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ARTICLE INFO ABSTRACT

Keywords: The hardness and corrosion resistance of TiN coatings, processed by Electrophoretic Deposition (EPD) to cover
Ti polished and unpolished Ti substrates, have been evaluated. A deposition time of 5 min has been enough to
TiN obtain a cohesive layer of 7-8 um in thickness. The coatings were thermally treated in vacuum atmosphere at

Colloidal processing
Electrophoretic deposition
Protective behavior

1200 °C for 1 h with heating and cooling rates of 5 °C min~'. The surfaces have been covered homogeneously
optimizing the properties of the Ti substrates. Uniform and dense TiN coatings have been obtained onto polished
substrates, while on unpolished Ti the nitrogen diffuses toward the substrate, moderately dissolving TiN coating.
The nanohardness values of the polished samples have been increased from 2.8-4.8 GPa up to 6.5-8.5 GPa.
Besides, the corrosion current density has been reduced more than one order of magnitude obtaining a protective
efficiency of 82%. These values have been compared with other works in literature where authors used complex
and costly processing techniques, demonstrating the strong impact of the colloidal processing over the specific

properties of the material.

1. Introduction

Ti and Ti alloys have attractive properties such as high specific
strength, biocompatibility, low density and corrosion resistance, being
key compositions in aerospace, marine, biomedicine and industrial
engineering applications [1,2]. Ti-based materials are bio-inert and
they are frequently used in biomedical devices to replace heart valves,
joints and bones. In this application the most relevant limitation of Ti
and Ti alloys is their low bioactivity and poor tribological properties,
such as poor fretting behavior, wear resistance and high coefficient of
friction [3]. In biomedicine as well as in other applications, the surface
microstructure modification and/or coating have been assessed as
strategies to improve the surface properties of Ti alloys. Physical and
chemical vapor deposition (PVD and CVD) have been explored as
coating processes to produce ultra-hard films on Ti alloys [4-6], but
also recently other processes as DC reactive magnetron sputtering [7,8],
electrodeposition [9], nitriding [10], laser surface treatment [11], solid
state diffusion [12] and ion implanting [13], have been also proposed.
Most of those techniques are limited by requirements of “atmosphere”
or “pre-placement”, complexity or high cost, making these processes
difficult to implement in practice. In this sense, the look for non-ex-
pensive methods to shape hard coatings is still challenging.

Colloidal processing includes promising techniques for coating
comparatively cheaper and based on a safe and healthy living
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environment technology. Those techniques are widely employed in
ceramics since they have been probed to provide a high control over the
resulting microstructures [14,15] throughout the manipulation of the
particles dispersion maintaining the interparticle repulsion networks
and then the suspension stability. Among the different colloidal pro-
cesses, the Electrophoretic Deposition (EPD) is the most suitable one
especially when we are dealing with the coverage of 3D and complex
shapes. It consists in the electrophoretic movement of charged particles
in a stable suspension and their deposition onto a conducting substrate.
EPD has been widely implemented in both the academic and the in-
dustrial sector due to the simplicity of the apparatus and the short
shaping times needed to complete the coating process. Moreover, EPD
allows nanostructures tailoring and strengthening the control over the
microstructure of 3D coatings [16]. The films thickness and the amount
of the deposited mass can be easily tuned and controlled varying the
concentration of the suspension, the applied potential or the deposition
time [17].

Among ultra-hard ceramics, Cr and Ti-based nitrides (CrN, CrAlN,
TiN, TiAIN, etc.) and borides (TiB) [18] as well as TiN mixtures with
different alloys (NiTi, FeNi) [9] are extensively considered in the lit-
erature as Ti coatings, as monolayer or even in multilayer systems (i.e.
TiN/AIN, TiN/TiCN) [5,19,20], to improve the surface toughness and
corrosion properties. Results show that surface texturing of the Ti-based
substrates plays an important role to prepare anti-wear coating with
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good adhesion, high toughness, hardness or low coefficient of friction.
The mechanical response of TiN coatings yielded the decrease of the
coefficient of friction while nanohardness ranges 7-18 GPa for surface
nitriding, PVD and sputtered coatings [7,10,21] and Vickers hardness
measured for laser cladding coatings achieved 500-1000HV1.0 where
its variation depends on the amount of deposited TiN [22].

