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Abstract: Due to a combination of casting and rolling in one process step, twin-roll casting is an
effective grain refinement method. This study compares the direct-chill cast (DC) state and the
twin-roll cast (TRC) state of an AZ31 magnesium alloy in different steps regarding the microstructure,
deformation behavior, and mechanical properties. In the initial state, the TRC AZ31 exhibits a
significantly finer grain size and a slight rolling texture compared to the DC AZ31. Therefore, the TRC
materials exhibit higher strengths and ductility. After a short heat treatment of 400 ◦C and 12 h for
the DC state and 460 ◦C and 15 min for the TRC state, cylindric compression tests of the heat-treated
samples were conducted at different temperatures (300–400 ◦C) and strain rates (0.1–10 s−1). To
reproduce the deformation behavior at higher strain rates, hot rolling tests (350 ◦C, 15 s−1) of the
heat-treated samples were performed. For both alloys, discontinuous dynamic recrystallization
and twinning-induced dynamical recrystallization could be detected. A fine grain size and similar
strengths were present after five passes. The AZ31 TRC exhibited a higher ductility due to a higher
texture intensity, as the stress direction corresponds to the rolling direction in the case of tensile testing.

Keywords: twin-roll casting; TRC; AZ31; magnesium alloy; microstructure; deformation behavior;
mechanical properties; grain refinement

1. Introduction

Magnesium and its alloys cannot be missing in the field of lightweight construction.
The metallic material can not only be cast into several products for the automotive industry
but it can be also used as a wrought product for the aircraft industry, electronics, or
sports [1,2]. There are not only flat products available, but also magnesium wires, which
are often used in the field of additive manufacturing, the (bio-)medical industry, or for
joining and welding techniques [3–5].

Conventionally produced magnesium alloy wires are usually manufactured by using
direct-chill casting (DC), hot extrusion processes, and intermediate heating [6–8]. This is
often accompanied by a limited product length. In contrast, magnesium alloy wires can
also be continuously processed via groove wire rolling. Wire rolling of magnesium long
products tends to achieve a refinement of the microstructure and an improvement of the
hardness as well as mechanical properties such as yield strength or tensile strength [9–12].
In the literature, wire rolling of the cast as well as preformed (extruded) AZ31 alloys
have been tested. Higher alloyed AZ alloys, such as AZ61 or AZ80, have also been
investigated. Temperatures above 300 ◦C are optimum rolling temperatures to recrystallize
the microstructure completely [12]. However, temperatures of about 200 ◦C have also been
used for forming to produce a fine-grained microstructure [11,13]. Elevated temperatures
of approximately 450 ◦C, on the other hand, cause grain growth [12].

Another method to produce magnesium alloy wire is a combination of the so-called
twin-roll casting (TRC) process and a further processing step like groove wire rolling. In the
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case of twin-roll casting, casting and rolling are combined in a one-process step compared
to conventional manufacturing processes. It saves process steps and makes the production
more cost- and energy-efficient. Twin-roll casting has been used in the production of
the selected aluminum alloys and zinc strips. It was also successfully tested in the strip
production of several magnesium alloys: Aluminum-containing alloys (AZ31, AZ61, AZ91,
and ATZ821), Zinc-containing alloys (ZK60 and ZM61), Manganese-containing alloys
(AM50 and AM60), Rare-earth-containing alloys (ZE10, ME21, WE43, and WZ73), as well
as Calcium-containing alloys (MX20 and ZAX210) [14–25].

The advantage of twin-roll casting compared to conventional casting is the significantly
finer and more homogeneous microstructure, the reduced number of segregations, and the
more uniform distribution of precipitates [26]. This is mostly due to the high solidification
rates ranging from 102 to 103 ◦C/s [27]. Therefore, the formation of improved mechanical
properties is expected [25,28]. Furthermore, it is possible to utilize the casting heat by
coupling the twin-roll casting process to a subsequent rolling process so that the usual
intermediate heat treatment can be omitted. However, one disadvantage of twin-roll casting
might be the much smaller output due to smaller diameters compared to conventional
casting. Furthermore, it was noted that TRC exhibits a limited choice of alloys [29].

With the patent filed in 2016 (DE 102012209568 A1 [30]) and the commissioning of
the worldwide unique pilot plant in 2018, the technology of twin-roll casting was adapted
to the production of magnesium long products at the Institute of Metal Forming, TU
Bergakademie Freiberg [31,32].

The study aims to investigate the influence of a high solidification rate process (TRC
process) on an AZ31 magnesium alloy before, during, and after a hot deformation process
to produce an AZ31 wire with enhanced properties. It is known in the literature that a
fine grain-sized material contributes, e.g., to a lower corrosion rate [33], which can be an
important property for a Mg wire. In addition, a combination of high strength and high
ductility is important for biomedical applications [34].

Therefore, a direct-chill cast AZ31 alloy will be compared with a TRC AZ31 alloy
to show the influence of the TRC process on the microstructure, texture, and mechanical
properties in the initial state. Then, the deformation behavior of both alloys will be com-
pared within the compression and groove rolling tests. Finally, the influence of the TRC
process and the grain refinement achieved on the final properties such as the microstructure,
texture, and mechanical properties after five passes of wire groove rolling is shown.

