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Abstract
This work studied the eﬀect of extrusion and alloying with 4 wt.% of Zn and 0.4 wt.% of Ca
on the structure and mechanical properties of magnesium. Light, scanning electron microscopy,
X-ray diﬀraction, hardness, compressive and tensile tests were used for this purpose. The
addition of zinc led to the formation of MgZn and further alloying with calcium changed the
nature of the secondary phase to Ca2 Mg6 Zn3 . The process of extrusion resulted in signiﬁcant
structural reﬁnement, which was the most pronounced for the Mg-4Zn-0.4Ca alloy. In this alloy
the average grain size was 6 µm. The extrusion improved all the measured characteristics
and the most pronounced improvement was observed in the case of tensile yield strength.
The presence of calcium improved the positive eﬀect of zinc on the mechanical properties
of magnesium. Diﬀerences in the mechanical behaviour of magnesium and its alloys were
discussed in relation to structural variations resulting in diﬀerent strengthening eﬀects.
K e y w o r d s : magnesium alloys, microstructure, extrusion, mechanical properties

1. Introduction
Present demand of numerous producers in various
areas for reducing the weight of construction parts signiﬁcantly increases the interest in magnesium and its
alloys. Magnesium is namely regarded to become the
most lightweight construction material in future. Magnesium with density of 1.7 g cm−3 is nearly ﬁve times
lighter than steel and even lighter than aluminium
(approximately 30 % less) [1–3]. It is the eighth most
abundant element in the earth’s crust and its reserves
are almost unlimited due to the presence in sea water.
Recently, magnesium alloys have been mainly used
in the form of castings. However, the as-cast alloys cannot achieve desired mechanical properties
(strength, ductility, toughness, hardness) only via
suitable alloying or modifying the conditions of solidiﬁcation [4–6]. To improve the strength characteristics, the appropriate processing methods like extrusion,
forging, rolling are widely applied [2, 3]. On the other
hand, workability of magnesium and its alloys at ambient temperatures is poor due to an inadequate number
of slip systems in its hexagonal crystal structure. This

limitation can only be overcome at higher forming
temperatures [7]. In some magnesium alloys, higher
temperatures of forming may initiate the formation of
ﬁne precipitates [9, 10], which can however contribute
to obtain a ﬁner structure [11] and to stabilize it. This
also extends possible applications of such alloys as well
as the applications at elevated temperatures [10]. Additionally, high-temperature stability can be enhanced
via alloying with rare-earth elements (RE), which form
thermally stable Mg-RE precipitates representing effective obstacles for dislocation slip at elevated temperatures [8, 9]. However, the high cost of rare-earth
elements limits the extensive use of such alloys. In
spite of that, alkaline-earth metals, such as Ca or Sr,
can be alternative alloying elements, which may induce formation of intermetallic phases with high congruent melting points leading to an increase in the
mechanical properties at elevated temperatures [10–
12].
Zinc is – next to aluminium – one of the most
used alloying elements with the advantages, such as
increase of the strength of Mg alloys, improvement of
the castability [8, 13–15]. Besides, the addition of zinc
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T a b l e 1. The chemical compositions of the investigated alloys (in wt.%)

Mg-4Zn
Mg-4Zn-0.4Ca

Zn

Ca

3.69
3.76

<0.04
0.41

Al

Si

Fe

Mn

Ni

Mg

<0.02
<0.02

<0.03
<0.03

<0.01
<0.02

<0.02
<0.01

<0.01
<0.01

bal.
bal.

leads to enhancement of corrosion resistance. Previous
studies [16–19] showed that optimum amount of zinc
with appropriate mechanical and corrosion properties
is about 4 wt.%. In addition, zinc and calcium can be
well metabolized by human body [14], which makes
them more attractive for their using as eﬀective alloying element of magnesium. From the wide spectrum
of possible thermo-mechanical processes, the extrusion
was selected as one of the most used large-scale manufacturing methods, which enables to convert a cast
billet to a ﬁnished wrought product [7]. Overall, using
of low cost alloying elements such as Zn and Ca in
combination with the extrusion may be cost-eﬀective
way which would allow to prepare magnesium alloys
with appropriate properties. Therefore, the aim of this
study is to characterize how the structure and mechanical properties of magnesium are changed by addition
of appropriate amount of zinc and calcium and subsequent application of hot extrusion. The other aim
is to verify if such a small addition of calcium may
more signiﬁcantly inﬂuence mechanical properties of
Mg-4Zn alloy.

