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1. Introduction

Electrochromic materials are substances that change color
when an electric field is applied. All the inorganic
materials of interest are oxides belonging to transition
elements, so the electrochromic property is highly
dependent on the electronic structure of the materials.
Inorganic electrochromic materials have advantages such
as better stability, lighter weight, and easier production.
Among these, tungsten oxide has high color efficiency,
fast response time, and high chemical and electrochemical
stability.

Various methods exist for depositing tungsten oxide,
such as hydrothermal, sol-gel, thermal evaporation,
sputtering, and electrodeposition. Electrodeposition is
recognized as a suitable method for fabricating
nanostructured materials, providing precise control over
thickness and structure, and is feasible at normal
temperature and pressure, making it a low-cost method.
This research investigates the effects of voltage and time
of the electrodeposition on the electrochromic
performance of tungsten oxide.

2. Experimental

To prepare the electrolyte of WOs electrodeposition, a
solution containing 0.25 M sodium tungstate dihydrate and
0.03 M hydrogen peroxide was mixed with a magnetic
stirrer. The pH of the solution was then adjusted to 0.8 by
adding nitric acid and finally heated to 60 °C to become
homogeneous and clear.

For WOs3 deposition, FTO substrates with a resistance
of 8 Q/cm? were first cleaned in an ultrasonic bath with
ethanol and then placed in the prepared electrolyte under
constant cathodic potential at room temperature. A
potentiostat ACM was used for linear sweep voltammetry
(LSV). According to the LSV results (Figure 1), various
potentials were selected for electrodeposition including

300 and 350 mV for 3 and 5 min, and 400 and 450 mV for
3 min.

The cell used in this study consists of three electrodes;
an FTO glass sheet as the working electrode with
dimensions of 1x1 cm?, a silver/silver chloride electrode
as the reference, and a platinum electrode as the auxiliary.

During deposition, a blue tungsten oxide film formed,
which turned to transparent when the applied voltage was
cut. The deposited films were then immersed in a distilled
water and exposed to ambient air for 24 h at a temperature
range of 21 + 3 °C.

Afterwards, samples were characterized by FESEM,
UV.VIS, cyclic voltammetry (CV), and
chronoamperometry (CA) measurement in 1 M H>SOj4
solution to evaluate the electrochromic performance.

Current Density (mA.cm?)

I L] I I I I
-700 -600 -500 -400 -300 -200 -100 0
Potential (mV vs.Ag/AgCl)

Figure 1. Linear sweep voltammetry of WO3
electrodeposition on fluorine-doped tin oxide substrate.
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3. Results and Discussion

The simplified reaction for the electrochromism of
tungsten oxide is as follows:

WOs (coloriless)+ xM™+ xe” <= M\WO; (blue) (Eq. 1)

The structural study of the electrodeposited layers
showed that the coating was uniformly applied. With
increasing voltage, the density of particles and porosity
increased, causing cracks and splits in the film. Research
has shown that higher voltages have led to more cracks,
which enhance charge exchange and, consequently, the
coloring of layers under applied voltage.

3.1 Investigation of Electrochromic Properties Using
Cyclic Voltammetry

In cyclic voltammetry, as the CV area increases, the
amount of charge exchanged increases and the color
efficiency decreases. The results showed that with an
increase in deposition voltage from -300 mV to -450 mV,
the CV curve area has increased.

3.2 Response Time Examination
Chronoamperometry

The time required for the coloration and bleaching
processes of the formed layers under different deposition
conditions was obtained from chronoamperometric curves.
These curves were plotted by applying voltages of -600
and -1000 mV for 30 s in 1 M sulfuric acid electrolyte. The
best response times were observed for specimens
electrodeposited at the potentials of -300 mV for 3 min and
-450 mV for 3 min.

Using

3.3 Optical and Electrochemical Stability Properties
According to UV-VIS results, with an increase in
deposition potential from -300 mV to -450 mV, the optical
contrast of the layers increased. Additionally, at -450 mV
for 3 min, good stability was observed (Figure 2).
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Figure 2. Cyclic voltammetry results comparing the first
and 100™ cycles for the specimen of tungsten oxide
electrodeposited at -450 mV for 3 min.

4. Conclusion

Electrodeposition technique was used to prepare
electrochromic tungsten oxide coatings on FTO substrates.
Choosing the appropriate voltage and deposition time
significantly affected the quality, transparency, and
electrochromic properties of the electrodeposited film.
Electrochemical and structural investigations showed that
a cathodic voltage of -450 mV for 3 min can result in the
highest color efficiency. Additionally, results indicated
that under this condition, the properties remain stable up to
100 cycles.
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Effect of Voltage and Time of Electrodeposition on the Electrocheromic Charactristics of WO3
Coating

Parisa Kazemizadeh Mostafa Mirjalili Ghasem Barati Darband

Abstract Electrochromic materials change color when placed in an electric field. Among their most important
applications, we can mention electrochromic windows. These windows play an important role in saving energy as well
as controlling the light and thermal conditions of the room. Tungsten oxide as an electrochromic material has attracted
a lot of attention from researchers due to its high color efficiency. We studied the effect of voltage and time on the
electrochromic properties to reach optimal conditions for tungsten oxide deposition using electrochemical deposition
method. Optical and microstructural investigations and cyclic voltammetry were performed and showed that the cathodic
voltage of -450 mV (versus Ag/AgCl reference electrode) and the deposition time of 3 minutes has improved the
electrochromic characteristics of tungsten oxide layers in one molar sulfuric acid electrolyte. The color efficiency for this
layer was 12.16 cm?/C and it has shown good stability up to 100 cycles.

keywords Electrochromic, Electrodeposition, Tungsten oxide, ITO Glass.
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1- Introduction

The different aspect of industrial applications of metal
matrix composites (MMCs) in aerospace, military, and
automotive has been the subject of many studies over the
past two decades. The results have shown that compared
to monolithic alloys, MMCs have many advantages,
including better creep and wear resistance as well as higher
specific strength. This study examines the microstructure
and mechanical properties of nanocomposites of Al-10Zn-
3.5Mg-2.5Cu alloy, tungsten disulfide nanoplates, and
aluminum nano-powders prepared by mechanical mixing
and casting methods.

2- Experimental

The materials used in this research were 99% pure
aluminum powder with an average particle size of 45
micrometers and tungsten disulfide nanoplates with an
average thickness of approximately 50-70 nm and an
average diameter of 25 micrometers. Aluminum powder
and reinforcing slurry were ball milled for 2 hours at a
speed of 250 revolutions per minute using a 10:1 ratio of
pellets to powder. It is important to mention that the
primary particle size of aluminum powder is 45 microns.
Ball milling lasts until tungsten disulfide nanosheets are
uniformly distributed between aluminum powders. The
morphology and size of the powders were examined by
SEM after 2 hours of grinding. Al-10Zn-3.5Mg-2.5Cu
aluminum alloy ingots are cut into small pieces and then
placed in a graphite crucible. The graphite crucible was
placed in an electric resistance furnace. Melting of
aluminum alloy was done by heating it to ~750°C. The
mixture of melt alloy and nano-particles was stirred with a
mechanical stirrer at a rotation speed of 1500 rpm for 10
minutes, then stirring was continued with the help of an
ultrasonic device for 5 minutes so that the nanoplates are
evenly distributed and homogenized in the melt.
Nanocomposite samples with 0.1, 0.3, 0.7 and 1 weight
percentages of tungsten disulfide nanosheets as
reinforcement have been prepared. After the successful
addition of nano-reinforcement particles and uniform
mixing, the composite melt was poured into a permanent

mold prepared according to ASTM B108 standard. Before
the tensile test, T6 heat treatment was applied to the
castings containing 0.7% by weight of tungsten disulfide
nanosheets. Finally, the samples were subjected to T6 heat
treatment including heating to 460°C for 8 hours,
quenching in water (25°C) and aging at 120°C for 24
hours. For structural studies, an optical microscope
equipped with an image processing system (Clemex
Vision Pro. Ver.3.5.025) and a Cam Scan MV2300
scanning electron microscope equipped with an energy
dispersive spectroscopy (EDX) detector were used. The
cut sections were polished and then etched by chlorine
etching solution (2 mL H, 3 mL HCI, 5 mL HNOs3, and 190
mL H0) to reveal the structure. The average grain size of
the samples was measured according to the ASTM: E112
standard. The tensile test was performed at ambient
temperature by a SANTAM 150 tensile machine with a
strain rate of s-10.003. The dimensions of the tensile test
specimens were based on the ASTM-E8-04 standard.
Figure 3 shows the size and configuration of the tensile
specimen. 4 tensile test samples were performed and the
average of these 4 samples was reported.

3- Results and Discussion

The morphology and size of the powders were examined
by SEM after 2 hours of grinding. The initial particle size
of aluminum powder was 45 microns. However, after 2 h
of milling, the particle size of the powders is reduced by
the milling process, which can lead to better dissolution
and less agglomeration during the casting process. In
addition, according to SEM results, the morphology of
aluminum powders changes to flakes after grinding.
Besides, tungsten disulfide nanosheets are uniformly
distributed between aluminum powders. Figure 1 shows
the SEM image and elemental analysis of the initial
prototype sample, contains 75% aluminum powder and
25% tungsten disulfide nanoplates, which have been
pressed after grinding before being added to the melt so
that they can be added to the melt more easily. As seen in
Figure 1, due to the formation of tungsten disulfide sheets
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around the aluminum powder in the first stage of grinding,
a uniform distribution of tungsten disulfide sheets on the
aluminum powder was obtained after the grinding process.
In fact, it is believed that the formation of tungsten
disulfide sheets can be beneficial in reducing the high
tendency of nanoparticles to agglomerate during the
milling process.

