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Abstract

WC- (Ti,-xAlx) N coatings of constant changing Al concentration were deposited on S45C substrates by high-
ionization sputtered PVD method. The Al concentration could be controlled by using evaporation source for Al
and fixing the evaporation rate of the metals (i.e, WC-Ti ssAlo 1N, WC-Tig 72Alo. 26N, and WC~Tio ssAlo 12N) . The
corrosion behavior of WC- (Ti,-xAlx) N coatings in a deaerated 3.59% NaCl solution was investigated by electro-
chemical corrosion tests and surface analyses.

The measured galvanic corrosion currents between coating and substrate indicated that WC-Tio, r2Ale 26N coating
showed the best resistance of the coating tested. The results of potentiodynamic polarization tests showed that
the WC-Tis, 72Al 2N coating deposited with 32W /cif of Al target revealed higher corrosion resistance. This indi-
cated that the WC-Tiy, Al 2sN coating is effective in improving corrosion resistance. In EIS, the WC-Tiq, 72Alo 2N
coating showed one time constant loop and increased a polarization resistance of coating (Re.a) relative to
other samples.

Compositional variations of WC- (Ti,-xAlx) N coatings were analyzed by EDS and XRD analysis was
performed to evaluate the crystal structure and compounds formation behavior. Surface morphologies
of the films were observed using SEM and AFM. Scratch test was performed to measure film adhesion
strength.

1. INTRODUCTION

The interest in thin film technology has grown
enormously during the last decades. Nitrides and
carbides, mainly based on titanium, chromium
and aluminum, have gained attention due to high
hardness, chemical inertness, high wear resista-
nce, and high corrosion resistance.

Using the cathodic arc deposition, we deposited
superlattices of WC- (Ti,-xAlx) N coatings. Supe-

rlattice coatings are nanometer-scale multilayers
composed of two different alternating layers with
a superlattice period, i.e. the bilayer thickness of
two materials, ranging from 9 to 10nm, followed
by its decrease for smaller periods due to interdi-
ffusion and mixing at the interface"”. A problem
with cathodic arc vaporization source is that the
arc causes the emission of molten globules that
deposit on the film surface. Thus, these coatings

often exhibit porosity and thus measurements of
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the porosity are essential in order to estimate the
corrosion resistance of a coated component.

The aim of this paper is to evaluate the corro-
sion protection of WC-(Ti,—xAlx) N coatings. The
corrosion characteristics of these materials were
first investigated by a galvanic corrosion test, a
potentiodynamic polarization test and next by
electrochemical impedance spectroscopy (EIS) in
a 3.56% NaCl solution at room temperature. Sur-
face analysis techniques (XRD and EDS) were

used to obtain information on the coated surface.

2. Experimental

2. 1 Material preparation and coating deposi-
tion
The chemical composition of the S45C substra-
te is listed in Table 1.

Table 1. Chemical composition of the S45C

Elernent| C Si Mn P S Fe
wt. % | 045 | 025 | 075 | 0.03 | 0.03 { Bal

Sampling 25X 25mm was cut from the 5mm
thick sheet, mechanically polished using 2000 grit
SiC for the final step. For the deposition of WC-
(Ti_xAl)N coating, two Al arc cathodes were
installed between Ti cathodes. A rotation substra -
te holder was used to obtain a layered structure,
and the composition modulation wavelength of
-the superlattice was contfolled by the rotation
speed. Prior to coating, the substrate was subject-
ed to high Ar ion etching. For the reduction of

film stress, periodic layers (a bi-layer thickness :

20nm) of WC and Ti;_xAlxN are deposited by

selective arc discharge and modulating N, flow
rate during the deposition of WC- (Tii-xAlx) N su-

perlattice. The coating-substrate interface was

modified by cathodic arc deposition of a TiN
monolithic base layer (~ 10nm) between initiation
of the WC- (Ti,-xAlx) N superlattice coating depo-

sition. The major deposition parameters used in

this study are summarized in Table 2.

