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Abstract. In this study, the effects of Nd, La, and Ca elements added to ZM21 alloy was investigated in terms of
parameters such as microscopic, mechanical, and corrosion properties. The content of each of the elemental
constituents was 0.5% by weight. The microstructural and mechanical behaviours of the investigated alloys were
examined by XRD, EDX, SEM, OM, hardness surveys, tensile tests, and corrosion experiments. According to
the XRD results, CazZns, CasMgsZns, LaZn,, LaMgs, Mgy Nds, and Mg;,Nd phases emerged on the
investigated alloys. The grain sizes of the alloys were refined by element addition and rolling process, thus
increasing their mechanical properties. Ca increased the hardness of the ZM21 alloys, but this had a negative
effect on the rolled specimens. The tensile value of ZM21 alloy as cast decreased by 39.702%, 48.080%, 45.678%
with the addition of (0.5% La+0.5% Nd), (0.5% La+0.5% Ca), (0.5% La+0.5% Nd+0.5% Ca), respectively. The
tensile value of ZM21 alloy with (0.5% La+0.5% Nd) addition increased by 58.302% as rolled. Tensile test could
not be performed because the rolled alloys with 0.5% Ca addition were fragmented during rolling. Ca contributed
positively to the corrosion behaviour of the casting ZM21 alloy, but it worsened it in the rolled alloys. White

oxide areas on the surface of the rolled alloys indicated an increased degree of corrosion formation.
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1 Introduction

As light alloys, magnesium alloys are the choice of
researchers owing to their desired properties such as
strength, hardness, thermal conductivity, and damping
performance. The automotive industry has increased the
use of magnesium alloys [1,2]. The thermal characteristics
of Mg alloys play an important role in high-temperature
applications. While high thermal conductivity reduces
thermally induced stresses, a uniform temperature distri-
bution extends the working life of parts [3]. Recently, the
addition of RE elements has been widely implemented to
enhance the hot creep behaviour of magnesium alloys [4].
Among studies in the relevant literature, Peng et al.
studied the microstructural and thermal behaviours of
as-cast and as-extruded Mg—2Zn—1Mn—(z)Ce alloys with
the addition of Ce at ratios of 0%, 0.2%, and 0.6% by
weight. They reported that the gradual increase in
the concentration of Ce increased the thermal
conductivity coefficient of the Mg—2Zn—1Mn- (z)Ce alloy.
The highest thermal conductivity value (133.29 W/(m K))
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was obtained in the Mg—2Zn-1Mn-0.6Ce extruded alloy.
Ce(cerium) refined the grain sizes of the as-cast and
as-extruded Mg—2Zn-1Mn—(z)Ce alloys [5]. In another
study [6], the effects of non-isothermal rolling on the micro
morphology and mechanical features of ZM21 Mg alloys
were examined. The rolling parameters in the study were
25-50%, and 75% thickness reduction at temperatures of
250°C, 300°C, 350 °C, and 400 °C, respectively. In the alloy
matrix, the presence of shear bands, twins, and refined
grains was reported. Coaxial grains were formed in the
alloys subjected to the consecutive rolling and annealing
processes, and as a result of these processes, the twins and
shear bands dissipated and disappeared above the
recrystallisation temperature. Alloys rolled at 250 °C with
a thickness reduction of 75% were subjected to a short
annealing process. As a result of this process, they showed
good ductility (14%) and maximal ultimate strength
(345MPa) [6]. In another study [7], the effects of
neodymium (Nd) addition on the properties of the cast
ZM21 alloy were investigated. As a result of this process, a
Mg-7Zn-Nd ternary phase occurred, and larger grains were
reported to occur [7]. A previous study [8] evaluated the
corrosion characteristics of Mg (commercial pure) and
7ZM21 magnesium alloys. For this test, specimens were kept
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Table 1. Chemical analysis results of the investigated alloys.

