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Faywords: The present study forusez on evaluating the corrozion resistance of 316L stainless stea] subetratez with Poly-
Hybrid manccompesine vinylearbazole (FVED)/TiDs hybrid nanocomposite coatings (ENC). Uzing the chronoamperometry approach, the
':f:‘m"_"m AT HMC were electrochemically synthesized on 316L stainless stecl mubetrates, incorporating various weighs (3] 1
““‘E‘*T":”i e B, 2 05, 3 % of Ti0, nanoparticles inte the PVE mamix The Andings of the surface morphology nvestigetion
A 3 verified that the 316L 55 had a dense and smooth PVE,/Ti0: coating. A low surface roughness and high contact
Comtact angle value of the PVE/Ti0: coatings are also respomzibie for the decrease in corrosion rate of the 3161 55. The
316l 25 corrosion protecton efficiency of the PVE/TiQs HMC were investigated through open circnit potendal (OCF)

meamrement, potentodynamic polarization and elecorochemical impedance spectrozeopy (EIS) analysiz in 3.5
withs Nal(l zolution. The corrosion rate obtained from the polarization smdies of the HNC coatings as follows
PVET-2 < PVET-3 < PVET-1 =< FVE < 316L 55 Results revealed that an optimal loading of 2 wii Tid:
nanopartcles significantly enhanced the corrozion resistance of the coadng. The enhanced electrochemical
immpedance response for PVE/Ti0; coadngs was verifled by EIS experiments. The smdy demonstrates that the
incorporation of TiO: nanoparticles into the PVE matrix effectvely creates a barrier laver at the coating-metal
interface, inhibitng the enoy of aggressive ions. Microhardnezs stndiez revealed the increase in hardness
vale of the PVE and PVE,/Ti0; coatings indicated the protective nature of the coating and provided high me-
chanical strength to 3161 55. The tape adhesion tests carried out on the ecated specimens alzo indicated a good
adhesion of the PVE/Ti0: on the 316L 55 surface.

1. Introduction mechanical, eleetnieal, optical, and magnetic properties are suitsble for
potential applications 1n various fizlds such a2 fuel eells, bio-implants,

In the recent past, with promizing features, orgame-morgarne hvbnd molecular electromoes, ete. [1—4]. HNC: have improved adhesion and
nanocomposite (HNC) costings have emerged 2= a novel class of mate- increased hydrophobic, chemicsl resistance, stiffness, toughness, mmpact
rialz and have played 2 agnificant role 1n offering enhanced corrosion resistance, and hardnes: properhes compared with neat polymer coat-
protection to metslz and alloys. Purther, HNC coatings’ enhanced mngs [5-7]. The orgenic phase provides excellent mechanicsl and barrier
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properiies, while the inorganic phase acts a5 an adhesion promoter and
corrosion inhibitor, Itz sbality 1= limmted to corrosion prevention and
extended to other surfaces to preserve the matenal's nature. It can in-
creasze a materizl's wear resistanes and sesthetic appeasranes [5]. The
miteractions between the two phases play a cribeal role n determiming
the oversll properties of HNC costings. These interactions can be clas-
sified into thres main categories: Physical interactions due to Vander
Waals forces and hydrogen bonding, chemiesl interactions due to
forming covalent or 1onic or coordimnate covalent bonds, and steric in-
teractions arising from phymeal repulsion betwesn the two conmponents.
The comugation of these Interactions result=s In coatings with superior
properfies. Attemnpts have been made to tailor theze interactions be-
tween the orgamic and inorganie phases w1z different processing routes
hke Sol-gel processime, Solubon-processing,  electrodeposition, self
aszembly, ete. [9,10].

Stainless steel (85]) 12 a widely used matenisl kmown for itz exeellent
mechanies] and corrosion resistance properties [11]. 316 L grade 55,
often called msrine grade stainless steel, 1= extensively used in sessvater
environments. Although the addition of Mo and the reduced smount of C
m 316L 55 makes 1t lighly resistant o intergranular corrosion, it 1=
prone to localized corrosion In marme snvironments. The chionde 1ons
and mMICroOrgEmismE In manne environments seriously threaten the
micgrity of the passive film, causing huge sconomic lozses and safety
hazards every year [12]. The mterface between 3161 55 and its enva-
ronment 12 of primary importances sines it determines the afficiency and
service lifetime. Chemical - mechanical, electrochemicsl, and thermal
micractions occour at the interface, which must be properly addressed
while developing & coating on the metal surface [13]. HNC not only
offerz am effective physical barmer against attsckang species towards the
metal mterfaces but alzo offers other properfies such as mechamical,
electrochemical, and thermal resistance, and hence, they are progres-
sively beecoming a2 good alternative to hazardous chromste costings
[14].

The us=z of conducting polymer (CP) az & baze matrix for developing
HMNC coatings 1= contmuonsly explored. Dues to their redox activity, CP-
bazed composites/nanocompozites consttute a novel clazs of ‘zmart’
corrocion inhibiton eoatings [15-17]. The hydrophihic and porous na-
ture, and the poor stability, processabibity, and solubihity of the CP films,
are limitations of these costings for anficorrosive spplications under
severely agmressive environments [18-20]. Vanous modifications are
being made to CPz, such a= blends, copolymers, interpenstrating poly-
mer networks (IPNz), and hyvbrid conducting polymers (HCPs), to
overcome these hrmitsfions [21-23].

