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Abstract

Development of an inexpensive, effective, and technologically simple method to occur natural self-organization of oxide
nanopores would become very important in light of the ever-increasing needing. The anodization process has recently
attracted a wide extent of research attraction in nanotechnology. An anodizing process is considered as effective technique for
fabrication of passive layer, and synthesis of nanoporous metals with new morphology enhanced mechanical and
electrochemical performances. Modern fabrication techniques involved in an anodic production of nanoporous metal focus on
the variation of exterior properties during the electrochemical process. Fabricating anodic nanoporous metals are constrained
by the major parameters are listed. Also, this review discusses a brief generic approach for electrolytic coloring and previous
investigations for electrolytic coloring as finishing anodized surface with special metal particles affords appropriate optical
properties in the anodized surface of aluminum applicable for solar absorption application. Surface mechanical attrition
treatment (SMAT) is a new alternative approach that can facilitate anodization; it is a type of plastic deformation technique,
used prior the anodization to convert the metal from polycrystalline into nanocrystalline. The conversion results in grain size
refinement and establishment of the high density of grain boundaries. A comparison between the resulting anodic metals
subject and not subjected to SMAT will be displayed. The discoveries in this review open a new pathway in the anodic
fabrication of nanoporous materials. By the integration of both SMAT and anodization, this setup will be a new perspective in
the future developments of nanomaterials.
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1. Introduction

Anodization is an electrochemical oxidation process
that aims to change the exterior of metal through
modification of the surface morphology and crystal
structure for several metals by increasing the
thickness of the oxide layer on their surface e.g.,
Aluminum, Titanium, Vanadium, Tin, Niobium,
Tantalum, Tungsten, Hafnium, and Silicon, etc.[1- 3].
It is not only often used to protect metals from
corrosion and abrasion but also allows dyeing them in
different colors and coats the metallic surface. The
anodized coating is hard, durable, will never peel or
wear. Figure (1) shows a simplified anodization
setup.

General types of anodized oxide layers depending on
conditions and nature of an electrolyte used; one the
adherent compact, non-porous, and non-conducting
barrier type oxide from neutral electrolytes (pH 5-7);
this film was extremely thin and dielectrically. While
the other compact thick barrier layer and porous-type
oxide made using strong acid (sulfuric, oxalic,
phosphoric) [4] as well as to increased the corrosion

resistance both types shown in Figure (2a, b) for Al
[1]and Ti [5] respectively.
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Fig. 1: Schematic illustration showing a
simplified anodization cell [6].
Since the last several decades, principally porous-
type anodization has occupied attention technological
interest in the industry due to its properties such as
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hardness, higher abrasive, good corrosion resistance,
and wear resistance needed higher thickness.
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Fig. 2: Different kinds of the anodized oxide layer [1,6].

Anodization Process
It is the public name applied for treating metals or
alloys, to form stable oxide film as coating for
precise; custom color matching offering and finishing
custom pieces with  providing consistent color
throughout the full production run; by anodizing in
one or double process i.e. aluminum substrate. The
goal increased performance of the surface by
acquiring many advantages such as high durability
cheap to produce and maintain and being
environmentally friendly. Main parameters required
for conventional anodizing process a time of the
process, applied potential, current density, types of
electrolytes and bath temperature, which determines
the structure and properties of the formed oxide film.
Steps of Anodizing Process
o Cleaning: to remove all oils and buffering
compounds in a bath containing water and mineral
acids or alkalis, with dispersants and detergents.
. Pretreatment: to improve the appearance of
the surface prior to anodizing step through etching, as
a results, impart bright and shiny.
. Anodizing: to produce actual coatings
where metal acts as anode with the passing current to
be anodized in electrolyte acid bath of chromic,
phosphoric, or sulfuric. As a result, transparent and
microscopic porous layer thickness is determined by
several parameters.
o Coloring: occurred in two ways "Integral
color" is doing in the anodizing bath which modified
for that purpose, imparts black color coating required
electrical power create surface more abrasion
resistant coating than conventional anodization.
Other "Electrolytic coloring” established by two
steps, the fresh anodized sample must be immersed in
a bath comprised an inorganic metal salt by using
applied current that metal deposits in the base of
pores, it made for the fresh porous anodized film to
be capable of absorbing colorants.
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. Sealing: to closed pores of surface used in
service in many ways.

The conventional anodic process offers a suitable
surface for decorative coloration and electroplating
but it cannot provide sufficient corrosion resistance,
anodic oxide films fractured in the manufacturing
process and causes contaminations and particles due
to fluctuation of base materials.

2. Types of Anodizing Process
2.1. A Unique Anodizing Technology

A unique anodizing technology was
developed, it controls cracks at high temperatures
when exposed to gas and plasma called "K.PRAS". It
has higher physical plasma and gas corrosion
resistance at high temperatures of about 450°C. It
aimed to increase strength and thermal stability,
substrate subject to intermediate annealing with rapid
heating and cooling cycle and cold rolling during the
manufacturing process as Figure (3).

Fig.3: (CD-ROM cover) and composition of
functional pre-coated aluminum [7].

This type of technique reduce cracks in the
film by controlling microstructures of anodic oxide
film through a newly developed electrolytic grinding
used for manufacturing semiconductor device tools
and print industry [7] and achieved more advantage
when it compared to conventional types as noticed
from Figure (4).

Conventional anodization

no degradation

Fig. 4: Appearance of anodized coupons after
exposure to Cl, gas [7].



NEW TRENDS IN ANODIZING AND ELECTROLYTIC COLORING OF METALS 231

2.2. Mild Anodization (MA)

Mild Anodization (MA) is known as a self-ordering
regime to fabricate ordered anodic aluminum oxide
'AAOs . It characterized the self-organized growth of
ordered nanopores and it  prospered in
nanotechnology applications [ 1]. While pore diameter
is not the critical parameter as the interplay the
exchange between natures of the electrolyte used, the
current density, and the temperature. Figure (5)
represented the schematic procedure used for Mild
anodization [8] and compared SEM micrograph with
using various types of acids (Oxalic Acid, Phosphoric
Acid, and Sulfuric Acid) [4, 9]. Since mild
anodization is done with less voltage in comparison
to hard anodization, the pore size will be smaller than
the pore size obtained by the hard anodization
process.
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Fig.5: (a) A schematic for self-ordered AAO by MA
and (b—d) are SEM of self-ordered AAOs by MA
with (b) H,SO,, (C) H,C,04, and (d) H;PO, [8, 9].

