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A COMPARATIVE STUDY ON THE MECHANICAL AND CORROSION PROPERTIES OF THE ZM20
AND ZM21 ALLOYS AFTER CASTING AND ROLLING

In this study, the effects of grain refinement and production methods on the corrosion, corrosive wear and mechanical properties
of the as-cast and as-rolled Mg-2 wt.% Zn (ZM20) and Mg-2 wt.% Zn-0,51 wt.% Mn (ZM21) alloys were examined by using OM,
XRD, SEM, hardness and uniaxial tensile test. Additionally, the potentiodynamic polarization, immersion corrosion test and corrosive
wear properties of the ZM20 and ZM21 alloys were compared. According to the XRD results, MgZn and MgZn, phases were found
in the alloys and also MnZn; phase occurred in the ZM21 alloy with the addition of manganese. Both during solidification forming
nucleation points with the added manganese and during rolling the broken secondary phase particles distributed into the matrix
prevented grain growth and led to the formation of a more refined structure. The tensile test results showed that the strength of the
as-cast ZM21 alloys were better than that of the as-cast ZM20 alloys and further improvement in mechanical properties occurred
with the rolling of the both alloys. The most superior hardness was found in the as-rolled ZM21 alloy. In the total 400-m recipro-
cal corrosive wear test in the 3.5% NaCl solution, the lowest mass loss was in the as-rolled ZM21 alloys. In the potentiodynamic
corrosion test, the highest corrosion resistance was occurred by the as-cast ZM20 alloy.
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1. Introduction

Mg alloys have received the interest of many researchers
in the 21st century to improve energy efficiency and protect
the environment. This reveals the importance of Mg alloys as
an engineering material. ZM21 is a member of the MgZn alloy
system with a low alloy element [1-5]. The usage of unalloyed
magnesium as a structural material is not very prevalent due to
its low mechanical properties. However, the alloy group with the
abbreviation ZM based on the main alloy elements of Mg-Zn-Mn
represents a group of desirable properties such as high fracture
strength, easy castability and good corrosion resistance [6]. The
alloy element Zn plays a significant role in the solid solution
and precipitation hardening. Mn addition contributes to grain
refining and improvement of corrosion resistance [7]. G. Mann
etal. [8], examined the plastic stress in Mg-2Zn casts with grain
sized varying between 55 and 340 um. It is well-known that
grain size and yield strength have an inverse relationship, and
this relationship is defined with the Hall-Petch equation. In this
equation (1), g, is the yield strength of the material, oy is the

frictional strength, & is the material-specific strength constant,
and d is the mean grain size of the material [9].
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A reduction in the grain size leads to an increase in the yield
strength as a consequence of the increasing grain borders that
could counter the dislocation motion [8,10]. While C.H. Caceres
etal. [10], they stated that the grain size refinement is inconsistent
especially in large grain sizes, G. Mann et al. [8] reported that
with the increase of Zr in Mg-2Zn alloy, the grain size becomes
finer, and with this, both k£ and o, values increase.

In the study of G. Mann et al. [§8], the grain size was above
55 um due to the grain refinement by adding Zr to the Mg-2Zn
alloy produced by sand casting method. The difference of this
study from other studies in the literature [7-10] is that the effect
of both rolling and Mn addition to Mg-2Zn alloy on grain size,
k and o values was investigated in order to reduce the particle
size of the Mg-2Zn alloy below 55 pm. To understand the
correlation between grain refining and structure-property, the
experimental ZM20 and ZM21 magnesium alloys were selected.
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Therefore; The aim of this study was to compare mechanical
properties and corrosion behaviour of ZM20 and ZM21 alloys
produced by both casting and rolling.

2. Materials and Methods

In the experiments, in preparation of the ZM20 and ZM21
alloys, commercially magnesium with (~99.9 wt.%) purity sup-
port from Bilginoglu Industrial Materials Industry and Trade Inc.,
pure Zn (~99.9 wt.%) and Mg—10 wt.% Mn master alloys were
used. An atmosphere-controlled induction furnace was used in
the melting and casting processes of the alloys. The investigated
alloys casted at 750°C, while the mould temperature was set as
250°C. The casting was carried out inside a permanent mould
under gas protection (CO, (99 vol%) +SF6 (1 vol%)). The chemi-
cal compositions of the casted alloys were determined by using
aRigaku ZSX Primus II brand XRF (X-ray fluorescence) device.
The chemical compositions of the alloys are given in TABLE 1.