2. Experimental details
Pure magnesium (99.99 %) and two alloys with
nominal chemical compositions of Mg-4Zn and Mg-4Zn-0.4Ca (wt.%) were studied in this work. The
magnesium alloys were prepared by induction melting (Balzers VSG-02 vacuum furnace) of pure Mg
(99.99 %), Zn (99.96 %) and an Mg-10Ca (wt.%) master alloy under argon atmosphere in a graphite crucible followed by casting into a steel mould to prepare cylindrical ingots of 20 mm diameter and 100 mm
length. The chemical compositions of both alloys were
veriﬁed by X-ray ﬂuorescence analysis (XRF) summarized in Table 1.
The prepared ingots were heat-treated at 340 ◦C
for 24 h before hot extrusion. The hot extrusion was
realized at a temperature of 350 ◦C, an extrusion ratio
of 10:1 and a deformation rate of 5 mm min−1 . Before
extrusion, the materials were held at the processing
temperature for 10 min.
The microstructures of as-cast (denoted as C) and
extruded (denoted as E) alloys were studied by light
microscopy (LM; Olympus PME3) and scanning electron microscopy (SEM; TescanVega3 LMU) equipped
with energy dispersive spectrometry (EDS, Oxford In-

struments Inca 350). Preparation of samples consisted
of mechanical grinding, polishing and ﬁnal etching
with an acetic-picral solution (4.2 g picric acid, 10 ml
acetic acid, 70 ml ethanol, 10 ml water). The microstructures were examined on sections parallel to the
extrusion direction (ED). The average grain size was
determined via image software LUCIE on the basis of
the equivalent diameter. For this purpose more than
200 grains were analysed.
Mechanical properties were examined by Vickers
hardness with a load of 5 kg, compressive and tensile
tests. For compressive tests, cylindrical samples of
9 mm height and 6 mm diameter were used. Tensile
samples had a length and diameter of 25 and 3 mm,
respectively. Compressive and tensile tests were conducted on a LabTest 5.250SP1-VM universal loading
machine with a strain rate of 0.001 s−1 and at the
room temperature (RT). In all cases the loading direction was parallel to the extrusion direction, as well as
to the longitudinal axis of the as-cast ingots. In addition, the tensile and compressive tests were performed
two or four times and standard deviations were calculated. The hardness measurements were done usually
ten times and the standard deviation was estimated.
Crystallographic textures were determined in the
centre-plane of the samples treated via extrusion. Texture measurements were conducted in reﬂection geometry on PANalytical X-ray diﬀractometer X’Pert
PRO equipped with the texture cradle (ATC-3) using Co Kα radiation at 43 kV and 20 mA. The incomplete pole ﬁgures of diﬀraction 100, 002, 101 and
011, which corresponds to 101̄0, 0002, 101̄1, 011̄1 in
hcp, were used for calculation of orientation distribution function (ODF). The samples were tilted from 0◦
up to 70◦ , azimuthal rotations were done from 0◦ up
to 350◦ , both with the step of 10◦ . Afterwards, the
complete pole ﬁgures of (0002) direction were calculated from ODF with the use of the X’Pert Texture
software. In addition, the defocusing and background
corrections were made.

3. Results and discussion
3.1. Microstructure
Figure 1 shows the microstructure of pure magnesium after casting and hot extrusion at 350 ◦C. The
as-cast magnesium contains large elongated grains of
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Fig. 1. Microstructure of pure magnesium in the as-cast
(a) and extruded (b) states. (The horizontal direction of
ﬁgures of extruded material represents the extrusion direction.)

Fig. 2. Microstructure of Mg-4Zn alloys in the as-cast (a)
and extruded (b) states. (The horizontal direction of ﬁgures of extruded material represents the extrusion direction.)

above 1 mm in size (Fig. 1a). The extrusion process
leads to signiﬁcant grain reﬁning (Fig. 1b) and the
average grain size reduces to approximately 25 µm.
Grains are recrystallized due to a relatively high extrusion temperature.
If the magnesium is alloyed with 4 wt.% of zinc, the
as-cast microstructure is composed of primary dendrites of α-Mg (light) and interdendritic regions are
occupied by secondary phase (black) which is documented in Fig. 2a. Based on the Mg-Zn phase diagram
in combination with XRD (Fig. 3a) and EDS (Fig. 4)
analyses the secondary phase is determined to be
MgZn. Simultaneously to previous case (Fig. 1b), the
hot extrusion causes reﬁning of the as-cast structure of
the Mg-4Zn alloy (Fig. 2b). The extruded structure is
characterized by new dynamically recrystallized grains
with the average size of about 20 µm. Moreover, the
secondary phase is successfully dissolved during the
heat treatment at 340 ◦C for 24 h applied before extrusion.