MAG: 450x  HV: 2004V WO: 201 mm

W ; i
Figure 1- SEM image and elemental analysis of the initial

prototype sample containing 75% aluminum powder and
25% tungsten disulfide nanoplates.

Figure 2 shows the strength results of nanocomposite
samples. Tensile strength increases with increasing the
weight percentage of tungsten disulfide nanosheets. In
general, by adding tungsten disulfide nanoplates up to
0.7% by weight, the strength of the nanocomposite
increases, but adding more nanoplates will decrease the
strength of the nanocomposite. The optimal amount of
tungsten disulfide nanoplates according to grain size,
mechanical properties, and optical and electronic images
is 0.7% by weight.
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Figure 8- Results of strength properties of
nanocomposites containing tungsten disulfide nanoplates.

4- Conclusions

The present research work shows that the casting method
using mechanical stirrer and ultrasonic waves has been
very effective for improving the mechanical properties of
Al-10Zn-3.5Mg-2.5Cu aluminum base alloy composites
reinforced with tungsten disulfide nanoplates. Ultrasonic
casting helps in uniform distribution of tungsten disulfide
nanosheets in aluminum substrate. Ultrasonic waves, when
propagating in the base alloy melt, break the clusters of
nanoplates, which leads to uniform dispersion of the
nanoplates and hence improved mechanical properties.
However, when the weight percentage of tungsten
disulfide nanosheets reaches more than 0.7% by weight.
Accumulation of tungsten disulfide nanosheets at the grain
boundary causes brittleness, porosity, less surface
bonding, and as a result, a decrease in mechanical
properties. The best mechanical properties were obtained
for the nanocomposite sample containing 0.7% of tungsten
disulfide nanoplates. The mechanical properties of this
sample are 535 MPa after aging treatment, which has
increased by 155% compared to the base sample before
aging treatment.
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The Effect of Adding Tungsten Disulfide Nanoplates on the Microstructure and Mechanical Properties
of Cast Al-10Zn-3.5Mg-2.5Cu Nanocomposite

Mohammad Alipour

Abstract In this research, the effect of adding tungsten disulfide nanosheets on the microstructure and mechanical
properties of Al-10Zn-3.5Mg-2.5Cu aluminum alloy nanocomposite produced by powder metallurgy and casting method
has been investigated. In this research, first, a pre-structure containing tungsten disulfide nanoplates and pure aluminum
powder is made, and then this pre-structure is added to the melt. The presence of dispersed tungsten disulfide nanosheets
with high specific surface area significantly increases the strength of the nanocomposite. Microstructural studies of the
alloy showed that the addition of tungsten disulfide nanosheets reduces the grain size. Further investigations on the tensile
test showed that the addition of nanosheets increased the ultimate tensile strength. T6 heat treatment increases the final
strength of nanocomposite samples. By adding nanoplates above 0.7% by weight, the presence of tungsten disulfide
nanoplate clumps in the grain boundaries is created as a favorable path for crack growth. The nanocomposite containing
0.7% of tungsten disulfide nanoplates shows a tensile strength of 535 Mpa after heat treatment.

Keywords Metal matrix composites (MMCs); Mechanical properties, Microstructures; Powder processing, Ultrasonic
treatment.
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1- Introduction

Red mud is one of most important solid residues in the
Bayer process.Due to its harmful characteristics, many
research works have been done to use other processes for
extraction of high iron grade of the bauxite sample.
Sodium carbonate (Na;COs, soda ash) is one of the
important materials to convert the aluminum oxide of the
bauxite sample to a water-soluble phase such as sodium
aluminate (NaAlO,) using an alkaline roasting process.
The endothermicreaction between Al,O; and Na,COsin
the alkaline roasting process is thermodynamically
feasible at temperatures higher than 800 °C (reaction (1)).
Accordingly, the aims of this research are to study the
phase changes and formation of the sodium aluminate
phase (NaAlO;) via alkaline roasting process of the
bauxite with Na,COs in the milled and heated samples.
The bauxite sample with boehmite mineral has been
prepared from the sources of the Kohgiluyeh and Boyer-
Ahmad province.In this research, the STA analysis has
been done on the crushed bauxite sample andthe bauxite-
Na2COs; mixtures. The phase changes of the as-milled and
heated samples have been studied using XRD (Cu-
radiation) graphsin alkaline roasting
process.Thermodynamics assessments have been also
done using HSC software and the microstructural
evaluationshave been studied by SEM.

2- Experimental

After preparing and crushing the bauxite sample, the
mixtures of Bauxite-Na,CO3 were prepared based on the
reaction (1). Bauxite sample contains 58.15% Al,Ozas the
main phase,while hematite (Fe;O3) and silicon oxide
(Si0») are its major impurities. XRD analysis showed that
boehmite phase is the prevail aluminum mineral in the
bauxite sample. Mechanical milling processes were done
using a planetary ball mill (stainless steel cup and balls)
with a BPR of 40:1 at different milling times (15minutes,

2, and 5 hours). STA analysis was done with heating rate
of 20 °C/min under the air atmosphere. The heating of the
2 h milled mixtures were undertaken at different
temperatures (600-1000 °C) for one hour under air
atmosphere. The leaching process was done for some of
the heated samples using caustic soda solution (NaOH,
0.1M) at 80 °C for one hour, then the solid residues of the
leaching was dried at 70 °C in an oven for 24 hours. The
chemical analysis of the bauxite was undertaken using
XRF and ICP-OES methods, also the iron analysis of the
leached solution was determined usingAAS method.

Al;O3 + Na;CO3 = 2NaAlO; + COy(g) (1)

3- Results and discussion

By increasing milling time to 5 hours (Figure 1), the
relative intensities of the boehmite peaks are decreased and
the peak broadening is observed as a significant effect in
the milled samples. The major peaks of hematite at ~33.5
and 35.8° are also observed after 5 hours milling.
Furthermore, the signs of albite phase (NaAlSizOg) are
observed in the 2 h milled mixture (Figure 1).The
formation of this phase seems to be occurred via reaction

@).
0.5A1,03.H,O + 0.5Na,CO; + 3SiO, = NaAlSi;Og +
0.5CO3(g) + 0.5H20(g) 2

Figure 2 shows the results of TGAgraph of the STA
analysis for bauxite sample and bauxite-Na,CO3z mixtures.
The mass loss of the bauxite sample after heating at 900 °C
is about 13%, and the mass losses for bauxite-Na,CO3
mixtures after heating at 900°Care in the range of 27-30%
(Figure 2). Sodium aluminate (NaAlO>) can be formed via
reaction (3) due to alkaline roasting process after heating
the 2 h milled mixture of bauxite-Na,COs. The theoretical
mass loss for reaction (3) is ~27.5% which is in the range
of mass losses of bauxite-Na,CO3 samples in Figure 2.

*Manuscript received November 9, 2024, Revised December 14, 2024, Accepted March 12, 2025.
1 B.Sc. Graduated, Materials Engineering Department, Faculty of Engineering, Yasouj University, Yasouj, Iran .
2 Corresponding author Associate Professor, Materials Engineering Department, Faculty of Engineering, Yasouj University, Yasouj,

Iran. Email: nsetoudeh@yu.ac.ir

3Assistant Professor, Materials Engineering Department, Faculty of Engineering, Yasouj University, Yasouj, Iran



https://jmme.um.ac.ir/article_46473.html?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://jmme.um.ac.ir/
https://doi.org/10.22067/jmme.2025.90200.1166
mailto:nsetoudeh@yu.ac.ir
https://orcid.org/0000-0003-0138-2533

Omid Nouri Kohani, Nader Setoudeh, Raziye Hayati

30

A|203.H20+N32CO3:2NaA|02+C02(g)+H20(g) (3)

Figure 3 shows the XRD patterns of the 2 h milled
mixtures after heating at different temperature. The major
sings of boehmite phase have been disappeared after
heating at 600 °C whilst the sings of new phases such as
NaAlO, and NaAlSiO, have been detected by increasing
the temperature. Figure 4 shows the XRD patterns of the 2
h milled bauxite-Na,COs; mixture, the heated mixture at
900 °C, and the XRD pattern of the solid residues after
leaching with caustic soda solution (NaOH, 0.1M). The
major peaks of NaAlO; phase at ~21, 34.6 and 35° have
been disappeared in the solid residues after leaching with
caustic soda. The absence of this phase in the XRD
patterns confirms the solubility of NaAlO, phase after
leaching in the caustic soda solution.

# Boehmite A Fe203 S5i02 ©ONa2CO03 +Albite mAI203 4 CaCO3
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Figure 1: XRD patterns of the as-milled bauxite-Na.COs3
mixtures.
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Figure 2: TGA graph curves for bauxite and bauxite-
Na2COs mixtures.