Alloys Zn Mn La Ca Nd Mg

ZM21 2.05 0.8 - - - Balance
ZM21+%0.5La+%0.5Nd 2.09 1.08 0.5 0.04 0.57 Balance
ZM21+%0.5La+%0.5Ca 2.04 1.21 0.52 0.65 - Balance
ZM21+%0.5La+%0.5Ca+%05Nd 2.06 1.00 0.52 0.51 0.56 Balance

in “Ringer’s Solution” for a period of 92h using the
“Electrochemical Impedance Spectroscopy (EIS)” tech-
nique [§]. In the literature, it has been reported that the
addition of La to cast ZM21 alloy causes a change in
average grain size, grain shape and matrix. When SEM
images are examined, it is reported that the phases formed
in the matrix with the addition of La are elongated by
rolling, the grain size becomes thinner and there are traces
that are thought to be shear bands in the rolling direction.
In addition, it is clearly seen that with the addition of Ca to
ZM21 alloy, phases are formed at the matrix and grain
boundaries, and these phases are broken by rolling. This is
thought to be caused by the hardness and low yielding
caused by the phases formed by the addition of Ca to the
alloy [9].

In the study in the literature, it was reported that the
amount of phase increased with increasing Zn content in
XRD and SEM examinations of cast Mg—Zn-Mn—Ca
alloys. The study also reported that the grain size
decreased and the secondary phases were reported to be
distributed in the form of strip-like grains at the grain
boundary and grains in the matrix, these phases were
reported to consist of Mg, Zn and Ca elements [10]. Some
studies using the element Nd have shown that the element
Nd can improve the biocompatibility and solid solution
strength of Mg—Zn alloys [11].

There are studies on La, Ca and Nd added to cast ZM21
in the literature [9,12,13]. However, no studies on the
inclusion of (La, Nd) or (La, Ca, Nd) together in testing the
rolling process could be found. Therefore, this article
presents a comparative study examining the effects of
adding different rates of La, Ca, and Nd added to ZM21
alloys in as-cast and as-rolled conditions.

2 Experimental studies

In this study, the chemical contents of ZM21 Mg alloys
with and without the addition of different elements (La,
Ca, and Nd) were examined using the X-ray fluorescence
(XRF) method with a Rigaku (ZSX Primus II) brand
device. The elemental composition of the alloy is shown in
Table 1 [12,13].

The casting process parameters in this experiment were
used in the casting of alloys in previous studies [14,15]. If
briefly explained, the Mg alloys were melted in an
atmosphere-controlled (argon and CO5+SFg gases) induc-
tion furnace at 750 °C. They were then poured into
permanent moulds under gas protection (99 vol% CO, +
1 vol% SF6) at 250 °C. The homogenisation processes of the
cast parts were carried out by keeping them at 400 °C for

16 h. After homogenisation, the specimens were prepared
at dimensions of 10 x 30 x 60mm. All specimens were
rolled by applying the following parameters: 4.7 (m/min)
rolling speed, 80% rolling ratio, and ¢ =0.2° Constant
deformation degree. Equation of deformation degree is
given at equation (1).

o = —In((n1)/h). (1)

Among these terms, ¢ is the constant deformation
degree, hn is the specimen thickness after the pass, and n is
the number of passes. Before rolling, the specimens were
kept at 350 °C in the furnace for 60 min. While rolling these
specimens according to the parameters mentioned above,
after each rolling pass, they were kept at 350°C in the
furnace for 15min for the next pass [6]. To conduct a
metallographic examination with a microscope, the
surfaces of the specimens were sanded consecutively with
400, 600, 800, 1200, and 2000 grit sandpapers. Then, the
surfaces of the specimens were polished using 1pm
alumina. The specimens were flushed with distilled water
and alcohol, followed by drying with hot air. Additionally,
the specimens were etched with picric acid, the etched
specimens were cleaned with alcohol and distilled water,
and dried using hot air in this order. The microstructure
specimens were examined under a Nikon brand optical
microscope. Then, EDX analyses were performed, and
SEM images were taken with a Carl Zeiss Ultra Plus
Gemini brand Scanning Electron Microscope (SEM)
device. After casting, XRD analyses of the specimens were
performed using a “Rigaku Ultima IV” brand device at a
scan speed of 3°/min and a range of 10°-90° for scanning
angles.

The hardness values of the casting, homogeneous, and
rolling specimens were measured by the Vickers hardness
test. In the Vickers hardness test machine, the specimen
was held for 15s with a pyramid-shaped penetrating edge
under aload of 0.3 kg. Thus, the dimensions of the tracks on
the specimens were measured, and the results of the
hardness tests were determined. Tensile tests were carried
out at a ratio of 1.67 x 107® s~! on both rolled and cast
specimens by means of a ZWick/Roell Z600 tensile test
device. The casting specimens were processed according to
the EN ISO 6892-1 standard, and the rolled specimens were
processed along the rolling direction according to the
ASTM E8 M-04 standard. In this part of the study,
3 specimens were tested for each alloy, and the average of
the results was used.

