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Abstract: Due to their low density and high specific strength, magnesium alloys offer great potential
as a design material for lightweight construction. An economical and energy-efficient method for the
production of magnesium wire is the technology of twin-roll casting. In this work, the deformation
behaviour of twin-roll cast and heat-treated AZ31 wire pre-profile is investigated for the first time
during the compression test at different temperatures (250–400 ◦C) and forming speeds (0.01–10 s−1).
To obtain optimal parameters, a processing map is created, and the microstructural changes during
the hot forming processes are determined by accompanying microstructure characterization through
an optical microscope and scanning electron microscope. The heat treatment causes a reduction in
segregation and a homogeneous microstructure. The average activating energy for plastic deforma-
tion of twin-roll cast and heat-treated magnesium alloy AZ31 is 159.008 kJ·mol−1. The instability
region of the process map starts at a forming temperature of 250 ◦C and extends into the range of
high forming speeds (1–10 s−1). In this area, cracks in the microstructure can be detected during hot
forming. At high temperatures (300–350 ◦C), dynamic recrystallization at the grain boundaries is
observed as the main forming mechanism. Based on these results and observations, existing models
for describing the hot forming behaviour of magnesium alloys can be extended and validated.

Keywords: twin-roll casting; wire; magnesium alloy; AZ31; flow curve; processing map; microstructure

1. Introduction

A central approach for solving the global environmental and climate problem is
lightweight design. Due to its lower density and high specific strength, the use of mag-
nesium alloys as a design material is particularly interesting in the automotive industry
for reducing fuel consumption and thus lowering CO2 emissions [1]. Independent of its
use as a lightweight material in the automotive industry, there are various other fields of
application, such as aerospace, the electrical industry as well as medical, sports and defence
technology [2,3]. For the manufacture of modern lightweight structures from magnesium
alloys, suitable welding and joining techniques are necessary. This requires the production
of magnesium pre-products for the fabrication of welding rods and screws. Conventionally,
magnesium alloy wires are manufactured by casting and subsequent extrusion. In addition
to the many process steps with correspondingly needed intermediate heating, the limitation
of the wire length is also a disadvantage. An economical and energy-efficient method for
the production of magnesium flat products is twin-roll casting, which has already been
successfully tested for strip material at the Institute for Metal Forming (IMF) at the TU
Bergakademie Freiberg (TUBAF) [3,4]. A successful transfer of the technology to wire
production took place (patent no. DE102012209568) [5]. The pilot plant to produce twin-roll
cast magnesium wire pre-profiles was put into service at the end of 2017. Through the
combination of the two process steps of solidification and forming, it is possible to produce
a semi-finished product close to the final geometry economically. Compared to casted ma-
terial, a unique microstructure and improved properties are achieved, such as a reduction
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of segregations, enhanced homogeneity and a finer distribution of precipitates [6,7]. This
work focuses on microstructural investigations and the hot forming behaviour of the alloy
AZ31. For the first time, a processing map based on the theory of the dynamic material
model (DMM) [8] was used to illustrate the hot forming behaviour of the twin-roll cast
wire in the heat-treated state (460 ◦C, 15 min). With the help of the processing map, the
formability of the material at different forming temperatures and speeds can be represented.
Combined with the consideration of the dynamic recrystallisation mechanisms, this enables
the determination of the optimal process parameters and provides information about the
hot formability of the material.

2. Materials and Methods
2.1. Twin-Roll Casting

The twin-roll casting plant of the IMF of TUBAF produces the wire pre-profile. For
the process, ingots of the magnesium alloy AZ31 (chemical composition is shown below in
Table 1) are first melted and then transferred through a heated pipe into the headbox to
a corresponding casting level. The 710 ◦C hot melt is poured through a preheated nozzle
into the water-cooled closed groove (see Figure 1a below). At this point, the melt solidifies
quickly without any release agent at a twin-roll casting speed of 4.9 m/min. The oval
cross-section of the groove is 20.0 mm × 9.2 mm.

Table 1. Chemical composition of the AZ31 ingots in wt.% [9].

Element Al Zn Mn Mg

Average 2.6 1.1 0.4 95.9
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Figure 1. (a) Principle of the twin-roll casting process [7], (b) sample collection from wire pre-profile
for compression test at quenching and forming dilatometer.