2.3. Hard anodization (HA)

It was technologically advanced in the surface
finishing industry under the title hard coat. It
becomes extensively wused in most industrial
applications [10] and offers numerous high-speed
oxide film growths (from 50-100 pum/h) with non-
uniform structures as self-ordering regimes. So, this
techniqgue has not been useful in current
nanotechnology research. It faced many difficulties in
controlling significant structural parameters i.e., pore
size, inter-pore distance, and aspect ratio of the
resulting pores. Figure (6) shows a comparison
between MA and HA. Lee et al could suppress the
controlling reaction heat during HA and establishing
a new self-ordering using oxalic acid at anodization
potentials > 100V, with the rate of oxide growth 25 to
35 times faster than that in mild anodization (MA)

[11].

3.4 Pulse Anodization (PA)

It offers a combination of conventional MA and new
HA for tailoring the pore structure of AAOSs, using
potentiostatic conditions versus changing anodization
current in the weak or strong acids. Typical Pause
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continuously pulse of the high potential pulse (HA)
followed by a low potential pulse (MA) respectively.
To produce a periodic compositional modulation
along the pore axes of AAO [12], it enables to divide
a single anodic film into a stack of well-defined AAO
membranes sheets as prepared by an extended
etching of HA-AAO segments as shown in Figure
(7).

hard anodization

mild anodization

Pulsa Anodization
(Uhan, Ta)

(Ue: Toaw)

Fig. 7: (a) the fabrication of AAO with modulated
pore diameters by pulse anodization, (b) SEM image
of a stack of nanoporous AAO membranes [ 14].

Under a galvanostatic condition, Pulse anodization
can also tailor the internal pore structure of AAO. In
this case applied cyclic current pulses achieve MA
and HA conditions also the potential of anodization
changed periodically to a value corresponding to each
current was pulsed

PA affords a simple and economic way for
the bulk production of nanoporous membranes. The
preparation of structurally well-defined alumina
nanotubes with controllable lengths by a convenient
method was succeed since 2008 [13]. Pulse
Anodization promises effective dissipation of heat,
which is considered of the major causes of the
burning of an anodic film.
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3. Metals can be anodized

Anodic films are applied to protect pure
metal and alloys through numerous different
anodizing processes where it is acquiring their high
strength to weight ratio and relative availability
equipped to its widely used in industrial processes in
addition to corrosion resistance and coloring. Anodic
oxidation allows prepared oxide film for many metals
i.e. aluminum; tantalum, niobium, and many other
transition metals. Passive anodic oxide films play an
important role in various technical applications in
surface protection, micro-systems and nano-systems,
and electro-catalysis [15], electro-chromic processes
and photosensitive materials [4], dielectrics in
electrolytic capacitors. Metals anodized by this
process ordered according to their applications
aluminum, titanium, magnesium, niobium, tantalum,
Vanadium, Iron and zinc, etc.

Anodized "Al" has a variety of commercial uses
and diverse consumer applications across a wide
range of industries. The benefits of anodization are
strong, resistant finish acquires aluminum ability for
use in aircraft, automotive products, architecture, and
construction. The potential of anodized aluminum
products is unlimited [16]. Commonly uses for
anodized "Ti" are dental and orthopedic implants [2].
Where anodization has the ability to create numerous
colors without the use of dyes, other uses popular for
art and jewelry, its Color depended on the thickness
of the oxide layer that determined by the anodizing
voltage [17]. Magnesium cannot be anodized by
strong acid because it is always strongly reacting to
the acid environment, so only useful is a light or
organic acid, or phosphate, in addition to alkaline
silicate. Anodizing magnesium is applicable as paint
primer in thin or thick anodic coating but these
coatings need to seal with oiler wax for optimum
effectiveness, its anodic coatings can improve
corrosion resistance. Anodizing magnesium uses park
discharge to convert its surface into ceramic oxide
however common purpose for magnesium in medical
applications [18]. Niobium can be anodized for use a
popular material for costume and body jewelry,
commemorative coins, the extent of its colors
achieved by varying the coating thickness [19].
Anodizing tantalum requires for uses in the
manufacture of capacitors, tantalum is similar to
titanium and niobium in the process for anodization.
It featured by a wide array of attractive colors that
can be formed through by altering the film thickness.
Vanadium oxide film tends to dissolve when an
aqueous solution is used for anodized in the solution
as vanadyl ions [20]. Therefore, non-aqueous
solutions are necessary for obtaining uniform oxide
films on vanadium by anodization. Such films are of
considerable technical interest, particularly because
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of potential applications as an efficient resist material
for both photo-nanolithography and electron-beam
nanolithography. Carbon steel exfoliates when
oxidized under neutral or alkaline micro electrolytic
conditions; Ferrous metals are commonly anodized
electrolytically in nitric acid, or by treatment with red
fuming nitric acid, to form hard black ferric oxide.
This oxide remains conformal even when plated on
wire and the wire is bent [21]. Anodizing zinc is a
difficult process that required voltages of 200V to
produce anodized coatings as thick as 80um on zinc
materials, adding hardness and corrosion resistance.

4. New trends in Anodizing

The goal of the anodization process fabricate
a thick compact oxide layer on the metal substrate
surface, Alumina film is the most commonly used in
order to protect aluminum alloy as compared to
applied several metals. The phenomenon of corrosion
continues to pose a major concern to many industries
around the world needing solutions for prevention
and control. Corrosion Awareness Day highlights the
estimated US$2.5 trillion annual cost of corrosion
worldwide. While the potential to reduce that cost by
$875 billion annually through appropriate application
of existing corrosion abatement technologies is
readily achievable a huge portion of the loss can be
avoided via convenient proper corrosion control.
New trends go to aluminum pure and take increase
attraction for its type of membrane, low coast
processing, and their importance in major industries.
Modern processes can apply a finish to a metal as
electrolytic coloring which makes i.e aluminum parts
are now being used more hardened than steel and
they are being produced at a lower cost.

