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a b s t r a c t
This work presents a comparative wear, corrosion and wear–corrosion (the last one in a simulated physiological
solution) study of graphite-like a-C:H (GLCH) ﬁlms deposited on bare and nitrided Ti6Al4V alloy. Films, deposited
by r.f. PACVD, presented low porosity and promoted high corrosion resistance. The friction coefﬁcient of the ﬁlms
was very low with appreciable wear resistance at room conditions. However, due to the simultaneous action of both
load and the corrosive environment in wear–corrosion tests a marked reduction in the coating lifetime was observed. Unexpectedly, ﬁlms deposited on the nitrided alloy presented a lifetime at least ten times shorter than
that of ﬁlms on bare alloy. We explain such a result in terms of ﬁlm/substrate interaction. The weak GLCH/nitrided
alloy interaction facilitates ﬂuid penetration between the ﬁlm and the substrate which leads to a fast ﬁlm delamination. Such an interpretation is supported by force curve measurements, which show that the interaction between
GLCH and nitrided alloy is four times weaker than that between GLCH and bare alloy.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Among metallic materials, titanium and its alloys have been most
commonly chosen for use in implants. This choice is motivated by titanium appropriate properties such as low density, high strength to weight
ratio, good corrosion resistance, and above all, biocompatibility which
is conferred by the thin and compact oxide (TiO2) spontaneously formed
at its surface in the presence of oxygen [1–3]. However, in some applications (in ankle and hip joints, for instance) superior mechanical wear
and, mainly, wear–corrosion resistance are required, but not provided
by those metals [4,5]. To extend the use of titanium to situations where
superior resistance is required, researchers have been working to improve the surface properties of titanium and its alloys through mechanical, chemical, thermo-chemical processes and/or coating deposition
[6–10]. It is worth mentioning the work of Kumar et al. [8] who studied
the fretting-corrosion behavior of untreated, anodized and thermally oxidized pure titanium in Ringer's solution and observed an increase in the
fretting-corrosion resistance after surface treatment. The thermally oxidized samples presented better fretting-corrosion resistance.
Regarding high performance coatings, diamond-like carbon (DLC)
ﬁlms have been pointed out as good candidates for coat implants such
as hip and ankle joints besides heart valves and stents [11–13]. In fact,
DLC ﬁlms present exceptional properties such as wear resistance, high
hardness, low friction coefﬁcient, corrosion resistance, good bio- and
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hemocompatibilities, high thermal conductivity, optical transparence
to infrared and chemical inertness [11–16], which support their use in
a wide range of applications. DLC is a relatively new class of amorphous
carbon materials with a signiﬁcant content of C\C sp3 bonds, which
confers them some of the properties previously cited. Moreover, DLC
ﬁlms may contain other elements such as hydrogen, nitrogen and silicon that can alter their structure and properties [16–18]. The hydrogenated amorphous carbons are classiﬁed into four types: polymer-like
a-C:H (PLCH), ﬁlms with 40–60 at.% of H content; diamond-like a-C:H
(DLCH), ﬁlms with 20–40 at.% of H content; hydrogenated tetrahedral
amorphous carbon ﬁlms (ta-C:H); and graphite-like a-C:H (GLCH)
with low H content (less than 20 at.%).
Besides the appropriate properties of the ﬁlms, their adhesion to the
substrate is mandatory for a biomaterial to be implanted inside a living
body. One problem regarding DLC ﬁlms on titanium and its alloys is
the failure and detachment of the coating. The failure of the coating
may be due to the plastic deformation of the substrate, the cracking of
the coating and/or the failure of the interface since there is a mismatch
in the mechanical and chemical properties of those two materials
(i.e., the hard and brittle coating is not capable of withstanding plastic
deformation as well as the soft substrate which results in cracks and delamination of the ﬁlm). Interlayers and surface treatments have been
used to overcome this problem and improve the load-bearing capacity
as they provide a gradual change in the hardness and better tension distribution from the coating to the substrate [19–21]. Such treatments and
interlayers indeed improve the ﬁlms resistance to wear or corrosion in
situations where load and corrosive environment are not acting together.
However, in some applications, like ankle and hip joints, load and a
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corrosive environment must be taking into account. Unfortunately, in
wear–corrosion solicitations a catastrophic failure of the DLC ﬁlms has
been recently observed [22] showing that DLC coatings cannot safely
be used yet in situations in which load and corrosive environment are
