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Abstract: This study compares AZ91 with AZ31 to investigate the influence of a higher Al content
on the resulting microstructure, mechanical properties, and hot deformation behavior. While AZ31
exhibits a globular structure after casting, AZ91 shows a fully developed dendritic structure due to
the promotion of dendrites. A heat treatment helped to homogenize AZ31, dissolved a large part of
the Mg-Al precipitations in AZ91, and formed globular grains in AZ91. Due to the impact of Al on
constitutional supercooling, AZ91 exhibits smaller grains than AZ31. Because of the strengthening of
the solid solution, AZ91 also exhibits higher strength and hardness compared to AZ31. Cylindric
compression tests of the heat-treated samples were conducted at different temperatures (300–400 ◦C)
and strain rates (0.1 × 10 s−1). The main dynamic recrystallization (DRX) mechanisms in AZ31 and
AZ91 are twinning-induced DRX and discontinuous DRX. It was detected that Mg17Al12 precipitates
at the grain boundaries in AZ91, which influences the grain size through pinning. Similar results
could be conducted in rolling trials. Although both alloys have similar grain sizes after rolling, AZ91
exhibits higher strengths, while AZ31 shows higher ductility. This can be explained by the solid
solution strengthening in AZ91 and less brittle Mg17Al12 precipitations in AZ31.

Keywords: AZ31; AZ91; microstructure; mechanical properties; flow curve; magnesium alloy;
lightweight

1. Introduction

The use of magnesium alloys in the automotive industry is particularly interesting
because of their lower density compared to other metallic materials and high specific
strength. There are various other fields of application for magnesium alloys: aerospace,
automotive, medical, electronic, sports, and defense technology [1–3]. Magnesium alloys
can be divided into two categories: cast and wrought alloys. AZ91 is a very common
example of a cast magnesium alloy, while AZ31 is a very popular wrought magnesium
alloy. Both alloys contain 9 resp. 3 wt.% aluminum, and 1 wt.% zinc. Aluminum plays a
key role in both magnesium alloys.

A higher Al content helps to improve the castability due to a larger solidification
interval (compare 180 K for AZ91 and 130 K for AZ31 [4]). During solidification, the
primary Mg matrix (α-Mg) solidifies first in the temperature range of 650–600 ◦C. Later, the
eutectic reaction (Mg-Mg17Al12) occurs below 437 ◦C at the grain boundaries [5]. Under
equilibrium cooling conditions, the eutectic phase Mg17Al12 is expected to appear in Mg-Al
alloys with an Al content of approximately 13 wt.%. But, already, Mg alloys containing more
than 2 wt.% Al show the secondary phase Mg17Al12 (eutectic phase) for non-equilibrium
cooling conditions. The resulting size, shape, and distribution of the secondary phase
have an impact on the ductility and creep resistance of the alloy. It can form in different
morphologies depending on the solidification rate and the Al resp. Zn content [6]: fully or
partially divorced eutectic [7]. Aluminum also influences the grain structure that forms.
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Dahle et al. describe that a low Al content determines a globular structure after casting,
but a higher Al content promotes the formation of a dendritic structure after casting [5].
During solidification, Al also has an impact on constitutional supercooling. This affects the
growth restriction rate and, therefore, the impact on grain refinement [8]. By suppressing
columnar grains and promoting narrower columnar grains with increasing Al content in
pure Mg, Al influences the size of the resulting grains [8]. This means that the addition of
Al can be used as a grain refinement method.

The Al content also influences the choice of heat treatment. For the AZ31 alloy,
temperatures of 400 ◦C and holding times of approximately 12 h are generally sufficient
to dissolve the precipitates of Mg17Al12 [9,10]. Their amount is reduced as a result
of the lower Al content in the alloy, and their characteristic is usually fine and easier
to dissolve. In the case of the AZ91 alloy, elevated temperatures (415 ◦C) and longer
holding times (24 h) are recommended to dissolve the secondary phase [11–13]. The fully
developed dendritic structure of the AZ91 alloy transforms into a globular structure after
heat treatment [13]. It might be of interest to investigate whether the grain refinement
effect is still visible after heat treatment in an AZ91 alloy compared to AZ31, though
longer holding times and higher temperatures are recommended for the heat treatment
to dissolve the higher amount of Mg17Al12 precipitations.

Although magnesium may tend to recover due to its high stacking fault energy, dy-
namic recrystallization (DRX) prevails due to the few slip systems available [14]. The nucle-
ation of recrystallized grains occurs preferentially at existing high-angle grain boundaries.
Furthermore, dynamic recrystallization can be initiated in twins, deformation inhomo-
geneities, such as deformation and shear bands, precipitations, or particles, as well as
areas close to grain boundaries [15,16]. After a strong hardening, a new microstructure can
be formed without the migration of a large-angle grain boundary; this process is under-
stood as in situ or continuous dynamic recrystallization (CDRX). According to this, CDRX
resembles a recovery process in which dislocations are consumed by small-angle grain
boundaries, leading to the formation of new grains with high-angle grain boundaries [17].
The discontinuous dynamic recrystallization (DDRX) is characterized by the migration of a
high-angle grain boundary. The form of a necklace structure is typical here [18]. In addition,
grain boundary serration and bulging are an indication for DDRX [19]. Twin-induced
dynamic recrystallization (TDRX) is often found in coarse-grained material, such as homog-
enized material [20,21]. Additionally, TDRX also occurs predominantly at lower degrees of
deformation. It is reported that twinning is suppressed with an increasing Al content in
Mg-Al-Zn alloys [22,23]. The bulging mechanism is characterized by the local movement of
grain boundaries and occurs only in magnesium alloys at elevated temperatures and when
the dislocation arrangement is favorable [20]. The particle-stimulated nucleation (PSN) is
common in magnesium alloys containing rare-earth elements and leads to weaker texture
formation, as the particles, which act as nucleation sites, form grains with a more random
orientation [24]. Depending on the size, distribution, and proportion of the particles, they
can support or suppress recrystallization [25]. The so-called pinning effect of Mg17Al12
precipitates was also described in Mg-Al-Zn alloys with an increased Al content. The size
and number of precipitates are hereby decisive in terms of the influence on the resulting
dynamically recrystallized grain size and the degree of dynamic recrystallization [21,26].