Additional alloying of the Mg-4Zn alloys with
0.4 wt.% of calcium leads to an increase of the volume
fraction of the secondary phase (Fig. 5a). In the
ternary Mg-4Zn-0.4Ca alloy the secondary phase is
Ca2 Mg6 Zn3 as determined by XRD (Fig. 3b) and EDS
(Fig. 6). The lattice parameters of Ca2 Mg6 Zn3 were
also determined via X-ray analysis to be c = 10.065 Å,
a = 9.58 Å. This is in accordance with the results
of Zhang [20]. As it is well documented in Fig. 5b,
the extruded Mg-4Zn-0.4Ca alloy exhibits homogeneous equiaxed grained structure with an average grain
size close to 6 µm. The above mentioned secondary
Ca2 Mg6 Zn3 phase is not dissolved during heat treatment at 340 ◦C carried out before the extrusion process. But it is fragmented and aligned parallel to the
extrusion direction. In addition, detailed EDS analysis
conﬁrms that a small amount of zinc (approximately
3 wt.%; Fig. 6) remains dissolved in the α-Mg matrix,
whereas the concentration of Ca in the α-Mg phase
is negligible (Fig. 5c). All Ca is concentrated in the
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Fig. 4. The X-ray elements distribution map with the results of EDS analyses of the secondary phase and matrix in
the as-cast Mg-4Zn alloy.

Fig. 3. The X-ray diﬀraction patern of as-cast Mg-4Zn (a)
and as-cast Mg-4Zn-0.4Ca (b).

Ca2 Mg6 Zn3 secondary phase. This phase eﬀectively
blocks the grain growth during hot extrusion.
3.2. Mechanical properties
The eﬀects of alloying with zinc and calcium and
extrusion process on mechanical properties of magnesium were veriﬁed via Vickers hardness measurements as well as compressive and tensile tests. The
obtained values of individual mechanical characteristics are summarized in Figs. 7–9. The achieved mechanical properties are discussed with respect to possible
dominating strengthening mechanisms, which can be:
(i) solid solution strengthening, (ii) secondary phase

strengthening or (iii) Hall-Petch (H-P) strengthening.
In addition, the eﬀect of texture was veriﬁed.
Figure 7 shows that the hardness of magnesium
increases due to alloying with Zn and Ca. As shown
before, both elements lead to the formation of hard
secondary phases (Fig. 2a, Fig. 5a, respectively). In
addition, zinc may also contribute to solid solution
hardening. Additional increasing of hardness via the
process of extrusion is relatively small in the case of
pure magnesium and the binary Mg-4Zn alloy. The
eﬀect of extrusion on hardness is the most pronounced
for the ternary Mg-4Zn-0.4Ca alloy. The main reasons
are: (i) presence of the secondary phase and (ii) the
most eﬀective grain reﬁning (Fig. 5b).
The room temperature compressive mechanical
properties of the investigated alloys are shown in
Fig. 8. The compressive yield strength (CYS) follows a
similar trend as hardness, i.e., it increases due to additions of zinc and calcium in magnesium in the as-cast
states. In contrast to the previous case, the extrusion
resulted in increasing of CYS only in the case of pure
magnesium. It is caused most likely by reﬁning of the
as-cast structure (H-P mechanism; Fig. 1b). A small
decrease of CYS for the binary Mg-4Zn alloy due to
extrusion can be caused by dissolution of the secondary phase before the extrusion process (Fig. 2b). It can
be assumed that dissolution of the interdendritic intermetallic phases (Fig. 2) makes compressive plastic
strain easier. Additional explanation can be that small
zinc atoms introduced into the hexagonal magnesium
lattice may result in decreasing of the critical resolve
shear stress for activation of the non-basal slip system, which results in improved plasticity of the Mgbased alloys [21, 22]. Surprisingly, a change of the CYS
value in the case of the ternary Mg-4Zn-0.4Ca alloy
is negligible. It can be explained by the strong eﬀect
of the secondary phase (Fig. 5). In contrast to the
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Fig. 6. The X-ray elements distribution map with the results of EDS analyses of the secondary phase and matrix in
the as-cast Mg-4Zn-0.4Ca alloy.

Fig. 7. Hardness (HV5) of the investigated materials in the
as-cast (C) and extruded (E) states.

Fig. 5. Microstructure of Mg-4Zn-0.4Ca in the as-cast (a)
and extruded (b) states with an X-ray elements distribution map (c). (The horizontal direction of ﬁgures of extruded material represents the extrusion direction.)