On the other hand, corrosion studies of TiN coatings on Ti-based
substrates are not frequently found in the literature. In 2013, Pohrelyak
et al. [10] reported the relationship of the sample roughness with the
corrosion resistance in a Ringer solution for the modified surface of a Ti
alloy by nitriding. In recent published works, corrosion results in dif-
ferent test solutions (HCl or NaCl) shows that the resistance of nitrides
(TiN, TiAIN, CrN, CrAIN) depends on the coating composition and the
number of layers, increasing the resistance efficiency in NaCl up to the
86.11% for CVD coatings in stainless steel [8,23].

Thereby, the objective of this work is to evaluate the hardness and
corrosion resistance of TiN coatings processed by EPD to cover Ti
substrates, considering that it is a simple shaping process to obtain
coatings with good adhesion properties [24,25]. In previous works[24],
the preparation of TiN nanoparticle (~30 nm) suspension and its fur-
ther electrophoretic deposition on stainless steel and Ti substrates were
reported. The advantage of the use of nanoparticles to shape those
coatings is their lower sintering temperature, which allows the con-
solidation of dense gold-like TiN films of 10-20 um on stainless steel
substrates and 5 pm coatings on Ti specimens after a thermal treatment
of 1200 °C in vacuum atmosphere. In the present manuscript, the
crystallographic and microstructural characterization of optimized EPD
coatings of TiN was firstly discussed, and further improvements on the
mechanical response and the corrosion resistance of TiN/Ti materials
compared to that of Ti bare-surface were determined.

2. Materials and methods
2.1. TiN suspensions and EPD process

As-received commercial TiN nanopowder (Hefei Kaier Nanometer
Energy & Technology, China) with a mean particle size of 30 nm was
used to prepare the suspensions following a previously reported process
[26]. A TiN suspension (0.1 gL.~ ) was prepared using isopropyl alcohol
(99.7%, Panreac, Spain) as solvent and 1.5 wt.% of polyethylenimine
(PEL, Sigma-Aldrich, Germany) as stabilizer. Mechanical stirring and
sonication (Ultrasonication Probe, UP 400S, Hielscher, Germany) were
used as dispersing methods to break the soft agglomerates of TiN na-
noparticles.

Ti substrates of 15 mm of diameter and 0.5 mm of height were
processed by uniaxial pressing at 600 MPa, and then sintered in vacuum
atmosphere at 10> mbar at 1050 °C for 2 h with heating and cooling
rates of 5 °C min ! [26]. The sintered Ti substrates were polished using
alumina suspensions (9, 1 and 0.3 um).

TiN films were shaped from nanoparticle stabilized suspensions by
EPD on as-prepared and polished sintered Ti substrates. The counter
electrode in the electrophoretic cell was a Pt foil of 2 X 2 cm, separated
from the work electrode by a distance of 2 cm. EPD was optimized and
studied specimens was performed under galvanostatic conditions using
a high voltage power source (2611 System SourceMeter, Keithley
Instruments Inc., USA) applying current densities of 0.2 mA cm ™2
(voltage up to 90 V). TiN coatings of 0.8-1 mg cm ~ > were shaped on Ti
substrates. After EPD, coatings were dried at room conditions and
thermally treated in vacuum atmosphere at 1200 °C for 1 h with heating
and cooling rates of 5°C min~"'. Fig. 1 shows a scheme of the coating
process.

