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Abstract: In this work, the microstructure and texture of Mg-1.0Al-xZn-0.2Mn-0.5Ca (wt.%, x = 0, 1)
alloys, which were produced via conventional casting or twin roll casting (TRC), were investigated,
and their relation to the mechanical properties of the sheets at the final gage was analyzed. In the Zn-
containing AZMX1100 alloy sheets, the amount and size of the secondary phases were significantly
reduced, in comparison to the Zn-free AMX100 alloy sheet. The TRC sheet shows a smaller grain
structure and fine secondary phases in comparison to the sheets produced via the conventional
casting process. The texture of the AMX100 sheet is characterized by the basal poles tilted in the sheet
rolling direction (RD). In the AZMX1100 sheets, the texture with the tilted basal poles towards the
RD and transverse direction (TD) was developed after recrystallization annealing, while the tilting
angle of the basal pole in the TD is larger than in the RD. There is no significant difference in the
texture between the sheets produced by the casting and TRC process. The highest yield strength was
obtained in the AZMX1100 sheet produced by the TRC process, and all examined sheets showed the
mechanical anisotropy in accordance with their textures.

Keywords: Mg alloy; twin roll casting; texture; microstructure; mechanical anisotropy

1. Introduction

In relation with the increasing global demands for carbon neutralization, the develop-
ment of lightweight and environmentally friendly materials has drawn significant attention
in transportation industries [1,2]. As the lightest structural metallic material, magnesium
alloys have been widely investigated in the last decades. However, the commercial use of
magnesium alloys is restricted because of their limited formability at low temperatures and
strong tendency of forming a basal-type texture [3]. Due to the hexagonal close-packed
(HCP) structure and limited number of active deformation modes, which cannot satisfy the
Von Mises criterion of five independent slip systems for uniform plastic deformation, ther-
momechanical processes, such as rolling, extrusion, and forming operations, of magnesium
alloys are carried out at an elevated temperature [4]. For this reason, the production of
semi-final products of magnesium alloys needs a cost- and energy-intensive process. Thus,
the research on magnesium alloys has surged to overcome the limitations through alloy
and process improvement.

Magnesium sheets have traditionally been produced by the direct chill casting route,
in which a thick slab machined from a casting billet is hot rolled to the final gage through a
large number of rolling passes. Different to the conventional casting, the continuous casting
combines solidification and rolling into a single step and saves a number of rolling and
annealing steps. Twin roll casting (TRC), as a continuous casting process, fabricates a thin
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strip with a thickness of 4~6 mm directly from the molten metal. In addition to the eco-
nomic benefits achieved by reduced rolling steps and process cycle time, the combination
of rapid solidification and deformation enables the production of the magnesium sheets
with improved properties. For example, TRC strips have an already refined microstruc-
ture, fine intermetallic particles, and high solubility based on a fast cooling rate, such
that the sheets in the final gage have fine intermetallic phases and a homogeneous grain
microstructure [5]. However, commonly occurring defects formed during TRC include cen-
terline segregation and inverse segregation. The centerline segregation arises from the strip
formation mechanism where two solidification fronts having a relatively high chemical
segregation meet at the mid-thickness area. On the other hand, the inverse segregation is
generated when the remaining melt with a higher solute concentration is squeezed out by
the rolling force through the boundaries of columnar grains towards the strip surface. Such
microstructure inhomogeneity developed during TRC can be diminished by an appropriate
alloy composition, TRC process conditions, and post-TRC treatments [6]. With regard
to the development of highly formable magnesium alloy sheets, it is essential to control
the crystallographic texture being favorable for the activation of the dislocation slip. The
formation of a strong basal-type texture, in which most grains have their c-axes in the
sheet normal direction (ND), causes a significant ductility reduction due to the restricted
activity of <a> dislocation slip, especially during the deformation along ND. Even though
the strain along the ND of a sheet having a strong basal-type texture can be accommodated
by the activation of a non-basal slip, e.g., pyramidal <c+a> slip with a Burgers vector of
<11–23>, their activities are in general limited because of the high critical resolved shear
stress (CRSS) at a low temperature. By weakening the texture intensity and altering the
basal-type texture to a wide spread of basal poles away from the ND, the room temperature
formability can be significantly improved. The addition of rare earth elements (RE) or Ca
has been acknowledged as an effective way to suppress the formation of a strong basal-type
texture during the thermomechanical treatments of Mg alloys. Indeed, the sheets with the
weakened texture show an improved formability [1,7]. Even though the alloying of RE
largely weakens the texture in semi-finished products, a number of studies have committed
to define RE-free alloys with a weakened forming tendency of a basal-type texture, because
of the unstable supply chains and environmental issues. The AZMX (Mg-Al-Zn-Mn-Ca)
base alloys, which do not contain RE, have been developed as a highly formable sheet
alloy. The Zn addition into the Mg-Al-Ca alloy induces the weak texture formation with
a non-basal texture component, like basal poles split towards the sheet rolling (RD) and
transverse direction (TD) simultaneously [8–14].

