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Tribological performance evaluation of coated steels with TiNbCN
subjected to tribo-chemical wear in Ringer’s solution
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With the aim of generating solutions against the deterioration of the joint prostheses, it was studied the tribo-corrosive behavior of titanium
niobium carbonitride (TiNbCN) deposited on stainless steel AISI 316 LVM using the technique of magnetron sputtering physical vapor
deposition. The tests were performed in a balanced saline solution (Ringer’s solution) which represents the characteristics of the body fluids,
using an equipment where the micro-abrasive wear is generated by the contact of micro particles in the system; the micro-abrasion-corrosion
mechanism is described by means of the incorporation of an electrochemical cell consisting of three electrodes. Both the substrate and the
coating, were subjected to micro-abrasive wear simultaneously with the electrochemical tests of Tafel polarization curves and electrochem-
ical impedance spectroscopy (EIS); subsequently of the tests, the specimens were analyzed by optical microscopy and scanning electron
microscopy characterizing the surface morphology. It was observed that the coating presents an increase in its corrosion and wear resistance
with the presence of a simulated biological fluid.
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1. Introduction

Biomaterials are designed to interact with biological systems,
in order to replace or repair tissues, organs or functions of the
human body [1-3]. The materials used in orthopedic surgery
are one of the branches with important applications, since the
different joints of the human body suffer deterioration over
the time (approximately 108 load cycles in 70 years). Hence,
the mechanical properties decrease as a consequence of the
joint wear and degradation in connective tissues such as car-
tilage and tendons [3,4]. In addition, degenerative diseases
such as osteoporosis, osteoarthritis, bone loss and others, in-
crease the bone fractures in elderly; it is estimated that more
than fifty percent of all people over 60 will suffer these dis-
eases and together with the increased life expectancy young
people are using joint prostheses. Therefore, the use of pros-
theses has extended, demanding a longer service life for these
elements, which makes their substitution necessary. These
substitutions are technically very complicated and with an
unpredictable clinical result in some cases [5]. In Colombia,
about 20,000 operations of hip and knee joints are performed
annually where ten years after implantation, the patient be-
gins to feel pain and discomfort, losing mobility and even
has to undergo another surgery. The incidence of a second
and even a third surgery is frequent, which has as aggravat-
ing the proliferation of the tissue bone area and a poor life
quality, it justifies the necessity of develop biomaterials with
better properties that ensure a longer service time [6].

The orthopedic surgery has used different materials com-
binations such as metallic, polymers and ceramics with the
aim of reducing the harmful effects and improving the per-

formance of the elements which are made the joint replace-
ments [7-11]. In general terms, most joint implants involves
a combination of a metallic material against a component of
ultra-high molecular weight polyethylene (UHMWPE), al-
though this decreases the service life of the implant due to
high wear that polymeric materials exhibit [12,13]. As alter-
native of the metal-on-polymer (MoP), it have been raised
implants metal-on-metal (MoM) and ceramic-on-ceramic
(CoC) which have gained acceptance owing to its high resis-
tance to wear [14-16]. However, each combination presents
some disadvantages, the (MoM) generate biocompatibility
problems when they are used as permanent implants due to
the ion release to the surrounding tissues [17-20]; and the
(MoC) despite of minimize the wear problem largely, they
suffer the possibility to have a catastrophic failure by fracture
of the implant due to the fragility of these materials [10-11].

In these circumstances, an alternative to improve the im-
plants are the surface modifications of the conventional ma-
terials using protective coatings. As these coatings have been
developed in order to increase the useful life of the substrate
by the enhancement of the properties against wear and cor-
rosion [21,22]. Different coatings based on borides, car-
bides, and nitrides and transition metals have been used to en-
hance the tribological properties of tools. Furthermore, they
have used in other applications as biomaterials due to their
biocompatibility and affordable price, being the best known
the titanium nitrides [20-22]. One interesting alternative of
these coatings is the titanium niobium carbonitride (TiN-
bCN), which is already being used as a biomaterial but there
are few studies regarding their tribological properties [23].
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FIGURE 1. Measurement on wear scar.

FIGURE 2. Micro-abrasion-corrosion equipment.

The aim of this work was the evaluation of the corro-
sive and tribological properties by means of micro-abrasion-
corrosion test on stainless steel (AISI 316 LVM) coated with
TiNbCN using the technique of magnetron sputtering physi-
cal vapor deposition (PVD) for future applications in the bio-
engineering field.