2.2. Characterization of the coatings

The microstructure of the polished and unpolished Ti substrates and
the resulting TiN coatings was investigated by Scanning electron
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Fig. 1. Scheme based on the aspect of Ti specimens: as-prepared, polished, after TiN
deposition by EPD and after sintering at 1200 °C/1 h.

microscopy (SEM) using a S-4700 microscope (Hitachi, Japan). The
roughness of the coatings was measured using a profilometer (Surtronic
3+ instrument, Taylor Hobson) and each profile was recorded five
times per samples. The crystallographic composition of the coatings was
analyzed by X-ray diffraction (XRD, Bruker D8 Advance) using a Cu Ka
radiation, where the scanning angular (20) was varied from 20° to 70°
and the scanning speed was 2°min~'. The characterization of the
composition of the coating after sintering was completed by using
confocal Raman microscopy coupled with an atomic force microscopy
(AFM) instrument (WiTec alpha300R) with a Nd:YAG laser excitation at
532 nm and a 100 X objective.

The nanohardness of the new surfaces was explored using a CETR
Bruker nanoindenter fitted with a Berkovich diamond tip of 100 nm
radius, increasing the load from 0 to 500 mN. The hardness and elastic
modulus were obtained from the curves using the Oliver-Pharr method.
The hardness of the samples was also tested at the specimens along the
interface Ti-TiN by Vickers method with a 200 N load. Indentations
were repeated 10 times on different areas to show the evolution of the
hardness from the surface to the center of the sample.

The corrosion resistance of the coated Ti specimens was tested de-
termining polarization curves. A saturated calomel electrode (SCE) and
a Pt wire was used as the reference electrode and counter electrode
respectively, while the un-coated and coated Ti was the working elec-
trode. A 3.5 wt.% NaCl solution was used as electrolyte. The polariza-
tion of the samples was carried out in the range of —100 to 1000 mV

above the open-circuit potential at 0.5 mV s~ .

3. Results
3.1. Microstructure of as-deposited and deposited coatings

XRD spectra of TiN coating deposited on as-prepared and polished
Ti substrates after sintering at 1200 °C are shown in Fig. 2a and b, re-
spectively. In both cases the substrate peaks are denoted as Ti. All re-
flections correspond to the hexagonal lattice of the Ti (JCPDS No. 00-
044-1294). In the case of TiN coating on as-prepared substrate (Fig. 2a),
the peaks which correspond to TiN can be slightly identified among
those of the Ti indicating a low presence of TiN. The peaks positions of
TiN were compared with the JCPDS file No. 00-038-1420 and the
corresponding planes were indexed. Oppositely, the high intensity of
the X-ray diffraction pattern of TiN in the analysis of the coating de-
posited on polished substrates evidences the clear existence of a TiN
layer (Fig. 2b). One intense TiN (111) diffraction peak can be observed
at 36.25° which suggests the presence of the phase with B1 NaCl cubic
structure. Comparing the XRD pattern of the TiN coating on the po-
lished substrate with that of the as-received powders [24], a pre-
ferential orientation of TiN (111) can be identified, similarly to the TiN
layers obtained by Subramanian et al. in 2011, and Cui et al. in 2017
[7,271, both processed by magnetron sputtering. The comparative
analysis of both TiN spectra suggests that TiN can moderately dissolve
nitriding the Ti substrate during sintering. Unpolished substrates favor
nitrogen diffusion throughout Ti probably due to their porous and
rough surface, and the TiN partially vanishes. In fact, energy-dispersive
X-ray spectroscopy analysis (not shown here) of the TiN coated as-
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Fig. 2. XRD patterns of TiN coating on a) as-prepared and b) polished Ti substrate after sintering at 1200 °C for 1 h in vacuum.
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Fig. 3. Raman spectrum in the region 100-1000 cm ™' obtained from polished Ti sub-
strate and TiN coating deposited onto polished Ti with the TA (transversal acoustic), LA
(longitudinal acoustic), TO (transversal optic) and A + O (acoustic + optic) modes.

prepared substrate determine the existence of a nitrogen gradient in the
Ti specimen supporting the Ti bulk piece nitriding. Fig. 3 shows the
Raman spectra of Ti substrate and TiN film on polished Ti. The polished
Ti substrate has not any peaks in the entire studied region due to the
absence of nitrogen atoms in the structure. However, TiN films present
low frequency peaks below 400 cm ™! caused by acoustical phonons
and a high frequency mode around 540 cm ™.