2.2. Heat Treatment and Cylinder Compression Test

The heat treatment is carried out at 460 ◦C for 15 min according to Moses et al.
(2019) [10], in which the twin-roll cast wire pre-profile is placed in a preheated industrial
furnace and rapidly cooled in water (room temperature) after the holding time. Cylindrical
specimens of 5 mm diameter and 10 mm height (Figure 1b) were mechanically manufac-
tured from the heat-treated wire pre-profile. These cylindrical compression test specimens
were tested several times with the quenching and forming dilatometer BÄHR DIL 805 D
(company BÄHR-Thermoanalyse) at temperatures of 250, 300, 350 and 400 ◦C and speeds
of 0.01, 0.1, 1 and 10 s−1 up to a logarithmic forming degree ϕ of 0.4. At first, with a heating
rate of 5 ◦K/s, the samples are heated to forming temperature. After a holding time of 30 s,
the specimens are deformed and then quenched (cooling rate approx. 100 K/s). Finally, the
recorded flow curves are evaluated and corrected for temperature and friction.

2.3. Microstructural Methods

The optical characterization of the different states and the associated microstructures
are performed with the VHX-6000 digital microscope (Keyence Corporation, Osaka, Japan).
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Therefore, the samples are hot embedded in a longitudinal section and ground with silicon
carbide abrasive paper in four different steps. After an ultrasonic bath, the polishing of the
ground samples is carried out with MD-Chem OPS 300 magnesium polishing cloths and
OP-chem. Finally, the samples are etched with picric acid for 15 to 30 s. In addition, the mean
chord length is determined with a class width of 5 µm using the linear intercept method.
According to this method, the mean chord length is taken as the mean grain diameter.

Furthermore, the ZEISS GeminiSEM 450 scanning electron microscope is used to
measure the alloy composition utilizing energy-dispersive X-ray spectroscopy (EDS). Tex-
ture analyses were performed by electron backscatter diffraction (EBSD) using the Oxford
AZtecHKL data collection software (version 5.0, Oxford Instruments, Abingdon, UK). An
accelerating voltage of 12 kV and a step size from 0.1 to 1 µm were used. The MTEX
MATLAB toolbox was used to analyze the EBSD data [11].

2.4. Theory of Processing Maps

For validation and optimisation of the process parameters, the DMM theory described
by Prasad et al. (2015) [8] is applied, which allows the presentation of the hot forming
behaviour of difficult-to-form materials. The processing maps based on this approach are
described by temperature- and velocity-dependent stability criteria. This microstructure
development and material behaviour can be explained using the continuum approach.
Therefore, the system is regarded as a mechanical process. Here, the applied power P is
dissipated into the hot-formed samples. This power consists of the dissipation component
G and the co-dissipation component J. The G term describes the power that dissipates into
heat during the hot forming process. In addition, the co-dissipation content J depends
on the dynamically occurring metallurgical mechanisms during the power dissipation.
Equation (1) below shows the relationship. Furthermore, for each temperature T and
forming speed can be determined as the strain rate sensitivity m (see Equation (2)).

P = G + J =
∫ ·
ε

0
σ·d ·

ε+
∫ σ

0

·
ε·dσ = σ· ·ε (1)

(
∂J
∂G

)
=
σ·d ·

ε
·
ε·dσ

=

[
∂lnσ

∂ln
·
ε

]
T, ϕ

= m (2)

To fit the experimental data, a polynomial equation for the lnσ data can be expressed
as follows (Equation (3)):

lnσ = a + b·ln ·
ε+ c

(
ln

·
ε
)2

+d·
(

ln
·
ε
)3

(3)

Polynomial regression can be used to determine the constants (a, b, c and d) at different
temperatures. The strain rate sensitivity can be described by the following Equation (4):

m = b + 2·c·ln ·
ε+ 3·d·

(
ln

·
ε
)2

(4)

The combination of the energy dissipation efficiency η and the instability parame-
ter ξ

( ·
ε
)

at a constant logarithmic forming rate results in the process map. The energy
dissipation efficiency and the instability parameter can be expressed by the following
Equations (5) and (6):

η =
2·m

m + 1
(5)

ξ
( ·
ε
)
=

∂ ln
( m

m+1
)

∂ln
·
ε

+m ≤ 0 (6)

A negative value of the instability parameter indicates that the entropy flux due to
microstructural change is smaller than the entropy flux externally induced by the thermo-
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mechanical processes. The DMM allows the development of a two-dimensional processing
map for the hot forming behaviour within certain temperature and forming rate fields, in
which the dissipation efficiency is combined with the ranges of the instability parameter.