The present study aims to investigate the influence of the sheet processes on the
microstructure and mechanical properties of the Mg-1.0Al-1.0Zn-0.2Mn-0.5Ca alloy. Special
emphasis has been given on the comparison between the sheets produced via TRC and
conventional casting processes. Moreover, the role of Zn addition on the microstructure and
texture development has been investigated by a comparative study of the Mg-1.0Al-0.2Mn-
0.5Ca and Mg-1.0Al-1.0Zn-0.2Mn-0.5Ca sheets produced by DC casting and conventional
hot rolling processes.

2. Materials and Methods

The ingots of the AMX100 and AZMX1100 alloys, with the nominal compositions
of Mg-1Al-0.2Mn-0.5Ca and Mg-1Al-1Zn-0.2Mn-0.5Ca in wt.%, were cast at 730 ◦C into
a steel mold with the dimension of 150 (w) × 195 (h) × 40 (t) mm under a Ar and CO2
atmosphere. The steel mold was preheated to 250 ◦C before pouring the molten metal, to
reduce the casting defects. The rolling slabs with 85 (w) × 4.8 (t) mm were machined from
the cast blocks. To investigate the difference between the sheets produced via DC casting
and continuous casting, a strip of the AZMX1100 alloy with a thickness of 4.8 mm and
width of 150 mm was produced via TRC at a melt temperature of 730 ◦C and rolling speed
of 2.36 m/min. The TRC facility (lab-scale continuous caster, Daham ENC) used in the
present study is equipped with an electric melting furnace with a maximum capacity of
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15 kg of magnesium alloys and rolling mills with a diameter of 250 mm and water cooling
units. The rolling slabs machined from the cast blocks and the TRC strip, which have the
same initial thickness of 4.8 mm, were rolled to the final gage of 1 mm. The hot rolling was
carried out at 410 ◦C with a pass reduction degree of 18%, to the total rolling reduction of
79%. To avoid cracking during the rolling, intermediate annealing was conducted at the
rolling temperature for 30 min after each rolling step. The recrystallization annealing of
the rolled sheets was performed at 350 ◦C for 120 min and air cooled. The experimental
conditions to produce the sheets are summarized in Table 1.

Table 1. Casting and rolling conditions to produce the sheets examined in the present study.

Alloy Nominal Composition
(wt.%) Casting Method Rolling Recrystallization

Annealing

Casting AMX100 Mg-1Al-0.2Mn-0.5Ca DC casting Hot rolling at 410 ◦C,
total reduction 79%

(common to all alloys)

350 ◦C for 120 min
(common to all alloys)Casting AZMX1100 Mg-1Al-1Zn-0.2Mn-0.5Ca DC casting