2. Micro-abrasion wear calculation method

In the deterioration of biomaterials studies, the effect of abra-
sive wear generated by micro particles is normally ignored,
due to the tribological variables involved in a biological sys-
tem are misunderstood; nevertheless, this effect is important
in the wear mechanism [7,24]. In this paper the calculations
were done using a mathematical model that relates the dimen-
sions of the wear track with a loss volume rate and a wear
constant [26-28]. Therefore, after each test were taken par-
allel and perpendicular measurements of the generated wear
scar according to the rotation of the sphere and then deter-
mine their average as shown in the Fig. 1.

In this type of test the wear volume is given by:

V =
πb4

64R
for b ¿ R (1)

Whereb the crater diameter andR the sphere radius. Tak-
ing into account the Archard wear law is obtained that the
volume of wearV is [27,28]:

V = KSN (2)

Where:

• K wear constant

• S sliding distance.

• N applied load.

By equating Eqs. (1) and (2) wear constant is described
as:

K =
πb4

64R
· 1
SN

(3)

3. Experimental detail

The test were performed in an equipment that has a specimen
holder attached to a lever arm, which rotates on its pivot con-
trolling the load on the specimen upon contact with the sphere
by the movement of a dead weight and a counter weight. The
ball is fixed between two coaxial shafts supported on bear-
ings, when one of them is driven by DC motor with encoder
to ensure the speed and number of revolutions of test. In
order to observe the micro-abrasive process is provided to
the system abrasive particles suspended in a container with a
magnetic stirrer and a peristaltic pump controlled manually
(see Fig. 2).

On the other hand, for the study of the corrosive phenom-
ena it was adapted to the equipment a potentiostat that con-
tains an electrochemical cell composed by: reference elec-
trode - RE (Ag/AgCl), auxiliary electrode - AE (Platinum
wire) and the specimen as a working electrode - WE. The
electrodes are immersed in the solution of interest which acts
as electrolyte (see Fig. 3).
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FIGURE 3. Schematics representation of the tests (a) micro-
abrasion; (b) micro-abrasion-corrosion.

TABLE I. Chemical composition of AISI 52100 steel.

Element Fe C Cr Si Mn P S

% 96.924 0.99 1.46 0.21 0.38 0.015 0.021

TABLE II. Chemical composition of the alloy.

Element Fe Cr Ni Mo Mn

% 62.89 18.06 14.21 3.12 1.72

To generate simulated biological conditions was used
Ringer lactate, which is an isotonic solution for intravenous
infusion, similar to the electrolyte composition of the extra-
cellular fluid that provides mineral supplements and water for
hydration (6.9 of pH) (see composition Table III) with alu-
mina particles in suspension with 0.3µm of size.

The evaluated specimens were polished previously until
obtain a low surface roughness, which was accomplished us-
ing abrasive paper of silicon carbide (SiC), increasing the size
from 100 to 1200, and finally polishing the specimens with a

TABLE III. Chemical composition of the electrolyte (Ringer’s so-
lution).

Compound Concentration (g/l)

NaCl 8.6

D-Glucose 0.2

NaHCO3 0.35

Na2HPO4 0.48

KCl 0.4

FIGURE 4. XRD pattern for: Ti-Nb-C-N coatings grown with an
r.f. negative bias voltages of -20 V. Dash lines indicate the position
of the peaks obtained from JCPDF files.

suspensions of alumina (Al2O3) of 1.0 and 0.05 microns, in a
rotating disc. Regarding the multilayer coatings of TiNbCN,
were deposited on substrates of stainless steel of 316 LVM
by a sputtering technique, denominated reactive magnetron
sputtering r.f. (PVD) assisted with negative r.f. polarization
voltage applied to the different substrates. Two targets were
used: stoichiometric titanium carbide (TiC) and niobium Nb,
both of 4 inches (∼10 cm) in diameter and∼5 mm thickness,
with purity of 99.99%. All substrates are subjected to a clean-
ing process of their surface of organic contaminants begin-
ning with an ultrasound system, immersed in an ethanol and
acetone sequence during 15 minutes for each cycle. Before
of the deposition, the vacuum chamber is evacuated by means
of mechanical and turbomolecular pump to a base pressure
of 7.2×10−5 mbar with the purpose of reduce the residual air
effects. Inside the chamber, the substrates are subjected for
15 minutes to a bias voltage of -400 V (r.f.) with a power of
60 W (r.f.) in the plasma of argon (Ar) to remove of the sur-
face other contaminating impurities. The sputtering equip-
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FIGURE 5. Tribological results of TiNbCN coating (friction coef-
ficient as a function of sliding distance).

ment has a substrate positioning system in relation to the tar-
get, this parameter allows to vary the bilayer number (n) for
the present case were 200 bilayers.

