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A novd TisSis/TiC nanocomposite coating was successfully engineered oi@al#4V alloy substrate

by double glow discharge plasma technique. The microstructure of the newly developed
nanocomposite coating was characterized byaydiffraction (XRD), scanninglectron microscopy
(SEM) and transmission electron microscopy (TEM). The results showed that the nanocomposite
coating exhibits cauliflowelike structure composed of sBiz grains with an average grain size of ~15

nm and irregular TiC nanoparticles loedtat the boundaries of cauliflowidte architecture. The
electrochemical behavior of the nanocomposite coating and the reference materials (i.e., monolithic
TisSiz coating and uncoated -BiAI-4V alloy) was evaluated in 5 wt.% HCI solution by a variety of
electrochemical techniques, including open circuit potential measurement, potentiodynamic
polarization, electrochemical impedance spectroscopy and-3dbtittky analysis. The results
revealed that the corrosion resistance of th&diriC nanocompositeaating is slightly lower than

that of the monolithic ESiz hanocrystalline coating, but obviously higher than that of uncoated Ti
6AI-4V in 5 wt.% HCI solution.

Keywords: Nanocomposite coating; Electrochemical impedance spectroscopy (EIS) Sktodttky
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1. INTRODUCTION

Titanium alloys have a wide range of application in the chemical, petroleum, aerospace and
biomedical fields due to their desirable combination of high stretwgiveight ratio, exceptional
corrosion resistance and excellenibcompatibility [1, 2]. Unfortunately, the poor tribological
properties of titanium alloys have extensively limited their practical applications in numerous
engineering components that are often in tribological contact with different metals undeastation
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dynamic load and in relative motion [3, 4]. Moreover, although titanium alloys possess excellent
corrosion resistance in many aggressive media, they show a low corrosion resistance in reducing aci
or chloride environments [5, 6]. Since the wear amdosion damage is essentially surfaependent
degradation, the employment of surface modification offers a flexible approach to modify the
microstructure and composition of only the nearface region, thereby improving the wear and
corrosion resistace of titanium alloys and extending their service life in harsh environments. To date,

a variety of surface modification techniques, such as Maaisma oxidation (MPO) [7], plasma
immersion ion implantation (PIII) [8], and chemical and physical vapposi&on [9, 10], have been
developed. Those modified surface coatings have achieved remarkable success in the improved wee
resistance of titanium alloys, but they usually have an adverse effect on corrosion resistance of
titanium alloys [911]. For instace, Yao and cavorkers [7] evaluated the corrosion resistance of
ceramic coatings on HAI-4V alloy prepared by Bpolar micreplasma oxidation (MPO) technique in

a 3.5% NaCl solution. The results showed that these ceramic coatings noticeably detetfierate
corrosion property of T6AI-4V alloy in 3.5% NaCl solution. Yilbas et al. [10] and Razavi et al. [11]
also found that the nitrided TTBAIT 4V alloy is inferior to the uncoated -BiAl-4V in the corrosion
resistance. Thus, new surface modification nebébgy and coating material system urgently need to be
developed fosimultaneously improved corrosion and wear resistance of titanium alloys.

In order to meet the ewamncreasing demand for the performance of structural materials,
transition metal silicdes have been the focus of much research in the last years. Among these silicides,
monolithic TkSiz has received more and more attention recehtigause of itsatisfactoryoxidation
resistance, low density (4.32 g/@mhigh melting point (2139 ) and good creep resistand®, 13].

In addition, owing to their unigue chemical composition and strong, mostly covalent, bonds in crystal
structure, T4Si; has been recognized as a promising candidate for corraesdtant applications.
However, dued its complex hexagonal structure with low symmetry highly covalent bonding,

TisSiz has inherently poor ductility and fracture toughness at ambient temperature, which is one of the
key handicaps for its application reliability. Two most effective apgies to overcome this problem

are to form a TsSiz matrix composite and reduce its grain size to nanoscale [14]. TiC is an appropriate
strengthening phase for thes$i; matrix due to good match thermal expansion betwegBizland TiC