acting together. To extend the use of DLC coatings to such situations, it
is mandatory to understand the features related to the catastrophic failure mechanism.
In the present work we investigate the changes in the mechanical
and electrochemical behavior of bare and nitrided Ti6Al4V alloy surfaces due to the GLCH coating deposited by r.f. PACVD. We observe a
catastrophic failure of GLCH ﬁlms on both substrates in wear–corrosion
tests. In spite of the hardness gradient and better physical anchorage
provided by the roughness of the nitrided substrate, the coating deposited on it fails much earlier than that deposited on bare alloy.
2. Experimental details
2.1. Materials, surface treatment and coating deposition
Ti6Al4V alloy (grade 5) disc samples with 38 mm in diameter and
mean thickness of 17 mm were obtained from a bar. Samples were
ground with SiC emery paper to 800 grit and polished with colloidal silica. After polishing, the samples were ultrasonically cleaned in acetone
for 10 min followed by rinsing in methanol and deionized water. After
preparation, the surface roughness (Ra) of the samples was about 25 nm.
Some samples were nitrided in a gas mixture of 10% Ar, 50% H2 and
40% N2 at 300 Pa for 10 h. The temperature of the process (1073 K) was
chosen below the transition temperature of the alloy (1228 K). The
nitrided layer microstructure was analyzed by X-ray diffraction
(X Philips — X'Pert MRD) with Cu Kα radiation (λ = 1.5406 Å).
The coatings were commercially deposited on the Ti6Al4V polished
samples and on the nitrided samples (not polished after nitriding process) using r.f. (13.56 MHz) PACVD technique. The samples were placed
at the top of the chamber to avoid dust particles. Prior to deposition the
reaction chamber was evacuated to a base pressure of ca. 1.5 Pa and
samples were cleaned by sputtering with argon (Ar) for 20 min. The deposition was performed at 1.5 Pa with acetylene (C2H2) ﬂowing at a
rate of 50 sccm for 2 h. The negative self-bias voltage of the r.f. powered
electrodes was 1000 V. Thirty bare and thirty nitrided Ti6Al4V samples
were single side coated with 4 μm thick ﬁlms.
2.2. Surface and coating characterizations
The nitrided samples were characterized by scanning electron microscopy (SEM) and X-ray diffraction as previously published [23].
The surface morphology of the coatings deposited on bare and nitrided samples was acquired by atomic force microscopy (AFM — Shimadzu
model SPM-9500J3) in the contact mode and the surface roughness was
estimated from AFM images. The coatings were analyzed by Raman spectroscopy performed with a NTEGRA Spectra Nanoﬁnder (NT-MDT) operating at 514.5 nm excitation. The coating hardness was acquired from
nanoindentation tests using a CETR nanohardness tester. The maximum
load in each indentation was 100 mN with no penetration depth higher
than 20% of the ﬁlm thickness. A Vickers indenter and the Oliver and
Pharr [24] method were used to determine hardness.
A Nanoscope IV MultiMode SPM, from Veeco Instruments, was
employed for force spectroscopy analysis of bare and nitride samples.
SPM measurements were carried out in air, or under dry nitrogen atmospheres, with the help of homemade environmental control chambers.
Heating experiments were carried out with a commercial hot stage
AFM setup (Veeco Instruments MultiMode SPM with High Temperature
Heater accessory). The used silicon cantilevers were covered with a thin
doped-diamond ﬁlm, from NT-MDT, with k~2.5–10 N/m, R~30–50 nm
and ω0 ~115 to 190 kHz. More accurate estimations of k and R were carried out by the use of the Sader's method [25] and by imaging reference
samples, respectively. During the heating process, most of the water
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layer is removed. This layer is responsible for the capillary forces when
the tip comes into contact with the sample surface and a water meniscus
is formed. Therefore, using the hot stage, the adhesion force between the
diamond tip and the sample surface can be measured with reduced inﬂuence of the water layer.
2.3. Corrosion tests
The corrosion behavior of the samples was evaluated by means of
potentiodynamic polarization curves in a simulated body ﬂuid environment (phosphate buffered saline solution (PBS)) at a scan rate of
0.167 mV/s using an EG&G 273A potentiostat. The PBS solution used
was composed of 8 g/l NaCl; 0.2 g/l KCl; 0.594 g/l Na2HPO4 and 0.2 g/l
KH2PO4, pH= 7.1. The tests were performed in a three-electrode cell
with the temperature controlled at 37 °C (±1 °C) by a thermostatic
bath. A saturated calomel electrode (SCE) was used as reference electrode and platinum wire as counter electrode. The exposed area of the
samples (3.14 cm2) was determined by a Teﬂon o-ring. Before the
beginning of the corrosion tests the system was maintained 1 h in the
solution in order to stabilize the open circuit potential (OCP).
The protective efﬁciency of the coatings was determined from the
polarization curves by the empirical equation [26]:



