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Corrosion behaviour of TaN thin PVD films on
steels

). F. Flores**, J. J. Olaya?, R. Colas*, S. E. Rodil3, B. S. Valdez* and I. G. Fuente®

The corrosion behaviour of tantalum nitride (TaN) thin films deposited on AlISI 1018 carbon steel,
AISI M2 tool steel and AlSI 304 stainless steel has been investigated in an agueous sodium
chloride solution. The films were produced by means of magnetron sputtering plasma deposition.
Morphological and microstructuctural characteristics of the films were studied by atomic force
microscopy and X-ray diffraction analysis. Potentiodynamic polarisation, electrochemical
impedance spectroscopy and cyclic voltammetry techniques were used for electrochemical
characterisation. The TaN films displayed lower corrosion current densities than those of the
substrates. A relaxation time in the impedance analysis was observed in the 1018/TaN system,
two relaxation times were observed in the M2/TaN system, and a diffusion process was found in
the 304/TaN system. This indicates that the substrates were not completely isolated from the
solution and the defects in the films appear to be detrimental owing to electrolyte penetration
through the defects which caused localised corrosion. The corrosion behaviour of the films
depends mainly on the electrochemical properties of the substrate.

Keywords: Tantalum nitride, Corrosion, Electrochemical impedance spectroscopy, Cyclic voltammetry, Potentiodynamic polarisation, Surface analysis,
Magnetron sputtering

of their corrosion performance in alkali media and in an
acidic electrolyte. In both media, cyclic voltammetry
(CV) was applied for the electrochemical characterisa-
tion.''* PVD coatings generally exhibit growth defects

Introduction

Most of the engineering materials used in industry have
to be protected against corrosion using surface techni-

ques. Physical vapour deposition (PVD) coating is a
widely used technique to enhance the surface properties
of engineering alloys. PVD coatings based on nitrides,
carbides or a combination of the two increase signifi-
cantly the lifetime and service quality of different
substrates owing to reduced friction and better thermal
and corrosion stability in aggressive environments.'*
TaN thin films have been utilised as structural elements
in integrated circuits.” ” Most of the work performed on
TaN has been related to its application in thin film
resistors and diffusion barriers for aluminium and
silicon. Thin films have been used extensively as the
key elements of mask absorbers for X-ray lithography
and the magnetic multilayers of recording heads.®”’
Relatively little work has been carried out on their
application as hard wear resistant coatings or for
corrosion protection. There have, however, been studies
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such as pores and pinholes, through which corrosion
attack of the substrate takes place.'*!

The present study has focused on the effect exerted
by the substrate on the corrosion activity of TaN thin
films through their electrochemical characterisation in a
chloride medium. Potentiodynamic polarisation, CV
and electrochemical impedance spectroscopy (EIS) were
used for the electrochemical characterisation. Scanning
electron microscopy (SEM) and atomic force micro-
scopy (AFM) were applied for the surface characterisa-
tion of the corroded systems.

Experimental procedure

Three different steels were selected as the substrates for
the present work: a structural carbon steel (CS) AISI
1018, a tool steel (TS) AISI M2 and a stainless steel (SS)
AISI 304. Table 1 presents the chemical compositions of
these materials, which comply with the specifications

Table 1 Chemical composition of substrates, wt-%
Steel Element

AISI UNS C Si Mn Cr Ni Mo W V
1018 G10180 0-18 020 075

M2  T11302 085 42 50 62 185

304 S30400 008 10 20 190 90
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1 X-ray diffraction patterns of coated steels

given by the American Iron and Steel Institute (AISI).'®
The carbon and tool steel were obtained as rods machined
down to 10 mm in diameter, whereas the stainless steel
was obtained as a thin strip cut into 10 mm? pieces.

The substrate samples were ground with successively
finer grades of silicon carbide paper, and finally polished
to a 1 pm diamond finish. They were cleaned in an
ultrasonic bath with acetone and ethanol for 5 min and
dried with hot air.