Metal metsllond, and ceramue-modified conducting polymers sctasa
hvbnd, which can be synthesized by incorporsting organic-imorganic
matenals/dopants into the CP matrices [24]. The successful incorpora-
tion of fillers into the CF matrix enhanees the electron transfer rate at the
modified surface ‘electrolyte mnterface [25]. The CP: incorporated with
morganic nanomaterials often exinbit enhaneed properties that are far
superior to ther individus] components. Therefore, these findings sug-
gest that generating new and smart HNCs with better properties is
essential for wider applications [26].

Polvinylearbazole (PVE) 15 a semuconducting polvmer used for
photorefractive deviees and electroluminescent for photorefractive de-
wiees and electroluminescent [27-25]. Tt finds mmmerous apphicsfions
due to itz good thermal and mechamies]l properties and ability to form
robust thin films [20-30]. In the past, Kuo =t al. synthesized orgamie-
morganic hybrd cosbtngs consisting of PVE and inorganic silica (5105}
wath 3-{trimethoagsilyl}-propy]l methaerylste (MSMA)} sz 2 coupling
agent, PVE-510; hybrnd (PSH) costing developed on cold-rolled steel
(CRS) zlectrode with low silics loading was found to be supenior i
anticorrosion property when compared the bare PVE [31]. Combirung
metal oxide nanopartieles mbo the polymer matrx improves the me-
chanical propertizs and surface area a=z nano-zsized fillers and reduces the
peneiration of corrosive lons, enhancing corrosion resiztance. Thiz =
why conducting polymer/metal cxide nanocomposites have received so

[X]
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much attenbon.

For thiz resson, several condueting polvmers have been incorporated
with metal oxide nanoparticles such as 5105, Sn0s, Zr0., Zn0, cic
Various ceramic oxides have been used to modify the coarrosion perfor-
maneces of the conducting polymers [32]. Among them, Ti0- 1z the most
promizing material due to itz high mechanicsl strength towards wear
and abrasiom, high temperature, and ocoodation resistance, which are
considered mon-reactive in a corrosive enviromment [33]. The high
refrachve mdex, dieleciric constant, and photocatslhyhic achwity of Ti0O;
nanoparticles have attracted mmeh attenbion in recent vears, and they
alzo possess sigmificent physical and chenmeal stability [34-27]. Rasooh
et al have extenzively worked on the effect of TiOz nanoparticles in
Ni—Co Alloy coatmgs. They have found that varnous amounts of Ti0:
nanoparticles can affect the mucrostructure, mechamesl, snd corrosion
properiies [38]. Rangel-Olivares et al. have reported enhanced corrosion
protection ability offered by polyamline-bazed Ti0; coatings on 1018
zieel compared with 510, and CeO- [30]. Wang Yanh et al. have al=o
reported the influence of Nb-TiO-/ PANI-coated metallic surfaces [40].
Bassd on previous reports, the challenging properiies such az photo-
lumunescence, charge carmer fransport, and photoconductivity of PVE-
Ti0: HNC have been extensively studied. However, the corrozsion pro-
tection shality of PVE-TiIO. HNC on metallic substrates haz not been
explored. Many publizhed reports on ceramic coode nanoparticles {NPs)
for ineressing the anbicorrozive behavior of polymer coatings. [41-43].
Nevertheless, reports on the potential applicsbon of developing anti-
corrozsive PVE/Ti0, nanocomposite coating are scanty. In this study, we
present the fabrication of PVE-Ti0; hvbrd nanocomposite coatings on
316 L 55 wath varying concentrations of nano-Ti0s through electro-
polymen=stion on 316L 55, The surface characterizations and electro-
chemcal studies were carmed out to svaluate the corrosion protection
efficiency of HNC cosfings. The present study indicates that few reports
have previouzly been done on the corrosion protection provided by
PVE,/Ti0: nanocomposite films on st=el Thiz stady explores the corro-
zion resistance behavior of PVE/T10: nanocomposite costing on steel in
a 3.5 % NaCl solution. The results of this study demonsirate the effect of
TiOz NPs on the morphological changes, mechamesl properfies, and
corrosion protection effictency of HNC-coated 3161 55,

2. Experimental work
2]. Chemicals and sample preporation

Thiz present mmvestigation usad 316L 55 coupons with dimensions 25
% 15 x 2 mm®. Commercially availahle 3161 55 wers purchazed from
M5 Saraswaths Tools & Gauges Lid., Chennai, Indis, and the chemical
composition of 316L 55 1= grven in Table 1. These samples were sbraded
using zilicon carbide {5iC) up to 800 # emery shects, wazhed with
double distilled water, ultra-somicated i acetons for about 15 min, sir-
dried, and ussd for costing developments. Analytical grade Ti0: nano-
particles, n-vinyl carbazole (VE), and LiClOy were purchased from
Sigma Aldrich. Solvents ammenis, seetonitrile (ACN), and ethanol were
procured from Merck and used wathout further punfication.

