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Abstract

In the first stage, chitosan (CH)–hydroxyapatite (HA)-multiwalled carbon nanotube (MWCNT) composite coatings were synthesized

by electrophoretic deposition technique (EPD) on 316L stainless steel substrates at different levels of pH and characterized by X-ray

diffraction (XRD), Raman spectroscopy, FTIR and field emission scanning electron microscopy (FESEM). A smooth distribution of

HA and MWCNT particles in a chitosan matrix with strong interfacial bonding was obtained. In the next stage, effects of pH and

MWCNT content of the suspension on the corrosion behavior and deposition mechanism were studied. Potentiodynamic polarization

and electrochemical impedance spectroscopy (EIS) curves revealed that increasing pH level of the suspension increases the corrosion

protection properties of the deposited composite coating in simulated body fluid (SBF). Furthermore, Nyquist plots showed that

increasing MWCNT content of the suspension resulted in higher amounts of Rp, but because of the capillary properties of MWCNTs

and degradability of the chitosan matrix, corrosion protection level of the coatings containing HA–CH–MWCNT was lower than those

of coatings containing solely HA–CH. Amperometric curves in different pH levels of the suspension revealed that the system is diffusion

controlled at elevated pH values.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Orthopedic implants are made of metals and alloys
which are much stiffer than natural bone; consequently,
due to the stress shielding effect, implants will be loosened
after a relatively short time [1–3]. In order to tackle this
problem, implants are coated with biocompatible materials
such as hydroxyapatite [4–7] and biopolymers such as
chitosan [8,9] and alginate [10]. Nanostructured coatings
have more potential places for osteoblasts adsorption and
nucleation of bone cells, besides polymer matrices con-
tribute to elimination of sintering process by imparting the
desired adhesion and accretion to the coating and because
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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elimination of the sintering process for biomedical applica-
tions is desired, nanostructured coatings containing nano-
particles embedded in a polymer matrix has gained a lot of
attention [11].
Hydroxyapatite (HA, Ca10(PO4)6(OH)2) is a calcium

apatite ceramic with a chemical structure similar to that
of the inorganic component of natural bone [12]; thus it
can ameliorate osteoinductivity at the interface of implant
and bone tissue [13]. Multiwalled carbon nanotubes
(MWCNTs) are a relatively new carbon allotrope with high
aspect ratio, outstanding strength, unique atomic structure,
thermal conductivity [14–16] and biocompatibility, conse-
quently they are suitable for nano-structurization of biome-
dical coatings [17–19].
Processing thin films by electrophoretic deposition method

(EPD) has attracted a great deal of interest because of its
versatility, low cost, and the capability to form various
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composite films [20]. EPD fundamentally comprises two
processes which are electrophoresis and deposition. Electro-
phoresis is the motion of the charged particles in a suspension
under the influence of an electric field and deposition is the
coagulation of particles to a dense mass [21]. When an
electric field is applied between two electrodes, a stable
suspension in which particles have a smooth electric charge
distribution and are free to move is necessary in order to
effectively apply the EPD technique [22]. Two mechanisms
are responsible for stabilization of a colloidal suspension:
electrostatic stabilization [23], and electrosteric stabilization
[24]. In electrosteric stabilization, colloidal particles are
dispersed in a polyelectrolyte solution. The charged polymer
chains in the solution are adsorbed on the surface of the
colloidal particles and stabilization is a result of the repulsion
between these adsorbed polymer chains or macromolecules
[25]. There have been efforts to use polyelectrolytes of natural
polymers and macromolecules in order to disperse and
stabilize colloidal suspensions for EPD in biomedical applica-
tions [10,26–28], and this is mainly because of their low
environmental impact, low cost [27] and biocompatibility [29].
These polyelectrolytes may form deposits on the cathode [26]
or the anode [10] during EPD; consequently, they exist in the
coating as binders which prevent cracking and this makes it
possible to eliminate the sintering step [30].

