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Nanocomposite coatingswere formed on commercial pure titanium through plasma electrolytic oxidation (PEO)
process in a phosphate-based electrolyte containing atenolol and alumina nanoparticles. The procedurewas per-
formed by direct current and current density was kept constant. The effects of atenolol concentration in the elec-
trolyte on growth of coatings, absorption of alumina nanoparticles, morphology, chemical and physical structure
and corrosion andmechanical behavior of coatings were studied by dynamic light scattering spectroscopy, scan-
ning electronmicroscopy, energy dispersion X-ray spectroscopy, X-ray diffraction, potentiodynamic polarization
test, electrochemical impedance spectroscopy, nanoindentation and pin-on-diskwear test. The existence of aten-
olol in the electrolyte was observed to increase the diffusion depth of alumina nanoparticles and decrease poros-
ity. This behavior, in turn, led to an increase in charge transfer resistance by 211,420 Ω cm2. Moreover, the
addition of atenolol in alumina suspension decreased thewear rate by 130 times as it increased absorption of alu-
mina nanoparticles and improved mechanical properties.
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1. Introduction

Titanium and titanium-based alloys arewidely applied in aerospace,
petrochemical, and biomedical industries because of their distinguished
properties such as high strength to weight ratio, highmelting tempera-
ture, appropriate mechanical properties, high resistance to corrosion,
and biocompatibility [1]. To further improve titanium function in
terms of mechanical properties, corrosion resistance, and biocompati-
bility, the rather new method of plasma electrolytic oxidation has re-
cently been paid a great deal of attention [2]. The parameters of
coating processwhichmay be varied to achieve the best desired proper-
ties mainly consist of the electrolyte effect and electrical parameters of
the PEO process. Among these parameters, the electrolyte and its addi-
tives are of great importance in the PEO process because of the role of
their components in sparking process as well as the introduction of ele-
ments into the coating and affecting its properties. Recent studies re-
garding electrolyte and PEO process are mostly dedicated to the
electrolyte additive effects [3,4]. It was reported that addition of cerium
nitrate to the PEO electrolyte on titanium leads to the formation of a
coatingwith proper biocompatibility properties [5]. The existence of so-
dium vanadate in the PEO electrolyte on titanium was seen to improve
photocatalytic properties [6]. Moreover, the existence of iron sulfate in
the PEO electrolyte on titanium causes a change in color to yellow and
red [7]. Considering the application of corrosion inhibitors as electrolyte
dares.ac.ir (M. Aliofkhazraei).
additives in other conversion coating processes such as anodizing [8,9],
their use in PEO process has also recently attracted attentions. Oleinik et
al. [10] investigated the effect of corrosion inhibitors in PEO process on
aluminum-based alloys. They reported that existence of corrosion in-
hibitors raisedhydrophobization. Anothermajor advantage of PEO coat-
ing process in comparison with other conversion coatings such as
anodizing is that the former is environmentally friendly [11,12].
Hence, it can attract more attention to employ non-toxic materials
such as eco-friendly corrosion inhibitors as additives to the electrolyte
to improve corrosion and mechanical behavior of PEO coatings on tita-
nium. Atenolol is an antihypertensive with a chemical formula of
C14H22N2O3 with a molecular weight of 266 g/mol [13]. The effect of
atenolol as corrosion inhibitor was previously investigated. The results
revealed that atenolol acts as an inhibitor against general corrosion
and pitting in aluminum and Al\\Si alloys in HClmedia [14]. According-
ly, application of atenolol as a non-toxic additive to the electrolyte,
which is readily accessible and inexpensive in PEO coating, on titanium
surfaces may become amatter of considerable interest. Since atenolol is
mainly used in medical and dental applications, it is necessary to use
non-toxic materials in the coating process.

In addition, there are various methods to improvemechanical prop-
erties of PEO coatings on titanium including addition of hard ceramic
nanoparticles suspended in an electrolyte [15], combination with
other coating processes [16], application of new electrolyte compounds
[17], performance of secondary heat treatments on the coatings [18],
etc. The present work is conducted to investigate the effect of atenolol
as an additive in the electrolyte (together with α-Al2O3 nanoparticles)
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Table 1
Samples code in different phosphate based electrolytes.

Electrolyte components

Sample code

A0 A1.5 A3 A4.5 AA0 AA1.5 AA3 AA4.5

Atenolol (g/L) 0 1.5 3 4.5 0 1.5 3 4.5
Alumina (g/L) 0 0 0 0 25 25 25 25
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on absorption of nanoparticles from the suspension, chemical structure,
morphology and corrosion andmechanical behavior of properties of the
oxide coatings obtained on commercially pure titanium (CP-Ti) surfaces
through plasma electrolyte oxidation process.