22 Coaiing preparation

Electropolymenzation of PVE-HNCs was performed at room tem-
peratore on 2 316L 55 substrate using a chromosmperometry {(CA)
techmque using a CHI 760D electrochemmical workstation USA. Three
electrodes electrochemical setap and synthesis procedure 2= shown in
Fig. 1. was used with 316L 58 a= the working electrode (WE), Plabnum
foil as a eounter electrode (CE), and SCE as the reference slectrods (RE).
The distaner between the WE and CE was =10mm". The samples were
passivated in 50 % nitric acid zolution for ~10 min to increase the de-
gree of chromium ennchment m 316L 58 substrate surfaces [44]. These
passivated samples were subjected to electropolymenszation. The poly-
merization solution consisted of 1 = 10 M VE and 10 M LiClO,
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Table 1
Chernical compositon of 3161 55
Elerment Or M Mo P C Mn =1 Cu Pa
Wil 16.2 1003 206 0.033 0021 148 043 0.43 Balance
2 4 Electrochemacal corrosion studies
The corrosion studies were carmied out for the uneoated and HNCs-
coated 316L 55 substrates. Three electrods cell setups with 250 ml of
— — 3.5 % NaCl solufion were used for all the experimaents. The electrode cell
S — amrangement comprised the coated substrates (=] cm®) as WE, Pt sheet,
e and SCE az CE and BE electrodes, respectvely. Electrochemical mea-
S— Y+ Yan . surements were performed with a CHI 7600 electrochemicsl worksta-
'Yy tion, USA_ The coated samples were immersed n 3.5 wit NaCl solution
; ] ’ for 500 = st 25 + 2 “C to establish the open cirenit potentisl (Eq) or the
VKLICID, vﬂ*uclﬂ,ﬂllﬂ] PUR-Ti0; steady-state potential. EIS measurements were carned out m the fre-

Fg. 1. Schematic representation of electrochemical setup used to synthesize
HMNC coatings on 316 L 55 substrate.

supporting electrolytes (= pH -7) in ACN. Ti0; NPs of 1, 2, and 3 wi3
was dispersed usmng the ulbrasomicabon method. The eleciro-
polymenzation was performed using a three-electrode setup comprising
316L &5 as the worlang electrode (WE), Pt sheet (2 x 2 cm) as the
counter electrode {CE}, and satorated ealomel (SCE) a5 the reference
electrode (RE). The WE were polanzed at a constant potential of 1.2 Ve
for 1000 =z, and the coating solubon was magnebeally sbrred for
adequate dispersion of TiO; NFP: into the PVE matrix during the elec-
trochemical polymerization.

The coated 3]16L S5 substrates were removed fom the solubion,
mnsed with ACN to remove the unreacted substanees, and dned m mr.
PVE-Ti0; HNC coated substrates with 0, 1, 2, and 3 wih of TiO; were
named FVE, PVET-1, FVET-2, and FVET-3, respechively.

23 Surface characterizarion

The formation of PVE-T10; HNC costings on 316L 55 substrates was
determuned by identifying the functional groups using atbermated total
reflectance nfrared (ATR-IR) spectroscope (Perkon Elmer Spectrum Two
spectrometer-USA) in the frequency range of 400—4000 cm . NHC
costings surfsee and cross-zectional morphologies =nd slemental
composition were obtamed using a high rezolubon-seanming electron
microscope (HR-SEM) attached with energy dispersive X-ray analysis
(Model FEI Quanta FEG 200F USA). The distribution of various elements
mn the HNC coatings was also obtained using EDAXY elemental mapping.
Transmizsion electron microscope (TEM) mmages of the coshings were
obtamned uming a JEOL 3010 microccope, JAPAN. The surface muicro-
hardness test was performed with a Vickers pyramud indenter, vszing
MATSUZAWA model MMT-X scries (JAPAN} ultra microhardness tester
to estimate the hardness of the coated substrates. Hardness measure-
ments were performed on the surfsces at a load of 0.5 kegf and a dwell
fime of 12 5. Vicker's hardness (HV) value was caleulated by dividing the
indentation foree by the surface of the imprint obeerved at the miero-
scope. Adhesion of the produced HMNC coatings was evalusted using
Elcometer 107 (INDIA) Cross Hateh Cutter sccording to ASTM
D3359—B. Six approsamately parallel score hnes were made with a
zeparation of 1.0 mm; 2 further six =core lines were seribed perpendic-
ular to the ongmal seore hines. For mdividual specimens, 25 grids were
generated. Adhesive tapes was placed on the grids using a soft eraser; the
tape was then removed with a frm, steady pulling achon. The surface
wettability of the uncosted and cozted substrates was determined by
measuring water contact angle values. The average contact angle values
of all the zamples wers measured by a contact angle meter (JC2000C,
POWEREACH-CHINA]

guency range of 100 kHz - 0.01 Hz. and dats were curve-fitted using the
non-hnesar lesst-sguars fiting procedurs and analvzed using the
Z8impwin program (Prineccton Applied Rescarch, USA) to cbt=in suat-
able eguvalent cireuit parsmeters. Pobenbiodynsrme polanzastion
studies weres conducted based on the Eocp (402530 V) values at 3 zean
rate of 1 mV/z. All the electrochemical experiments were carried out in
triplicate to confirm the reproducibility.