Chitosan (CH) is a natural amino-polysaccharide and it has
a unique structure, multidimensional properties, highly sophis-
ticated functions and wide ranging applications in biomedical
and other industrial areas [31]. Chitosan has amino groups
that are protonated at pH values lower than 6.3, making
positively charged macromolecules [32] which can adsorb onto
the surface of colloidal particles and impart positive charge
around them. When an electric field is applied between two
electrodes immersed in a suspension, these positively charged
colloidal particles migrate toward the cathode and deposit on
its surface [33] (Fig. 1). The dissociation degree of chitosan (a)
in the suspension represents the charged groups fraction on the
Fig. 1. Schematic representation of deposition mechanism.
polymer chain that are dissociated and this strongly depends
on the pH value of the suspension [34].
In this paper during the first stage, ternary nano-composite

coatings containing hydroxyapatite powder and MWCNTs
embedded in a chitosan matrix were successfully produced on
the 316L stainless steel substrates via EPD technique and the
fabricated structures were examined with different analytical
techniques such as FESEM, Raman Spectroscopy, FT-IR
and XRD. At the second stage, effect of pH value of the
suspension and MWCNT content on the corrosion behavior
and kinetics of deposition was studied by means of electro-
chemical impedance spectroscopy (EIS), potentiodynamic
polarization curves and amperometric curves.
2. Experimental procedures

2.1. Materials

Granular hydroxyapatite (Ca10(PO4)6(OH)2) powder
with grain size between 100 and 200 nm synthesized by a
wet chemical precipitation method [35], low molecular
weight chitosan powder (�80,000 Da) with a degree of
acetylation of 85% (Sigma), MWCNT synthesized with a
CVD method at Cambridge university [36] with an average
diameter of 60–130 nm and length �30 mm, acetic acid
96% (Merck) for pH adjustment and ethanol (Merck) were
used as starting materials.
2.2. Suspension preparation and EPD

Chitosan powder (0.5 g/L) was dissolved in 15 mL water
at a fixed pH and stirred for 24 h; subsequently, 35 mL
ethanol in which HA and MWCNT powder were sus-
pended, was added to the solution to make a suspension.
Afterward, the suspension was subjected to ultrasonic
waves (Misonix Sonicator, S4000) by means of a titanium
probe. The sonicator time parameters were set at 5 s pulses
with a 5 s rest between each pulse for about 45 min (net
sonication ON time was 22 min and 30 s). High energy
ultrasonic waves increased suspension temperature to
about 55 1C; consequently in order to prevent volatiliza-
tion of ethanol, the cell was sealed with a paraffin foil and
the titanium probe of the apparatus was pierced gently into
the cell. After 10 min of cooling, the suspension was ready
for running the EPD process.
316L stainless steel plates, 20 mm� 60 mm� 2 mm,

were used as cathode and 316L stainless steel electrodes
of the same size were used as anode. The cathode surface
was incrementally polished by utilizing 600 grit SiC paper
down to 1000 grit SiC paper. After polishing, substrates
were thoroughly washed with distilled water and sonicated
for about 10 min in acetone. The EPD cell for cathodic
deposition included a 316L stainless steel cathode and a
316L stainless steel anode. The distance between cathode
and counter electrode (anode) was 10 mm. Deposition was
performed at a constant voltage of 20 V/cm. Tests were
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conducted at three different pH levels: pH1¼3.3, pH2¼
4.4 and pH3¼5.1.
2.3. Characterization of the coatings

2.3.1. XRD and Raman spectroscopy

Hydroxyapatite is soluble in acidic media [12]; therefore,
in order to prove that hydroxyapatite had been formed on
the surface and not any other calcium phosphate com-
pound, XRD (Equinox 3000, INEL) test was conducted on
the coatings. Raman spectra (Thermo Nicolet, Almega)
were obtained from the coatings in order to verify that the
MWCNTs had not been ruptured under the influence of
heavy ultrasonic waves.
2.3.2. FESEM images