The intensities of the acoustic modes are comparable to the optical
part of the spectra due to the local Oy symmetry with substitutional
impurity in a crystal with a NaCl structure like TiN. The selection rules
of this impurity induced scattering indicate that the phonons are con-
tributing where the defect is at rest, in such a way that the intensities of
the optical and acoustic modes are comparable [28]. H.C. Barshilia
et al. [29] reported the Raman spectra of TiN single layers. They found
that TiO, in rutile phase presents two strong peaks at 444 and
518 cm ™!, while TiN peaks are broader and are located at 242 and
562 cm ™. In this work, the strong peaks at 215 cm ™' (TA, transversal
acoustic), 300 cm ™! (LA, longitudinal acoustic) and 545 cm™ ! (TO,
transversal optic) are associated with the first order Raman scattering of
TiN. It indicates the absence of TiO5 in rutile phase by oxydation of TiN
and confirms the presence of TiN phase in the coating as evidenced by
XRD.

Fig. 4 shows the SEM micrographs evidencing the surface
morphologies of the as-sintered Ti substrate (Fig. 3a) and after the
polishing (Fig. 3b) and coating processes (Fig. 3c) following the scheme
in Fig. 1. Some dimples or pores can be observed in the surface of the
as-prepared substrates which are characteristic of the surface finishing

of untreated Ti specimens processed by powder metallurgy. The mor-
phology of the polished substrate changes and a smooth surface can be
observed. When TiN is deposited by EPD, the coating covers the po-
lished surface and a consolidated and dense microstructure can be then
observed. The surface roughness of as-prepared and polished titanium
substrates was measured by profilometry and compared with the sur-
face roughness of TiN coating deposited onto polished titanium (Fig. 5).

Roughness profiles changed drastically depending on the Ti surface
finishing. Profiles were analyzed to determine the roughness para-
meters collected in Table 1: the roughness average, R,, the maximum
profile peak height, R, and the average maximum profile, R,.

As expected, significant differences are evidenced between the
roughness values of both Ti finishing. The as-prepared Ti shows a spiky
texture with a maximum roughness of 13.467 um compared to
0.948 um for polished titanium substrate which indicates the effec-
tiveness of the polishing process. Those differences in roughness could
explain the proposed effect of Ti nitriding explained above, based on
the slight signal of the XRD spectrum of the TiN film deposited on the
as-prepared substrate (Fig. 2). The lower exposed surface of the po-
lished finishing decreases the surface reactivity avoiding the diffusion
of nitrogen from the TiN layer to the Ti microstructure.

In the case of the TiN coating a wavy texture is observed in the
micrographs (Fig. 3c) with a submicronic roughness average
(R, = 0.518 + 0.022 um) which gives an idea of the homogeneity of
the film as a result of the uniform electrophoretic deposition of TiN
nanoparticles. =~ Moreover the maximum  profile average
(R, = 6.743 * 0.422 um) is close to the maximum profile peak height
(R; = 5.090 + 0.466 um) indicating that there is not any preferential
zone of nanoparticles deposition at the whole Ti surface. In fact, the
mean particle size of TiN powder is 26-32 nm, but agglomerates of
~200 nm can be observed in FE-SEM exploration [24]. This evidence
verifies the optimal homogeneous growth of the TiN coating deposited
by EPD [30]. However, EPD coatings are rougher than those obtained
by PVD [23] or nitriding [10] and high roughness increase the exposed
surface, which could be interesting in processes such as biomedical and
catalysis applications but would have adverse consequences in its
protective character.