CYS, the values of the ultimate compressive strength
(UCS) are signiﬁcantly improved by both the alloying
elements and the process of extrusion (Fig. 8b). In the
case of the ternary alloy treated by extrusion the UCS
achieves 440 MPa. These results conﬁrm the assump-

tion that addition of Ca to Mg-Zn alloys may improve
hardening and strengthening eﬀects.
The tensile properties measured at RT are given in
Fig. 9. The average tensile yield strength (TYS) and
ultimate tensile strength (UTS) for as-cast magnesium
are as low as 33 and 96 MPa, respectively. However,
with the addition of 4 wt.% Zn, the TYS and UTS are
more than twofold increased to 110 and 233 MPa, respectively. The additional alloying with calcium does
not lead to further increasing of these characteristics.
The improving TYS and UTS of the as-cast states of
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Fig. 8. Compressive yield strength (CYS) (a) and ultimate
compressive strength (UCS) (b) of the investigated materials in the as-cast (C) and extruded (E) states.

both magnesium alloys could be attributed preferentially to the presence of the secondary phases (Figs. 2a,
3, 5a).
However, applying of extrusion results in further
twofold increase of the TYS (Fig. 9a). Such changes
could be ascribed to two eﬀects, namely decreasing
the grain size (Figs. 1b, 2b, 5b) and changing the texture (Fig. 10). Usually, magnesium alloys tend to develop sharp prismatic texture during extrusion that
aligns basal planes of deformed grains parallel to the
extrusion direction ED [23]. Such texture is strong for
activation of basal slip which mainly operates during
deformation at RT [24]. To achieve appropriate orientation of basal planes and thus plastically deform
Mg and its alloys, higher stress has to be imposed,
thus the values of TYS are increased. Comparably,
the value of UTS of pure magnesium is almost twice
increased as a result of the extrusion process (Fig. 9b),

Fig. 9. Tensile mechanical properties of the as-cast (C)
and extruded (E) investigated materials: (a) tensile yield
strength (TYS), (b) ultimate tensile strength (UTS) and
(c) elongation.

and it could be ascribed to the eﬀect of decreasing the
average grain size and H-P strengthening. Although
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Fig. 10. The (0002) pole ﬁgures of Mg-4Zn (a) and Mg-4Zn-0.4Ca (b) alloys processed by extrusion.

the UTS of the Mg-4Zn and Mg-4Zn-0.4Ca alloys are
also improved by extrusion and possess values higher
than 260 MPa, these changes are not so pronounced
as in the case of the TYS.
The textures of extruded Mg-4Zn and Mg-4Zn-0.4Ca were additionally veriﬁed by X-ray measurement and results are given in Fig. 10. It can be seen
that the c-axis of hcp crystal is predominantly aligned
perpendicular to the extrusion direction (ED) in both
investigated alloys as was previously suggested. Nevertheless, the addition of calcium evoked changes of the
maximum of c-axis orientation in the position and intensity. In the ternary alloy, the c-axis inclined closer
to the centre of the pole ﬁgures and its intensity is
decreased. As the extrusion texture may be changed
under the operating recrystallization [25], the secondary Ca2 Mg6 Zn3 phase particles in the ternary alloy
seem to play more important role during texture evolution. The presence of Ca2 Mg6 Zn3 particles may support the formation of recrystallized grains via particlestimulated nucleation (PSN) mechanism, which may
result in diﬀerent orientation of the grains in the recrystallized microstructure [26]. The possible operating of PSN during deformation of Mg-Zn-Ca alloy was
suggested in [27].
It is possible to interpret this situation by nucleation of new grains with random orientation in the
case of ternary alloy, however, it can be changed during the deformation process. Thus the ﬁnal extrusion
texture with the perpendicularly oriented c-axis to ED
is remained, but the intensities of the orientation position are decreased. Simultaneous eﬀect was observed
in AZ31 alloy doped by Ca and rare earth elements
[28]. In addition, high orientation mismatch was also
ascribed to activation of PSN mechanism during extrusion of the AZ31 alloys with addition of 0.4–0.8
wt.% Sr carried out at 350 ◦C [29]. In spite of that, the
TYS remains comparable as in the case of the binary
alloy with sharper texture. This can be explained by