The corrosion tests in this study were carried out as
immersion and potentiodynamic corrosion tests which are
explained below. For the potentiodynamic polarisation test
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Fig. 1. XRD results of (a) ZM21+0.5La+0.5Nd, (b) ZM21
+0.5La+0.5Ca, and (c) ZM21+0.5La+0.5Nd+0.5Ca [13)].

processes, 0.25 cm? circular hole tapes were adhered the
specimens sanded up to 1200 grit, and the experiments
were ensured to be carried out in an equal area. The
potentiodynamic polarisation testing processes were
performed using a computer-aided (Gamry model
PC4/300 mA potentiostat/galvanostat) DC105 corrosion
experiment device in a 3.5% NaCl environment. In the
experiments, graphite rods were used as the counter
electrode, and SCE (Saturated Calomel Electrode) was
used as the reference electrode. The experiments were
carried out using a conventional 3-electrode cell, provided
that the specimen surfaces were the working electrodes.
Potentiodynamic polarisation curves were obtained by
scanning in the range of —0.25 V (vs. open circuit potential,
Eoc) to +0.25V (vs. Eoc) at a scanning rate of ImVs ™. In
this experiment, for each alloy, three specimens were
tested, and the average of the results was used. For the
immersion corrosion tests, 2 x 10<10mm rectangular
prism-shaped specimens were prepared from the casting
and rolling alloys, and their surfaces were cleaned by
purified water in an ultrasonic cleaning device after
sanding. The exterior surfaces of the specimens were
measured, and their initial weights were taken using scales
with a sensitivity of 0.0001g before immersion. These
specimens were suspended in 3.5% NaCl, they were placed
in equal amounts in glass jars, with the help of plastic nets.
These immersed specimens were taken out of the solution
at 3, 6,9, 12, 24, 48, and 72 h, their surfaces were cleaned,
and their weights were measured and recorded. The
corrosion products that formed on the surfaces of the
specimens were cleaned by keeping them in an ultrasonic
cleaner containing a chromic acid solution prepared in
180 g/L distilled water for 5 min after taking the specimens
from the solution at the hourly intervals mentioned above.
The specimens were then re-immersed in jars containing

3.5% NaCl. Afterwards, they were cleaned using an
ultrasonic sterilisation device in purified water for 5 min
and then alcohol for 5 more minutes to be immersed in 3.5%
NaCl again. The weight loss values for each hour were
calculated, and the average corrosion rates in total were
determined. In the immersion corrosion test process,
3 specimens were tested for each alloy, and then, the
average of the results was used. The immersion corrosion
test was applied for 72h. Afterwards, SEM and EDX
analyses of the corroded surfaces were performed for each
specimen, and the corrosion mechanisms of the specimens
were examined.

3 Results and discussion

3.1 XRD patterns

The XRD analysis results of the alloys are shown in
Figure 1 [13]. In the analysis, an a-Mg main matrix, as well
as MgZn, MgZn,, MgZns, Mg,Zns, and MnZnz peaks and
LaZn, and LaMgs phases were observed in the structure of
the ZM21 alloy with La addition [12]. The presence of these
phases has also been reported in previous studies [14,16-20].
It was also reported that Mg,Zn; and MgZn,, either each
alone or both, can be found in precipitates [16]. It was stated
in a study on the LaZn, phase that the La structure appeared
asasuperconductor [20]. While Mg,;Nds and Mg;,Nd phases
were detected in the alloys with Nd addition, Ca addition to
the investigated alloys was found to lead to the formation of
CagZng and CasMggZng phases, compatible with the results
of other studies in the literature [21-29]. It was shown that
Mg, 1Nd5 phases precipitated at the grain boundaries after
annealing at 350 °C [23]. In our study, the presence of this
phase in these grain boundaries was also observed. Among
the results of another study, the CasZns phase was ductile,
but some Ca-containing phases were brittle [27]. It was
observed that the Ca;MggZns phase in our study was broken
during rolling.

