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ABSTRACT

The composite coating of zinc-TiO, was generated successfully on steel from the optimized zinc electroplating bath
containing TiO, nanoparticles. The composite zinc-TiO, coating produced from bath solution with different amount
of TiO, was tested for their corrosion behavior by electrochemical studies using polarization and Impedance
methods. The TiO, incorporated zinc coatings shown better corrosion resistance towards aggressive media when
compare to pure zinc coating. The surface structure was examined from their scanning electron microscopic images
and X-ray diffraction spectra. The presence of TiO, in the coating was confirmed from energy dispersive X-ray
diffraction spectra. The embedded TiO, nanoparticles changed the compactness, microstructure and preferred
orientation of the deposit when compare to pure zinc coating.
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INTRODUCTION

Zinc deposition is used to protect the steel frarasion because of its sacrificial nature. Howewénc itself
undergoes corrosion leading to the formation oftevieblored products on zinc surface. This candrgrolled by
post plating process such as chromate passivatisurface modification with organic chelating agenBut the
chromium salts and other organic agents which aesl un surface modification process are toxic ituregaand
therefore their use is restricted [1].

The steel materials can also be protected by giing@ood zinc composite coating on its surfacenfflating bath.
The generally used particles for zinc compositdinga are ceramics, polymers, metal oxides or netedides etc.
The plating baths containing suspended or dispepseticles of sizes in micro or nano scale are usedet
composite coatings. In recent years nanoparticiegead of micro particles are employed largely amposite
coating because of their advantageous properieg atith their easy availability [2].

In metal-nanoparticle composites coatitg second phase particles are oxides, carbidestrates of different
metals [3].

The deposit incorporated with the WC [1], Zrfd], WC[5], Al,O; [6, 7], and SiC [8] nanoparticles shows higher
wear resistance with hardness. The codepositidk s [7], SiC [8], CNT [9], TiG [10], Graphite [11] and SiO
[12] particles with metal matrix provide high cosion resistance property to the composite. Alsarherporation

of particles like Mog graphite, PTFE in to the metal matrix exhibit meelf lubrication property [12, 13]. Hence
the inclusion of these nano particles leads to anwpment in physical, mechanical and electrochenpicgberties of
zinc electroplating.

The nanosized TiQparticles are in great demand for the generatiocomposite zinc coatings on steel because
they exhibit properties like photo induced biocid#ect [14], semiconducting, photocatalytic [16, 17], wear and
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corrosion resistance [10]. The zinc metal matrithviriO, nanoparticles predominantly shows higher corrosion
resistance property due to considerable morphabgiltanges in the deposit and it is confirmed by pmevious
report on the corrosion behavior of zinc-}ianocomposite [10].

In the literature different methods were reported generation of zinc-Ti©composite [10, 14, 18]. For testing
their corrosion behavior always chemical and etettemical methods were employed. The authors Brslvéen
et. al., used polarization and weight loss metlwdtudy the corrosion behavior of zinc-Ei@omposite coatings
[10]. G.M. Treacy [19] and co-workers studied trerosion behavior of chromate passivated alluminaifoy
using electrochemical impedance method.

Many authors in their studies selected a singlecentration of nanoparticles in the bath to genecatmposite
coating and then measured its properties along thighir corrosion behavior. Therefore the preseutys was
directed to fabricate the zinc-Ti@omposite from solutions containing different amibaf TiO,. The composite
coating of zinc-TiQ was obtained on mild steel from the optimized ksdhution containing different amount of
TiO,. The corrosion behavior of so obtained composdating was tested by electrochemical methods. The
scanning electron microscopy (SEM), X-ray diffracti XRD) and energy dispersive X-ray diffractiorDE) data
were used to characterize the composite coating.

EXPERIMENTAL SECTION

Zinc-TiO, composite coatings were generated on mild steetisgn from the zinc plating bath (Table 1)
containing suspended Degussa Ji@noparticles of size 35 nm. The plating soligiere prepared by adding 1,
3 and 5 g [! of Degussa Ti@ nanoparticles and were stirred for 24 hrs by magrstirrer to ensure uniform
dispersion of nanoparticles in plating solutioror plating process, the mild steel (AISI 1079, cosipon C=0.5%,
Mn=0.5%, S=0.005% and Fe=98.95%) with ared dnf and Zn metal plate of same area were used asd=atal
anode respectively.

The mild steel plates were polished mechanically @éegreased with trichloroethylene in degreasantgtalowed
by water wash mean while the plates were dippetD¥ HCI to remove the rust and finally rinsed inteva The
zinc plate was used as anode and its surface wigatad by dipping in 5% HCI for few seconds follesvby water
wash. Equal dimension (4 cm X 4 cm) of mild staedl zinc (99.99%) plates were selected as cathodi@@ode
for the plating process. The electrodeposition gsscwas carried out at current density of 0.03 A ¢ar 10
minutes with 300 rpm solution stirring speed at27°C.