In order to study morphological aspects of the coatings,
a SEM with a field emission gun (MIRA//TESCAN)
was used.
2.3.3. FTIR (Fourier transform infrared spectroscopy)

To verify the fabrication of chitosan on the electrode
and to elucidate the effect of pH level of the suspension on
the properties of the coatings, FTIR spectra of pristine
chitosan and HA–MWCNT–chitosan nanocomposite sam-
ples produced at different levels of pH were obtained by
means of a FTIR apparatus (NEXU670).
Fig. 2. XRD spectrum of a coating prepared from a 0.5 g/L CH solution

containing 1 g/L HA.
2.4. Studies on the effect of pH

2.4.1. Online monitoring of current

A multi-meter (FLUKE 189) was used for online
monitoring of the current vs. time in the case of high
voltage deposition; all high voltage amperometric curves
were plotted at VE20 V. A potentiostat apparatus (Auto-

lab, PGSTAT302N) was used to monitor the current
during low voltage deposition; all low voltage ampero-
metric curves were plotted at V¼1.8 V vs. SCE.
2.4.2. Potentiostatic polarization curves

Potentiostatic polarization curves of HA–MWCNT–
chitosan nanocomposite coatings, which had been depos-
ited at three different pH levels and with three different
MWCNT contents, were plotted using an autolab poten-
tiostat to compare the protection level of the coatings.
Fig. 3. Raman spectrum of a coating prepared from a 0.5 g/L chitosan

solution containig 1 g/L HA and 0.03 g/L MWCNT.
2.4.3. EIS (electrochemical impedance spectroscopy)

Bode plots were obtained for three coatings which had
been deposited at three different pH levels of suspension in
order to compare electrical resistivity and protection level
of the coatings.
3. Results and discussion

3.1. XRD and Raman spectroscopy

Fig. 2 illustrates the XRD spectrum of a chitosan–
hydroxyapatite coating on 316L stainless steel substrate.
As evident in Fig. 2 the XRD spectrum has three

characteristic peaks of hydroxyapatite around 2y¼31.61
for (211) plane, 2y¼321 for (112) plane and 2y¼32.51 for
(300)[37]. There are also two peaks around 2y¼431 for Ni
[38] and around 2y¼501 for Fe [39]. These peaks are
originated from the 316L stainless steel substrate. Fig. 3
presents the Raman spectrum of a coating obtained from a
suspension of 0.5 g/L chitosan, 1 g/L HA and 0.03 g/L
MWCNT from 950 cm�1 to 1760 cm�1.
Bands at 1573 cm�1 and 1361 cm�1 are attributed to G

and D bands of MWCNT respectively [40]. Bands at
962 cm�1and 1048 cm�1 are attributed to several stretch-
ing modes of tetrahedron PO4

3� of hydroxyapatite [41].
Conspicuous presence of characteristic bands of MWCNT
(G and D bands) proves that the heavy ultrasonic waves
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had not ruptured substantially the helical structure of the
MWCNTs.
3.2. FESEM images

Fig. 4a presents the morphology of a composite film
containing HA and MWCNT in a chitosan matrix. Fig. 4b
presents the same structure but in this case, MWCNT
concentration of the suspension was higher (about 0.05 g/L).

As can be seen a smooth distribution of hydroxyapatite
powder and MWCNTs in a chitosan matrix is evident.
Introduction of more MWCNT to the suspension results in
higher amounts of MWCNT in the coating (Fig. 4a, b).
Increasing MWCNT content of the coating has both some
good effects and some drawbacks; as will be shown,
increasing MWCNT content of the coating results in
higher corrosion rates and more active corrosion potentials
compared to the coating which contains solely CH and
HA. On the other hand, introduction of MWCNTs to the
coating makes more sites for bone cells adsorption and
calcium apatite crystals nucleation [42]. Large amount of
MWCNT in the coating is cytotoxic and careful considera-
tion should be paid in order to make a balance between
cytotoxicity and corrosion rate on one hand and improv-
ing adhesion between the coating and tissue on the other
hand [43].