TABLE 1
Chemical compositions of the alloys
Alloys Elements (wt. .%)
Zn Mn Al Si Ca Mg
ZM20 1.99 0.01 0.02 0.02 0.01 | Balance
ZM21 2.05 0.51 0.02 0.01 0.03 | Balance

Before the hot rolling process, to prevent defects such as
segregation and heterogenous grain sizes that could occur in the
cast parts, the cast ZM20 and ZM21 alloys were subjected to ho-
mogenization annealing at 400°C for 16 h. Afterwards, following
preparation of the specimens at dimensions of 10x30x60 mm,
they were rolled with an 80% rolling ratio, 4.7 strain rate and by
applying ¢ = 0.2 constant deformation degree. ¢ = —In (%, / h,),
and here, n is the count of passes, and 4,, is the specimen thick-
ness after the pass. The specimens were heated to suitable
temperatures (350°C) for 60 minutes in a furnace. After each
pass was completed, to prevent temperature loss before the next
pass started, the specimens were heated back to 350°C for ap-
proximately 15 min in accordance with Ref [11].

For microstructure examination the cast and rolled specimens
were abraded with respectively 400, 600, 800, 1200 and 2000-
mesh sandpapers by using distilled water. Afterwards, the surfaces
were polished by using 1 um alumina. The specimens were then
etched with a mixture of 6 g picric acid, Sml acetic acid, 10 ml
distilled water and 100 ml ethanol. The microstructural analyses
were carried out with a Nikon optical microscope (OM), SEM im-
ages and EDX analyses. In this study, the approximate grain sizes
ofthe ZM20 and ZM21 alloys were determined by utilizing inter-
sections along a 45° test line. At least 500 grains covered by the
intersecting line were counted for each specimen. After counting
the grains, the total length of the intersecting lines was recorded,
and to determine the mean grain size, the intersecting line was
divided by the number of the covered grains [12]. After making

the counts of the grains covered by lines drawn by an angle of
45° on the optical microscope (OM) images of all specimens with
the same magnification rate (100 X) by staying loyal to the grain
counting method, and determining the n values as the numbers
of grains covered by the obtained measurement line, by applying
the value of o = grain size of the relevant phase, L = total length
of the measurement line and » = number of grains covered by
the measurement line in the formula, the grain sizes of the speci-
mens were determined in units of um by an approximate amount.
Grain sizes were calculated according to the equation (2) [12].
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The XRD profiles of all cast specimens were obtained
with a Rigaku Ultima IV device in the scanning 26 angle range
of 10°-90°, at a scanning rate of 3°/min and using CuKa radia-
tion. The tensile tests of the specimens were carried out with
a Zwick/Roell Z600 tensile device at a rate of 1.67x107 s7!
after casting and rolling. The dog-bone tensile specimens with
a diameter of 5 mm and gauge length of 25 mm were machined
as per EN ISO 6892-1 from the as-cast alloys while the tensile
specimens of the as-rolled alloys were prepared along the roll-
ing directions as per ASTM E8 M-04. Each test condition was
repeated at least three times.

The hardness values of the specimens were obtained by
a Vickers hardness test by using a load of 0.3 kg. The hardness
was evaluated by at least 5 hardness measurements. Grain sizes
of all specimens were measured with the method of linear inter-
section with a 45° angle [12]. Characterization of the corrosion
properties of the cast and rolled specimens was carried out in
a saltwater solution prepared with 3.5% salt (NaCl). The immer-
sion test specimens were taken out of the cast and rolled parts
as approximately 2x10x10 mm?, their surfaces were abraded,
and they were cleaned with distilled water in an ultrasonic bath.
After calculating the surface areas of the specimens and measur-
ing their initial weight before immersion with a precision scale
with a sensitivity of 0.1 mg, the specimens were immerged in
a 3.5% NaCl solution put into glass beakers. The immerged
specimens were removed from the solution at intervals of 3, 6,
and 12 h, and this process continued until the 72 h of treatment
time was completed. The corrosion products forming on the
surface at each interval were cleaned by keeping the specimens
in a chromic acid solution, distilled water and alcohol for 10, 5
and 5 min respectively. The chromic acid solution was prepared
inside distilled water at 180 g/L.