The ASTM-G {10289 was used to caleulaie the corrosion rate [CR)
from the polarization parameters using the following Eq. (1) [43].

CR = Ki % far /I % EW (1}

where, CR: corrosion rate (mmy/v), K1: 3.27 = 10 mm g/JA cm ¥r; Tron
corrosion current density (A fom), EW: equivalent weight of the sub-
strate, and D: density of the substrate (g/am”).

The protection efficiency (PE} of the HNC coatings was determined
using the following Eg. [2) [41],

PER = |R paomedy — Rpotjnceaied) /R potfooaied) | 1 1005 (2}

The costing porasity 1= one of the important perameters that strongly
govern the anticorrosive behavior of the coatings. By determimong the
costing porosity, one can estimate the oversll corrosion resistance of the
coated substrate [41]. The porozity of HNC costing om 316L 55 sub-
zirates waz determined from potentiodynamie polarizafion measure-
mentz. The porosity in polvmer costing was caleulated using the
following Eq. (3] [41.43],

P = Ry [Rye % 10 {14 Frmeryga) (3}

where P iz the total poresity, Bp; iz the polan=zsfion resistance of the
316L 55, Ry is the measured polarization resistance of polymer-coated
316L 55, AE_; iz the difference between corrosion potentials, and i
15 the anodic Tafel slope for uneoated 316L 55 substrabe.

3. Resulis and discuszion

3.]. Electropolymerizanon of HNG coatings

The effect of nsno Ti0; on the growth and morphology of the
polymer cham can be inferred from the current ve. time plots. CA curves
of the HNC coatings show the electro-growih of the PVE-HNC on 316L
£5.Fiz. 2 depicts the inerease in cwrrent density at the beginming, wineh
1z attributed to the chain ubation of the monomer and further facili-
tates the polymer chain's growth. The decresse in current density as fime
increases shows the progress’ of polyvmenzation proceszes [45]. An n-
crease in cwrrent density for FVET-1 could be atinbuted to the assistancs
offered by nano-TiOs in forming polymer growth. The lower polvmer-
zzHon rate in PVET-2 is due to the barrier effect of nano-Ti0z. Howeser,
in the caze of PVET-3, the cwrrent den=ity abruptly decreased due to the
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Flg. 2. CA curves of PVET-1, PVET-2, and PVET-3 HNC coatings.

presence of high ameowunts of nano-TiO,, and the higher concentration of
nanoparticles reduces the surface ares of the polymer, resulting in lower
current density. The varistion mn current mmtensity plays 2 significant rols
mn the morphology of the hybrid coatings.

2.2 Surface chemisiry

3.2 1. Asenuared toral reflectance-Fourier rangform Dyrared spectroscopy

[ATR-FTIR) studies.

The ATR-FTIR spectra of HNC wath varving amounts of Ti0, and the
as-synthesized nano-TiO, are @ven m Fiz. 3. The nano-TiO, showed
Eroadband at arcund 1060-1070 cm * region, which is attributed to the
formation of Ti—O and Ti-O-Ti bonds. The amorphous nature of the
nano-T10z causes peak broademing m this region that corresponds to the
Ti—0O bond [45]. The characteristics of peaks that sppeared in the re-
glon from 400 to 700 cm © pefer to the Ti and TE—O stretching and
bending wibrations [47]. The HNC coatingz show major bands of PVE
polymer in the 750-800 cm ! range [out-of plans deformation and
stretching vibration of aromatic -C-H), 1100-1150 cm * (in-plane
deformation and stretching vibration of aromatic -C-H), and 1600 cm *
(-C=C stretching}. The -C-N stretching of the VK group appeared at
1220 cm !, The pesk st 1447 em * corresponds to the ring vibration of
VE. The deformation of the vinylidens group sppears at 1447 cm . The

% Transmittance (a.u)

1 L 1 1 1
BoD 1600 2400 3200

4000
Wavenumber (cm’)

Fig. 3. ATR-FTIR spectra of TNPs and PVEI-I, PVET-2 and PVET-3
HMNC coatings.
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peaks of Ti and Ti—O at low frequencies are overshadowed by the other
peaks of PVE in the renge of 400-700 cm . The strong and broad pesk
appeared in the 10601070 cm * range comresponding to T-0-C [45].
The stretching and bending wibration of the -OH group appears at
35003600 cm 1 and 1400-1640 cm 1, respectively [42]. The appear-
ance of the TIO; peaks in PVEK hvbrid costmgs confirms the presence of
nano-Ti0s and the strong mterachon offered by the nanoparticles to the
PVE at the interface in the HNC costings.