3.2 Microstructure

In the microstructure images taken after casting, which are
shown in Figure 2, it was observed that fine-structured
phases were formed at the grain boundaries and in the
matrix of the entire alloy. It was seen that these fine-
structured phases in the ZM21+0.5La+0.5Nd alloy were
dispersed as large and small formations along the grain
boundaries [13|. The microstructure pictures shown as
rolled in Figure 2 were taken from the rolling contact
surface. In the microstructure pictures taken from the
rolling contact surfaces, grain elongation and shear bands
are observed along the rolling direction. As seen in the EDX
and SEM analysis results of the cast alloys in Figure 3, the
distribution of CasZns, CasMggZng, LaZn,, LaMgs,
Mg,1Nds5, and Mg;,Nd phases in the structure was observed
toagree with the XRD results. Mg—2Zn—Mn—Caalloysin cast
form with different Zn contents were investigated [10]. The
study revealed that the secondary phase was as strip-like
formation distributed at the grain boundaries; however,
some coarse-grained phases were reported to contain internal
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Fig. 2. Optical microscope images of the investigated alloys [13].

grains. Additionally, in the EDX results, secondary phases
formed by Mg, Zn, and Ca were obtained both at the grain
boundaries and in the grains [10]. There are studies on similar
alloys related to these phases in the literature [21-29).
Looking at the optical microscope images of the rolled
alloys in Figure 2, a significant change occurred in all alloys
due to dynamic recrystallisation (DRX) in hot rolling. Tt
was also observed that the intermetallic phases were
aligned in the rolling direction. As seen in the EDX and
SEM test results of the rolled alloys shown in Figure 3, the
intermetallic particles along the grain boundary were
broken and dispersed. In a similar study, Gao et al. [30]
reported that the temperature and thickness reduction in
the rolling process applied to the ZME200 Mg alloy had a
significant effect on the deformation of the alloy. In this
alloy, twinning formation increased, and the grain size

decreased with the decrease in rolling temperature and the
increase in the amount of rolling thickness. The authors
stated that annealing formed static recrystallisation in the
ZME200 alloy [30]. The MgsCa compound was determined
at the grain boundaries of the Mg—0.5Ca alloy in the study
conducted by Biinyamin et al. [31]. Wu et al. reported that
CaO and CaCO3 were formed with increasing Ca content in
Mg-3.5Gd—zCa alloys. Ca was added at ratios of z=(0),
(0.5), (1.0), (3.0) wt.% [32]. We determined the formation
of intermetallic compounds in the matrix and at the grain
boundaries with the addition of 0.5% La, 0.5% Nd, and
0.5% Ca in the cast alloys. We found that the phases at the
grain boundaries and in the matrix became coarse and broad
with the effect of Ca. We saw that the rolling process had a
thinning effect on the grains, and the intermetallic phases
changed shape. Additionally, the intermetallic phases of the
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Fig. 3. SEM and EDX images of the investigated alloys [13].

rolled Ca-doped alloys were broken by rolling. These cracks
may have occurred due to the CaO that emerged with the
addition of Ca, as stated in the study conducted by Wu et al.
[32], who showed that Ca had a high affinity for oxygen (O)
by means of the Ellingham diagram [32].

3.3 Mechanical tests
3.3.1 Hardness

The hardness values (Fig. 4) increased with the addition of
the tested elements (La, Nd, and Ca) to the ZM21 Mg alloy
[12]. As an effect of theirs, these elements contributed to
the formation of LaZn, and LaMgs; phases with La addition
and Mg, Nd5 and Mg;sNd phases with Nd addition. The
higher increase in the hardness value with the Ca content in
the alloys can be attributed to the presence of binary CasZn;

and triple CasMggZng phases along with the grain
boundaries [13]. We determined that the hardness measure-
ments of the rolling alloys increased significantly compared
to the casting alloys. Chen et al. reported that the phases
formed in the structure strengthened solid solution harden-
ing and dispersive strength [29]. Umit et al. used a rolling
thermomechanical process to improve the mechanical
properties of ZM21 magnesium alloy and reported a 40%
reduction in grain size in rolled samples [33].

3.3.2 Tensile properties

The tensile and elongation (%) values of the cast ZM21
alloys diminished remarkably by the addition of the
elements La, Ca, and Nd (Figs. 5 and 6) [12]. In particular,
the elongation behaviour of the cast alloys with the
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Fig. 4. Hardness results of the investigated alloys as cast and rolled.

individual or combined addition of Ca and Nd showed a
remarkable decrease due to the brittle secondary phases with
Cacontent. In the tensile test results shown in Figure 5 and 6,
tensile test specimens could not be obtained from the rolled
ZM21+0.5La+0.5Ca and ZM21+0.5La+0.5Ca+0.5Nd
alloys. The reason for this was the long brittle secondary
phases containing Ca in the matrix and grain boundaries as
seen in Figure 3. Wu et al. reported that CaO and CaCOs;
were formed along with increasing Ca content. These phases
have been reported to cause the oxidation of Ca, which has a
high affinity for oxygen (O). This is known based on the
Ellingham diagram for oxides. The researchers reported
increased oxide film formation and surface roughness values
with an increase in Ca content [32].