(7. 7"°N"'"méOr Ti C a'rfM’ fer.TigSis)I[15].1Vang et al. [16] found that fracture
toughness of TiC/EBi; composite fabricated by spark plasma sintering was enhanced by more than
50% as compared to monolithics$is. However, a great deal of resdamas mainly concentrated on

the mechanical properties ofs$is-basedcomposites, their electrochemical behaviors remain poorly
understood. Limited studies indicated that there has been debate about the effect of reinforcing phas
on the corrosion behavioof intermetallic/ceramicbased composite. For example, Gonzalez
Rodriguez et al. [17] reported that the presence 0§S¥dn MosSi/MosSis composite films was
deleterious to corrosion resistance, due to a selective dissolution of §5& plase. In cotrast, Park

et al. [18] suggested that-Bi-N coatings composed of nanocrystallite TIN grains embedded in an
amorphous Sifmatrix possessed better corrosion resistance than TiN coatings.

In the current work, novel §$i3/TiC nanocomposite coating wasepared onto F6AlI-4V
alloy substrate by double glow discharge plasma technique. The composition and microstructure of the
nanocomposite coating were characterized maydiffraction (XRD), scanning electron microscopy
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(SEM) and transmission electron mascopy (TEM). The electrochemical behaviors of th&SigiTiC
nanocomposite coating as well as reference materials (i.e., monolig8ig daating and uncoated -Ti
6Al-4V alloy) were evaluated in 5 wt.% HCI solution through opeouit potential (OCP)
measurement, potentiodynamic polarization and electrochemical impedance spectroscopy (EIS)
techniques, and corresponding underlying mechanisms were discussed in terms of the composition an:
electronic structure of the passive film formed on investigatedriaisteThe primary aim of this work

Is to explore the effect of TiC on the corrosion resistance of §3/MiC nanocomposite coating.

2. EXPERIMENTAL METHOD

2.1. Specimen preparation

The substrate material used is6Al-4V alloy in the form of discsvith a diameter of 40 mm
and a thickness of 3 mm. The chemical composition of the alloy in wt.% was: Al: 5.7, V: 3.85, Fe:
0.18, C: 0.038, O: 0.106, N: 0.035 and the balance:BHfore deposition, the I8AI-4V substrates
were ground using siliconcathe abr asi ve papers of 2400 grit a
diamond paste to obtain a mirditke appearance. The polished substrates were then ultrasonically
cleaned in pure alcohol and dried in cold &he monolithic TsSi; nanocrystalline cating and
TisSis/TIC nanocomposite coatingere deposited on the mirrpolished Ti6Al-4V substrates by a
double cathode glow discharge apparatus using two targets with different stoichiometri¢i.eatios
TisoSiso and ThoSiseCo0), respectivelyThe spttering targets were fabricated from balilled Ti (-300
mesh, >99.9% purity), SrZ00 mesh, >99.5% purity), and C powders (graphi@0mesh, >99.9%
purity) by employing cold compaction under a pressure of 600 NMPtne deposition process, one
cathale is used as the target composed of the desired sputtering materials, and the other cathode is tt
substrate material. When two different voltages are applied to the two cathodes, glow discharge occurs
as described elsewhere [IH}e glow discharge speting conditions are as follows: base pressure, 5
T 1mR; working pressure, 35 Pa; target electrode bias voltage with direct ct8%6nY/; substrate
bias voltage with impulse currenr50 V; substrate temperature, 8b0targetsubstrate distance, 10
mm and treatment time 3 h. The composition of thprapared coatings may deviate from the that of
targets, due to the fact that the composition of the coatings is related not only to the alloy content of
target materialsput also to the relative sputtering yields of the alloying elements in the targets.
Furthermore, the diffusion of alloying elements at the interface between the coatings and substrates
may also affect the composition of the resultant coatings.

