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Abstract: Magnesium alloy castings and wrought products have many applications in the trans-
portation industry due to their high strength-to-weight ratio. Unfortunately, the highly reactive
magnesium materials are susceptible to natural deterioration; thus, the mechanical properties
of magnesium alloys must be enhanced to meet the requirements of many applications, as must
their chemical behavior. To solve this problem, the Mg-Al alloy was hardened mechanically by
cold and warm rolling before Zn nanocoating. The rolled alloy showed a different morphology
where the microstructure has deformed and refined with the fragmentation in the 3-phase from
50um for the as-received samples to about 20um. A Zn coating layer with a thickness of approx-
imately 23 micrometers was successfully achieved after a sputtering interval of 20 minutes, due
to a longer deposition time for the zinc coating layer. The hardness has improved as deformation
increased, as evidenced by a reduction in the thickness of the rolled samples. X-ray diffraction
patterns show that twinning has been significantly activated in the rolled alloy compared with
the as-received alloy. Geometric designs of the alloy have improved the mechanical properties
and corrosion resistance of Mg alloys.
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1. Introduction

Designers have widely used magnesium alloys due to
their relatively low density, which is only two-thirds of
the density of aluminum alloys when used for the same
application. Thus, it could be an innovative technology if
used in the manufacture of lightweight structures. (Mon-
teiro et al., 2012; Musfirah & Jaharah, 2012) However, the
low-weight material’s mechanical properties and its cor-
rosion resistance must be optimized to be suitable for
use in applications requiring high mechanical strength
and chemical stability. (Goken et al., 2003) This was the
driving force for the dramatic improvements that have
been demonstrated for new lightweight alloys, which led
to greater interest in magnesium alloys for aerospace and
specialty applications. (Li et al., 2014; Lu et at., 2011; Ang,
2021) Recently, many approaches have been adopted to
improve these properties via various coating physical
and chemical techniques using different coating materi-
als such as titanium, chromium, and zinc. (Lu et al., 2008;
Hassan et al., 2024a) These coatings have improved the
surface quality of the magnesium alloy against wear and
corrosion conditions. (Wang et al., 2003; Nikulin et al.,
2010; Al-Maamori et al., 2024) In particular, zinc coat-
ings have been commonly used as protective coatings
on magnesium alloys either by physical vapor deposition
(PVD) or chemical vapor deposition (CVD). Zinc coatings
act as anti-corrosion barriers against corrosive media
when magnesium alloy is exposed to a wet environment.
(Lu et al., 2019) Sputtering is a PVD technique common-
ly used to deposit coatings and thin films with excellent
adhesion to substrates. (Friedlmeier et al.,1999; Hasan
et al., 2020; Ata et al., 2022; Kadem et al., 2020) The ad-
vantages of sputtering over other PVD or CVD techniques
are the low-temperature deposition so no grain growth
occurs, no need for a higher vacuum degree for depo-
sition, and higher adhesion of the fine-grained coating.
(Friedlmeier et al.,1999; A Akraa et al., 2020; Kadhim et al.,
2021) Thus, the sputtering would achieve improved func-
tional properties of a coating that may lead to extending
the life expectancy of coated parts. (A Akraa et al., 2020;
Kadhim et al., 2021; Sharma et al., 2021) In this study,
the as-received Mg-8.5%Al alloy was subjected to two
modification procedures to improve its bulk mechanical
properties. This was achieved through cold and warm
rolling (Hardening). The second protocol was performed
to increase the corrosion resistance of the Mg-rolled alloy
by depositing a thin nano-zinc surface layer via sputter-
ing. The microstructure and Mechanical properties were
investigated to evaluate the efficiency of this process by

the geometric optimization design calculations using
Gaussian 06 View software and Gaussian 09 software
package, by time-dependent density functional theory
(TDDFT) with B3LYP function and basis set 6-31G (d,p),
respectively.

2. Materials and methods

A commercial magnesium alloy bar composed of Mg-Al-Zn
was employed in this study. The chemical composition of
the alloy, as determined by energy-dispersive spectros-
copy, is shown in Table 1. The as-received alloy bar was
cut into slices using a wire-cut machine with dimensions
of (50x5x3) mm?3. To avoid cracking in the slice sample,
the rolling cylinders were heated to 100 °C for 10 minutes,
then each slice sample was subjected to rolling at 100 °C
for a different number of passes. The sputtering coating
was achieved using the VTC-16-DC sputtering equipment,
which consists of a desktop Coater via Plasma Sputtering
with a height-adjustable sample holder equipped with a
three-target head, suitable for metal coatings only. For
the sputtering process parameters used for this coating
process, a flow rate of 1.5 cm3/min for argon gas, a vac-
uum pressure of 10-1 Torr, and a current of 20 mA were
used, with a deposition time of 15 minutes.