4.1. The two-steps anodizing process

It aimed to obtain self-ordered alumina
nanostructured through ordered steps as shown
schematically in Figure (8).
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Fig. 8: Schematic of the two-step anodization process
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Anodizing in two steps is considered the
most widespread process for metal or alloy surface
treatment with excellent mechanical properties and a
broad market perspective. Anodizing in two steps
improves hardness, mechanical properties, and
corrosion resistance through thickening passive film
and allows enhancing the electric, magnetic,
catalytic, optical and sensing properties of the
deposited materials for the small size in nm and high-
aspect- ratio to produced nanostructures [22].
Recently, attention has been paid to the tunable
synthesis of nanoporous 'AAO' by self-organized
two-step anodizing with using various acids in order
to obtain templates for nanofabrication with desired
geometrical features in the production of nanowires,
nanotubes, or nanodots from different materials [23-
25]. Firstly, Masuda and Fukuda succeeded to obtain
a highly ordered metal nano-hole Anodizing in two
steps is considered the most widespread process for
metal or alloy surface treatment with excellent
mechanical properties and a broad market
perspective. Anodizing in two steps improves
hardness, mechanical properties, and corrosion
resistance through thickening passive film and allows
enhancing the electric, magnetic, catalytic, optical
and sensing properties of the deposited materials for
the small size in nm and high-aspect-ratio to
produced nanostructures [22]. Recently, attention has
been paid to the tunable synthesis of nanoporous
'AAQ' by self-organized two-step anodizing with
using various acids in order to obtain templates for
nanofabrication with desired geometrical features in
the production of nanowires, nanotubes, or nanodots
from different materials [23-25]. Firstly, Masuda and
Fukuda succeeded to obtain a highly ordered metal
nano-hole array (Pt and Au) fabricated by a two-step
replication of the honeycomb structure of porous
anodic alumina (PAA).

5.2 Electrolytic coloring anodic film

Aluminum as extrusion and sheet used for
common applications such doors, windows, and
curtain  walls. Two-step electrolytic coloring
processes have been widely used throughout the
industry to produce a variety of color-anodized
aluminum. All studies in electrolytic coloring for
aluminum have been described as patent literature
[26-28]. The most common method in obtaining
darkening the anodic aluminum surface is
worthwhile. This technique is listed schematically in
Figure (9), the anodizing and coloring are done
separately.

The coloring impact factors as electrolyte
concentration, bath temperatures, voltage, and time
duration were considered. Tin, cobalt, copper, and
nickel are used in coloring processes, but cobalt is
considerably more expensive than tin so, Tin
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becomes very popular for effective implementations.
Figure (10) shows schematically present metal used
for coloring.  Electrolytic coloring is not only
fabricated for decoration purposes but also to
improve the film’s anti-corrosion properties against
the environment, the color does not fade away when
exposed to the UV light of the sun and applied in the
solar energy source plate. This process is based on
fact that the surface of a solar energy source plate
requires a high absorption and low reflectivity of
light in order to efficiently transform solar energy
into thermal energy [29]. Moreover, the dark to black
anodic film on aluminum features lightweight, low
cost, good thermal and electrical conductivities.
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S > | Etchingin NaOH

Stages Rinsing by di.water
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Electrolytic detachment
Electrolytic coloring | 2™anodization | <

Fig. 9: Schematic of the Electrolytic coloring after
2"anoidization.
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Fig. 10: Sketch of Two Step Electrolytic coloring
anodizing on substrate and the metal deposits at the
base of the pores (1) Substrate, (2) Anodic coating
and (3) metal deposit.

Evaluate the electrochemical stability
according to three different cases of electrolytic
detachment in electrolytic etching and chemical
etching by using either phosphoric acid or Sodium
hydroxide solutions in hydrochloric acid as
aggressive media before and after coloring with
copper nanoparticles in their pores was studied.
Results show that etching with NaOH produces
nanoporous 'AAQ' having the lowest stability due to
its thinning barrier layer while etching with
phosphoric acid does not act on dissolution of the
inner part of grown anodic film. Black colored
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anodized samples controlled by pore size and filling
factor of pores. Etching with phosphoric acid show
the lowest stability due to thickness of its outer layer
being highest which lead to increased filling factor by
metallic nano-copper make the sample more
susceptible to galvanic corrasion [30].
Comparing between performances 'AAQ' film
fabricated by different successive steps electrolytic
polished, 1% anodization, 2™ anodization and
electrodeposited copper in aggressive media of
sulphuric acid with respect to base Al metal were
studied [31]. The oxide film thickness (d) is a direct
function capacitance of barrier film was represented
in Figure (11).
The results revealed that surface stability is strictly
influenced by samples preparation; corrosion
resistance R total (Router porous+ R inner barrier) decreases in
the following order:  EP> 1°> 2"> colored > bare
Al. The thickness of oxide film becomes thicker
when subject to EP accompanied by highest
resistance, 2" anodization self-organized nanoporous
layer stems on the expense of the barrier layer that
remains after the electro-polishing step as a result it
has a thinner barrier layer covered with a much
thicker outer porous layer.
While coloring by copper atoms inside nanopores
acquires sample thickening barrier layer may occur
during the coloring step due to applied Ac voltage
used. Electrolytic coloring by two type's addition of
metal ions Sn and Ni was studied in saline solution.
Electro-deposition of these metals occurred after 1%
anodization and 2" anodization to discover the
impact of ordered and regular nanoporous anodic
film than that in non-regular.

Comparing which one of the used metal ions
(Sn or Ni) has strong resistance to the chloride ions
attack, variation of samples morphologically
represented in Figure (12). Variability of metals
crystals content into nanocomposite of porous Al,O4
in both 1% and 2™ anodized films was noticed.
Second anodization constitutes a dense porous film
and a great number of hexagonal columns with nano-
diameter pores opened. The crystal lattice appearance
regularity and a gradual improvement directed to the
perfect hexagonal arrangement were observed. Metal
ions were deposited and neutralized into columns
until the filling of the porous film was controlled by
the conditions of anodization and coloring. A dense
tin fills the columns of the anodic film more than the
amount of nickel; this may be imputed to the
difference in atomic radius of both Ni (149 pm) and
Sn (145 pm) [32]. Amount of metals deposited after
1 anodization smaller than that formed after 2™
anodization this attributed to 1 anodization comprise
of non-ordered, nanopillars oxide film which is
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decomposed easily and the metal is appeared on the
exterior surface, while in case of the 2" anodization
the oxide film characterized by more ordered and the
metal ions distributed equally. This explained the
variation of the deposited amount of metals on the
surface in each case. Strategy modified a nanoporous
anodized surface is still needs a lot of work must be
done in order to fabricate self-organized oxide
nanopores. SMAT is a type of nano-crystallization
technique that act on grain-refine of the surface of
anodized materials; it is an efficient method to
enhance the growth rate of the anodic oxide film on
the surface with a controlled microstructure, and
improve the hydrophobic uniformity of the anodized
surface for various metals and alloys through
repeated high-energy ball impaction [33]. This
technique was suitable for Aluminum, Titanium [34],
and stainless steel [35].
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Fig. 11: comparison of the total film resistance
(R) and its barrier layer thickness (d,) on
uncoated and coated Al samples with different
'‘AAQ' films in sulphuric acid [31].