Nanoindentation hardness and elastic modulus of TiN deposited on
polished Ti-substrate were also measured. Hardness and elastic mod-
ulus of tested surfaces were obtained from load-unload-displacement
curves. Measurements were repeated up to 30 times by specimen and
the results are summarized in Table 2. Fig. 6a shows the representative
load-displacement curves measured for the substrate and TiN coating,
respectively. The curves present a homogeneous and continuous var-
iation, which indicates that no cracks appear during the loading. Fig. 6b
shows the image of a multiple indents on polished Ti-substrate where
the footprint of the tip is clearly visible. In the case of TiN-coating, the
footprint indentations in Fig. 6¢ are substituted by a pseudo-plastic
deformation and their traces are not so remarkable.
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Fig. 4. SEM surface micrographs of Ti substrates: a) as-prepared, b) after polishing and c,d) TiN coatings at different magnifications.

Table 2
) UnPOIiSheq Ti substrate Mechanical properties of the polished Ti substrate and TiN coating.
254 —— Polished Ti substrate
20_- — Polished Ti + TiN coating Ti substrate TiN coating
) Hardness 2.8-3.8 GPa 6.5-8.5 GPa
154 Elastic Modulus 118 GPa 157 GPa
€ 10+
f 5_-WWW/WWW The average hardness of polished Ti-substrate ranges 2.8-3.8 GPa
| increasing for TiN coating (6.5-7.5 GPa). Similarly occurs with the
01 elastic modulus that improves from 118 GPa to 157 GPa with the
1 coating. The maximum penetration depth for the Ti substrate was
'5__ 2.7 um while for the TiN coating was 1.5 um. The 7-8 ym thick TiN
-104 coating prepared by EPD (shown later in Fig. 7) has nanohardness va-
1 lues not far from those reported for sputtered TiN coatings of around
-15 — — T T T 5um (10.2 * 1.2GPa) [7] and those of the difussion layers of
0.0 05 1.0 1.5 20 25 3.0 35 40 5-30 pum obtained by nitriding Ti6Al4 V substrates (8.5-11.1 GPa) [10].
X (mm) On the other hand, although the value of elastic modulus is lower than

Fig. 5. Profilograms of unpolished and polished Ti-substrate compared to TiN coating on

polished Ti-substarate.

the regular value of TiN (~ 280 GPa) it is higher than that of the coated
material (Ti substrate). The low modulus of the TiN coatings could be
related to the difusion of nitrogen throughout the Ti during the thermal
treatment, which could alteres its stoichiometry and be reflected in its

Table 1 f: hanical behavi 7

Surface roughness amplitude parameters (R,, R; and R,) of as-prepared and polished Ti sur a.ce mechanical be av1our' [71. X i X
substrates, and TiN coating on polished Ti. Fig. 7 plots the depth profile of indentation over the cross section of
the TiN layer, schematicing the variation of the hardness and elastic
R, (um) R (um) R, (um) modulus as a function of depth. Vickers hardness was measured for a
As-prepared Ti 1983 + 0172 11787 + 2.514 13.467 + 3.234 200 N load along the cross-sect.1on of the TiN-Ti material. The values of
Polished Ti 0.059 + 0.008 0.719 + 0.197 0.948 + 0.097 hardness are plotted as a function of depth: 0 (surface), 12, 20, 40 and
TiN coating 0.518 * 0.022 5.090 = 0.466 6.743 = 0.422 85 um. It was found that the hardness decreases from the surface of the

TiN coating to the bulk Ti substrate. Hardness varies gradually from 4.1
to 2.2 GPa supporting the describing nitrogen diffusion phenomenon.
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Fig. 7. Vickers hardness of TiN-polished Ti along the interface.

These values are complementary to the nanohardness characterization
of the TiN surface and confirm the improvement of the mechanical
properties, demonstrating that roughness doesiit compromise the pro-
tective character of the TiN coating shaped by EPD.