The TaN films were deposited by magnetron sputter-
ing; care was taken to keep the temperature below
200°C, using 14 cm® min~" of argon as the plasma gas
and 2 cm® min~! of nitrogen as the reactive gas, and a
deposition pressure of 1-2 Pa. A tantalum target was
used for the deposition. The crystallographic structures
of the films were studied by X-ray diffraction (XRD)
using Cu K, radiation. The diffraction intensity was
recorded over a range of scattering angles of 30-120°.
The surface morphology of the films was investigated
with AFM in non-contact mode using a silicon nitride
cantilever. For the corrosion tests a conventional three
electrode cell was arranged with a counter electrode and
a saturated calomel electrode (SCE) as the reference
electrode. The electrochemical experiments were per-
formed in a 3%NacCl solution at room temperature; the
working electrode area was 0-254 cm?. The scanning rate
in the potentiodynamic polarisation tests, which were
conducted after the sample had been immersed in the
solution for 2 h, was 5 mV s~ !, and the potential range
used went from —0-5Vgcg to 1:5Vgcg. EIS measure-
ments for coated and uncoated samples were collected as
a function of exposure time at intervals of 1, 24, 48 and
72 h; a perturbation ac potential of 10 mV in amplitude
was applied over a frequency range 10°>-10* Hz; a data
density of ten frequency points per decade was used. The
impedance spectra were analysed by equivalent circuits
using the Gamry Echem analyst software to determine
the characteristic electrochemical parameters.

CV tests were carried out at a potential scanning rate
of 15mV s ! in order to get smooth curves; using a
scanning rate of 5mV s~ ! gave rise to noisy curves.
The voltage scanning range for the SS/TaN system
was —1-5Vscg—0-8Vscg, for the CS/TaN system it was
—1:0Vscg-0-6Vscg and for the TS/TaN system it was
—1:0Vscg-0-5Vsce. The samples were examined by
SEM and AFM before and after the corrosion test.
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a CS/TaN; b TS/TaN; ¢ SS/TaN
2 AFM images of TaN film surface
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3 Polarisation scans of TaN coated steels in 3%NaCl
solution after 2 h of immersion
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Results and discussion

The structure of the TaN films was studied as a function
of the substrate by XRD. Figure 1 shows X-ray spectra
of the films, consisting exclusively of the face centred
cubic TaN phase; the diffraction planes were {111},
{200} and {220}. No differences were noticed in the film
structure related to the substrate. Similar results have
been reported in other publications.>'° The surface
morphology was investigated using AFM. The films
displayed a very fine granular structure with a rounded
shape (Fig. 2a—c); no significant changes of the films
related to the substrate were detected.

The polarisation plots of the TaN films in 3%NaCl
solution indicated that all samples had higher corrosion
potential and better corrosion resistance than the bare
substrates (Fig. 3a—c). The electrochemical parameters
are listed in Table 2; for the uncoated carbon steel the
current density igo;r Was 20 pA cm 2. This was at least
fifteen times higher than that of the coated samples. In
the case of the tool steel, the current density was seven
times higher for uncoated steel than for coated steel. For
the stainless steel, the current density for uncoated
material was four times that for coated material.

The corrosion current density is an important para-
meter to evaluate the kinetics of corrosion reactions.
Corrosion protection'” is normally proportional to the
corrosion current density measured via polarisation
(Fig. 3, Table 2a).

Ideally, a coating such as Ta deposited without
impurities or defects would exhibit the same corrosion
behaviour as its bulk metal, because there is no change
in its chemical nature. However, in practice it is
generally not feasible to achieve such coatings, especially
thin ones.'®

The TaN is chemically inert and hence, the polarisa-
tion resistance of TaN films measured at open circuit
potential is represented by the resistance of the substrate
exposed to the electrolyte through open pores.
Determination of porosity is difficult because of the
small size of the defects.!> The porosity of active
materials can be estimated by equation (1)

P= [Rps(subslrate)/Rpc(system)] 10~ (1ABcor]/ fa) (1)

Where P is the estimated porosity of the film, R, and
R, are the polarisation resistance of the bare substrate
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4 Cyclic voltammograms for TaN coated steels after 2 h of immersion in 3%NaCl
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and the film respectively, AE.,, is the difference of
corrosion potential between the coating and the base
metal and fa is the anodic Tafel slope for the
substrate.!” For the polarisation plots of the CS/TaN
and TS/TaN systems, the coated steel reproduced some
features of the substrate shape. The SS/TaN system was
the only one that displayed passive behaviour.