Fig.12: SEM images of colored aluminum after 1¥ and
2" anodizing (a, b) Nickel colored and (c, d) Tin
colored respectively, after immersion in saline
solution [32].
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5.3
(SMAT)

Surface Mechanical Attrition Treatment

SMAT is applied to an economical anodized
surface to generate an anodizing material comprising
the anodized surface with an enhanced charge
trapping property as compared to the initial material.
Since the intrinsic  property is  material
nanocrystallization, a small plastic deformation
technique, surface mechanical attrition treatment
(SMAT), is used prior to anodization to convert the
metal of interest from polycrystalline into
nanocrystalline. Novel nanofabrication methods
involve two methods surface mechanical attrition
treatment (SMAT), and electrochemical anodization.
SMAT induces mechanical activation in the form of
small plastic deformation to initiate grain refinement
[36, 37]. SMAT uses small plastic deformation which
is created by random ball bombardment onto the
material’s surface. Such ball bombardment is induced
by the vibration of spherical balls powered by an
ultrasonic resonator [38]. The spherical balls are
resonated and travel in random directions within the
reflecting chamber as shown in Figure (13). The
spherical ball is usually in the form of metallic balls
or zirconium dioxide balls [40], it was impacted onto
the surface of the material. The impact will result in
plastic deformation. The balls’ movements are
multidirectional and random, creating multiple
impacts onto the surface of the sample. Repeated
impacts result in surface defects and an accumulation
of plastic strain, which activates and builds up
dislocations [41, 42]. Dislocations will activate grain
division. As grain subdivision continues, it will
transform from fine to ultrafine, and ultimately
completes the process of nanocrystallization, where
the grains are in the nanometer regime and cannot be
further refined. As the grain size decreases, the
density of grain boundaries increases [43]. Therefore
a material becomes nanocrystalline.
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Fig.13: Schematic illustrations of SMAT: a) sample
subjected to ultrasonic ball bombardment inside a
reflecting chamber, b) localized plastic deformation
(with arrows indicated) induced by one ball
bombardment on sample [39].

6. Role of (SMAT) on the Electrochemical and

Mechanical properties of Metallic Materials

Selected three different metals and special alloy

represented to demonstrate how nanocrystallization

by SMAT contributes in the enhancements of
anodization.

6.1 Tin

Tin is a soft and ductile metal. When oxidized, it

becomes a highly electrically conductive metal oxide

[43]. This makes tin oxide one of the leading

candidates in fabrication of nanoporous materials; it

is equipped with dual valency. Its cations can be
reduced to a state of Sn** or Sn*" as a result due to its
multi-state in surface electronics, the band gap energy
can be modified and therefore, increase its flexibility
in conductivity. Such property expands the
application potentials of tin oxide. Bulk pieces of tin
experience grain recrystallization and result in
ultrafine nanostructures with a high density of grain
boundaries as shown in Figure (14a). The established
network of grain boundaries facilitates anodization
kinetics by serving as “shortcuts” during chemical
diffusion as shown in Figure (14b). Therefore, the
thickness of tin anodized oxide film from SMAT
pretreated was revealed to be significantly improved
up to 72% compared to its coarse grain counterpart.
The tin oxide consists of paralleled nanostructures
displays a zigzagged patterned morphology as shown
in Figure (14c, d) schematic of Tin oxide layers after
anodization. In addition, this novel patterned
nanostructure was more enhanced light absorption
ability through its morphological characteristic and
thus it improved photocatalytic performance. Tin
oxide performance increased to 76% in the kinetics of
photocatalytic degradation. The fabrication of this
novel patterned Tin oxide opens an advanced
pathway in the development of functional nanoporous
monolithic metal oxides [44].

Outer Layer

Inner Layer

Sn Substrate

Fig.14: Tin sample nano-crystallization during
SMAT and anodization, (d) schematic of tin oxide
layers after anodization [39].
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6.2 Aluminum
Aluminum is one of the most abundant metallic
materials and its oxide state serves in many
applications. Its surface is very sensitive to the most
exposed environments, especially towards oxygen.
Once exposed, an oxide film is formed to prevent
further corrosion. Up till now, pore dimensions and
geometries of aluminum oxide film are influenced
solely by varying the parameters in
electrochemistry [45]. The novelty in fabrication
has reached saturation with new methods (SMAT +
Anodization). SMAT process can be controlled the
diameters of the anodic pores and tune them. The
pore diameter in anodic aluminum subjected to
SMAT is 5.6 times smaller than normal aluminum
under the same anodic conditions. Moreover, the
anodic pores tuned by SMAT demonstrated better
mechanical properties in hardness and elastic
modulus when compared to their counterpart. This
is represented as a sketch in Figure (15) for
fabricated AAO before and after treatment. The
bulk of aluminum is subjected to plastic straining
through ultrasonic ball bombardment causing a
grain refinement process known as
nanocrystallization Figure (16 a i and ii). During
SMAT, ultrasonic balls induced plastic strain
energy onto the surface Figure (16b 1), and initiated
nanocrystallization until the grains are refined to
the nanometer regime. Grain refinement results in a
vast network of grain boundaries. Such network
serves as “shortcuts” for chemical diffusion and
facilitates anodization Figure (16b ii). By imposing
higher strain energy through the usage of smaller
diameters of balls in ultrasonic ball bombardment,
it results in the buildup of more “shortcuts” for
faster anodic kinetics and consequently the
formation of porous anodic aluminum structure.
This novel fabricated 'AAO" by SMAT
demonstrates improved mechanical and scratch
resistance properties Figure (16c). The tuning of
pores results in porosity within the anodic structure.

Fig. 15: Schematics of the fabricated AAO: a)
without the pretreatment of SMAT, b) with
pretreatment of SMAT [39]
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Fig.16:a i) aluminum are subjected to plastic
straining, ii) grain refinement in nanocrystallization,
b i) ultrasonic ball induce plastic strain energy onto
sample, ii) grain boundaries as ‘“shortcuts” for
anodization Kkinetics, ¢) AAO with smaller pore
diameters and improved mechanical properties [39].

6.3 Nickel

Nickel oxide, a transitional metal oxide with the
chemical formula NiO, is a semiconductor with band
gap energy of 4.0 eV [46]. It consists of octahedral
Ni*" and O sites. The merits of such lattice structure
allow nickel oxide to exhibits outstanding
electrochemical stability and durability. Moreover,
nickel oxide is relatively low in price, giving it an
economical leading edge in fabrication and
production [47]. Up till now, various fabrication
techniques employing nickel oxide have been used.
The goal is to fabricate nanocrystalline NiO achieved
by SMAT prior to anodization as shown in Figure
(17) that shows the process of treatment and its
results. Finally, it will be obtained nanostructures size
and morphology, with considered some effects of
optimum surface volume, quantum size, and
macroscopic quantum tunnel [48]. Such effects stem
from novel results and introduce new applications.
For example, supercapacitors, gas sensors, and
electrochromic films [49-52]. Nanocrystalline NiO
has many undiscovered findings, new fabrication
methods (SMAT + anodization) will be the key in
future developments of nickel oxide.