Considering the cast specimens demonstrated in Figure4,
it is thought that hardness values increased with the effect of
the intermetallic compounds that formed in the grain
boundaries and in the matrix in reaction to the addition of the
element. It was observed that hard brittle intermetallic
compounds and oxides were formed with the addition of Ca.
As demonstrated in Figure 5, the % elongation of the
specimens decreased due to the compounds that were formed
in the microstructure with the addition of Ca in the casting
process. Also, asshown in Figure 6, the cast (ZM21+La-+Nd)
alloy was found to have 30% lower yield stress than cast
ZM21 alloy [13,14]. Since the alloys containing Ca were
broken during rolling, their % elongation could not be shown
in Figure 5, and their tensile and yield values could not be
shown in Figure 6. The hardness results of the alloys
containing Ca were taken from the broken rolled parts and
determined to be 107.56 HV. Because of high hardness
values, tensile specimens could not be taken from the alloys
containing Ca. The alloys containing La and Nd also had
increased hardness, but these alloys were suitable for rolling.

3.4 Corrosion behaviour
3.4.1 Potentiodynamic polarisation test

Tafel curves were obtained as a result of the potentio-
dynamic polarisation corrosion experiments, and then,
the potential values and corrosion current density results
were obtained as a consequence of the analyses of these
curves. The results are given in Figures 7 and 8. The
corrosion potentials (Fig. 8) of the studied alloys were
negative, that is, active. The potentials of the cast
specimens were also less negative and better than those
of the rolled specimens [13]. The corrosion potential of
the rolled alloys (—1.4 V) was similar to that of the rolled
ZM21 alloy [14]. Compared to the corrosion potential of
the cast ZM21 alloy (—1.3V) [14], a decrease (approxi-
mately —0.7V) was observed in the corrosion potential
values of the cast alloys to which La, Ca, and Nd were
added [13]|. Compared to the I, values of the cast and
rolled ZM21 alloys [14], a decrease in those of the ZM21
+0.5La+0.5Nd and ZM21+0.5La+0.5Ca alloys, and in
contrast, an increase in that of the ZM21+0.5La+0.5Ca
+0.5Nd alloy were observed (Fig. 8). The addition of La
+Nd to the alloys significantly affected their corrosion
resistance values. The reason for the deterioration of the
corrosion resistance of the cast and rolled ZM214-0.5La
+0.5Ca+0.5Nd alloys could be the cathodic action of
multiple CasMgsZns, CasZng, Mgy Nds, and Mg,Nd
intermetallic phases in the structure.

Yang et al. [34] reported that the CasMggZng phase,
which prevents the corrosion of the «a-Mg matrix of
extruded ZM21 alloys, and the addition of 0.7wt.% Ca
contributes to the formation of this phase. The addition of
1.6 wt.% Ca caused the formation of Mg,Ca phases, which
deteriorated corrosion resistance values [34].
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Fig. 6. Tensile and yield test results of the alloys as cast and rolled.

3.4.2 Immersion test

Candan et al. reported that corrosion resistance can be
increased by adding elements to Mg alloys [35]. Elen et al.
showed that the amount of weight loss in cast alloys was
almost the same in the initial 12 h of immersion, and the
difference in loss between alloys increased in further
hours [36]. The mass losses and corrosion rates of the alloys
that were examined in this study are given in Figure 9 as cast
specimen results [13]. Figure 10 shows the mass losses and
corrosion rates of the rolled specimens. In the cast alloys,
mass loss and corrosion rate values were lower than those of
the rolled alloys. The corrosion rates of the studied alloys
decreased parabolically up to 1.5 days, but they reached a
steady state after 1.5 days. The steady state corrosion rates of

the cast and rolled alloys were 150mg/(dm* day) and
300mg/(dm?* day), respectively.

