addition-
ally, it enables high deformation degrees to be achieved with
relatively low forming forces.

Recent studies indicate that KoBo processing can lead
to the formation of ultrafine-grained structures and improved
mechanical properties compared to conventional deformation
methods [8-14]. However, the influence of deformation condi-
tions, such as temperature and strain rate, on the mechanisms of
plastic flow, dynamic recrystallization, and deformation kinetics
in AZ61 alloy requires further investigation. The flow stress
behavior of AZ61 magnesium alloy during hot deformation is
strongly dependent on strain rate and temperature and is closely
associated with the evolution of dynamic recrystallization, which
governs the transition from work hardening to steady-state
flow [15,16].

Therefore, the aim of the present study is to evaluate the hot
deformation behavior of AZ61 magnesium alloy processed by
conventional direct extrusion (CDE) and the KoBo method, with
particular emphasis on flow stress behavior, strain rate sensitiv-
ity, activation energy, and dynamic recrystallization kinetics.

2. Experimental procedure

The investigated material was AZ61 magnesium alloy be-
longing to the Mg-Al-Zn alloy system. The nominal chemical
composition of the alloy contains approximately 6 wt.% Al and
1 wt.% Zn, with magnesium as the balance.

Prior to extrusion, the billets were annealed at 400°C for
40 min in order to homogenize the cast microstructure, promote
partial dissolution of the B-Mg;;Al;, phase and improve the
workability of the alloy during subsequent plastic deformation.

Severe plastic deformation was performed using a hori-
zontal hydraulic press operating according to the KoBo method
(KoBo). The AZ61 alloy was extruded at room temperature
without prior heating. The process was carried out with a die os-
cillation angle of +8°, oscillation frequency of 5 Hz and a punch
speed of 0.33 mm/s. Both CDE and KoBo processing resulted in
rods with a diameter of 8 mm. The extrusion ratio A was equal
to 25. During the process the material was intensively cooled
with water at the press outlet.

For comparison, conventional direct extrusion (CDE) was
performed at a temperature of 300°C using a Hydromet press,
producing rods with a diameter of 8 mm. The application of
different extrusion methods resulted in materials with signifi-
cantly different initial grain sizes, enabling investigation of the
influence of the initial microstructure on deformation behavior
and dynamic recrystallization.

The hot deformation behavior was investigated using
a Gleeble 3800 thermomechanical simulator. Cylindrical speci-
mens with dimensions of 8 mm in diameter and 10 mm in height
were subjected to uniaxial compression tests. The compression
tests were performed at temperatures of 200, 225, 250, 300 and

350°C and strain rates of 0.01, 0.1 and 1 s™'. The specimens
were compressed to a true strain of ¢ = | and subsequently water
quenched to preserve the deformation microstructure. For each
deformation condition, one representative compression test
was generally performed. In cases where technical problems
occurred during testing, such as thermocouple detachment, or
when the recorded flow curve suggested a possible experimen-
tal disturbance, the test was repeated. The stress-strain curves
presented in this study correspond to correctly performed tests
and were used for further analysis. The mechanical response was
additionally verified by corresponding microstructural observa-
tions after deformation. For selected deformation conditions, the
tests were interrupted at predefined strain levels to investigate
the evolution of microstructure and dynamic recrystallization
with increasing strain.

Based on the obtained stress-strain curves, the peak stress
values were determined. These values were used to calculate the
apparent activation energy for hot deformation and to analyze
the kinetics of dynamic recrystallization as a function of the
Zener-Hollomon parameter.

The apparent activation energy value Q [J-mol '] in hot
forming is a key material constant, needed e.g. for the calcula-
tion of the temperature compensated strain rate represented by
the Zener-Hollomon parameter Z [s']:

zZ =éexp[R—QTj )

where: Z — the Zener-Hollomon parameter, ¢ — is the strain
rate, R = 8.314 J-mol™'-K™!, the universal gas constant and
T — temperature

The relationship between strain rate, flow stress and tem-
perature was described using the Arrhenius-type constitutive
equation [17]:

é= Cexp(—R%j[sinh (ac, )] @)

where: C [s7'], n[-] and a [MPa™!] are other material constants,
and 0, [MPa] is the flow stress corresponding to the peak stress
on stress-strain curve.

