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a  b  s t r a  c t

Titanium  carbide  coatings  are  deposited  on  hot-work  steel  (H11)  by  plasma-assisted  chemical  vapor

deposition  (PACVD)  and  the  dependence  of  the  corrosion  behavior  on fabrication  parameters  is  investi-

gated.  Grazing incidence  X-ray  diffraction (GIXRD),  field emission scanning  electron microscopy  (FESEM),

Raman  and electrochemical  tests  are  used to study  the  structure as  well  as corrosion behaviors. Grazing

incidence  X-ray  diffraction  reveals  the  (2 0  0)  plane implying  that  the  TiC  coatings  are  deposited  via the

kinetics-limited  crystal growth  mechanism  and under  thermodynamically  stable conditions. The  SEM

results indicate  that  the  formation of a homogeneous  and uniform  titanium  carbide  nanostructure  coat-

ings. Potentiodynamic  and  electrochemical  impedance tests  performed  in 0.5 M H2SO4 and 0.05  M NaCl

show  that  the  TiC  coating produced  using  a 40% duty  cycle  possesses  high  corrosion  resistance in both

media.  The Rp values  of  the  TiC coating  (50%  duty  cycle)  in 0.05 M  NaCl  and the  other  TiC  coating  (40%

duty  cycle)  in  0.5  M H2SO4 are  approximately  four and  sixteen  orders  of  magnitude  higher  than that

of  the  bare  steel,  respectively.  Our  results  reveal  that  the  duty cycles  not  only  affect the  structure  and

morphology  of  the  coatings  but  also  influence the  electrochemical  properties.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Titanium carbide (TiC) coatings have many industrial applica-

tions because of its high hardness, low friction coefficient, as  well

as excellent wear resistance and corrosion resistance [1]. A num-

ber of methods such as physical vapor deposition (PVD), pulsed

laser deposition (PLD), and chemical vapor deposition (CVD) have

been used to deposit the hard coatings and the properties of

TiC are known to depend on the deposition techniques and con-

ditions [2–4]. Contrary to conventional CVD processes in which

high-quality coatings are typically deposited at a  high temper-

ature (500–1050 ◦C), plasma-assisted chemical vapor deposition

(PACVD) allows the fabrication of wear and corrosion resistant

coatings on temperature-sensitive materials [5,6]. In fact, plasma

CVD has been employed to  deposit TiC coatings at a  relatively low
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temperature [7]. Further studies indicate that the properties of tita-

nium carbide are related to  the chemical composition and texture

and also affect the adhesion and residual stress in  the thin film

[3–10].

It is  still challenging to deposit TiC coatings on metals because

the materials are metastable and the PACVD reactions are quite

complicated. Several fabrication parameters such as temperature,

gas ratio, and duty cycle can affect the properties of  TiC coat-

ings. In addition, despite the widespread use of titanium carbide

in hard coatings, the dependence of the corrosion behavior of the

materials on some fabrication parameters is  not well understood.

Among the various parameters, which affect the properties of TiC

nanostructured coatings, the duty cycle plays an essential role as

a thermodynamic and kinetic parameter. It has been shown that

the duty cycle and pulse frequency affect the plasma density in the

plasmas and the processing rate can be improved. Furthermore, it

has been demonstrated quantitatively that the ionization process

is altered by a pulsed plasma process [12–14]. The objective of  the

present work is to  investigate the corrosion mechanism of  TiC coat-

ings deposited by  PACVD on hot-work tool steel (AISI H11 –  DIN

1.2343) in  aggressive media such as NaCl and H2SO4 solutions and

to study the influence of  the duty cycle on structure, morphology,

chemical composition, and corrosion behavior of TiC.

0169-4332/$ –  see  front matter ©  2011 Elsevier B.V. All rights reserved.
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Table  1
treatments parameters for deposition of the TiC coatings.

Parameters Values

Pulsed voltage (V) 590

Pressure (mbar) 4–8

Duty cycles (%) 33,  40 and 50

Processing time (h) 2

H2 (nl/min) 1.6

Ar (nl/min) 0.05

CH4 (nl/min) 0.1–0.5

TiCl4 (nl/min) 0.05

Temperature (◦C)  490

2. Material and methods

The  TiC coatings were deposited in  a  PACVD reactor using a

TiCl4–CH4–  H2–Ar gas mixture. The plasma was triggered by  a  DC

pulse power supply and the pressure in  the reaction chamber was

5 mbar. Table 1 lists the important instrumental conditions.