3.2 2 Surfare morphologies and chemaeal composttion shudies

Fig. 4 shows the SEM 1mages of electropolymerized PVET-1, PVET-2,
and PVET-3 costings on 3]16L 55 substrates. The nano TiOz particles
appeared as square particles with 3 uniform size distnbubion of aboat
5070 nm [nset in Fig. 4). The HNC coatings’ morphology differed from
the neat PVE coatings [43]. The formation of mucro square grains varies
in size, which 1z sttributed to vamations in nane-TiD; concentration
Further, PVET-1 shows a low sceumulstion of mucroparticl=s, and PVET-
2 showz a larger scoumulsfion of compact microparticles. However, in
the case of PVET-3, aggregates of microparticles with less compactness
were obeerved.

The chemical composifion of HNC coafings was obtzined from the
EDAY analysis, which confirms the presence of C, O, N, and Ti elements.
The elementsl mapping was also camied out, and the corresponding
images are given m Fig. 5. Elements]l mapping 1= construeted by
assembling very specific elemental composition data across an arsa of 2
costing. The major clements (With) observed in the costing are idents-
fied 1n the elements] disinbubion, sz shown in the EDAY mepping. The
pesk intensity of the EDAY zpectra identifi=d the manmmm widh of each
element The higher the peak mtensity, the higher the distibution of
elements in the EDAX-mapping rezults. The current density varisbion in
the CA curves suggested that the resction kinetics mmvolved dunng the
polymenz=stion processes vaned, which could affect the morphology of
the HNC coatings. The crosz-sectional SEM morpholomies of the HNC
costings with varying nano TiC: concentrations are shown i Fig. 6, and
the costings were relastively umform and compact, with an average
thickness of sbont 1.5 pm

The TEM images of PVE-HNC are shown in Fiz_ 7; the lighter portion
depacts the PVE, and the dark portion mdicates the nano Ti0,. This may
be probzably due to the igh and low Wy volume mass used for both
polymer and nanoparticles. The distmbubion patterns of the Ti0; NPz in
the PVE matrix suggest the encapsulstion of NPs in the PVE resulis in the
formation of dense morphology. The results of TEM examimations have
been examined to look mibo the interaction bebween polymers and
nanoparticles. The PVET-3 sample was depicted in Fip. 7c sz having
thick parficles due to sigmficant sccurmlation; mn contrast, the PVET-1
(Fig. 7b) and PVET-2 (Fig. 7a) samples did not exhibit sirmlar obser-
wvationz. Rather, nanoparticles zeemed to be distibuted properly. Ae-
cording to the analysiz; the PVET-1 and PVET-2 zamples have an
amorphons polymer region that appesrs to be uniformly eneapsulating
them rather than segregated from the nsnoparticles and gradually
infusing them with varous Ti0; nsnoparticlez, Additonslly, in certain
imstances, PVET-3 polymer coating 1= mgmficantly less nobceahle
mdicating weak polymer adsorpton on the surface of TiOz We can ses
the clear morphology of PVE-HNC with high-magmification images in

Fig. 7.

323 AFM and comtart angle analysis

AFM images of PVK[-1, PVET-2, and FVKT-3 HNC costings are
zhown in Fig. & The obtzined AFM 2D & 3D-topographic images of the
PVET-1, PVKT-2, and PVET-3 coated substrates sre given in Fiz. 8 (a-c).
The PVET-2 coating dizplayed intercalated parficle-like topography and
a low surface roughnesz value compared to FVET-1 and PVET-3 coat-
ingz. The AFM 3D mmages demonstrated that the surface became rough
for PVKT-1 and PVET-3 coated 316L 55. The average surface roughness
(R.) of the developed costings was determined to be 147 nm, 58 nm, and
104 nm for PVET-]1, PVET-2, and PVET-3 coated 3161 55, respectvely.



M Hlmgoven ot . Burfane & Cocting: Techralogy 451 (20047 130628

[lements W1 %]
S00E8
]
LTS
108
im
(=F +]
|
Gdd
1L

Fig. 4. 5EM micrographs analyziz of {2} PVET-1. (b} PVET-2, and (C) PVET-3 coated
316L 55 substrates. EDAX spectra and elements (wibo) of (d) PVET-1; (&) PVET-2 and
{f) PVET-3 coated 316L 55.
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PVKT-1

PVKT-2

PVKT-3

Flg. 5. EDAX elemental mapping results of PVEI-1, PVEI-2, and PVKI-3 coated 316L 55 subsirates.

Fig. 6. SEM crosz-section images of {a} PVET-L, (b} PVET-Z, and (¢} FVEK -3 coatings.

Fig. 7. HR-TEM images of (=) PVET-1, (b) PVET-2 and () PVET-3 HNC.
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(a)

(c)

L B Sy Y

Fig. 8. AFM (2D & 3D) images of (23 PVET-1, (b} PVET-2, 2nd (¢} PVET-3 HNC coatings.