For all electrochemical measurements the CHI 66@Ctrmchemical work station (U.S. make) was usedl.
conventional cell with platinum as counter, satdatalomel as reference and specimen under inaéistigas
working electrode was used. For polarization ah8l Beasurements the electrolyte used was 3.5% NaGe
morphology of coated samples studied from SEM, X&Rid EDX data.

RESULTS AND DISCUSSION

Deposition of zinc and zinc-TiQ composite coatings.

For pure zinc deposition the steel specimen and plate of area 4x4 dmwere used as cathode and anode
respectively. The cathode surface was preparethéyprocedure as mentioned in the experimental patte
deposit was obtained using optimized bath (Tablbylypplying 0.03 A cifi current for 10minutes with solution
stirring speed of 300 rpm. The deposit was repteseny G.

Table-1: Optimized bath composition and operatingparameters for zinc deposition

Bath Constituents Concentration  Deposit cade Opeyaarameters

Basic ZnSQ 180 g I (&) Anode: Zinc plate

bath  NaSQ, 30 gt Cathode: Mild steel plate

(BB) NaCl 10 g Current density: 0.03 A ¢fn
SLS 1.5 mM Plating time: 10 min

BT: Degussa Tig#BB 1 gL C Stirring speed: 300 rpm

BT, Degussa Tig#BB 3 gL* (0 pH:2.5

BT; DegussaTig#BB 5 gl* Cs Temperature: 27 + XC

Three solutions of bath (Table 1) each containin@ &nd 5 g L[ of TiO, were prepared and each solution was
stirred 24 hours for uniform dispersion of nanojgses. The zinc-TiQ composite coatings were fabricated from
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these solutions under similar plating conditionsntimned above. The deposits were named in diffedeposit
code and given in Table 1. These coatings wereestddj to corrosion behavior studies and surfaceactexization.

Corrosion behavior of zinc and zinc-TiG, composite coatings

Anodic Polarization

The anodic polarization behavior 0f,dC;, C; and G coatings were examined using 3.5% NaCl solutiothin
potential range -1.3 to -0.4 V. The anodic pokian profiles of all coatings are shown in Fidiriset in the Fig. 1
shows the polarization curves in the potential eant.3 to -0.4 V). The curve dn Fig. 1 represents the
polarization behavior of bare zinc coating, wheseCg C; and G represents the polarization behavior of zinc-TiO
composite coatings generated from bath solutiorabl€l 1) containing 1, 3 and 5 glof Degussa Ti@ All
composite coatings;CC; andCs showed higher corrosion potential with resped@do
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Fig. 1. Anodic polarizationdhavior for Zn Coand Zn-TiO, composite coatings & C; and Gs

This shift of potential towards positive directioricates the noble character of zinc-Ji€@mposite coating than
bare zinc coating. The shift of potential furtiredicated high energy requirement for the dissotlutf zinc from

zinc-TiO, composite coating. Hence in zinc-Li©omposite coatings the reinforced Fi@anoparticles retard the
oxidation reaction given below

Zn 5 Zn* + 22

Therefore, the anodic polarization results reveshed the anodic activity of composite coatingrizadler than pure
zinc coating.

Potentiodynamic polarization behavior of zinc and inc-TiO , composite coatings
The anodic polarization profiles inferred the miatlecorrosion behavior in aggressive media andggaither anodic

or oxidation tendency of the material. The Tafleltp used to quantify the polarization results andosion rate
was obtained.

The potentiodynamic polarization experiments wergied out in 3.5% NacCl solution. The working etede was
either of bare zinc coatingo@r any one of the composite coatingsd® G; or G. All polarization results were

measured at open circuit potential (OCP) of respedoatings G C;, C; and G. The Tafel parameters and other
electro kinetic parameters of coatings are liste@able 2.

The Tafel plots of all coatings are shown in Fig.Azcording to Table 2 the corrosion potentiales of composite
coatings were considerably positive when comparthab of G coating. Also the corrosion current and corrosion
rate of the composite coatings is minimum than digture zinc coating. These observation evidericesnoble
character of zinc-TiQ@composite. The corrosion resistance propertyoatings were in the ordery€C,;<Cs<Cs;.
This reveal that the composite coating(€oating obtained from the plating bath contairngL™* of Degussa Ti®
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nanoparticles) is more corrosion resistant tharerottoatings. However, all the composite coatings stable
towards external aggressive media when comparartozinc coating.