2.2. Microstructure characterization and composition analysis

The phase compositions of the-deposited coatings were studied byray diffractometry
(XRD, DSBADVANCE with Cu K radiation) operating at 35kV and 40mA. X-ray spectra were
collectedi n t he 2d Yo Qcﬂmgfea séan ratenof @.45. Metallographic crossection of the
speci mens was prepared and et ched;,4wi HFraa 86mé u s
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distilled water) for 2680 s. The crossectional morphology and chemical composition of the as
deposited coatings were examined by scanning electron microscopy (SEM, Quanta 200, FEI
Company) incorporating an Xay energy dispersive spectroscopyD& EDAX Inc.) analyzer
attachment Transmission electron microscopy (TEM) images were taken by JEOL20EM at an
accelerating voltage of 200 kV. Plamew samples for TEM observation were prepared using a
singlejet electrochemical polishing technigeom the untreated side of the substratera¥
photoelectron spectroscopy (XPS) measurements were carried out using a Kratos AXIS Ultra ESCA
system using Al K[ (1486.71 eV, pass energy of 20 eV). All the binding energy values were
calibrated against the €s peak of hydrocarbon contamination fixed at 284.8 eV. Peak identification
was performed by reference to an XPS database. Survery spectra were recorded on all specimen:
followed by high resolution spectra of the Ti 2p, Si 2p and O1s regions. Quaittficdtthe XPS
intensities for Ti and Si was carried out using Scofield esessions and corrections for the inelastic
mean free path of the Ti 2p and Si 2p photoelectrons were used. All binding energies reported have at
error in the range of NO.1 eV.

2.3. Electrochemical measurements

A standard threelectrode electrochemical cell was used for the electrochemical
measurements, consisting of test specimen with 1bexposed area as the working electrode, a
saturated calomel electrode (SCE) immerseshinrated KCl solution as the reference electrode, and a
large area platinum sheet as the counter electrode. Throughout this paper, all potentials were referre
to SCE. All electrochemical measurements were performed at room temperature using an
electroclemical workstation Model CHI660b (Shanghai, China) in naturally aerated 5 wt.% HCI
solution prepared with analytical grade reagent and distilled water. Prior to the electrochemical
measurement, working electrode was initially reduced potentiostatical9.&2 V for 10 min to
remove any previously formed surface film. Immediately following the cathodic pretreatment, the
evolution of the open circuit potential (OCP) of test specimens with immersion time was monitored.
The testing duration was 30 min with arterval of 2 s. Afterwards, the electrochemical impedance
spectroscopy (EIS) measurement was carried out using an excitation signal of 10 mV peak to peak in ¢
frequency domain from 100 kHz down to 10 mHz at the respective OCPs. The EIS experiment data
were evaluated and fit to appropriate equivalent circuit using the ZSimpWin software. The
potentiodynamic polarization scan was traced at a scan rate of 20 mV/min, starGr@0a¥ more
negative than the OCP and scanning in the positive direction. Gapacimeasurements for Mott
Schottky analysis were done after the specimens were polarized potentiostatically at a passive potentic
of 0.80 V for 1 h to form a steaebtate passive film. Subsequently, the capacitance of passive film
covered specimen was amired at 1000 Hz by stepping the potential in the negative direction from
the film formation potential (0.80 V) t®.30 V in 25 mV increments.
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3. RESULTS AND DISCUSSION

3.1.Microstructures and phase analysis

Fig.1 shows the XRD patterns obtainednfréhe asdeposited TgSiz nanocrystalline coating
andTisSiz/TiC nanocomposite coating, together with the powder diffraction file data (Nb3@3®) of
TisSiz (represented by vertical dotted lines).
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Figure 1. X-ray diffraction patterns obined from the ageposited T§Si; nanocrystalline coating and
TisSis/TIC nanocomposite coating.
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Figure 2. Crosssectional SEM morphologies of the-@sposited T§Siz nanocrystalline coating (a) and
TisSis/TIC nanocomposite coating (b).
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Figure 3. (a) TEM brightfield image of the asleposited TSis/TiC nanocomposited coating; (b) high
magnification image marked in (a); (c) selected area electron diffraction (SAED) pattern of the
cauliflowerlike structure in(b); (d) energy dispersive-Kay (EDX) spectrum of the particle
circled by red dotted lines in (b).

