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1. Introduction acids. On this basis, biodegradable Zn-based alloys have

Zinc is an essential element for the human body and is attracted extensive attention for biomedical applications

found in many enzymes and proteins. Sufficient amounts [1, 2]. From the biodegradation point of view, Zn has a

of Zn are required for the growth, division, and function, rather high chemical activity (electrode potential of -

as well as for the metabolism of proteins and nucleic
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0.762 V) which lies between that of Fe (-0.444 V) and
Mg (-2.372 V) exhibiting an intermediate deterioration
rate [3]. In addition, Zn exhibits excellent castability and
machinability and is known as an easy-to-process
material [4].

However, due to very low mechanical strength and
ductility, the application of pure Zn as a potential
biodegradable material is severely limited [3, 4]. Thus,
considerable efforts have been made to improve the pure
Zn so that it can surpass the minimum
benchmarks required for biomedical applications [3].
Some of these efforts include the addition of
biocompatible alloying elements, surface laser melting,
chill modification, severe plastic deformation (SPD),
thermomechanical processing, and related techniques.

Alloying is an effective approach for improving the
overall properties of pure Zn. To date, the influence of
different elements such as Li, Al, Ag, Fe, Cu, Mn, Ca,
Sr, Bi, Zr, and Ti has been examined with respect to the
mechanical properties and corrosion behavior of pure Zn
[3, 5]. Magnesium is an alloying element that has
received considerable attention. It is non-toxic, and due
to its very low solid solubility in Zn, its addition causes
the formation of the hard Mg,Zn;1 compound in the
matrix increasing the alloy’s hardness and strength. The
gradual degradation of Mg in the body environment may
encourage cell proliferation and bone regeneration.
Moreover, the concurrent release of Zn?* and Mg?* not
only increases the alloy's biocompatibility, but also
enhances its corrosion rate [5, 6].

However, due to the precipitation of a high fraction
of brittle Mg»Zn,; intermetallics, the excessive addition
of Mg drastically lowers the ductility and toughness of
Zn-Mg alloys unfavorably affects their corrosion
resistance [7]. Accordingly, in recent years, researchers
have focused their attention on developing dilute Zn-Mg
alloys (<1 wt.% Mgq) for the manufacture of biomedical
devices such as cardiovascular stents, orthopedic
implants, and wound-closure materials [7-10].
Decreasing the Mg content, however, also reduces the
mechanical properties of the alloys, necessitating minor
addition of other alloying elements such as Sr, Mn, Cu,
and Ca [6, 11], the addition of reinforcing particles [12]
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and/or the implementation of supplementary processes
such as thermomechanical processing and severe plastic
deformation (SPD) [13].

Multidirectional forging is one of the well-known
SPD processes that can be implemented on an industrial
scale. This method has been considered an appropriate
approach for the structural modification and properties
enhancement of HCP alloys such as Zn [14]. The simple
geometry of the forging die, low implementation cost,
high efficiency, and high repeatability distinguish MDF
among other SPD processes. In this process, a
rectangular block is exposed to forging in different
directions without altering its horizontal dimensions. In
each deformation cycle, the block is rotated by 90
degrees about its central axis to achieve a more uniform
microstructure by changing the loading sequence. This
process causes the grain size to decrease, resulting in a
final microstructure with finer grains than the initial
state. The grain refinement begins in the central part of
the sample, but as the number of passes increases, a more
uniform microstructure is formed throughout the central
region [14, 15].

Various research studies have reported the positive
influence of MDF on the microstructure refinement and
homogenization of the as-cast Zn-based alloys and
composites such as Zn—24AI-2Cu [16], ZA27-SiC [17],
ZA22/SiP [18, 19], Zn-Al-Cu-Mg [20], and Zn-Si
alloys [21]. However, to the best of our knowledge, no
study has investigated the effect of MDF on the
microstructure, mechanical properties, and corrosion
behavior of Zn-0.5Mg alloy. Building on this
foundation, the MDF technique was selected to
investigate its efficacy in refining and homogenizing the
microstructure, as well as enhancing the mechanical and
corrosion behavior of the Zn-0.5Mg alloy.