As the number of elements added to Mg-based alloys
increases, the secondary phases and precipitates formed in
thestructure of the alloy increase. Thereby, both the amount
and distribution of precipitates in Mg alloys can affect
the pitting and micro-galvanic corrosion behaviours of the
alloys. The SEM images in Figure 11 show that the
degradation in the rolled alloys was higher than that in
the cast alloys. The corroded surfaces of the rolled alloys had
wider and deeper cavities than the cast alloys. According to
the EDS results obtained from the corroded surfaces of the
cast alloys, especially like the dendritic structures, the high
amount of Zn reduced the corrosion current value and
prevented the formation of deep pits in comparison to the
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Fig. 9. As-cast: mass losses and corrosion rates.
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Fig. 11. EDX and SEM results of the investigated alloys after immersion corrosion tests.
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corrosion behaviour of the as-rolled alloys. However,
according to the EDS results obtained from the surfaces of
the alloys in which dendritic structures were eliminated by
the homogenisation and rolling processes, the low amount of
7Zmn increased the corrosion current value; thus, corrosion
failures progressed homogenously in a wide area. In the EDS
results, the formation of Mg (OH), in the rolled alloys was a
sign showing that large surface pits and corrosion rates were
higher in the alloys that were homogenised and corroded.

4 Conclusions

The effects of casting and rolling processes on the
microstructural, corrosion, and mechanical behaviours of
ZM21+0.5La+0.5Nd, ZM21+0.5La+0.5Ca and ZMZ21
+0.5La+0.5Ca+0.5Nd alloys are explained below.

— The XRD, EDX, and SEM analyses of the alloys
showed MnZns, MgZn,, MgZn, LaMgs, LaZns,,
Mg, Nds, Mg,Nd, CasZng, and CasMggZng phases
in their microstructures. These phases were coarsened
intermittently at the grain boundaries and dispersed
in the matrix of the ZM214-0.5La+0.5Nd alloy.

— The addition of different elements (La, Nd and Ca) to
the ZM21 alloy increased its hardness. The rolled ZM21
and ZM21+0.5La+0.5Nd alloys showed better yield
strength, elongation, tensile, and hardness values than
the other alloys due to dispersion strengthening.

— In the results of the potentiodynamic polarisation
corrosion and immersion corrosion experiments, it was
determined that the degree of corrosion in the cast
alloys was lower than that in the rolled alloys.

— The corrosion resistance of the ZM21+0.5La+0.5Nd
and ZM21+0.5La-+0.5Ca alloys improved along with a
decreasing corrosion current density. Corrosion resis-
tance decreased in the cast and rolled ZM214-0.5La
+0.5Ca+0.5Nd alloys in which CasMgsZns, CasZns,
Mg, 1Nd5, and Mg;5sNd intermetallic phases were
formed. It is known that intermetallic multiple phases
can develop a cathodic degradation effect in casting
processes. It was observed that rolling had a negative
effect on corrosion resistance.

— In the SEM images, it was determined that the degree
of corrosion increased with an increase in white oxide
regions.

Acknowledgements

This research is supported by the Scientific Research Projects of Karabuk
University (BAP) with project no. FDK-2019-2103.

Funding

There is no funding impact on the study.

Conflicts of Interest

There is no conflict of interest between the authors.

Data availability statement

The authors contributed equally to the study.

Author contribution statement

The authors have read and approved the final version of the manuscript.

References

1. B.-J. Lv, J. Peng, D.-W. Shi et al., Constitutive modeling of dynamic
recrystallization kinetics and processing maps of Mg-2. 0Zn-0.3Zr
alloy based on true stress-strain curves, Mater. Sci. Eng. A 560, 727—
733 (2013)

2. H. Zengin, Role of Sr in microstructure, hardness and biodegradable
behavior of cast Mg-2Zn-2Ca-0. 5Mn (ZXM220) alloy for potential
implant application, Int. J. Met. 14, 442-453 (2020)

3. A. Rudajevova, F. von Buch, B. Mordike, Thermal diffusivity and
thermal conductivity of MgSc alloys, J. Alloys Compd. 292, 27-30
(1999)

4. J. Grobner et al., Phase analysis of Mg-La-Nd and Mg-La-Ce alloys,
Intermetallics 28, 92-101 (2012)

5. J. Peng, L. Zhong, Y. Wang et al., Effect of Ce addition on thermal
conductivity of Mg-2Zn-1Mn alloy, J. Alloys Compd. 639, 556-562
(2015)