The surface roughness of the PVET-2 costing 1= very low, which 1=
respomsible for the high corrosion resistance and wettabality of the 316L
55 zubstrate. The coated surface with low wettsbility 15 more favorable
for reducing metsl corrozon

The wettabihity of the uncoated and coated samples was determined

from the water contact sngle walones sre compared iInm Fiz. 9. The
obesrved contact angles of the uncosted, PVE, PVET-1, PVET-2, and
PVET-3 coated substrates were found to be 68*, 89°, 103", 123" and 112
4+ 3%, respectvely. In these results, the PVE-coated substrate showed a
higher contact angle value than the uncosted one, mdicating that the
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Fig. 9. Contact angles of 316 L 55 PVE, PVET-1, PVET-2 and PVET-3
HMC coatings.

coated surface mstructs the hydrophobic behavior of the metal surface.
The nanocomposite coatings showed higher contact angle values than
the uncoated and PVE-costed szubstrates. The reported hiterature
revealsd that the inclusion =ffect of TiIO, nanoparticles enhaneed the
contact angle values and produced more hydrophobic behavior [50].
Due to this hydrophobic behavior, water molecul=s are not adsorbed on
the metsl surface, and henes, the corrozion 1z prevented for the
nanocomposite-coated substrate. In additiom, the high contact angle
value obtamed for PVET-2 coating shows better performance than the
other coatings. Further, the umform organic/Inorganic NEnoCoMpPosite
costing mixture and well dizpersion of TiOZ2 nanoparticle in the polymer
matrx enhanesd the water retention and exhibited exeellent hydro-
phobic performance [51]. Thersfore, PVET-2 nanocomposite coating
showed better hydrophobic behavior than PVET-1 and FVET-3, which
meet the low required corrosion rate values.

3.3 Mechaniral choracten=arnon
3.3.1. Vickers microhardnezs

Vicksrs mucrohardnes: measurements were performed on the surface
of all the prepared HNC coatings to evaluate the effect of nano Ti0z on

4000
3000
w
o
£
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E
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£
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o
316L S8 PVKT-4  PVKT-2  PVKT-3

Fig. 10, Vicksrs Microhardness vaines of 316 L 55, DVE. DVET-1, PVET-2, and
PVET-3 HNC coatings.
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the mechanical properties. Fiz. |0 shows the hardness histogram of
uncosted and HNC-coated 316L 55, As evident from the microhardness
values, the HNC-coated zamples showed higher muerohardness valoes
than the PVE coatings. The inereaze in the microhsrdness with the
mmcorporation of nano TiO. sugegests the formaton of a well-defined
structure during electropolymerization, which leads to the compact-
ness and the densification of the hvbnd coatings. The TiO, nanoparticles
with = large surface area increase the intacimess and intersctions with
the polvmer matnx, offening higher mechanical sirength to the hybnd
coatings [32].

3.5.2 Tope adhesion tesr

The standard taspe adhemon kst (ASTM D 3359} evalusted the
adhezion strength betwesn the PVE, PVET-HMNC coatings, and 316 L &5
substrate [53]. The resulis are generally claszified az follows: 0B (65 %4,
1B (35-65 5¢), 2B [15-35 %), 3B (5-15 %), 4B (0-5 %), and 5B (0 % or
none). The tape adhesion test results are repressnted in Table. 2 with the
dizgram i Fig. 11. PVE falls in the 2B category with an AR value of 76
with lezz adhezion strength. The incorporation of § wi% nano Ti0-
zhows an AR value of 00 and falls in category 3B upon harther addibion
up to 2 widh the value drastically increased to 98 (4B). However, in the
caze of 3 wih addibon, the AR value decreased, which zhows the
overloading of TNPs. Among the costed samples, PVKT-2 shows the
highest pereentzge of AR which showws the beneficial role of the nano
TiQ, in improving the adhesion strength of the hybrnd coatings. No
zsigmficant chenges m the AR values were noted even after the polar-
zation studies.

3.4. Electrochermacal corrosion behovior

3.4.]. Open corownt potennal measurement [QCF)

The HNC costings open circuit potentisls (Eqep) were messured
agamst standard SCE in 3.3 wi%h NaCl for a period of 500 =, shown in
Figz. 12. HNC coatings show a noble shift in potential values compared to
the bare 316L 55. The resnlts are compared with our previous publizhed
results [43]. Eqep values of PVET-1; PVET-2, and PVET-3 coatings were
0.069 V, 0.351 V, and 0.252 V, respectvely. The high nobler shift in
Egep values of HNC compared to 316L 55 mndicates the formation of
ztable comtings. Thiz could snhance the corrosion resiztance by con-
trolling the sggreszive lons penetration mto the coatings to the sub-
strate. The shuft in Eocp values towards the anodic direction 1= due to the
passivabon offered by the hybnd coatmgs to the 316L 55, The vanabon
in Eoep values in hybrid costings 1= mamly attributed to the posiive
effect of nano TiOz in enhancing corrosion resistance.