2. Experimental procedure

2.1. PEO coating

CP-Ti sheets (ASTM-Grade 2) with dimensions of
50 mm × 50 mm × 1 mm were selected as the substrate material.
Prior to the coating process, samples were polished until Ra b 1 μm,
cleaned in acetone via ultrasonic, washed by deionized water and dried
in warm air. The PEO process was carried out by means of a 20 kW DC
power supply under the constant current density of 20 mA/cm2 and for
12 min in an aqueous solution. In this process, the substrate (anode) is
placed in a cell made of stainless steel (cathode) with a recirculating
water cooling system. Since the effect of atenolol alone was to be consid-
ered in this project, the simplest electrolyte (single-component) was
used. The electrolyte utilized in PEO process was composed of 8 g/L
Na3PO4·12H2O with/without 25 g/L α-Al2O3 nanoparticles and atenolol
additive in deionizedwater. As shown in Fig. 1, thenanoparticleswere an-
alyzed by transmission electronmicroscopy (TEM; JEOL-2010). The aver-
age size of alumina nanoparticles was 22 nm. Several primary tests were
carried out to acquire the concentration range of atenolol. It was observed
that at concentrations higher than 4.5 g/L, sparks immediately reached a
destructive state and the coating process would not be performed sound-
ly. Thus, the maximum concentration of atenolol was set to be 4.5 g/L. To
investigate the effect of atenolol additive, samples with atenolol concen-
trations of 0, 1.5, 3 and 4.5 g/L were provided. The denominated title for
each sample is given in Table 1. The electrolyte temperature during the
coating process was kept at 25 °C. All samples were washed with deion-
ized water after the coating process and dried in warm air.

2.2. Characterization

Voltage variation during the sparkingwas automatically recorded by
means of avomoter (digital multimeter; APPA 505). Samples were
weighed before and after the coating (AND, GR-202, precision ± 50 μg
balance). X-ray diffractometer (XRD, Philips; X'Pert MPD) working
with Co Kα radiation (λ: 1.78897 Å) at a scanning rate of 0.02°/s was
used for phase composition analysis. The elements distribution on sur-
faces and cross sections of the coatings were provided through energy
dispersion X-ray spectroscopy (EDS; Oxford Instruments). The mor-
phology of surfaces and cross sectionswas also studied byfield emission
scanning electron microscopy (SEM; Philips XL 30 and SIGMA/VP,
Zeiss). The average size of aluminananoparticles in the PEO suspensions
with different concentration of atenolol after mechanical stirring for
24 h before use was determined by a dynamic light scattering spectros-
copy (DLS; Zetasizer NanoZS,Malvern Instruments). Corrosion behavior
Fig. 1. TEMmicrographs of alumina nanoparticles.
of the coatings was evaluated by means of potentiodynamic polariza-
tion tests and electrochemical impedance spectrometry. Potentiody-
namic polarization tests were carried out at a scan rate of 1 mV/s,
from −300 to +3000 mV with respect to the corrosion potential
(Ecorr) using an EG&G Model 273A. Also, electrochemical impedance
spectroscopy (EIS; Solarton 1260) in the frequency range between 65-
kHz and 10 mHz with an amplitude of ±10 mV, was employed. Both
electrochemical tests were carried out in Ringer's solution (8.6 g/l
NaCl, 0.3 g/l KCl and 0.33 g/l CaCl2·2H2O), at 37 ± 0.5 °C. In these pro-
cedures, standard calomel electrode (SCE) and platinum were used as
a reference and auxiliary electrodes, respectively. A nanoindentation
testing system (Nanoindentation Tester CSM) with a Berkovich dia-
mond indenter was employed to measure mechanical properties of
PEO coating. For this purpose, the samples were cut, mounted, and me-
chanically polished down to the average roughness of 0.02 μm. The
maximum load and its loading and unloading rates were adjusted to
be 3 mN and 6 mN/min, respectively. Load–displacement curves were
recorded and elastic recoverywas calculated. Hardness and elasticmod-
ulus were determined using the Oliver and Pharr method [19]. In order
to study the wear resistance of the coatings, the pin-on-disk test meth-
od was employed where the pin was 40 mm in length and 5 mm in di-
ameter. The diskwas a composite made of polymer in matrix and SiC as
reinforcing particles. The normal load was 24 N, angular velocity was
50 rpm and wear distance for specimens with and without nanoparti-
cles was 200 and 50 m, respectively.