The hot-working die  steel grade AISI H11 (DIN 1.2343) was used

as the substrate and Table 2 shows the composition of the materials

determined by  spark emission spectroscopy.

The substrate temperature was controlled by an auxiliary heat-

ing system in addition to the intrinsic sputtering effect. Three

different duty cycles were selected to  investigate the influence on

the corrosion behavior of the coatings.

Table 2
Chemical composition of the AISI H11 determined by spark emission spectroscopy.

Composition C Si V  Cr Mo  Mn P

Weight percent 0.36 0.56 0.4 4.6 0.52 0.37 0.01

The crystalline structure of the coating was  determined by

grazing incidence X-ray diffraction (GIXRD) (Philips PW-1730

diffractometer) in the continuous scanning mode and using Cu

K� radiation (�  =  0.154056 nm). The tube voltage was 40 kV, cur-

rent was 30 mA,  2� was 10–80◦,  step was 0.05◦,  and sweep rate

was 0.05◦/s.  The full-width at half-maximum (FWHM) of  the Bragg

peaks is  used to approximate grain size base on the Scherrer for-

mula [8]:

D = 0.9�

ˇ  cos�
, (1)

where  D is  grain size, ˇ  is  the FWHM of  the Bragg peak, and

� is the Bragg reflection angle. The structure was also ana-

lyzed by Raman spectroscopy (Almega Thermo Nicolet Dispersive

Raman Spectrometer) in the spectral range of 100–1800 cm−1. The

surface morphology and roughness of the coatings were mea-

sured by  scanning electron microscopy (SEM) (Philips XL-30). The

electrochemical measurements were performed using the EG&G

potentiostat/galvanostat (Prinston, model 273A) in 0.5 M  H2SO4

Fig. 1. GIXRD diffraction patterns acquired from the TiCX coatings using the three duty cycles of 33%, 40%, and 50%.
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and 0.05 M  NaCl solutions. The standard electrochemical cell con-

sisted of three electrodes including the coated sample as the

working electrode, saturated calomel as  the reference electrode,

and platinum net as  the auxiliary electrode. The EIS experiments

were carried out at a  frequency range of 10 mHz  to 100 kHz at the

open circuit potential and the perturbation amplitude was 10 mV.

Each test was repeated three times to  improve the statistics.

3. Results and discussion

Fig.  1 depicts the GIXRD patterns of  the coatings deposited at

490 ◦C using the three duty cycles of  33%, 40%, and 50%. The ref-

erence peaks of TiC are  in accordance with the ICCC-JCPDS value

(titanium carbide No. 31-1400). The (2 0 0) plane is revealed to be

the preferred structure, implying that the TiC coating is  deposited

via kinetics-limited crystal growth [9] and under thermodynam-

ically stable conditions because the lowest energy surface in  the

TiC crystal is the (2 0 0) plane [10,11]. The GIXRD pattern also indi-

cates an exclusively face-center-cubic (fcc) structure. Fig. 1 shows

that by increasing the duty cycle from 33% to  40%, the TiO2 phase

emerges and vanishes if the duty cycle is raised further from 40%

to 50%. An oxide impurity is  observed based on the broad peak

of (2 2 0) from the 40% duty cycle sample. The (2 2  0) plane is not

thermodynamically stable relative to the (2  0 0) and (1 1 1) planes

and the broad peak of the (2 2  0) plane indicates that the grain size

decreases. Hence, the specific surface of TiC increases and finally

the titanium oxide layer is  formed upon exposure to  air.