The specimens were embedded into epoxy resin after be-
ing wrapped in copper wire. After the surface to be tested was
abraded and cleaned, a strong adhesive tape with a round hole
with an area of 0.25 cm” was attached onto the specimen sur-
face, and as a result, the corrosion tests of all specimens were
conducted at an equal area, and negative effects that could oc-
cur on the corrosion test from the epoxy connection zones were
eliminated. The potentiodynamic polarization tests were carried
out with a Gamry model PC4/300 mA potentiostat/galvanostat
equipped with computer-controlled DC105 corrosion analysis at



room temperature and inside a 3.5% NaCl solution. A classical
three-clectrode cell was used, where the counter electrode was
a graphite rod, the reference electrode was a saturated calomel
electrode (SCE), and the working electrode was the specimen
surface. Polarization curves were created by scanning at a scan-
ning rate of 1 mV.s™! between —0,25 V (versus open circuit
potential, Eoc) and +0,25 V (versus Eoc).

The wear tests of the casting and rolling specimens were
carried out with a reciprocal wear test device, in 3.5% NaCl
solution. The tests were conducted under 20N load, at 0.1 m/s
sliding rate and in a total of 400 m sliding distance. After each
wear process of 100 m inside saltwater, the specimen was dried,
and the 3.5% NaCl solution in the wear container was replaced.
This process was repeated 4 times. The mass losses of the speci-
mens were calculated based on their initial and final weights.

3. Results and discussion
3.1. XRD patterns

Fig. 1 shows the XRD models of the ZM20 alloy. The
ZM20 alloy profile consisted of the aMg, MgZn and MgZn,
binary phases. In ZM21 with 0,51 wt.% manganese addition,
the MnZn; binary phase was also observed in addition to these
phases. When the diffraction peaks of the ZM21 alloy where
this phase emerged were compared to the diffraction peaks
of the ZM20 alloy, the peak points at ~48° and ~69° increased
in the ZM21 alloy, whereas the peak point at ~58° decreased.
It was seen that this situation was related to the formation of the
MnZn; binary phase.
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Fig. 1. XRD patterns of the alloys

3.2. Microstructure

The a-Mg mean grain sizes of the cast and rolled alloys are
shown micrographs in Fig. 2. The grain size of the ZM21 rolled
alloys decreased by approximately 12 um in comparison to the
cast alloys. This decrease from the cast to the rolled form in
the ZM20 alloy was 36 um. While there was an approximately
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20 um difference between the ZM21 and ZM20 alloys in the cast
speciments, this difference in the rolled microstructure decreased
down to approximately 5 um. The ZM21 alloy with Mn content
of approximately 0,51 wt.%, showed a finer grain size in both
the cast and rolled in comparison to the ZM20 alloy.

; gty Gl o

Fig. 2. Optical micrographs of the alloys: (a) as-cast ZM20, (b) as-rolled
ZM20, (c) as-cast ZM21 and (d) as-rolled ZM21

Fig. 3 presents the as-cast SEM images and point EDX
analysis results taken from the matrix (A and D) and five different
secondary phases. As seen in Fig. 1, it is probably considered to
be the MgZn and MgZn, binary phases (B, C, E and F) and the
MnZnj; binary phase (G) in the microstructures of the investi-
gated alloys. J. Yan et al. [13], in accord with this study, while
the presence of MgZn and MgZn, phases was reported, no study
was found on the presence of MnZnj; intermetallic phase.