3. Results and discussion

3.1. Voltage-time curves

The voltage-time curves of the PEO coating process during sparking
under constant current density for the coated samples at different elec-
trolytes are plotted in Fig. 2. The voltage-time plot shows the effect of
atenolol addition to the phosphate-based electrolyte and suspension.
As shown in this figure, sparking during the PEO process occurred at
lower potential ranges in the electrolyte comparedwith the suspension.
The current density was kept constant; then, an increase in sparking
voltage implies an increase in resistance of the system. Considering
Fig. 2. The voltage-time curves of the PEO process during sparking under constant current
density of 20 mA/cm2 for 12 min on the coated samples at different electrolytes.



Fig. 3. SEMmicrographs of the surfaces of coated samples in the electrolyte containing different concentrations of atenolol with/without alumina nanoparticles: a)A0, b)A1.5, c)A3, d)A4.5,
e)AA0, f)AA1.5, g)AA3 and h)AA4.5.

Fig. 4. SEMmicrographs of the cross sections of coated samples in the electrolyte containing different concentrations of atenololwith/without alumina nanoparticles: a)A0, b)A1.5, c)A3, d)
A4.5, e)AA0, f)AA1.5, g)AA3 and h)AA4.5.
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the fact that resistance of the electrolyte is unchanged, the system resis-
tance might be attributed to the coating. Therefore, an increase in the
coating resistance may be due to the existence of alumina nanoparticles.
It is possible to divide potential variations based on sparking time during
the coating process into two separate steps. The two-step nature of volt-
age-time plots roots from the fact that current density generally consists
of electron current density and ion current density where the former is
not dependent on film resistance while the latter is its function [20].
Within the first step that potential variations increase dramatically and
ionic current density mainly constitutes the overall current density.
Table 2
Weight variations percentage, thickness, average diameter of surface pores, and surface and cr

Sample code

Weight variations percentage

Thickness (μm) Surface porosity pem1 (g) m2 (g) ðm2−m1
m1

Þ � 100

A0 6.8361 6.8446 0.12 2.5 7.8
A1.5 7.0123 7.0232 0.15 3.6 6.2
A3 6.9926 7.0046 0.17 3 7.3
A4.5 6.9571 6.9799 0.33 4.6 8.2
AA0 7.1231 7.1389 0.22 2 2.0
AA1.5 6.9000 6.9154 0.22 1.6 2.0
AA3 6.8397 6.8597 0.29 2.1 4.9
AA4.5 7.0093 7.0288 0.28 2.5 4.0
Hence, voltage is required to increase so that the current is maintained
constant with film growth. This stage is named as spark anodizing
through which a large number of small size sparks are observed as the
white light rapidly scanning the electrode surface. However, in the second
step, the overall current density is almost equal to electron current densi-
ty which is independent of the oxide film resistance; therefore, the volt-
age remains constant. In this stage, steady state sparking is established
in which separate orange sparks move slowly on the electrode surface.
Thus, it can be stated that atenolol causes an increase in coating resistance
at both conditions (with and without alumina nanoparticles).
oss-section porosity percentage of the coated samples in different electrolytes.

rcentage Cross section porosity percentage Surface pores diameter average (μm)

9.5 1.6
6.9 1.4
15.2 1.5
14.0 1.5
10.2 1.6
8.2 1.1
6.5 1.0
8.3 1.6



Fig. 5. Elemental distribution maps of PEO coating surface in alumina suspension containing different concentrations of atenolol; a)AA0, b)AA1.5, c)AA3 and d)AA4.5.

Table 3
EDS results of PEO coating surface in alumina nanoparticles suspension containing differ-
ent concentrations of atenolol.

Sample code

Element (wt.%)

Ti Al O P

AA0 39.49 31.32 26.24 2.95
AA1.5 41.26 28.96 26.35 3.43
AA3 40.84 29.75 25.55 3.86
AA4.5 35.86 31.67 28.71 3.67
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3.2. Microstructure and composition

3.2.1. SEM results of PEO coatings
SEM micrographs of the surfaces and cross-sections of coated sam-

ples in the electrolyte containing different concentrations of atenolol
with/without alumina nanoparticles are illustrated in Figs. 3 and 4.
Weight variations percentage caused by the PEO coating is presented
in Table 2. Moreover, thickness, average diameter of surface pores, and
surface and cross-section porosity percentage of the coated samples
in different electrolytes were calculated by jMicroVision 1.2.7 image
analysis software (Table 2). Weight variations of all samples showed a
positive trend implying that the amount of materials participated in
coating formation was higher than the amount of substrate dissolved.
Regarding the effect of atenolol in weight changes, it was observed
that the increase in atenolol concentration in no-alumina electrolyte
caused weight changes to reach 0.33; however, when adding alumina
nanoparticles to the electrolyte, no significant weight change was
recorded.
On the basis of the results obtained from SEM micrographs of sur-
faces and cross sections (Table 2), one may come to the conclusion
that all coatings had porous structures and there weremicro-pores uni-
formly covering the surface of coatings. Formation of such pores is due
to the evolution of gas frommolten materials caused by coating growth
processes. These pores allegedly would not penetrate through the
whole thickness of the oxide layer [21]. Molten products around



Fig. 6. Linear elemental distribution of PEO coating cross section in alumina suspension containing different concentrations of atenolol; a)AA0, b)AA1.5, c)AA3 and d)AA4.5.