2. Materials and Methods
2.1. Materials—Casting Method and Heat Treatment

The direct-chill cast AZ31 magnesium alloy was produced by melting AZ31 ingots
and casting them in dies with a diameter of 16 mm and a length of 250 mm at a temperature
of 750 ◦C. Steel dies were used and smoothened with boron nitride and graphite. The steel
dies were preheated to 450 ◦C before casting.

The heat treatment of the AZ31 DC samples was performed in an air radiation furnace.
A heat treatment at 400 ◦C for 12 h was chosen according to the literature [35,36].

In contrast to that, the twin-roll cast AZ31 samples were produced by using the process
of a combined solidification and rolling step. The principle is shown in the following
Figure 1. AZ31 ingots were melted in an inductive furnace to a temperature of 710 ◦C.
Then, the melt was transferred via a preheated steel nozzle into the roll gap between two
water-cooled rolls. The rolls are marked by a circumferential, closed, oval groove. As
the AZ31 melt (marked in red) meets the water-cooled rolls, it immediately solidifies in
the groove. The orange marked zone represents the partly solidified melt. A solidified
metal is present before the narrowest point between the rolls, which is then deformed to
a pre-profile. The produced magnesium pre-profile showed an oval cross-section with
9.2 mm in height and 20.0 mm in width. The casting speed reached 4.9 m/min.
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Figure 1. Principle of the twin-roll casting process [31].

After twin-roll casting, the AZ31 TRC samples were heat treated in an air radiation
furnace. A short (15 min) heat treatment at a higher temperature (460 ◦C) was chosen to
dissolve the segregations [31].

For both alloys, the chemical composition is shown in Table 1. The compositions
correspond to the standard. The difference of 0.2 wt.% in Al is marginal but should not be
neglected in terms of strengthening. Zn is known for its influence on castability, strength,
and grain refinement. The difference of 0.4 wt.% in Zn should therefore be considered.
As the measurement accuracy corresponds to the difference in Mn, the influence of the
difference of Mn on grain size development should be considered negligible.

Table 1. Chemical composition of the AZ31 DC and TRC samples compared to the standard in wt.%.

Alloy Al Zn Mn Mg

AZ31 DC 2.8 0.7 0.3 96.2
AZ31 TRC 2.6 1.1 0.4 95.9

AZ31 standard (DIN EN 12438) [37] 2.5–3.5 0.6–1.4 0.2–1.0 -

2.2. Experiments—Compression Tests and Groove Rolling Trials

Cylindric compression samples with a height of 18 mm and a diameter of 10 mm were
milled from the heat-treated (400 ◦C, 12 h) DC samples. After preheating the DC samples
in an air radiation furnace for 15 min at elevated temperature, hot compression tests were
performed in the Warmumformsimulator (Werkstoffprüfsysteme Leipzig GmbH, Leipzig,
Germany) at the Institute of Metal Forming (TU Bergakademie Freiberg). At least three
tests were performed in each state. The samples were tested at different temperatures (300,
350, and 400 ◦C) and strain rates (0.1, 1, and 10 s−1) to an equivalent logarithmic strain of 1.
Then, the samples were water quenched. Graphite was used as a lubricant.

Due to the limited geometry of the TRC AZ31 pre-profile, the cylindric compression
samples with a height of 10 mm and a diameter of 5 mm were milled from the heat-treated
TRC (460 ◦C, 15 min) samples. In contrast to the DC samples, the testing was performed
at the dilatometer. Therefore, inductive heating with a heating rate of 5 K/s was used to
preheat the samples to elevated temperatures. The hot compression tests were performed
at the same forming temperature (300, 350, and 400 ◦C) and strain rates (0.1, 1, and 10 s−1)
to an equivalent logarithmic strain of 1. Here as well, three tests were conducted in each
state. After deformation, the TRC samples were quenched with nitrogen. No lubrication
was used.

It should not be neglected that the compression samples had two different geometries
and that the compression tests were performed on two different machines. This might influ-
ence the deformation behavior and microstructural development. It should be investigated
in the future to which extent these tests are comparable.

To compare the deformation behavior at higher strain rates, groove rolling tests were
conducted on a three-high-standing rolling mill. Before rolling, the oval-rolling samples
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with a height of 9.2 mm and a width of 20 mm (corresponding to the pre-profile dimension)
were milled from the cast and heat-treated DC AZ31 samples. Then, the cast and heat-
treated DC and TRC samples were preheated to 350 ◦C. After that, the rolling samples were
deformed within five rolling steps using an oval–square calibration. The final diameter
of the samples was 9.8 mm. The rolling speed was 1.5 m/s and the summed logarithmic
strain reached 0.65.

2.3. Characterization

The AZ31 DC and TRC samples were embedded in the cast, heat treated, compressed,
and rolled in the longitudinal section, ground with SiC abrasive paper, and polished with
OP-chem and MD-Chem OPS 300 polishing cloths. While the DC and TRC as well as the
heat-treated samples were etched using picric acid (5 mL of glacial acetic acid, 6 g of picric
acid, 10 mL of distilled water, and 100 mL of ethanol) for 10–20 s, the deformed samples
were etched using nitric acid (20 mL of glacial acetic acid, 1 mL of nitric acid, 20 mL of
distilled water, and 60 mL of ethanol) for 45–50 s. Optical characterization was performed
with the digital microscope VHX-6000 (Keyence Corporation, Osaka, Japan). The grain
sizes were measured using the linear intercept method.