Table 2. WC-Tii—xAlN PVD coating conditions

[Pilasma pre—-cleaning
Gas pressure
Bias voltage
Cleaning time

Ar 256X107° Torr

b min

WC- (Tii-xAlx} N deposition
Target power density

Pase pressure
Working pressure
Bias voltage
Multi-arc condition
Temperature
Motor rotation
Coating thickness

WC (3), Ti(3), Al(2) : 8targets
WC © B0, Ti @ 50, Al & 26, 32, 38 W/ak
4X107¢ Torr
1~ 1.5 % 107* Torr
- 600V
DC 50A
150 T
7 rpm
2.1 m

2. 2 Corrosion testing

A conventional three-electrode cell was used
with the counter electrode and a saturated calo-
mel electrode (SCE) as a reference electrode. All
electrochemical experiments were performed
under exclusion of oxygen in a 3.56% NaCl solu-
tion at room ternperature. Potentiodynamic and
EIS measurements have been obtained using an
EG&G PAR 273A and EG &G Model 1025 freque-
ney response detector with a computerized syste-
m for collection and analysis of the electrocheri-
cal data. Prior to the beginning of the polarization
or EIS procedures, the specimens were kept in the
solution for lhr in order to establish the free
corrosion potential (E.orr). Potentiodynamic pola-
rization tests were obtained with a scan rate of
0.166mV/s from the initial potential of -250mV vs
corrosion potential to the final potential of
400mV. The measurement of the EIS spectra was

recorded in the 1mHz to 100kHz frequency range,
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with a data density of five frequency points per
decade. The applied AC signal amplitude was
10mV peak-to-peak and DC potential was set to
corrosion potential. Long term data up to 168hr
were taken at desired time intervals with the elec-
trodes immersed in a 3.5% NaCl solution. The EIS
results were analyzed with analysis software Z-
view. A Gamry PC3/750 instrument connected a
zero resistance ammeter (ZRA) was used for gal-
vanic corrosion tests of the coated samples during
12hr.

2. 3 Adhesion and porosity measurement

To evaluate the adhesion of coatings, a specifi-
cally designed scratch tester was used to deter-
mine critical loads. The tests consisted of scratch-
ing the coated surface with stylus using predeter-
mined loads, starting at 0 N and increasing to
100N. Each scratch had a length of lem.

The degree of coating porosity has been deter-
mined quantatively by the through-coating poro-
sity. By using electrochemical techniques, it is
possible to estimate the porosity of these coatings.
The porosity can be determined from the measu-
red polarization resistance. The polarization resi-
stance can be experimentally determined from dc
polarization curve®. The porosity corresponds to
the ratio of the polarization resistance of the un

coated and the coated substrate?.

__Rpu
P Rp,vr—u
where, P is the total coating porosity, R,.. is the
polarization resistance of the substrate and R, .
is the measured polarization resistance of coati-

ngsubstrate system.

2. 4 Surface analysis

The sample surface was observed using atomic
force microscope (AFM). AFM analysis provided
us the surface roughness as a function of the
lateral length scale and an estimation of the colu-
mnar grain size and droplet distribution. The sur-
faces before- and after testing were examined in

a scanning electron microscope (SEM).

3. Results and discussion

3.1 Chemical composition and crystallogra-
phy

The chemical compositions of the cathodic arc
deposition coatings were obtained using an energy
dispersive X-ray spectrometer (EDS). Fig. 1
shows the X-ray diffraction (XRD) pattern of the
WC~ (Ti,—xAlx) N coatings. These data indicated
that different phases and orientations dominate
when the Al contents were varied. WC- (Ti,-xAlx)
N coating was identified to be a mixture of TIAIN
((111), (200)) and B-WC,, (220}, (311)) witha
cubic B1 NaCl-type fcc structure and the lattice
parameter was 0.417nm (TiN lattice = 0.426nm).
Also, the above figures pointed out that the
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Fig. 1 XRD patterns for WC-(Tii-xAlx) N films with
various Al contents
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breadth of the diffraction peak increases with

increasing Al content in the samples®.

3. 2 Adhesion

Three scratch tests have been made and the
averaged results are shown in Fig. 2. We consider
the value of the critical load as the load at which
the first adhesive failure mode occurs. The critical
loads obtained are situated between 8.65 and
20.7N.