Not only can the Al content affect the DRX mechanism during hot deformation, but
also a finer grain size before hot deformation [16,27]. In contrast, other publications show
that the initial microstructure does not play a role [28]. Therefore, it is of particular interest
to investigate the influence of grain refinement during solidification and heat treatment on
hot deformation behavior. This study attempts to induce a finer grain size in AZ91 than in
AZ31 after casting through the influence of the alloying element Al. This research is part
of broader research exploring grain refinement methods and their effect and inheritance
before, during, and after deformation. The AZ31 alloy is compared with the AZ91 in terms
of its deformation behavior, with the initial condition before deformation (heat-treated
state) being appropriately matched to the alloy (different temperatures and holding times
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due to the amount of Al). Further, this study investigates whether a variation in alloying
content influences the microstructure, texture, and mechanical properties during annealing
and hot deformation.

2. Materials and Methods

The AZ31 and AZ91 ingots were melted and cast at 750 ◦C, resp., 720 ◦C (different
temperatures due to the solidification interval) in dies with a diameter of 16 mm and a
length of 250 mm. The steel dies were smoothened with boron nitride and graphite and
preheated to 450 ◦C. Table 1 shows the chemical composition of the cast samples compared
to the standard. AZ91 shows a slightly higher Al content compared to the standard.

Table 1. Chemical composition of the AZ31 and AZ91 samples compared to the standard in wt.%.

Alloy Al Zn Mn Balance Mg

AZ31 2.8 0.7 0.3 0.0 96.2
AZ31 standard (DIN EN 12438) [29] 2.5–3.5 0.6–1.4 0.2–1.0 - -

AZ91 9.6 0.6 0.2 0.0 89.6
AZ91 standard (ASTM B93) [30] 8.5–9.5 0.45–0.9 0.17–0.4 - -

Heat treatment was carried out in an air radiation furnace. The following heat treat-
ments were chosen according to the literature: 400 ◦C, 12 h for AZ31 [9,10], and 415 ◦C,
24 h for AZ91 [11–13]. After heat treatment, the samples were rapidly cooled in water.

Cylindric compression samples (10 mm in diameter, 18 mm in height) were milled
from these heat-treated samples. Hot compression tests were conducted in the Warmum-
formsimulator (WUMSI) at temperatures of 300, 350, and 400 ◦C and strain rates of 0.1,
1, and 10 s−1 to an equivalent logarithmic strain of 1. After heating the samples in an air
radiation furnace for 15 min at elevated temperatures, they were deformed and then water
quenched. Graphite was used as a lubricant. The recorded flow curves were corrected for
temperature and friction.

Groove rolling tests were performed on a three-high-standing rolling mill at the
Institute of Metal Forming at TU Bergakademie Freiberg. Oval rolling samples with a
height of 9.2 mm and a width of 20 mm were milled from the cast and heat-treated samples.
Before rolling, the samples were heated to an elevated temperature (350 ◦C for AZ31 and
300 ◦C for AZ91 due to cracking during rolling at higher temperatures) in an air radiation
furnace. Within five rolling steps, using a square-oval calibration, the rolling samples were
deformed to a final diameter of 9.8 mm. The rolling speed was 1.5 m/s and the summed
logarithmic strain reached 0.65.

Samples of the AZ31 and AZ91 alloys in the cast, heat-treated, compressed, and rolled
state were embedded in the longitudinal section, ground with SiC abrasive paper, and
polished with OP-chem and MD-Chem OPS 300 polishing cloths. The cast and heat-treated
samples were etched using picric acid (5 mL glacial acetic acid, 6 g picric acid, 10 mL
distilled water, and 100 mL ethanol) for 10–20 s. The deformed samples were etched using
nitric acid (20 mL glacial acetic acid, 1 mL nitric acid, 20 mL distilled water, and 60 mL
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.

Furthermore, the scanning electron microscope Jeol JSM 7800 F (Tokyo, Japan) was
used to take SE pictures and measure alloy composition using energy-dispersive X-ray
spectroscopy (EDX). In addition, texture analysis was carried out by electron backscattering
diffraction (EBSD) using an accelerating voltage of 20 kV and a step size depending on grain
size (0.1–2 µm). The EBSD data were analyzed using the MTEX MATLAB toolbox [31].

Quasi-static tensile tests of the heat-treated and rolled samples were conducted at
the AG100 at room temperature. The testing speed reached 0.625 mm/min. The sample
form was B (according to standard DIN EN 50125) [32] with a measurement diameter of
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5 mm and a measurement length of 25 mm. Vickers HV 10 hardness measurements were
carried out on cast, heat-treated, and rolled samples using the ZHU250 (Zwick/Roell,
Ulm, Germany).

3. Results and Discussion
3.1. As-Cast and Heat-Treated State

Figure 1 shows the microstructure of the cast (a) AZ31 and (b) AZ91 magnesium
alloy. A globular structure can be seen for the AZ31, while the AZ91 alloy exhibits a fully
developed dendritic structure. This can be mainly explained by the higher Al content,
which promotes the formation of dendrite arms [5].
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Figure 1. Microstructure of the cast magnesium alloy (a) AZ31 and (b) AZ91. SEM images of the cast
magnesium alloy (c) AZ31 and (d) AZ91 with EDX measurements in (e).