3. Results
3.1. Microstructure of Twin-Roll Cast Alloy

Burrs have formed on the upper edges of the oval magnesium wire profile because
melt flows into the narrow gap between the top and bottom rolls due to the process and
solidifies there (see Figure 2 below). This formation can occur on one side as well as on
both sides.
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Figure 2. Formed oval cross-section of the magnesium wire pre-profile (AZ31); red markings indicate
the burrs formed double-sided on the upper side of the wire.

In the twin-roll cast initial state (see Figure 3a), clearly pronounced segregation zones
can be seen in the centre and in the lower third of the longitudinal view. The detailed
images (see Figure 3b) show spherical precipitations, and twins and segregations at the
grain boundaries are noticeable. In addition, Figure 3c shows an EBSD measurement of
the edge area where the grain boundaries and twins can be seen. Elongated precipitation
appears at the grain boundaries at point 1 (Figure 3d). Aluminum and zinc enrichments
are detected through the EDS measurement. The spherical shaped precipitation in point 2
is indicated as Al8Mn5 precipitation due to the atomic ratio (Al/Mn = 1.6) [12].

Figure 4 shows the histograms of the grain size distribution. In the edge area (see
Figure 4a) of the twin-roll cast wire pre-profile, a broad distribution of grain diameter
appears that indicates an inhomogeneous microstructure. The mean grain diameter d
reaches a value of 38.74 µm. In the centre of the magnesium wire, mostly smaller grains
occur (see Figure 4b). Here, a fine-grained structure can be assumed, which is supported
by the average grain diameter of 9.61 µm. Thus, it can be summarised that the twin-roll
cast magnesium wire profile has a fine-grained microstructure in the centre and tends to
form coarse grains in the peripheral zones.

3.2. Microstructure of the Annealed Alloy

For a homogeneous microstructure with equiaxed grains, the twin-roll cast magnesium
wire pre-profile is annealed at 460 ◦C for 15 min and afterward quenched in water [10]. Dur-
ing this heat treatment, the segregations that occur in the centre are reduced (see Figure 5a).

Compared to the twin-roll cast condition, the distribution of the precipitates is more
uniform, occurring mainly in the centre of the wire (see Figure 5b). In addition, the EBSD
measurement of the edge area is shown in Figure 5c. Again, twins are recognizable. The
previously determined Al8Mn5 precipitates can still be detected (see Figure 5d measuring
point 6) and more aluminum is dissolved in the magnesium matrix (measuring point 5 cf.
measuring point 3, see Figure 5d).
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1 

 

 

Figure 5. Twin-roll cast and heat-treated condition in longitudinal view, (a) general view (segregations
almost completely reduced), (b) detailed view from the upper edge (grain refinement), from the
centre (precipitations) and from the lower edge (grain refinement), (c) EBSD measurement peripheral
zone and (d) EDS measurement centre area of wire.

The grain size distribution is considered again. In the heat-treated state, a narrower
distribution is initially seen both in the centre of the wire and at the edge (see Figure 6a,b).
Thus, the heat treatment (460 ◦C/15 min) causes a larger proportion of smaller grains,
which makes the microstructure appear more homogeneous. A strong grain refinement
occurs in the edge area of the wire and reaches an average grain diameter of 12.15 µm
(see Figure 6a). Furthermore, a coarser microstructure is formed compared to the twin-roll
cast state (see Figure 6b). The measured average grain diameter is 18.88 µm, which is
one class width larger than in the heat-treated edge region. Due to the small deviation, a
homogeneous microstructure can be assumed.