342 Eleetrochermeal ompedance spectroscopie (EIS) studiez

Fig. 13 a-c shows the Bode and Nygust plots of HNC coating in 3.5 wt
% NaCl solufion. In the Bode impedance plot, upon varying the wi%t of
nano Ti0; in the hybrd coatings, the shift in impedsnce values at the
low-frequency region was also observed wath kngh walues when
compared to the 316L 55 subetrate and neat PVE, and the low-frequency
region iz mainly corresponding to the diffusion process [54]. The n-
crease in the impedance walue 1z atinbuted to the barrier property
offered by the nano TiD; It has been reported that adding nano addibives
improves the barrier properities of CP towards the diffusion of solvent/
gases by a factor of 10 or even lngher [55]. The HR-TEM mmiages confirm

Table 2
Tape adhesion test ramlts of FVET-HMNC coatingz.
ENa. Sa::|p]:: %% af adhasion remaiming
Before polarization (3} After polarizasion (36)

1 FVE 76 70
2 PVT-1 o0 a4
3 PVT-2 &s a2
4 PVT-3 oz 86
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Fig, 11. The adhesion remaims in (%) of FVE, PVET-1, PVET-2 and PVET-3
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Hyg. 12 OCP - time curves of PVET-1, PVKT-2 and PVET-3 coated 316L 55.

the formation of 2 well-defined struchure wath nano TiD; at the particle
coversd with PVE, and the formed encapsulated struetures have 2 higher
surface area when compared to the neat FVEL Thiz plays = vital role 1n
offering corrosion resistance to the costings; howewver, In the 3 wi%h
loading (PVET-3), the impedance decreaszed to a lower value of <107,
mdicating the passage of electrolytes through the coating and less
corrosion protechon offered. It 1= due to the overloading of the nano-
particlez, and it corroborates with the adhesion studies.

In the Bode phase angle plot (Fiz. 13b), the HNC-coated substrate
exhibited 5 considersble shift in the phase sngle compared to the un-
coated substrate. The phase shift 1z attnbuted to the behavior of hvbnd
coztings in the electrolyte medium At the high-frequeney region, the
phase angle was 10° and slowly decreased o —75", and a plabeau was
attsined for a short range. Thiz vahae 12 less than the value for an 1deal
capacitor {—90%} and henee freated as non-ideal capacitance behavior
commonly referred to az constant phaze element [CPE). Further, in the
Iow-frequency region, it decreazed to —60". The charge transfer resis-
tance (B iz related to the costing's abality to resist the charpe transfer
and to the diameter of semicircles m Nvgmst plots [56]. An incresse m
diameter refers to inereased charge fransfer resistames with higher
corrosion resistance. High charge transfer resiztance could be due to the
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following analogy: mrmlar to the charge trapping process m PANI-T10-
composite, FVE-Ti0s can alzo form a p-n junchon, decreasing the charge
transfer processes with a lower corrosion rate [57]. The corrosion and
the rust-forming mechsnizms suggest the formation of coadative 1ons
and charge transport processez. The charge-trapping processes mm HNC
costings inhibit the formston of oxdative 1ons and prevent the forma-
tion of rast.

In general, the EIS spectra of the coated steels with nano TiO, show
two-hime constant behavior. The resiztance in the high frequency 1=
offered by the coating, while the resistsnes in the low frequency 1=
attributed to the charge transfer remistance of the costing. The capac:-
tance at the high frequeney corresponds to the coating, while the low
frequency reprezents the double-layer capacitance [53]. The obtained
spectrs were fitted using the sqmvalent civeut comprizing of slectrolyte
resistance (R}, costing resistance (R}, charge transfer resistance (R,
costing capacitance {CPE.), and double lzver capacitsnce (CFEg) az
given in Fig. 14. The CPE is used instead of C to dishinguish the deviation
from the ideal capacitive behavior. The fitted dsts are depicted n
Table 3. The coating performance 1= generally evaluated bazed on the
clemental values of the equivslent ciremt Generally, a good metal
coating system 1s expected to show lngh B, and B, values and low CPE.
and CPEg values [50].

The increaszs in the costing capacitancs from 2 to 3 wit of nano-TiO,
suggests the degradstion of the costing. Costing resiztance () 1= higher
than uncoated snd neat FVE-coated substrates. On loading the nano-
partcles, thers 1z three timez increzse 1n R, vahoe from PVE to 1 wi%hand
2 widh. Purthermore, when the loading 1z increased to 3 wi%h, the R
walue decreases nearly to half, indicafing the decreasze m the protechve
nature of the costing. The formation of the passive layer and the pro-
tective nature of the coatings are inferred from chenges in R, values. It
can be seen that the charge transfer resistance R, of the HNC costingz 1=
a2 higher arder of magmitude when compared to the bare and PVE-coated
substrates. B value moresses with the loading of nanoparbieles up to 2
wi¥ and further increase lead to a3 drop in the value, confirmng the
overloading and defect In the coating, allowing comrosive lons to be
easily penetrated seross the coatings:

3.4.3. Potentiodyramic poloriscoorn MSasurements

Potentiodynamic polarization stodies were carried out in 3.5 wi%
Nall medium and the polanzation curves are mven in Fig. 15 The pa-
rameters obtained from polarization curves, such a= corrosion potential
(Ecare), corrosion current density (1., ), protection efficieney (PE %), and
CR are lbizted m Tzble 4. The 316L 55 and FVEK coating results were
compared with our previously published work [43]. It iz evident from
the table that the comrosion potential of 316L 85 at —0.211 V was shafted
to —0.049 V, 0.092 V, and — D105 V for 1, 2, and 3 wit% neno Ti0s
loaded HNC coatingz, respectively. These resultz indieate the excellent
corrosion protechon efficiency of the hybnd coatings. It 15 also noted
that the 1 values of HNC coated 316L 55 were ten times lower than
that of the uneoated 316L 55 substrate [60]. The influence of the nano-
TiOs on PVE iz reflected in the 1, values divectly proportional to the
corrozion rate. The 1 value decreased wath mereasing the amount of
nano-Ti0z. However, when 3 wi%h of nano-TiOs was ineorporated, 1t
showed a decrease m Ipor value, confirming nanoparticle overloading.
The calculated corrosion rates show ten times decrease when the 316L
55 were coated with the HNC coatimgs.