Cyclic voltammetry has been used previously in the
electrochemical characterisation of thin films**?' to
obtain information about the double layer capacitance
(the dielectric characteristic of the film), the electro-
chemical window (the potential range within which
cations and anions are inert toward electrochemical
oxidation and reduction), the surface activity (i.e. the
ability to form protective layers) and porosity.?*>* The
voltammograms obtained for the systems SS/TaN and
CS/TaN are shown in Fig. 4a and b respectively. There
are significant differences in the electrochemical beha-
viour of the samples under investigation. On the positive
forward scan for the SS/TaN system (Fig. 4a) three
oxidation peaks were mainly observed. These peaks
show that more oxidation products were formed. The
oxidation potential range was small (0-439-0-421 V) and
also the reverse scan of the sweep showed no cathodic
peaks, indicating the formation of electrochemically
inactive products. The electrochemical window was
observed in the range —1-13-0-439 V. Figure 45 depicts
the cyclic voltammogram obtained for the CS/TaN
system. The electrochemical potential window was
observed in the range —1:0-0-567 V. The cyclic voltam-
mogram showed one oxidation peak at 0-018 V with
2-29 mA; the peak width®* indicates the presence of an
autocatalytic process that involved dissolution and
fracture of the corrosion products formed on the sample
surface. The presence of chloride ions in the solution
contributed to the formation of pits on the film surface.
The sample showed a cathode peak at —1-08 V and a
passivation process was not observed.

EIS is a very effective technique that helps in the
analysis of various steps involved in an electrochemical
reaction by measuring the impedance system response to
small ac potential signals over a wide frequency range.>
Information about the coating/solution interface and
substrate/solution interface may be obtained by this
technique.'” Over a frequency bandwidth of interest, the
impedance spectrum can be presented in various ways:
in the Nyquist format that the impedance values at each
frequency are resolved into the real and imaginary
terms, in the Bode plot, with the impedance modulus
data |Z| associated with resistive and capacitive ele-
ments, and in the phase plot, which is associated with
the dielectric properties of the film.?%2

The Bode plot (Fig. 5a) shows the behaviour of the
CS/TaN system after immersion for different times from
1 to 72 h; resistive behaviour was identified at high and
low frequencies, which is encountered typically in a
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Impedance spectra comparison of impedance response
between uncoated and coated carbon steels

Table 2 Electrochemical polarisation parameters in 3%NaCl solution after 2 h of immersion time

2

Specimen E (OCP), mV icorrs WA CM™ Rp, kQ cm? Porosity, P
Cs 628 20 0-34 NA
CS/TaN 591 1-34 351 0-0064

TS 630 171 0-36 NA

TS/TaN 562 2:25 18 0-0954

SS 192 0683 533 NA

SS/TaN 177 0177 2325 NA
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charge transfer process. The phase angle (Fig. 5b)
diminished as the immersion time increased; this
indicates penetration of the electrolyte through defects
in the film such as pores, pinholes, droplets and cracks.
The Bode spectra of uncoated and coated samples are
compared in Fig. 5c¢; the |Z]| values for the coated steel
were approximately one order of magnitude higher than
in the case of coated samples, which demonstrates the
better corrosion performance of the coated steel.

For the TS/TaN system, the phase angle spectra
(Fig. 6a) show two relaxation times which are better
resolved at longer exposure times. The high frequency
relaxation process is attributed to the coating/solution
interface and represents the dielectric properties of PVD
coatings, whereas the low frequency process is asso-
ciated with the substrate/solution interface and repre-
sents the corrosion process of the substrate in the
pores.'®?® As the immersion time increases, the peak
height decreases, which indicates that the film response
became less capacitive.

The phase spectra for uncoated and TaN coated tool
steel are presented in Fig. 6b. The coated sample shows
better dielectric properties at higher values of w and 0.
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between uncoated and coated tool steel

After 1 h of immersion time the TS did not show
evidence of a protective film but, as the time increased,
two time constants were observed, the phase angle
values for the coated sample being higher than those for
the uncoated sample.

For the SS/TaN system the phase spectra after various
immersion times are presented in Fig. 7a. The phase
angles were close to 90°, representing a pure capacitive
response throughout the 72 h of exposure. It is expected
that the response from the SS at pores is also capacitive
as it is highly passive. The passive layer is normally
an inert thin film with a low conductivity, which results
in a capacitive response similar to that from PVD
ceramic coatings, so that only a single time constant
is observed.”” A comparative examination (Fig. 7h)
demonstrated the better electrochemical and corrosion
behaviour of the coated sample. Evidence of two time
constants was observed for the phase spectra in the SS
analysis; these indicated minor capacitive and dielectric
properties for the passive films on the stainless steel.