2. Experimental Procedure

The experimental Zn-0.5Mg alloy was prepared in a
resistance furnace (3-phase AZAR-VM2L-1200, 2.2
kW) employing a silicon carbide crucible. For this
purpose, primary Zn ingots (99.9 wt. %) were melted
under a ZnCly-based flux cover. Then, the desired
amount of preheated Mg (99.9 wt.%) was added to the
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melt. The melt was subsequently heated up to about 870
°C, stirred gently, and poured into a cast iron mold. The
average solidification cooling rate of the mold was
determined to be about 4.2 °C/s. The chemical analysis
of the prepared alloy is shown in Table 1.

The MDF samples, measuring 15x10x10 mm? (Fig.
1(a)), were extracted from the castings by wire-cut
machine. The MDF die (Fig. 1(b-1) and 1(b-2)) was
made of hardened and tempered (50+2 HRC) H13 hot-
work tool steel with a central cavity measuring 40x15x10
mm3. The details of the die are presented in [22]. The
MDF operation was performed at room temperature

25

using a 100 -ton hydraulic press at a ram speed of 1.6
mm/s. The MDF process was conducted for one, three,
and five passes and the sample was rotated by 90° about
the x- and y-axis, respectively after each pass (Fig. 2).
The strain applied in each MDF pass, calculated using the
following equation, was determined to be about 0.47:

H
w

—2 1)
€ \/gln
Where H and W are the height and width of the

sample, respectively [22].

Table 1. Chemical composition of pure Zn and Zn-0.5Mg alloy (wt.%)

Zn Sample code Mg Pb Cd Cu Sn  Other Rem.
Zn-0.5Mg M5 0.54 0.005 0.001 0.002 0.005 <0.01 Zn
@) (b-1) (b-2)

" Punch ™.

Samples for metallography
and corrosion testing

All dimensions are in mm

Fig. 1. (a) Sampling location of shear punching specimens in MDF-processed sample, (b-1) the MDF die, (b-2) schematic of shear
punching process, and (c) sampling location and geometry of corrosion testing and metallography specimens.
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Fig. 2. Schematic illustration of the MDF process and the sequence of sample processing.
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The room temperature Vickers microhardness of the
MDF-processed samples was determined on their cross-
sections using a KOOPA tester (model UV1) in
accordance with ASTM E-92. Shear punch testing was
performed to measure the mechanical properties of the
samples. The schematic diagrams showing the sampling
location for shear punch testing and the shear-punching
die are shown in Fig. 1(a) and 1(b), respectively. The
shear punch tests were conducted by using a
Zwick/Roell-Z100 universal testing machine at a
constant crosshead speed of 0.001 mm/s. The shear stress
(1, MPa) and normal displacement (x, mm/mm) values
were calculated using Egs. (2) and (3), respectively [23].
In these equations, P is the applied force, t represents the
thickness of the sample, and d is the average punch/die
diameter in (mm):

P 2
h 3)
t

The metallography surfaces were prepared by
mechanical grinding using SiC paper (P320 to P3000)
followed by mechanical polishing using a 1 um diamond
paste. It is worth noting that the metallographic samples
were taken from the central region of the MDF-processed
samples to achieve maximum microstructural uniformity
(Fig. 1(c)). The samples were etched using a 3 vol.%
Nital solution (3 ml HNOj3 + 97 ml Ethanol) to reveal the
microstructure.  The  microstructure  was  then
characterized using an Olympus BX60 optical
microscope (OM) and a VEGA TESCAN-LMU
scanning electron microscope (SEM) equipped with
energy-dispersive X-ray spectroscopy (EDS). An X-ray
diffraction (XRD) diffractometer (Philips Expert Pro, 45
kV voltage) was utilized to identify the existing phases
and crystallite size using Cu-Ko radiation with a
wavelength of A = 1.56 A over the 26=20-80°. Digimizer
software (5.4.9) was also used to analyze the
metallographic images.

To evaluate the porosity content, the density of all

samples was measured by the Archimedes’ immersion
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method. For this purpose, the samples weights were
determined in air (mjy) and in water (my,) using a BP210S
Balance (Sartorius AG, Gottingen, Germany). The
experimental density (pr) was then calculated using Eq.

(4):

mgy

pr= )

The porosity content was calculated using Eqg. (5):

oop =P Pr (5)
Ptn

Where, pr and p are the experimental and theoretical
densities of the sample, respectively [24].

To evaluate the corrosion behavior of the materials,
potentiodynamic  polarization  experiments  were
performed on pure zinc, as-cast, and MDF-processed Zn-
0.5Mg samples (Fig. 1(c)) in simulated body fluid (SBF)
using a 3-electrode set-up comprising a tungsten
electrode, a saturated calomel electrode, and the test
specimen as the counter, reference, and working

electrodes, respectively.