The scanning electron microscope Jeol JSM 7800 F (Tokyo, Japan) was used to take SE
pictures and measure the alloy composition using energy-dispersive X-ray spectroscopy
(EDX). Texture analysis was carried out via electron backscattering diffraction (EBSD) using
an accelerating voltage of 20 kV and a step size depending on the grain size (0.1–2 µm).
The EBSD data were analyzed using the MTEX MATLAB toolbox [38].

In addition, quasi-static tensile tests of the heat-treated and rolled samples were
performed at the AG100 at room temperature and with a testing speed of 0.625 mm/min.
At least three samples of each state and alloy were tested. The sample form was B (according
to standard DIN EN 50125 [39]), with a measurement diameter of 5 mm and a measurement
length of 25 mm. Vickers HV 10 hardness measurements were conducted on the DC/TRC,
heat treated, and rolled samples using the ZHU250 (Zwick/Roell, Ulm, Germany). The
hardness was measured at seven different points along the sample surface.

3. Results and Discussion
3.1. Casting/Twin-Roll Casting and Heat Treatment

Figure 2 shows the sample center of the (a) direct-chill cast and (b) heat-treated (400 ◦C,
12 h) AZ31 magnesium alloy. A globular dendritic structure is visible in the cast state
as well as in the heat-treated state. In the cast state, it was noted that the edge of the
sample showed slightly smaller grains due to the cooling effects compared to the sample
center (not shown here). As the difference in grain size reduces after heat treatment and
the samples for hot deformation were milled out of the center of the sample, this slight
difference between the edge and the center was not considered relevant for the paper.

In general, Mg-Al alloys that do not solidify under equilibria conditions are expected
to form the secondary eutectic phase Mg17Al12 when having more than 2 wt.% Al [40]. This
phase could not be detected, though the overall Al content was 2.8 wt.%. However, the
Al content in the magnesium matrix reached 2 wt.% and increased after heat treatment to
4 wt.%. This could indicate that the Mg-Al-precipitations probably have dissolved during
heat treatment. Furthermore, the Al-Mn-based precipitates, probably Al8Mn5 particles, are
visible (see Figure 2c,d) [41]. The precipitates have a size of approximately 2–5 µm. They
are still visible after heat treatment. This implies that they cannot dissolve [41], and their
size remains the same. The grain size of the direct-chill cast AZ31 alloy is quite coarse (see
Figure 2e). After the heat treatment, the grain size increases slightly, as the deviation of the
mean lengths shifts to higher grain sizes.
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Figure 2. Microstructure of the direct-chill cast AZ31 (a) after casting and (b) after heat treatment.
SEM images of the DC cast AZ31 (c) after casting and (d) after heat treatment (400 ◦C, 12 h), adapted
from [42]. Grain size distribution of the DC cast and heat-treated AZ31 (e). The sample center is
shown/measured.

Figure 3 depicts the microstructure of the twin-roll cast AZ31 (a) after twin-roll casting
and (b) after heat treatment. A clear difference between the edge and the center of the
sample is visible as there is a pronounced segregation zone in the middle of the sample.
As the segregation region is enriched in probably Al or Zn, these regions may contribute
to the formation of non-uniform grain sizes. It can be observed that at the edge of the
sample, elongated, coarse grains are formed. In contrast, the sample’s middle exhibits
equiaxed grains with segregations and precipitation zones between the grain boundaries.
Similar results were found in previous studies [43] and for the AZ31 strips after twin-roll
casting [25]. With the help of EDX analysis (measured in the sample center), it could be
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detected that the Mg17(Al, Zn)12 precipitations and Al8Mn5 particles are probably present
(see Figure 3c). While the Al-Mn-based precipitates are small and round, the Mg-Al
precipitates have a longer shape and are aligned with the grain boundaries. A short heat
treatment of 460 ◦C and 15 min leads to the homogenization of the microstructure. This
heat treatment was chosen according to former tests [31]. In Figure 3b, it can be seen
that the elongated grains transformed into more globular grains. They are still coarse
compared to the small grains visible in the middle of the sample. In the center, most of
the segregations could be dissolved, and a supersaturated Mg matrix might be present,
with alloying elements and particles evenly distributed throughout the material. This is
supported by the fact that the Al content of the Mg matrix could be raised by 0.4 wt.%
during the short heat treatment (measured in the sample center).
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Figure 3. Microstructure of the twin-roll cast AZ31 (a) after TRC and (b) after heat treatment (460 ◦C,
15 min). EDX images of the twin-roll cast AZ31 (c) after TRC and (d) after heat treatment.

The grain size of the AZ31 alloy in the center is 10 ± 4 µm after TRC and 19 ± 12 µm
after heat treatment. Slight grain growth is visible after heat treatment. Even the standard
deviation increases after heat treatment.