The as-received, rolled, and coated specimens were
analyzed using optical microscopy, scanning electron
microscopy, and energy-dispersive spectroscopy. The
grain size measurements and other microstructural ob-
servations were analyzed. The diffraction patterns of the
samples were analyzed using X-ray diffraction, and then
the crystalline size and dislocation density were calculat-
ed for all samples. Performance optimization geometric
design calculations were performed using Gaussian 06
View and Gaussian 09 software packages to assess the
physical-chemical compatibility of the elements us-
ing time-dependent density functional theory (TDDFT)
with the B3LYP functional and the 6-31G (d,p) basis set,
respectively.

3. Results And Discussion

The as-received alloy and the rolled one are shown in Fig.
1, as seen by the optical and scanning electron micros-
copies. The as-received microstructure is composed of
two main phases: the a-Mg matrix phase which appears
in a dark appearance and the coarse lamellar 3-phase
(Mg,-Al,,) which appears in a white appearance as shown
in Fig. 1 (a, b). The average grain size was about 50 um and
the grain boundaries were covered by lamellar B-phase.
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Figure 1. As-received samples of magnesium
alloy as seen by optical microscopy (top) and
electron scanning microscopy (bottom).

Table 1. Elemental compositions in the as-received.

Element Mg Al Zn
wt.% Bal. 8.5 0.6

The rolled alloy showed a different morphology where
the microstructure has deformed and refined with the
fragmentation in the B-phase as shown in Fig. 2 (a-c). The
average grain size was about 10 um and the particle size
of the 3-phase was about 1 um. The microstructural grain
refinement can be attributed to the imposed strain during
the rolling process at room temperature. The refinement
is assumed to occur by subdivision of elongated grains via
accumulated dislocations and twins. The grain morphol-
ogy was altered from the coarse-equiaxed to elongated
ones by the virtue of rolling-imposed strain as seen in Fig.
2 (c). Further rolling has resulted in intersections between
these elongated grains, followed by subdivision of each
other into finer grains (Mohammed et al., 2021).

The surface morphology for the Zn coating on the Mg
alloy rolled surfaceis shown in Figure 3. From our previous
work, the Zn sputtering deposition at short deposition

time (below 15 min.) can result in a non-homogeneous
amorphous surface that will be characterized by a longi-
tudinal micro void that is formed in the coating’s surface
due to the short deposition time, leading to a decrease
in the amount of coating material deposited. In fig.3 the
morphology of coated rolled Mg alloy show a dense mi-
crostructure with uniform coating and no visible micro
voids with a nano-crystalline fiber structure that can be
detected in this samples.

Figure 2. Rolled samples of magnesium alloy
as seen by optical microscopy (a, b) and
electron scanning microscopy (c).
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Figure 3. SEM micrograph for Mg-Al Rolled alloy and Zn-
coated surface at 20 minutes with different magnifications.

A longer sputtering period can increase the average coat-
ing thickness. After 20 minutes of Zn sputtering, a coating
thickness of approximately 23 um was obtained (Figure 4)
due to the higher amount of coating material deposited.
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at room temperature in HCP metals such as magnesium
and titanium. The activation of additional twinning was
found to accompany the imposed deformation under roll-
ing conditions and to improve the limited ductility of the
magnesium alloy. The unidirectional nature of the rolling
process has reoriented the deformed grains towards the
rolling direction, resulting in the domination of slip during
deformation. However, the presence of slip was not suf-
ficient under these deformation conditions, which called
for twinning to accommodate slip at higher rolling passes
(Abud et al., 2021; El-Hafeez et al., 2023)

The rolling processing of the current magnesium alloy
was conducted at room temperature, except for high-
er-reduction passes, which were performed at 100 °C
to avoid cracking in the rolled samples. Thus, a consid-
erable amount of strain hardening was imposed within
the rolled which has led to an increase in the strength
of rolled alloy compared to the as-received alloy as the
deformation proceeded as shown in Fig. 5. In this figure,
the strength in terms of hardness has shown an improve-
ment as the deformation increased that expressed in
terms of reduction in the thickness of rolled samples.
The improvement in the strength has been raised from
the accumulation of high density of dislocations during
grain subdivisions and refinement, as well as the activa-
tion of different deformation mechanisms such as basal
slip, twinning, and non-basal slip. All these activities have
collectively increased the strain hardening in the rolled
samples compared to the as-received samples and thus
increased the resultant strength. Moreover (Jebur et al.,
2022), the existence of B-Mg,-Al,, fine particles may intro-
duce a contribution to the strengthening by hindering the
moving dislocations.
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Figure 4. XRD patterns for the as-received and
coated rolled sample of magnesium alloy.

