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Magnesium alloys with rare earth or Ca additions often form weak textures during rolling of magnesium
sheets or extrusion of round bars. However, in the case of the extrusion of flat profiles of such alloys strong
textures may develop. This is of fundamental importance because weaker textures are associated with higher
ductility or formability. Variations in the activity of deformation and recrystallization mechanism play a role in
the microstructure and texture development during the underlying forming procedures. In this study, magnesium
alloys with Zn or Mn as the main alloying elements were modified with rare earth or Ca and extruded to flat profiles.
The microstructure and texture development is compared and related to the mechanical properties. Alloying and
processing aspects are discussed with a view to tailor the mechanical properties of such flat profiles.
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1. Introduction

A general limitation of active deformation mechanisms
and therefore ductility or formability of magnesium al-
loys is often associated with their hexagonal close packed
(hcp) lattice structure. The directionality of such mecha-
nisms also causes distinct anisotropic behavior, especially
in textured magnesium alloys [1, 2]. This drawback for
wrought magnesium applications like sheets and profiles
has been balanced by alloy and process selection to al-
low the production of semi-finished products with weak
textures and therefore higher formability [2–4]. Several
mechanism have been addressed to explain texture weak-
ening including differences in the activation of deforma-
tion mechanisms [3, 5–7], especially different types of
twins and shear bands [8] as well as changes in the recrys-
tallization behavior [9, 10]. As a result, design concepts
for mechanical properties and especially improved forma-
bility have been enabled. Alternative processing routes
compared to the rolling of sheets have been emphasized
in an effort to improve the production efficiency. This in-
cludes the extrusion of flat bands [11]. It has been shown
that extrusion of magnesium alloy sheets even at high
extrusion ratios is feasible.

Interestingly, there are fundamental differences in the
resulting microstructures compared to sheet rolling. For
example, the development of textures in flat extrusions
appears significantly stronger compared to round bar
counterparts. In Ref. [12] extruded sheets of alloys ZE10
and ME21 with rare earth (RE) additions revealed strong
textures, whereas extruded round bars of the same or
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comparable alloys exhibit weak textures [13, 14]. This
latter aspect is addressed in the present work by com-
paring the texture development of flat extruded bands
for modified Mg–Mn- and Mg–Zn-based alloys. Addi-
tional alloying elements include RE and Ca, which are
known to act as texture modifiers during forming and
recrystallization of magnesium alloys [3, 8].

2. Experimental

Mg–Zn- and Mg–Mn-based alloys were used in this
study for the extrusion of a flat bar. The alloys were
modified by additional alloying with RE (Ce-mischmetal,
Nd and Gd) as well as Ca. The chemical composition is
shown in Table I.

Billets for extrusion were produced by gravity cast-
ing followed by directional solidification and machined
to the samples with a diameter of 49 mm and a length
of 150 mm. The billets were homogenized for 16 h be-
fore extrusion. The Mg–Mn-based alloys did not exhibit
the possibility for solid solution annealing and were ho-
mogenized at 450 ◦C. In case of the Mg–Zn-based alloys
more specific annealing conditions were selected. In case
of Z1 and ZX10 solid solution annealing was carried out
at 400 ◦C whereas it was at 500 ◦C for alloys ZN10 and
ZG02. Direct extrusion was carried out to produce flat
bars using a 2.5 MN automatic extrusion press of Müller
Engineering (Germany). The width of the profile was
20 mm and 2 mm in thickness, which corresponds to an
extrusion ratio of 1:49. The Mg–Mn-based alloys were
extruded at 300 ◦C and an extrusion speed of 1.75 mm/s
whereas the Mg–Zn-based alloys were extruded at higher
temperature to maintain solid solution (i.e. 400 ◦C in case
of Z1 and ZX10 and 450 ◦C in case of ZN10 and ZG02)
and an extrusion speed of 2.4 mm/s.
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TABLE IChemical composition of the alloys in
this study; values in wt%; Mg balance

Alloy Mn Zn Ce Nd La Pr Gd Ca
ME20 1.74 – 0.21 0.046 0.13 0.016 – –
ME21 1.83 – 0.49 0.128 0.31 0.038 – –
MN20 2.01 – – 0.48 – – – –
MX21 1.87 – – – – – – 1.04
Z1 – 0.91 – – – – – –
ZN10 – 0.98 – 0.57 – – — –
ZG02 – 0.51 – – – – 1.97 –
ZX10 – 0.94 – – – — — 0.15

Standard metallography procedures on longitudinal
sections by using an etchant based on picric acid [15] were
applied to reveal the grain structure. The texture was
measured on the surface of the extrusions after grinding
and polishing. A Panalytical X-ray diffractometer with
Cu Kα radiation was used to measure pole figures. Re-
calculation of full pole figures was carried out using the
open-source computer code MTEX [16].