As mentioned before, 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 [5]. Although this phase could not be clearly detected in AZ31, the precipitate
could be measured in AZ91 (see Figure 1d, point (3)). Furthermore, the Al8Mn5 precipitates
are probably visible in both alloys (see Figure 1c,d, points (1) and (2)) [33]. Due to the
higher Al content, AZ91 exhibits a higher amount of the secondary eutectic phase, which
develops between the dendrite arms. The precipitations are evenly distributed. While the
Al8Mn5 precipitates have a rather round, sometimes rod-like shape, the Mg17Al12 phase
is extensive and significantly longer and larger. The size of an Al-Mn-based precipitate
is approximately 2–5 µm and that of the Mg-Al precipitation is approximately 5–15 µm.
The Al content in the magnesium matrix of AZ91 is also higher compared to AZ31 (4 wt.%
compared to 2 wt.%).
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Due to heat treatment, the grain structure of AZ91 transforms into a globular grain
structure (see Figure 2). Furthermore, the SEM images reveal that the Mg17Al12 precipitates
could be mainly dissolved in the matrix. This is supported by the fact that the Al content
in the magnesium matrix of the heat-treated AZ91 sample is higher than in the cast AZ91
sample (9 wt.% compared to 4 wt.%). The Al content of the AZ31 matrix is also increasing
(4 wt.% compared to 2 wt.%). The Al8Mn5 precipitates, measured at points one and two in
Figure 2 [33], are still visible in both alloys after heat treatment. They cannot dissolve [34],
and their size remains the same.
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(415 ◦C, 24 h). SEM images of the heat-treated magnesium alloy (c) AZ31 and (d) AZ91 with EDX
measurements in (e).

Finally, the EBSD maps of the cast and heat-treated samples were examined. Figure 3a,b
shows whether AZ31 or AZ91 offers a preferred orientation because no color (red, blue,
green) is represented in priority. This is also supported by the inverse pole figures shown in
Figure 3c,d for AZ31 and AZ91, respectively. No clear orientation is present whether in the
radial casting direction or longitudinal casting direction.

Figure 4 shows the grain size distribution of the cast and heat-treated AZ31 and AZ91.
In general, the grain size is coarse because the material is poured and heat treated, but
AZ91 exhibits in both, as-cast and heat-treated state, smaller grains than AZ31. This might
be primarily due to the grain refining effect of the higher Al content and its impact on
constitutional supercooling (in the case of the cast state). In the case of the heat-treated
samples, a lower grain size of AZ91 could be due to inheritance effects, though a higher
temperature and longer holding time were used to dissolve Mg17Al12 precipitations.
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The hardness values in Table 2, measured at room temperature (RT), show that the
hardness of AZ91 significantly decreases after heat treatment. This is attributed to the
dissolution of Al in the Mg matrix. In contrast to that, no clear trend could be determined
in the case of AZ31, as the hardness drop is in the measurement error. AZ91 exhibits higher
hardness values due to the higher amount of Al and its solid solution strengthening, as
well as the grain refinement effect. It is already reported in the literature that the hardness
increases with the Al content [35].

Table 2. Hardness values of the magnesium alloys AZ31 and AZ91 in cast and heat-treated state.

Hardness HV10 (RT) As Cast Heat-Treated

AZ31 49 ± 5 46 ± 2
AZ91 74 ± 2 61 ± 2

Table 3 shows the mechanical properties of the heat-treated alloys AZ31 and AZ91
conducted at room temperature. While AZ31 exhibits higher ductility, AZ91 shows higher
strengths in the heat-treated state. This is mainly due to the higher Al content in AZ91 and
the effect of Al on solid solution strengthening and grain size. In contrast to that, due to
the lower Al content, AZ31 exhibits a higher stacking fault energy (SFE) [36], which might
contribute to a higher ductility of the material.

Table 3. Mechanical properties of the alloys AZ31 and AZ91 in the heat-treated state at room
temperature.

Mechanical
Properties (RT) Yield Strength (MPa) Tensile Strength

(MPa)
Elongation at Break

(%)

AZ31 63 ± 7 192 ± 16 11 ± 1
AZ91 86 ± 4 229 ± 11 8 ± 1

The solidification rate of AZ91 in permanent mold casting is typically 10 K/s [37]. By
examining the secondary dendrite arm spacing (SDAS) and calculating the solidification
rate, a comparison between the investigation and the literature can be drawn. An SDAS of
33 µm was measured for AZ91. Using the equation

SDAS = 10.5 t f
0.4, (1)
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a local solidification time tf of 17.5 s was calculated. Assuming a solidification interval Ts of
163 K for AZ91 [38], a solidification rate of 9.3 K/s was then calculated using the formula:

Solidi f ication rate =
∆Ts

t f
. (2)

This shows that the solidification rate of the AZ91 alloy is a typical solidification rate
for a material in permanent mold casting. The solidification rate of AZ31 could not be
identified metallographically due to the globular structure.

However, the solidification rates of AZ31 and AZ91 during casting were additionally
measured using a thermocouple placed in the middle of a steel die (see Figure 5). The
solidification curves show a similar course though casting was carried out at different
temperatures. The bend in the curves may be attributed to the solidification of the material
(transition of liquid + Mg to Mg in the phase diagram). Due to the difference in the Al
content, the change in the curve takes place at a lower temperature for AZ91 and affects
the solidification rate strongly. However, the longer the time, the more the solidification
rate of AZ31 is expected to be similar to that of AZ91.
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Figure 5. The solidification rate of AZ31 and AZ91.

All in all, a finer grain size was induced in the AZ91 alloy compared to the AZ31 alloy
after casting due to the solute element Al and its influence on constitutional supercooling.
The finer grain size is still present after heat treatment. A fully developed dendritic structure
in the case of AZ91 after solidification could be formed into a globular structure after heat
treatment. In addition, Mg17Al12 precipitations were dissolved during heat treatment,
which resulted in a lower hardness after heat treatment for AZ91. In the case of the AZ31
alloy, a globular structure was already present after casting. No preferred orientation is
present in both alloys. Due to solid solution strengthening, AZ91 exhibits higher strengths,
while AZ31 shows a higher ductility in the heat-treated state.