® Bochmite 2 Fe203 ~Na2CO3 +Albite ®AI203 o NaAlSiO4 + NaAlO2

T=1000°C | |
N W ——

P W —

Intensity (a.u)

0O 0 0O G BODEBBMD
- ] L = nm EmEs = m
U - W
A‘ A
""I"L_ AL & A paa
10 15 20 25 30 35 40 45 S50 55 60 65 70 75 80

T=600°C | & AA A A A 4 A

20 (degree)

Figure 3: XRD patterns of 2 h milled mixtures of
bauxite-Na.COz after heating in the air atmosphere
for one hour.
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Figure 4: XRD patterns of the 2 h milled bauxite-
Na2COs mixture, heated mixture at 900 °C, and the
solid residues of the leaching.
4- Conclusions

The mass loss of the bauxite samples based on the TGA
results was about 13% which could be due to the
dehydration reaction (calcination) of the boehmite mineral
at temperature of ~538 °C. The mass losses for bauxite-
Na,CO3 mixtures due to alkaline roasting reactions were
in the range of 27-30%. The phase changes of the milled
samples, heated samples and the solid residues after
leaching process have been studied by XRD graphs and
SEM micrographs in this research. The signs of the albite
phase were also observed in the mechanically milled
samples, moreover,the signs of NaAlO, and NaAlISiO,
phases were detected in the heated samples of the alkaline
roasting process at 900 °C.However, the traces of the
NaAlOzphase were not observed in the solid residuals of
the leaching process. The results of this work indicated that
it is possible to convert the aluminum oxide of the bauxite
sample to a soluble phase (i.e., NaAlO,) using an alkaline
roasting process with addition of Na,COs as an alkaline
phase. The iron oxides (iron compounds) of the bauxite
sample are not dissolved in the caustic solution after
leaching the solid residues of an alkaline roasting of
bauxite with Na,COs.
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Study the Phase Changes and Formation conditions of the sodium aluminate phase in the Alkaline
Roasting Process of the Bauxite under Mechanical Milling and Heating Conditions

Omid Nouri Kohani Nader Setoudeh Raziye Hayati

AbstractMechanical milling for mixtures of Bauxite-Na,COs were done at different times (15 minutes, 2 and 5 h). STA
analysis was undertaken with heating rate of 20 °C/min up to 900 °C under air atmosphere. Themass loss of bauxite was
~%13 and for bauxite-Na.COs; mixtures was in the range of 27-30%. The isothermal heating was done at different
temperatures for one hour under air atmosphere. To dissolve the sodium aluminate, leaching of the heated samples at
900 °C was undertaken at temperature of 80 °C for one hour with caustic soda solution (NaOH, 0.1M). The signs of the
albite, boehmite and hematite were observed in XRD patterns of the milled samples, however, sodium aluminate and
sodium aluminum silicate phases were detected in the heated samples. With increasing temperature and/or amount of
sodium carbonate, the signs of the sodium aluminate were the prevailed phase in the products of the heated sample.
Albite and hematite phases were detected in the solid residues of the leaching. The phase changes were studied in the
microstructures of the samples after heating and leaching.

KeywordsAlkaline roasting, Aluminum oxide, Boehmite, Mechanical milling, Sodium aluminate.
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1- Introduction

Aluminum alloys are widely recognized for their
exceptional properties, including high strength-to-weight
ratio, good corrosion resistance, workability, recyclability,
and  versatile  manufacturing  methods.  These
characteristics make them ideal for structural applications
in aerospace, transportation, and marine industries.
Alloying elements play a crucial role in the corrosion
behavior of aluminum alloys. For instance, magnesium
enhances the protective oxide film, improving corrosion
resistance, as seen in the 5000 series alloys. In contrast,
elements like copper can degrade these protective
properties. The 7075 aluminum alloy, containing 1.2—2%
copper, exhibits outstanding mechanical properties but
poor corrosion resistance. To address this, various surface
engineering techniques, including anodizing, polymer
coatings, sol-gel coatings, and plasma electrolytic
oxidation (PEO), have been employed.

Plasma electrolytic oxidation, also known as micro-arc
oxidation (MAO), is an environmentally friendly and cost-
effective surface modification technique that forms a
ceramic oxide layer on aluminum, magnesium, and
titanium alloys. This process, which resembles anodizing
but operates at higher voltages with plasma discharges,
significantly enhances surface characteristics, including
hardness, wear resistance, and corrosion resistance. The
performance of PEO coatings is influenced by several
parameters, including substrate composition, electrolyte
composition, and electrical parameters. Among these,
electrolyte composition is the most critical, affecting
discharge characteristics, coating morphology, and
corrosion resistance. Commonly used electrolytes contain
silicates, phosphates, or aluminates, which facilitate the

formation of PEO coatings. This study investigates the
effect of electrolyte composition and concentration on the
microstructure and corrosion behavior of PEO coatings on
7075 aluminum alloy, addressing the lack of
comprehensive research in this area.

2- Materials and Methods

7075 aluminum alloy samples (5x20x20 mm) were
prepared by grinding, degreasing, and ultrasonic cleaning.
PEO coatings were applied using a unipolar pulsed current
with a constant current density of 35 A/dm?, frequency of
1000 Hz, duty cycle of 50%, and duration of 5 minutes.
Four different electrolytes were used, as detailed in Table
1. The process employed a stainless steel cathode and an
electrolyte circulation system to regulate temperature and
maintain homogeneity. Coating microstructure and
elemental composition were analyzed using scanning
electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS). Porosity and micropore size were
calculated using ImageJ software, while coating thickness
was measured using an eddy current thickness gauge.
Corrosion  resistance  was  evaluated  through
electrochemical impedance spectroscopy (EIS) in a 3.5%
NaCl solution.

3- Results and Discussion
The thickness and microstructure of the PEO coatings

were significantly influenced by the electrolyte
composition and concentration. Silicate-based electrolytes
resulted in thicker coatings compared to phosphate-based
ones, attributed to the higher conductivity of silicate
electrolytes, which accelerates oxide layer formation. The
addition of phosphate to silicate electrolytes reduced
porosity, as observed in the S5P5 coating. The SEM
micrographs revealed a typical porous morphology with
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micro-discharge channels, resulting from localized plasma
discharges in the PEO treatment. EDS analysis confirmed
the incorporation of silicon from the silicate electrolyte
into the S10 coating, particularly in the nodular regions,
whereas the S5P5 coating showed a reduced presence of
silicon. Cross-sectional SEM micrographs of the S5P5
coating demonstrated strong adhesion between the coating
and substrate, with no cracks or discontinuities at the
coating-substrate interface .EIS results after 24 hours of
immersion in 3.5% NaCl solution indicated that the outer
porous layer of the coatings provided minimal corrosion
resistance, as the corrosive medium penetrated the pores.
The inner dense layer was the primary contributor to
corrosion resistance. The S5P5 coating exhibited the
highest corrosion resistance among the tested samples,
followed by the S10, S5, and P5 coatings. This superior
performance of the S5P5 coating can be attributed to its
lower porosity and more compact structure, which
hindered the penetration of corrosive agents. While thicker
coatings, such as S10, generally provide better corrosion
resistance by delaying the penetration of corrosive media,
excessive porosity can undermine this benefit by creating
pathways for aggressive ions. These findings highlight the
trade-off between coating thickness and porosity in
determining corrosion resistance .

Table 1. Electrolytes composition

Sample | NazSiOs (g/l) | (NaPOgs)s (g/l) | KOH (g/l)
S5 5 0 2
P5 0 5 2
S10 10 0 2
S5P5 5 5 2

4- Conclusion

This study demonstrated that electrolyte composition and
concentration significantly influence the structure and
corrosion resistance of PEO coatings on 7075 aluminum
alloy. Higher electrolyte concentrations and silicate
content increased coating thickness, while phosphate
additives reduced porosity. The S5P5 coating, with
balanced thickness and low porosity, exhibited the best
corrosion resistance, followed by the S10, S5, and P5
coatings. These results underscore the importance of
optimizing electrolyte composition to achieve PEO
coatings with enhanced corrosion resistance.
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The Effect of Electrolyte on the Microstructure and Corrosion Properties of Plasma Electrolytic
Oxidation Coating on AA7075

Erfan Pirhadi Nouri Saeed Reza Allahkaram Mehrnaz Gharagozlou

Abstract Plasma electrolytic oxidation (PEO) is an effective method to improve the corrosion resistance of 7075
aluminum alloy. Electrolyte plays a crucial role in determining the properties of the final coating. In this research, the
effect of electrolyte on plasma electrolytic oxidation (PEO) coatings formed on AA7075 alloy in silicate, phosphate, and
silicate-phosphate electrolytes was investigated. The thickness of the coatings was measured by an Eddy-current thickness
gauge. It was found that increasing the concentration of silicate increases the growth rate of the coating. Increasing the
silicate concentration from 5 to 10 g/L led to a coating thickness increase from 7 to 14.5 um. The microstructure and
constituent elements of the coatings were examined by SEM equipped with an EDS detector. The presence of sodium
phosphate in the electrolyte slows the coating's growth rate and reduces its porosity by 10.6 percent. The corrosion
resistance of coatings was evaluated in 3.5% NaCl solution by EIS test. It was found that |Z| is 89% higher for the silicate-
phosphate coating than the silicate coating. Silicate-phosphate electrolyte showed the best corrosion resistance behavior
due to its lower porosity.

Keywords AA7075, Plasma Electrolytic Oxidation, Corrosion.