Table-2: Electrochemical parameters estimated fronpotentiodynamic polarization curves

Specimen EninV e inpAcm? B, in mvdet¢ PB.in mv de¢ Corrosion rate pg Ar
Co -1.055 6.203 46.29 320.82 7.332
C; -1.037 5.403 30.13 177.02 6.389
Cs -1.027 2.749 44.64 192.38 3.251
Cs -1.031 3.323 27.85 289.68 3.930

The deposits obtained with TiGhanoparticles loaded plating bath showed corrosimistance towards external
aggressive media. The corrosion resistance of Zi@g-composite coatings can be described by the fotigwi
factors. The co-deposited Ti@anoparticles minimized the defects which actawse sites for corrosion; on the
other hand, the uniformly distributed Ti@anoparticles in the deposit behave as passivr lagtween corrosive
media and deposit surface.

Logl/A
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Fig. 2. Potentiodynamic polarization curves for cotings Co, C;, C; and Gs in 3.5%NacCl solution
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Fig. 3. Experimentatf=——= ) and simulate¢symbol) Nyquist plots of Zn coating G, Zn-TiO, composite coatings €and C; in 3.5%
NaCl
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Electrochemical impedance studies

EIS data were displayed as typical Nyquist plots {Zng). The impedance plots corresponds to pure ziatirg

Cy and zinc-TiQ coatings & C; and G immersed in non-deaerated 3.5% NaCl solution nredsat the frequency
range 0.1 Hz to 10 kHz are shown in Fig. 3. Th@ddance measurements were carried out at OCP of the
corresponding coatings. The analysis of shapéhefinpedance spectra help to understand the etbetntcal
process occurring at the surface. The NyquisspioFig. 3 shows three capacitive loops or thiree tonstants are
present in higher, middle and lower frequency rangbe resolved high frequency capacitive looprisspnted as
insert in corresponding Nyquist plot.

A more detailed analysis of impedance spectra veafopned by fitting the measured EIS plots withcéieal

equivalent circuit (EEC). This means that obtainmgyood fit does not imply that the used model asrect.

Because the shape of the spectra is influencetidoglectrochemical process at the surface and/tineogeometric
factors of the electrode [20].

However, in the present work the experimental detee fitted with an electrical (3 RC) equivalentccit Fig. 4
using ZSimpWin 3.21 Software.

In this circuit, each element is attributed to fiblowing contributions [21, 22, 23 and 24].

Re: is the electrolyte resistance appeared betweereference electrode and the surface of the ceatecimen. i.e.,
working electrode.

The high frequency contribution (€R;) is ascribed to the dielectric character of tha turface layer formed from
the corrosion products {Cand its electrical leakage from ionic conductibrough its pores ({R

The medium frequency contribution is attributedthie double layer capacitanceqfCat the electrolyte / coated
surface (zinc and zinc-Tip interface at the bottom of the pores coupled i charge transfer resistance)R
This charge transfer resistance is closely relatembrrosion rate.

The low frequency couples £C Rr) may related to a redox process taking placeeasthface likely involving the
thin layer of corrosion products accumulated ateleetrolyte / working electrode surface interface.

R 11

[

.W_ R

Fig. 4. Electrical equivalent circuit used for simuation of EIS data of Zn and Zn-TiO, coatings

The calculated impedance data from the equivaliectit approaches the experimental data corresptitite zinc
coatings obtained in the absence and in the prese€iO,. The Table 3 gives the values of impedance el&men
obtained by EEC modeling of experimental data.

Table-3: Corrosion parameters calculated from (SRCEEC simulated EIS measurements

Specimen GinpFcm? Rin Q cn?  CyinpyFcm?® RyinQ cn?  CeinuFem? ReinQ cn? *R, inkQ cn?

Co 1.623 63.39 5.407 853.9 177.2 950.8 1.868
C 1.473 99.65 2.699 1498 58.28 1352 2.949
Cs 1.192 111.7 2.325 2649 25.03 4165 6.925
Cs 0.9104 123.8 3.58 2144 68.36 2803 5.070

(*Rp: R+ Ri+ Re)
Deposits obtained from all the concentration of Jjp@rticles acquires larger Ralues with lower Cvalues, it may

due to the formation of thin uniform layer of casi@n products on zinc-Tixoatings and this layer resists the ionic
conduction through the pores when compare to zeposit. However, the TiOreinforced zinc deposits persists
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higher charge transfer resistance value along débrease in double layer capacitance value conpamnc
deposit. The decrease inyQalue is attributed to a decrease in active ditesause of the occluded TiO
nanoparticles. The contrasttime R and G values confirms the growth of the corrosion prddager during the
measurements.

