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Hard thin TiN, TiCxNy and CrN films deposited by Physical Vapor Deposition (PVD) techniques
onto steel substrates were immersed in an aggressive environment and evaluated by Atomic Force
Microscopy (AFM) and Electrochemical Impedance Spectroscopy (EIS). The mechanical and
electrochemical behavior, as well as the microstructure of TiCxNy depended directly on the contents
of carbon and nitrogen in the coating. The best results were obtained with stoichiometric coatings
that are presented in this work. Although a small amount of pinholes could be observed, the
electrochemical performance of TiN film was poorer than the stoichiometric TiCxNy coating.
However, the CrN films showed the highest initial and residual corrosion resistance values, probably
due to their dense structure.

Keywords: atomic force microscopy (AFM), electrochemical impedance spectroscopy
(EIS), hard coatings

1. Introduction

It is widely known that the performance of tools and
mechanical parts that undergo high mechanical load can be
enhanced by the use of hard thin coatings1-3. These coatings
generally present high tribological properties, such as hard-
ness and wear resistance. Thus, new characteristics can be
achieved by the coating/substrate system, increasing the
tools and parts lifetime. In this way, a broad variety of
different hard thin coatings are used in industry1,2,4. How-
ever, the use of a new coating/substrate system often starts
in advance of sufficient knowledge in the field of coatings
properties and system characteristics. 

The use of hard coatings/steel substrates systems in
mechanical applications performed under aggressive envi-
ronmental conditions brought about an important point of
discussion, since despite its tribological properties, a thin
hard coating must also be able to improve the corrosion

resistance of the substrate material used. Although the films
used as hard coatings are generally chemically inert5-7, their
use as corrosion barriers is often unsatisfactory. Since the
deposition processes usually generate many small pores
and pinholes8,9, the electrochemical behavior of a hard
coating/substrate system depends mainly on the extent of
these defects. Thus, if a hard thin film covered a less noble
material, such as steel, small anodic areas would be ex-
posed to the aggressive environment (electrolyte) and a
galvanic corrosion would take place8-10. Therefore, it is also
necessary to optimize the deposition parameters as a func-
tion of the electrochemical behavior of the hard coat-
ing/substrate system used. Moreover, the coating used must
be chosen in order to achieve the better relationship be-
tween mechanical and electrochemical properties for the
whole system.

The intention of the work reported here was to compare
the electrochemical behaviors of well known hard coat-
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ings/steel substrates systems as generally used for mechani-
cal applications. Among many coatings, CrN and TiN
coatings were chosen because both exhibit high hardness
and oxidation resistance11. TiCxNy was also chosen due to
its high hardness, as well as to the known dependence of its
mechanical and electrochemical properties on the coating
chemical composition12,13. All coatings were produced by
PVD techniques, using high speed or stainless steel as
substrates. Several mechanical characteristics of the coat-
ings/steel substrate systems presented have also been pre-
viously determined12-15. The electrochemical evaluation of
the coatings was carried out by Electrochemical Impedance
Spectroscopy, while Atomic Force Microscopy was used
to observe the coatings microstructure, before and after the
electrochemical assays. 

2. Experimental

Coatings Deposition: Chromium nitride (CrN) coating
304 stainless steel substrates was carried out by Ion Been
Enhanced technique (IBED), at Spire, USA. The coatings
thickness was approximately 1.25 µm14. Titanium nitride
(TiN) coatings, with approximately 4.0 µm thickness, were
produced onto high speed steel M2 by Arc Plating tech-
nique at Stiftung Institut für Werkstofftechnik, Germany15.
Finally, approximately 3.0 µm titanium carbonitride films
(TiCxNy) were deposited onto high speed steel M2 by
Reactive Magnetron Sputtering technique at Universidade
Federal do Rio de Janeiro, Brazil12. Since the TiCxNy

coating’s mechanical and electrochemical properties de-
pended on the coating chemical composition, a
stoichiometric coating (Ti = 50% at.; N + C = 50% at.) was
used in this comparative study. All coatings studied in this
work have been tested before and presented good tribologi-
cal properties12,14,15. More details about the PVD tech-
niques used can be found elsewhere16,17.