IEIAL 2 70740 SINTICIRY ol s VPO Wlie il el
Ol oSl b OB USEils ¢ slge 5 (g5 lte pwlige 2 dSCNs Al b )8 eeiils())
Email: akaram@ut.ac.ir Oy ol b OSSN ol e 5 (g5 lte owbige 0SSN sl 1 st St 55 (V)

.3\3) aL{«.A/'" }5-_; 6)}L5)JL} b};)w.><‘~)

o)


https://jmme.um.ac.ir/article_46590.html?lang=fa
https://jmme.um.ac.ir/article_43270.html?lang=en
https://doi.org/10.22067/jmme.2025.89503.1153
https://orcid.org/0000-0002-8249-677X

...&Jjﬁ(j/&ﬂ/w/wuﬁ;.U_;;iup{}%_;)ﬁ:i[wﬁ)ﬁ k.::J_}j:g/j:j[;

oy

Sk 3500 ol |y 05 mha (655 b8 g4 0o
S sl b Koplil s 93506 oy, o
Ly adssd ooy YU glasly ol e s 2s) 0l 02
PEO iy &5 Coulosls Ol (ool Colides das o oo
S St wr g LB e dex 5l ool S15 bl
S5 Twslie 5 ol Cuglis g oUIS s 5w
b ks 4 iy ol 2l s G AL e Lls
¥ s 8 e Jold el ool sl e J S bl
350 S Sl sane 5 0L DI ey S s
oS5 [6-9] a5 1 anllles 5550 ghos 2S5k a8
553Uy wadss Slasie 5 IS il o tege oy S
ozl by oolrle la S5s et )3 5 oSS 0L >
5o oSS by Seld i g 5 S o1l
S 5 J10,11] ool e |25 [2b So, s 4 Cuaslie
S Sl GBI PEO il p o eslinal sy 50 s i1 4l
L bolisd Lol Wi 0 8 S S 5 LS 5508
o3l gl 0 YU OlS el el LS5 il el ST
RAemble 5 das o 1) Soad i gladls 4 SWs Od,
Lzed PEO Julp by iy 1S5 gl bieds S
e Olind lale 36 [13] OLKas 5 sl cl [12]
O 5l e Slis clle Ll s S ) o SN s
Al el s S Bl B s A e S
5 o3l Jals dadd > ol 5 oIl Eals (el
Srle oS 5 (Sopms bl 5 Sl i S sl
o Caglie ax g BB R cor e Sl 5 S S
Sy el Al A g gl s s sy (S
o311 il el 1) e S ) Sl i Slis clle
laad > ud 5 o3lll ill Cle 6 Sl a5 S sldas
S Sa plp s Gl alS G e Sl 2 a5 A
|, AM50 o 5 SUT Loass b [12] 5K 5 el
2 oSl 5 Sl Sk slaady S s
Sl Jidg oS Ad asie Aol Gid e 0L Ll s
Blg o S ol Soypt a Coslis pxin bl

ﬁﬁcﬁl%@w;)‘bbtﬂfﬁﬂwéw

4o s

15 o 0T ahe 5168 W15 o hlas ol gt a1 sla 3T
vl b (S35 55 a0 e slie Vb 035 4 oot v 4
ORLS Mg e, sms 5 Sobsb bl (g 08
S eks S35 ol gt adauly ap 3UT cpl 1] 55 o Ll
Jom Lailsn mbio s bassle s eslinal (sl a5 o e
@b Dde rames 5 Lledd fdS olos e s 1B
Lol oo (ool b Oladad alar 51 pwdige slacsle 53 a5
3,558 0y sk 5o aleglsn aul s a5 L0 50 o eolina
Lma (o yme 55 Sod Ol 5 ey des DL sk s 4
Ll (S35 55 4 s i S o 1 E b ol sl
ST S ol 53 ege G2 3T olie [2] 55
kit Dadlos oot o il jolis 51 Al e o
et S e Sy 58 b sl slad ST S L S|
Sl Soosm a5 Caslie 0 (g U s
Wile ol ol s (g 5l dins o OLES 355 5l s
SWT 58wl ot | il sla S cnl s
355 b el s o3 Y B V/Y (g5l a5 VEVO w}ﬂ
a Coglie bl das o alyl (g o SO ol oSl
Cooglin Gaal53l (sl [3] das o OLiS 395 31 ds S,
il gla b, ST pl b ol 35 5 S, o
G laig, Wl e dige 5 a3 iy
(lon implantation) S5 <25 (e gl i
oot Sl s, (it Sla s S e sla i
Lo sw, (CVD) (Chemical vapor deposition) L=
«(PVD) (Physical vapor deposition) b S5
K T «(Cold spray deposition) > ,w (g el SlLiS ur s

[4,5] cl sd 03 5 S & Sl = (S el 5
Plasma electrolytic ) LS oy I O senld S
3 35 Ol denS| oL & ioean 4S (PEO) (oxidation
Lol )b S5 e alis 55 (MAO) (Micro arc oxidation)
boe Jldiss 5 4o 4 Oy ke Ll L mhu SOl
S35 2 Sl G AenSt Y olml 4 e S Sl S
S gg{uswﬂ}w@ (s e &u;wéﬂ.ﬂ

VPP o dplad o ik o o Lo

){}"’J ‘5/'—)}/[:" kg “‘;’j“:’



oY

ST Slge —p S S pbena ~5 50 (308 O 2

Loy s NaCl 35 Aoy Y/0 Jdos 3 a0 eyl oles
A el AMETEK 5,5 3l Solartron 1260 NEC
f o Sy ke V0 e aels Jlesl b il el s
Voo B sagke Ve S8 s 3 Sl e il
)\J;élfj' S lesls Jow g culg s S ¢L>.u'\ Fasls

A eslail ZView

s S e3linal 550 ST gLt OS5 ) Jsis

Ti Mn Cr Si Fe Mg Zn Cu Al

0 | Y [y | oA | e | yer | sy | voeo | Base

ol oslaiul 6@\_«\.&})&,@. g_,.:SJJ Y dﬁ.,\>

Na2SiOs (g/l) | (NaPOs)s (g/l) | KOH (g/l) | «5e5 &S
o ' \ S5
o v P5
b ' \ S10
o o \ S5P5

o gl

S, pratabis odKaws g 4 b iy Calbis
solal ol s 518 (0 s cd eds (S5l
Sha b glags S G- s uss Sl oS e
sdalie (+ 55 1, SBP5 5 S10 (sla iy mlaww (5550550
Jolss do s 5 Slie s (o Sle o5l izan S
BLI G 55 b 5 48 dlns SEM slas ol 5 2y
Sl iy a3l 5 EDS (g aie U bl ol o

ol sl &1 (v 5 (v 43 5 5 4 S5P5 5 S10

slane slacd s S )3 PEO sba i g slacubs ¥ Jsis

um) culbs 4 gel XS
V£ VA S5
LZARE =RV P5
VO £ Y)Y S10
\AVAE=RVis S5P5

Al
s S G o st 53 IS Slalllas Ok 4 4 5 U
S 2 el a5 LpldeSt glatly
AU op Sa b Sl e VoVD e T ST
S s s sl oSl sy s chle
Ll 5 b VeV0 e JTSUT (65, Jools gla it

A2 S

G5 9y 930 s
sk TOxYox slad L VYO e JT ST 51 G ) s
Lol sl ¥ Olpe 4 (Bl plend S5 L
o3lis JES L (g 3lwoslel 31 Lo gad . eslinal a5 il g
52 Sl A ol Loy V00 bk Ul )8
5 LS osls gt e DT L 5ol o135 oz Ol
Sheslimal b as fdy dul g las S 8 clpe o
Sl TO b Sl o Ll S S5 ol
Oode ds Lo ;300 (650,95 55 Ve ijlsjé‘@fjuwa
K3 5Y g i 4 B S 51l b cpl 3 A el 4235 0
555 8 leane oK T Y 5 5 A eslinad Yo¥ 03
OS5 eslizad Sgline oy iSO Slex Sl sy ol
I L] e P ARG PN WA RS WA QRSP E G PN
Gy S 3101 03,5 e a5 s S0l (glos il oS5
A eslizal SOl Jde Oy s S saias JUasl
S Sr b s Sy e gt ST bl
& see Hitachi oS 3 5l S4160 Jue ius, g,
Ao dpalms A ey SOl S S5 Pl ek
Image J il 5 5l eslanal b by Ol ks 5 s
La i 0 Caalieds (6,803l siie & pimean .28 S ) 50
CS i Jpame GTSB202 3,5 (ol mwiulbis
bog b idy So,st 4 Cwslie s eslatsl GuoOu
ol s ol abewds S pildal  amiacil O 505
Saiged Jold (25 a8l sl s SN o SO 51 sk
T e\ [RE G Y (PP NE SR
s oslizal A/ABCL wr 1o 355801 5 (S 35,50 Ol

lse s syl pulige &

VFeF oK aplat o it o oo Sl



...L’.:”ijﬁ/‘)ﬁ/w/uf_iﬁLﬁajjsu;[}sjjbbﬂjj ‘_”.:Jjj:{//ﬁ“'b“

o¥

SBP5 () 5 () S10 (L) 5 () f s S0 55 o iy s (6305855 ) IS

S5P5 , S10 sla ds C)l;&;—)aﬁa.:j..bm}L}ﬁJﬁdJapjé 5&'##"&9 ¥ Joa-

(ﬂ}&)&‘,&})]a;ab‘;v\;u J%M)) (ﬂ}ﬁ:ﬁ)&‘,ﬂ?#ﬁgﬂ 4."}“-’\5
YV = Y/8Y \RVAS \/7 S10
\/4% — ¥/¥0 v /A Y08 S5P5
"
o o 302
2700 Al 69.6
Si 0
225
P 0.2
180)
135
90|
P
% Si si P
BAU 13 26 39 52 6.5 78 B 47“9-:1‘ — 104‘ — Al’l]“ 71‘3‘0