C Mass percentage (%)

Points Mg Zn Mn
A 96.13 3.87 -
B 94.54 5.46
C 94.30 5.70 -
D 93.36 6.47 0.18
E 92.08 7.41 0.51
F 79.89 19.82 0.29
G 90.24 5.96 3.80

Fig. 3. SEM micrographs of the as-cast alloys: (a) ZM20, (b) ZM21
and (c) EDX results

3.3. Hardness

Fig. 4 shows the hardness values of the alloys. Among the
studied alloys, the lowest hardness value was in the cast ZM20



1390

alloy, while the highest hardness value was in the rolled ZM21
alloy. The hardness values of the as-cast and as-rolled specimens
of ZM20 were found respectively as 41, and 49.5 (HV), while
that of ZM21 were respectively 43.4 and 57.5 (HV). The increase
in hardness is probably due to the presence of intermetallic
phases being formed, the refining of the grain size after rolling
and the increase in the count of grain boundaries. J. Kubasek
and D. Vojtéch [14] reported that the increase in the volume of
secondary phases with concentrations of Zn and Gd, improved
the hardness with the elements added to pure magnesium.
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Fig. 4. Hardness results of ZM20 and ZM21 alloys

3.4. Tensile properties

Fig. 5(a) and (b) shows the strength results of the alloys. In
accordance with hardness results (Fig. 4) the results of the tensile
tests seen in Fig. 5(a) and (b) show that ZM21 was superior to
ZM20, and the rolled specimens of both alloys had superior
tensile properties. The ultimate strength, yield strength and
elongation of the cast ZM20 alloy were respectively 135 MPa,
86 MPa and 3.4%, while these values for its rolled specimens
were respectively 261.5 MPa, 130 MPa and 13%. The ultimate
strength, yield strength and elongation of the cast ZM21 alloy
were respectively 170 MPa, 96 MPa and 5.6%, while these values
for its rolled specimens were respectively 270 MPa, 140.2 MPa
and 17%. Phase particles broken and dispersed into the matrix
during rolling prevented grain largening and caused a more re-
fined structure. G. Mann et al. [8], determined the plastic stress

350

in Mg-27n casts with grain sizes varying between approximately
55 and 340 um.

The k and oy values of the investigated alloys are shown
in TABLE 2. G. Mann et al. [8], reported that with the increase
of Zr content in Mg-2Z7n alloy, the grain size became finer and
both k and o, values increased. In the present study investigated
the effect of up to 0,51 wt.% Mn addition to Mg-2Zn alloy on
the grain sizes, k and o, values given for the as-cast and as-rolled
conditions (TABLE 2) were found to increase with production
methods. The higher o, value with the increase in the number of
grain sizes of the as-rolled alloys compared to that of the as-cast
alloys can be attributed to the increase in lattice resistance. C.H.
Caceres et al. [10] stated that with increasing Zn concentration,
the Hall-Petch stress density factor k increased, and the k values
range from (~0.28 MPa m'"?) for pure Mg and (~0.7 MPa m'?)
for (2.3 wt.%) Zn alloy. However, in the case of Mg and its al-
loys shows large discrepancies in the values of both & and o,

L.T. Caraballo et al. [15] reviewed the Hall-Petch relation-
ship on solid-solution strengthening of Mg alloy and modelled
employing a power-law approach. Grain refinement effects were
described employing thermodynamic and kinetic formulations
via the interdependence theory approach. I.T. Caraballo and
P.E.J.R.D.D. Castillo [9] reported that k and oy values were
influenced in a complex way by the composition, the critical
resolved shear stress, thermo-mechanical process parameters
of Mg alloys and still remain uncertain.

TABLE 2
The oy and k value of the investigated alloys
Alloy o7 (MPa) k (MPam'?)
The as-cast conditions 15,90 1,11
The as-rolled conditions 17,40 1,08

3.5. Corrosion behaviour
3.5.1. Immersion tests
The time-dependent mass losses in the immersion corrosion

test are shown in Fig. 6. As seen in Fig. 6(a), mass loss per unit
area versus time changed linearly. The as-rolled ZM21 exhibited
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Fig. 6. Immersion test results of the alloys: (a) mass loss and (b) corrosion rate by time

the highest mass loss versus the given time, while the lowest mass
loss was observed in the as-cast ZM20 alloy. Corrosion rates in
units of (mg/(dm?.day)) determined for each time are given in
Fig. 6(b). Corrosion rate changing became stable at the end of
3 days, and the corrosion rate values determined for 3 days are
called steady state corrosion rate.