Fig.  2  displays the SEM images of the three TiC coatings

deposited using duty cycles of 33%, 40%, and 50% as  well as  the

cross sections showing the coating thickness. An island-like mor-

phology is observed due to axial growth of TiC during PACVD. The

surface morphology of the two coatings produced at duty cycles

of 33% and 50% is about the same, that is, similar microstructure

(rough surface) containing 0.1–0.2 �m aggregates of  4–10  nm TiC

grains. However, as  the duty cycle is  raised, the surface becomes

smoother and denser. The surface morphology plays an important

role in  the corrosion behavior. According to the Scherrer formula,

the grain size of the TiC coatings is 15, 7, and 5 nm for duty cycles

of 33%, 40%, and 50% (Fig. 1). The fine-grained morphology is con-

firmed by  the smooth surface and relatively small thickness (3 �m)

of the TiC coating shown in Fig. 2.

Raman scattering is a  powerful and non-destructive technique

to study the microstructure of  coatings [12]. The Raman spectra

in the range of 100–1800 cm−1 of the TiC samples are shown in

Fig. 3. Scattering in the acoustic range is mainly determined by

the vibrations of the heavy Ti ions (typically 150–350 cm−1)  and

in the optical range by  the vibrations of  the lighter C ions (typ-

ically 550–1300 cm−1). The peaks at 230, 289 and 588 cm−1 arise

from first order transverse acoustic (TA) and transverse optical (TO)

modes of TiC, respectively. Owing to  the oxide layer on the sur-

face, additional peaks at 152  and 428 cm−1 characteristic of TiO2

[13] are observed. It  is also known that a  surface titanium oxide

layer is  formed upon exposure to air [14]. However, the amounts

of the oxide impurities observed from the 33% and 50% duty cycle

samples are relatively low (1–3 vol.%) and cannot be detected by

conventional X-ray diffraction techniques.

Figs. 4 and 5 present the potentiodynamic results obtained from

the bare steel substrate and TiC coatings in  0.05 M NaCl and 0.5 M

H2SO4 solutions at room temperature (28 ◦C). The data are ana-

lyzed to obtain the different electrochemical parameters and the

results are shown in  Table 3.  The open circuit potentials of the

uncoated steel in 0.05 NaCl and 0.5 H2SO4 solutions are −602 mV

and −609 mV  versus SCE, respectively.

The TiC coatings change the open circuit potentials from neg-

ative to  positive and the electrochemical properties also depend

Fig. 2.  SEM micrographs of the TiC coatings deposited using three duty cycles: (a)

33%, (b) 40%, and (c) 50% and (d) shows the cross-section of the coating.
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Table  3
Polarization parameters of the uncoated steel and TiC coatings in 0.05 M NaCl and 0.5  M H2SO4 solutions.

Solution Duty cycle (%) ˇa (mV/dec) ˇc (mV/dec) Ecorr (mV) icorr (�A/cm−2) Rp (�/cm−2)

0.05 M NaCl

Bare  steel 114 147 −602  63 443

TiC  coating

33 128 162 −533 0.81 38,380

40  168 210 −441 0.024 684,380

50 146  185 −550  0.17 208,699

0.5  M H2SO4

Bare steel 54 91  −609  1012 15

TiC  coating

33 71 102 −542 106 172

40 95 103  −477 13 1652

50 87  99  −562 68 296

on the duty cycles. The data indicate that corrosion resistance is

improved and substrate corrosion is  removed therewith. Both the

anodic and cathodic branches shift towards lower currents, i.e.

lower rates of  the metal corrosion. Based on the linear polarization

data, the polarization resistance of the bare steel and TiC coatings

can be derived using the following formula:

Rp = ˇa × ˇc

2.3 × icorr(ˇa + ˇc)
, (2)

where ˇa,  ˇc,  Ecorr,  icorr, and Rp are the Tafel slopes parameters of

the anodic and cathodic reactions, open circuit potential, corrosion

current density, and polarization resistance, respectively [15].

The  polarization resistance, Rp is an  important kinetics param-

eter. A larger Rp indicates a lower rate for the metal corrosion

Fig. 3. Raman spectra of the TiC coatings prepared using duty cycles of 33%, 40%,

and  50%.

reaction. Table 3 shows that with increasing duty cycles from 33%

to 50%, the polarization resistance of the TiC coatings in  0.05 M NaCl

and 0.5 M H2SO4 increases by  about 17  and 9 times, respectively.