3. Results and Discussion

3.1. Effect of multi pass MDF on the microstructure

of Zn-0.5Mg alloy

Fig. 3(a)-3(c) depicts the as-cast microstructure of the
Zn-0.5Mg alloy. As can be seen, the main
microstructural constituents of the alloy are bright
dendrites and dark interdendritic regions, which
according to the EDS analysis, contain considerable
amounts of Mg (Fig. 3(d)). To clarify the alloy micro-
constituents, the solidification process of the alloy was
analyzed using the Zn-Mg binary phase diagram (Fig.
4). According to the phase diagram, the solidification of
the alloy starts at about 410 °C with the formation and
growth of a-Zn dendrites in L+a-Zn mushy zone. Due
to the segregation of Mg atoms into the remaining liquid,
the Mg
increases up to approximately 2.72 wt.% Mg [21] at

concentration in the interdendritic region

about 367.2 °C, where the liquid is transforms into a
eutectic mixture comprising a-Zn + MgZn;;.
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Fig. 3. As-cast microstructure of Zn-0.5Mg alloy observed by (a) OM and (b) SEM, (c) enlarged view of the eutectic region in
micrograph (b), (d) SEM-EDS analysis of the eutectic region.

575

525

4754 Zn-0.5Mg

MgZn2 + Liquid

425+
419 °C

375 \/Mgann FIiquid

MgZn2 +
Mg2Znn

381°C

Temperature (°C)

3359 | a-Zn+ Mg2Znn

275 T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10
Mg content (wt%)

Fig. 4. Zn-Mg phase diagram [21].

According to the solidification analysis, it seems that
the bright regions in the alloy microstructure are the o-
Zn dendritic network, whilst the black interdendritic
regions are two-phase layered structure comprising a.-Zn
and Mg.Zn1. According to the image analysis results,
the area fraction of the eutectic component was about
13.20+2.59%. In agreement with these observations, the
XRD analysis (Fig. 5(a)) also shows the presence of the
Mg2Zn1; compound within the a-Zn matrix. It is also
evident from the XRD analysis that applying multi-pass
MDF did not result in any specific phase transformation
in the alloy.

The effect of multi-pass MDF on the Zn-0.5Mg alloy
microstructure is depicted in Fig 6. As shown, applying
MDF considerably deforms the as-cast microstructure,
which manifests itself as plastic flow lines and,
accordingly, the gradual elimination of the coarse

primary dendrites, crushing of the Mg.Zny;

intermetallics into smaller particles, forging porosities
and forming a dense, homogeneous and well-refined
microstructure. Furthermore, due to the increased
cumulative strain, increasing the number of MDF passes
causes more microstructural modification, and promotes
a more homogenized structure (Fig. 6(b)-6(d)).

Considering the restricted number of available slip
systems in HCP-structured Zn alloys, their plastic
deformation is essentially accommodated through
twinning rather than basal dislocation slip [25, 26].
Nevertheless, the twining mechanism is not capable of
producing extensive plastic deformation. Indeed, the
importance of MDF-twinning lies in its ability to
rearrange slip systems into appropriate orientations
relative to the loading direction, thereby facilitating
further slip and plastic deformation [27]. Some research
works have also been conducted on the effect of MDF
on the microstructure of Zn-based alloys [12, 28-33],
most of which emphasize its positive impact on the
refinement and uniform distribution of second phase
particles. However, the work con ducted by Mollaei et
al. [28] revealed that applying multi-pass MDF, although
it refines the Mg,Zn1 particles, cannot improve their
distribution within the matrix of as-extruded Zn-0.2Mg
alloy.

Multi-pass MDF also encourages the formation of an
ultrafine grained structure. It is worthwhile to note that,
as a result of its high crystallographic anisotropy, the as-
cast grain structure of pure Zn consists of coarse
columnar grains (3216+1043 um) associated with
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Fig. 5. (a) XRD patterns of the as-cast and multi-pass MDFed samples, (b) locally-enlarged view of the marked region in 5(a)
showing peaks broadening and shifting, and (c) Williamson-Hall plot for the 5-pass MDFed sample to estimate the sample’s
crystallite size after MDF.
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[1101]/(1102) twins [21]. The addition of Mg, due to its
very low equilibrium partition coefficient in Zn (ko =
0.05) causes a considerable growth restriction effect
(constitutional undercooling), promoting the formation
of fine equiaxed grains. Moreover, there are reports
demonstrating the high potential of HCP-structured
MgZn; particles for the heterogeneous nucleation of a-
Zn grains in Zn-Mg alloys containing less than 6.3wt. %,
which is attributed to the non-equilibrium solidification
and/or Mg concentration inhomogeneity in the molten
alloy [34].