Electrodeposition of chitosan on cathode inevitably
involves gas evolution [44]; thus in order to reduce gas
evolution on cathode, ethanol was mixed with water; at
optimum ratio of water to ethanol (70% ethanol) gas
evolution was drastically reduced; however bubbles of
15 mm were still present in the coating as depicted in
Fig. 5a and b. In Fig. 6, morphology of the deposited
coating in higher magnification is presented.
Fig. 4. FESEM images of composite coatings prepared from solutions

containing 0.5 g/L CH, 1 g/L HA and (a) 0.02 g/L MWCNT and

(b) 0.05 g/L MWCNT.
3.3. FTIR analysis

Fig. 7a illustrates FTIR spectra of coatings obtained
from suspensions of 1 g/L HA, 0.5 g/L CH and 0.03 g/L
MWCNT at different levels of pH on 316L stainless steel
substrates.

In Fig. 7b, FTIR spectrum of pure chitosan coating
obtained from a suspension of 0.5 g/L chitosan with
pH¼3.3 is presented along with the spectrum of a coating
obtained from a suspension of 0.5 g/L CH, 1 g/L HA and
0.03 g/L MWCNTwith the same pH value, in order to
illustrate the effect of introducing HA and MWCNT
colloidal particles to the chitosan coating.

In the pure chitosan spectrum, the band at 3429 cm�1 is
attributed to O–H stretching and overlaps with that of
N–H stretching of D-glucosamine. Bands at 2924 cm�1

and 2867 cm�1 are assigned to C–H stretching and the
band at 1640 cm�1 is due to the C¼O (acetyl) bond.
The band at 1568 cm�1 is related to N–H stretching and
the band at 1408 cm�1 corresponds to the asymmetrical
C–H bending of the CH2 group [45].
As can be observed in Fig. 7a by decreasing pH level of
the suspension, FTIR spectra of the HA–CH–MWCNT
coatings shift to lower amounts of transmittance. By
lowering the pH value, dissociation degree of chitosan
increases [34]; consequently more NH3

þ groups will be
presented on the chitosan chains and as a result, more
bonding will be produced between chitosan chains and
other colloidal particles [46]. These bonds are responsible



Fig. 5. (a,b) FESEM images of 15 mm gas swelling bubbles in the coating.

Fig. 6. MWCNT in a chitosan matrix surrounded by hydroxyapatite

powder representing the diameter of the powder particle.

F. Batmanghelich, M. Ghorbani / Ceramics International 39 (2013) 5393–5402 5397
for increased absorption of infrared radiation, thus low-
ering transmittance level in the spectra.
3.4. Online monitoring of current and conductivity

3.4.1. Low voltage amperometry

Fig. 8a–c exhibits the effect of acetic acid and chitosan
addition to the solution of water and 70% ethanol by
means of i–t curves. All low voltage amperometric curves
were obtained at V¼1.8 V vs. SCE.
In EPD processes, charge carriers are both ions and charged

colloidal particles [25]. According to Fig. 8a which is obtained
from a solution containing no CH and no acetic acid, current
density initially decreases from 64 mA/cm2 to approximately
47.5 mA/cm2; subsequently it slightly increases due to domina-
tion of convection effects. By introduction of acetic acid to the
solution (Fig. 8b), current density is decreased to 820 mA/cm2

and the weakly descending trend continues for about 50 s until
finally it is slightly increased. The reason for former decrease in
acidic media (Fig. 8b) is that the surface of the electrode is
depleted from ions and the system would be diffusion
controlled. In the final stages, convection effects will
dominate [47]; thus current density is slightly increased.
Also in the case of acidic solution, (Fig. 8b) it is evident
that current density is drastically increased at all times
compared to the non-acidic solution (Fig. 8a) and this is
because of the higher amount of charged carriers in acidic
solution.
With introduction of chitosan to the acidic solution, the

i–t curve (Fig. 8c) shifts to a level between those of acidic
solution (Fig. 8b) and neutral solution (Fig. 8a). This is
because of the higher amount of charge carriers (Hþ ions
and some charged chitosan oligomers and light polymer
chains) compared to the neutral solution (Fig. 8a), and
lower amount of charge carriers compared to the acidic
solution (Fig. 8b), because by addition of chitosan to the
solution, Hþ ions are absorbed by the chitosan polymer
chains; considering the fact that electric field is not enough
to move charged chitosan chains, current decreases.