Element Weight %

o 19.9:
Al 65.9
Si 14.7
P 0.2
. 1 DU e satth et . -
39 52 6.5 78 91 104 1n7 130

o) e 55 Y abis IEDS GJUT (L)) <l 51 EDS 5JUT (il

”"Ff& A‘Jwiaf_.ﬁjwd[.w

Sy s s, e bge L



00

ST Slge —p S S pbena ~5 50 (308 O 2

340
s
4 [ tloment | woight% |
272
(o} 26.9
G Al 724
204 Si 0
170 P 0.7
136
102
68 o
P
M 5P
... ddk. btk ceasbilins cnntts b 2 : 3
80 13 26 39 5. 65 78 91 104 17 130
Al
224)
Element Weight %
19
(o] 17.8
168)
Al 81.4
140 si 0
112 P 0.8
84|
56|
P o
28] p
i Si
G SR S— -
B0 13 26 39 52 65 78 91 104 117 130

o) UK Y ki 51 EDS U1 (0) ) alais I EDS SIUT () ¥ s

LS\AJU:J B L5\°J§ LSLGA)U}L.A Lv c‘ﬂ Q‘J&jjgﬁ.a Lssli) sl
bﬁ&oMWﬁu&&ﬁ )‘SEM]L}L&J)J«SCAM‘
Olen é\j 3 L”Wﬁ ckw S s i [14,15]
Rl Gk ) ol e JT S s Ll s sladUls
Lw)&,gél.h&gfM)&Wﬁc]awwM}objsd\)jﬁudb\S
LS G b 3l e e T i g5 o i T o p3 sl
o s e s S S e b S
W™ S L @ cg;ﬁ.bj’lﬁ\ b U\Jw W}ﬂ J))}J..v
OV A VRPN P K AR PL e W}ﬂ LS|
e bais Ol i alas 1y Ol bl s (6 mne JUTL las
a3 810 i gy S35 ol 0l asetis 051 5 i
AT 4 g b asde ey oS Gl Shs Sl ol
ébuw16¢m\nmumw(u—')f\fd\)l6f&&
oSl skasolis Cadta ETLIS - O p—v-k- o ol
M.w‘&iﬁ%j)>@jfﬁ\)bbﬁyduoﬁ
)JC##‘Q.L&WU%J}JJQ‘MMQ%)\QL;}J‘
ol olaws bl s Ol alS 4 a5 LSEPS iy
e 3 Llasl rals Cud 4 b5 Lol s b S
425 PEO 3 ol LS5 sl 3 4S5 S blanal 0,801 015 e
ol s S g 5 Y 5 O geeldenST S e s
AT das o OLES 1, S5P5 ik gy whade edane  goss (1

5SS 8 2 g U slllenn mlS & sk
5 olen, ubis ey BB b ey S clale
Lol il (Sap 4 cuslie Colg 03 5 idp oS5
55 it Olge P55 S5 iig g Cabis alis
S S5 i S S SN s gy A s
il g3 5e Gl 4 50 [12] DL 5 el el Sland
Gl iy Culhd aglis b izmes § a0 g0 (pl L les S
DS 55 810 5 2SI o g LG 55 S5P5 5 S10
Jes Yoz g2 58 e el SBPE & el (6 2l
s S e 3 b 5l AEl e S10 ik gy iy Sl
el S5 s S 53 5l 2 S5P5 S10 ks 55
Chle Ll 0L gl Bl 5o oS 550 e edalla
Aol dal (R Cald 15 e 5 S
ke il s s S bl il e 4 Yz
e s 5 Sl Sl LI L st e ey S
Cs eSS WY LSS s O bl 2l
T3] b o 2l 531 b iy 5 5 5 038 ade il UDl
S s S s il SBP5 4 S10 (slaid s 3550
oS st 28 Caaliess 3475 L SBPE iy Ll
Sl 5y S Slaesd 035550 5415 S10 4 i 5
sl o s i s Rals el Y| ol
Jels Jidsce Slsle PEO slaids 5ok amsiae

Mg s syl nlige 4

VFeF oK aplat o it o oo Sl



...&Jjjﬁ/dﬁ/w/wfwﬁﬁjsjff{/pljjlrsl.«jjj oo SISt

of

5 S eS| Y Tyl e S5l 5l 4 o 5
2 W W, s gl B Loy RL e by
g Jlekl b Shs e ol ol slal
O3 Slheslanal glr 4 O 0o Jodss 5 PEO gla iy

35 g0 o3kl (CPE) ol 56 e 5l

PEO Coating

Substrate

SBP5 =l iUl 5 by, 3l ke e I SEM  pom ¥ IS

2000
e
1500
5 1000 H
S
R 2 Sies
v sio
Ps
(——Fitted 5
’ ——— Fitted S5P5
0 Fitted 10
Fitted PS
T T T
0 500 1000 1500 2000
Z' (Q.cm?)
e S5 -
-804 L ssps -
v s10
ps
-60 Fitted S5 a
Fitted S5PS A\
—— Fitted S10 A
Fitted PS >
— 40 Y
)
fry
2
=
o 204
=
04
204
v
40 T T .

10 10°

T
10°

T T
10° 10! 10

Frequency (Hz)

2" (Q.em?)

O 2 glal (ol g 23500 da OF (51 15 6 205 S
ol N5 s o M S S B A
b 03> e B s b (Sl 6 S S sl S
laidy 3ok glacase 5 (S 8 e edalin S s
o S ol el Y5 4 el el 5 53 JLasl PEO
555 3l Gidg 0l &S ol PEO aul b 515 cuale Ws
3,8 ol Y
EIS 0se3l 5 bty (Soos S, w)n Cr
ool i ) sdal s Sla s S eslind
Jsloee 55 osab o ol VY Sl o bt el sl s S
Ssbien el sad €0 (v s NaCl sy dwss YAO
e 50T Gl ooy 5 gy (S350 k5 (s3loans
Gl 5 L el (v s edd sls OLE Jslee
el ol 1S (s e goie cnl 531 5l el ol S
535S ey s S Can sl RS 0l 031005 Jsles le s
Rin « > b Jodswe 4¥ o lie ROUL Lol 45505 =
4 Cin 5 Cout ol 5L ,ole (A3l oS1 e oY culis

20000
15000
Fitted S5
Fitted S5P5)
Fitted S10
10000 Fitted PS
5000 -
04
-5000
-10000 r T T T T
0 5000 10000 15000 20000 25000 30000
7' (Q.cm?)
106
<
=
10° 4
Fitted S10
Fitted PS5
<« 10* 4
£
S
=}
N 0 4
10% A
10! T T T T T T il
107 10" 10° 10! 10 10° 10* 10°

Frequency (Hz)

Jolee (SN e (0 NACH s 53 ¥/ Jsles 55 (g5 sab 58 ol Y 51 o 56— la o (0 5 (0 Cnd sSGU sla i (5 (D) 0 JSCs

VPP o dplad o ik o o Lo

Sy s s, e kgl L



ov

ST Slge —p S S pbena ~5 50 (308 O 2

glate glac s SN s a2l g gl oeildal gla poeie 5l el glAsl lbeesls 0 Jad=

P5 S10 S5P5 S5 4 go5
V/YAXV 28 VA O/+A Yo/vY Rs (Q.cm?)
APAVS Sl ERVAR Sl B V/N PRI I 70 S i Cout-T (Q1.8".cm?)
VA < /OA < /0F /00 Cout-P
704 YAV /YT XVans Rout (Q.cm?)
AVALSS IO I RN PP Il BA VNP A R B 7k $¥0 g Cin-T (Q1.S".cm?)
Vil C/AY AN </A¥ Cin-P
TVa0 YOAQ¥ YOV AYA Rin (Q.cm?)
Nna% 140N4 Y 0A YV¥YS RL (Q.cm?)
VAT TFFVA VAsvE 0FVY4 L (H.cm?)
SV T LB T | AVEY T | Y vy T Chi-Sqr

Cout-T ,slis & ax g L [20] &S o oS |y Sssl5
S Sl 2 S S L Dol 65 slie (o S
L 48 Coel ool sy S5P5 5 PS5 Slivs la iy gl
s b ommean ol i3 53 S5P5 5 SEM L
¥ mio sl 5 6« Olg e Cin-P 5 Cout-P slis
CPE- e ax 8 55 (o (M5 oS 2 Y & S 20>
5 el iy kST Y e (655 5 S WSl STP
3,05 (6 i dols Jlo) o3l )
SOl s S 4 Seslie alie ¢y
il 3 sl ol Slo S 5 (2] S
sdalie Ol o (v 5o 5=y o ged sdalin b [14] 58
g 4 bl Syt 4 Cuslie S 58
A8 S5P5 & 4ol 6 1 |Z] cpimman 3L e S5P5>S10>S5>P5
Culnd @ ar g by i S10 sl 4 ol Ao
ol by iy Cabis (Ll clS Ol5 e bty
Slgtin S b w osie S s Ses spe
Ll f 5 Len Spslie oyt sl 358 2l p 3 Jesis
I e b 2 SSU slaid g 4 i ) (S
Ui Cubis L Jes 3 PEO sla iy 3550 55 Ll
S Sl US|y Sonet Cwslie S s
[14] Len oS a5 S 5 5 dilae L adss ladlls
LU b o pd o Jaid iy S R Sb
Ok s Gl e S5 s b Gl Bl adss