Applying MDF further refines the primary a-Zn grains,
which can be described by the occurrence of dynamic
recrystallization (DRX) [31].
formation of DRXed grains has been previously reported
in SPD processed Zn-based alloys [35] and was ascribed
to the low melting temperature/low stacking fault energy
(SFE) of Zn. Particle stimulated nucleation (PSN) is
thought to be another mechanism involved in the
formation of the fine-grained structure in MDFed alloys.

Room-temperature

This mechanism generally occurs in alloys with high
fractions of rather coarse second-phase particles larger

IIJMF, Iranian Journal of Materials Forming, 2027, Volume 14, Number 1
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than 1 pm in size [36]. Due to plastic deformation
incompatibility with the matrix, the Mg,Zn;, particles
are likely to act as effective barriers to the motion of
dislocations generating high dislocation pile-ups and
highly strained fields (HSFs) at their interfaces [36],
thereby activating a large number of slip systems and
promoting DRX. According to Ref. [37], the HSFs can
act as favorable sites for the nucleation of DRXed grains.
The highly-fractured Mg,Zn1; particles may also hinder
the growth of DRXed grains via the Zener pinning
mechanism. In Zener pinning, the interaction of grain
boundaries with second phase particles reduces their
energy via reducing their area. Therefore, the ultrafine
Mg2Zn1; particles in the microstructure of the MDFed
samples are likely to serve as potent sites for Zener
pinning.

The Williamson-Hall plot of the main a-Zn peaks (26
= 36.1°, 43.2°,54.1°, and 70.2°) (Fig. 3(d)) also reveals
that the average crystallite size is reduced to about 10.6
nm demonstrating the MDF potential in producing a
fine-grained microstructure. The positive impact of
MDF on the grain size of Zn-based alloys has been
previously demonstrated elsewhere. Neres da Silva et al.
[33] showed that applying room temperature MDF
causes substantial refinement of the Zn-3.8Al-2.3Cu-
0.4Mg alloy grain size from 5310 pum in the as-cast
state to approximately 33+12 pum, 32+10 um, 2.1+1 um,
0.3+0.1 um, and 0.25+0.1 um in the 1-, 2-, 4-, 8-, and 23
passes MDFed samples, respectively. Liu et al. reported
that six passes of MDF at 200 °C can refine the initial
grains of the Zn-1.5Mg alloy (~ 200 um) by 96%. Also,
Mollaei et al [28] performed three passes of warm (100
°C) MDF on the as-extruded Zn-0.2Mg alloy and
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achieved grain refinement from about 17.2+0.5 um to
1.940.3 um. He et al [32] also reported that the average
grain size of as-extruded Zn-0.2Mg alloy (~ 10.4 pm)
decreased to 3.7, 3.4, and 3.2 um following 6, 12, and 18
MDF passes, respectively. This refinement was
attributed to the occurrence of DRX. The area fraction of
DRXed grains also increased from 14.09% after 6 passes
of MDF to 71.40% at 12 passes, whilst it decreased to

62.54% after 18 passes.

3.2. Effect of multi pass MDF on the mechanical
properties of the Zn-0.5Mg alloy

Fig. 7(a) depicts the variation of shear strength as a
function of normal displacement for the experimental
samples. The effect of the MDF pass number on the yield
shear strength (YSS) and ultimate shear strength (USS)
of the experimental samples is also presented in Fig. 7(b).
As shown, applying multi-pass MDF progressively
enhances both the YSS and USS, whilst reducing the
ductility (Fig. 7(a)).