3.3. Hot Forming Behaviour of Twin-Roll Cast and Annealed Alloy

Figure 7 shows the flow curves of the twin-roll cast and heat-treated magnesium alloy AZ31,
within ranges of temperature from 250 to 400 ◦C and the forming speeds from 0.01 to 10 s−1.
One representative curve from each of the multiple trials is shown in the diagrams.
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The majority of the flow curves show a typical development due to the influence of
temperature and forming speed. As expected, the yield stress drops at higher temperatures
and lower forming speeds. This can be attributed to the dislocations that increases with the
forming speed and thus hinders the dislocation movement, which leads to the increase of
the yield stress. Furthermore, the higher forming temperatures lead to an easier sliding
of the basal slip plane of the magnesium matrix due to the low accumulated critical shear
stress. Most of the curves show a steady increase followed by a flat decrease of the flow
stresses. That indicates the mechanisms of dynamic recovery and recrystallization during
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forming. The flow curve at 250 ◦C and a forming speed of 10 s−1 could not be fully
tested because of material failure due to cracking (Figure 7a). Additionally, at a forming
temperature of 300 ◦C and a forming speed of 10 s−1, only the development up to a
logarithmic forming degree of 0.4 is considered. Despite repeated testing, in the higher
forming range, the curves deviate. Also, the dynamic recovery and recrystallization are
weakly pronounced in the flow curves at 400 ◦C and low forming speeds (0.1 and 0.01 s−1)
(Figure 7d).

4. Discussion
4.1. Microstructure of Twin-Roll Cast and Annealed Alloy

The typical twinning of magnesium alloys [13–16] can be confirmed in the twin-roll
cast state (see Figure 3, top right) according to the publication of Zhi et al. (2019) [17].
In addition to a large number of twins, coarse grains and isolated dynamically recrystal-
lized grains could be detected in the twin-roll cast AZ31 magnesium strip. The twinning
mechanism was also observed in other magnesium alloys. Similar behaviour was found
by Wang et al. (2010) [18], who compared the zinc-containing magnesium alloy ZK60
in the conventional direct as-casted and as-rolled conditions. Furthermore, irregularities
such as segregation can occur in twin-roll cast magnesium-aluminum-zinc alloys (AZ alloy
system), which must be avoided to achieve high component qualities. As the twin-roll cast
wire passes through the rolls, the presence of the mushy zone can influence the degree of
segregation [19–21].

A heat treatment reduces the amount of segregation in the twin-rolled cast magnesium
wire pre-profile (460 ◦C/15 min). Similarly, within the investigations by Aljarrah et al.
(2011) [22], heat treatment (400 ◦C/1 h) significantly reduced the amount of centerline
segregation detected in a twin-roll cast AZ31 strip. Analogous results were obtained by
Kawalla et al. (2011) [23]. The twin-roll cast and heat-treated AZ31 magnesium strip forms
globulitic grains with a mean grain diameter of 22 µm. Microprobe analysis confirmed
a more uniform element distribution. Thus, it can be summarized that cold forming
mechanisms, such as twinning, can occur during the twin-roll casting of magnesium wire.
Heat treatments reduce segregation resulting from decompositioning effects and lead to a
more homogeneous microstructure.

4.2. Hot Deformation Behaviour of Twin-Roll Cast and Annealed Alloy
4.2.1. Analysis of Hot Compressive Deformation Behaviour

For the description of the plastic flow behaviour, the evaluation is carried out by
the power dissipation efficiency η and the instability parameter ξ

( ·
ε
)

. To summarize
and present the experimentally determined data, the constitutive model of Sellars and
Tegart [24,25] is proposed. With this calculation approach, the temperature and velocity
during the defined deformation are considered. Equation (7) below shows the relationship:

·
ε = A·[sin h(ασ)]n·

(
− Q

R·T

)
(7)

This equation is given by the effective strain rate
·
ε (s−1), the thermodynamic tempera-

ture T, the speak stress σ (MPa), the average activation energy during plastic deformation
Q (kJ·mol−1), the ideal gas constant R (8.314 J·(mol·K)−1), the material constant A, the
strain hardening exponent n and the fitting parameter α. The linear dependence of the
flow stress on the forming temperature and rate enables the graphical determination of
the average material coefficients using the slopes in the following diagrams (Figures 8–10).
Thus, the following values result for the range of validity from 0.01 to 10 s−1 and 250 to
400 ◦C: A = 9.8945 × 1012, Q = 159.008 kJ·mol−1, α = 0.010263 MPa−1, n = 6.42.