TRC AZMX1100 Mg-1Al-1Zn-0.2Mn-0.5Ca Twin roll casting

Metallographic examination was conducted by optical microscopy on the TD-RD
plane as well as on the ND-RD plane. It is to mention that the microstructural features,
e.g., average grain size and distribution of secondary phases, are quite similar on the
TD-RD and ND-RD planes. For the optical microstructure observation, the samples were
ground with emery paper to grit 4000 and mechanically polished with 0.3 µm of diamond
paste, which was followed by the etching using picric acid-based solution (100 mL of
distilled water, 100 mL of ethanol, 6 mL of acetic acid, 1.6 g of picric acid) to reveal the
microstructural features. The chemical compositions and distribution of the secondary
phases were analyzed by EDS equipped on a scanning electron microscopy (SNE-4500MTM,
SEC, Suwon, Republic of Korea). The average grain size of the rolled and annealed samples
was determined by the linear intercept method of the micrographs on the TD-RD plane.
Mechanical properties were examined by tensile tests using the samples prepared along
the RD and TD with 25 mm in gage length and 6 mm in width, corresponding to the ASTM
E8M subsize tensile sample, at room temperature and the initial strain rate of 1.0 × 10−3 s−1

using a universal testing machine (MINOS-100TM, MTDI, Daejeon, Rep. of Korea). The
global texture of the rolled and recrystallized sheets was measured on the TD-RD plane
using an X-ray diffraction (XPert ProTM, Pananalytical, Almelo, The Netherlands, at 40 kV,
40 mA). The sheet samples for the texture measurements were mechanically ground and
polished approximately to the mid-thickness. Six pole figures, {1 0 −1 0}, (0 0 0 1), {1 0 −1 1},
{1 0 −1 2}, {1 1 −2 0}, and {1 0 −1 3}, were measured up to a tilt angle of 70◦/5◦. The
orientation distribution function (ODF) and complete pole figures were calculated using
a Matlab-based toolbox MTEX [15]. In the present study, the recalculated (0 0 0 1) pole
figures are used to present the global texture.

3. Results and Discussion

Figure 1 presents the optical micrographs of the casting blocks of AMX100 and
AZMX1100 alloys. Both ingots show relatively large grains with an average size of 120 µm
and spherical secondary phases. The AMX100 alloy has a larger amount of secondary
phases in comparison to the AZXM1100 alloy, with the area fraction of 7% and 1%, re-
spectively. The microstructure of the TRC strip of the AZXM1100 alloy, Figure 2a, is
characterized by the globular grains at the central area, Figure 2b, and the columnar grains
at the surface area, Figure 2c. Because the solidification concurrently occurs with the rolling
deformation, the columnar grains at the near-surface area show an inclination in the RD.
The centerline segregation and inverse segregation near the surface of the strip, which
result from the solidification of the remaining melt and the squeezing of the melt through
the solid–liquid interface due to the rolling force during the TRC process, respectively, are
marked by white rectangles. Such microstructural features, i.e., columnar grains at the near-
surface and a relatively large area of the globular grains at the mid-thickness, observed in
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the TRC strip indicate that the solidification completes after passing the rolling deformation
zone, which results from a relatively high rolling speed during the TRC process. It is also to
mention that casting defects, like voids and inclusions, are observed in both cast blocks and
the TRC strip. Even though there are no micropores observed in both ingots, there would
be microporosity due to the shrinkage with local inhomogeneity in chemical compositions,
e.g., at grain boundaries. Figure 3 shows the SEM images of the TRC strip and the chemical
compositions analyzed by EDS. The dendrite structures decorated with the segregation
and the fine secondary phases along the boundaries are clearly visible in Figure 3a. The
secondary phase particles formed at the boundaries of columnar grains and at the centerline
segregation are mainly composed of eutectic lamellae, and they are much coarser, with a
length of some tens to some hundreds of micrometers, than that formed at the dendrite
boundaries, Figure 3b,c. The chemical composition of the TRC plate was examined by
EDS analysis on the area covering some columnar grains, and it matches to the nominal
composition, Figure 3a. The coarse secondary phases at the columnar grains and at the
centerline segregation show a high concentration of all alloying elements, except Mn. Such
microstructural inhomogeneity should be eliminated by subsequent thermomechanical
treatments, e.g., homogenization, hot rolling, and annealing treatments. A previous study
showed that the centerline segregation in a TRC strip of AZX310 alloy, with some mm in
length and 80 µm in thickness, can be fragmented to agglomerates of the small spheroidal
particles with 0.5~1 µm in diameter by the post-TRC thermomechanical treatments [16].
While the coarse eutectic lamellae in the TRC strip can lead to premature failure, the fine
spheroidal particles fragmented from the centerline segregation can act as a strengthener.
In this regard, the low alloying amount in the examined alloy is obviously conducive to
obtain a homogeneous microstructure.