The polarization resistance fRvalues were calculated by adding R and R resistance values. The composite
coatings G, C; and G posses higher Rialues than & Among these £(3 gL™ TiO,) shows highest Rp value but
lower values in the case of @nd G than C;, may be due to heterogeneities produced fromriterporated TiQ
particles. Hence 3 gLTiO, concentration was selected as optimum particleeatmation. Finally it reveals that
zinc coating obtained in presence of Tiaarticles in the bath posses higher corrosiorstaste property than the
zinc coating obtained in absence of these patrticles

The gathered results reveal that zinc-IT&@mposite coatings are more stable towards extaggressive media
when compare to pure zinc coating. It may duentftuénce of TiQ nanoparticles on the morphology and
microstructure of zinc deposit. Hence the coatiGgand G were characterized in order to know the effectii,
nanoparticles on morphology and microstructureomhgosite coatings.

Surface characterization
The presence of TiOnanoparticles in composite coating was confirmednfthe EDX spectra analysis of the
deposit G and is shown in Fig. 5. The peak corresponds emdl O in the EDX spectra confirmed the inclusidn
TiO, nanoparticles in zinc matrix during depositiongess. And 0.64 %of Ti content was observed fpd€posit.
The SEM images of £and G were recorded and given in Fig. 6. Both imagesveldosimilar shape of randomly
oriented hexagonal platelets. And the firmly bodn@, nanoparticles were observed on the surface of osit&
coating. However, £showed smaller, uniform grains with more compagstallites than ¢

cps

i Ti »
L e,
P ki Ao st s Ao

0 5 10 15 20
Energy (keV)

Fig. 5. EDX spectra of composite coating £

Fig. 6. SEM surface morphology of coatings §&and Cs
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This indicated that the TiOparticles were incorporated in the zinc matrixtké composite coating. So the
incorporated Ti@ particles offers more surface area for nucleatthns the number of nucleation sites increases
with decreasing the rate of crystal growth. Thifines the grain size and renders the composite wdtmpact
arrangement [25]. Also, the pits observed on thiéase of pure zinc coating were minimized in cosifcoating.
Because the embedded Tpi@anoparticles minimized these gaps by entering imtm while electrodeposition and

brings the compact nature to the deposit.

The XRD patterns of the deposits &d G are given in Fig. 7. XRD graph confirms that theensity of diffraction
lines of G decreased with larger width when compare to pinme @oating. Further the average crystal size af tw
deposits, as plated zing @nd zinc-TiQ composite @was calculated from Scherer equation. The averagsal
size of Gis 83 nm and that of{0s 61 nm. This inferred that the inclusion of Fi@ings down the crystal size of

coating. This result is supported by SEM images 6i

L = KA
S cos 6

K-Scherer constanf-Wavelength of scattering-Full width half maximap-Scattering angle; L-Average crystal
size.
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Fig. 7. XRD patterns of Zn coating (G) and Zn-TiO, (Cs) coating

The characteristic peak of Tih composite coating was not observed in the XRBegons maybe due to the little
content (0.64% EDS) in composite coatings. However, the EDS aiglyonfirmed the existence of TiParticles

in composite coating.

The TiG; is a second phase particle, initially presenthia plating bath and then included in the deposinges
latter's properties which influence its corrosioehbvior. These Ti© particles, after inclusion, change the
smoothness, porosity, appearance of the coatingadsw produce stresses, generate defects and elistire
crystallographic structure. The solid particleffuences the crystallization process, they disthgbregular growth
of zinc crystals and creates new nucleation sifes.know the growth of new crystal plane after thelusion of
TiO, in zinc deposit the texture co-efficient (Fig.v@s calculated for each peaks of diffraction pattef both G

and G coatings.

The texture co-efficient (Tc) can be calculatedusyng the equation Tc = [I(hkRAI(hkD)] x [>10(hkl)/10(hkl)]
[18]. Where k) is the peak intensity of electrodeposits ari¢hkl) is the sum of intensities of the independent
peaks. And ‘O’ refers to the standard zinc powsdanple. The determined texture co-efficient actt@d in Fig. 8.

In bare zinc coating the majority of the zinc cajfiies are oriented parallel to the (0 0 2) an® @ planes. Butin
the case of zinc-Ti@composite coating (L the preferential orientation changes to (1 Or@) @ 1 0). Therefore it
suggests that the incorporated Tigarticle in zinc matrix changes the preferredridéon of zinc crystallites.
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Texture coefficient

Fig. 8. Preferential orientation of Zn films in G; and Gs.

CONCLUSION

The zinc and zinc-TiQ@composite coating were generated from the pldabiatty given in Table 1. The composite
coating obtained from optimized bath containing|3'gpf TiO, showed good corrosion resistance property compare
to other coatings produced from solutions havirffgdint amount of TiQ The results of Tafel plots and impedance
were matching with each other. The study confirhes dptimization of particles amount in the batimégded and
they also responsible for improving corrosion rasise property of zinc coating. The TiQarticles changed the
preferred orientation of crystal of zinc during dsjion and it is included in the deposit giving@TiO, composite
coating. The morphology and microstructural chamgecomposite coatings lead to exhibit better csioo
resistance property compare to pure zinc coating.
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