Fig. 7.Alumina particle size average in alumina suspension against atenolol concentration.
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volcanic pores reveal the fact that the plasma temperature during the
process would be incredibly high (2300–3000 °C) [22]. As it may be ob-
served, the addition of nanoparticle led to the closure ofmanyporosities
and the porosity percentage in the surface is reduced. The porous struc-
ture of coatings with no nanoparticles was approximately similar and
the pores content did not significantly vary with concentration of aten-
olol. In the case of applying no alumina, porosity percentage and the av-
erage diameter of surface pores were almost constant. However, with
the addition of alumina to the electrolyte, the average diameter of sur-
face pores still remained constantwhile porosity percentage of the coat-
ing surface was decreased N50% compared with coatings without
nanoparticles. Moreover, with the increased concentrations of atenolol
in no-alumina electrolyte, porosity percentage of the cross section, on
the contrary to the surface,was increased by 50%. It isworthmentioning
that porosity percentage of cross sections in samples coated in the elec-
trolyte containing alumina was less than that produced in no-alumina
electrolyte, probably due to the pores being filled by alumina nanopar-
ticles [23]. In addition, the coating surface at lower atenolol concentra-
tions in the electrolyte contains alumina (Fig. 3 (e) and (f)) was rather
smooth while at higher concentrations (Fig. (g) and (h)) the coating
surface seemed to be rough probably due to absorption of nanoparticles
inwalls and volcanic pores, aswell as a coarser volcanic structure by de-
position of molten oxide. The existence of coarser volcanic structures
means the creation of larger sparks and emission of more molten
oxide from the area of sparking [24]. The increase in additive concentra-
tion in the electrolyteswith/without alumina had no considerable effect
on the diameter of pores on the coating surface. In fact, the diameter of
melt discharge channel did not change at different additive concentra-
tions. However, when adding alumina nanoparticles to the electrolyte,
the amount of molten oxide discharging through the channel was in-
creased at higher concentrations of atenolol. Considering the fact that
diameter of the discharge channel was unchanged despite the amount
of discharging molten oxide being increased, it may be concluded that
sparking durations lingered. Longer durations of sparking could be ef-
fective in absorption of nanoparticles when its mechanism is based on
impact between nanoparticles and the molten oxide.



Fig. 8. XRD pattern of AA4.5 sample.
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SEMmicrographs of cross-sections (Fig. 4) revealed that with an in-
crease in atenolol concentration from zero to 4.5 g/L, coatings produced
in no-alumina electrolyte becamegreatly thicker. According to results of
image analysis in Table 2, an increase in additive concentration with no
alumina caused thickness to raise twice;while, in the case of presence of
alumina, no significant increase was observed. Also, coating/substrate
interface in all samples coated in the electrolytes with/without alumina
was thoroughly continuous and free of cracks. Due to the nature of the
formed oxide layer, a porous structure was developed. However, poros-
ity within the coating apparently increased at higher concentrations of
atenolol in the no-alumina electrolyte. In the case of presence of alumi-
na, the coatingwas seen to become less porous toward the inside of the
coating which is due to filling of the pores by alumina nanoparticles.

3.2.2. Chemical compositions of PEO coatings
Elemental distribution maps of samples surfaces coated in alumina

nanoparticles suspension containing different concentrations of ateno-
lol are shown in Fig. 5. The result of elemental distribution analysis on
surfaces of samples coated in alumina nanoparticles suspension con-
taining different concentrations of atenolol is given in Table 3. Because
the aim of this work is to study the effect of atenolol addition on the ab-
sorption of alumina nanoparticles from the suspension during the coat-
ing process, elemental distribution analysis was only carried out on
Fig. 9. The potentiodynamic polarization curves of coating obtained at different
concentration of atenolol without alumina nanoparticles.
surfaces of samples coated in alumina-bearing suspension. Aluminum
content was high all over the surface, implying the substantial absorp-
tion of this element from the suspension PEO coating process in com-
parison with other coating methods. However, the existence of
atenolol or its concentration did play a meaningful role in alumina ab-
sorption level. Similar to aluminum, titanium content was also not
changed along the elemental distribution map; except that more titani-
um was detected around surface pores probably due to the low thick-
ness of the coatings and interference of titanium substrate. Contents of
other elements (oxygen and phosphorous) did not vary with the intro-
duction of atenolol to the suspension. On this ground, the elemental dis-
tribution changes through the thickness of coatings by means of linear
elemental distribution of coating cross section were investigated.