6. M. Thirumurugan, S. Kumaran, S. Suwas et al., Effect of rolling
temperature and reduction in thickness on microstructure and
mechanical properties of ZM21 magnesium alloy and its subsequent
annealing treatment, Mater. Sci. Eng. A 528, 8460-8468 (2011)

7. Q. Li, X. She, A. Du, J. Peng et al., Effects of Nd and homogenizing
on as-cast phase of ZM21 alloy, IOP Conf. Ser. Mater. Sci. Eng. 207,
012034 (2017)

8. M. Jamesh, S. Kumar, T.S.N. Sankara Narayanan, Corrosion behavior
of commercially pure Mg and ZM21 Mg alloy in Ringer’s solution — long
term evaluation by EIS, Corros. Sci. 53, 645-654 (2011)

9. H.A. Goren, M. Unal, Y. Tiiren, H. Ahlatci, ZM21 magnezyum
alasimina lantan ve kalsiyum ilavesinin mikroyapi, mekanik ve
hadde &zelliklerine etkisi, Bilecik Seyh Edebali Universitesi Fen
Bilim. Derg. 8, 1024-1031 (2021)

10. J. Fu, K. Liu, W. Du et al., Microstructure and mechanical properties
of the as-cast Mg-Zn-Mn-Ca alloys, IOP Conf. Ser. Mater. Sci. Eng.
182, 012053 (2017)

11. Y. Luan, P. Mao, L. Tan et al., Optimising the mechanical properties
and corrosion resistance of biodegradable Mg-2Zn-0. 5Nd alloy by
solution treatment, Mater. Technol. 37, 663-672 (2022)

12. H.A. Géren, M. Unal, Y. Tiiren et al., Effects of La addition to Mg-
2Zn-1Mn alloys, in 2nd International Symposium on Light Alloys
and Composite Materials, Karabiik, Turkey, 2022, pp. 3-7

13. H.A. Géren, M. Unal, Y. Tiiren et al., ZM21 dékiim alasimlarmin
ozelliklerine ilave elementlerin etkisi, in: 6nd International Confer-
ence on Material Science and Technology in Cappadocia, Cappa-
docia, Turkey, 2021, pp. 158-163

14. H.A. Géren, M. Unal, Y. Tiiren, H. Ahlatci, Y. Sun, A comparative
study on the mechanical and corrosion properties of the Zm20 and
Zm?21 alloys after casting and rolling, Arch. Metall. Mater. 67, 1387—
1394 (2022)

15. H.A. Goren, Magnezyum Alasimina flave Edilen Elementlerin Hadde-
leme Sonrast Mekanik ve Korozyon Ozelliklerine Etkisi, Lisansiistii
Egitim Enstitiisii, Karabiik Universitesi, 2021 [Online]. Available:
https://tez.yok.gov.tr /Ulusal TezMerkezi /tezSorguSonucYeni.jsp

16. Y.-P. Xie, Z.-Y. Wang, Z.F. Hou, The phase stability and elastic
properties of MgZn2 and Mg4Zn7 in Mg-Zn alloys, Scr. Mater. 68,
495-498 (2013)


https://tez.yok.gov.tr/UlusalTezMerkezi/tezSorguSonucYeni.jsp

17.

18.

19.

20.

21.

22.

23.

24.

26.

M. Unal and H.A. Géren: Metall. Res.

M. Alidoust, D. Kleiven, J. Akola, Density functional simulations of
pressurized Mg-Zn and Al-Zn alloys, Phys. Rev. Mater. 4, 045002
(2020)

P. Ghosh, M. Medraj, Thermodynamic calculation of the Mg-Mn-Zn
and Mg-Mn-Ce systems and re-optimization of their constitutive
binaries, Calphad 41, 89-107 (2013)

I. Antoniac et al., Controlling the degradation rate of biodegradable
Mg-Zn-Mn alloys for orthopedic applications by electrophoretic
deposition of hydroxyapatite coating, Materials (Basel) 13, 263 (2020)
M. Pietro P. Alessia, P. Arjun, P. Vitalij et al., Effect of chemical and
physical pressure on the superconducting properties of LaZn2-xSn2,
APS March Meet. 2018, C30.001 (2018)