EIS modelling is wusually carried out using an
equivalent circuit (EC), which is an assembly of circuit
elements representing the physical and electrical features
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7 Impedance spectra comparison of impedance response between uncoated and coated stainless steel
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8 Equivalent circuits for corrosion behaviour of electro-
chemical system used in simulation of EIS spectra

of the electrochemical interface. Figure 8a—c shows the
equivalent circuits for the systems studied. In Fig. 8a the
circuit represents charge transfer behaviour for the CS
and the CS/TaN systems. As could be seen in Fig. 5a—¢
for the CS/TaN system, a second relaxation time was
not evident. This is attributed to the fact that the TaN
film was not compact and thick enough to avoid the
penetration of electrolyte through the film. The electro-
lyte immediately penetrates the open pores and reaches
the steel, so that R, is almost negligible. The failure
mode and the EDAX analysis of the corroded samples
will be presented later. Ry, is the solution resistance
between the working electrode and reference electrode,
Ryo1 is the resistance of the surface and QOgr is the
capacitance of the surface.

The capacitance was replaced by a constant phase
element (CPE). The impedance of the CPE is given by
equation (2)

Zepg=Zo(jo)™" 2

Flores et al.

where Zg is the adjustable parameter used in the non-
linear least squares fitting and the factor # is defined as a
CPE exponent that always lies between 0-5 and 1. It can
be obtained from the slope of |Z| and the Bode plot.
When n=0-5 the CPE represents a Warburg impedance
with a diffusional character.”® Figure 85 shows the
equivalent circuit representing the behaviour with two
time constants, which presents Rpore and Qg the
elements describing the electrochemical characteristics
of the oxide layer on the surface. Figure 8¢ shows the
equivalent circuit for the SS/TaN system; the diffusion
of reactive species is important and always exists in
electrochemical corrosion. The Warburg impedance is
usually employed to model semi-infinite diffusion
behaviour.

The electrochemical parameters obtained by equiva-
lent circuit simulation are shown in Table 3-5. In
Table 3, better capacitive behaviour was noticed for
the CS/TaN system compared with the uncoated steel.
The value of capacitance is related to a degree of
reaction from the formation of ionically conducting
paths across the coating; coated samples showed a better
capacitive behaviour because the R, values were eight
times higher, indicating that the corrosion resistance was
improved. In the TS/TaN system (Table 4) the Qg and
Rpore values show a drastic positive change, which
indicates a higher resistance to electrolyte penetration
through pores and also better capacitive behaviour. The
coating capacitance is generally considered to provide
information about the degree of electrolyte penetration

Table 3 Electrochemical parameters of CS/TaN system obtained by EIS simulation using equivalent circuits

Specimen Time, h Qsur, LF cm ™2 n Rpor, kQ cm?
CS 1 1722 0776 39

24 220 0749 41

48 2079 0748 41

72 2153 0739 40
CS/TaN 1 389 0719 29:8

24 607 0761 249

48 659 o777 16-8

72 617 0795 159

Table 4 Electrochemical parameters of TS/TaN system obtained by EIS simulation using equivalent circuits

Specimen Time, h Qsur, BF cm ™2 N Rpores Q cm? Qp), 1F cm 2 n Rpoi kQ cm?
TS 1 1689 0832 489 142:3 0-809 58

24 2234 0-812 612 7791 0-801 4-4

48 3102 0782 59-8 1584 0-881 36

72 4123 0729 62'5 2338 0-885 30
TS/TaN 1 52 0-862 1813 14-5 0791 734

24 83 0-857 815 1256 0-850 451

48 107 0-834 5662 3076 0-908 265

72 141 0799 5934 4585 0-892 194

Qpi: Double layer copacitance.

Table 5 Electrochemical parameters of SS/TaN system obtained by EIS simulation using equivalent circuits

Specimen Time,h Qg tFcm™2 n Rpores kQ cm?  Qeurt, tFcm™ RoobkQ cm?  Weittusion,F cm™2
SS 1 6 0837 147 59 0781 130
24 114 0859 41 17-3 0868 379
48 96 0862 38 159 0877 424
72 84 0862 35 14-8 0889 473
SS/TaN 1 71 0-888 1319 0142
24 76 0-876 1409 0-236
48 78 0-875 1234 0-287
72 79 0-852 1119 0-821
Corrosion Engineering, Science and Technology 2006 voL 41 NO 2
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9 SEM images of surface films after 72 h of immersion
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through surface defects and in principle the value is
expected to increase with immersion time if a passive
film is not formed.”® Finally, Table 5 presents the
electrochemical parameters for the SS and SS/TaN
systems. The polarisation resistance R, was ten times
higher for the coated metal and a more effective passive
film with better dielectric properties was observed.