6.4 Nickel Titanium alloy (NiTi)

The metal alloy of Nisg Tisze applicable in
various applications SMAT is a novel method for
conveniently treating delicate nanostructures. It can
be tailored to treat the delicate and brittle substrate
nanomaterials using anodization procedures as
TiO,NT arrays grown. Figure (18 a, b) shows SEM
micrographs sample subject to anodization after a 1
and 5 min. respectively. Stating difference attributed
to edge effect of the electrical field.

Time of anodization and SMAT treatment has
important effect on changing color from tan to black
and morphology of treated surface, indicating its
modified electric structure. It should be pointed out
that SMAT is able to induce strain facilitated doping
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as well which created by the continuous and repeated
collisions of the tiny SMAT balls with
nanostructures.

Fig.17:a i) nickel sample nanocrystallization during
SMAT, ii) SMAT induces grain refinement and
buildup of grain boundaries efficiently without any
thermal activated grain growth under the merits of
cryogenic cooling, b) grain boundaries serve as
“pathways” in transporting ions and atoms in anodic
kinetics, c) nickel oxide with enhanced light
absorption ability for photocatalytic degradation [39]

Fig.18: SEM of NiTi subjected to SAMT then
anodization for (a) 1min and (b) 5 min["¥].

5. Applications

The key aspect in many applications is the
efficient design ordered of nanopores which self-
organized growth for suitable nanotechnology
applications and avoid the undesirable cons that can
be properly suppressed. Widespread efforts are
underway to promote their effective use in the realm
of corrosion control. The integration of SMAT and
anodization can open up an opportunity to create new
nanostructures, improve existing mechanical and
electrochemical properties, thus creating better
applications for the world. In the following years,
researchers had investigated a variety of applications
for using aluminum in Transportation about
Automotive to reduce vehicle weight for fuel savings
by offering a corrosion- free material with the design
flexibility to combine multiple functions in one part.
Development of the fuel cell can convert the
chemical energy from a fuel into electricity through
an electrochemical reaction as Al-air energy storage
systems which has a variety of applications as power
sources for electric vehicles (EVs) [53, ©<], military
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communications [55], unmanned underwater vehicle
(UUVs) [56], and unmanned aerial vehicle (UAVS)
[57]. Anadic Tin oxide used for hydrogen gas sensing
[58], fabricated as coatings with super-hydrophobic
abilities on anodic aluminum oxide for self-cleaning
applications [59], is one of the anodic oxides that are
applicable in Photocatalyst. Whereas Photocatalytic
reactions, activated by light energy consists of
ultraviolet or visible light, suitable for applications
such as water-splitting and hydrogen production [60],
Also the one-dimensional, vertically oriented pores
with intersecting microgaps and nanochannels can be
fabricated through controlling the anodization current
for application in Na-ion battery [61] ‘and removal of
contaminations in the environment [62].

Currently, titanium and its alloys are widely used for
the fabrication of implants to replace hard tissue in
orthopedics. In November 2017 the data performed
implant failure rate reached more than 25% [63]. The
anodization method received specific attention due to
its versatility in creating nanophase topographies by
tailoring the electrochemical parameters. In the
following years, scientists reached to improve bone
cell functions in vitro and in vivo on anodized nano-
featured titanium oxide film; making it one of the
promising materials in the depth-orthopedics field
[64]. In order to identify a suitable and modern
market for the future, this related to response to the
market and its detailed analysis of uses anodic oxides
are required. So, an optimum material system shall be
selected for scale up in fabrication for more realistic
results. Nowadays, anodic aluminum oxide layers
have motivated considerable scientific and
technological interest, because they constitute an
organized porosity at a nanoscopic scale till 5-10 nm
of diameter, to form self-organized layers made up of
nanotubes or nano-channels perpendicular to the
metal over a thickness of several micrometers. These
nanostructured oxides are exploited in many
applications. There are exists of other effects from
SMAT which are yet to be discoverd. The future of
SMAT consists of many pathways like the surface
mechanical alloying that means fabricated anodic
oxide coatings on pure aluminum. These are suitably
used for space environment applications, these
provide specific thermo-optical properties to
spacecraft surface; in addition to it is used
extensively for a wide range of applications.

Surface mechanical alloying (SMA) applied to
modification the composition of metal by alloying
with other nanomaterials its particles as nano size
through SMAT prior to anodization to fabricated
Nano-composites  coating. Composite  coatings
increased generally corrosion resistance and wear
resistance. Surface alloying of powder mixture was
carried out inside newly designed SMAT machines
with a modified cylindrical cavity (Egyptian patent
no. 527, 2016). The additions of any powder sample



238 0. S. Shehata et.al.

with SMAT method (second SMAT process) to the
pre-treated Al substrate subject to the SMAT method
(first SMAT) will enhance the insertion of this
powder sample through the micro-cavities of the Al
substrate that previously induced with the first SMAT
process at a certain vibration. Those powder sample
additions could be easily taken up by the deformation
formed (micro-cavities) on the Al surfaces during the
second SMAT processing (SMAT surface alloying).
Where the pressure exerted on the powder additions
was due to the mass flow of numerous spherical
stainless steel balls. The alloying of a powder mixture
of AlL,O; [64], MWCNTSs [65], Fiber Glass [66], and
nitrite were prepared. SMAT treatment improves the
strength and aesthetics of aluminum extrusion
products for easy maintenance and long life in any
conditions

Conclusion

Nowadays electrochemical process has
drawn attention in academic research, particularly in
the field of nanotechnology. An anodizing process is
not only dedicated to the improvement of the
technical quality of the anodic films for various
marketable applications but also, to the production of
the film at an efficient rate and cost. This review
takes a look at some of the latter advances in
anodizing process for several metals; it has long been
necessary processes in the surface finishing industry,
nowadays become one of the supreme important
processes in nanotechnology for developing
nanostructured and advanced nano-devices. Modern
fabrication techniques involved in anodic nano-
porous metal production focus on the variation of
extrinsic properties. SMAT before anodizing is a new
tool for fabricating anodic metal oxide with new
morphology.
Funding
No funding is available.