M. Wang et al., First-principles study on mechanical properties of
LaMg3 and LaCuMg2, J. Cent. South Univ. 21, 2136-2142 (2014)
S.S. Sreejith, N. Mohan, M.R.P. Kurup, Experimental and
theoretical analysis of a rare nitrato bridged 3d-4f complex
containing LaZn 2 core synthesized from a Zn(II) metalloligand,
J. Mol. Struct. 1153, 85-95 (2018)

A. Kietbus, T. Rzychon, L. Litynska-Dobrzynska et al., Characteri-
zation of B and Mg41Nd5 equilibrium phases in elektron 21
magnesium alloy after long-term annealing, Solid State Phenom.
163, 106-109 (2010)

G.-J. Gao et al., Dealloying corrosion of anodic and nanometric
Mg41Nd5 in solid solution-treated Mg-3Nd-1Li-0. 2Zn alloy,
J. Mater. Sci. Technol. 83, 161-178 (2021)

. C. Zhai, Q. Luo, Q. Cai, R. Guan et al., Thermodynamically

analyzing the formation of Mgl2Nd and Mg41Nd5 in Mg-Nd system
under a static magnetic field, J. Alloys Compd. 773, 202-209 (2019)
M.L. Huang, X. Shen, H.X. Li, Phase equilibrium of Mg-Nd-Zn
system near Mg-Nd side at 400°C, Mater. Sci. Forum 873, 18-22
(2016)

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Technol. 121, 207 (2024) 11

Z. Yang, D. Shi, B. Wen et al., Structural, elastic, electronic
properties and heats of formation of Ca-Zn intermetallics from first
principles calculations, J. Alloys Compd. 524, 53-58 (2012)

L. Elen, Y. Turen, H. Ahlatci et al., Microstructural, mechanical, and
in vitro corrosion properties of biodegradable Mg-Ag alloys,
Biointerphases 17, 041001 (2022)

Z.H. Chen, T. Zhou, D. Chen et al., Microstructure characterisation
and mechanical properties of rapidly solidified Mg-Zn-Ca alloys with
Ce addition, Mater. Sci. Technol. 24, 848-855 (2008)

L. Gao, H. Yan, J. Luo et al., Microstructure and mechanical
properties of a high ductility Mg-Zn-Mn-Ce magnesium alloy,
J. Magnes. Alloys 1, 283-291 (2013)

B. Cicek, Y. Sun, Y. Turen et al., Investigation of microstructural
evolution of gas-assisted metal injection molded and sintered Mg-0.
5Ca alloy, Sci. Sinter. 54, 25-37 (2022)

J. Wu et al., The high-temperature oxidation resistance properties of
magnesium alloys alloyed with Gd and Ca, J. Mater. Sci. 56, 8745
8761 (2021)

U. Ozdemir, E. Kog, Y. Tiiren et al., Effect of rolling deformation on
microstructure and mechanical properties of as-cast and rolled ZM21
magnesium alloy, J. Mater. Eng. Perform. 32, 5043-5051 (2023)
J. Yang, J. Peng, M. Li et al., Effects of Ca addition on the
mechanical properties and corrosion behavior of ZM21 wrought
alloys, Acta Metall. Sin. (English Lett.) 30, 53-65 (2017)

S. Candan, M. Unal, E. Koc et al., Effects of titanium addition on
mechanical and corrosion behaviours of AZ91 magnesium alloy,
J. Alloys Compd. 509, 1958-1963 (2011)

L. Elen, Y. Turen, H. Ahlatci et al., Investigation of microstructure,
mechanical and corrosion properties of biodegradable Mg-Ag alloys,
Arch. Metall. Mater. 67, 889-900 (2022)

Cite this article as: Mehmet Unal, Halil Ahmet Goren, The effects of Nd, La, and Ca addition on the corrosion properties of
as-cast and as-rolled ZM21 Mg alloys, Metall. Res. Technol. 121, 207 (2024)




	The effects of Nd, La, and Ca addition on the corrosion properties of as-cast and as-rolled ZM21 Mg alloys
	1 Introduction
	2 Experimental studies
	3 Results and discussion
	3.1 XRD patterns
	3.2 Microstructure
	3.3 Mechanical tests
	3.3.1 Hardness
	3.3.2 Tensile properties

	3.4 Corrosion behaviour
	3.4.1 Potentiodynamic polarisation test
	3.4.2 Immersion test


	4 Conclusions
	Acknowledgements 
	Funding
	Conflicts of Interest
	Data availability statement
	Author contribution statement
	References