The samples were characterized via X-ray diffraction, so
the crystal structure of the coatings was determined using a
PANALYTICAL X’Pert PRO X-ray diffractometer with Cu
Ka radiation (λ = 1.5406 Å) at Bragg-Brentano configu-
ration (θ/2θ) in high-angle range. The chemical compo-
sition of the coatings was determined by energy dispersive
X-ray (EDX) analysis using a Philips XL 30 FEG. Analy-
sis of morphological surface before and after of tribological
test was carried out by scanning electron microscopy (SEM)
Philips XL 30 FEG. Tribological characterization was done
by means of Microtest, MT 400-98 tribometer, using a 6 mm

diameter 100Cr6 steel ball like pattern slide. The applied load
was 0.5 N with a total running length of 1000 m. The to-
tal thickness of the multilayer deposited was approximately
3 microns.

4. Results and discussion

4.1. Coating Characterization

The Ti-Nb-C-N it was characterized via X-ray diffraction, so
the Fig. 5 presents the XRD pattern for the Ti-Nb-C-N coat-
ings grown on silicon (100) with a r.f. negative bias volt-
ages of -20 V. The Bragg peaks of the (1 1 1) and (200)
planes for FCC phase are clearly seen indicating the posi-
tion of the peaks associated to the Ti-Nb-C-N. In the present
crystallography model the symmetry of the XRD peaks of
quaternary phases suggest that in the monophasic solid solu-
tions, the Ti and Nb atoms occupy the (0,0,0) positions, and
C and N atoms the (1/2, 1/2, 1/2) positions of the NaCl-type
crystal structure. Also, broadening of the XRD (111), (200),
(220) and (311) peaks indicates that solid solutions are ob-
tained with a nanometric grain microstructure. On the other
hand, the stoichiometric relationship can be determinate by
EDX and lattice parameter of Ti-Nb-C-N coating such as
Ti0.22Nb0.78C0.19N0.81 with a0FCC(111) = 0.4303 nm.

4.2. Friction Coefficient Characterization

The friction coefficient value was tested against steel balls
and are presented in Fig. 5. This curve showed two distinct
stages. In the first stage the friction coefficient, began at a
low level 0.8. in the first contact, this stage can be attributed

TABLE IV. Specifications micro-abrasion test (wear only).

Specifications micro-abrasion test (wear only)

Specimen material 316 LVM steel, TiNbCN n=200 coatings

Sphere material AISI 52100 steel (25 mm of diameter)

Particles size Alumina 0.3µm

Solution Ringer’s solution

Abrasive concentration 0.02 %

Rotation speed 20 rpm

Load 2 N

Number of revolutions 50 revolutions

Sliding distance 7.85 m

Slurry feed rate 30 ml/min

Specifications micro-abrasion-corrosion test (wear with corrosion)

Reference electrode Ag/AgCl

Auxiliary electrode Platinum wire

Working electrode Specimens (316 LVM steel, TiNbCN n=200 coatings)

EIS Frequency: 10 kHz a 0.1 Hz

Tafel ±250 mV a 10 mV/s
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FIGURE 6. Wear scars (a) on the 316 LVM substrate; (b) coated specimen with TiNbCNn = 200.

FIGURE 7. Wear scars of the micro-abrasion-corrosion tests by stereographic microscopy: (a) 316 LVM steel substrate subjected to EIS, (b)
316 LVM steel substrate subjected to Tafel, (c) 316 LVM steel substrate coated with TiNbCNn = 200 subjected to EIS, and (d) 316 LVM
steel substrate coated with TiNbCNn = 200 subjected to Tafel.

to the running-in period associated with the kind of contact
between the steel ball and the coating, in which occurs for-
mation of wear debris by the cracking of roughness tips on
both counterparts. This stage has a short time period, then

after that, the friction coefficient increase up to 0.28 followed
by a decrease to the friction coefficient of stage II (0.26).