Orientation imaging was performed on longitudinal
sections using electron backscatter diffraction (EBSD) in
a field emission gun scanning electron microscope (Zeiss
Ultra 55, EDAX/TSL EBSD system and Hikari detec-
tor). After using metallography procedures to prepare
the surface, electropolishing was applied using an AC2 so-
lution (Struers™). A software “TSL Orientation Imaging
Microscopy Analysis” of EDAX©was used to analyse the
measurements and visualise specific fractions of the mi-
crostructure. This includes separation of grain fractions

along with a function to separate grains with different
grain orientation spread (GOS). In this approach an ar-
bitrary limit of 1◦ is used as a separator, assuming that
grains with low orientation spread can be understood as
recrystallised grains [13].

Mechanical properties were evaluated by tensile tests
on a universal testing machine Zwick Z050 at room tem-
perature and a constant initial strain rate of 1.0×10−3/s.
Tensile samples with a gauge length of 18 mm were pre-
pared by using spark erosion and tested parallel to the
extrusion direction.

3. Results

Figure 1 shows the resulting micrographs and pole fig-
ures of the extruded bands after extrusion. In case of
the Mg–Mn-based alloys (Fig. 1a–d) the variations in the
grain structure appear small. Both, ME20 and ME21 ex-
hibit a structure with non-recrystallized grains elongated
parallel to extrusion direction as well as particle stringers.
Particle stringers are associated with particles from the
original cast billet structure that also underwent defor-
mation, i.e. they did not form during extrusion. This
effect is less visible in case of MN20, revealing a fully
recrystallized grain structure and a fine distribution of
particles. The average grain size is comparable at 5 µm
in these alloys. In case of the Ca containing alloy MX21
again particle stringers are visible together with larger
particles distributed in the microstructure. The grain
size is only slightly larger at 7 µm, indicating a small
change in the dynamic recrystallization (DRX) behavior.

Fig. 1. Micrographs from longitudinal sections and pole figures from cross-sections of the alloys of this study (micro-
graph: ED horizontal, pole figures: ED vertical).
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The corresponding textures of MN20 and MX21 reveal
pronounced split peaks of basal planes towards the ex-
trusion direction (ED) and prismatic planes with a tilt
out of the normal direction (ND). However, in ME20 and
ME21 high prismatic pole intensities in ED are observed.
A further component puts prismatic planes also parallel
to the extrusion direction. Correspondingly, the basal
planes are aligned in four weaker peaks, two of them
being split to ED and two of them with a tilt towards
the transverse direction (TD). Notably, this texture is
unusual for flat extrusions [11] but reveals the classical
prismatic fibre component often reported in magnesium
extrusions [17].

The Mg–Zn-based alloys were extruded at higher tem-
peratures as well as higher speed in an effort to main-
tain solid solution. Thus, the resulting microstructures
in Fig. 1e–h appear coarser grained associated with en-
hanced DRX and/or grain growth. The largest grain size
of 38 µm in a fully recrystallized microstructure was ob-
tained in alloy Z1. Additional alloying elements lead to
finer-grained microstructures like in ZN10 with Nd and
in ZX10 with Ca. A distinct reduction of the grain size
due to Ca addition can be confirmed unlike in case of
the Mg–Mn-based alloys. Alloy ZG02 contains a lower
amount of Zn but a high amount of Gd, however, grain
refinement compared to the binary Z1 alloy is not very
pronounced. Again, the textures of the alloys are vary-
ing quite significantly. In case of Z1 and ZN10 a weak
prismatic fibre is found with a strong alignment of basal
planes parallel to the surface of the band, but also with
a broad angular spread towards TD. In case of ZG02 as
well as in ZX10 two strong split peaks of basal planes
with tilt towards ED are found. No prismatic alignment
is identified which is comparable to the textures of MN20

and MX21. The same additional alloying elements do not
necessarily maintain the same texture development if the
main alloying element is varied from Mn to Zn.