To sum up, the microstructure of the direct-chill cast AZ31 magnesium alloy is globular,
coarse, and exhibits some Al-Mn precipitates. In contrast to that, the twin-roll AZ31 alloy
shows equiaxed grains with segregation between the grain boundaries in the center, and
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elongated grains at the edge. Due to the formation of the segregations, a more non-uniform
microstructure is present in the TRC state. This can be avoided with the help of a heat
treatment [43]. After the short heat treatment, more uniform grains are present, and the
particles are more evenly distributed. In addition to the Al-Mn precipitates, the Mg-Al
precipitations could be detected in the TRC alloy.

Figure 4a shows the EBSD maps of the direct-chill cast and heat-treated AZ31 alloy
(sample center is shown). No preferred orientation is present (see inverse pole figures
in Figure 4b). In contrast to that, the EBSD map of the twin-roll cast and heat-treated
AZ31 magnesium alloy is shown in Figure 4c (sample center is shown). A slight rolling
texture is already present after twin-roll casting (see pole figure in Figure 4d). This means
that the hexagonal unit cells are aligned transverse and perpendicular to the casting resp.
rolling direction. This was also reported in previous studies [31]. In addition, twins can
be observed for the AZ31 TRC, especially in the heat-treated state. In the case of the AZ31
strip, a weak basal texture after twin-roll casting was already reported [44]. After heat
treatment, the texture is still present. The slight rolling texture is probably due to the
deformation, which already takes place in the first processing step (TRC process). A slight
rolling texture may ease the deformation on the basal planes if the direction of the stress is
in the TRC direction.
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Figure 4. (a) EBSD and (b) inverse pole figures of the DC cast and heat treated (400 ◦C, 12 h) AZ31
in radial casting direction 2 (RCD2) and longitudinal casting direction (LCD) [42]. (c) EBSD and
(d) inverse pole figure of the twin-roll cast and heat-treated (460 ◦C, 15 min) magnesium alloy AZ31
in radial casting direction 1 (RCD1) and twin-roll cast direction (TRCD).
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The hardness values (Vickers hardness HV10) of the direct-chill cast AZ31 alloy and
the twin-roll cast AZ31 are presented in Table 2 before and after heat treatment. Both alloys
showed lower hardness values after heat treatment compared to before heat treatment. This
might be due to a homogenization of the material in the case of the AZ31 DC, which leads
to a slight grain growth. In the case of the AZ31 TRC alloy, in addition, the segregations
and precipitations mostly dissolve. In comparison to the AZ31 DC material, the AZ31 TRC
material exhibits a higher hardness in the initial and heat-treated state. This is assigned to
the finer grain size and its impact on hardening. It should be noted that the AZ31 DC alloy
exhibited 0.2 wt.% more Al, but 0.4 wt.% less Zn than the AZ31 TRC alloy, which might
influence the hardness due to the solid solution strengthening of the alloying element.

Table 2. Mechanical properties of the AZ31 DC and TRC samples in heat-treated (HT) state, conducted
at room temperature, and hardness values after casting/TRC and heat treatment.

Alloy
Yield Strength (MPa) Tensile Strength (MPa) Elongation at Break (%) Vicker Hardness HV10

HT HT HT Cast/TRC HT

AZ31 DC 63 ± 7 192 ± 16 11 ± 1 49 ± 5 46 ± 2
AZ31 TRC 115 ± 3 238 ± 3 18 ± 0 57 ± 3 53 ± 2

In addition, quasi-static tensile tests of the direct-chill cast and heat treated as well as
the twin-roll cast and heat-treated TRC samples were conducted at room temperature (see
Table 2). As a result of the rapid solidification process, the TRC alloy has a significantly finer
grain size than the DC alloy after casting and heat treatment. This helps to improve the
mechanical properties as a finer grain size contributes to the accumulation of dislocations
at more grain boundaries, which leads to an increase in the strength of the material. A
slight rolling texture is present in the TRC alloy, where the direction of stress in the tensile
test corresponds to the rolling direction. This means that gliding on the basal planes is
easier, which might help to increase the elongation at break. Furthermore, the dissolved
alloying elements in the matrix contributed to an increase in strength via solid solution
strengthening.

Within this section, the microstructure, texture, and mechanical properties of the
AZ31 and AZ31 TRC were presented in the initial and cast state. As the TRC process
exhibits higher solidification rates compared to casting [26,27], it was shown that the AZ31
TRC alloy exhibits a finer grain size. In addition, the precipitations are finely distributed.
In contrast, direct-chill casting leads to a typical coarse globular microstructure. A heat
treatment helped to dissolve the segregations and precipitations (Mg17Al12) in the Mg
matrix. While the AZ31 DC alloy exhibits a random texture, the AZ31 TRC alloy shows a
slight wire rolling texture after TRC. By comparing the hardness, the TRC alloy exhibits
slightly higher values compared to the AZ31 DC alloy, mainly due to the finer grain size.
The mechanical properties of both alloys showed in the heat-treated state that the AZ31
TRC alloy exhibits significantly higher strength and ductility compared to the AZ31 DC
alloy. This is also attributed to the finer initial grain size of the TRC alloy.

3.2. Compression Tests

In the following Figure 5, one representative flow curve for each parameter set of the
hot compression tests is shown for the DC AZ31 and TRC AZ31 alloy. The scatter of the
curves was quite low with 5 MPa. The flow curves of both alloys show an increase and
decrease in flow stress with increasing logarithmic strain, indicating the typical mechanisms
of dynamic recrystallization.
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Figure 5. Flow curve of the direct-chill cast AZ31 and twin-roll cast AZ31 alloy at (a) a forming
temperature of 350 ◦C and at (b) a strain rate of 1/s.