Electrochemical Analysis: The electrochemical meas-
urements were carried out by using the Electrochemical
Impedance Spectroscopy (EIS) technique, which applies
electrical concepts to characterize electrochemical inter-
faces18-20. All samples were electrically linked and then
embedded in resin, before being immersed in an electrolyte
composed of a solution of sodium sulfate 0.5 M (pH = 5.5).
An exposed area of approximately 1.0 cm2 was kept con-
stant during all the experiments. The electrochemical be-
havior as a function of time, was monitored by means of
the EIS technique, over a period of at least 90 min The
experiments were always performed at the corrosion poten-
tial and the frequency range used varied from 40 kHz to 4
MHz, with an amplitude of 10 mV. 

Microstructure Analysis: Surface micrographies of
CrN, TiN and TiCxNy coatings were carried out to observe
the microstructure, pores and defects. The samples were
analyzed before and after the electrochemical analysis,

using a TOPOMETRIX Atomic Force Microscope (AFM).
The samples were prepared by ultrasonically cleaning with
acetone and further drying with nitrogen. After the electro-
chemical measurements, the resin was completely removed
from the sample surface, before the cleaning procedures.
AFM was used in the non-contact mode. The cantilever
oscillation amplitude was used as a feedback signal, in
order to obtain both topographic image and changes in
phase angle of probe oscillation, which are presented as
phase image. 

3. Results and Discussion
Before any electrochemical assay, the samples were

cleaned and observed by Atomic Force Microscopy. It is
possible to note the difference in coatings microstructure
by analyzing the coatings topography (Fig. 1). The TiN
films presented a honeycomb microstructure typical of TiN
Arc Plating produced films16. Although a small amount of
pinholes could be detected, AFM analysis showed a
scratched surface, probably due to the steel surface treat-
ment (Fig. 1a). The CrN films showed dense microstruc-
tures, although several small pores could still be observed
in the coatings (Fig. 1b). AFM observations of stoichiomet-
ric TiCxNy films showed small grains, and a scratched and
irregular coating surface (Fig. 1c). The microstructure, as
well the pores and defects observed on the above mentioned
surfaces, would certainly determine their performance
against an aggressive environment.

Since all the films studied here are usually used as hard
coatings, the main results of earlier tests carried out for the
three kinds of systems are presented here, in order to
illustrate their mechanical properties. Khanna14 has shown
that the CrN coatings deposited on stainless steel presented
good performance on mechanical tests, reducing the coef-
ficient of friction and the wear rate of stainless steel, which
permitted their use as hard coatings. The stoichiometric
TiCxNy layers produced onto high-speed steel presented
high hardness (approximately 32 GPa), as well high com-
pressive residual stresses12,13,21. Similar results could be
observed for the TiN coatings deposited on high speed
steel, although the compressive residual stress values were
always  smaller  than  the  TiCxNy  ones (-4000 and -
7546 MPa, respectively)12,15. Based on these results, all
coatings/substrate systems studied in this work were con-
sidered adequate to be used on tribological applications.
However, none of the above mentioned experiments have
been performed in an aggressive environment.

The electrochemical results can now be qualitatively
related to the microstructure analysis. In the case of a
perfect coating, without pores and micro cracks and with-
out corrosion in the applied medium, the Nyquist diagrams
of one experiment show the ideal behavior of a corrosion
barrier, which is a curve parallel to imaginary axis. When
a coating presents many pores or cracks, which would
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permit the attack by the electrolyte on the substrate, a
typical Nyquist diagram is obtained. Fig. 2 gives an exam-
ple, in which the decreasing corrosion resistance (real axis)
of the coating-substrate system with increasing time can be
seen. 