The strain rate sensitivity coefficient (m) was evaluated
based on the flow stress values obtained from compression tests
carried out at strain rates 0o£ 0.01, 0.1 and 1 s!. The m parameter
was calculated according to the following relationship:

Olno
m=
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where o denotes the flow stress and ¢ is the strain rate. The
calculations were performed at a peak stress.

Compression specimens were machined from the extruded
rods with their axis parallel to the extrusion direction (ED), and
the compression tests were performed along ED. To reveal the
microstructure, the polished samples were etched using a solu-
tion containing 4.2 g picric acid, 70 ml ethanol (95%), 10 ml
distilled water and 10 ml acetic acid. Microstructure observations



were performed using an Olympus GX50 optical microscope in
bright and dark field mode. Quantitative microstructural analysis
was carried out using the area method implemented in the Met-
Ilo image analysis software. For each investigated condition,
approximately 300 grains were analyzed. The average grain
size was expressed as the equivalent grain diameter calculated
from the measured grain cross-sectional area. The heterogene-
ity of the grain size distribution was evaluated using the coef-
ficient of variation (v), calculated according to the following
equation:

v(d)= S%d)xloo% @)

where s(d) is the standard deviation of the equivalent grain
diameter and d mean equivalent grain diameter. Thus, higher
v(d) values indicate a more heterogeneous grain size distribution.

3. Results and discussion
3.1. Initial state after extrusion

The representative microstructure of the AZ61 alloy in the
annealed condition prior to extrusion is shown in Fig. la. The
microstructure consists of coarse a-Mg grains and secondary
phase particles located predominantly along grain boundaries,
likely associated with the f-Mg;;Al;, phase. This morphology is
typical of homogenized AZ — series magnesium alloys and served
as the initial state for both extrusion routes. The microstructures
of the AZ61 alloy after conventional direct extrusion (CDE)
and processing by the KoBo method (KoBo) are presented in
Fig. 1b, c. The material processed by CDE exhibits a moderately
refined microstructure, with an average grain size of approxi-
mately 17.3 pm. The grain size distribution is characterized by
a high coefficient variation of about 123%, indicating significant
microstructural heterogeneity and the presence of grains with
a wide range of sizes. In contrast, the alloy processed using
KoBo reveals a markedly refined microstructure. The average
grain size is reduced to approximately 7.1 um, while the coef-
ficient of variation decreases to about 98%, suggesting a more
homogeneous grain size distribution.
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3.2. Deformation state

Based on previous investigations [18], it was established
that deformation at temperatures below 200°C results in crack-
ing samples, both after conventional direct extrusion (CDE) and
KoBo processing. Increasing the deformation temperature to
200°C enables plastic deformation of the alloy up to a strain of
& =1 in the case of KoBo-processed material, which is not ob-
served for the material after conventional direct extrusion (CDE).

The results of compression tests performed on samples after
CDE and KoBo processing at temperatures of 200 and 225°C
and a strain rate of 0.1 s™! are presented in Fig. 2. The evolu-
tion of flow stress differs for the two material conditions. In the
case of KoBo-processed samples, a significantly lower level of
flow stress is observed. Furthermore, the maximum flow stress
for conventionally extruded samples is attained at higher strain
values compared to the KoBo-processed material.

A representative microstructure of the AZ61 alloy after
deformation at 200 and 225°C is shown in Fig. 3. Under these
deformation conditions, a bimodal microstructure is observed,
consisting of ultrafine dynamically recrystallized (DRX) grains
and elongated primary grains (PG). Deformation twins can still
be observed in the microstructure, although their role appears
secondary to the dynamic recrystallization process. The DRX
grains form characteristic necklace-type structures surrounding
the PG and are also observed along twin boundaries (TB) formed
at earlier stages of deformation.