The flow curves of the AZ31 TRC alloy lay above the curve of the AZ31 DC alloy,
except for the lowest speed and highest temperature. The maxima of the flow curves of the
AZ31 TRC alloy are mostly shifted to lower logarithmic strains and higher flow stresses.
The more pronounced strengthening in the twin-roll cast AZ31 alloy compared to the direct-
chill cast AZ31 alloy is attributed to the reduced initial grain size before hot compression.
An increased number of grain boundaries due to a finer microstructure provides more
opportunity for the dislocations to accumulate and thus harden. The same conditions
simplify the softening of the material via dynamic recrystallization. It was earlier reported
in the literature that a flow curve of an extruded AZ31 (lower initial grain size) lays below
a flow curve of a cast AZ31 (higher initial grain size) [45]. This was explained via the
faster DDRX kinetics in the extruded alloy and as the consequence of a higher specific
grain boundary area and a higher density of nucleation sites [45]. It should be noted that
two different machines were used to compress the samples, which exhibited different
geometries. This might have an influence on the results, which should be investigated
in future work. In addition, the difference in the Al and Zn contents might influence the
increase and decrease in flow stress.
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The following Figure 6a,b depicts the microstructure of the DC and TRC AZ31 alloy
after hot compression at a forming temperature of 350 ◦C, a strain rate of 1 s−1, and a
logarithmic strain of 0.2. It is expected to see the start of dynamical recrystallization (DRX).
In the case of DC AZ31, discontinuous dynamical recrystallization (DDRX) and twinning-
induced dynamical recrystallization (TDRX) are visible. Newly formed grains aligned at
the grain boundaries indicate DDRX, while twinning is quite typical for initial coarse grain
structures [46]. Magnesium exhibits a low stacking-fault energy compared to the other
materials, indicating that DDRX might be more pronounced. Twinning also occurs at lower
degrees of deformation, which are shown here. In the case of TRC AZ31, DDRX and TDRX
are also present. Some newly formed grains are aligned with the old grain boundaries,
forming a necklace structure. This was already investigated when deforming a TRC and
heat-treated AZ31 sample at lower temperatures and speeds (300 ◦C and 0.01 s−1) [43]. In
the case of deforming a TRC and heat-treated AZ31 sample at 350 ◦C and 0.01 s−1, CDRX
was also present. CDRX was not detected in the present micrographs.
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Figure 6. Microstructure of the hot deformed (a) DC AZ31 [42] and (b) TRC AZ31 at a forming
temperature of 350 ◦C, a strain rate of 1/s, and a logarithmic strain of approximately 0.2.

In addition, Mg17Al12 might precipitate during hot deformation and could act as
nucleation sites for DRX. As discussed earlier in the literature [45], it is not believed that
particle-stimulated nucleation (PSN) will significantly contribute to the development of
DRX in AZ31; therefore, it is not considered here any further.

Figure 7 shows the EBSD images, pole figures, and misorientation angle distribution of
the DC AZ31 and TRC AZ31 after hot compression at a logarithmic strain of approximately
0.2. A basal texture is present since the grains in Figure 7a,b are primarily colored green
or blue. This means that the hexagonal unit cells are aligned along the compression
direction (CD). The basal planes are in contrast visible from the compression direction (see
Figure 7c,d). The intensity of the texture is lower in AZ31 TRC compared to AZ31 DC. This
is attributed to the fact that the TRC alloy was already deformed in the TRC process. The
start of DRX is therefore expected to be at lower logarithmic strains compared to DC AZ31
at the same forming temperature and strain rate. The more newly developed DRX grains
are present, the more random the texture. In contrast, the AZ31 DC alloy exhibited coarser
but fewer grains before deformation than the TRC alloy. Due to the smaller number of
grains having a basal texture, the total intensity is higher.
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self-diffusion for magnesium, which corresponds to 135 kJ/mol [51]. In the case of the 
hardening parameter n, there is a creep of dislocation climb present if n > 5 [43,50,52]. As 
the values for AZ31 DC and AZ31 TRC correspond to 7.965 resp. 5.520, it is concluded that 
the dislocation climb creep is a dominant mechanism present in both alloys [42]. 
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Figure 7. EBSD maps of the DC AZ31 [42] transverse to compression direction (CD) (a) in radial
compression direction 1 (RCD1), (c) in CD, and of the TRC AZ31 transverse to CD (b) in RCD1, (d) in
CD at a forming temperature of 350 ◦C, a strain rate of 1 s−1, and a logarithmic strain of about 0.2.
(e) Misorientation angle distribution of the DC [42] and TRC AZ31. Pole figures showing (f) DC
AZ31 [42] and (g) TRC AZ31.
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Figure 7e shows the misorientation angle distribution of both alloys. The DC AZ31
exhibits two peaks, one at 30 degrees and one at 90 degrees. The peak at 30 degrees might
indicate double twins, while the peak at 90 degrees probably shows tensile twins. In
contrast, AZ31 TRC just has one peak at 90 degrees, indicating tensile twins. Double twins
occur more frequently under compression when the stress direction is along the c-axis [47].
As the texture intensity is higher in AZ31 DC, and therefore, the stress direction is more
pronounced along the c-axis, this might be an explanation for a higher number of double
twins in AZ31 DC.