Figure 1. Optical micrographs of the cast blocks of (a) AMX100 and (b) AZMX1100 alloy.

Figure 2. Optical micrographs of the as-TRC strip of the AZMX1100 alloy with a thickness of 4.8 mm
at the (a) ND-RD plane, (b) centerline segregation, and (c) columnar structure inclined in the RD at
the near-surface area. The sample directions and planes are schematically shown.
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Figure 3. SEM images of the as-TRC strip of the AZMX1100 alloy at the (a) ND-RD plane, (b) sec-
ondary phase particle formed at the boundary of columnar grains, (c) secondary phase particle
formed at the centerline segregation. EDS results analyzed on the rectangular area marked on (a),
and the secondary phases marked on (b,c) are listed in the tables.

Figure 4 shows the optical micrographs of the hot-rolled sheets and the annealed
sheets at 350 ◦C for 120 min. The as-rolled sheets, Figure 4a–c, have a globular grain
structure with a similar average grain size of 12~13 µm. The globular grain morphology
of the as-rolled sheets is attributed to the intermediate annealing. The secondary phases
appearing dark in the optical micrograph of the AMX100 sheet are relatively large and they
align parallel to the RD, while such secondary phases aligned in the RD are not found in
other sheets. After the heat treatment, Figure 4d–f, the AZXM1100 sheet produced via TRC
(named TRC sheet, hereinafter) exhibits finer grains than the sheets from the ingot casting
(named casting sheets).

Figure 4. Optical micrographs of the hot-rolled sheets of (a) casting AMX100, (b) casting AZMX1100,
(c) TRC AZMX1100 alloys, and after the heat treatment at 350 ◦C for 2 h of (d) casting AMX100,
(e) casting AZMX1100, and (f) TRC AZMX1100 sheets. The arrows indicate the secondary phases.

Figure 5 displays the frequency distribution plot of grain size, which was analyzed
by the linear intercept method. While the as-rolled sheets have a similar grain size of
about 13 µm, the annealed ones show a difference in the grain size. The annealed sheets
have a finer grain size than the as-rolled sheets, which indicates that the new grains were
formed during the heat treatment. The annealed TRC AZXM1100 sheet shows the smallest
grain size of 8.4 µm. In addition, the TRC AZXM1100 sheet displays a narrower grain
size distribution with a steeper distribution peak, which indicates a more homogeneous
microstructure in terms of the grain size. The fine and homogeneous grain structure of
the TRC sheet is attributed to the faster solidification rate during the TRC process, in
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comparison to the conventional casting process. The rapid cooling leads to the alloying
elements remaining trapped in the matrix as solute elements, rather than contributing to
forming secondary phases. The solute atoms restrict the grain growth due to the solute
pinning effects, resulting in finer grain sizes. The EDX analysis was conducted to reveal
the chemical compositions of the secondary phases in the annealed sheets. The stringers
in the casting sheets predominantly contain Al and Ca, and the atomic ratio appears
to be approximately 2:1, Figure 6. These results suggest that the thin linear secondary
phases are the Al2Ca phase, which is supported by the phase diagram in Figure 7. In the
AMX100 casting sheet, the thin linear secondary phases are formed continuously over
many grains, while those in the AZXM1100 sheets are discontinuous. The average length
of the linear Al2Ca phases is 10 µm and 2.3 µm in the AMX100 and AZXM1100 casting
sheet, respectively. The TRC sheet does not contain such line-shaped phases, and the
average size of the observed secondary phases is 0.6µm. The small spheroidal phases
formed in the matrix grains of the AZXM1100 casting sheet appear to be Al-Mn phases,
as shown in the EDX mapping result, indicating a relatively higher Mn concentration at
the corresponding sites, Figure 6d. These results imply that the Zn addition contributes to
the refinement and reduced amount of the Al2Ca phases, also by the formation of the Zn-
and Ca- containing phases, e.g., Mg5Zn5Ca2. The TRC process accompanying with very
rapid solidification results in the alloying elements being incorporated within the matrix
rather than contributing to the formation of secondary phases, such that the AZMX1100
TRC sheet has the smallest amount of secondary phases.