According to Fig. 7(b), the YSS and USS of the 5-
pass MDFed sample are higher than those of the as-cast,
1-pass, and 3-pass MDFed samples by 42, 26, and 14%,
respectively, and by 16%, 8%, and 2%, respectively.
Moreover, the normal displacement of the 5-pass MDFed
sample is lower than that of the as-cast, 1-pass, and 3-
pass MDFed samples by about 14%, 22%, and 15%,
respectively. It can be also seen that the YSS and USS
values become gradually closer to each other probably
due to microstructural homogenization and the formation
of the ultrafine grains. The effect of multi- pass MDF on
the macro- and micro-hardness, and the porosity content
of the experimental alloys is also illustrated in Fig. 8.
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Fig. 7. Variation of shear stress as a function of normal displacement for the as-cast and multi-pass MDFed Zn-0.5Mg alloys.
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These results are in agreement with previous
findings. According to He et al. [32], applying MDF
increases the initial microhardness of the as-extruded
Zn-0.2Mg alloy from about 91 HV to about 102 HV and
107 HV following 6 and 12 cycles, respectively, whilst
it slightly declined to about 101 HV at 18 MDF
cycles. They also showed that the UTS of as-extruded
Zn-0.2Mg alloy increased from approximately 309 MPa
of the as-extruded condition to 397, 408, and 408 MPa
following 6, 12, and 18 MDF cycles, respectively. In line
with our results, they showed a decline in elongation
from about 28% in the as-extruded state to about 22%
and 19% following 6 and 18 MDF cycles, respectively.

Considering the microstructural characterization
results (Figs. 4 and 6), the mechanical strength
improvement of the Zn-0.5Mg alloy following the multi-
pass MDF can be explained by the concurrent influence
of wvarious process-related mechanisms, namely,
crushing of the dendritic network, refinement and
uniform distribution of hard Mg,Zn;;, intermetallics,
which promote PSN and Orowan strengthening, grain
refinement of the as-cast Zn-0.5Mg alloy (Fig. 5(c))
(grain boundary strengthening), an increase in the
density of geometrically necessary dislocations (GNDs)
(dislocation  strengthening), and  microstructural
densification through the reduction of porosity (Fig. 8).
It is worth noting that, porosities act as stress
concentration sites within the microstructure, impairing
the shear properties by promoting the initiation and
propagation of microcracks.

Due to the brittle nature of the Mg.Zn;; compound

M. J. Malekian et al.

[31], the presence of a continuous a-Zn/MgZni;
eutectic interdendritic network in the as-cast Zn-0.5Mg
alloy negatively affects its mechanical properties
through facilitating the initiation and propagation of
microcracks. However, the crushing and uniform
distribution of the Mg,Zni1 particles increase their
number density enhancing their load-bearing potential
and reducing the stress concentration developed around
each particle, while increasing their Zener pinning
efficiency against grain boundary motion. The severe
shearing of the material during the MDF is also likely to
promote intimate contact between the Mg,Zn; particles
and the oa-Zn matrix improving their load-transfer
characteristics [31] thereby decreasing the chance of
crack nucleation and growth contributing to the alloy
strengthening (load-transfer strengthening). Orowan
strengthening by well-refined Mg»Zn,1 particles can also
participate in the strength improvement of Zn-0.5Mg
alloy via restricting the movement of dislocation and
promoting the formation of dislocation loops.

The Hall-Petch and
mechanisms are also thought to be involved in the

dislocation  strengthening
overall strengthening of the MDFed alloys. The Hall-
Petch strengthening mechanism is governed by the
substitution of coarse initial grains with ultrafine
dynamically-recrystallized grains. The dislocation
strengthening mechanism also appears to be activated by
the generation of GNDs at the matrix/ Mg»Zni; particles
interface. Due to the different elastic moduli of the
matrix and intermetallic particles (i.e., their high strain-
incompatibility), the formation of GNDs in the course of
shear loading is thought to occur as a result of
development of intensive strain gradients adjacent to the
hard Mg,Zn;1 particles. This in turn increases the
fraction of high-angle grain boundaries (HAGBs) which
contribute to alloy strengthening by impeding the gliding
of dislocations [28, 36, 38].

The pile-up of GNDs (i.e., strain concentration) at
the vicinity of Mg.Zn1; particles may promote interfacial
micro-voids which can coalesce and form microcracks
impairing the alloy ductility [36]. It is noted that, as an
intermetallic compound, Mg,Zni; due to its high melting
entropy (AS/R = o>2) [39] provide a large Jackson’s

IIJMF, Iranian Journal of Materials Forming, 2027, Volume 14, Number 1
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coefficient and a faceted-type interface at the atomic

scale  favoring the nucleation of  micro-
voids/microcracks increasing the chance of particle-
matrix decohesion. Micro-porosities also serve as stress-
concentrators within the matrix facilitating the
nucleation and propagation of microcracks impairing the
alloy strength/ductility. Therefore, their forging and/or
dispersion throughout the matrix can improve the alloy

hardness and shear properties.