The DRX grain size is about 10 ± 4 µm for the DC AZ31 and 12 ± 5 µm for the TRC
AZ31 alloy at a forming temperature of 350 ◦C, a strain rate of 1 s−1,, and a logarithmic
strain of 0.2. In contrast to that, at a higher logarithmic strain of about 1.2, the DRX grain
size of the AZ31 DC is 9 ± 3 µm and the DRX grain size of the AZ31 TRC is 7 ± 2 µm. It is
reported in the literature that an extruded AZ31 alloy that was deformed shows a lower
DRX grain size at different logarithmic strains than a cast AZ31 alloy that was deformed [45].
However, in our case, there is no equal difference in the initial grain size. Furthermore,
the AZ31 DC and TRC alloy was deformed at much higher strain rates. Additionally, the
measured values and standard deviations cannot be said to show large differences in the
DRX grain size.

In the literature, it is reported that the extruded material (lower initial grain size) also
showed a higher amount of DRX compared to the cast material (higher initial grain size)
at a forming temperature of 350 ◦C, a strain rate of 0.01 s−1, and a logarithmic strain of
1.0 [45]. Similar results were reported for an extruded and cast AZ80 alloy at a forming
temperature of 400 ◦C [48]. In this study, at a forming temperature of 350 ◦C, a strain rate of
1 s−1, and a logarithmic strain of 1.2, the DRX amount was approximately 51% for the AZ31
DC alloy and 95% for the AZ31 TRC alloy. This is consistent with the literature and may be
explained via the enhanced DDRX kinetics in fine-grain-sized materials compared to coarse
initial materials, due to a higher grain boundary area leading to more nucleation sites.

The flow stress maxima obtained from the warm flow curves were used to describe
the dynamic recrystallization processes. After calculating the activation energy Q for the
recrystallization processes using the Arrhenius equation, the average model coefficients
A (material constant), α (fitting parameter), and n (hardening exponent) were determined
graphically from the slopes in the following diagrams (see Figure 8).

In addition, the Zener–Hollomon parameter Z was calculated:

Z =
.
ϕe(

Q
RT ) = A[sinh(α σmax)]

n (1)

whereas
.
ϕ represents the effective strain rate in s−1, T the thermodynamic temperature, R

is the ideal gas constant (8.314 J(mol.K)), and σmax are the peak stresses. In the case of AZ31
DC and AZ31 TRC, the following results can be presented [42]:

AZ31 DC (r2 = 0.99 ) : Z =
.
ϕe(

140120
RT ) = 1.535 · 1011[sinh(0.010 σmax)]

7.965 (2)

AZ31 TRC (r2 = 0.99 ) : Z =
.
ϕe(

145650
RT ) = 6.12 · 1011[sinh(0.011 σmax)]

5.520 (3)

The calculated activation energies are 140 kJ/mol (AZ31 DC) and 146 kJ/mol (AZ31
TRC) [42]. Both calculated activation energies are in a common range for the AZ31 alloys
during hot deformation [49,50]. Furthermore, the values are slightly above the values for
self-diffusion for magnesium, which corresponds to 135 kJ/mol [51]. In the case of the
hardening parameter n, there is a creep of dislocation climb present if n > 5 [43,50,52]. As
the values for AZ31 DC and AZ31 TRC correspond to 7.965 resp. 5.520, it is concluded that
the dislocation climb creep is a dominant mechanism present in both alloys [42].
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Using the Kocks–Mecking plot, the grain structure development during deformation
can be described. The strengthening rate was calculated from the slopes of the flow stress
and plotted against the flow stress. The flow behavior can be described as follows: First,
a strong and linear drop in hardening can be seen. Then, an increase shortly before the
maximum flow stress is present, which differs from the linear increase. This critical stress
represents the beginning of dynamic recrystallization. A critical logarithmic strain for
dynamical recrystallization can be assigned to that critical stress.

As described, the Zener–Hollomon parameter was determined mathematically. Figure 9a
shows the logarithmic strain for recrystallization in dependence on the Zener–Hollomon
parameter. The critical degree decreases with the increasing forming temperature (see
Figure 9b) and reduced strain rate, so the start of dynamic recrystallization shifts to lower
logarithmic strains. Hereby, the influence of forming temperature is greater than the influ-
ence of the strain rate. The twin-roll cast AZ31 alloy shows significantly lower logarithmic
strains in dependence on Z and the forming temperature compared to the direct-chill cast
AZ31 alloy. In addition, the critical strain for all speeds and temperatures was graphi-
cally displayed from the experimental data and compared with the calculated results (see
Figure 9c–f). In the case of the DC AZ31 alloy, the critical logarithmic strain for dynamic re-
crystallization for all speeds and temperatures lies between 0.11 and 0.25. The twin-roll cast
AZ31 exhibits slightly lower values for the critical degree for all speeds and temperatures
(0.07–0.20). It is assumed that the lower grain size and already deformed grain structure
help to shift the beginning of dynamical recrystallization to the lower values.
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Figure 9. (a) Critical logarithmic strain in dependence on Zener–Hollomon parameter, (b) critical
logarithmic strain in dependence of forming temperature for AZ31 DC and TRC, (c) critical logarith-
mic strain in dependence of strain rate and temperature for AZ31 DC [42], and (d) for AZ31 TRC,
(e) comparison between measured and calculated results for AZ31 DC [42] and (f) AZ31 TRC.