Non-recrystallized regions are clearly visible in dark-field
images as darker areas (Fig. 3c¢). It can be concluded that under
these conditions the deformation process remains unstable, lead-
ing to crack formation (Fig. 3d). In addition, strain localization
regions are observed, in which the recrystallization process
proceeds with higher intensity.

The comparison of compression test results for samples
after conventional direct extrusion (CDE) and KoBo processing
at a temperature of 250°C and strain rates of 0.01 and 0.1 s is
presented in Fig. 4. The evolution of flow stress differs between
the two material conditions. A significantly lower level of flow
stress is observed for the KoBo-processed samples. Furthermore,
the maximum flow stress for conventionally extruded samples
(CDE) is attained at higher strain values (¢) compared to the

Fig. 1. Representative microstructures of AZ61 alloy: (a) annealed condition prior to extrusion, (b) after conventional direct extrusion (CDE),
and (c) after KoBo extrusion. The extruded rods had a diameter of 8 mm
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Fig. 2. Flow stress-strain curves for samples after conventional direct extrusion (CDE) and KoBo extrusion, obtained in compression tests
at temperatures of 200 and 225°C

Fig.3. Microstructure of AZ61 alloy after deformation at 200°C: (a) conventional direct extrusion (CDE), (b, ¢) KoBo extrusion. Ultrafine dy-
namically recrystallized grains located along twin boundaries are indicated. Regions of strain localization and crack formation are marked in (d).
DRX — dynamically recrystallized grains, UG — ultrafine grains, TB — twin boundaries, PG — primary grains

KoBo-processed material. The corresponding microstructures are  presence of elongated, non-recrystallized grains alongside fine
also presented in Fig. 4. Increasing the deformation temperature =~ DRX grains suggests a partially recrystallized microstructure.
to 250°C leads to an intensification of the dynamic recrystalliza- ~ Moreover, an increase in strain rate results in a reduction of the
tion (DRX) process. However, the microstructures indicate that ~ DRX fraction, indicating a lower intensity of recrystallization due
recrystallization remains incomplete under these conditions. The  to the limited time available for nucleation and growth processes.
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Fig. 4. Flow stress-strain curves for samples after conventional direct extrusion (CDE) and KoBo extrusion, obtained in compression tests

at temperature of 250°C

The comparison of compression curves for samples after
conventional direct extrusion (CDE) and KoBo processing at
300°C and strain rates of 0.01 and 0.1 s is presented in Fig. 5.
The overall character of the flow curves is like that observed
at lower temperatures. In all cases, a rapid increase in flow
stress is observed at the initial stage of deformation, followed
by a distinct peak stress (0,,), and subsequent softening leading
to a steady-state flow stress (o).

Significant differences between the CDE and KoBo-
processed materials are observed in the initial stage of deforma-
tion. The CDE samples exhibit a higher peak stress and a more
pronounced work hardening effect, particularly at the higher
strain rate (0.1 7). In contrast, the KoBo-processed material is
characterized by a lower 0, and a more gradual transition to the
steady-state regime.
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At higher strains, the flow stress values for both material
conditions become comparable, indicating the establishment of
a dynamic equilibrium between work hardening and dynamic
softening processes. This behavior suggests that dynamic re-
crystallization (DRX) plays a dominant role in controlling the
deformation process at 300°C. Similar effects are observed at
350°C (Fig. 5), where comparable steady-state flow stress values
are also obtained for both material conditions.

The effect of strain rate on microstructure evolution
at 300°C is clearly observed in Fig. 6. At the lowest strain rate of
0.01 57!, a nearly fully recrystallized microstructure is obtained,
characterized by fine, equiaxed grains uniformly distributed
throughout the observed area.