After the immersion test, the morphology and
corrosion features of each coated system were examined
by SEM and the resulting micrographs are shown in
Fig. 9a—c. Figure 9a shows the results for the CS/TaN
system; local delamination of the TaN film owing to the
formation and spalling of non protective corrosion
products was observed. The surfaces of TS/TaN and SS/
TaN samples (Fig. 95 and c¢) respectively show evidence
of less destructive corrosion processes with many
corrosion products resulting from the dissolution of
the substrate.

The AFM technique was employed to study the
formation of passive films, pits and corrosion products.
A significant damage was observed on the CS surface
after 72 h of immersion in the solution, a height of 7 um
was observed on the AFM analysis (Fig. 10a¢) and a
general corrosion process was detected. Figure 105
presents the micrograph for the coated steel after the
EIS test; the surface damage was significantly less
compared with the uncoated steel.

The chemical composition of the corrosion products
of the film after 72 h of immersion in the solution was
obtained by EDAX analysis. Figure 11a—d shows the
qualitative elemental analysis for the different systems.
Figure 11a and b shows the analysis for the CS/TaN
system; the presence of mineral salts and oxide corrosion
products was observed. Iron oxides and hydroxides are
not stable protective compounds; their spalling results in
film delamination. For the SS/TaN and TS/TaN systems
shown in Fig 11¢ and d respectively, elements like Cr, Ni
and V form more protective and passive films. These
results are in agreement with the formation of a second
time constant and a diffusional process in the EIS
analysis.

Figure 12a and b represents the corrosion mechanisms
of the CS/TaN and SS/TaN systems respectively. Local
defects, such as pinholes, provide direct paths between
the corrosive environment and the thin film/substrate.
For the CS/TaN system (Fig. 12a), the EIS analysis
(Fig. 5a) showed the presence of one relaxation
time without the formation of any passive film. The
electrolyte easily penetrated into the pores and the

61.91nm

10 AFM images of uncoated and coated CS steel after 72 h of immersion in 3%NaCl
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non-protective corrosion products (Fig. 116) formed
on the steel surface did not provide noticeable resistance
to its penetration and the corrosion of the substrate
occurred.

For the SS/TaN system (Fig. 12b), the EIS (Fig. 7a)
indicated the formation of a dense passive film with high
dielectric constants in the pores. In this system, no
delamination process was detected (Fig. 9b).

Conclusions

X-ray diffraction patterns have shown that TaN films on
a CS of type AISI 1018, a TS of type AISI M2 and an SS
of type AISI 304 have a face centred cubic structure, the
diffraction planes being {111}, {200} and {220}. The
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films have a very fine granular structure with a round
shape. The crystalline structure and the surface mor-
phology of the film are not influenced by the substrate.

The polarisation plots of all the coated samples
display better corrosion resistance than that of uncoated
steels, but the polarisation plots of the systems
reproduced some features of the substrates’ shape owing
to the interconnection of the films and the medium by
surface defects such as pores, pinholes and droplets.

A charge transfer process with a relaxation time
constant was indicated by EIS for the CS and the CS/
TaN system, the coated carbon steel displaying capaci-
tive and resistive behaviour. Two relaxation times were
detected for the TS/TaN system, implying that the films
contain surface defects. These constitute conductive

Surface defects & Electrolyte
o o o 0 o]
(0] 0 o O
© fo 8 5 o}
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paths in the films and allow the penetration of corrosive
species which is detrimental to the coated TS. The SS/
TaN system displays evidence of a diffusion process, the
capacitive behaviour of the passive films indicating a
phase angle close to 90°.

Surface analyses (SEM, EDAX and AFM) demon-
strated that the corrosion attack on the film surface
during immersion in a chloride solution produced a
localised form of delamination and pitting attack. For
the CS/TaN system, the development of rapid localised
corrosion resulted in delamination. The presence of non-
protective corrosion products (iron oxides and hydro-
xides) was detected by EDAX analysis.

A less destructive corrosion process was observed for
the SS/TaN and TS/TaN systems. The Cr and O peaks
detected in the EDAX spectrum demonstrated the
formation of protective passive films.

The thin TaN films demonstrated their capability to
improve the corrosion performance of bulk metals. Thin
ceramic films are widely employed in the electronics
industry. Corrosion protection is important to ensure
the reliability of its products.
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