3.3. Effect of multi pass MDF on the corrosion properties

of the Zn-0.5Mg alloy

The potentiodynamic polarization curves of pure zinc,
the as-cast Zn-0.5Mg, and the Zn-0.5Mg MDFed for 1
and 3 passes in 3.5 wt.% NaCl solution can be seen in
Fig. 9. The polarization parameters obtained from the
Tafel extrapolation method are summarized in Table 2.
According to Fig. 9, nearly all specimens show rapid
anodic dissolution with no passive region. It is evident
that the corrosion current density (icor) increased from
62.4 pAlcm? in pure zinc to 169 pA/cm? in the as-cast
Zn-0.5Mg, which indicates a 2.7-fold increase in the
corrosion rate of the as-cast alloy. An increased corrosion
rate of pure zinc with the addition of small amounts of
Mg has been reported by Wang et al. [40] in their study
of Zn-Mg alloys in a Ca(OH), solution. The higher
corrosion rate of the as-cast Zn-0.5Mg alloy may be
attributed to galvanic coupling between the substrate and
the Mg.Zny; phase. Employing 1 and 3 MDF passes
resulted in 1.4 and 2.7-fold decreases, respectively, in the
corrosion current density of the Zn-0.5Mg alloy,
indicating a significant improvement in the corrosion
resistance of the Zn-0.5Mg alloy with the MDF passes.
Regarding the corrosion potential, the addition of 0.5
wt.% Mg to pure zinc caused a slight shift in the
corrosion potential toward more noble potentials. The
reason for this behavior is not yet fully understood.

The SEM micrographs of the corroded surface of the
as-cast, and 1-pass, and 3-pass MDFed Zn-0.5Mg alloys
are presented in Fig. 10. The surface of the as-cast
specimen (Fig. 10(a)) shows a severe corrosion with
indications of localized corrosion. Higher magnification
images in Fig. 10(b) and 10(c) show the formation of

grooves, possibly as a result of the preferential attack on
the eutectically solidified region and the dissolution of
local anodes. The surface morphology of the corroded 1-
pass specimen in Figs. 10(e) and 10(f), shows smaller
corroded areas that are distributed throughout the surface,
suggesting higher corrosion resistance compared to the
as-cast sample. Consistent with the polarization results,
the 3-pass MDFed sample, with the smallest size of the
corroded areas associated with the eutectic regions, was
the least severely corroded Zn-0.5Mg alloy. According to
the SEM observations, the matrix a-Zn showed no
significant corrosion attack and the polishing scratches
were still evident.

Having a homogeneous single-phase microstructure
without any intermetallic second phases, pure zinc is
expected to show higher corrosion resistance than the Zn-
0.5Mg alloy. According to Fig. 3, the microstructure of
the Zn-0.5Mg alloy consists of o-Zn matrix and a
eutectic mixture of a+Mg2Zn1;. This microstructural
inhomogeneity promotes micro-galvanic corrosion. This
can explain the higher corrosion rate of the Zn-0.5Mg
alloy compared to that of pure zinc. Zn-Mg intermetallics
are reportedly more active than pure Zn in the galvanic
series [19, 40, 41]. Thus, in a galvanic couple of Zn and
Zn;Mgu1, the Zn,Mgi: intermetallic phase dissolves
preferentially, probably due to the following reaction.

Zn;iMgz — 2Mg?* + 11Zn?* + 26e” (6)

The following reactions may be proposed for the

—0.1

Pure Zn

As-cast Zn-0.5Mg|
— 1-pass MDFed
— 3-pass MDFed

—0.2 1
—0.3

—0.4 4

Potential vs. SCE (V)

10°¢ 1 (;’5 1 (;"‘ 1 (;’3 1 ol’2
icorr (Afcm?)