Pi ¼ 100 1−icorr =i corr

ð1Þ

where icorr and i°corr are the corrosion current densities in the presence
and absence of the coating.
The total coating porosity was estimated from electrochemical
measurements using the following equation [27]:

P ¼ RpmðsubstrateÞ =Rp

ðcoating−substrateÞ


− ΔEcorr=βaj
x10 j

ð2Þ

where Rpm the polarization resistance of the substrate, Rp the measured
polarization, ΔEcorr is the potential difference between the free corrosion potentials of the coated alloy and the bare substrate and βa, the anodic Tafel slope for the substrate.
2.4. Wear tests
The tribological behavior of the ﬁlms at room conditions (relative humidity about 25% and 20 °C) was evaluated by wear tests carried out in a
reciprocating pin-on-plate tribometer controlled by a computer. The
tests were performed by applying a normal load of 16 N, sliding velocity
of 32 mm/s and 8 mm wear track length. Tests were performed for 2 h
or until coating failure. The counter body used was an alumina ball (∅
5 mm, Saphirwerk). At the end of each wear test, the wear track was
analyzed by optical and SEM microcopy. The wear track proﬁle was
recorded by a proﬁlometer (MicroGlider, Fries Research & Technology)
and the wear volume was integrated from the wear track proﬁle.
2.5. Wear–corrosion tests
To perform the wear–corrosion tests the electrochemical cell used in
the corrosion tests was coupled to the tribometer. The counter and reference electrodes were the same as used for the other electrochemical
tests with the electrodes distant no more than 1 cm from the wear
track. The tests were carried out in PBS solution at open potential circuit
(OCP) and at an anodic potential of 0.4 VSCE with a temperature of 37 °C
(±1 °C). Before the beginning of the wear–corrosion tests the system
was maintained 1 h in the solution in order to stabilize the open circuit
potential (OCP). The wear parameters were the same as those used in
single wear tests, i.e., normal load of 16 N, sliding velocity of 32 mm/s
and wear track length of 8 mm. Tests were performed for 2 h or until
the coating failed. The tests performed until the coating failed were repeated more than eight times.
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At the end of each wear–corrosion test, the wear track proﬁle was
recorded by a proﬁlometer and the wear track volume was calculated
by integrating the wear track proﬁle. The wear track was also analyzed by optical and SEM microcopy.
3. Results and discussion
3.1. Coatings
Atomic force microscopy images of the coatings deposited on bare
and nitrided alloy are shown in Fig. 1. Films deposited on bare alloy
are composed of small compact grains homogeneously distributed
on the surface with a mean roughness (Ra) of about 7.9 nm calculated
from 9 × 9 μm images. Films deposited on nitrided samples show
large grains composed of agglomerated small grains with a roughness
(Ra) of about 61.2 nm obtained from 9 × 9 μm images. The difference
in the coating morphology can be ascribed to the substrate chemical
composition and morphology, since the alloy was exposed to both
the sputtering process, for oxide removal, and nitriding process [28].
Also, secondary electron emission from the two substrates (bare
and nitride samples) increases differently the plasma intensity that
results in different coating morphology and properties [29]. It should
be pointed out that the nitriding process was responsible for the formation of the Ti2N phase (tetragonal) and the TiN phase (cubic face
centered) and also for increasing the surface roughness of Ti6Al4V
samples from (Ra) of 25 nm to about (Ra) 150 nm [23].
The coatings deposited on both bare and nitrided samples were
characterized by Raman spectroscopy as shown in Fig. 2. The spectral
shape was ﬁtted with Gaussians that reveals the common features of
DLC ﬁlms, the so-called D and G peaks. The D peak lies at approximately 1385 cm −1 while the G peak lies at around 1569 cm −1.
Ferrari et al. [30] have shown that Raman spectroscopy is a powerful
technique to characterize DLC ﬁlms. According to Fig. 3 of their manuscript, the position of G peak of our ﬁlms corresponds to an sp 3 content of about 33%. The amount of H in the ﬁlm can be estimated from
the photoluminescence background slope as shown by Casiraghi et al.
[18]. Using the equation below (Eq. (1) of Ref. [18]), we obtained a
hydrogen content of about 16%.