Figure 5. Grain size distribution graph of the as-rolled sheets of (a) casting AMX100, (b) casting
AZMX1100, (c) TRC AZMX1100, and after the heat treatment at 350 ◦C for 2 h of (d) casting AMX100,
(e) casting AZMX1100, and (f) TRC AZMX1100 sheets.

The crystallographic texture of the examined sheets is demonstrated in Figure 8. The
as-rolled sheets show the splitting basal poles towards the RD, with a relatively low max
0001 pole density of 3.9 and 4.6 m.r.d. (multiples of a random distribution), in comparison to
the conventionally available Mg alloy sheets. While the AMX100 sheet shows the 0001 pole
split into the RD, the Zn-containing AZMX1100 sheets form an additional 0001 pole split
into the TD. It is noteworthy that a commercial AZ31 sheet shows a strong basal-type
texture, with a max pole density higher than 10 m.r.d. and a basal pole spread into
RD [17,18]. The annealing of the rolled sheets at 350 ◦C results in a texture weakening
that accompanies with the large split of 0001 poles into the TD in the AZMX1100 sheets.
The annealed casting and TRC AZMX1100 sheets have the lowest texture intensity, with
a pole density of 2.9 m.r.d. Such texture change results from that the basal pole split into
the RD preferentially diminishes, while the basal poles splitting into the TD retain their
intensity during the annealing. The texture weakening concurrently occurring with the
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formation of the TD split of the basal poles has been reported in Mg alloy sheets containing
RE and Zn simultaneously [19–21]. Y.M. Kim et al. [20] reported that the development of
the characteristic texture in the Mg-Zn-Y alloy is attributed to the solute segregation along
the stacking faults on the (0001) plane and impeded grain growth, resulting in a restricted
growth in the [0001] direction. In addition, the solute segregation at grain boundaries
has been reported in relation to the texture weakening. Zeng et al. [22] compared the
microstructure and texture evolution between the binary and ternary alloys, i.e., Mg-
0.4Zn, Mg-0.1Ca, and Mg-0.3Zn-0.1Ca. It was shown that the grain boundary migration
is more effectively hindered in the ternary alloy, which leads to a weaker texture in the
fully recrystallized condition. The authors inferred that the boundary energy can be more
effectively reduced by the co-segregation of Zn and Ca, in comparison to the binary alloys.
The previous studies support the present results suggesting that the Zn addition is the
main contributor to developing the weak texture with the basal poles splitting in the TD.
It is notable that there is no significant difference in the texture between the AZMX1100
sheets produced via casting and the TRC processes.

Figure 6. SEM images of the hot-rolled sheets of (a) casting AMX100, (b) casting AZMX1100, (c) TRC
AZMX1100 alloys. EDS results analyzed on the secondary phases found in the rolled sheets are listed
in the table. EDS area mapping data of the hot-rolled sheets of (d) casting AZMX1100. (Different
magnifications were employed due to the large differences in size of the secondary phases between
the sheets).

Figure 9 displays the stress–strain curves of the annealed sheets examined in the RD
and TD at room temperature, and the tensile properties are listed in Table 2. The AMX1000
casting sheet shows a lower yield strength (YS) in the RD than that in the TD, 137 MPa
and 148 MPa, respectively. The texture of the AMX100 sheet shows the basal poles tilted
in the RD, which promotes the basal <a> slip in the RD due to a high Schmid factor and
results in a lower YS. In the case of the AZMX1100 sheets, the tilting angle of the basal
pole in the TD is larger than that in the RD, which corresponds to a higher Schmid factor
for the basal <a> slip in the TD. Thus, the AZMX1100 sheets have a lower YS in the TD.
The higher YS of the AZMX1100 sheets, in comparison to that of the AMX100, can be
understood as a result of solute strengthening. As shown in Figures 4 and 6, the AMX100
sheet shows the long extended Al2Ca phases, while the AZMX1100 sheets have a large
amount of relatively finer particles. In addition to the effective solute strengthening in the
AZMX1100 sheets, which can be deduced from the absence of the long-extended particles,
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the finer secondary phases bring about precipitation strengthening [23]. Moreover, the fine
grain structure and the higher amount of the solute resulting from the rapid solidification
of the TRC AZMX1100 sheet should lead to the highest YS (and UTS) within the examined
alloys, 174 MPa (250 MPa) and 151 MPa (244 MPa) in the RD and TD, respectively. The
higher fracture strain (εf) is observed in the sheet planar direction of the lower YS, i.e., in
the direction corresponding to the larger tilt of the 0001 pole, i.e., RD of the casting AMX100
and TD of the AZMX1100 sheets. It is hypothesized that the higher activity of the basal
slip, based on the texture and the higher Schmid factor, yields an improvement in ductility.