Twinning has been significantly activated in the rolled al-
loy, as indicated by x-ray diffraction patterns, as shown
in Fig. 4, compared with the as-received alloy. Slip and
Twinning are the standard mechanisms of deformation
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Y
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microhardness with the number of rolling passes.
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Figure 5. Variation of rolling reduction and

Yickers microhardness (HY)
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4. Geometric Optimization

In this section, the magnesium-aluminum alloy and Zn
Nano-coated alloy are designed and the geometric op-
timization calculations are performed using Gaussian
06 View software and Gaussian 09 software package, by
time-dependent density functional theory (TDDFT) with
B3LYP function (Lu et al., 2019; Friedlmeier et al.,1999)
and basis set 6-31G (d,p), respectively (Hao et al., 2019;
Hasan et al., 2022; AL-Abass et al., 2023; Hayat, 2022).

Figure 6 shows the structural geometric designs of the
alloy before and after adding Zn Nano-coating, while Fig-
ure 7 shows the electronic transitions of the composites
under study.

The results showed the physical-chemical compatibili-
ty of the elements and their good geometric arrangement
during crystallization and coordination, as evidenced by
XRD and SEM. We also note the presence of a conver-
gence between the HOMO (Highest Occupied Molecular
Orbital) and LUMO (Lowest Unoccupied Molecular Orbit-
al) levels of the two models, which indicates a decrease
in the energy gap (Eg) values, which indicates an increase
in their ability to enhance the properties of Mg-Al alloys
for applications in transportation industries (Lu et al.,
2019; Ali et al., 2024; Hassan et al., 2024b), as shown in
Table (2).

Also, through the electronic simulation calculations,
we notice an increase in the chemical hardness (n) of
the Mg-Al alloy and the Zn Nano-coating alloy, while
maintaining good chemical softness (S) values. This is in
addition to the increase in hardness with deformation,
indicated by the decrease in the thickness of the rolled
sample, as shown in Table 2. In addition, this combina-
tion of mechanical hardening and nano-coating improved
the mechanical properties and corrosion resistance of
Mg alloys (Li et al., 2014; Liu et al., 2022; Hasan et al.,
2024c).

Also, while we notice a decrease in the values of chem-
ical potential () for the samples under study, which have
a great relationship with corrosion resistance, because
when a metal is exposed to corrosion, a chemical reaction
occurs between the metal and the surrounding environ-
ment, leading to a change in its physical and chemical
properties (Daniel et al., 2023), as shown in Table (2).

Therefore, the (u) can stimulate the corrosion process,
as it can lead to stimulating electrochemical reactions
that increase the rate of corrosion. Accordingly, when
choosing a corrosion-resistant coating or a metal protec-
tion technology, the (u) that the metal will be exposed to
must be taken into account.

~d

y

Figure 6. Structure of (A) Mg-Al alloy and
(B) adding Zn Nano-coating.

Figure 7. The shapes of HOMO and LUMO for (A)
Mg-Al alloy and (B) adding Zn Nano-coating.
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Table 2. Calculation of HOMO energies (EHOMO), LUMO energies (ELUMO), electronic band gap (Eg), chemical potential
(W), chemical hardness (n), and chemical softness (S) via using TDDFT B3LYP/6-31 (d,p) calculation in (eV).

Sample HOMO LUMO E, U
Mg-Al alloy -12.1240 -8.3254 3.799 10.225 1.899 0.263
adding Zn Nano-coating -14.2410 -8.9865 5.255 11.614 2.627 0.190
Conclusions Funding

An Mg-8.5%Al alloy was targeted for two modification
procedures to improve bulk mechanical properties and
surface corrosion resistance. This was achieved by using
cold and warm rolling (Hardening) and by nanocoating a
thin zinc surface layer via sputtering. This combination
of mechanical hardening and Nano-coating succeeded in
improving the mechanical properties and corrosion resis-
tance of Mg alloys throughout:

« The rolled alloy showed a deformed microstruc-
ture and was refined with the fragmentation in the
-phase. The average grain size was about 10 um,
and the particle size of the -phase was about 1 um.
Twinning has been activated in the rolled alloy signifi-
cantly, as indicated by the X-ray diffraction patterns
in comparison with the as-received alloy.

The strength in terms of hardness has shown an
improvement due to the accumulation of a high den-
sity of dislocations during grain subdivisions and
refinement.

Accordingly, a Zn Nano-coating was chosen, whose
layers help mitigate the harmful effects of chemical
stresses on the metal, thereby improvingits corrosion
resistance. Thus, processes such as plating or Zn Na-
no-coating provide chemical protection by formingan
insulating layer that prevents direct contact between
the metal and the external environment. The aim of
this study was to improve the mechanical properties
and corrosion resistance of magnesium-aluminum
alloys, which are known for their reactivity and sus-
ceptibility to degradation.

A decrease in the values of chemical potential (u)
for the samples was noticed by geometric optimiza-
tion, which has a great relationship with corrosion
resistance.
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