Crystals 2022, 12, 173 9 of 16

Crystals 2022, 12, x FOR PEER REVIEW 9 of 17 
 

 

strain hardening exponent n and the fitting parameter α. The linear dependence of the 
flow stress on the forming temperature and rate enables the graphical determination of 
the average material coefficients using the slopes in the following diagrams (Figures 8–
10). Thus, the following values result for the range of validity from 0.01 to 10 s−1 and 250 
to 400 °C: A = 9.8945·1012, Q = 159.008 kJ·mol 1, α = 0.010263 MPa 1, n = 6.42. 

The calculated activation energy can be initially classified in the range of dynamic 
recrystallization. This value varies within a range of 105 and 185 kJ·mol 1 [26–32]. Fur-
thermore, the activation energy is above the self-diffusion of magnesium (135 kJ·mol 1) 
[33]. In the study by Lee et al. (2007) [31], the focus was on the flow softening behaviour 
during forming (upset test: 250–500 °C, 10−4–102 s−1) of a rolled AZ31B magnesium alloy. 
Here, an activation energy of 152 kJ·mol 1 could be calculated. Based on dynamic recrys-
tallization, the microstructural evolution is attributed to the softening behaviour. The in-
vestigations of Beer et al. (2002) [34] led to similar results in which, among other things, 
the upsetting test of the extruded magnesium alloy AZ31 was carried out (300–450 °C, 
0.001–1 s−1). With a forming degree of 0.6, an activation energy of 153 kJ·mol 1 could be 
determined. Furthermore, the yield stresses at low forming rates are found to be strongly 
dependent on the load type. That explained the accumulated influence of prismatic slid-
ing and the onset of dynamic recrystallization. In the work by Zhi et al. (2019) the hot 
forming behaviour on a twin-roll cast AZ31 magnesium sheet was investigated. The cy-
lindrical upset specimens (diameter 4 mm, height 6 mm) were held at the appropriate 
forming temperature (200–400 °C) for about 3 min, formed (50% reduction, 0.001–1 s−1) 
and quenched in water. In the initial state, the magnesium alloy AZ31 has coarse grains, 
a large number of twins and isolated dynamically recrystallized grains, thus representing 
a typical rolling microstructure. Within the temperature range of 250 and 350 °C, the av-
erage activation energy is 111,601 kJ·mol 1. This value is close to the range of lattice self-
diffusion. This indicates dynamic recrystallization influenced by a controlled dislocation 
increase, making the basal slip system dominant. Due to the increase of the transformation 
temperature (350 to 400 °C), the activation energy increased to 192.304 kJ·mol 1 that en-
hanced strong dynamic recrystallization. In this temperature range, the forming mecha-
nisms include the non-basic slip systems, including prismatic, pyramidal and crossslip. 

(a) (b) 

  
Figure 8. Relationship between lnε and (a) lnσ (b) σ. 

  

Figure 8. Relationship between lnε and (a) lnσ (b) σ.

Crystals 2022, 12, x FOR PEER REVIEW 10 of 17 
 

 

(a) (b) 

  
Figure 9. Relationship between of (a) ln𝜀–ln[sinh(ασ)] and (b) ln[sinh(ασ)]–1/T at different strain 
rates. 

To show a possible correlation between the generated data, the Zener-Hollomon pa-
rameter can be used. The influence during the hot forming can be evaluated by the com-
parative forming speed and the thermal activation energy. Here, the description of the 
dynamic microstructure development is carried out using semi-empirical approaches 
based on physical considerations [35]. The hyperbolic sine curve approach according to 
Sellars und McTegart [25] is described below (Equation (8)): Z= A∙ sinh ασ n (8) 