Only one set of broad diffraction peaks corresponding to the hexaD8gatructured T4Siz
has been observed from the XRD pattern taken fromTib8i; nanocrystalline coating. For the
TisSiz/TIC nanocomposite coating, additional weak diffraction peaks arising from TiC phase can be
detected in addition tthe hexagonaD8g-structured T4Sis which implies that a small amount of TiC
phase exists in the sBiz/TiC nanocomposite coating. Moreover, the diffraction peak positions of
TisSiz in the TiSiz nanocrystalline coatinghift to the high angle, which indicates the residual tensile
stresses being built up in the coating. On the contrary, compared witbwidempdiffraction file (PDF)
data for TiSi;, the diffraction peak positions of sHi; show little change in the J3is/TiC
nanocomposite coating, indicating that carbon can dissolves8i; Bnd reduce the residual tensile
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stresses in the coating [20)gR2 shows the crossectional SEM morphologies of the-@sposited
TisSiz nanocrystalline coating an@isSis/TIC nanocomposite coatinglearly, the two asleposited
coatings are continuous and compact without any visible pores or cavities and combineithvike
substrateBased on a combination of the XRD results and EDS analyses, the-tigp@sted coatings
canbe divided into two different | ayer sTisSzaor 10
TisSi/TIC andan inner diffusion layer wita t h i ¢ k n e sFg.3 shbws tydical drigHield
crosssectional TEM images obtained from the outer layerstlg asdeposited TSiz/TIC
nanocomposite coating. As shown kig.3 (a), the microstructure of thirmnocompositeoating is
characterizd by a caulifloweilike structure with some irregular nanoparticles located at its
boundaries. At higher magnification (Fig.3(b)), it is observed that the cauliflidwestructure is in

fact composed of many crystallites with an average grain size ohml%nd corresponding selected
area electron diffraction (SAED) pattern (Fig. 3(c)) shows diffraction rings matching with those of
hexagonal Dgstructured T4Siz. By combining the XRD and EDS analyses (Fig. 3(c)), these irregular
particles with an averaggrain size of ~15 nm are highly enriched in Ti and C elements and can be
resolved as TiC.

3.2.Electrochemical measurements

Fig. 4 presents the evolution of the open circuit potentials of the two coatings and unceated Ti
6AI-4V alloy immersed in 5 wt.%IClI solution. It is obvious that, for all tested specimens, the overall
appearances of the open circuit potential evolution curves are similar in shape, viz, the open circuit
potential values quickly increase initially with immersion time towards morei@anadues, after
which an asymptotical tendency to the approximate stetadg values is distinguished. After 30 min
of immersion, the steaetate potentials are 0.135, 0.190 and 0.010 mV for ThSis/TiC
nanocomposite coating, sHiz nanocrystalline @ating and uncoated T6Al-4V alloy, respectively.

The two coatings show higher open circuit potential values, suggesting that they provide an effective
corrosion protection to the -BAI-4V substrate. Above open circuit evolutions for all test specimens
can be fitted to an exponential decay function with one time constant, and such a time constant car
reflect the growth rate of oxide films on the specimens during immersion. Form the fitting results, the
time constants of open circuit evolutions for tA@sSis/TIC nanocomposite coating, sBHis
nanocrystalline coating and uncoated6hil-4V alloy are 2.968, 3.207 and 4.936 min, respectively.
Obviously, the two coatings show comparable time constants3 mi n) , whi ch ar e
uncoated T6AI-4V all oy (& 5 min), indicating a high
coatings. Such a phenomenon should be ascribed to the nanocrystalline character of the two as
deposited coatings. Yousset al. [21] has claimed that the high grain boundary density in
nanocrystalline materials facilitated the rapid diffusion of passive elements to the surface and quick
formation of a stable passive film.
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Figure 4. Open circuit potential (OP) vs. time curves for the sHi; nanocrystalline coating,

TisSis/TIC nanocomposite coating and uncoate®AI-4V alloy in 5 wt.% HCI solution.

Fig.5 compares typical potentiodynamic polarization curves of the two coatings and uncoated
Ti-6Al-4V alloy in 5 wt.% HCI solution at room temperature, and Table 1 summarizes the
corresponding electrochemical parameters derived from the potentiodynamic polarization curves. It is
observed that all anodic polarization curves exhibit similar patterns characteyized begions of
active dissolution, passivation and transpassivation, except for different values of their electrochemical

parameters (Table 1).
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Figure 5. Potentiodynamic polarization curves for thesSii nanocrystalline coating, %is/TiC

nanocomposite coating and uncoatedAl-4V alloy in 5 wt. % HCI solution.
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Table 1 Electrochemical parameters derived from potentiodynamic polarization curves of investigated
specimens in 5 wt.% HCI solution.