Two types of tests were performed on the substrates and
coatings, first tests were performed in which only micro-
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FIGURE 8. Surface of the specimens without micro-mechanism of: (a) 316 LVM steel substrate, (b) 316 LVM steel substrate coated with
TiNbCN n = 200. Wear surface at 50 cycles: (c) 316 LVM steel substrate, (d) 316 LVM steel substrate coated with TiNbCNn = 200.

abrasive wear was involved, due to it was not used the
coupled electrochemical cell. Followed by micro-abrasion-
corrosion tests where the wear tests were repeated with the
same parameters but using the coupled electrochemical cell,
making electrochemical tests such as the Tafel polarization
curves and electrochemical impedance spectroscopy (EIS).
The used parameters in both types of tests are in the Table IV.

4.3. Stereoscopy and SEM analysis

In the Fig. 6 shows the images of the wear scars taken by a
stereoscope at 10 X, where is appreciated the generated lines
by the micro-abrasive wear mechanism. Additionally, it is
evidenced in Fig. 6b that the coating is totally removed by
the action of wear which reaches the substrate.

By including the electrochemical cell in the system no
significant changes are observed, like the micro-abrasion test
small grooves are seen along the direction of the ball rotation
and the removal of the coating, as is shown in the Figs. 7c
and 7d.

On the other hand, it was observed the morphology
of both the substrate and the coating before and after the

tests using scanning electron microscopy SEM. In the Fig.
8 shows the beginning of the wear mechanism by micro-
abrasion, owing to the specimens reveal small grooves in the
direction of the particles movement characteristic grooving
wear. Comparing the Figs. 8(c) and 8(d) is noticed that the
coating protects the substrate even though it is completely re-
moved by the action of micro-abrasive wear, because the 8(d)
micrograph does not show the characteristic grooves and it is
observed a similar surfaces to the unworn substrate.

In relation to the morphology of the micro-abrasion-
corrosion tests, the 316 LVM steel substrates without coat-
ing and the substrate coated with TiNbCNn = 200 do not
presents large changes, in the substrate is observed pitting
corrosion zones and the lines left by the wear associate to
the adhesive and micro-abrasion wear (Figs. 9a and 9b), that
decreases in the coated system (Figs. 9c and 9b).

4.4. Wear rate estimation

To use the micro-abrasive wear model described above, it was
taken the measurements of the scars lengths using SEM, as is
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FIGURE 9. Tribo-chemical wear scars by SEM where is observed the adhesive wear, micro-abrasion and pitting corrosion: (a) 316 LVM
steel substrate subjected to EIS, (b) 316 LVM steel substrate subjected to Tafel, (c) 316 LVM steel substrate coated with TiNbCNn = 200
subjected to EIS, and (d) 316 LVM steel substrate coated with TiNbCNn = 200 subjected to Tafel.

TABLE V. Length values of the wear scars.

Specimens Perpendicular Parallel Average

length (mm) length (mm) length (mm)

(316 LVM) Micro-abrasion 0.54 0.59 0.56

(316 LVM) EIS 0.75 0.70 0.73

(316 LVM) Tafel 0.66 0.48 0.57

(TiNbCN) Micro-abrasion 0.60 0.97 0.79

(TiNbCN) EIS 0.87 0.54 0.71

(TiNbCN) Tafel 0.83 0.60 0.72

observed in the micrographs of the Fig. 10. The length values
are listed in the Table V.

With the average lengths, the parameters of normal load
(2 N) and the sliding distance (7.85 m) were used the (1) and
(3) equations to calculate the volumes and constants of wear
for the different preformed tests as is shown in the Table VI. It
is important to mention that for the system coating-substrate
was not possible to calculate the volumes and constants of

wear separately, due to the material behavior, hence the cal-
culations were performed on the whole system.

In the Fig. 11 is observed the behavior of the specimens
plotted with wear constants calculated above. It was evident
that the substrate has a better performance when tests are
done only micro-abrasive wear. However, when the test was
carry out with corrosive phenomena has an increased wear
volume by the synergistic effect of (tribo-corrosion). In con-
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TABLE VI. Volumes and constants of wear.

Specimens Wear volumen (mm3) Wear constant (m2/N)

(316 LVM) Micro-abrasion 1.93×10−4 1.22×10−14

(316 LVM) EIS 2.13×10−3 1.35×10−13

(316 LVM) Tafel 2.07×10−4 1.32×10−14

(TiNbCN) Micro-abrasion 7.65×10−4 4.87×10−14

(TiNbCN) EIS 4.99×10−4 3.17×10−14

(TiNbCN) Tafel 5.28×10−4 3.36×10−14

TABLE VII. Electrochemical parameters of the substrate and the coating obtained by the micro-abrasion-corrosion system.