Within this section, the flow curves, microstructure, texture, and deformation behavior
of the AZ31 DC and AZ31 TRC were presented. The flow curves indicated the typical
mechanisms of dynamic recrystallization. The microstructure revealed that discontinuous
DRX and twinning-induced DRX are dominant in both alloys. Both alloys exhibited tensile
twins. In addition, the AZ31 DC alloy also showed double twins, probably due to a higher
intensity in the basal texture, which was present for both alloys. The lower intensity in
the basal texture of the AZ31 TRC alloy is ascribed to a higher amount of DRX grains with
random orientation. The DRX amount was higher in the case of the AZ31 TRC alloy due
to the enhanced DDRX kinetics. The DRX grain size differed slightly at different strains
but was lower compared to the initial grain size. The calculation of the activation energy
showed similar results for AZ31 DC And TRC. In the case of the AZ31 TRC alloy, the critical
degree for DRX was shifted to lower logarithmic strains compared to the AZ31 DC alloy. In
addition, the critical logarithmic strain for the DC and TRC AZ31 alloy can be summarized
in the following equation:

AZ31 DC (r2 = 0.89 ) : ϕc = a1 · D0
a2 · Za3 = 0.0079 · D0

0.1034 · Z0.0888 (4)

AZ31 TRC (r2 = 0.81 ) : ϕc = a1 · D0
a2 · Za3 = 0.0090 · D0

0.1113 · Z0.0853 (5)

3.3. Rolling Tests

Figure 10 shows the EBSD images of both the AZ31 DC and AZ31 TRC alloy after
the first rolling pass. At this low strain, despite the higher strain rate of about 15 s−1, the
start of dynamical recrystallization is expected. In the case of AZ31 DC, the same DRX
mechanisms were found in the EBSD pictures as in the hot compressed samples. Twinning
occurred as the heat-treated AZ31 DC alloy before rolling was coarse compared to the
heat-treated TRC alloy. In addition, DDRX was present, which is more likely to occur at
higher strain rates [53]. In the case of the AZ31 TRC alloy, DDRX could be found.
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Figure 10. EBSD images of the first rolling pass of the (a,b) direct-chill cast AZ31 [42] and (c,d) twin-
roll cast AZ31 alloy.

Comparing the scale, it is obvious that the grain size of the AZ31 TRC after the first
rolling step is smaller than the grain size of the AZ31 DC. This is probably due to the
smaller initial grain size before rolling. In addition, a rolling texture is already present
after the first rolling pass for both alloys, as the radial rolling direction 2 is colored in red.
This means that the hexagonal unit cells are rotating around the wire axis transverse to the
rolling direction, showing the basal planes to the radial directions.

Figure 11a,b shows the microstructure of the rolled AZ31 DC and TRC samples
(five passes), which were heat treated before rolling and then hot-rolled as described under
Materials and Methods. A fine microstructure with a small grain size of 5 ± 2 µm (AZ31
DC) and 6 ± 3 µm (AZ31 TRC) is visible after five rolling passes. It was reported in the
literature for an AZ80 alloy that a comparable microstructure and grain size was achieved
after a strain of 1.0, despite different initial microstructures and grain sizes being used [48].
This was assigned to a more pronounced tendency towards CDRX for the cast material
compared to the wrought material, as well as faster DDRX kinetics at higher strains of
deformation [48]. In this study, faster DDRX kinetics might also be present at higher strains
of deformation, helping to form a comparable microstructure and grain size compared to
the rolled AZ31 TRC alloy. Figure 11c–f depicts the pole figures of the AZ31 DC and TRC
alloy. By assuming higher DDRX kinetics at higher strains in the case of the AZ31 D alloy,
more random-oriented DRX grains are probably still present in the rolled AZ31 DC alloy,
resulting in a lower texture intensity. In contrast to that, the DRX grains in the AZ31 TRC
alloy are probably already oriented within the wire rolling texture. Therefore, the texture
intensity of the rolling texture might be greater in the rolled TRC alloy compared to the
rolled DC alloy.
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Figure 12 shows the hardness development of the rolled DC and TRC alloy during
hot rolling. The AZ31 DC alloy first exhibits a steep, then a weak increase, in hardness.
The hardness of the TRC AZ31 alloy also increases in the rolling steps 1–3. After that, a
short decline and incline is present. The initial hardness of the TRC alloys was higher
in the heat-treated state; therefore, the hardness values lay over the hardness values of
the AZ31 DC alloy in the rolling steps 1–3. During the fourth step, the rate of growth is
probably higher than the rate of nucleation in the TRC alloy during DRX. Within the fifth
step, nucleation is again more dominant than grain growth. This needs to be investigated
further in future work. The hardness increase in AZ31 DC might be due to the refinement
of the material during hot rolling due to DRX. In addition, the AZ31 DC alloy had a higher
Al content but lower Zn content than the AZ31 TRC, which might influence the hardness.