The change of the steady state corrosion rate according to
grain size is given in Fig. 7. As seen in Fig. 7, it was observed
that the steady state corrosion rates of the ZM20 and ZM21 al-
loys after casting and rolling increased gradually based on the
grain size.
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Fig. 7. Relationship between grain size and the steady state corrosion
rate after the immersion test

J. Kubasek and D. Vojtéch [14] reported that zinc (1 and
3 wt.%) improves the corrosion resistance of as-cast Mg-based
binary alloys. However, addition of Gd to Mg-3Zn alloys has
strong detrimental effects on corrosion resistance because of
the galvanic effect that occurs between the continuous network
of the ternary phase and the magnesium matrix. S. Gollapudi
reported in [16] that the decrease in corrosion resistance was
attributed to the higher density of grain boundaries and other
defects brought about by refinement.

SEM and EDX analyses after the immersion corrosion test
are given in Fig. 8. As seen in Fig. 8, the corrosion mechanism
has occurred in the form of wide-open and shallow pits. The
concentration of the pits on the surface of the as-cast alloys in-

creased with 0.51% Mn addition while the opened pits expanded
to all surfaces with the homogenization and grain boundary
corrosion were also observed in the as-rolled alloys. According
to EDX analysis results, high oxygen content in the as-rolled
alloys compared to that of the as-cast alloys shows the increase
in corrosion.

Mass percentage (%) Mass percentage (%)

Point O Mg Zn Point [¢] Mg Mn Zn
A 6.14 857 8.6 A 8.06 86.58 1.32 4.05
B 451 8828 721 B 570 89.53 1.52 3.25
C 485 92.02 3.13 C 390 89.72 059 579
D 6.45 8945 4.10 D 585 91.62 - 252
E 568 51.36 42.96 E 6.23  85.92 - 785

o

Mass percentage (%) Mass percentage (%)

Point O Mg Zn Point (6] Mg Mn Zn
A 7.80 8723 498 A 746 8695 044 5.15
B 495 90.74 430 B 1022 8355 0.84 539
C 6.99 88.02 4.99 C 18.84 76.83 - 433
D 7.81 86.57 5.62 D 722 8754 0.06 5.19

Fig. 8. EDX results of sample after immersion test: (a) as-cast ZM20,
(b) as-cast ZM21, (c) as-rolled ZM20 and (d) as-rolled ZM21

3.5.2. Potentiodynamic polarization tests

Fig. 9(a) shows the polarization curves obtained as a result
of the potentiodynamic polarization tests conducted after casting
and rolling. As seen in Fig. 9(a), it was determined in the obtained
polarization curves that the rolled alloys had more negative
values than the cast alloys. The Figure also shows the corrosion
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Fig. 9. Potentiodynamic corrosion test results (a) polarization curves, (b) corrosion current density and potential values of the as-cast and as-

rolled alloys

current densities and corrosion potentials calculated from these.
Looking at Fig. 9(b) and considering the corrosion potentials of
the alloys after casting determined with the £.,,,.and 7,,,, values,
they had more positive values in comparison to the rolled alloys.
The cast ZM21 alloy was more positive than the cast ZM20
alloy. The alloy with the lowest corrosion current density was
the as-cast ZM20 alloy. The corrosion current density of the
cast ZM21 alloy was higher, and its corrosion resistance was
lower in comparison to the cast ZM20. The rolled ZM20 alloy
had increased current density and reduced corrosion resistance
in comparison to the cast ZM20 alloy. The rolled ZM21 alloy
had slightly lower current density and slightly higher corrosion
resistance than the cast ZM21 alloy. E. Zhang et al. [17] stated
that the increasing of Zn content moved the corrosion potential
E.,., to a more negative direction and reduced the corrosion
resistance. The noblest corrosion potential and the highest cor-
rosion resistance were obtained for Mg-1Zn-Mn alloy.

3.5.3. Corrosive Wear test
The variation of the wear losses of the alloys in terms of

(mg) examined in Fig. 10(a) and the specific wear rate coef-
ficients calculated in terms of (mg/(N.m)), according to the
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sliding distance, are given in Fig. 10(b). According to Fig. 10,
the change in weight loss with sliding distance is linear and at
a given sliding distance the as-cast ZM20 exhibited the furthest
weight loss while the as-rolled ZM21 showed the lowest weight
loss. With increasing sliding distance, the variation of the specific
wear rate coefficient of the as-cast alloys (Fig. 10(b)) decreases
parabolically while that of the as-rolled alloys tend to be fixed
with a slight increase towards the end of the sliding distance. The
tendency of the specific wear rate coefficient sliding distance
curve is expected to be parabolic decrease to some extent and
then constant stable. With the increase in the sliding distance the
specific wear rate coefficient of the as-rolled alloys is attributed
to the more corrosion loss of these alloys and to increase further
weight loss during friction. However, due to the high mechanical
properties of the as-rolled alloys, the specific wear rate coeffi-
cient is lower than that of the as-cast alloys, making the as-rolled
alloys more resistant to abrasion.