3.2. Compressed State

Figure 6 shows the flow curves of the hot compressed alloys AZ31 and AZ91 after
casting and heat treatment. The flow curves of AZ31 and AZ91 are characteristic flow
curves for these magnesium alloys and correspond to the literature [14,39,40]. In the
diagrams, a representative curve from each of the multiple trials is shown. The scatter
of the curves is quite low with 5 MPa. As both alloys show flow curves with an increase
and decrease in flow stress with increasing logarithmic strain, it is assumed that dynamic
recrystallization is more dominant than dynamic recovery.
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(b) a strain rate of 1/s.

AZ91 often exhibits a steeper slope and decline than AZ31 at the same forming
temperature and strain rate. It was already reported in the literature that Mg-Al alloys
with a higher Al content tend to show higher peak flow stresses compared to Mg-Al alloys
with a lower Al content due to the strengthening effect of the solute [35]. In addition,
AZ91 exhibited a finer grain size before hot deformation, contributing to hardening. The
maximum flow stresses of the AZ91 magnesium alloy are shifted to lower logarithmic
strains and higher flow stresses compared to AZ31 at the same forming temperature and
strain rate. This was also already reported in the literature for Mg-Al alloys with a higher
Al content [19]. The flatter flow curves of AZ31 compared to AZ91 could be an indication
that AZ31 has a higher tendency toward CDRX relative to AZ91, which might have a higher
tendency toward DDRX. This may be attributed to a higher stacking fault energy (SFE) of
AZ31 relative to AZ91 due to its lower Al content [19,36,40].

Figure 7 depicts the microstructure of the compressed AZ31 and AZ91 samples at a
forming temperature of 350 ◦C, a strain rate of 1 s−1, and a logarithmic strain of about 0.2.
The black dots in the microstructure of AZ91 are probably Mg-Al precipitations that are
precipitating during hot deformation. The SEM picture of the AZ91 alloy also reveals that
the secondary phase precipitates (see Figure 7c,d) along the grain boundaries and inside the
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grains. The precipitation of Mg17Al12 was not observed for AZ31. In both alloys, probably
Al8Mn5 particles could be detected (an example of AZ91 is shown; see EDX measurement
in Figure 7d). It is reported in the literature that Mg-Al-Zn alloys with higher Al content
(e.g., AZ80) tend to show the initiation of DDRX at lower strains than Mg-Al-Zn alloys
with a lower Al content (e.g., AZ31) [19]. Therefore, the AZ91 alloy is expected to show
a higher amount of DRX grains compared to AZ31 at the logarithmic strain of 0.2. This
can be observed in the microstructural pictures in Figure 7a,b. The newly formed grains
are aligned along the original grain boundaries, indicating DDRX. In addition, the lower
initial grain size of the AZ91 alloy probably contributes to a higher amount of DRX grains
due to its effects on enhancing the nucleation rate. It was reported earlier that the initial
microstructure influences the DRX proportion in an AZ31 alloy [41,42].
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Figure 7. Microstructure of the hot-deformed magnesium alloy (a) AZ31 and (b) AZ91 at a forming
temperature of 350 ◦C, a strain rate of 1 s−1, and a logarithmic strain of approximately 0.2. (c) SEM
image of the AZ91 alloy showing the precipitation of Mg17Al12. (d) The magnification of precipitation
inside the grains and the result of the EDX measurement shown in (c).

The mean DRX grain size is 10 ± 4 µm for AZ31 and 9 ± 3 µm for AZ91 at a forming
temperature of 350 ◦C and a strain rate of 1 s−1. It is reported that the higher the strain
rate, the more comparable the DRX grain size will be between lower (AZ31) and higher
(AZ80) Al-alloyed Mg-Al-Zn alloys [19]. This might explain the similar DRX grain size of
both alloys.

As the secondary phase in AZ91 also precipitates along the grain boundaries, recrys-
tallized grains and Mg17Al12 are often found together at the grain boundaries. Interestingly,
the grain size near the precipitation is even smaller than farther away from the precipitation.
Therefore, the precipitations might act as nucleation points (PSN) and have a pinning effect



Metals 2023, 13, 1599 11 of 23

on the recrystallized grains. Depending on their size, the precipitations can either promote
(coarse particles) or hinder (fine dispersoids) recrystallization as they can act as nucleation
sites or suppress the growth of DRX-grains [26]. Regarding the size of the precipitations in
Figure 7, it is assumed that they might act as nucleation points for DRX.

In addition, twinning is observed as a deformation mechanism in both alloys. Due to
a limited number of slip systems and an activation of twinning at a lower or equivalent
stress, twinning is quite common in Mg alloys. Nevertheless, twinning is also influenced
by the Al content. It is reported that the formation of twin lamellar structures is suppressed
in Mg-Al-Zn alloys by increasing the Al content [22]. While double twins were more
dominant in AZ31, extension twins without a lamellae structure nucleated in AZ91 [22].
Figure 8 presents the misorientation angle distribution of the magnesium alloys AZ31 and
AZ91. The peak between 85 and 90 degrees may indicate {1012} extension twins, while the
peak at 35 degrees indicates {1011}-[1012} double twins. These double twins are generated
due to {1012} re-twinning inside a {1011} compression twin and occur more frequently
under compression when the stress direction is along the c-axis [43]. It seems to be that
double twins are more dominant in AZ31 compared to AZ91, though both types are present
in both alloys. It is known that the formation of {1012} extension twins is much easier
due to lower critical resolved shear stresses compared to {1011} compression twins [23].
Nevertheless, the formation of {1011} compression twins will be triggered due to basal
texture formation under compression [21]. Then, {1011}-[1012} double twins will be formed
to reduce the strain caused by {1011} compression twins [21]. Further, it was reported
that the presence of Mg17Al12 precipitations may lead to a lesser extent of twinning in
AZ91 compared to AZ31 [23]. During hot deformation, Mg17Al12 precipitates as shown
in Figure 7c,d. Depending on the size of the precipitation, they can act as barriers toward
twin boundary migration and hinder the twin propagation rate [23].
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temperature of 350 ◦C and at a strain rate of 1/s.