Corrosion Potencial Corrosion Current Corrosion rate

Ecorr (V vs Ag/AgCl) Icorr (A/cm2) (mm/year)

316 LVM steel substrate -0.097 0.404 229.60

Coating TiNbCNn = 200 -0.250 0.021 11.94

FIGURE 10. SEM micrographs at 50 cycles: (a) the 316 LVM substrate; (b) coated specimen with TiNbCNn = 200.

FIGURE 11. Wear volume vs number of revolution: for 316 LVM
substrate and 316 LVM substrate coated with TiNbCNn = 200,
subjected to micro-abrasion-corrosion.

FIGURE 12. Tafel polarization curves, for the 316 LVM substrate
and coated specimen with TiNbCNn = 200.
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FIGURE 13. Electrochemical impedance spectroscopy (Nyquist di-
agrams) for the 316 LVM steel substrate and the substrate coated
with TiNbCN n = 200.

trast, the 316 LVM/TiNbCN system presents lower wear vol-
umes when is subjected to a corrosive phenomenon due to the
interface that is generated among the substrate and the coat-
ing, and the high value of the spatial periodicity (Λ = 15 nm).

4.5. Electrochemical tests

4.5.1. Potentiodynamic polarization curves (Tafel)

In the Fig. 12, is observed the Tafel polarization curves of the
evaluated substrate and coating. It was obtained a higher cor-
rosion potential for the coated steel, due to the constituents of

the 316LVM alloy, where a protective layer is generated by
the chrome that the alloy has. The electrochemical reaction
on the protective layer of the titanium niobium carbonitride
(TiNbCN), generates corrosion potentials which indicate an
adequate performance. Observing the current density values
is obtained that the substrate is how promotes a greater tri-
chemical wear, in contrast with the multilayer result is ac-
quired a lower value for the protector coating about one order
of magnitude, generating a primary protection to the stainless
steels.

By extrapolation of the cathodic and anodic slopes were
obtained the values of potential, current and corrosion rate
(see Table VII).

4.5.2. Nyquist spectrums (EIS)

In the Fig. 13, is observed the Nyquist spectrums, obtained in
the combined mechanical and electrochemical test simultane-
ously, for the substrate is obtained the typical behavior of the
AISI 316 LVM steel, since generates two semi-domes which
are characteristic of the protective layer and then the mate-
rial. For the coated steel, the system has a higher value of
total impedance in comparison with the substrate owing to the
coating that generates an appropriate mechanical (wear resis-
tance) and electrochemical wear protection (corrosion resis-
tance).

Finally, the adjustment of the obtained Nyquist diagrams
(Fig. 14) was made by two equivalent circuits. In the Fig. 13a
is obtained a circuit, where a parallelism with the performed
test is done. Establishing a solution resistance due to the used

FIGURE 14. Electric circuits of the electrochemical behavior: (a) 316 LVM steel substrate and (b) the substrate coated with TiNbCN
n = 200.
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electrolyte, subsequently is determined a resistor in paral-
lel with a CPE element, corresponding to the contact of the
sphere with the material. Then, is generated another pair of
capacitor resistance owing to the breaking of the protective
layer. In the Fig. 14b, it is obtained a circuit with similar pa-
rameters to the system described above, with a variation of a
Warburg’s resistance due to the ions diffusion of the coating
to the material denominated 316 LVM substrate.

5. Conclusions

A greater effect of micro-abrasion wear was evidenced on the
coating in comparison with the substrate, due to the coating
presented higher values in terms wear volumes. Additionally,
by the observations in the stereoscope and SEM was estab-
lished that coating was removed at a low number of revolu-
tions with bigger scar dimensions. Nevertheless, analyzing
the morphology of the specimens are not observed the small
characteristic wear grooves in the coated substrates.

With the electrochemical measurements was observed a
better coating performance against corrosion in contrast with

the performed tests at only wear, i.e. that the coated speci-
mens subjected to adhesive wear, micro-abrasive and corro-
sive phenomena simultaneously, exhibited a reduction of the
wear volumes. On the other hand, the substrate increases the
presented volumes, which evidences that the coating of TiN-
bCN protects the substrate in terms of corrosion resistance.

The protection phenomena of the multilayer can be at-
tributed to the passivating layer generated by the coating and
the coating-substrate interface system. Moreover, the high
number of interfaces among the layers presents diffusion pro-
cesses where the coating ions move to the substrate. Demon-
strating that such coatings are viable under simulated biolog-
ical conditions since they improve their performance.
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