Fig. 2. Raman spectra of the coatings deposited r.f. (13.56 MHz) PACVD at 514.5 nm
excitation.

hydrogen combined with the sp3 content allows us to determine the
sp2 content from the ternary diagram presented by Casiraghi et al. [31].
Hydrogenated amorphous carbon with 33% of sp3 bonds and a hydrogen
content of 16% presents a sp2 content of 51% resulting in a sp3/sp2 ratio of
0.65.
According to Casiraghi et al. [31], ﬁlms with low H content, lower
than 20%, present a high sp 2 content and clustering with a band gap
lower than 1 eV. Casiraghi et al. [18,31] used the term graphite-like
hydrogenated amorphous carbons (GLCH) to denominate this type
of DLC ﬁlms with low H content. The ID/IG ratio, a qualitative indicator
of the nature of the bond and degree of graphitization, was calculated
as being 0.60
The nanohardness measurements of the ﬁlms result in values of
16.87±0.54 GPa. The literature presents a wide range of values for
DLC ﬁlm nanohardness that is mainly related to the amount of hydrogen
incorporated into the ﬁlm, to the ID/IG ratio and sp3 content [32–34].
3.2. Corrosion results

H½at: %  ¼ 21:7 þ 16:6logfm=IðGÞ½μmg

ð3Þ

where m is the slope of the spectra measured between 1050 and
1800 cm −1 and I(G) is the height of the G peak.
Indeed, the spectrum shown in Fig. 4 is very similar to those of
Casiraghi et al. [18] for the same hydrogen content. The amount of

Fig. 3 presents the potentiodynamic polarization curves in PBS
solution for the bare alloy, the nitrided alloy and the GLCH coatings
deposited on both bare and nitrided alloy. The bare alloy presents a
passive behavior in the simulated body ﬂuid environment with anodic current densities of about 8 × 10 −7 A/cm 2 in a wide range of anodic
potentials. The electrochemical behavior after nitriding indicates that

Fig. 1. AFM images of DLC ﬁlms deposited on bare (a) and nitrided (b) alloy.
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3.4. Wear- corrosion results

Fig. 3. Potentiodynamic polarization curves in PBS solution for bare alloy, nitrided alloy
and DLC ﬁlm deposited on both bare and nitrided alloy. Sweep rate: 0.167 mV/s.

the alloy becomes nobler and with lower anodic current densities
until 0.75 VSCE, indicating an increase in the corrosion resistance. At
higher potentials an anodic peak is found that, according to the
Pourbaix diagram proposed by Heide and Schultze [35], may correspond to the oxidation of TiN to TiO2 as previously published [23].
GLCH ﬁlms deposited on both bare and nitrided samples present
similar behavior with lower current densities indicating superior corrosion protection. The protective efﬁciency and porosity of the ﬁlms
deposited onto bare alloy were calculated as being about 97% and
0.01, and for GLCH ﬁlms deposited on nitride samples as being around
95% and 0.02. Statistically there is no signiﬁcant difference in the
values and comparing the polarization curves in the PBS solution,
for GLCH deposited on both substrates, they present no important differences. Only at higher overpotentials the GLCH deposited on nitrided alloy presents some breaks that could be associated with the
oxidation of TiN to TiO2.
3.3. Wear results
From the wear tests performed at room conditions a friction
coefﬁcient of about 0.43 and 0.38 was found for nitrided and bare
alloy, respectively. Samples coated with GLCH presented an expressive reduction in the friction coefﬁcient; values of about 0.04
were observed, in agreement with data reported in the literature
[37–41]. As expected for a hard material with a low friction coefﬁcient
the wear track volume was very low, 6.5 × 10 −13 m 3 for ﬁlms deposited on nitrided alloy and 4.0 × 10 −13 m 3 for ﬁlms on bare alloy.
Such values correspond to wear rates of 1.76 × 10 −7 mm 3/Nm and
1.8 × 10 −7 mm 3/Nm, respectively. Such a difference is probably related to the roughness of GLCH coatings deposited on nitrided alloy
since at the beginning of the wear test the load concentrates at the
top of the asperities (the shear stress at the tops of the asperities is
higher due to their small area). Bare samples tested with the same parameters showed a wear track volume some 3700 times larger, which
indicates that GLCH is an excellent coating to improve the wear resistance of titanium alloy in room conditions.
Several tests were carried out until the coating failed. GLCH ﬁlms
deposited on bare alloy resisted from 4.1 up to 4.6 km wear distance,
while ﬁlms deposited on nitrided alloy resisted from 4.2 up to 5.4 km
until failure. This slight increase in the mean lifetime could be related
to the hardness gradient of GLCH ﬁlms deposited on nitrided samples
(which present a diffusion zone along 30 μm from the top surface)
that avoid the eggs shell effect and/or to the better physical anchorage provided by the roughness (see Section 3.1).