Declarations

Conflict of interest No conflict exist and the authors
declare that they have no conflict of interest

References

1. Lee, Woo. "The anodization of aluminum for
nanotechnology applications."” JOM 62.6 (2010):
57-63.

2. Abdel-Karim, A. M., & Fadlallah, S. A. (2021).
Fabrication of titanium nanotubes array: phase
structure, hydrophilic properties, and
electrochemical behavior approach. Journal of
Applied Electrochemistry, 1-17.

3. Foll, H., Christophersen, M., Carstensen, J.,
&Hasse, G.. "Formation and application of

Egypt. J. Chem. 65, No. 9(2022)

10.

11.

12.

13.

14.

15.

porous  silicon." Materials  Science and
Engineering: R: Reports 39.4 (2002): 93-141.
Fathi, A. M., Shehata, O. S., & Abdel-Karim, A.
M. (2019). The Photoactivity and Electrochemical
Behavior of Porous Titania (TiO 2) in Simulated
Saliva for Dental Implant Application. Silicon,
11(5),2353-2363.

Matéfi-Tempfli, Stefan, MariaMatéfi-Tempfli,
and Luc Piraux. "Characterization of nanopores
ordering in anodic alumina." Thin  Solid
Films 516.12 (2008): 3735-3740.

Macak, J. M., Tsuchiya, H., Ghicov, A., Yasuda,
K., Hahn, R., Bauer, S., &Schmuki, P. "TiO2
nanotubes: Self-organized electrochemical
formation, properties and applications." Current
Opinion in Solid State and Materials
Science 11.1-2 (2007): 3-18.

Hoshino, K., Oota, Y., Hattori, N., & Plant, M.
"Developments and future trends in aluminum
products with improved surface functions.”
(2005): 63-69.

Sulka, G. D., and K. G. Parkota. "Temperature
influence on well-ordered nanopore structures
grown by anodization of aluminium in sulphuric

acid." ElectrochimicaActa 52.5 (2007):  1880-
1888.
Masuda, Hideki, and Masahiro  Satoh.

"Fabrication of gold nanodot array using anodic
porous alumina as an evaporation
mask." Japanese Journal of Applied
Physics 35.1B (1996): L126.

Hillebrand, R., Muller, F., Schwirn, K., Lee, W.,
& Steinhart, M. "Quantitative analysis of the
grain morphology in self-assembled hexagonal
lattices." ACS nano2.5 (2008): 913-920.

Lee, W, Ji, R., Gosele, U., &Nielsch, K. "Fast
fabrication of long-range ordered porous alumina
membranes by hard anodization." Nature
materials5.9 (2006): 741.

Gujela, Om Prakash, and VidhatriGujela. "Anodic
Aluminum Oxide (AAO) nano membrane
fabrication under different conditions." 2017
International Conference on Recent Advances
and Innovations in Engineering (ICRAIE). IEEE,
2017.

Lee, Woo, Roland Scholz, and Ulrich Gosele. "A
continuous process for structurally well-defined
AlI203 nanotubes based on pulse anodization of
aluminum.” Nano letters 8.8 (2008): 2155-2160.
Lee, W., Schwirn, K., Steinhart, M., Pippel, E.,
Scholz, R., &Gosele, U."Structural engineering of
nanoporous anodic aluminium oxide by pulse
anodization of aluminium." Nature
nanotechnology 3.4 (2008): 234-239.

Schultze, Joachim Walter, and M. M. Lohrengel.
"Stability, reactivity and breakdown of passive
films.  Problems of recent and future



NEW TRENDS IN ANODIZING AND ELECTROLYTIC COLORING OF METALS 239

research.” ElectrochimicaActa 45.15-16
2499-2513.

16. Nemes, D., Moldovan, V., Bruj, E., Jumate, N., &
Vida-Simiti, 1. "Porous anodic alumina films
obtained by two step anodization." Bulletin of the
Transilvania University of Brasov. Engineering
Sciences. Series | 4.2 (2011): 75.Available from:
loan Vida-Simiti Retrieved on: 22 January 2016.

17. Biitev, Ezgi, E. S. E. N. Ziya, and B. O. R. Sakir.
"Characterization of Ti6AlI7Nb alloy foams
surface treated in aqueous NaOH and CaCl2
solutions." Journal of the mechanical behavior of
biomedical materials 60 (2016): 127-138.

18.Song, G-L., and Z. Shi. "Anodization and
corrosion of magnesium (Mg) alloys." ch
9Corrosion Prevention of Magnesium Alloys.
Woodhead Publishing, 2013. 232-281.

19. Bianchin, A. C. V., Maldaner, G. R., Fuhr, L. T.,
Beltrami, L. V. R., Malfatti, C. D. F., Rieder, E.
S., .. & Oliveira, C. T. "A Model for the
Formation  of  Niobium  Structures by
anodization." Materials Research20.4 (2017):
1010-1023.

20. Stefanovich, G. B., Pergament, A. L., Velichko,
A. A., &Stefanovich, L. A. "Anodic oxidation of
vanadium and properties of vanadium oxide
films." Journal of physics: condensed
matter 16.23 (2004): 4013-4024.

21.Ajeel, Sami A. "Studying the Corrosion
Resistance of Anodized Low Carbon Steel in
Alkaline Solution." Al-Qadisiyah Journal for
Engineering Sciences 8.2 (2015): 159-170.

22. Stepniowski, Wojciech J., and ZbigniewBojar.
"Nanoporous anodic aluminum oxide: fabrication,
characterization, and applications." Handbook of
Nanoelectrochemistry: Electrochemical Synthesis
Methods, Properties, and Characterization
Techniques (2016): 593-645.

23.Riveros, G.,, Gomez,H., Cortes, A., Marotti, R.
E., Dalchiele.E. A., "Crystallographically-
oriented single-crystalline coppernanowire arrays
electrochemically grown into nanoporous anodic
alumina templates.” Applied Physics A 81.1
(2005): 17-24.

24.Raoufi, Mohammad, and HolgerSchonherr.
"Improved synthesis of anodized aluminum oxide
with modulated pore diameters for the fabrication
of polymeric nanotubes.” Rsc Advances 3.32
(2013): 13429-13436.

25.Masuda, Hideki, Kenji Yasui, and Kazuyuki
Nishio. "Fabrication of ordered arrays of multiple
nanodots using anodic porous alumina as an
evaporation mask." Advanced Materials 12.14
(2000): 1031-1033.

26.1to, S., Fukui, H., Nakada, N., &Hirono,
H."Method of coloring aluminum or aluminum
alloy material." U.S. Patent No. 5,120,405. 9 Jun.
1992.