r . . —
WO, AN 108N
~~~~~~~ WO TN 207N J
o WO BEEN

Critical load (N)

Fig. 2 Results of scratch adhesion tests for WC-
(Ti;-xAlx) N coatings

3. 3 Surface and cross-section structure

The morphologies of the coatings were investi-
gated by AFM and SEM. In Fig. 3 and Fig. 4 (a-c),
the coatings contained not only circular droplets
but also those with irregular shapes. Furthermore,
it was found that the number of irregular droplets
decreased when the Al target power density was
32W/cih. The AFM micrograph (Fig. 4) shows
that such pores can exist in regions close to
macroparticle®. The droplets can form a local gal-
vanic couple between one part as an anode and
another as a cathode® ?.

A typical SEM image (Fig. 4(f), the WC- (Ti;—x
Alx) N coatings after 168hr immersion) shows that

(a)

(b}

pm/div
12

Fig. 3 Atomic force microscope of WC~(Ti—xAlx)
N coatings (as-received).
((@) WC-TiosAlo 1N, (D) 1 WC-Tio 2Al0. 2N,
(C) S WCTip 56Alp 42N)

the coating is fragment. This cracking portion
was probably dislodged by the hydrogen gas
evolution (2H.0 + 2~ = H, + 20H™) originating
from within the pit.
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Fig. 4 SEM surface morphologies of WC- (Ti—xAlx) N superlattice coatings showing
((a) (d) - WC-Tig ssAlo 14N, () (&) + WC-Tio.nAlg2sN, (C) (f) - WC-TigssAlg 2N
(a) (o) (c) : as—deposited coatings, (d) (e) (f) | after-tested coatings )

3. 4 Corrosion properties that for all samples the galvanic corrosion current
Galvanic corrosion tests were accomplished is small (Fig. 5). The measured corrosion currents
using galvanic couple between the substrate and indicate that WC-Tio nAly 25N coating show the

the coatings of WC- (Ti,—xAlx)N. It is observed best resistance of the coating tested. The current
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Fig. 5 Results of galvanic corrosion tests for WC-
(Ti—xAlx) N superlattice coatings

of WC-Ti, Alg 1N coating tended to increase
during the test. WC-Tig ssAle N coating showed a
higher initial galvanic current density (~ 5gm/cif)
which was seen to decrease rapidly during the
experiment.

The evolutions of the potentiodynamic polari-
zation measurements of the WC-(Tii-xAlx)N
coatings are shown in Fig. 6 and Table 3.

The anodic polarization curve of WC-Tig 72Alo 2
N showed passive region and positioned in the left
(noble) direction than others. The corrosion
potential (-405.9mV) and corrosion density (169.6
nA/ci) of WC-Tiy, Al 28N was nobler than others
and displayed a passive behavior. It means that if
the coating is porous, the coating is activated
through the pores. Combining the equation of
W. Tato et al?. with the electrochemical determi-
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Fig. 6 Polarization curves for WC-(Tii—xAlx)Nin 3.5
%Na(l solution

nations gives a porosity rate of 0.109 for WC-Tig s
Aly 11N, 0.09 for WC-Ti,, 7,Aly 26N, and of 0.111 for
WC-Tio ssAlo 2N (Table 3). The porosity is some-
what higher in the WC-Tio, sAly «N coating than in
the WC-(Ti,—xAlx) N coated steels. The Al-rich
coatings of WC- (Ti,-xAlx) N coatings show a in-
creased porosity and poor corrosion behavior.
This was proved by H.A. Jehn'?. and Jiang et al'V.
WC-Tio 2Ale 28N coating was declared as fully
dense and low porosity'”. In general, the corro-
sion current densities of the coated samples are
low (<6.875uA/cif). The results of galvanic cor-
rosion test and potentiodynamic polarization test
were consistent with adhesion test and porosity
measurement.

Fig. 7 shows the Bode plots for the WC- (Tii—x
Alx) N coating applied directly to the substrate.

Table 3. Porosity of PVD coatings on S45C frém DC polarization data

Samples Ecorr Leorr ] R, Calculgted
(mV) (/i) (ohm) porosity
Substrate ~758.9 2.868 637 -
WC-Tio ssAlo1aN -581.5 0.0392 5823 0.109
WC-Tio, 72Alo 26N -556.7 0.2034 7158 0.009
WC-Tio. ssAlo. 2N -558.2 0.53569 5759 0.111
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The curves collected between 10mHz and 1kHz
after 1, 24, 48, 72, 96, 120, 144 and 168hr of test-
ing in a 35%NaCl electrolyte. The simulation
fitting procedure was almost performed with the
one-time constant coated-metal model, in shown
Fig. 8 and the parameters presented in Table 4.

The equivalent circuit consists of the following
elements if two time constant, a solution resista-
nce R, of the test electrolyte between the working
electrode and the reference electrode, a capacita-
nce Croe and a charge transfer R, for defects in
the coatings, and a capacitance C... and a charge
transfer resistance R,.. for the porosity resistance