The wear–corrosion behavior of the ﬁlms at OCP conditions was
monitored for 2 h as shown in Fig. 4. The vertical line indicates the
beginning of wear.
It can be observed after beginning of wear that potential of GLCH
coated bare alloy decreases slowly until the end of the test. Such a decreasing behavior can be related to the combined action of the normal
wear force and corrosive environment through ﬁlm pores and/or
microcracks formed during the test.
GLCH ﬁlms deposited on bare alloy suffer low wear after the two
hour test, as can be seen in Fig. 5. The total wear volume calculated
in this sample was about 5 × 10 −14 m 3, which corresponds to a
wear rate of 1.37 × 10 −8 mm 3/Nm. After the test the alumina ball
was analyzed in SEM and optical microscope and no transferred
layer or damage could be observed.
Films deposited on nitrided alloy, on the other hand, suffered a
catastrophic failure 16 min after wear began, that represents a wear
distance of only 0.03 km in wear–corrosion tests. After failure the potential abruptly changes to values representative of bare alloy indicating the complete removal of both GLCH ﬁlm and nitrided layer.
According to the GLCH/nitrided wear proﬁle (Fig. 5) a deep wear
track of 1 × 10 −4 m, a value higher than the thickness of the GLCH
coating plus the compound layer plus diffusion zone, conﬁrms the attainment of the bare alloy. The total wear volume was around
4.7 × 10 −4 m 3 (wear rate of 127.5 mm 3/Nm), 10 10 times higher
than in the case of GLCH deposited on bare alloy. Fig. 6 shows the
severe damages on the sample and on the counter-body after wear–
corrosion test. It can be observed that the counter-body was severely
damaged and presents a transferred layer. The morphology of the
wear track clearly indicates the occurrence of ﬁlm delamination on
borders, asperity deformation and ploughing.
Fig. 7 presents the ianod versus time behavior obtained from wear–
corrosion tests at an anodic potential of 0.4 VSCE and also the corrosion behavior of the bare alloy at 0.4 VSCE without wear for comparison. The GLCH coatings deposited on nitrided alloy also fail, in
agreement with results obtained in wear–corrosion tests at OCP conditions. The lifetime of the ﬁlms was between 0.02 and 0.03 km, and
after coating failure the corrosion current density fast reaches that of
bare alloy, around 2 × 10 −4 A/cm 2. The current density oscillations
on bare alloy are due to rapid repassivation after mechanical wear,
i.e. depassivation/repassivation events [23,36].
In a previous work [23] it was shown that the nitriding process increases the wear–corrosion resistance of Ti6Al4V alloy; thus one

Fig. 4. Evolution of the OCP of DLC ﬁlms deposited on bare and nitrided alloy. The vertical line indicates the beginning of wear at a normal force of 16 N and sliding velocity
of 32 mm/s.
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Fig. 5. Wear track proﬁle of DLC deposited on bare and nitrided samples (a) after 2 h of wear–corrosion test at OCP and wear at a normal load of 16 N and sliding velocity of 32 mm/s. The
wear track on bare alloy is ampliﬁed for a better view of its proﬁle.

could expect that the nitrided layer should provide additional wear–
corrosion protection after the GLCH failure. However, the injection
of hard and chemically stable GLCH particles, which act as a hard
third body, combined with the high normal load cause severe damage
to the material (including the nitrided layer) and to the counter-body.
The worn material and counter-body also inject new particles into the
contact region and other wear mechanisms such as fatigue and adhesive wear take place simultaneously besides corrosion and abrasive
wear.
GLCH ﬁlms deposited on bare alloy develop an anodic current density about 1.6 × 10−8 A/cm 2 during 2 h of test, indicating superior wear–
corrosion protection under the tested conditions. However, ﬁlms deposited onto bare alloy also fail and the distance to failure varied from
0.37 up to 2 km. Since all tested GLCH coatings present pores that
allow the diffusion of ions and water penetration into them, the failure