Samples TisSk/TIC TisSis Ti-6Al-4V
Econ(mMV) -153 -117 -264
icode A © n 0.054 0.039 0.098

R k q 9c 16215 1082.0 386.6
Epit(mV) 374.8 160.7 130.4

This result indicates that the electrochemical processes on the tested specimens are the sam
Compared with the uncoated-8Al-4V alloy, the two coatings have aghier corrosion resistance,
including lower passive current densityy( larger polarization resistancByf and wider passivation
potential region. Moreover, more positive corrosion poteniigl,§ denotes that the two coatings are
more stable in theradynamic than the uncoated-@Al-4V alloy and can act as an effective protective
barrier against corrosion attack. The;Si#/TiC nanocomposite coating has slightly negatig;,
lower R, and largeiissas compared to the sHiz nanocrystalline coatingeflecting that the presence of
TiC phase slightly reduces the corrosion resistance of §3&/MiC nanocomposite coating. However,
the pitting corrosion potentiaEf;) of the TisSiz/TiC nanocomposite coating is significantly higher
than that of the iESi; nanocrystalline coating, indicating that the passive film on th8isITiC
nanocomposite coating exhibits a higher stability.

Fig.6 shows representative impedance spectra of the two coatings and the unc6Aled\VTi
alloy in 5 wt.% HCI solution.The experimental data are presented as symbols, and solid lines
correspond to the fitted data using an appropriate equivalent electrical circuit (EEC). Remarkably, in
the Nyquist plot (Fig. 6(a)), all tested specimens show similar incomplete capaciticgrcdenover
the entire frequency range examined except for the difference in the size, reflecting same corrosion
mechanism but different rate. Such impedance feature is related to the electrochemical response of a
oxide film covered metal electrode. Tredatively large capacitive arc for the two coatings reveals that
they possess significantly higher electrochemical corrosion resistance than the uncdaied\Ti
alloy. Bodemagnitude plots (Fig. 6(b)) are also similar in nature for all tested speciar@htghey are
characterized by two distinct frequency regions. At high frequencigZ|tegds to become constant,
which is a response typical of the resistive behavior and corresponds to the solution resistance. In the
broad middle and low frequencynge, the lo{Z| vs. lod is a straight line with a slope close b,
which is characteristic of a predominantly capacitive behavior. Apparently, compared with the
uncoated T6AI-4V alloy, the two coatings exhibit wider frequency region related to thacdave
behavior, and higher phase angle maximum, indicative of the formation of the passive films with high
insulating properties. Usually, the corrosion rate can be estimated by the v§fijeygh the Bode
magnitude plots, and the higher valud&jf v gignifies a lower corrosion rate of the materials. Hence,
the corrosion resistance is the highest forftiz8iz nanocrystalline coating, followed by theSis/TiC
nanocomposite coating and naoated Ti6Al-4V alloy. An equivalent electrical circuit
R«(Qr(R:(QqiRcy))) with two time constants (inset in Fig. 6(a)) was employed to fit the impedance data
of Fig. 6, where Ris the solution resistance between the work electrode and referencedelectrizr
subcircuit (RQ) represents the contribution of the passive film to the impedance in whishth
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passive film resistance and: @@ the constant phase element (CPE) representing the passive film
capacitance, while the low frequency paramefgsand @, corresponds to the charge transfer
resistance and double layer capacitance, respectively. This model assumes that the passive film i
considered as an inhomogeneous and defective layer covering the substrate. In fact, neither real surfac
of solids in the active range nor passive layers on metallic substrates might be considered as ideally
homogeneous [22]. The fitting quality is evaluated by thesghiared €) values (shown in Table 2),

which is of the order of 1% indicating excellent agreement between the measured and the simulated
values.
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Figure 6. Electrochemical impedance plots for thesSii nanocrystalline coating, F%i3/TiC
nanocomposite coating and uncoateebAl-4V alloy in 5 wt.% HCI solution. (a) Nyquist and
(b) Bode plots.