Fig. 6 shows the linear elemental distribution of PEO coating cross
section in alumina nanoparticles suspension containing different con-
centrations of atenolol. Distribution changes in titanium, oxygen and
phosphorous within the cross sections of all samples approximately
followed similar trends. Phosphorous content did not change through-
out the cross sections. Oxygen content was lessened toward inner
areas of coatings unanimously in all samples and ultimately titanium
content was improved beneath the surfaces. Contrarily, aluminum con-
tent within the coatings cross sections varied with the addition of aten-
olol to the suspension indicating that alumina absorption is affected by
Fig. 10. The potentiodynamic polarization curves of coating obtained at different
concentration of atenolol with alumina nanoparticles.



Table 4
Parameters obtained from the polarization curves.

Parameters

Sample code

A0 A1.5 A3 A4.5 AA0 AA1.5 AA3 AA4.5

Ecorr (mV) −78.5 −6.9 −112 −48 −91.7 −51 −108 −91
icorr (nA/cm2) 11.0 9.6 3.8 22.2 37.9 6.9 26.7 28.1
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the concentration of atenolol in the alumina nanoparticles suspension.
At lower atenolol concentrations (Fig. 6 (a) and (b)), aluminum content
was constant within a small depth of the coating (maximum depth of
1 μm from the surface) and then decreased to zero. In comparison, at
higher concentrations of atenolol (Fig. 6 (c) and (d)) aluminum content
was constant within a relatively large depth of the coating (about 2 μm)
near the interface. Therefore, unlike the EDS results obtained from the
coatings surfaces, an increase in atenolol concentrations in the suspen-
sion led to some changes in nanoparticles distribution trends alongwith
the thickness of coatings. In otherwords, an increase in additive concen-
tration caused a higher level of alumina nanoparticles absorption. The
existence of atenolol in the electrolyte, acting as a surfactant material,
leads to an increasing distribution of particles throughout the electro-
lyte and prevents agglomeration effect. In order to measure average
size of alumina particle in the suspension, dynamic light scattering
test was employed. The average alumina particle size in alumina sus-
pensionwith atenolol concentration is plotted in Fig. 7. The introduction
of atenolol and further increasing its concentration led to formation of
finer particles. The finer particles are, the more absorption of alumina
nanoparticles occurs during the coating process.

3.2.3. Phase analysis of PEO coating
XRD pattern of AA4.5 sample shows the presence of Al2O3, Ti, rutile,

and anatase phase (Fig. 8). Ti phase originated from the substrate due to
the low thickness and porous structure of PEO coating. Presence of Ti
phase in the XRD pattern in PEO coating also has been reported in
other report [17]. Al2O3 phase originated from Al2O3 nanoparticle
which is suspended in the electrolyte. Sarbishei et al. [25] also indicated
the presence of Al2O3 phase during the PEO coating in the electrolyte
Fig. 11. Nyquist plot of samples coated in electrolyte with
containing Al2O3 nanoparticle. The presence of Al2O3 in the coating is
the indicative of nanoparticle absorption during coating treatment. Ru-
tile and anatase phase are originated from the oxide layer fabricated
during PEO coating reported by other researchers [26,27].

3.3. Corrosion behavior

3.3.1. Potentiodynamic polarization
Corrosion behavior of coating fabricated at different conditions was

characterized using potentiodynamic polarization test. The potentiody-
namic polarization curves of the coating obtained at different concen-
trations of atenolol without and with alumina nanoparticle are
represented in Figs. 9 and 10, respectively. Corrosion potentials (Ecorr)
and corrosion current densities (icorr) are obtained from the potentiody-
namic curves (Table 4).