the eﬀect of the secondary phase and smaller grain
size, which both can make the tensile deformation
more diﬃcult, thus contribute to strengthening of the
ternary alloy.
The results in Fig. 9c show how the elongation
is inﬂuenced by alloying with zinc, calcium and by
extrusion. It can be seen that the elongation of extruded alloys achieves higher values as compared to
the as-cast state, in which zinc has the most positive
eﬀect on plasticity. However, application of hot extrusion has only small eﬀect on the increasing elongation
of Mg-4Zn in spite of that extruded binary alloy is
dominated by the plastic α-Mg solid solution. This
should be ascribed to an inappropriate modiﬁcation
of the texture (Fig. 10a) which does not allow the alloys to be suitably plastically deformed as activation
of the slip systems is diﬃcult and thus, the tensile
stress cannot be accommodated by them. Thus the
imposed stress is accumulated and as a result, cracks
can nucleate more easily. This limits ductility in the
binary alloy. On the other hand, the best elongation
of 10 % is achieved in the case of the extruded Mg4Zn-0.4Ca ternary alloy. This could be preferentially
attributed to the considerable grain reﬁnement caused
by extrusion (Fig. 5b). In addition, the fragmentation
and better distribution of secondary phase may also
contribute to increasing elongation by partial carrying the applied strain and local plastic deformation,
which may take place in the vicinity of particles of
these secondary Ca2 Mg6 Zn3 phases.
The following Figs. 11–13 show fracture surfaces
of magnesium and its alloys after tensile tests. A combination of inter- and trans-crystalline failures can be
observed for the as-cast pure Mg (Fig. 11a). In the case
of extruded magnesium (Fig. 11b), plastic deformation
can be locally observed, which is in accordance with
the slightly higher elongation measured in comparison
with the as-cast state of magnesium (Fig. 9c).
In as-cast Mg-4Zn alloy (Fig. 12a, in detailed
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Fig. 11. Fracture surfaces of the as-cast (a) and extruded
(b) magnesium after tensile tests.

Fig. 13. Fracture surfaces of the as-cast (a) and extruded
(b) Mg-4Zn-0.4Ca alloy after tensile tests.

Fig. 12. Fracture surfaces of the as-cast (a) and extruded
(b) Mg-4Zn alloy after tensile tests.

view), fracture cracks grow across the dendrites and
along dendrite boundaries, which are occupied by

the secondary phase acting as stress concentrators.
Particles of this phase are clearly visible in Fig. 12a as
ﬁne light spots in the detailed image. During loading
of the extruded binary Mg-4Zn alloy the fracture is
trans-crystalline (Fig. 12b) and a more detailed view
indicates the occurrence of local plastic deformation
during fracture.
The fracture surface of as-cast Mg-4Zn-0.4Ca alloy shown in Fig. 13a is similar to that of the binary one. But, the fracture surface of the extruded
Mg-4Zn-0.4Ca (Fig. 13b) alloy exhibits more places
with the local plastic deformation. The presence of
small and deep dimples surrounding hard Ca2 Mg6 Zn3
particles is the evidence of the plastic deformation at
such places which contribute to achieving the highest
elongation in the case of the ternary alloy (Fig. 9c).
In addition, the observed reﬁning of the fracture surface of the extruded Mg-4Zn-0.4Ca alloy in comparison with the other alloys can be ascribed to the most
reﬁning eﬀect of the extrusion process (Fig. 5b).
In summary, it is shown that in the case of as-cast
state, the dominant strengthening eﬀect is via second-
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ary phase. In extruded samples, ﬁnal mechanical characteristics result from combination of all strengthening mechanisms, namely: (i) solid solution strengthening, (ii) secondary phase strengthening and (iii) Hall-Petch (H-P) strengthening, which are the most pronounced in the ternary alloy. Additionally, the extruded ternary Mg-4Zn-0.4Ca alloy exhibits values of
UTS and TYS comparable with the widely investigated AZ31 alloy processed by more complicated ECAP
technique [30].

4. Conclusions
The achieved results led to the following conclusions:
1. Addition of zinc and calcium led to dendritic microsegregation and formation of the secondary phase
during casting. The presence of the secondary phase
successfully improved all tested mechanical properties.
2. Applying of extrusion further increased the
mechanical characteristics of magnesium and its alloys
due to the reﬁning their structure. This eﬀect was the
most pronounced in the case of TYS values.
3. The addition of small amount of calcium contributed to improvement of most of tested mechanical
properties, to weaken the extrusion texture and to decreasing of the average grain size close to 6 µm.
The present work showed that alloying of magnesium with low-cost elements in combination with
the widely used extrusion process can produce lightweight materials with a very good combination of
mechanical properties. These materials will be further tested for creep and corrosion in the following
research.
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