With increasing strain rate to 0.1 s !, the microstruc-
ture becomes partially recrystallized. A bimodal structure
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Fig. 5. Flow stress-strain curves for samples after conventional direct extrusion (CDE) and KoBo extrusion, obtained in compression tests

at temperatures of 300 and 350°C



Fig. 6. Influence of strain rate on microstructures of AZ61 alloy deformed at 300°C. A transition from fully recrystallized to partially recrystal-
lized microstructure with increasing strain rate is observed

is observed, consisting of recrystallized grains and elongated,
non-recrystallized regions. The fraction of dynamically recrys-
tallized (DRX) grains is reduced compared to the lower strain
rate condition. At the highest strain rate of 1 57!, the extent of
recrystallization is further limited. The microstructure consists
of numerous non-recrystallized regions, with clearly visible
elongated grains. The presence of these unrecrystallized areas
indicates insufficient time for the development of DRX during
deformation. This behavior confirms that decreasing the strain
rate at 300°C promotes dynamic recrystallization due to the
higher accumulated strain, which facilitates the nucleation and
growth of recrystallized grains.

It should be noted that, in addition to grain refinement,
texture modification may also contribute to the lower flow stress
observed in the KoBo-processed material. Previous studies
have shown that severe plastic deformation processes involving
complex strain paths may weaken the basal texture of magne-

sium alloys, thereby facilitating plastic deformation. However,
detailed texture characterization was beyond the scope of the
present work and requires further EBSD investigations.

The kinetics of dynamic recrystallization (DRX) was evalu-
ated based on the analysis of the recrystallized volume fraction
as a function of true strain, as shown in Fig. 7. The DRX fraction
was estimated using the commonly applied approach based on the
flow stress curves. The obtained results indicate that the KoBo-
processed material exhibits a faster progression of DRX compared
to the conventionally extruded (CDE) material. For a given strain
level, a higher recrystallized fraction is observed in the KoBo
condition, which suggests an accelerated nucleation and growth
of recrystallized grains. The difference is particularly pronounced
in the initial stage of deformation, where the onset of DRX oc-
curs at lower strain values for the KoBo-processed material. With
increasing strain, both materials approach a fully recrystallized
state; however, the KoBo material reaches this condition earlier.
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Fig.7. Evolution of the dynamically recrystallized fraction (DRX) as a function of true strain (¢) for CDE and KoBo-processed samples at 300°C,

illustrating differences in recrystallization kinetics



This behavior is consistent with the refined initial micro-
structure and higher density of defects introduced during KoBo
processing, which promote DRX kinetics.

The strain rate sensitivity coefficient () determined at 250
and 300°C is presented in Fig. 8. The strain rate sensitivity coef-
ficient (m) increases with deformation temperature from 250°C
to 300°C for both processing routes. For samples processed by
KoBo, the m value rises from approximately 0.13 to 0.20, while
for conventionally extruded (CDE) material it increases from
about 0.09 to 0.17.

At both temperatures, slightly higher m values are observed
for the KoBo-processed material compared to the CDE condi-
tion, although the difference is not significant. The increase in m
with temperature indicates enhanced sensitivity of the material to
strain rate, which is associated with the activation of thermally
assisted deformation mechanisms, such as dynamic recrystal-
lization (DRX).

The relatively higher m values obtained at 300°C suggest
more stable plastic flow conditions and a greater contribution of
DRX processes, particularly in the KoBo-processed material.

The activation energy for hot deformation, determined
based on Eq. (2), was found to be slightly higher for the KoBo
— processed material (180 kJ/mol) than for the CDE condition
(174 kJ/mol).