As can be seen in the potentiodynamic curves, the atenolol concen-
tration can affect the corrosion resistance of coating. Generally, the
oxide film formed on the surface improves corrosion resistance by lim-
iting absorption of corrosive ions and hence reducing charge transfer
over the metal-electrolyte interface [17]. The level of corrosion resis-
tance depends on oxide film properties such as chemical composition,
thickness, defect structures, and composition of the corrosive medium
[28]. As can be seen in the polarization curves, the corrosion resistance
of the coating is improved by adding atenolol in the electrolyte and A3
samples have the best corrosion resistance. Thickness and compactness
of coating are among the main factors affecting the corrosion resistance
of the coating. Itwaspreviously revealed that thicknesswas increased at
higher concentrations of atenolol which would lead to corrosion resis-
tance improvement. However, there were some pores on the surface
of A4.5 which result in corrosive species penetration into the substrate
leading to deterioration of corrosion resistance in this sample. In the
case of coatings containing alumina nanoparticle, by increased concen-
trations of atenolol, absorption of nanoparticles occurred much more
toward the surface which filled the pores. Filling of surface pores led
to the uniformity of surface [29] and less roughness. Filling of pores
and reduction surface roughness refrain corrosive ions from entering
into the coating toward the substrate which in turn leads to corrosion
out alumina and different concentrations of atenolol.



Fig. 12. Nyquist plot of samples coated in alumina suspension with different concentrations of atenolol.
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resistance improvement [30]. As it is seen, the Ecorr of all samples is al-
most the same, implying the same chemical stability of all coating.

3.3.2. Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy was carried out on the

specimens in order to study the corrosion behavior of the coatings in
more details and validate the results of polarization tests. Nyquist
plots of specimens coated in the electrolytes containing a different con-
centration of atenolol without and with alumina nanoparticle are illus-
trated in Figs. 11 and 12 respectively. Since it is the most similar to EIS
data, the equivalent circuit showed in Fig. 13 was used to analyze im-
pedance plots. In the equivalent plot, Rs is solution resistance. The PEO
coating has mainly two layers consisting barrier layer and a porous
layer. Thus, in the equivalent circuit, R1 is the porous layer resistance
and R2 is the barrier layer resistance. The proposed electrical equivalent
circuit model consisted of constant phase element in parallel with po-
rous layer resistance (CPE1) and also CPE2 in parallel with barrier
layer resistance. Also, theW shown in the equivalent circuit is Warburg
diffusion coefficient. Constant phase element (which is a broader
concept) was used instead of a capacitor. Application of constant
phase element not only reduces the probability of systematic error
also provides more information about dielectric properties of coatings.
Fig. 13. Equivalent circuit fitted with EIS data.
The impedance function of constant phase element is defined as follows
[31]:

Z ¼ jωð Þ−n

Y0
ð1Þ

Where, Y0 is admittance and n is constant, 0, 1, or −1 according to
which CPE would show pure inductive, resistive, or capacitive behavior,
respectively. The presence of Warburg coefficient in the equivalent cir-
cuit of the coating impedance behavior indicates that corrosion behav-
ior of the oxide coating is under diffusion control. On this occasion, the
overall reaction rate could be controlled by diffusion of corrosive ions,
explaining whyWarburg coefficient is introduced to the equivalent cir-
cuit. The calculated circuit elements are presented in Table 5. In no-alu-
mina coatings (A0, A1.5, A3, and A4.5), an increase in atenolol
concentration by 3 g/L in the electrolyte led to increasing in polarization
resistance. Further increasing of atenolol concentration (up to 4.5 g/L)
reduced charge transfer resistance. Thus, it can be concluded that by
the addition of atenolol by 3 g/L to the electrolyte, corrosion resistance
could be improved that is shown in n value of impedance data. As it is
mentioned in the polarization section, AA1.5 have the best corrosion re-
sistance in the electrolyte containing alumina nanoparticle which also
Table 5
Results of EIS curves in different electrolytes.

Sample
code

Rsoultion

(Ω cm2)
CPEcoating
(10−6 F) nCoating

RCoating

(Ω cm2)
CPEdl
(10−6 F) ndl

RCt (Ω
cm2)

A0 40.7 0.2 0.90 17.3 101.0 0.76 5978
A1.5 56.6 104.0 0.75 2.1 E-5 59.2 0.60 9348
A3 12.8 1.2 0.77 6.8 27.2 0.76 1.33 E6
A4.5 5.4 2.8 0.74 29.7 48.9 0.81 21,300
AA0 7.7 83.0 0.74 32.0 7.3 0.61 9559
AA1.5 20.2 6.6 0.99 1.8 29.0 0.83 211,420
AA3 8.4 10.0 0.92 19.9 48.8 0.80 6931
AA4.5 5.1 60,440 0.88 42.0 4.5 0.43 14,414



Table 6
Obtained results from load-displacement curves (Fig. 14).