In addition to DDRX, PSN, and TDRX, it is interesting to discuss the mechanism of
CDRX during the deformation of AZ31 and AZ91. It was reported that the precipitation
of Mg17Al12 in an AZ91 alloy hinders dislocation movement and, therefore, leads to
dislocation pile-up near the precipitations and inside the grains, resulting in a promotion
of the CDRX process [21]. This might be visible in the following EBSD picture of the AZ91
alloy during hot compression (see Figure 9b,d). For AZ31, it was reported that non-basal
slip promotes CDRX in general, but DDRX is more dominant at higher temperatures
compared to CDRX [18,39,44]. As the deformation took place at 350 ◦C, it is assumed that
DDRX might be more dominant than CDRX in AZ31.
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Figure 9. EBSD maps of the magnesium alloy AZ31 transverse to compression direction (CD) (a) in
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at a forming temperature of 350 ◦C, a strain rate of 1 s−1, and a logarithmic strain of about 0.2. Pole
figures showing (e) AZ31 and (f) AZ91 magnesium alloy.

The EBSD maps in Figure 9 show that a basal texture is present due to hot deformation.
Since the grains in Figure 9a,b are primarily colored green or blue, this indicates that
the hexagonal unit cells are aligned along the compression direction (CD). Therefore, the
basal planes (marked red) are visible from the CD (see Figure 9c,d). The pole figures in
Figure 9e,f also reveal that a basal texture is present. The intensity of the texture is lower in
AZ91 compared to AZ31, probably due to the higher amount of DRX grains shown on the
map, which promotes a less basal texture. It is reported in the literature that dynamically
recrystallized grains in AZ91 contribute to a weaker texture, while the addition of Al
limits the activation of prismatic slip, resulting in a strong texture for non-recrystallized
grains [22].
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To summarize this section, it can be stated that flow curves were obtained from the hot
compression tests for AZ31 and AZ91. Both flow curves showed hardening and softening,
a typical indication of dynamical recrystallization. By observing the microstructures at
a forming temperature of 350 ◦C, a strain rate of 1 s−1, and a logarithmic strain of about
0.2, it was found that Mg17Al12 precipitates at the grain boundaries in AZ91 and acts as
nucleation sites for DRX. In both alloys, twinning was observed, acting as an initiation for
DRX. In addition, DDRX is assumed to be dominant compared to CDRX in both alloys. A
basal texture is present in both alloys after compression at a forming temperature of 350 ◦C,
a strain rate of 1 s−1, and a logarithmic strain of about 0.2. The texture intensity in AZ91 is
lower, which was ascribed to more DRX grains in AZ91 with a random orientation. As the
start of DRX is probably shifted to lower logarithmic strains due to the higher Al content, it
is expected to see a higher amount of DRX grains in AZ91. In addition, the lower initial
grain size in AZ91 may contribute to a higher amount of DRX grains.

3.3. Hot Deformation Behavior

To describe the dynamic recrystallization processes, the flow stress maxima, which
depend on the strain rate and temperature, were obtained from the warm flow curves. This
forms the basis for determining the activation energy Q for dynamic recrystallization using
the logarithmic Arrhenius equation (see Equation (3)). This represents thermal activation
during hot forming. Furthermore, the average model coefficients A (material constant),
α (fitting parameter), and n (hardening exponent) can be graphically determined by using
the slopes in the following diagrams and showing their relationships (see Figure 10).
Furthermore, the Zener–Hollomon parameter Z, which summarizes the influence of
the forming rate and thermal activation during hot forming, can be calculated using
the formula:

Z =
.
ϕe(

Q
RT ) = A[sinh(α σmax)]

n. (3)
.
ϕ represents the effective strain rate in s−1, T the thermodynamic temperature, R the

ideal gas constant (8.314 J(mol.K)), and σmax the peak stresses. The following formulas
result for AZ31 and AZ91:

AZ31
(

r2 = 0.99
)

: Z =
.
ϕe(

140,120
RT ) = 1.535·1011[sinh(0.010 σmax)]

7.965 (4)

AZ91
(

r2 = 0.99
)

: Z =
.
ϕe(

146,780
RT ) = 5.638·1011[sinh(0.008 σmax)]

7.128. (5)

The activation energies between 105 and 185 kJ/mol are common for AZ alloys during
hot deformation [45]. The calculated activation energy for AZ31 is 140 kJ/mol and, for
AZ91, it is 147 kJ/mol. However, higher-alloyed AZ alloys show a higher activation energy
for hot deformation compared to low-alloy AZ alloys [46,47]. In this present case, AZ91
exhibits only a slightly higher value than AZ31. All the values are above the self-diffusion
value for magnesium (135 kJ/mol) [15].

Regarding the hardening parameter n, in the literature, it is said that there is a creep
of dislocation climb present n > 5 [48,49]. Therefore, it is concluded that the dislocation
climb creep is the dominant mechanism for both alloys since AZ31 and AZ91 exhibit higher
values than 5 (7.965, resp., 7.128).