Fig. 7. FTIR spectra of coatings obtained from suspensions of (a) 1 g/L

HA, 0.5 g/L CH and 0.03 g/L MWCNT at different levels of pH and

(b) 0.5 g/L CH and 0.5 g/L CHþ1 g/L HAþ0.03 g/L MWCNT at

pH1¼3.3.
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In electrosterically dispersed suspensions by polyelectrolytes,
at lower voltages there is no considerable deposition, but
statistically there might be some charged monomers and
oligomer chains; deposition of this tiny amount of polymer
on the surface leads to small changes in current that only
sensitive apparatus like potentiostats can sense. In Fig. 8c
during first few milliseconds, electrode surface is depleted of
electroactive species (ions and chitosan monomers and oligo-
mers) and the system would be diffusion controlled; conse-
quently current density falls. Subsequently, OH� ions are
released on the cathode surface and the polymeric electroactive
species consume these ions and deposit on the cathode surface;
it seems that some hidden sources of charge carriers are
activated by means of OH� evolution and thus current
density rises. This increase will continue until the amount of
polymeric elecroactive species on the surface becomes zero.
After this moment, current density slightly falls and eventually
it will rise due to suspension’s convective effects. It should be
noted that according to Zangmeister et al. [32] electrodeposited
chitosan film at lower levels of pH is permeable to ions; thus
OH� species diffusion through the deposited film in the
suspension is possible.

3.4.2. High voltage amperometry

Fig. 9 depicts i–t curves for acidic suspensions obtained
at 20 V and 30 min with (Fig. 9b, c) and without (Fig. 9a)
chitosan.
It is clear that by introduction of chitosan to the acidic

solution the overall level of current density is increased and
the current density variation with time shows an ascending
trend (Fig. 9b). The underlying reason for the ascending trend
of current density vs. time in highly acidic suspensions
containing chitosan is the unrestricted availability of ionized
chitosan oligomer and polymer chains from the bulk of
suspension. Continuous presence and reduction of these
species adjacent to the electrode surface contribute to con-
tinuous increment of the i–t curve. This is in complete
accordance with the results of low voltage amperometry,
because at higher voltages huge chitosan polymer chains also
contribute to carry the charge due to the strong driving force
for migration. By dissolving chitosan at higher pH levels
(Fig. 9c) current is decreased linearly with t1/2. According to
Sarkar and Nicholson [21], during one step potential ampero-
metry of colloidal suspensions, current density decreases with
time due to shielding effect of the deposited layer, but
according to Koura et al. [48], current density diminishes
with time because a diffusion controlled reaction takes place
at the electrode. Here, it is concluded that at higher pH levels,
descending trend in i–t curve is not attributed to the shielding
effect of the deposited layer, but rather it is due to the charge
carrier depletion in the suspension adjacent to the cathode
surface. If current decreases due to an electrical resistive layer
on the surface for pH¼5.1 (Fig. 9c), then it should also
decrease for pH¼3.3 (Fig. 9b) but as is evident, it does not.
The underlying reason for this behavior is that for pH¼3.3
charged carrier concentration is high and the system is not
diffusion controlled.