Figure 10a shows the ln Z –lnsinh (ασ) curve with an activation energy 
Q = 159.008 kJ·mol 1 and the fitting parameter α = 0.010263 MPa 1. For the range of va-
lidity from 0.01 to 10 s−1 and 250 to 400 °C the hyperbolic sinusoidal function can be ap-
proximated well and reaches a value of 98 for the linear regression (R2). Furthermore, 
statements can be made about the dominating forming mechanisms via the stress expo-
nent n. Since the exponent assumes a value of 6.42 and taking into account the findings of 
Sherby et al. (2002) [36], in which the dislocation climb creep is present n > 5, with the 
solute drag creep at n = 3, it is assumed that the dominant mechanism is dislocation climb 
creep. This assumption is also made in the publication by Zhi et al. (2019) [17], in which 
the dynamic recrystallization is the disclocation climb controlled by the lattice self-diffu-
sion. The stress exponent ranges between 6.42 and 6.87. For comparison, the relationship 
lnZ –ln is shown in Figure 10b, in which a linear relationship is evident (R2 = 0.95). It can 
be concluded that the hot forming behaviour of the twin-roll cast and heat-treated mag-
nesium alloys can be described by the correlations of the Zener-Holomon parameter. 

  

Figure 9. Relationship between of (a) lnε–ln[sinh(ασ)] and (b) ln[sinh(ασ)]–1/T at different strain rates.

Crystals 2022, 12, x FOR PEER REVIEW 11 of 17 
 

 

(a) (b) 

  
Figure 10. Relationship between (a) lnZ–ln[sinh(α·σ)] and (b) lnZ–ln𝜎. 
4.2.2. Processing Map 

To obtain an optimal processing range for hot forming, a two-dimensional diagram 
consisting of isolines can be created using the experimentally determined flow curves. 
Hence, information on dynamic recrystallization, recovery, superplasticity, failure (crack-
ing), formation of hard particles and deformation bands can be derived [8]. The processing 
map for the twin-roll cast and heat-treated AZ31 magnesium wire pre-profile section is 
shown below in Figure 11. 

 
Figure 11. Processing map for twin-roll cast and annealed (460 °C/15 min) AZ31 at an equivalent 
logarithmic strain of 0.4. 

The logarithmic strain here reaches a value of 0.4, which is representative of a hot 
rolling pass [37,38]. Along the geometry, the loss efficiency η is plotted as a percentage, 
the grey domain indicates the instability (ξ ε  < 0)). Due to the limited amount of data, the 
domain and the environment are considered with a loss efficiency of 30.1%. Since magne-
sium is one of the materials with a low stacking energy, it can be assumed that dynamic 
recrystallization occurs from a loss efficiency of 30 to 40% [8]. The instability range starts 

n = 6,42
R² = 0,98

15

20

25

30

35

40

45

-1.5 -1 -0.5 0 0.5 1 1.5

ln
Z

lnsinh(ασ)

n = 8,27
R² = 0,95

15

20

25

30

35

40

45

3 3.5 4 4.5 5 5.5

ln
Z

lnσ

Figure 10. Relationship between (a) lnZ–ln[sinh(α·σ)] and (b) lnZ–lnσ.



Crystals 2022, 12, 173 10 of 16

The calculated activation energy can be initially classified in the range of dynamic
recrystallization. This value varies within a range of 105 and 185 kJ·mol−1 [26–32]. Further-
more, the activation energy is above the self-diffusion of magnesium (135 kJ·mol−1) [33].
In the study by Lee et al. (2007) [31], the focus was on the flow softening behaviour during
forming (upset test: 250–500 ◦C, 10−4–102 s−1) of a rolled AZ31B magnesium alloy. Here, an
activation energy of 152 kJ·mol−1 could be calculated. Based on dynamic recrystallization,
the microstructural evolution is attributed to the softening behaviour. The investigations
of Beer et al. (2002) [34] led to similar results in which, among other things, the upsetting
test of the extruded magnesium alloy AZ31 was carried out (300–450 ◦C, 0.001–1 s−1).
With a forming degree of 0.6, an activation energy of 153 kJ·mol−1 could be determined.
Furthermore, the yield stresses at low forming rates are found to be strongly dependent on
the load type. That explained the accumulated influence of prismatic sliding and the onset
of dynamic recrystallization. In the work by Zhi et al. (2019) the hot forming behaviour
on a twin-roll cast AZ31 magnesium sheet was investigated. The cylindrical upset speci-
mens (diameter 4 mm, height 6 mm) were held at the appropriate forming temperature
(200–400 ◦C) for about 3 min, formed (50% reduction, 0.001–1 s−1) and quenched in wa-
ter. In the initial state, the magnesium alloy AZ31 has coarse grains, a large number of
twins and isolated dynamically recrystallized grains, thus representing a typical rolling
microstructure. Within the temperature range of 250 and 350 ◦C, the average activation
energy is 111.601 kJ·mol−1. This value is close to the range of lattice self-diffusion. This
indicates dynamic recrystallization influenced by a controlled dislocation increase, making
the basal slip system dominant. Due to the increase of the transformation temperature
(350 to 400 ◦C), the activation energy increased to 192.304 kJ·mol−1 that enhanced strong
dynamic recrystallization. In this temperature range, the forming mechanisms include the
non-basic slip systems, including prismatic, pyramidal and crossslip.