Fig. 9. Potentiodynamic polarization curves of the different
alloys corroded in 3.5 wt.% NaCl solution.
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Table 2. Polarization parameters for the different specimens in 3.5 wt.% NaCl solution

Ecorr (V) icorr (p.A/cmZ) ﬁa (mV/dec) Bc (mV/dec)

Pure Zn -0.9 60 160
Zn-0.5Mg (base) -0.87 150 80
Zn-0.5Mg (1-pass)  -0.77 90 329
Zn-0.5Mg (3-pass) -0.84 80 110

Fig. 10. SEM micrographs of the surface of the Zn-0.5Mg alloys co

¥, 50 pum !B

i fdf LY 20

#

rroded in Ringer’s solution. (a, b, ¢) as-cast alloy; (d) 3-pass

MDFed alloy, (e, f) 1-pass MDFed alloy.

cathodic reaction and the formation of zinc and Mg

hydroxides:
2H,0 + O, + 4e" — 40H )
Zn2* + 20H" — Zn(OH), (8)
Mg?* + 20H- — Mg(OH), (9)

The formation of Mg oxide/hydroxide films on Zn-
Mg alloys may partially protect the alloy surface from
corrosion.

Previous studies have shown that both the Mg content

and the microstructure of a Zn-Mg alloy can affect the
alloy’s corrosion resistance [41]. However, it has been
argued that in low Mg contents like 0.5 wt.%,
microstructure plays a more vital role in the corrosion
behavior of Zn-Mg alloys than the composition itself
[42].

According to the literature [41, 43] and based on the
SEM observations (Fig. 10), the corrosion attack initiates
at the eutectic regions. In these regions, small anodes
(Mg2Zn11) and cathodes (a-Zn lamellae) can act as
potential corrosion initiation sites via microgalvanic
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corrosion. MDF processing leads to a more refined
microstructure of both the primary a-Zn and the eutectic
mixture. A more refined microstructure with regard to the
size of the intermetallic phase and/or the interlamellar
eutectic spacing can lead to an improved corrosion
resistance of the alloy [41, 44-46]. The eutectic mixtures
are expected to drive localized microgalvanic corrosion.
A finer microstructure means a closer distance between
the fine anodic and cathodic regions. In a refined
microstructure, the number of grain boundaries as the fast
diffusion paths increases, which in turn leads to a faster
formation of passive films on the alloy surface. Thus, a
more homogeneous distribution of the local anodes and
cathodes, together with their smaller size resulting from
an increasing number of MDF passes, gives rise to a more
homogenous and less severe corrosion attack. These
results are in accordance with the study of Ye et al. [47]
on Zn-Mg binary alloys in SBF solution.

Other factors that may affect the alloy’s corrosion
behavior are the development of internal stresses and
crystal imperfections due to the MDF process. A slight
shift in the peak positions towards higher angles in the
MDFed samples (Fig. 5(b)) may be associated with the
accumulation of compressive lattice microstrains. The
broadening of diffraction peaks (Fig. 5(b)) can also
indicate an increase in the dislocation density [48]. These
changes may enhance the alloy’s surface energy and
accelerate the reaction rate with the corrosive media,
assisting the rapid formation of the corrosion products on
the surface and the later possible protective role [12].
However, it seems that the role of microstructure in the
present study is more significant as discussed earlier.

4. Conclusions

1- The Zn-0.5Mg alloy microstructure consists of
an o-Zn dendritic network and a layered
eutectic  structure comprising o-Zn and
Mg2Zn1;. The area fraction of the eutectic
component was about 13.20+2.59%.

2- Applying MDF considerably deforms the as-
cast microstructure which manifests itself as
plastic flow lines and, accordingly, the gradual
elimination of the coarse primary dendrites,

crushing of the Mg.Zni; intermetallics into
smaller particles, closure of porosity and the
formation of a dense, homogeneous and well-
refined microstructure. According to the XRD
analysis, the crystallite size of the 5-pass
MDFed sample was estimated to be
approximately 10.6 nm.

3- The yield and ultimate shear strengths of the 5-
pass MDFed sample were higher than those of
the as-cast, 1-pass, and 3-pass MDFed samples
by 42%, 26%, and 14%, respectively, and by
16%, 8%, and 2%, respectively. Moreover, the
normal displacement of 5-pass MDFed sample
was lower than that of the as-cast, 1-pass, and
3-pass MDFed samples by about 14%, 22%,
and 15%, respectively.

4- -The potentiodynamic polarization results
showed that 1 and 3 MDF passes resulted in a
significant improvement in the corrosion
resistance of the as-cast Zn-0.5Mg alloy. This
was attributed to the more refined and better
distributed interlamellar spacing in the
eutectically solidified regions, which act as
corrosion initiation sites.
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