The comparative electrochemical behavior of the TiN,
CrN and TiCxNy coatings/steel substrate system as a func-
tion of the exposition time can be observed in Fig. 3. After
approximately 15 min of exposition (Fig. 3a) all coatings
behaved as corrosion barriers and presented the expected
curve parallel to the imaginary axis. However, it is possible
to observe interesting differences among the three coatings
comportment after being immersed for 90 min in the elec-
trolyte medium (Fig. 3b). The CrN coatings continued to
present a barrier performance, even after a double exposure
time (180 min), probably due to their highly dense micro-
structure, as could be seen earlier in Fig. 1b. After four days
of testing, the CrN samples were removed, and showed no
significant difference in its corrosion behavior, nor visual
deterioration of the coatings. Besides, AFM images of CrN
coatings, performed after the EIS analysis, showed a cor-
rosion product at the CrN grain boundaries (Fig. 4a).
Khanna14 carried out a potenciodynamic electrochemical
assay for the same kind of CrN samples analyzed in this
work and showed that the corrosion potential, as well as the
corrosion current, were much lower for the coated system
than for the stainless steel alone. Moreover, this author
observed that although the CrN coating was very porous
before being oxidized in air at high temperature, a uniform
thin oxide layer could be seen after oxidation. It is also
known that Cr-based alloys generally form a passive oxide
coating when exposed to a non-chlorine containing solu-
tion22. Thus, the above discussion could support a supposi-
tion that AFM could have probably detected the initial
formation of a passive chromium oxide on the film surface,
since the electrochemical assays were performed at a
slightly acid pH (5.5) and in a non-chlorine electrolyte
(Na2SO4). However, a surface chemical analysis should be
executed to confirm this hypothesis. Furthermore, it should
be interesting to test these coatings mechanically again
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Figure 1. AFM topography images of the coatings before the electro-
chemical experiments: (a) TiN film; (b) CrN film ; (c) TiC-xNy film.

Figure 2. Nyquist diagram of a TiCxNy film/M2 high speed steel substrate
system as a function of the exposition time to the Na2SO4 0.5M electrolyte.



after the electrochemical studies, in order to know the effect
of the observed corrosion product on the mechanical prop-
erties of the coating.

The stoichiometric TiCxNy coatings presented an inter-
mediate electrochemical behavior among the three coat-
ings. However, after one day of testing there was no
difference between the electrochemical results for either
TiN or TiCxNy coatings, as can be seen in Fig. 3c. No pitting
could be detected in this sample. However, the voids ob-
served near the grain boundaries seem to be responsible for
the electrolyte attack on the substrate (Fig. 4b). On the other
hand, TiN presented the worst corrosion resistance among
the analyzed coatings, even exhibiting the highest coating
thickness. This behavior was probably due to the pores and
defects present in the coating, as shown earlier in Fig. 1a.
Moreover, corrosion products could be observed on the
coating surface after the EIS experiments (Fig. 4b). Al-
though Massiani et al.5 showed that there was no attack on
TiN films in the corrosion potential, a chemical surface
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Figure 3. Comparative electrochemical behavior of the TiN, CrN and
TiCxNy coatings: (a) Exposition time = 15 min; (b) Exposition time = 90
min (TiN and TiCxNy) and 180 min (CrN); (c) Exposition time = 1 day.

Figure 4. AFM topography images of the coatings after the electrochemi-
cal experiments.



analysis should be done in order to know the exact chemical
composition of this layer. 

4. Conclusion
EIS and AFM techniques were successfully used as

complementary tools to evaluate comparatively three usu-
ally used hard coating/substrate systems. The electro-
chemical and morphological study of the coatings
permitted both an estimation of their behavior in an aggres-
sive environment and an observation of features of the
coatings surfaces after the corrosion attack.

Comparing our results to the earlier mechanical tests, it
seems that CrN/stainless steel substrate system could pre-
sent an adequate mechanical performance under an aggres-
sive environment. 

On the other hand, this work showed that although
presenting high mechanical performances, TiN and
stoichiometric TiCxNy films/high speed steel substrate sys-
tem presented unsatisfactory results as corrosion barriers,
due to the amount of pores observed on both coatings’
surface. Thus, the use of these coatings in mechanical
applications under an aggressive environment cannot be
recommended.
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