With the help of the so-called Kocks–Mecking plot, the development of the grain struc-
ture during deformation can be described. To evaluate the flow behavior, the strengthening
rate (calculated slopes from the flow curves) was plotted against the flow stress. First, a
strong and linear drop in hardening can be seen, which turns into an increase shortly before
the maximum flow stress, which differs from the linear increase. This critical stress marks
the beginning of dynamic recrystallization. A critical logarithmic strain for recrystallization
can be assigned to that stress. Figure 11a shows the logarithmic strain for recrystallization
in dependence on the Zener–Hollomon parameter, which has been determined mathemati-
cally. The critical degree decreases with increasing forming temperature (see Figure 11b)
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and reduced strain rate, so the start of dynamic recrystallization shifts to lower logarithmic
strains. The influence of forming temperature might be greater than the influence of the
strain rate. AZ91 exhibits significantly lower logarithmic strains in dependence on Z and
the forming temperature compared to AZ31.

Metals 2023, 13, x FOR PEER REVIEW 13 of 23 
 

 

The EBSD maps in Figure 9 show that a basal texture is present due to hot defor-
mation. Since the grains in Figure 9a,b are primarily colored green or blue, this indicates 
that the hexagonal unit cells are aligned along the compression direction (CD). Therefore, 
the basal planes (marked red) are visible from the CD (see Figure 9c,d). The pole figures 
in Figure 9e,f also reveal that a basal texture is present. The intensity of the texture is lower 
in AZ91 compared to AZ31, probably due to the higher amount of DRX grains shown on 
the map, which promotes a less basal texture. It is reported in the literature that dynami-
cally recrystallized grains in AZ91 contribute to a weaker texture, while the addition of Al 
limits the activation of prismatic slip, resulting in a strong texture for non-recrystallized 
grains [22]. 

To summarize this section, it can be stated that flow curves were obtained from the 
hot compression tests for AZ31 and AZ91. Both flow curves showed hardening and sof-
tening, a typical indication of dynamical recrystallization. By observing the microstruc-
tures at a forming temperature of 350 °C, a strain rate of 1 s−1, and a logarithmic strain of 
about 0.2, it was found that Mg17Al12 precipitates at the grain boundaries in AZ91 and acts 
as nucleation sites for DRX. In both alloys, twinning was observed, acting as an initiation 
for DRX. In addition, DDRX is assumed to be dominant compared to CDRX in both alloys. 
A basal texture is present in both alloys after compression at a forming temperature of 350 
°C, a strain rate of 1 s−1, and a logarithmic strain of about 0.2. The texture intensity in AZ91 
is lower, which was ascribed to more DRX grains in AZ91 with a random orientation. As 
the start of DRX is probably shifted to lower logarithmic strains due to the higher Al con-
tent, it is expected to see a higher amount of DRX grains in AZ91. In addition, the lower 
initial grain size in AZ91 may contribute to a higher amount of DRX grains. 

3.3. Hot Deformation Behavior 
To describe the dynamic recrystallization processes, the flow stress maxima, which 

depend on the strain rate and temperature, were obtained from the warm flow curves. 
This forms the basis for determining the activation energy Q for dynamic recrystallization 
using the logarithmic Arrhenius equation (see Equation (3)). This represents thermal acti-
vation during hot forming. Furthermore, the average model coefficients A (material con-
stant), α (fi ing parameter), and n (hardening exponent) can be graphically determined 
by using the slopes in the following diagrams and showing their relationships (see Figure 
10). Furthermore, the Zener–Hollomon parameter Z, which summarizes the influence of 
the forming rate and thermal activation during hot forming, can be calculated using the 
formula: 

𝑍 = �̇�𝑒( ) = 𝐴[sinh(𝛼 𝜎 )] . (3)

 

  
(a) (b) 

Metals 2023, 13, x FOR PEER REVIEW 14 of 23 
 

 

  
(c) (d) 

  
(e) (f) 

Figure 10. Relationship between ln�̇� and (a) ln(σ), (b) σ, and (c) lnsinh (ασ), the relationship be-
tween (d) lnsinh (ασ) and 1000/T, and the relationship between ln(Z) and (e) lnsinh (ασ) and (f) ln 
(σ) for AZ31 and AZ91 (cast, heat-treated, and hot-deformed). 

�̇� represents the effective strain rate in s−1, T the thermodynamic temperature, R the 
ideal gas constant (8.314 J(mol.K)), and 𝜎  the peak stresses. The following formulas 
result for AZ31 and AZ91: 

AZ31 (r2 = 0.99): 𝑍 = �̇�𝑒( ) = 1.535 ∙ 10 [𝑠𝑖𝑛ℎ(0.010 𝜎 )] .  (4)

AZ91 (r2 = 0.99): 𝑍 = �̇�𝑒( ) = 5.638 ∙ 10 [𝑠𝑖𝑛ℎ(0.008 𝜎 )] . . (5)

The activation energies between 105 and 185 kJ/mol are common for AZ alloys during 
hot deformation [45]. The calculated activation energy for AZ31 is 140 kJ/mol and, for 
AZ91, it is 147 kJ/mol. However, higher-alloyed AZ alloys show a higher activation energy 
for hot deformation compared to low-alloy AZ alloys [46,47]. In this present case, AZ91 
exhibits only a slightly higher value than AZ31. All the values are above the self-diffusion 
value for magnesium (135 kJ/mol) [15]. 

Regarding the hardening parameter n, in the literature, it is said that there is a creep 
of dislocation climb present n > 5 [48,49]. Therefore, it is concluded that the dislocation 
climb creep is the dominant mechanism for both alloys since AZ31 and AZ91 exhibit 
higher values than 5 (7.965, resp., 7.128). 

With the help of the so-called Kocks–Mecking plot, the development of the grain 
structure during deformation can be described. To evaluate the flow behavior, the 
strengthening rate (calculated slopes from the flow curves) was plo ed against the flow 
stress. First, a strong and linear drop in hardening can be seen, which turns into an 

Figure 10. Relationship between ln
.
ϕ and (a) ln(σ), (b) σ, and (c) lnsinh (ασ), the relationship between

(d) lnsinh (ασ) and 1000/T, and the relationship between ln(Z) and (e) lnsinh (ασ) and (f) ln (σ) for
AZ31 and AZ91 (cast, heat-treated, and hot-deformed).