Samples
code

Hardness
(GPa)

Elastic module
(GPa) H/E

Elastic recovery
(%)

AA0 4.5 106.4 0.042 16
AA4.5 8.0 117.6 0.068 25

Fig. 14. Load-displacement curves of AA0 and AA4.5 samples.
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appears in the impedance data. One of the factors affecting the corrosion
resistance of the coating is roughness of coating that appears in then pa-
rameter of impedance data. It may be observed that n value in the AA1.5
sample is about 1, implying the reduction of surface roughness and im-
provement of corrosion resistance.
3.4. Mechanical behavior

3.4.1. Nano-indentation test
In order to study themechanical properties of coatings formed in the

suspension with different concentrations of atenolol and determine
Fig. 15. Friction coefficient versus of PEO coated samples in different electrolytes: a) electrolytes
different concentrations of atenolol.
their hardness and elastic modulus values, nanoindentation test was
used. The coatings surfaces were polished to remove the adsorbed
Al2O3 nanoparticles and reduce roughness and surface porosity. Fig. 14
shows load-displacement curves for AA0 and AA4.5 samples. The max-
imum load was 3 mN and loading and unloading rates were 6 mN/min
so that both loading and unloading curves were non-linear. The maxi-
mum displacement at the 3 mN peak load for AA4.5 was less than that
of AA0. Maximum displacements including elastic and plastic deforma-
tions occurred during loading while the elastic recovery occurred dur-
ing unloading. According to Table 6, most of the displacement at load
peak for AA4.5 is elastic recovery during unloading which equals 25%
of the maximum displacement; while, elastic recovery of AA0 is only
16%. The increased proportion of elastic recovery inmaximumdisplace-
ment could mean an improvement in hardness and elastic modulus
[32]. Results presented in Table 6 reveal that presence of atenolol in
the PEO coating suspension leads to fairly improved hardness and elas-
tic modulus. Based on other studies [15,29], the addition of reinforcing
nanoparticles with proper mechanical properties within a softer matrix
could noticeably improve mechanical properties of the produced com-
posite. According to the results obtained in this work, an increase in
atenolol concentration in the suspension of alumina nanoparticles
from0 inAA0 to 4.5 g/L in AA4.5, absorption of reinforcingnanoparticles
within the nanocomposite coating structure was increased and conse-
quently mechanical properties including hardness were improved.

3.4.2. Wear behavior
Wear behavior of PEO coatings including friction coefficient and

wear rate was studied by means of a pin-on-disk wear test. The friction
coefficient of coatings formed in different electrolytes is shown in Fig.
15. In the case of coatings formed in no-alumina electrolytes (Fig. 15
(a)), the presence of atenolol led to a lower friction coefficient com-
pared with those coated in no-atenolol (A0) electrolyte. The least
value of friction coefficient was 0.22 obtained from 4.5 g/L electrolyte.
The data presented in Table 2 reveal that presence of atenolol increased
the thickness of coatings. Adhesion strength of coatings increases
without alumina and different concentrations of atenolol and b) alumina suspensionwith
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straightly with their thickness [33,34]. This increases, in turns, prevents
coating removal and formation of released particles which fill the pores
among SiC particles over the counterpart. Consequently, the contact
area between counterpart and the specimen would not increase,
explaining the less increase in friction coefficient [35]. However, PEO-
coated in alumina suspension and various concentrations of atenolol
were in different conditions (Fig. 15 (b)). By increased concentration
of atenolol in the alumina suspension, the coated specimens were ob-
served with significantly higher friction coefficient values compared
with those coated in the no-atenolol suspension (AA0). The most
value of friction coefficient was 0.41 obtained from 4.5 g/L atenolol con-
centration. As linear elemental distribution (Fig. 6), the existence of
Fig. 16. SEM micrographs of wear tracks of samples coated in different elect
aluminum in the coating (implying alumina), is raised by the increase
in atenolol concentration. The existence of alumina nanoparticles is
probably effective in friction coefficient variations. In fact, these parti-
cles would release from the coating structure during the wearing and
intensify plowing together with SiC particles on the counterpart in-
creasing the coefficient friction.

Fig. 16 shows SEM micrographs regarding wear tracks of coated
samples in different electrolytes. Micrograph of wear tracks of the sam-
ple coated in the no-atenolol/alumina electrolyte (Fig. 16 (a)) shows
that the coating was completely removed from the surface implying
the slight resistance to wearing. The appended SEM micrograph at
higher magnification shows no trace of porosity over PEO coatings,
rolytes: a)A0, b)A1.5, c)A3, d)A4.5, e)AA0, f)AA1.5, gAA3 and g)AA4.5.