(2000):

Egypt. J. Chem. 65, No. 9 (2022)

27.Kuhm, P., Schroeder, C., Sander, V., Lindener, J.,
& de Riese-Meyer, L. "Method for electrolytic
coloring of aluminum surfaces using alternating
current." U.S. Patent No. 5,587,063. 24 Dec.
1996.

28. Aikawa, Kazuo, Satoshi Ishikura, and Makoto
Kato. "Method for electrically coloring aluminum
material and gray-colored aluminum material
obtained thereby." U.S. Patent No. 5,849,169. 15
Dec. 1998.

29. Shaffei, M. F., Abd EI-Rehim, S.S., Shaaban,
N.A., Huisen, H.S. "Electrolytic coloring of
anodic aluminum for selective solar absorbing
films: use of additives promoting color depth and
rate." Renewable Energy 23.3-4 (2001): 489-495.

30. Awad, Ahmed M., Omnia S. Shehata, and Fakiha
El-Taib Heakal. "Effect of various de-anodizing
techniques on the surface stability of non-colored
and colored nanoporous AAO films in acidic
solution.” Applied Surface Science 359 (2015):
939-947.

31.Heakal, Fakiha El-Taib, Omnia S. Shehata, and
Ahmed M. Awad. "Relevant aspects in the
stability performance of different anodic alumina
(AAO) films in aqueous sulfate
solutions." Journal of Electroanalytical
Chemistry 792 (2017): 95-103.

32.Ahmed MAwad, Maha F. Shaffei , Omnia S.
Shehata , Howida S. Mandour , Hala S. Hussein,
"Study the corrosion behavior of both first and
second anodized aluminum surfaces
electrolytically ~ colored by nickel and
tin." Surfaces and Interfaces 1 (2016): 1-6.

33.0u, Shih-Fu, Kuang-Kuo Wang, and Yen-Chi
Hsu. "SuperhydrophobicNiTi shape memory alloy
surfaces fabricated by anodization and surface
mechanical attrition treatment." Applied Surface
Science 425 (2017): 594-602.

34.Wang, Z., Diao, R., Yuan, Z., Yu, X,, Fu, T,
Zhao, Y., & Zhan, Z. "Surface mechanical
attrition treatment and corrosion resistance
behavior of TA2 anodic oxide film." Int. J.
Electrochem. Sci 13 (2018): 4411-4423.

35.Gatey, A. M., S. S. Hosmani, and R. P. Singh.
"Surface mechanical attrition treated AISI 304L
steel: role of process parameters." Surface
Engineering 32.1 (2016): 69-78.

36.Wu, X., Tao, N., Hong, Y., Liu, G., Xu, B, Lu, J.,
& Lu, K."Strain-induced grain refinement of
cobalt during surface mechanical attrition
treatment.” ActaMaterialia 53.3 (2005): 681-691.

37.Wang, K., Tao, N. R, Liu, G,, Lu, J., & Lu, K.
"Plastic strain-induced grain refinement at the
nanometer scale in copper.” ActaMaterialia 54.19
(2006): 5281-5291.

38.Wu, X. L., Tao, N. R., Wei, Q. M., Jiang, P., Lu,
J., & Lu, K."Microstructural evolution and
formation  of  nanocrystalline  intermetallic


https://rd.springer.com/search?facet-creator=%22H.+G%C3%B3mez%22
https://rd.springer.com/search?facet-creator=%22A.+Cortes%22
https://rd.springer.com/search?facet-creator=%22R.E.+Marotti%22
https://rd.springer.com/search?facet-creator=%22E.A.+Dalchiele%22

240

0. S. Shehata et.al.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

compound during surface mechanical attrition
treatment  of  cobalt." ActaMaterialia 55.17
(2007): 5768-5779.

CHAN, L. C. " Role of Surface Mechanical
Attrition Treatment (SMAT) on the
Electrochemical and Mechanical Properties of
Functional Metallic Materials Author: 24 Oct
2018 (Doctoral dissertation).

Guo, H. Y., Xia, M., Wu, Z. T., Chan, L. C., Dai,
Y., Wang, K., & Lu, J. "Nanocrystalline-grained
tungsten prepared by surface mechanical attrition
treatment:  Microstructure  and  mechanical
properties.” Journal of Nuclear Materials 480
(2016): 281-288.

Chan, H. L., Ruan, H. H., Chen, A. Y., & Lu, J.
"Optimization of the strain rate to achieve
exceptional mechanical properties of 304 stainless
steel using high speed ultrasonic surface
mechanical attrition
treatment.” ActaMaterialia 58.15 (2010): 5086-
5096.

Chen, A. Y., Ruan, H. H., Wang, J., Chan, H. L.,
Wang, Q., Li, Q., & Lu, J. "The influence of
strain rate on the microstructure transition of 304

stainless  steel." ActaMaterialia 59.9  (2011):
3697-3709.

Batzill, Matthias, and Ulrike Diebold. "The
surface. and  materials science  of tin

oxide." Progress in surface science79.2-4 (2005):
47-154.

Zhang, J., Chan, L.C., Gao, T., Wang, Q., Zeng,
S., Bian, H., Lee, C., Xu, Z., Li, Y.Y. and Lu, J.
"Bulk monolithic electrodes enabled by surface
mechanical attrition treatment-facilitated
dealloying." Journal of Materials Chemistry
A 4.39 (2016): 15057-15063.

Lee, Woo, and Sang-Joon Park. "Porous anodic
aluminum oxide: anodization and templated
synthesis of functional nanostructures.” Chemical
reviews 114.15 (2014): 7487-7556.

Ferreira, Luiz G., Lara K. Teles, and Marcelo
Marques. "Band structure of NiO revisited." arXiv
preprint arXiv:0910.4485(2009).

Wei, T. Y., Chen, C. H., Chien, H. C,, Lu, S. Y.,
& Hu, C. C."A cost- effective supercapacitor
material of ultrahigh specific capacitances: spinel
nickel cobaltite aerogels from an epoxide- driven
sol-gel process." Advanced materials22.3 (2010):
347-351.

El-Kemary, M., N. Nagy, and I. El-Mehasseb.
"Nickel oxide nanoparticles: synthesis and
spectral  studies  of interactions  with
glucose." Materials Science in Semiconductor
Processing16.6 (2013): 1747-1752.