Figure 2 shows two example EBSD orientation maps of
alloys ME20 and MN20 in order to visualize the source of
different texture components. The pole figures labelled
“all data” which uses the full measurement to reveal the
pole figures leads to texture results comparable to the
same alloys in Fig. 1. Two further pole figures are shown
where only grains with specific GOS are used: with GOS
< 1◦ and GOS > 1◦ , respectively. Following an ap-
proach in Ref. [13] it is assumed that grains with low
GOS mainly correspond with recrystallized grains which
do not exhibit broad orientation distributions. On the
contrary, grains with high GOS exhibit orientation varia-
tions which are consistent with active glide systems. The
pole figure presentation in Fig. 2a for ME20 shows that
unrecrystallized grains with GOS > 1◦ have preferred ori-
entation following the prismatic fibre as well a tilt of basal
planes towards TD rather than those with tilt to ED. In
case of the recrystallized grains with GOS < 1◦ similar-
ity to the overall texture is found, indicating that the
orientation of deformed grains may be maintained dur-
ing recrystallization but a further component with ED
split is revealed. In case of MN20 in Fig. 2b an almost
fully recrystallized microstructure is revealed where only
a few unrecrystallized grains with GOS > 1◦ exhibit ori-
entations with tilt towards TD. However, this component
is not well represented in the pole figures due to its low
fraction. In summary, the TD split of basal planes can
be associated especially with unrecrystallized grains and
the alloys differ to maintain this component during re-
crystallization which is associated with the formation of
the ED split of basal planes.

Fig. 2. EBSD orientation maps of (a) ME20 and (b) MN20; maps: ED vertical, ND horizontal; pole figures —
compare Fig. 1.
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Fig. 3. Stress–strain diagrams from tensile tests par-
allel to ED: (a) Mg–Mn-based alloys, (b) Mg–Zn-based
alloys.

TABLE II

Mechanical properties from tension tests parallel to ED
(tensile yield stress (TYS), ultimate tensile stress (UTS))
with standard deviations

Alloy
TYS
[MPa]

UTS
[MPa]

Uniform
elongation [%]

Fracture
strain [%]

ME20 164± 7 245± 4 11.3± 1 14.8± 2.0

ME21 203± 5 256± 2 11.6± 0.2 20± 1

MN20 131± 26 213± 11 16± 1 23± 1

MX21 125± 1 223± 2 13.4± 0.5 14± 0.4

Z1 144± 1 217± 1 6.8± 0.3 13± 0.6

ZN10 116± 4 210± 2 11.1± 0.7 17.2± 3.8

ZG02 89± 5 198± 1 16.0± 0.3 24.0± 1.7

ZX10 75± 2.3 139± 8 4.8± 0.2 5.1± 0.4

Sample stress–strain curves from tensile tests paral-
lel to ED are shown in Fig. 3. Generally, a continuous
elastoplastic transition is followed by continuous work
hardening to varying extent until the maximum stress
(UTS) is reached followed by a flow instability which is
associated with necking until the fracture of the samples.
The beginning of instable flow is not reached in the Ca-
containing alloys MX21 and ZX10, indicating a reduction
in the ductility of such alloys. In Z1 a pronounced yield
point is noted.

Mechanical properties are collected in Table II. De-
spite the quite similar grain sizes of the Mg–Mn-based
alloys, distinct differences are observed. Lowest yield
stresses (TYS) are found in MN20 and MX21 combined

with extended work hardening to high UTS and high
uniform elongation (15–16%). Fracture occurs upon this
maximum strain in MX21 whereas in MN20 the highest
fracture strain in the Mg–Mn-based alloys is found. In
comparison, ME20 and ME21 exhibit higher stress prop-
erties (TYS and UTS). However, the increase of stress
to UTS is not pronounced indicating limited work hard-
ening and resulting in lower uniform elongation. Inter-
estingly, the higher RE containing alloy ME21 exhibits
not only higher fracture strain but also higher TYS. The
principal difference in mechanical properties between the
Mg–Mn-based alloys is associated with the different tex-
ture of the samples.

Likewise, in case of the Mg–Zn-based alloys, those with
a strong split peak of basal planes, ZX10 and ZG02, ex-
hibit the lowest TYS, enhanced work hardening and in
case of ZG02 highest uniform elongation as well as frac-
ture strain. Z1 and ZN10 with a different texture and a
preferential alignment of basal planes parallel to ED ex-
hibit higher TYS, lower work hardening, lower uniform
strain and lower fracture strain. UTS for Z1 and ZN10
is highest among the alloys of this Mg–Zn series.