To show a possible correlation between the generated data, the Zener-Hollomon parame-
ter can be used. The influence during the hot forming can be evaluated by the comparative
forming speed and the thermal activation energy. Here, the description of the dynamic
microstructure development is carried out using semi-empirical approaches based on
physical considerations [35]. The hyperbolic sine curve approach according to Sellars und
McTegart [25] is described below (Equation (8)):

Z = A·sin h(ασ)n (8)

Figure 10a shows the lnZ–lnsinh (ασ) curve with an activation energy Q = 159.008 kJ·mol−1

and the fitting parameter α = 0.010263 MPa−1. For the range of validity from 0.01 to 10 s−1 and
250 to 400 ◦C the hyperbolic sinusoidal function can be approximated well and reaches a value
of 98 for the linear regression (R2). Furthermore, statements can be made about the dominating
forming mechanisms via the stress exponent n. Since the exponent assumes a value of 6.42 and
taking into account the findings of Sherby et al. (2002) [36], in which the dislocation climb creep
is present n > 5, with the solute drag creep at n = 3, it is assumed that the dominant mechanism is
dislocation climb creep. This assumption is also made in the publication by Zhi et al. (2019) [17],
in which the dynamic recrystallization is the disclocation climb controlled by the lattice self-
diffusion. The stress exponent ranges between 6.42 and 6.87. For comparison, the relationship
lnZ – ln is shown in Figure 10b, in which a linear relationship is evident (R2 = 0.95). It can be
concluded that the hot forming behaviour of the twin-roll cast and heat-treated magnesium
alloys can be described by the correlations of the Zener-Holomon parameter.

4.2.2. Processing Map

To obtain an optimal processing range for hot forming, a two-dimensional diagram
consisting of isolines can be created using the experimentally determined flow curves.
Hence, information on dynamic recrystallization, recovery, superplasticity, failure (crack-
ing), formation of hard particles and deformation bands can be derived [8]. The processing
map for the twin-roll cast and heat-treated AZ31 magnesium wire pre-profile section is
shown below in Figure 11.
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The logarithmic strain here reaches a value of 0.4, which is representative of a hot
rolling pass [37,38]. Along the geometry, the loss efficiency η is plotted as a percentage,
the grey domain indicates the instability (ξ

( ·
ε
)

< 0)). Due to the limited amount of data,
the domain and the environment are considered with a loss efficiency of 30.1%. Since
magnesium is one of the materials with a low stacking energy, it can be assumed that
dynamic recrystallization occurs from a loss efficiency of 30 to 40% [8]. The instability range
starts at 250 ◦C and 3.25 s−1 (ln strain rate 1,18 s−1), initially extends up to a forming speed
of 0.01 s- 1 and at high speeds (1–10 s−1) covers a temperature range from 300 ◦C to 380 ◦C.
Exemplary for this range is point I in Figure 12 (250 ◦C, 1 s−1). Figure 12a shows a crack that
extends over the entire section. Figure 12b also shows a crack in the 1/6 area of the sample,
where a deformation of about 0.4 is observed. It can be seen here that the crack appears
along the grain boundaries, thus indicating intercrystalline cracking. The cracks that appear
spread along the grain boundaries during forming when low-melting compounds form
due to segregation of certain alloying additions. At medium temperatures, which are
generally encountered during creep (forming at slow rates), intercrystalline cracking is a
typical failure mode. Furthermore, adiabatic shear bands can occur in the instability range
at higher forming speeds [8].