Zhang, Jintao, and Chang Ming Li. "Nanoporous
metals: fabrication strategies and advanced
electrochemical applications in catalysis, sensing

Egypt. J. Chem. 65, No. 9(2022)

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

and  energy  systems.” Chemical  Society
Reviews 41.21 (2012): 7016-7031.
Tonezzer, M., Dang, L. T. Tran, H. Q.,

&lannotta, S. "Multiselective visual gas sensor
using nickel oxide nanowires as
chemiresistor."” Sensors and  Actuators  B:
Chemical 255 (2018): 2785-2793.

.Velevska, Julijana, M. Pecovska-Gjorgjevich,

and NaceStojanov. "Electrochromic nickel oxide
thin films for solar light
modulation.” International Journal for Sciences:
Basic and Applied Research (IJSBAR)31.3
(2017): 94-104.

Shankar, K., Mor, G. K., Prakasam, H. E., Yoriya,
S., Paulose, M., Varghese, O. K., & Grimes, C. A.
"Highly-ordered TiO, nanotube arrays up to 220
pm in length: use in water photoelectrolysis and
dye-sensitized solar cells." Nanotechnology 18.6
(2007): 065707-065717

Liu, Y., Sun, Q., Li, W., Adair, K. R., Li, J., &
Sun, X."A comprehensive review on recent
progress in aluminum-air batteries." Green
Energy & Environment 2.3 (2017): 246-277.
Egan, D. R., De Lebn, C. P., Wood, R. J. K,
Jones, R. L., Stokes, K. R., & Walsh, F. C.
"Developments in electrode materials and
electrolytes for aluminium-—air batteries.” Journal
of Power Sources 236 (2013): 293-310.

Sharkh, Abu SM, and G. Griffiths. "Energy
storage systems for unmanned underwater
vehicles." Underwater Technology 25.3 (2003):
143-148.

Vegh, Julius M., and Juan J. Alonso. "Design and
Optimization of Short-Range Aluminum-Air
Powered Aircraft." 54th AIAA Aerospace Sciences
Meeting. 2016.

Palacios-Padros, A., Altomare, M., Tighineanu,
A., Kirchgeorg, R., Shrestha, N. K., Diez-Perez,
I., Felipe Caballero-Briones, Sanz, F.&Schmuki,
P. "Growth of ordered anodic SnO,nanochannel
layers and their use for H, gas sensing." Journal
of Materials Chemistry A 2.4 (2014): 915-920.
Zheng, S., Li, C., Fu, Q., Hu, W., Xiang, T.,
Wang, Q.,Mengping Du, Xingchen Liu,& Chen,
Z. "Development of stable superhydrophobic
coatings on aluminum surface for corrosion-
resistant, self-cleaning, and anti-icing
applications.” Materials & Design 93 (2016):
261-270.

Ni, M., Leung, M. K., Leung, D. Y., &Sumathy,
K."A review and recent developments in
photocatalytic water-splitting using TiO, for
hydrogen production.” Renewable and
Sustainable Energy Reviews 11.3 (2007): 401-
425.

Bian, Haidong, Zhang, J., Yuen, M. F., Kang, W.,
Zhan, Y., Denis, Y. W., ZhengtaoXu& Li, Y. Y..


https://scholars.cityu.edu.hk/en/persons/lap-chung-chan(32316509-d782-4571-a2c7-1b8037cfdcec).html
https://scholars.cityu.edu.hk/en/theses/role-of-surface-mechanical-attrition-treatment-smat-on-the-electrochemical-and-mechanical-properties-of-functional-metallic-materials(c5cb0a83-6ce0-42e4-b218-ae413b651af5).html
https://scholars.cityu.edu.hk/en/theses/role-of-surface-mechanical-attrition-treatment-smat-on-the-electrochemical-and-mechanical-properties-of-functional-metallic-materials(c5cb0a83-6ce0-42e4-b218-ae413b651af5).html
https://scholars.cityu.edu.hk/en/theses/role-of-surface-mechanical-attrition-treatment-smat-on-the-electrochemical-and-mechanical-properties-of-functional-metallic-materials(c5cb0a83-6ce0-42e4-b218-ae413b651af5).html
https://scholars.cityu.edu.hk/en/theses/role-of-surface-mechanical-attrition-treatment-smat-on-the-electrochemical-and-mechanical-properties-of-functional-metallic-materials(c5cb0a83-6ce0-42e4-b218-ae413b651af5).html

NEW TRENDS IN ANODIZING AND ELECTROLYTIC COLORING OF METALS

241

61.

62.

63.

64.

65.

66.

"Anodic nanoporous SnO, grown on Cu foils as
superior binder-free Na-ion battery
anodes.” Journal of Power Sources 307 (2016):
634-640.

Daghrir, Rimeh, Patrick Drogui, and Didier
Robert. "Modified TiO, for environmental
photocatalytic applications: a review." Industrial
& Engineering Chemistry Research 52.10 (2013):
3581-3599.

Etkin, Caryn D., & Bryan D. Springer. "The
American joint replacement registry-the first 5
years." Arthroplasty today 3.2 (2017): 67-69.
Izmir, M. and B. Ercan, Anodization of titanium
alloys for orthopedic applications. Frontiers of
Chemical Science and Engineering13.1 (2019):
28-45.

Ebrahim, M. R., O. S. Shehata, & Amr H. Abdel
Fatah. "Electrochemical behavior of Al,O;/Al
composite coated Al electrodes through surface
mechanical alloying in alkaline media.” Current
Applied Physics 19. 4 (2019): 388-393
Abouelsayed, A. Ebrahim, M. R., Hassan, S. A,,
& Al-Ashkar, E. "Terahertz acoustic phonon
detection from a compact surface layer of
spherical nanoparticles powder mixture of
aluminum, alumina and multi-walled carbon
nanotube." SpectrochimicaActa Part A:
Molecular and Biomolecular Spectroscopy 185
(2017): 179-187.

O. S. Shehata, Ebrahim, M. R., & Amr H. Abdel
Fatah." Corrosion behavior of aluminum-Fiber
Glass composite fabricated through surface
mechanical alloying in alkaline media" physica
scripta March (2021) 96 (6).

Egypt. J. Chem. 65, No. 9 (2022)


https://www.researchgate.net/publication/350113276_Corrosion_behavior_of_aluminum-Fiber_Glass_composite_fabricated_through_surface_mechanical_alloying_in_alkaline_media
https://www.researchgate.net/publication/350113276_Corrosion_behavior_of_aluminum-Fiber_Glass_composite_fabricated_through_surface_mechanical_alloying_in_alkaline_media
https://www.researchgate.net/publication/350113276_Corrosion_behavior_of_aluminum-Fiber_Glass_composite_fabricated_through_surface_mechanical_alloying_in_alkaline_media