35 e o balin badsed (5 5abse (VL 0L & x5 L
035 358 judy S5 5 5L Ble 4 el) 5 Jylows oS
ay w5l b ol e gaY 56 e 5 o
b sl omb ROUL Slaie 51015 o0 1 ¢ 5b 50 cpl .ol
5o [16] Oen 5 Jav b oluy opl 58 plicl laisal
(ol Gl 45 3 S sdalie 55 0T .ol ot 3158
0555 JolS Lsb S oy oty 5 S ST Ul
b8 Soom aY ald Olan 518 00 358 Joym Y e
oA ol pesdle L S8 s Rl s
S S0 e 53 e olie b Lol Sl
o 85 5 V5 maw Lol Jolme el ol
[17] ol 635 i s ad o
ol i sl gl s Rout s Rin slie o anlis b
Q_V@ijlﬁﬁujw&ﬁﬁéw\wcj@}
Sty & Wkiin s 35 o il s oS
boanelie 55 (S CPE-T Lslie Glls ST 2 5 0303
Slie ol by [18,19] it o gome 5 oidsite (gla bl
AL iy 53 Jesw e sdas0lil Ll e CPE-T
5 VL Rl e slme o LB 2l Ry ol 4 e
Gl ykie K 5 yio e CPE-P lis .oowl 2i CPE-T
Ao b ol CPEP uS loe Caglie S Olge & e S
S CPE-P &S Jae Lalls O3l Olsie 4 S) 5 55 dal
oldeel Sl /0 lade &S Il g osd e a3 S kS s

lse s syl pulige &

]F'F‘gﬁnijw;ﬂijﬂ»



...L{QJJJLG/JM/M/J.U_}?[_;JJ_});UJ{}}J)L&LWJEJJ.J g.l:Jjj‘.'g/jjU

OA

4l o5l

sletly 25 xS O gl S|

Plasma electrolytic oxidation
Eddy current oL sl
lon implantation ERRGIN-LY
oo sl

S gl Gl s
Db Susd S

3y el GG gy

Sol-gel coatings
Chemical vapor deposition
Physical vapor deposition

Cold spray deposition

Anodizing Ko plul
Thermal spray ol G
Micro arc oxidation oo 9,58 O gl AS]
Micropores Oy 5 e
Ultrasonic S gl I

00 B SR S
Scanning electron microscopy
oS 5y 5P Pl i
Energy-dispersive X-ray spectroscopy
Electrochemical impedance spectroscopy

Nodular and crater structures  glalas 5 slo S (sla bl

Plasma discharge Loy 4l
Nyquist plot S 3L s
Bode phase plot BILoRgEC

Warburg impedance S sy sl

§L“‘}J-i-)‘i;

S S Ol g o a5 [21] ol 5L 5550 S iy
Sl 5 oo 36 5 i g Calbs 0 o B S
gy bl 53 315 5 5m s OF (S50 4 anglie (595 i
o Zaglie S s e 4 2SSl s s L SSPS
S s 55 15 0L S10 s & o (5 e Soost
o5 Slaely Al S s Sl ails (g mS b
S 55 gm0 Fdew aY 5 5 i 4 Ol 3 ey g2t J lous
Soaslie sl b oo gy il (S50 4 aslie 31 sl
P5 4S5 sla iis LSEP5 5810 sla iy S3, a
G Gy g Cwlbs eyl g s S8l Ol

ol 0 ;.})}?- ‘UC,\A}LS.A J:%‘Jﬁ‘

& S dom
AATOT5 3UT 5, PEO sla by jls, s oS0l 256
e 03 e b Sy S Chle 5 LSSl s
S o Ll OF (S5 4 Saslin (ot w0 2y ol
OAd Sd oo pe S Bl LI S sk e
23 e Sl Sl A dalie fpiomens S a S
by s S Ay e LI el oy Sl
Gy A S (§ S S SEPS Sl ol
03 Ui Ly S Jbm opl bocls S10 51 fols
3 o EIS el bl @ a5 b 3 S SBPS o5 sl
Li aseia NaCl do s VIO J ks 3 (55 54b s sl VY
Ol 5 Sl meslie Lo iy ol s oY S
S Ceslis sdiS el 5D (oS Y g s o
@ bad ges ;;)y«{ujuﬂsalsom@u.w\ e
a3 e 0L asl opl 3L e S5P5>S10>S55P5 & ) s
B e - T S e

Syls g L}f;)jﬁ-«{@j&a

ey

[1] M. A. Wahid, A. N. Siddiquee, and Z. A. Khan, “Aluminum alloys in marine construction: characteristics,

application, and problems from a fabrication viewpoint,” Marine Systems & Ocean Technology, vol. 15, no. 1, pp.

70-80, 2020. https://doi.org/10.1007/s40868-019-00069-w

[2] T.Dursun, and C. Soutis, “Recent developments in advanced aircraft aluminium alloys,” Materials & Design (1980-

2015), vol. 56, pp. 862-871, 2014. https://doi.org/10.1016/j.matdes.2013.12.002

VPP o dplad o ik o o Lo

Sse s sl pedige &


https://doi.org/10.1007/s40868-019-00069-w
https://doi.org/10.1007/s40868-019-00069-w
https://doi.org/10.1007/s40868-019-00069-w
https://doi.org/10.1007/s40868-019-00069-w
https://doi.org/10.1016/j.matdes.2013.12.002
https://doi.org/10.1016/j.matdes.2013.12.002
https://doi.org/10.1016/j.matdes.2013.12.002

o}

(3]

[4]

[5]

(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

C. Vargel, Corrosion of Aluminium, Amsterdam: Elsevier, 2004. https://doi.org/10.1016/B978-0-08-044495-
6.X5000-9

K. M. Lee, Y. G. Ko, and D. H. Shin, “Incorporation of multi-walled carbon nanotubes into the oxide layer on a
7075 Al alloy coated by plasma electrolytic oxidation: Coating structure and corrosion properties,” Current Applied
Physics, vol. 11, no. 4, pp. S55-S59, 2011. https://doi.org/10.1016/j.cap.2011.07.009

W. Liu, J. Yang, Y. Qiu, Y. Liu, and K. Deng, “Titanium carbide’s effects on coatings formed on D16T aluminum
alloy by plasma electrolytic oxidation,” Anti-Corrosion Methods and Materials, vol. 67, no. 1, pp. 48-58, 2020.
https://doi.org/10.1108/ACMM-06-2019-2149

X. Lu, M. Mohedano, C. Blawert, E. Matykina, R. Arrabal, K. U. Kainer, and M. L. Zheludkevich, “Plasma
electrolytic oxidation coatings with particle additions — A review,” Surface and Coatings Technology, vol. 307, pp.
1165-1182, 2016. https://doi.org/10.1016/j.surfcoat.2016.08.055

M. Aliofkhazraei, D. D. Macdonald, E. Matykina, E. V. Parfenov, V. S. Egorkin, J. A. Curran, S. C. Troughton, S.
L. Sinebryukhov, S. V. Gnedenkov, T. Lampke, F. Simchen, and H. F. Nabavi, “Review of plasma electrolytic
oxidation of titanium substrates: Mechanism, properties, applications and limitations,” Applied Surface Science
Advances, vol. 5, pp. 100121, 2021. https://doi.org/10.1016/j.apsadv.2021.100121

M. Kaseem, S. Fatimah, N. Nashrah, and Y. G. Ko, “Recent progress in surface modification of metals coated by
plasma electrolytic oxidation: Principle, structure, and performance,” Progress in Materials Science, vol. 117, pp.
100735, 2021. https://doi.org/10.1016/j.pmatsci.2020.100735

S. Sikdar, P. V. Menezes, R. Maccione, T. Jacob, and P. L. Menezes, "Plasma Electrolytic Oxidation (PEO)
Process—Processing, Properties, and Applications," Nanomaterials, vol. 11, no. 6, p. 1375, 2021
https://doi.org/10.3390/nan011061375

G. Barati Darband, M. Aliofkhazraei, P. Hamghalam, and N. Valizade, “Plasma electrolytic oxidation of magnesium
and its alloys: Mechanism, properties and applications,” Journal of Magnesium and Alloys, vol. 5, no. 1, pp. 74-132,
2017. https://doi.org/10.1016/j.jma.2017.02.004

M. Molaei, K. Babaei, and A. Fattah-alhosseini, “Improving the wear resistance of plasma electrolytic oxidation
(PEO) coatings applied on Mg and its alloys under the addition of nano- and micro-sized additives into the
electrolytes: A review,” Journal of Magnesium and Alloys, vol. 9, no. 4, pp. 1164-1186, 2021.
https://doi.org/10.1016/j.jma.2020.11.016

A. Ghasemi, V. S. Raja, C. Blawert, W. Dietzel, and K. U. Kainer, “The role of anions in the formation and corrosion
resistance of the plasma electrolytic oxidation coatings,” Surface and Coatings Technology, vol. 204, no. 9, pp.
1469-1478, 2010. https://doi.org/10.1016/j.surfcoat.2009.09.069

A. Fattah-alhosseini, S. O. Gashti, and M. Molaie, “Effects of Disodium Phosphate Concentration
(Na2HPO4:2H20) on Microstructure and Corrosion Resistance of Plasma Electrolytic Oxidation (PEO) Coatings
on 2024 Al Alloy,” Journal of Materials Engineering and Performance, vol. 27, no. 2, pp. 825-834, 2018.
https://doi.org/10.1007/s11665-018-3124-1