Both activation energy values obtained in this study are
consistent with literature data reported for AZ-series magnesium
alloys. For AZ61-based alloys, Q values ranging from about 150
to above 200 kJ/mol have been reported, depending on the initial
microstructure, alloying additions and deformation conditions
[15,19,20]. Although the KoBo-processed material exhibited
lower flow stress values, its apparent activation energy was found
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to be slightly higher than that of the CDE material. This indicates
that the activation energy should be interpreted as an apparent
parameter reflecting the combined contribution of several ther-
mally activated mechanisms, including dislocation slip, dynamic
recovery, grain boundary migration and dynamic recrystallization
(DRX), rather than a single rate-controlling process. The slightly
higher Q value obtained for the KoBo-processed material may
be associated with its refined grain structure and the enhanced
contribution of grain-boundary-related processes during hot
deformation. It should also be noted that the apparent activa-
tion energy depends on the temperature and strain-rate ranges
used for its determination. In the present study, the constitutive
analysis was performed using data obtained up to 350°C, whereas
some literature studies include higher deformation temperatures.
Consequently, direct comparison of Q values should be made
with caution, since differences in the experimental range may
affect the calculated activation energy.

The relationship between the Zener-Hollomon parameter (Z)
and peak flow stress (g;,) is shown in Fig. 9. For both material con-
ditions, g,, increases with increasing Z, following an exponential-
type relationship. The KoBo-processed material exhibits lower
oy values over the entire Z range, indicating improved deform-
ability compared to the conventionally extruded (CDE) material.

It should be noted that, besides grain refinement, texture
modification and the stored deformation energy introduced
during KoBo processing may also contribute to the lower flow
stress and accelerated dynamic recrystallization observed in
the investigated alloy. However, a detailed assessment of these
effects would require EBSD characterization, including orienta-
tion mapping, grain boundary analysis and KAM measurements.
Such investigations are planned for future work.
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Fig. 8. Strain rate sensitivity coefficient () as a function of strain rate at 250 and 300°C for AZ61 alloy processed by CDE and KoBo methods
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4. Summary and conclusions

The obtained results allow the following conclusions to

be drawn:
1. The application of the KoBo method leads to significant grain

refinement of the AZ61 alloy, resulting in a more homo-
geneous microstructure compared to the conventionally
extruded material.

The KoBo-processed material exhibits lower flow stress and
reduced peak stress values over the entire range of deforma-
tion conditions, indicating improved plastic deformability
in comparison with the CDE condition.

The deformation behavior of the alloy strongly depends
on temperature and strain rate. Increasing the deformation
temperature promotes dynamic recrystallization (DRX),
while increasing the strain rate limits its development.

At temperatures of 200 250°C, the microstructure is partially
recrystallized and characterized by a bimodal grain structure
consisting of ultrafine DRX grains and elongated primary
grains. Under these conditions, deformation instability,
strain localization and crack formation may occur.

At 300°C and above, dynamic recrystallization becomes
the dominant softening mechanism. At low strain rates,
a nearly fully recrystallized microstructure is obtained,
whereas higher strain rates result in a reduced DRX fraction
and the presence of non-recrystallized regions.

The KoBo-processed material shows accelerated DRX
kinetics compared to the CDE material, which is associated

with the refined initial microstructure and higher defect
density introduced during KoBo processing.

7.  The strain rate sensitivity coefficient (m) increases with
increasing temperature and is slightly higher for the KoBo-
processed material, indicating more stable plastic flow
conditions and a greater contribution of thermally activated
mechanisms.

8. The activation energy for hot deformation is slightly higher
for the KoBo-processed material (180 kJ/mol) than for the
CDE condition (174 kJ/mol), suggesting a greater contri-
bution of thermally activated mechanisms associated with
dynamic recovery and recrystallization.

9. The relationship between the Zener-Hollomon parameter
(Z) and peak flow stress follows an exponential trend for
both material conditions. Lower g, values for the KoBo-
processed material confirm its enhanced deformability.
Further studies involving EBSD characterization are re-

quired to clarify the role of texture evolution and stored deforma-

tion energy in the deformation ehavior of the KoBo-processed

AZ61 alloy.
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