The porosity of the hybrid coated zamples was calenlsted and rep-
resented in Fig. 16. In the presence of nano TiQ,, the porosity of the PVE
decreazes, and it 15 very low for 2 wi% The abrupt inerease in the
porozity values for 3 wilh shows overloading of NP and the beginming of
delaminstion of the coating. WHC costings polanzation resistance vahies
were high In comperizon with 316L &5, registering protection effi-
clenciez at 90, 96, and 92.7 % for PVET-1, PVET-2, and PVET-3,
respectvely. The increase in polanzabon resistance shows the corro-
zion protecion the byvbrid coatings offer. The results obtained by Garcia-
Czbezon and coworkers suggest that corrosion protection ocours
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Flg. 14. Equivalent cireuit used for PVET-1, FVKI-2, and FVET-3 coatngs. NE
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Table 3 2 1
EIS paramster for the 316 L 55, PVEL PVET-1, PVET-2, and PVET-3 HNC - 8l
coatingz. ; .
Zamgls el PVE PVET-1  PVEL-2Z  PVEL-3 1 ’
CPE_ (5. &™) em™? 620 2784 12.79 258 -8 4
o 0794 051 0.36 0B
B kil exe®) 0.042 3.62 212 412 —r T —_——
PE,. (5. ) cm Pty R SeEs S e .04 -0.3 02 04 00 04 02 0.3 0.4
s 0.54 0064 0.02 092 001 i
E,, (k2 cm® 123 150 167.200 22042  1B6.57 Potential (V)

through forming the passive laver in which the CP acts az an clectromc
and chemical diffusion bamier in preventing corrosion rather than
merely plaving the role of a physical barmer [61]. The excephional

Fig. 15. Potenticdynamies polarization curves of PVET-1 PVET-2 and PVET-3

HMC coatings.
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Table 4
Pelarization parameters of 316 L 55, PVE, PVET-1, FVET-2 and PVET-3 HNC
coatings.

Sample 316 Lss FYH FVET-1 FVEI-2 PVET-3
B V) -0.211 0.062 -0.049 rki ey -0.105
Lo (A Cm % 2.452 0.4857 0.249 0.12E 0.170
By {EAX o) 17373 135.944 173.181 436672 237573
PE - a7 0 o6 Ly
R 4 15.88 4.7 162 L3s 179
i2
f" hy .__--‘—n_.__
4
10 4
4
.
Finl
- 4
2 B84
g
:‘E 7]
[-3®
54
4
.
T T T LI
PVK PVKT 1 PVKT 2 PVKT 2

Flg. 16. Coating porosities of PVE, FVET-1, PVET-2 and PVET-3 HNC coatings.

mprovement of corrosion performancs of the hybnd costings could be
related to the barmier offered towsrds diffusion, prevention of charge
transport by the TNPs, redox propertics of PVE, and the large surface-to-
volume ratio of TNPs.

4, Concluzions

HMNC coatings were electropolymerized on a 316L 55 substrate using
the chronoamperometric techmigue. Surface morphological shadies
confirmed the influence of nano Ti0 m the PVK coating, and the PVET-
2 shows the presence of compact small micro particulate morphology
compeared to other HNC costings. The formation of PVE and incorpo-
ration of nano Ti0y, 1n HNC costings were confirmed by the ATR-FTIR
speciroecopy and EDAX elementsl resunlte. The comosion resistance
performance of the HNC coatings was evaluated using EIS and poten-
todynamic polanzation studies in 3.5 wi% NaCl soluton. EIS rezults
and equivalent cireuit eurve fithing analysis confirmed that the HNC-
coated 316L 55 substrates sxhibited enhanesd B valoes and lower Qg
valoes; PVET-2 zhowed better corrosion resistance than other HNC
costings. Potentiodynamic polanization results revesled that the leeo
wvahies were reduced for the HNC-coated substrates with a protection
cfficiency of =00 34, caleulated from By values. The corrosion resiztance
offered by the HNC costings was found to be in the following order:
FVET-2 = PVET-3 = PVET-1 > PVE > 316L 55, and the loading it for
the meorporation of nano TiO: in the PVE matrix 1= 2 wi% Surface
wettability studies slzo show higher contact sngles values for HNC
coatings and forther support the corrosion performance of the coatings.
Vickers micrchardness tests confirmed the improved mecharical
strength offered by the hybnid coabings, and the tape adhesion test
tllustrated the effect of nano Ti0; on the adhesion strength of the hybnd
coatings. The HNC coatings developed exhibit promizing charactenistics
ideal for protecting 316L 55 components expozed to seawster or other
corrosive environments and for a wide range of applicstions that ‘de-
mand enhsneced corrosion resistsnce, mechameal strength, and fime-
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