4. Discussion

In extruded round bars of magnesium alloys several de-
veloping texture components have been identified. Clas-
sically, a prismatic fibre texture with a prismatic 〈10.0〉
pole parallel to ED is described [17]. Recrystallized mi-
crostructures of such bars often tend to develop a tilt
component up to 30◦ , putting the intensity distribution
along an arc between the 〈10.0〉 and 〈11.0〉 poles or even
closer to the 〈11.0〉 pole [18, 19]. The result of both tex-
tures is a distinct alignment of basal planes parallel to
ED or the c-axis normal to the profile surface. In RE
containing alloys [8, 13] textures with intensities tilting a
possible 〈10.0〉 and 〈11.0〉 — double fibre towards 〈00.1〉
have been observed which results in a tilt of basal planes
related to ED. These three texture components can be
used to analyze the texture of the flat bands of this work.

Binary alloy Z1 without additional RE or Ca additions
exhibits a distinct alignment of basal planes parallel to
the profile surface and with an angular spread towards
TD. This corresponds to a prismatic fibre component and
the above mentioned classical texture development dur-
ing extrusion. The Nd containing alloy ZN10, however,
does not show any distinct variation from this texture
which is somewhat unexpected for a RE containing alloy.
It can be hypothesized that high extrusion temperatures
still can change preferential growth of grains and that the
formation of the rare earth texture can be overcome [8].

In case of RE or Ca containing MN20 and MX21 no
such prismatic fibre is visible but a small tilt of pris-
matic planes towards ND, very similar to the above men-
tion RE texture component. A corresponding split peak
of basal planes towards ED is comparable to the tilt of
basal planes out of the extrusion direction in round bars,
i.e. a tilt of basal planes out of the surface plane of the
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profile [11]. Thus, the strong split peak texture of these
flat bands is associated with the RE-texture which is ob-
served in fully recrystallized profiles. The same is found
for alloys ZG02 and ZX10. It can be noted that these al-
loys can be kept with the alloying elements in solid solu-
tion which is not possible in MN20 and MX21. Thus, the
formation of this corresponding texture is not necessar-
ily associated with any growth restriction of grains during
recrystallization due to the formation of precipitates [20].

For ME20 and ME21 a prismatic fibre texture com-
ponent is found. This corresponds to the partly recrys-
tallized microstructures in Fig. 1. This fibre-texture can
often be associated with the unrecrystallized fraction of
grains [13], which is confirmed in Fig. 2. The correspond-
ing split peaks towards TD therefore also indicate the
orientations of unrecrystallized grains. This varies from
the findings in Z1 and ZN10 with an alignment of basal
planes parallel to the profile surface. It is noteworthy
that such specific resolution of texture components (i.e.
the split peak towards TD) would be hindered in round
bars due to the rotational symmetry of the profile. How-
ever, a second component with basal planes split towards
ED is also found indicating the RE-type texture devel-
opment during recrystallization.

In summary, both a classical texture development and
a rare earth type texture development are identified in
flat extruded bands. A more complex texture with mul-
tiple texture components in ME20 and ME21 is associ-
ated with a not fully recrystallized microstructure but a
RE-type texture development.

A tilt of basal planes out of a main deformation
direction allows easier activation of basal slip, most
likely the most influencing mechanism for the increase
of work hardening during mechanical testing as well as
for the increase of ductility and formability [3]. Unfor-
tunately, such textures can also be associated with pro-
nounced anisotropic behavior [12]. Although the aspect
of anisotropic behavior cannot be revealed in measure-
ments in this study, this may be less significant in the
both other textures, alignment of basal planes parallel to
the profile surface as well as in the case of the 4 split
peak texture of ME20 or ME21. It is however revealed
that in the ME-alloys slightly lower uniform elongation is
accompanied by higher stress properties compared to the
strong single split peak texture. Differences between the
stress properties of the Mg–Mn-based alloys and the Mg–
Zn-based alloys of this study are related to the significant
differences in the grain size.

5. Summary and conclusions

The texture development of round bar extruded pro-
files and flat band extruded profiles shows similarities
with respect to the relative alignment of basal planes in
relation to the profile surface. Classical prismatic fibre
textures lead to an alignment of basal planes parallel to
the band surface whereas a RE-type texture with tilt
of basal planes reveals strong split peaks but no pris-
matic fibre. Other textures with distinct components

are observed in partly recrystallized samples. The re-
lated mechanical properties underline the importance of
orientations for favoured basal slip which is related to
lower yield stresses but higher work hardening ability,
higher uniform elongation and fracture strain. Although
Ca containing alloys lead to similar texture development
like RE containing alloys as well as to corresponding me-
chanical behaviour, the ductility of these alloys is lower
and fracture occurs early. A balancing of the texture de-
velopment for controlling mechanical properties can be
envisioned by acknowledging an ensemble of alloying as
well as processing effects on the microstructure and tex-
ture development.
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