S. Ignjatovi¢, C. Blawert, M. Serdechnova, S. Karpushenkov, M. Damjanovié, P. Karlova, D. C. F. Wieland, M.

Sso s iy lee pkige & o P F oo ol o iy o L


https://doi.org/10.1016/B978-0-08-044495-6.X5000-9
https://doi.org/10.1016/B978-0-08-044495-6.X5000-9
https://doi.org/10.1016/B978-0-08-044495-6.X5000-9
https://doi.org/10.1016/j.cap.2011.07.009
https://doi.org/10.1016/j.cap.2011.07.009
https://doi.org/10.1016/j.cap.2011.07.009
https://doi.org/10.1016/j.cap.2011.07.009
https://doi.org/10.1108/ACMM-06-2019-2149
https://doi.org/10.1108/ACMM-06-2019-2149
https://doi.org/10.1108/ACMM-06-2019-2149
https://doi.org/10.1016/j.surfcoat.2016.08.055
https://doi.org/10.1016/j.surfcoat.2016.08.055
https://doi.org/10.1016/j.surfcoat.2016.08.055
https://doi.org/10.1016/j.surfcoat.2016.08.055
https://doi.org/10.1016/j.apsadv.2021.100121
https://doi.org/10.1016/j.apsadv.2021.100121
https://doi.org/10.1016/j.apsadv.2021.100121
https://doi.org/10.1016/j.apsadv.2021.100121
https://doi.org/10.1016/j.apsadv.2021.100121
https://doi.org/10.1016/j.pmatsci.2020.100735
https://doi.org/10.1016/j.pmatsci.2020.100735
https://doi.org/10.1016/j.pmatsci.2020.100735
https://doi.org/10.1016/j.pmatsci.2020.100735
https://doi.org/10.3390/nano11061375
https://doi.org/10.3390/nano11061375
https://doi.org/10.3390/nano11061375
https://doi.org/10.1016/j.jma.2017.02.004
https://doi.org/10.1016/j.jma.2017.02.004
https://doi.org/10.1016/j.jma.2017.02.004
https://doi.org/10.1016/j.jma.2017.02.004
https://doi.org/10.1016/j.jma.2020.11.016
https://doi.org/10.1016/j.jma.2020.11.016
https://doi.org/10.1016/j.jma.2020.11.016
https://doi.org/10.1016/j.jma.2020.11.016
https://doi.org/10.1016/j.surfcoat.2009.09.069
https://doi.org/10.1016/j.surfcoat.2009.09.069
https://doi.org/10.1016/j.surfcoat.2009.09.069
https://doi.org/10.1016/j.surfcoat.2009.09.069
https://doi.org/10.1007/s11665-018-3124-1
https://doi.org/10.1007/s11665-018-3124-1
https://doi.org/10.1007/s11665-018-3124-1
https://doi.org/10.1007/s11665-018-3124-1
https://doi.org/10.1016/j.apsusc.2020.148875

e S g denST s Sy 55 ol 5 lotlars s o ooy S 2

[19]

[16]

[17]

[18]

[19]

[20]

[21]

Starykevich, S. Stojanovi¢, L. Damjanovi¢-Vasili¢, and M. L. Zheludkevich, “Formation of multi-functional TiO2
surfaces on AA2024 alloy using plasma electrolytic oxidation,” Applied Surface Science, vol. 544, pp. 148875, 2021.
https://doi.org/10.1016/j.apsusc.2020.148875

C. Jiang, Y. Wang, S. Wang, Y. Zou, J. Ouyang, D. Jia, and Y. Zhou, “Growth characteristics and properties of
plasma electrolytic oxidation coatings produced in different electrolytes on SiCp/Al composite,” Materials
Characterization, vol. 205, pp. 113344, 2023. https://doi.org/10.1016/j.matchar.2023.113344

X. Lu, C. Blawert, Y. Huang, H. Ovri, M. L. Zheludkevich, and K. U. Kainer, “Plasma electrolytic oxidation coatings
on Mg alloy with addition of SiO2 particles,” Electrochimica Acta, vol. 187, pp. 20-33, 2016.
https://doi.org/10.1016/j.electacta.2015.11.033

E. Akbari, F. Di Franco, P. Ceraolo, K. Raeissi, M. Santamaria, and A. Hakimizad, “Electrochemically-induced
TiO2 incorporation for enhancing corrosion and tribocorrosion resistance of PEO coating on 7075 Al alloy,”
Corrosion Science, vol. 143, pp. 314-328, 2018. https://doi.org/10.1016/j.corsci.2018.08.037

H. Fakhr Nabavi, M. Aliofkhazraei, and A. Sabour Rouhaghdam, “Morphology and corrosion resistance of hybrid
plasma electrolytic oxidation on CP-Ti,” Surface and Coatings Technology, vol. 322, pp. 59-69, 2017.
https://doi.org/10.1016/j.surfcoat.2017.05.035

A. Hakimizad, K. Raeissi, M. A. Golozar, X. Lu, C. Blawert, and M. L. Zheludkevich, “The effect of pulse
waveforms on surface morphology, composition and corrosion behavior of Al203 and AlI203/TiO2 nano-composite
PEO coatings on 7075 aluminum alloy,” Surface and Coatings Technology, vol. 324, pp. 208-221, 2017.
https://doi.org/10.1016/j.surfcoat.2017.05.068

Y. G. Ko, S. Namgung, and D. H. Shin, “Correlation between KOH concentration and surface properties of AZ91
magnesium alloy coated by plasma electrolytic oxidation,” Surface and Coatings Technology, vol. 205, no. 7, pp.
2525-2531, 2010. https://doi.org/10.1016/j.surfcoat.2010.09.055

Z. Shahri, S. R. Allahkaram, R. Soltani, and H. Jafari, “Optimization of plasma electrolyte oxidation process

parameters for corrosion resistance of Mg alloy,” Journal of Magnesium and Alloys, vol. 8, no. 2, pp. 431-440, 2020.

7F'F‘&ijw“j&,ﬁijL~ A{}"J(;j.}_}ﬂ:"gf"""w;:'f“:‘


https://doi.org/10.1016/j.apsusc.2020.148875
https://doi.org/10.1016/j.apsusc.2020.148875
https://doi.org/10.1016/j.apsusc.2020.148875
https://doi.org/10.1016/j.matchar.2023.113344
https://doi.org/10.1016/j.matchar.2023.113344
https://doi.org/10.1016/j.matchar.2023.113344
https://doi.org/10.1016/j.matchar.2023.113344
https://doi.org/10.1016/j.electacta.2015.11.033
https://doi.org/10.1016/j.electacta.2015.11.033
https://doi.org/10.1016/j.electacta.2015.11.033
https://doi.org/10.1016/j.corsci.2018.08.037
https://doi.org/10.1016/j.corsci.2018.08.037
https://doi.org/10.1016/j.corsci.2018.08.037
https://doi.org/10.1016/j.corsci.2018.08.037
https://doi.org/10.1016/j.surfcoat.2017.05.035
https://doi.org/10.1016/j.surfcoat.2017.05.035
https://doi.org/10.1016/j.surfcoat.2017.05.035
https://doi.org/10.1016/j.surfcoat.2017.05.068
https://doi.org/10.1016/j.surfcoat.2017.05.068
https://doi.org/10.1016/j.surfcoat.2017.05.068
https://doi.org/10.1016/j.surfcoat.2017.05.068
https://doi.org/10.1016/j.surfcoat.2010.09.055
https://doi.org/10.1016/j.surfcoat.2010.09.055
https://doi.org/10.1016/j.surfcoat.2010.09.055
https://doi.org/10.1016/j.surfcoat.2010.09.055
https://doi.org/10.1016/j.jma.2018.10.001
https://doi.org/10.1016/j.jma.2018.10.001

k//’/b/»/a@/;
Ferdowsi University
of Mashhad

Journal of Metallurgical and Materials
Engineering

$

Iron&Steel
Society of Iran

Investigation of Nitinol Alloys in Orthodontic Wires: Properties, Applications, and

Mechanisms
Research Article

Seyed Mohammadreza Seyedi Golmahaleh!, Soroush Parvizi®

, Zahra Alirezaei’

1- Introduction

Nitinol (NiTi) alloy has gained significant attention in
medical and engineering fields due to its unique properties,
such as shape memory effect, superelasticity, corrosion
resistance, and high biocompatibility. One of the most
important applications of this alloy is in the manufacturing
of orthodontic wires, which enhance the treatment process
by applying a constant and low force. However, challenges
such as nickel ion release, optimization of production
processes, and control of chemical composition remain
topics of discussion and investigation. This study evaluates
the effects of production processes, heat treatments, and
coating techniques on the mechanical properties, corrosion
resistance, and biocompatibility of Nitinol wires.