The mechanical properties of both alloys were tested after five passes of hot rolling at
room temperature (see Table 3). The mechanical properties could be improved compared
to the cast and heat-treated state due to DRX during hot rolling (see Table 2). A finer grain
size due to dynamical recrystallization is attributed to an increase in the strengthening
of the material. Dislocations accumulate at (more) grain boundaries, which leads to an
increase in strength. Compared to the rolled AZ31 DC alloy, the rolled AZ31 TRC alloy
shows just slightly higher strengths. Both alloys exhibit nearly the same grain size after the



Crystals 2023, 13, 1409 18 of 21

fifth pass, probably leading to the same number of accumulated dislocations. Interestingly,
the elongation at break of the rolled TRC alloy is 50% higher than the elongation of the
rolled DC alloy. This might be attributed to the higher texture intensity, which is present
in the AZ31 TRC alloy. In the case of the tensile test, the stress direction corresponds to
the rolling direction. A higher intensity in rolling texture leads to a reduced Schmid factor,
which supports easier gliding on the basal planes [54].
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Table 3. Mechanical properties of the AZ31 DC and TRC samples in rolled state (five passes),
conducted at room temperature.

Alloy Yield Strength (MPa) Tensile Strength (MPa) Elongation at Break (%)
Rolled (5 Passes) Rolled (5 Passes) Rolled (5 Passes)

AZ31 DC 208 ± 3 283 ± 6 14 ± 0
AZ31 TRC 223 ± 4 284 ± 2 21 ± 2

To summarize, the same DRX mechanisms were observed for both alloys in the rolling
trials compared to the compression tests. The microstructure as well as the grain sizes of
the AZ31 DC and TRC alloy after five passes of groove rolling are comparable. Both alloys
exhibit a wire-rolling texture, but a difference in intensity. The lower intensity in the wire
rolling texture of the AZ31 DC is ascribed to higher DDRX kinetics at higher strains leading
to more random-oriented DRX grains in AZ31 DC compared to AZ31 TRC. Due to the
comparable microstructure and grain size after five passes of wire rolling, the hardness and
strength values are comparable for both alloys. Interestingly, the AZ31 TRC alloy exhibits
an enhanced ductility compared to the AZ31 DC alloy, which might be explained by the
higher texture intensity in the AZ31 TRC alloy.

4. Conclusions

Twin-roll casting as a grain refinement method for the magnesium alloy AZ31 was
studied and compared with direct-chill casting after different processing steps, such as
casting, heat treatment, and hot deformation, to gain insight into the role of the solidification
rate on the microstructure, hot deformation behavior, and mechanical properties.

• While the direct-chill cast AZ31 exhibited globular but coarse grains, the twin-roll
cast AZ31 showed equiaxed grains with segregations between the grain boundaries.
The grain size of the TRC alloy is significantly finer than the grain size of the DC
alloy. After heat treatment of the direct-chill cast AZ31 alloy, a homogenization of the
microstructure was present, but the grain size increased slightly. A short heat treatment
of the twin-roll cast alloy helped to dissolve the precipitations and contributed to an
increase in grain size. The DC AZ31 showed a random orientation after casting, while
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the TRC alloy showed a slight rolling texture due to the TRC process. The texture was
not influenced by the heat treatment. In comparison to the AZ31 DC, the mechanical
properties of AZ31 TRC in the heat-treated state were higher. This is attributed to
the manufacturing process and its influence on the development of finer grain size
and texture.

• The obtained flow curves of both alloys show a typical increase and decrease in
flow stress with increasing logarithmic strain and in dependence on the temperature
and strain rate, indicating the typical mechanisms of dynamic recrystallization. The
flow curves of the TRC alloy lay mostly above the curves of the DC alloy, which is
attributed to the finer initial grain size, more pronounced accumulation of dislocations,
and thus, hardening. The calculated activation energy for dynamical recrystallization
was comparable for both alloys. The start of DRX is shifted to the lower strains in
the case of the AZ31 TRC, which was also attributed to the finer initial grain size and
probably already pre-deformed material.

• The main deformation mechanisms were TDRX and DDRX in both the AZ31 DC and
AZ31 TRC alloy. This was attributed to a quite coarse initial grain size of the DC AZ31,
and the stacking-fault energy of magnesium, which tends to pronounce DDRX. The
deformation mechanisms were detected in the micrographs as well as in the EBSD
pictures of the compression tests. The EBSD pictures indicate that a basal texture
is present.

• Within the rolling tests, a fine grain size could be obtained for both materials. A rolling
texture was present for both alloys, but the texture intensity was higher in the AZ31
TRC alloy. TRDX and DDRX were the present deformation mechanisms in both alloys,
though the strain rate was higher during the rolling trials. An increase in strength
could be achieved for both alloys compared to their heat-treated state before rolling.
Interestingly, the ductility of the AZ31 TRC alloy was 50% higher than the ductility
of the AZ31 DC alloy, though nearly the same fine grain size was present after hot
rolling. This is attributed to the higher texture intensity, which might support the
gliding on the basal planes, as the stress direction corresponds to the rolling direction
in tensile testing.
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