Since the activation energy indicates dynamic recrystallization and that also has been
observed in this temperature range in some publications [13,17,39], points II and III are
considered as examples.

In point II, the deformation was carried out at 300 ◦C and a forming speed of 0.01 s−1

(see Figure 13a). Two recrystallization mechanisms are evident in the microstructure shown.
On the one hand, discontinuous dynamic recrystallization (DDRX) occurs. DDRX is mainly
found in materials with low stacking fault energy and is characterized by the formation
and movement of large-angle grain boundaries [40]. A striking feature of this form is the
formation of necklace structure, where small, recrystallized grains are arranged along the
original grain boundaries. The mechanism of DDRX is interrupted when the recrystallized
grains collide [28,41–43]. Furthermore, twinning-induced dynamic recrystallization (TDRX)
can be observed in this image. According to existing publications, the recrystallization
nuclei can occur at twin boundaries [26] and within twins [13,44–47]. Figures 14 and 15
show the two described dynamic recrystallisation effects in more detail in the form of an
EBSD measurement.
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Figure 15. EBSD measurement of the transformed AZ31 magnesium alloy point II (300 ◦C, 0.01 s−1):
former twins that recrystallized, typical TDRX.

Point III within the process map is very close to the loss efficiency region. Here, the
cylinder compression test was carried out at 350 ◦C and a forming speed of 0.01 s−1. The
associated microstructure development shows Figure 13b. In this micrograph, it is noticeable
that along the grain boundaries is a higher amount of subgrains that formed. This dynamic
recrystallization mechanism is called continuous dynamic recrystallization (CDRX) and starts
at the grain and twin boundaries, where dislocations accumulate, leading to an increased
dislocation density locally. The rearrangement of lattice dislocations from different slip systems
can lead to the formation of small angle grain boundaries. Thus, this mechanism takes place
without direct nucleation and without movement of the large-angle grain boundaries. The high
dislocation densities occur predominantly near large-angle grain boundaries, resulting in the
formation of a majority of subgrains at the shell regions of the original grains [13,40,41,46,48,49].
EBSD measurement for the CDRX is shown in Figure 16.
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Based on the generated processing map, the recommended optimum forming range
is from 325 to 355 ◦C and 0.0907 to 0.3678 s−1. Concerning the literature that was used
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and the exemplary microstructure images, during hot forming, dynamic recrystallization
mechanisms are expected.

5. Conclusions

In the present work, the deformation behaviour of an AZ31 wire pre-profile produced
at the pilot plant for magnesium twin-roll casting wire of the IMF was investigated for the
first time. A centrally formed segregation zone and an inhomogeneous microstructure char-
acterize the initial state. The central area was embossed with a fine-grained microstructure;
meanwhile, a coarser grain appeared in the peripheral area. Heat treatment at 460 ◦C for
15 min reduced the centre segregation and caused a slight grain coarsening. After the heat
treatment, the microstructure was more homogeneous compared to the twin-roll cast condi-
tion. Flow curves were recorded using the cylinder compression test and showed a typical
dependence on temperature and forming speed. The curves show a steady increase and flat
decrease of the yield stress, the mechanism of dynamic recovery and recrystallization can be
construed as the predominant deformation mechanism. Likewise, the calculated activation
energy (159.008 kJ·mol−1) can be classified in the range of dynamic recrystallization. To
determine the optimal process parameters, a processing map was created at an equivalent
logarithmic strain of 0.4. Three mechanisms for recrystallization were identified: discon-
tinuous dynamic recrystallization (DDRX), twinning-induced dynamic recrystallization
(TDRX) and continuous dynamic recrystallization (CDRX). Furthermore, an instability
range at 250 to 375 ◦C and at forming speeds from 0.01 to 10 s−1 is striking. Intercrystalline
cracking was observed in this area. Based on the processing map, the optimal working
range of 325 to 355 ◦C and 0.0907 to 0.3678 s−1 is recommended.
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