2-Manufacturing Processes
Mechanical Properties

The start and finish temperatures of phase transformation
depend highly on the alloy composition. As shown in
Figure (1), reducing the nickel content significantly
increases the martensitic transformation temperature. The
production of Nitinol is a complex and challenging process
due to the need for precise composition control and the
high reactivity of titanium. The three primary methods for
producing Nitinol alloys include vacuum induction
melting (VIM), arc melting, and powder metallurgy. In the
vacuum induction melting process, raw materials are
melted in a graphite crucible under a vacuum or an inert
gas atmosphere, ensuring uniform composition through
the application of a magnetic field. In the arc melting
method, a Nitinol electrode is melted under vacuum,
resulting in a final ingot with minimal impurities. Powder
metallurgy involves compacting and sintering Nitinol
powders at high temperatures, allowing for the production
of complex-shaped components. The advantages and
limitations of conventional powder metallurgy methods
are summarized in Table 1. Additionally, additive

and Optimization of

manufacturing techniques such as selective laser sintering
(SLS) and electron beam melting (EBM) enable the
fabrication of Nitinol components with high precision and
optimized structures. These methods reduce porosity,
improve mechanical properties, and extend the service life
of Nitinol parts. Heat treatment and aging at 400 to 450°C
for 20 to 60 minutes enhance the superelastic behavior and
increase the mechanical strength of Nitinol wires.
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Figure 1: Dependence of martensite onset temperature on
nickel content.
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Table 1: Advantages and Limitations of Conventional Powder Metallurgy Processes

PM Advantages Limitations
Process
1 1 1 0,
Low cost, good dimensional accuracy, high production rate, Products contain a hl.gh amount of porosity .(up t0 40 .A])’ low
CS Lo . - control over pore size and amount, potential formation of
availability of a wide range of materials
secondary pores
. . . . Products have high porosity (up to 69%), incomplete reaction
SHS Low energy requirement, simp 1? process and equipment, higher due to short formation time and high temperature, potential
product purity, low cost .
formation of secondary phases
Low smt'ermg temperature anq ShOI.T processing tlme’ preventlp " Requires expensive DC materials, suitable for simple-shaped
SPS of undesirable product formation, high energy efficiency, precise
; Lo samples
heat control, uniform sintering
Dense products Wlt.h no pores, good mecl_lanlgal properties, proper Inert gas may create up to 40% porosity, potential formation of
HIP control over pore size, low-temperature sintering, nearly complete . . .
L . secondary phases, expensive equipment, low production rate
reaction in a short time
MIM Good shape complexity, high production rate, mechanical Residual porosity, high sintering temperature, potential for high
properties close to wrought materials, proper dimensional control impurity content, expensive tooling, size limitations for
components
Table 2: Recent Studies on Nitinol Coatings for Orthodontic Applications
Coating Study Effect on Nitinol Corrosion Other Effects
Material Conditions
Al-SiO[] Artificial saliva Reduction of Icorr from 23.72 to 1.72 pA/cm? Wear
resistance
Ni-Ti-Cr Artificial saliva Reduction of Ecorr -
Epoxy Artificial saliva Reduction of Ecorr-Epoxy Artificial saliva reduction of nickel release from 8.36 mg/L to -
0.57 mg/L
Ni-P Artificial saliva Reduction in nickel ion release -
Ni-P-NiTi Artificial saliva 1.5 times more protective than Ni-P Wear
resistance

3-Biocompatibility and Corrosion Resistance

The biocompatibility of Nitinol alloys depends on their
chemical composition, processing methods, and
environmental conditions. The nickel content in this alloy
can, under certain conditions, be released, leading to
hypersensitivity or toxicity. Therefore, improving
corrosion resistance through coating techniques and
surface modifications is essential. Nitinol alloys naturally
form a protective oxide layer (TiO[l), which prevents
corrosion and nickel ion release. However, in acidic
environments or at high temperatures, this layer may
degrade. Studies have shown that applying coatings such
as Ni-P, titanium nitride (TiN), and biocompatible
ceramics on the surface of Nitinol wires enhances their
corrosion resistance and biocompatibility. The use of these
coatings has been found to reduce nickel release by up to
80% and improve the durability of orthodontic wires in the
oral environment. Table 2 presents recent research on
Nitinol coatings suitable for orthodontic applications.
Additionally, the effects of parameters such as pH and oral
temperature on the corrosion resistance of Nitinol have
been investigated. Results indicate that a decrease in pH
(due to the consumption of acidic foods) and an increase
in temperature can accelerate the corrosion rate. Therefore,
selecting appropriate coatings and controlling the alloy
composition play a crucial role in increasing the lifespan
and safety of orthodontic wires.

4-Force-Bending Behavior of Orthodontic Wires

The force-bending behavior of Nitinol orthodontic wires
is a critical factor influencing their therapeutic
performance. This behavior is affected by various factors,
including alloy type, heat treatment, friction between the
wire and brackets, and the extent of elastic deformation.
Three-point bending tests have demonstrated that Nitinol
wires with a circular cross-section exert less force
compared to rectangular wires, making them more suitable
for the initial stages of treatment. The optimal force for
tooth movement ranges between 0.1 and 0.5 N, which is
necessary to prevent damage to oral tissues. One challenge
in this context is the effect of friction between the wire and
brackets on the force-bending behavior. As shown in
Figure (2), if the friction component is strong enough, it
can transform the typical constant force behavior of
superelastic archwires into a force gradient. This indicates
that as the tooth moves, the force is no longer generated at
a constant level, potentially reducing the effectiveness of
the applied force and increasing treatment duration.
Research has shown that using surface coatings such as
titanium nitride or biocompatible polymers can reduce
friction and improve treatment performance. Furthermore,
temperature variations in the oral environment influence
the superelastic properties of Nitinol wires, such that an
increase in temperature may reduce the recovery force and
alter bending behavior. Therefore, selecting a suitable
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alloy with a controlled transformation temperature is
crucial for maintaining the optimal performance of
orthodontic wires.
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Figure 2: Effect of friction on the force-deflection diagram
of an arch wire.

5-Conclusion

Studies have shown that precise control of chemical
composition and heat treatment can enhance the
mechanical properties of Nitinol wires. Additionally,
surface coating plays a crucial role in improving corrosion
resistance and reducing nickel ion release. Furthermore,
investigations into the force-bending behavior of
orthodontic wires have demonstrated that friction and the
applied force on brackets have a direct impact on the
treatment process. Therefore, optimizing wire design by
reducing friction while maintaining appropriate force
levels can enhance orthodontic treatment performance.
Finally, with the advancement of new technologies in the
manufacturing and coating of Nitinol alloys, optimizing
these processes can significantly contribute to increasing
the service life and improving the performance of this alloy
in medical and dental applications.




Seyed Mohammadreza Seyedi Golmahaleh, Soroush Parvizi, Zahra Alirezaei

64




O
”'\ 3190 355570 suwikigs “‘%

Of{/%/ https://jmme.um.ac.ir/ ol g1 Y b g T ool
(V887

793l 9 8 il (olgd i widgi ol S 30 Sl SBSWT w) y

Ol e a5 O o Dl IS (e Lo jdkazs dows

celige 5 Sy sloajam 53 Mo (Gl 5 (St 0 Ceaplio ( ASE il a3 54 puameto (slo Sos > 4 (NITH) Jsiol 0
o LS s Colf (s Sasl UL o3 0 57 el e )] (U il 53 ST ] (5U83,015 i S el S 51,5 o3lizid 5 g0 s
oS S Al ST il s S slasr il o ] soiaze sla 2l s Jlm ol b s o Oy Ol 2alS 5 Slays iy 3
s s llee s 2 s o Sl slokis [ il e sty ol oo iiecs s (Sla sy il Olizens ek (Slaly [5 (sl 5 b
SV 48 Gl 24 s eoltle Aol o il 5 L~ Sllas A izat Gl 0l o) 0 Sl (Slap (56 4 S ol
Ol o 57 ol o 13 il O gpaeboaST S 5ol 5 ool oS 3 ST b S s o O oulidplond] (sl s el oukd folon? SUUT )
o S sl ilasliT ials s ot i NI-P-NITH isle Lilo (sla i g 1 oslézad (ol o oMo 5,5 (siluaig | Sssirl (63, Slos ool
3 KO U Fer glos o (gjla g 45 das o LY Jj.;:::'b'cgum STl (S iy I ol @b'.)J/: j@_//—w/‘)fsjj} 4 Caaglis 258/
s 5 PH tiils e fol s 3 il 53 s oo el [ SIS0 ol 5 0315 3 [y iV 48 Copirlot s £0 i ia ke 5 31,5l
o3 ralS gz JB sba | S0, A il e b sla ity Slesl sl pllo 5 45,8 15 s 2y se ST ol Sy 550 40 Ca sl
(A3 ol Dlles (S35 4 Caslie (a5 (SaaVIG B ool (S abil- J sl (Sl S 05lg

Investigation of Nitinol Alloys in Orthodontic Wires: Properties, Applications, and Mechanisms

Seyed Mohammadreza Seyedi Golmahaleh Soroush Parvizi Zahra Alirezaei

Abstract Nitinol (NiTi), due to its unique properties such as shape memory effect, fatigue resistance, and high
biocompatibility, has been extensively used in medical and engineering fields. One of the most significant applications of
this alloy is in the production of orthodontic wires, which, due to their ability to apply constant and low-force pressure,
enhance the treatment process and reduce its duration. However, several challenges, including nickel ion release and its
impact on biocompatibility, chemical composition control, and manufacturing process optimization, still require further
investigation. This study examines the effects of manufacturing processes, including induction melting and powder
metallurgy, on the mechanical and phase properties of Nitinol wires. Additionally, the role of heat treatment and aging
in structural modification and improvement of the superelastic property of this alloy has been analyzed. The investigations
indicate that by precisely controlling the chemical composition and preventing titanium oxidation during production, the
functional properties of Nitinol can be optimized. Furthermore, the application of protective coatings such as Ni-P-NiTi
plays a significant role in reducing nickel ion release and increasing the corrosion resistance of this alloy. The results
obtained from the evaluation of the restoring force of Nitinol wires indicate that aging at a temperature range of 400 to
450°C for less than 60 minutes improves superelasticity and enhances mechanical strength. Finally, the influence of
environmental factors such as pH and temperature on the corrosion resistance of this alloy has been examined, and the
results suggest that applying surface coatings can significantly reduce the corrosion rate.

Keywords Nitinol, shape memory, Superelasticity, Biocompatibility, Corrosion resistance, Heat treatment, Coating.
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