Figure 7. Phase diagram of Mg-1.0Al-(0~1)Zn-0.2Mn-0.5Ca, in wt.%, calculated using thermodynamic
simulation software Pandat (https://computherm.com/software, accessed on 17 February 2024) with
PanMg_TH (CompuTherm LLC, Middleton, WI, USA).

Figure 8. Recalculated (0002) pole figures of the hot-rolled sheets of (a) casting AMX100, (b) casting
AZMX1100, (c) TRC AZMX1100 alloys, and the rolled sheet after the heat treatment at 350 ◦C for 2 h
at (d) casting AMX100, (e) casting AZMX1100, and (f) TRC AZMX1100 (Maximum and minimum
pole density in multiples of random distribution, m.r.d., X: RD, Y: TD).

https://computherm.com/software
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Table 2. Tensile properties at room temperature of the examined sheets after annealing at 350 ◦C for
2 h (average values from three tests are given in the table).

Process Alloy
RD TD

YS (MPa) UTS (MPa) εf (%) YS (MPa) UTS (MPa) εf (%)

Casting AMX100 137 ± 3 216 ± 3 21.1 ± 2.5 148 ± 3 214 ± 3 18.2 ± 2.9
AZMX1100 153 ± 3 237 ± 2 22.9 ± 1.3 130 ± 4 234 ± 4 26.9 ± 1.1

TRC AZMX1100 174 ± 3 250 ± 2 20.5 ± 1.1 151 ± 3 244 ± 3 23.6 ± 1.2

Figure 9. Stress–strain curves of the sheets after the heat treatment at 350 ◦C for 2 h.

4. Conclusions

Mg-1.0Al-0.2Mn-0.5Ca (AMX100) and Mg-1.0Al-1.0Zn-0.2Mn-0.5Ca (AZMX1100) alloy
sheets were produced via DC casting or the TRC process. The effects of process differences
and Zn addition on the microstructure, texture, and mechanical properties of sheets were
analyzed and the following conclusions were drawn:

1. In the TRC AZMX1100 sheet, a columnar structure inclined along the rolling direction
and centerline segregation was observed, while a coarse grain structure with about
120 µm in average size was formed in the DC cast block. A higher fraction of the
second phase was formed in the AMX100 alloy than in the AZMX1100 alloy sheets.

2. The TRC AZMX1100 sheet showed the finest grain structure with an average grain
size of 8.4 µm, which results from the alloying elements dissolving in the matrix
as solid solution at a higher concentration due to the fast cooling rate of the TRC
process. The casting AZMX1100 and casting AMX100 sheets show a similar grain size
of approximately 11.0 µm. However, a relatively coarse grain structure with a large
number of Al2Ca phases is formed in the AMX100 sheet.

3. In all the sheets examined in this study, a weak texture with the basal pole spread in
the RD or TD was developed. The texture was further weakened by the subsequent
heat treatment. The Zn-containing TRC AZMX1100 and casting AZMX1100 sheets
showed the basal poles largely tilted in the TD, independent of the process.

4. The high YS of the casting AZMX1100 sheet was brought about by the strengthening
by the solid solution and fine precipitates, while the highest YS of 174 MPa of the
TRC AZMX1100 sheet is additionally attributed to the finer grain size. The planar
anisotropy in the yield strength can be understood from the texture of the sheets. For
example, the lower YS in the RD of the AMX100 sheet results from the basal poles
tilted in the RD, while the lower YS in the TD of the AZMX1100 sheet is associated
with the basal poles largely tilted in the TD.
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