More specifically, the corrosion resistance of the TiC is enhanced

when the duty cycle is increased from 33% to 40% but decreases

from 40% to 50%. The trend in  the corrosion resistance can be

explained by the formation of defects and pores in the coating.

Figs. 6 and 7  depict the SEM micrographs of the bare steel and 3

TiC coatings after potentiodynamic tests in 0.05 M NaCl and 0.5  M

H2SO4 solutions, respectively. According to Figs. 6a and c and 7a, b

and d, the bare steel and TiC coatings exhibit pitting and uniform

corrosion in both solutions, but Figs. 6b and d and 7c indicate grain

boundary corrosion. Actually, the TiC coating produced using at a

33% duty cycle shows many open pores (related to  the island-like

morphology and distance between them) and there are many cor-

rosion pits after immersion in the aggressive solution. It has worse

corrosion resistance due to  the less dense structure and size of

Fig. 4. Potentiodynamic results obtained from the uncoated steel and TiC coatings

produced  using duty cycles of 33%, 40%, and 50% in 0.05 M NaCl.

Fig. 5. Potentiodynamic results obtained from the uncoated steel and TiC coatings

produced  using duty cycles of 33%, 40%, and 50% in 0. 5 M H2SO4.
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Fig. 6. SEM micrographs: (a) bare steel, (b) TiC coating produced at a duty cycle of

33%, (c) TiC coating produced at a duty cycle of 40%, and (d) TiC coating produced at

a  duty cycle of 50% in 0.05 M NaCl.

Fig. 7. SEM micrographs: (a) bare steel, (b) TiC coating produced at a  duty cycle of

33%, (c) TiC coating produced at  a  duty cycle of 40%, and (d) TiC coating produced at

a  duty cycle of 50% in 0.5 M H2SO4.
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Fig. 8. Nyquist plots of the bare steel and 3 TiC coatings: (a) 0.05 M NaCl and (b)

0.5  M H2SO4 solutions.

corrosion pits being greater than those observed from the 50%

to 40% duty cycle samples. The corrosion mechanism may  be

explained as follows. Initially, general corrosion occurs at the open

pores, grain boundary, and defects of the coating. As time elapses,

grain boundary corrosion causes the islands of agglomerated TiC

to separate and corrosion of the islands occur rapidly. Finally, the

islands of agglomerated TiC disappear and a  pit is  formed. The cor-

rosion reaction can be inferred by  observing the breakdown of  the

TiC film.

It  has been suggested that the presence of  a  small amount of  the

TiO2 phase, especially in  the 40% duty cycle sample, may  improve

the stability of  the TiC coatings and decrease the amount of defect

and thermodynamically unstable phases in contact with the aggres-

sive solution finally improving the pitting resistance of the TiC

coatings.

According to  Fig. 7c, the TiC coating undergoes both pitting and

grain boundary corrosion in 0.5  M H2SO4 rather than in 0.05 M NaCl.

It is clear that the corrosion damage on the bare steel and TiC coat-

ings in 0.5 M H2SO4 is more than that in  0.05 M NaCl. The corrosion

mechanism of the TiC coatings prepared at duty cycles of 33% and

50% in both solutions appears to  be  similar and it is consistent with

the morphology of the TiC coatings.

Electrochemical impedance spectroscopy (EIS) provides impor-

tant information about the corrosion behavior of  the TiC coatings

in aggressive media such as  0.05 M  NaCl and 0.5 M H2SO4 used in

our experiments. Fig. 8  shows the Nyquist impedance of the bare

steel and TiC coatings, revealing that Rp of  the TiC coatings varies

with the processing parameters in  the following order: Rp (33%) >  Rp

(40%) >  Rp (50%) and Rp (33%) >  Rp (50%) >  Rp (40%) in 0.05 M NaCl

and 0.5 M H2SO4, respectively. In 0.05 M NaCl, the impedance spec-

tra of the bare steel and TiC coatings produced at duty cycles of 40%

and 50% consist of a large capacitive loop at high frequencies fol-

lowed by  a  small inductive loop at low frequencies, whereas the

impedance spectra of  the coatings prepared at a  duty cycle of 33%

exhibits exhibit one single depressed semicircle. In contrast, the

impedance spectra obtained from the bare steel and TiC coatings in

Fig. 9. Equivalent electrical model.