The variation of the specific wear rate coefficient with the
grain size of the examined alloys is given in Fig. 11. Due to the
improvement in the mechanical properties of the as-rolled alloys
with refining grain size, the specific wear rate coefficients are
lower than the as-cast alloys. In this study, the specific wear rate
coefficients of both the as-cast and the as-rolled alloys added
with 0,51 wt.% Mn are lowest since the grain size refinement

100 200

Distance (m)

300 400

Fig. 10. Corrosive wear test results of the alloys: (a) amount of wear and (b) specific wear rate coefficient with sliding distance



is achieved with the addition of 0,51 wt.% Mn in the alloys
produced by both as-rolled and as-cast conditions. H. li et al.
[18] stated that the weight loss of Mg-Zn-Ca alloys decreased
with increasing Zn content. With the increasing Zn content, the
hardness of the alloy increased by the refining grain size, which
led to the improvement of the wear resistance.
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Fig.11. Relationship between grain size and the steady state specific
wear rate coefficient after the corrosion wear test

In Fig. 12, the relationship between the friction coefficients
and grain sizes of the alloys was shown and it was observed that
the friction coefficient increased with the increase in the grain
size with similar to Fig. 11.
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Grain Size (mm)

Fig. 12. Relationship between grain sizes and friction coefficients of
the alloys after the corrosion wear test

SEM and EDX analyzes after the corrosion wear test are
given in Fig. 13. As shown in Fig. 13, the increase in the white
layer on the worn surface of the investigated alloys was revealed
in the SEM images as parallel to the refining of the grains after
rolling for both ZM20 and ZM21 alloys compared to the as-cast
alloys. With the addition of 0,51 wt.% Mn to ZM20, this layer
became more pronounced. In the as-rolled ZM21 alloy, which
has the lowest friction coefficient, it is seen that this layer com-
pletely covers the surface. It has been observed that the increase
of the oxide (white layer) plays an active role in the decrease
of the friction coefficient. As determined in EDX analysis, the
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increase in these white layers with high oxygen content took an
active role in the decrease of the friction coefficient.

Mass percentage (%) Mass percentage (%)

Point O Mg Zn Point O Mg Mn Zn
A 6101 3438 461 A 6274 3504 - 222

B 53.93 4046 5.62 B 5506 4070 - 424

Mass percentage (%)

Mass percentage (%)

Point (0] Mg Zn Point O Mg Mn 7Zn
A 52.68 43.12 421 A 86.06 9.70 0.42 3.82
B 61.92 33.59 4.49 B 52.46 3232 1.57 13.65

Fig. 13. EDX results of the investigated alloys after corrosive wear
test: (a) as-cast ZM20, (b) as-cast ZM21, (c) as-rolled ZM20 and (d)
as-rolled ZM21

4. Conclusions

The results of the comparing mechanical properties and
corrosions behaviour of ZM20 (Mg-2wt.% Zn) and ZM21
(Mg-2wt.% Zn-0,51 wt.% Mn) alloys produced by both casting
and rolling can be summarized as follows:

1. SEM, EDX and XRD results showed to be the MgZn,
MgZn, and MnZn; binary phases in the microstructures
of the investigated alloys.

2. In comparison to the other alloys, the as- rolled ZM21 al-
loy showed superior tensile, yield strength, elongation and
hardness values due to a good combination of significant
grain refining and dispersion resistance.

3. When the relationship between grain size and corrosion rate
of the potentiodynamic and immersion corrosion test was
examined, it was observed that the corrosion rate increased
with the decrease in the grain size.

4. Inthe corrosive wear test, the specific wear rate coefficient
increased depending on the grain size and white coloured
oxide layer was seen formed substantially on the surface
of the as-rolled ZM21 alloy in the SEM images.
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