Metals 2023, 13, 1599 15 of 23

Metals 2023, 13, x FOR PEER REVIEW 15 of 23 

increase shortly before the maximum flow stress, which differs from the linear increase. 
This critical stress marks the beginning of dynamic recrystallization. A critical logarithmic 
strain for recrystallization can be assigned to that stress. Figure 11a shows the logarithmic 
strain for recrystallization in dependence on the Zener–Hollomon parameter, which has 
been determined mathematically. The critical degree decreases with increasing forming 
temperature (see Figure 11b) and reduced strain rate, so the start of dynamic recrystalli-
zation shifts to lower logarithmic strains. The influence of forming temperature might be 
greater than the influence of the strain rate. AZ91 exhibits significantly lower logarithmic 
strains in dependence on Z and the forming temperature compared to AZ31.

(a) (b) 

(c) (d) 

(e) (f) 

Figure 11. (a) Critical logarithmic strain in dependence on Zener–Hollomon parameter, (b) critical 
logarithmic strain in dependence of forming temperature for AZ31 and AZ91, (c) critical logarithmic
strain in dependence of strain rate and temperature for AZ31, and (d) for AZ91, (e) comparison
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between measured and calculated results for AZ31 and (f) AZ91. Both alloys are cast, heat-treated,
and hot-deformed.

Furthermore, the critical degree for all speeds and temperatures was graphically displayed
from the experimental data and compared with the calculated results (see Figure 11c–f). For
AZ31, the critical logarithmic strain for dynamic recrystallization for all speeds and temper-
atures lies between 0.11 and 0.25. However, AZ91 exhibits significantly lower values for the
critical degree for all speeds and temperatures (0.055–0.16). Accordingly, the increased Al
content contributes to the fact that the start of dynamic recrystallization is shifted to lower
logarithmic strains.
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The critical logarithmic strain for AZ31 and AZ91 can be summarized in the following
equation:

AZ31
(

r2 = 0.89
)

: ϕc = a1·D0
a2 ·Za3 = 0.0079·D0

0.1034·Z0.0888 (6)

AZ91
(

r2 = 0.89
)

: ϕc = a1·D0
a2 ·Za3 = 0.0050·D0

0.01715·Z0.1038. (7)

3.4. Rolled State

In the case of the AZ31 magnesium alloy, a good comparison can be made between the
compression tests and the rolling tests. For the evaluation, however, it should be noted that
the deformation rate in the rolling tests was significantly higher than 1 s−1, as shown in
Section 3.3. Therefore, in Figure 12, the EBSD maps of the first rolling pass (approximately
350 ◦C and about 15 s−1) will be analyzed. With higher deformation rates, the start of
dynamical recrystallization will be shifted to higher logarithmic strains. These are mostly
achieved in the first pass so that recrystallization starts despite the increased strain rate.
The discontinuous dynamical recrystallization (DDRX) mechanism could be observed
after the first pass, probably due to higher strain rates [50,51]. In addition, the twinning
mechanism was dominant due to the presence of a coarse initial grain structure, which is
known to contribute to TDRX [20]. It is also reported that higher strain rates can contribute
to twinning [19], which was the case during rolling. In total, the same mechanisms were
observed that were already discussed with the compression sample at 350 ◦C and 1 s−1.
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Figure 12. EBSD maps of the rolled AZ31 magnesium alloy (first pass) transverse to RD, (a) in RRD2,
and (b) in RD.

For the AZ91 magnesium alloy, it should be noted that the rolling temperature was
reduced to 300 ◦C due to cracking during rolling at 350 ◦C. A reduced forming temperature
contributes to the fact that the critical degree for DRX is shifted to higher logarithmic
strains. However, this was already exceeded in the first rolling pass. Figure 13 shows the
microstructure of the first pass of the AZ91 alloy. As a coarse grain structure is present,
TDRX occurs. Furthermore, DDRX could be observed. Although DDRX is prevalent at
higher forming temperatures, higher strain rates also contribute to this mechanism [50,51].

Moreover, the precipitation of the secondary phase can be detected. At higher tem-
peratures, continuous precipitation occurs and the higher the forming temperature, the
greater the amount of precipitation, but the less the effect of pinning [52]. At lower tem-
peratures, discontinuous precipitation is present, and lower temperatures also lead to less
precipitation of the secondary phase, but it enhances their pinning effect [14,52]. Pinning of
the newly formed recrystallized grain boundaries restricts their growth and affects a lower
DRX grain size. As precipitation takes place at the grain boundaries of the original grains,
pinning and particle-stimulated nucleation is present there.
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The microstructure of the magnesium alloys AZ31 and AZ91 after five passes of hot
rolling is shown in Figure 14. AZ91 exhibits a lower grain size, which may be due to the
lower rolling temperature used for AZ91. Additionally, the secondary phase Mg17Al12
precipitates at the grain boundaries during hot deformation (see Figure 14d). An EDX
analysis reveals that the Al content in the matrix of AZ91 is slightly decreasing due to
precipitation (8 wt.% compared to 9 wt.%). This was not observed for AZ31, as the Al
content stays the same (4 wt.%). However, Al8Mn5 particles are present in both alloys.
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Compared to the heat-treated state, the grain size of AZ31 and AZ91 could be
significantly decreased during hot rolling. After five passes, the mean grain size of AZ31
is 5 ± 2 µm, while AZ91 has a mean grain size of 4 ± 1 µm.