Fig. 17. EDS result of worn surface of A0 sample.
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indicating the complete removal of coatings [36]. In order to achieve
certainty, elemental distribution spectrometry was employed over the
worn surface (Fig. 17). Titanium content over the wear surface was ap-
proximately 70 wt.% that makes removal of the coating clear. However,
wear resistance of coated samples was improved by the addition of
atenolol and thickening coatings (Fig. 16 (b), (c) and (d)). Porosity
over the appended micrograph (with higher magnification) demon-
strates thatwear did not reach the substrate during thewearing process
[36]. According to the micrographs, the wear surfaces are not seen to
have deep and broad tracks likewise the sample coated in the no-aten-
olol/alumina electrolyte (Fig. 16 (a)).Micrographs of wear tracks of PEO
coating formed in alumina suspension and different concentrations of
atenolol (Fig. 16 (e), (f), (g) and (h)) prove the significant role of aten-
olol additives in the improvement of wear resistance. There were
deeper and broader tracks over the worn surface of the sample coated
in no-additive electrolyte (Fig. 16 (e)) than others (Fig. 16 (f), (g) and
(h)). These tracks imply the low wear resistance of coating [37],
which is further provide by deep and broad wear tracks throughout
the worn surface observed in appended micrograph (Fig. 16 (e)). Con-
trarily, PEO coating formed in atenolol containing suspension had
smooth and polished worn surfaces with no trace of deep wear tracks.
Appended micrograph (Fig. 16 (g)) reveal several tracks of less depth
and width compared with the specimen with no atenolol in these coat-
ing (particularly in areas with most porosity), indicating an improve-
ment of wear resistance. In addition, the existence of pores over the
wear track means that wear process did not reach the substrate [36,
37].Wearmechanism in these coatings is abrasive because of the nature
of ceramic coatings (with little plastic deformation ability) and condi-
tion of the used pin. This mechanismmight be confirmed by continuous
grooves throughout thewear track in SEMmicrographs (Fig. 16) [17,38].

Average wear rate and thickness of PEO coating in different electro-
lytes are presented in Table 7. The addition of atenolol in PEO coating
formed in no-alumina electrolyte led to a reduction of wear rate values;
the least wear rate was 0.466 μg/N.m obtained from the specimen with
4.5 g/L atenolol (A4.5). In fact, wear rate of the PEO coatings formed in
atenolol containing electrolyte (A1.5, A3, and A4.5) was a function of
their thickness so that with an increase in thickness, the wear rate
Table 7
Results of wear rate of PEO coated samples in different electrolytes.

Parameters

Sample code

A0 A1.5 A3 A4.5 AA0 AA1.5 AA3 AA4.5

Thickness (μm) 2.5 3.6 3.0 4.6 2.0 1.6 2.1 2.5
Wear rate
(10−6 g/N.m)

2.033 0.650 0.800 0.466 0.788 0.158 0.014 0.006
was reduced. The obtained results are in accordance with previous
works [39]. However, in the case of PEO coatings formed in alumina sus-
pension, by increase atenolol concentrations the wear rate was signifi-
cantly diminished. The average wear rate of the AA4.5 specimen was
approximately 130 times less than that of AA0. It wasmentioned earlier
that the increase in atenolol concentration causes the formation of
thicker coatings and consequently a reduction ofwear rate. Also, the ex-
istence of alumina nanoparticles as a hard reinforcing phase in the tita-
nia matrix leads to improvement of wear rate [15]. By the addition of
atenolol to the alumina suspension, the aluminum content (alumina)
within the coating was increased (Fig. 6). The presence of reinforcing
alumina nanoparticles in the rather softer titania matrix improves me-
chanical properties and wear resistance. Furthermore, according to the
results obtained from nanoindentation test, hardness to Young's modu-
lus ratio of samples coated in atenolol containing suspension was ex-
tremely higher than that of coated in no- atenolol suspension. Leyland
et al. showed that hardness to Young's modulus ratio of ceramics may
be used as a reliablemeasure to comparewear behavior of differentma-
terials. The high hardness to Young's modulus ratio of ceramic coatings
implies improvedwear resistance [40] . The present work revealed that
addition of atenolol in the coating electrolyte reduces the wear rate by
increasing the hardness to Young's modulus ratio.
4. Conclusions

In this study, the effect of atenolol on microstructure, corrosion be-
havior, and mechanical behavior of nanocomposite PEO coating were
investigated. Results of this study indicated that, by adding atenolol in
alumina suspension, nanoparticle absorption was increased and there-
fore the coating porosity was decreased so that coating with compact
structure were obtained. The decrease in coating porosity leads to an
improvement in corrosion resistance. Mechanical behavior of coating
evaluated using nanoindentation and pin-on-disk tests and results indi-
cated that by the addition of atenolol in PEO electrolyte the coating
thickness and the rate of hardness to Young's modulus was increased,
resulting in the improved wear resistance of the coating.
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