could be associated to the loss of adhesion between the GLCH/metal and
to GLCH/metal interface degradation associated to the action of both
load and corrosive environment. The ﬁlm deposited on bare alloy
showed a wide range of rubbing distances until failure that can be associated to the probability of occurrence of defects on the wear track or
near it (close enough to suffer the adverse effect of both load and corrosive environment). Films free of pores or with no through-ﬁlm defects,
that do not allow water and ions to reach the ﬁlm/substrate interface,
can be good candidates to increase the tribocorrosion resistance. Park
et al. [42] tested DLC coatings deposited on Ti6Al4V using a ball-ondisk type wear rig, some in aqueous environment (deionized water)
and others in ambient air of relative humidity about 25%. Films tested
in aqueous environment presented delamination, which can be closely
related to the penetration of water via through-ﬁlm defects that cause
degradation of the interfacial strength. Authors suggest that the lifetime

Fig. 6. SEM images of the wear track after 2 h of wear–corrosion test at OCP for nitrided alloy covered by DLC. In (a) is presented the end of the wear track, (b) shows the center of
the wear track and (c) presents the wear track edge. The damage to the alumina counter-body is showed in (d).
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It is possible to observe higher adhesion forces between the diamond tip and bare alloy with a pull-off force about 24.2 nN, while the
pull-off force for the nitrided alloy was about 6.1 nN. In most cases
the adhesion force, deﬁned by intermolecular interactions, is a combination of the electrostatic force, the van der Waals force, the meniscus
or capillary force and forces due to chemical bonds [43]. As the meniscus or capillary forces were eliminated by thermal treatment and the
pull-off forces are too small to represent chemical bonds, the measured
forces are a combination of the remaining forces. The lower adhesion
forces observed for the nitrided alloy could be the main cause of premature failure in tribocorrosion tests of the GLCH deposited on nitrided
alloy.
4. Conclusions

Fig. 7. Evolution of the anodic current density with time in wear–corrosion tests at 0.4 VSCE,
wear at a normal force of 16 N and sliding velocity of 32 mm/s.

of the coating can be increased by eliminating the through-ﬁlm defects
and prove that multi-step coating was a good alternative to reduce
through-ﬁlm defects.
In wear tests, ﬁlms deposited on nitrided alloy tested at room conditions presented a longer lifetime than ﬁlms deposited on bare
Ti6Al4V. However, when wear–corrosion tests were performed the
lifetime of coatings deposited on nitrided alloy was signiﬁcantly reduced compared to that deposited onto bare alloy, despite the hardness gradient and higher roughness. The porosity index in GLCH
deposited on nitrided samples is a little higher than that of GLCH on
bare samples, therefore, the observed reduction in lifetime cannot
be associated with the ﬁlm porosity. One possibility for this occurrence could be poor chemical afﬁnity between the coating and the nitrided layer in comparison to that of GLCH and bare substrate. Water
and aggressive ions penetrate into the pores and, due to the poor
GLCH/nitride layer chemical afﬁnity, they can more easily penetrate
between the GLCH/nitride layer interface leading to its faster degradation. Such an interpretation is supported by AFM force curve measurements acquired with an atomic force microscope between a
diamond tip and the substrates (bare Ti6Al4V and nitrided alloy), as
presented in Fig. 8.

Diamond-like carbon ﬁlms with high hardness and low friction coefﬁcient were produced by r.f. PACVD on bare and nitrided Ti6Al4V.
Films proven to be effective to improve the wear resistance of bare
and nitrided alloy with lifetime extend up to 5.4 km of wear distance
in the tested room conditions. Besides, the protective efﬁciency and
porosity of the ﬁlms indicate a good quality of the ﬁlms that conferred
good corrosion protection on the bare and nitrided alloy.
A catastrophic failure was observed when ﬁlms were subjected to
wear–corrosion conditions. GLCH ﬁlms deposited on bare alloy
presented a reduced lifetime from 0.37 to 2 km while GLCH ﬁlm deposited on the nitrided sample failed in the ﬁrst 16 min of the test,
which correspond to 0.02–0.03 km lifetime. The catastrophic failure
of the ﬁlms deposited onto both substrates could be related to the
water and ions penetration through the pores that could lead to the
loss of adhesion between GLCH and substrate and/or to the degradation of GLCH/substrate interface due to the action of both load and
corrosive environment.
The premature failure of ﬁlms deposited on the nitrided alloy could
be associated to the weak interaction between GLCH and the nitrided
alloy in comparison to that between GLCH and the bare alloy, which
was supported by AFM curve forces.
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