0.5 M H2SO4 is quite different. A large capacitive loop at high fre-

quencies followed by  a  small inductive loop at low frequencies is

usually related to the charge transfer of the corrosion process and

double layer behavior. On the other hand, the low frequency induc-

tive loop is  typically attributed to  the relaxation process [16]. As

shown in Fig. 8a and b, the impedance data suggest good corrosion

resistance in 0.05 M NaCl, but rapid deterioration occurs in  0.5 M

H2SO4 due to pores in  the TiC coatings as shown in  Figs. 6 and 7.

Hence, a  pitting mechanism takes place and dissolution of the cor-

rosion products increases the acidity in the vicinity of the pits,

especially in  0.5 M H2SO4.  These capacitive loops in  both solutions

are not  perfect semicircles attributable to the frequency dispersion

effect as a  result of the roughness and inhomogeneous structure of

the coatings [17].

Fig.  9 shows the equivalent circuit based on the EIS data. This

circuit is commonly utilized to simulate coating/substrate systems

[18–21]. The different elements are described as follows. Rs is  the

resistance of  the electrolyte between the working and reference

electrode and Rp corresponds to the polarization resistance at the

coating/electrolyte interface in the micropores. CPEcoat and CPEdl

are  the capacitances represented by  the constant-phase elements

(CPE). Generally, a CPE is  used instead of pure capacitance because

of the relaxation time induced by  the inhomogeneities on the

microscopic level at the electrode/electrolyte interface [22]. CPEcoat

represents the capacitance of the TiC nanostructure coatings

whereas CPEdl is  the capacitance at the substrate/electrolyte inter-

face. Rct is the charge transfer resistance at the substrate/coating

interface.

Table  4 summarizes the fitted resistance and capacitance val-

ues of the 3 TiC coatings in 0.05 M NaCl and 0.5 M  H2SO4. The Rp

values of  the TiC coating (50% duty cycle) in 0.05 M NaCl and the

other TiC coating (40% duty cycle) in 0.5 M H2SO4 are approximately

four and sixteen orders of magnitude higher than that of the bare

steel, respectively, indicating that the TiC coatings inhibit charge

transfer at the coating/electrolyte interface consequently enhance

the corrosion resistance effectively. These results confirm that high

corrosion resistance can be obtained by optimizing the deposition

parameters such as the duty cycle. The suitable process not only
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Table  4
Fitted  parameters for the TiC coatings as function of duty cycle in 0.05 M NaCl and 0.5 M H2SO4 derived from the equivalent circuit.

Solution Duty cycle (%)  Rs (� cm2) Rp (k� cm2) CPEcoat (�F cm−2) nc Rct (k� cm2)  CPEdl (�F  cm−2)

0.05 M NaCl

Bare steel 47 4287 1.8 5.1

TiC  coating

33  81  7945 12.87 0.89 2.9 3.62

40  94  11,967 10.56  0.91 4.1 2.11

50 112  16,836 9.67 0.93 6.8 1.42

0.5  M H2SO4

Bare steel 21  167 0.4 21.21

TiC  coating

33 35 1987 63 0.87 1.2 14.23

40 41 2789  182 0.92 2.6 12.16

50 38  998 143 0.89 0.8 15.72

gives rise to a  smooth surface morphology and fine grains, but also

leads to enhanced electrochemical properties.

4. Conclusion

TiC coatings are deposited on hot-work steel (H11)  by  plasma-

assisted chemical vapor deposition using duty cycles of 33%, 40%,

and 50%. Optimization of the deposition parameters such as  duty

cycles allows fine-tuning of the coating homogeneity, density,

structure, and corrosion resistance in aggressive media such as

NaCl and H2SO4 solutions. If the formation of  pores is  not covered

up, firstly substrate corrosion and then coating delamination can

occur. The EIS and potentiodynamic test results show that the elec-

trochemical impedance of the TiC coatings is considerably higher

than that of  the bare steel in both solutions. The proper duty cycle

in the PACVD process not only yields a  smooth and fine-grained

morphology, but also improves the electrochemical properties.
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