3.5. EIS and polarization experiments

3.5.1. Effect of MWCNT amount

As pointed out in Section 3.2 increasing MWCNT
content of the suspension increases MWCNT amount of
the coating. In order to obtain more information about the
electrochemical behavior of the coatings, the electroche-
mical impedance spectroscopy (EIS) technique was used.
Three coatings with different content of MWCNT were
examined with a potentiostat apparatus (Autolab,
PGSTAT302N) equipped with an EIS module in simulated
body fluid (SBF) [49] around OCP and with frequency
domain of 0.01–100,000 Hz. Fig. 10 illustrates EIS curves
obtained from coatings containing chitosan, hydroxyapa-
tite, and MWCNT with different amounts of MWCNT.
As observed in Fig. 10, all coatings increase electrical

resistance of the substrate, because Zim value for all coated
samples is increased compared to the bare sample. The
amount of this increment is higher for the sample with



Fig. 8. i–t curves obtained from solutions containing 70% ethanol (a) without acid, (b) with acetic acid pH¼3.3 but without chitosan and (c) with acetic

acid pH¼3.3 and 0.5 g/L chitosan.

Fig. 9. i–t curve of a solution containing 70% ethanol but (a) without

chitosan, pH¼3.3, (b) with 0.5 g/L chitosan, pH¼3.3 and (c) with 0.5 g/L

chitosan, pH¼5.1.

Fig. 10. Nyquist plots for (a) bare substrate, and coated substrates with a

film prepared from 0.5 g/L CH solutions containing (b) 1 g/L HA, (c) 1 g/L

HAþ0.01 g/L MWCNT (MWCNT1), and (d) 1 g/L HAþ0.03 g/L

MWCNT (MWCNT2), SBF, 37 1C.
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highest MWCNT content. This suggests that electrical
resistance of the coatings increases as MWCNT concen-
tration of suspension is increased. This might imply that
increasing coating’s MWCNT content should also improve
corrosion resistance, but polarization data completely
nullifies this conclusion. Fig. 11 compares polarization



Fig. 11. Potentiodynamic polarization plots for (a) bare 316L substrate

and coated substrates with a film prepared from 0.5 g/L CH solution

containing (b) 1 g/L HA, (c) 1 g/L HAþ0.01 g/L MWCNT (MWCNT1),

and (d) 1 g/L HAþ0.03 g/L MWCNT (MWCNT2), SBF, 37 1C.

Table 1

Electrochemical data of coatings obtained with different MWCNT

contents.

Sample ECorr ICorr (mA/

cm2)

ba (mV/

decade)

bc (mV/

decade)

Rp

(kO cm2)

Bare 316 L

stainless steel

�0.964 126.2 498.4 203.3 0.497

CH–HA �0.622 15.3 250.9 105.26 2.107

MWCNT1 �0.711 37.4 153.8 251.3 1.109

MWCNT2 �0.701 38.7 224.1 161.4 1.074

Fig. 12. Potentiodynamic polarization plots for (a) bare 316L substrate

and coated substrates with a film prepared from 0.5 g/L chitosan solution

containing 1 g/L HA, 0.03 g/L MWCNT at (b) pH1¼ 3.3, (c) pH2¼4.4,

and (d) pH¼5.1, SBF, 37 1C.

F. Batmanghelich, M. Ghorbani / Ceramics International 39 (2013) 5393–54025400
curves of coatings with different amounts of MWCNT.
Relevant corrosion potential and corrosion current density
values of Fig. 11, are given in Table 1.