of coating layer.

In case of one time constant, the equivalent cir-
cuit is consisted of a capacitance Coo and a
charge transfer resistance R pore.

During the fitting process, the capacitances

were represented by a general diffusion which is
defined as a constant phase element (CPE),
which accounts for deviations from ideal dielec-
tric behavior related to surface inhomogeneities.
The factor n, defined as a CPE power, is an adju-.
stable parameter that always lies between 0.5 and
1. The WC-Tio ssAlo 14N coating showed two-
time constant behavior after 72hr immersion time.
This result is caused by galvanic effect (Fig. 7)
when the porous layer is exposured in the electro-
lyte.

The appearance of two time constant loops
after 72hr immetsion time in the WC-Tiy sAlg 1N
coating indicated that the film had become defec-
tive and that corrosion was taking place under
charge transfer control i.e, the WC-Tig ssAls 1N
coating is governed by the polarization resistance

of charge transfer R.. The explanation for a

Taple 4. Hectrochemical parameters obtained by equivalent circuit simulation

Exposutre R First time Second time
Time/Al target R constant Reoat constant Ra
Power (Qei) Coon (Qeri) Coon (Qedy | WSS
density (Ferf) n (Ferd) n
26 W/ai | 1596 | 1.942x10* | 0.86 | 7191 0.01
hlr 32 3495 | 6.075x10°* | 089 | 8029 009 |
36 1571 | 7.176x10°* | 0.85 | 2788 0.01
o4 #6 W/ah | 1175 | 3.601x10°¢ | 0.81 | 7966 025
. 32 2295 | 4.094x107* | 0.88 | 8849 0.01
36 1.032 | 3737x107* | 091 | 7573 0.01
go | 26W/ei | 1343 | 4485x10° | 078 123 | 2218x107 | 1 | 6020 0.01 ﬂ
o 32 2942 | 5E31x10"* | 0.84 | 0449 ; 0.01
36 1102 | 5595X10* | 0.86 | 4701 005 |
26 W/af | 1893 | 1.641Xx107* | 091 | 2126 | 3687x10°* | 0.78 | 6008 0.01
1h2r0 32 3729 | 6351x107* | 0.82 | 9381 0.01
36 1443 | 8.084x107* | 0.82 | 3236 0.09
g | 28W/al | 1871 [ 1850x107* | 0.90 | 19.08 | 4822x10°* | 078 | 4620 0.01 ﬂ
. 32 4038 | 7207x10°* | 081 | 7433 0.03
36 124 [ 8824x10* | 082 | 2357 0.06 |

% 26 W/el © WC-Tio ssAlp 1N, 32 W/ct . WC-Tio »Al,. 2N, 36 W/er © WC-Tip, s5Alp 1N

WSS . Weighted sum of squares
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charge transfer resistance R. comes from the
penetration of the electrolyte through the pores
or pinholes existing in the coating. This result
matched with the porosity measurement. Also,
Fig. 7 (c) shows a severe deviation of the phase
angle in the low frequency region. Therefore, the
penetration of electrolyte through the porous
layer appeared to be greater than other coatings.
Fig. 7(b) shows two distinctive segments. The
first, in the high frequency region, displays a
linear increase of {Z] as frequency decreases. The

second segment in the low frequency region exhi-

RE

Pore
Electrolyte

Coating

(RE :Reference Electrode, WE : Working Electrode)
(a)

AN
{b)

Fig. 8 The equivalent electronic circuit for a WC-
(Tii-xAlx) N coating system.
(a) After 72hr immersion test of WC -
Tio ssAlo 1N, (D) All most coatings

bits a constant [Z] vs frequency. These results
demonstrate that the corrosion resistance of WC-
Tio 72AAlo 2s coating is high, i.e. since only small
changes in the measured spectra occurred during
the 168hr immersion test, this would suggest con-
siderable electrochemical stability in a 3.5wt.%
NaCl electrolyte'®. Among these coatings, the
coating resistance Re of WC-Tig 5sAle 2N coating
was lower than other coatings.

From above results, WC-Tiy 2Ale 2sN coating
would be the anticipitated best performance coat-
ing among the WC- (Ti;- xAlx) N coating evaluated
here.

4. Conclusions

1) A typical SEM image of WC-Tig ssAlo N
coating shows that the coating is fragment. This
cracking portion was probably dislodged by the

hydrogen gas evolution.

2) WC-Tio Al 2N coating represents better
corrosion properties as indicated by the galvanic
corrosion test. From the potentiodynamic polari-
zation test, the polarization curve of WC - Tig 7
Al 2N showed passive region and positioned in
the left (noble) direction than others. The corro-
sion potential of WC-Tiq, 2Alo. 25N was nobler than
others. All coated samples had much better corro-

sion resistance than the substrate.

3) From the EIS results, the Rcoat results ob~
tained for these coatings all exhibited diminished
values after 168hr exposure. Among these coat-
ings, the coating resistance R. of WC-Tio ssAlo 2N
coating was lower than other coatings. As the im-
mersion time was prolonged WC-Tio, 2Alo. 25 coat-
ing shows considerable electrochemical stability
ina 3.5% NaCl electrolyte.
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