The EBSD maps for both alloys are shown in Figure 15. A wire-rolling texture is
present in which the hexagonal unit cells are horizontal and aligned transversely to the wire
axis. The pole figures represent the intensity of the texture. AZ91 exhibits a lower texture
intensity than AZ31. On the one hand, it may be because a lower rolling temperature was
used for AZ91 and after the fifth pass there were still many randomly oriented, newly
formed grains. On the other hand, the secondary phase precipitates during hot rolling,
which promotes the formation of randomly oriented grains [17].
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Metals 2023, 13, 1599 19 of 23

Table 4 shows the hardness values of AZ31 and AZ91 in the heat-treated and rolled
state. After hot rolling, a significant hardness increase is present for both alloys. On the
one hand, the hardness increase is attributed to grain refinement because of dynamical
recrystallization with increasing rolling pass, see Figure 16. On the other hand, the Al
content (solid solution strengthening) influences hardness, as the values of the AZ91 alloy
were significantly higher than the values of the AZ31 magnesium alloy.

Table 4. Hardness values of the magnesium alloys AZ31 and AZ91 in the heat-treated and rolled
state.

Hardness HV10 Heat-Treated Rolled

AZ31 46 ± 2 68 ± 2
AZ91 61 ± 2 92 ± 1
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Table 5 shows the mechanical properties of the alloys AZ31 and AZ91 after five passes
of hot rolling. An increase in strength and ductility is present for both alloys compared to
the heat-treated state (cf. Table 3). Furthermore, the standard deviations could be reduced
in the case of yield and tensile strength. This might be due to a reduction in grain size and
refinement of the material. AZ31 still exhibits improved ductility, while AZ91 shows higher
strengths. This is attributed to the lower, respectively, higher Al content, which leads to a
higher SFE in AZ31 and, resp., solid solution strengthening in AZ91 [35,36].

Table 5. Mechanical properties of the alloys AZ31 and AZ91 in the rolled state.

Mechanical
Properties Yield Strength (MPa) Tensile Strength

(Mpa)
Elongation at Break

(%)

AZ31 208 ± 3 283 ± 6 14 ± 0
AZ91 310 ± 1 384 ± 7 9 ± 2

Within the rolled state, the same DRX mechanisms were observed in both alloys as
described in Section 3.2. Though the initial grain size differed, nearly the same mean grain
size was obtained in both alloys after five passes of rolling. AZ31 and AZ91 exhibited a
rolling texture after five passes of rolling. However, the texture intensity was lower for
AZ91. The mechanical properties, as well as the hardness, could be improved by wire
rolling. As in the heat-treated state, AZ31 exhibited a higher ductility while AZ91 exhibited
higher strengths.

After five passes of hot rolling, which corresponds to a large strain, and a correspond-
ing microstructure formation during DRX, the inheritance effect of a fine initial grain size is
no longer evident, as it was in the heat-treated state. An initial grain size influences how
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the DRX is initiated. The increased Al content, which influenced a fine initial grain size in
AZ91 compared to AZ31, not only affects the initiation of DRX but also contributes to the
final properties via solid solution strengthening and precipitation.

4. Conclusions

This study showed that a higher Al content causes a larger constitutional supercooling
in the magnesium melt, which leads to a finer grain size in AZ91 compared to AZ31. Then,
it investigated whether the alloying element influences the texture, DRX mechanisms,
and mechanical properties during annealing and hot deformation. This study can be
summarized as follows:

• In the cast state, the globular structure of the AZ31 alloy differs from the fully de-
veloped dendritic microstructure of the AZ91 alloy. This can be explained by the
higher Al content, which promotes the formation of dendrites. After heat treatment,
a globular grain structure is visible for both alloys. The grain size of the AZ91 alloy
is lower compared to AZ31 after casting due to the higher Al content and its impact
on constitutional supercooling. No preferred orientation is present for both alloys in
the cast or heat-treated state. The hardness is increased in AZ91 compared to AZ31
due to the higher amount of Al and the solid solution strengthening effect. At room
temperature, AZ91 exhibits higher strength due to the solid solution strengthening of
the higher Al content, while AZ31 shows a higher elongation at the break due to its
higher SFE.

• The solidification rate of both alloys shows a similar course but is also affected by
the Al content. The calculated solidification rate of AZ91 was about 9.3 K/s, which is
comparable to a typical solidification rate in the literature.

• The warm flow curves of the AZ91 alloy exhibit a steeper slope and decline compared
to the AZ31 alloy. This is mainly due to the strengthening effect of the solute. Further,
the maximum flow stresses of the AZ91 alloy are shifted to lower logarithmic strains
and higher flow stresses compared to the AZ31 alloy. According to the flow curves,
dynamic recrystallization (DRX) is probably more dominant than dynamic recovery.
The calculated activation energy for DRX was 140 kJ/mol for AZ31 and 147 kJ/mol for
AZ91. The start of the DRX for AZ91 is shifted to lower logarithmic strains compared
to AZ31. It is, therefore, expected to see a higher amount of DRX grains in AZ91.
The main DRX mechanisms are TDRX and DDRX in both alloys. It was detected that
Mg17Al12 precipitates at the grain boundaries in AZ91, which influences the grain size
through pinning (PSN).

• The same results on the DRX mechanisms were obtained in rolling tests, where a
higher deformation rate was present. After five passes of rolling, a fine DRX grain size
is present in both alloys. The wire rolling texture intensity in AZ91 is lower compared
to AZ31. This is attributed to more randomly oriented grains that are present in AZ91
due to the precipitation of the secondary phase. Within five passes of rolling, the
hardness can be increased in both alloys. Although AZ31 exhibits higher ductility in
the rolled state, AZ91 shows higher strength values. This is probably due to the lower,
respectively, higher Al content, which leads to a higher SFE in AZ31 and, resp., solid
solution strengthening in AZ91.

• Due to a microstructure formation during DRX, the inheritance effect of a fine initial
grain size is no longer evident, as it was in the heat-treated state. The increased
Al content in AZ91 compared to AZ31 influences not only a fine grain size in the
initial state but also the initiation of the DRX and final properties via solid solution
strengthening and the precipitation of the secondary phase.
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