Fig. 11 and Table 1 confirm that all coatings lead to
protection of the substrate compared to the bare sample.
But it can be seen that samples containing MWCNT have
higher levels of icorr compared to the sample that is coated
with only HA and chitosan. This means that by introdu-
cing MWCNT to the coating, corrosion resistance would
be decreased compared to coatings that contain only HA
and chitosan. The reason for this behavior is that long
MWCNTs (30 mm) increase the amount of micropores in
their vicinity. This is because of the chitosan matrix
shrinkage after water evaporation and dehydration. After
dehydration, due to the shrinkage in the inner walls of
MWCNTs, there would be a lot of empty space thus the
electrolyte infiltrates through the inner walls and into the
coating structure. Also, chitosan would be detached from
MWCNTs at their interface after dehydration. Therefore,
micropores density increases in the coating containing
MWCNT, and it contributes to infiltration of the electro-
lyte into the coating and results in swelling [50]. The
electrolyte located in the micropores of a polymer net
causes swelling of the polymer but does not affect the
conduction through the coating, because the polymer
chains hinder the mobility of ions and water molecules
[51]. This is the main reason for the obtained impedance
and polarization curves behavior. With increasing
MWCNT amount in the coating, electrical resistance of
the coating is increased, because MWCNTs are not
aligned. Besides, long MWCNTs in the coating increase
the amount of micropores, consequently electrolyte easily
infiltrates into the coating, and reaches the substrate. But
as the MWCNT amount in the coating increases more, this
complex nano-tube net acts as a barrier and precludes
infiltration of the electrolyte through the coating; however
corrosion resistance is still lower than that of the coating
without MWCNT (inset of Fig. 11).

3.5.2. Effect of pH

Coatings produced at different pH levels of suspension
have different characteristics. This is because of the
difference in the degree of neutralization (DN) of the
deposited polymer. In both cases cathodic- and anodic-
electrophoretic deposition of polymers, there exist a
particular amount of metal atoms of the substrate in the
coating and this amount decreases with increasing DN
[52]. In the case of polyelectrolytes which form cathodic
deposits, decreasing pH value, increases DN [53]. Coatings
with higher levels of metallic content are characterized by
poor elasticity, low strength of the adhesion contact and
low wear resistance. This is assumed to be due to the
higher coagulation ability of metal ions compared to the
hydrogen ions [54]. In order to shed more light on the effect of
degree of neutralization on the corrosion behavior of CH–
HA–MWCNT coatings, three coatings obtained at three
different levels of pH (3.3, 4.4 and 5.1) were subjected to
potentiodynamic polarization test. Fig. 12 illustrates these
curves and Table 2 lists the relevant electrochemical data.
As exhibited in Fig. 12, corrosion resistance of the

samples increased with pH. Although the amount of metal



Table 2

Electrochemical data of coatings obtained at different pH levels of

suspension.

Sample ECorr

V vs. SCE

ICorr
(mA/cm2)

ba (mV/

decade)

bc (mV/

decade)

Rp

(kO cm2)

Bare 316 L

stainless steel

�0.964 126.2 498.4 203.3 0.497

pH1¼ 3.3 �0.724 40.3 334.7 111.43 0.902

pH2¼ 4.4 �0.483 23.3 377.4 103.8 1.519

pH3¼ 5.1 �0.497 23.8 348.1 107.9 1.504

Fig. 13. Schematic representation of the relationship between coating

thickness and pH (DN¼degree of neutralization).
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from substrate increases with pH, corrosion resistance of
the samples increased; this is due to the fact that by
decreasing DN in a polyelectrolyte, size of the associated
structural units in the polyelectrolyte increases [55]; thus
the stability of suspension decreases but the deposition
becomes easier (Fig. 13). Therefore, by decreasing DN in a
suspension, i.e., increasing pH, for a constant time of
deposition, thickness of the acquired coating increases; this
results in hindering transportation of ions through the
coating and this is the main reason for better corrosion
protection.
4. Conclusions

Effect of pH level of the suspension on corrosion
protection properties of the electrophoretically deposited
HA, CH, and MWCNT composite coatings was evaluated
by means of potentiodynamic polarization and EIS tech-
niques. At the first stage, above mentioned composite
coatings were successfully pre-assembled and deposited
and characterized with different analytical techniques.
Coatings obtained at higher levels of pH possessed better
corrosion protection in SBF. Also by changing pH of the
suspension and monitoring the current passing through the
cell, it was concluded that at higher levels of the pH system
is diffusion controlled. MWCNT content of suspension
increased Rp of coatings but because of the capillary
properties of MWCNT, it reduced corrosion protection
properties of the composite coatings containing HA–CH–
MWCNT compared to HA–CH coatings.
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