Finally, the corrosion behavior of polished Ti substrate and TiN
coating was evaluated by electrochemical measurements. The po-
tentiodynamic polarization curves of the coating and substrate de-
termined in 3.5%NaCl are shown in Fig. 8. The corrosion potential
(Ecorr) shifts towards the positive side, from —55 mV to 40 mV, with the
TiN coating, while the corrosion current density, determined by the
intersection of the extrapolation of Tafel curves linear, is reduced more
than one order of magnitude to 9.4 E~® Acm ™2 (Table 3). The reduc-
tion of the corrosion current density and the increase of the corrosion
potential indicate a significant enhancement of the corrosion resistance
by deposition of a TiN coating. The good corrosion resistance is largely
due to the formation of very stable and highly adherent film on the
surface. However, the shape of the polarization curves for TiN and Ti
keeps similar indicating that despite the protective behavior of TiN, the
coating shows a partial pitting corrosion associated with the presence of
punctual heterogeneities or porous close to the TiN surface (Fig. 7).

The protective efficiency P (%) of the coating can also be de-
termined by using the equation:

P=(Q1- icorr/io corr) ¥100%
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Fig. 6. Nano-indentation load-depth curves of po-
lished Ti-substrate and TiN coated on polished Ti-
substrate a) and the optical images of indent by a
Berkovich diamond tip on b) polished Ti-substrate
and c) TiN coated on polished Ti-substrate.
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Fig. 8. Potentiodynamic polarization curves of a TiN single coating and a polished Ti-

substrate in simulated sea water (3.5 wt.% NaCl solution).

Table 3
Potentiodynamic polarization results of Ti-substrate and TiN layer coating.

Ecorr (mV) icorr (A Cmiz) P (%)
Ti substrate -55 5.5 E-8 -
TiN coating 41 9.4 E-9 82

where i, and i%,, correspond to the corrosion current density of the
TiN coatings and Ti substrate, respectively. The high protective effi-
ciency of TiN coatings (82%) demonstrates that they effectively in-
crease the corrosion resistance of the substrate in NaCl solutions. Few
corrosion studies of TiN coatings covering Ti and Ti-alloys have been
described in the literature [8,10], pointing up the lack of improvement
assessment of the corrosion resistance refereed to the Ti substrate. Up to
our knowledge, only the corrosion study of TiN coatings deposited by
PVD on a 304 AISI stainless steel provides a more effective corrosion
protection in NaCl solutions [23].

Although further investigations are still needed to gets an optimized
combination of coatings hardness and corrosion resistance, increasing
for example the deposited thickness, these preliminary mechanical and
electrochemical results shows that EPD coatings of TiN can be proposed
for wear protection of metallic implants.

4. Conclusions

The efficient protective behavior of TiN coatings shaped by EPD
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covering Ti substrates was demonstrated. Polished surface finishing of
dense powder metallurgic Ti favors the uniform deposition and con-
solidation of TiN nanoparticles by EPD. The obtained homogeneous TiN
coatings have a wavy texture and submicronic roughness average
(R, = 0.518 + 0.022 um) after sintering at 1200 °C/1 h in vacuum.
Nitrogen diffusion is partially avoided by reducing the reaction surface
by polishing, preventing the TiN coating dissolution in the Ti substrate.
The nitrogen diffusion that still takes place from the TiN film to the Ti
bulk piece during sintering in polished substrates, promotes the for-
mation of a cohesive layer of 7-8 um in thickness, well adhered, which
deserves a relevant improvement of the surface average hardness and
the elastic modulus, referred to the Ti substrate. Nanohardness values
increases up to 6.5-8.5 GPa of the TiN surface from 2.8-4.8 GPa mea-
sured for polished Ti. In the same line, the corrosion current density is
reduced more than one order of magnitude to 9.4 E~° Acm ™2, which
implies a protective efficiency of 82% refereed to the corrosion re-
sistance of the polished Ti substrate. This preliminary result shows the
possibility of using this material as metallic implants.

The evolution of Vickers hardness determined at the cross section of
the TiN/Ti specimen supports the described Ti nitriding phenomenon.
Nitrogen diffusion steps up when the TiN coating was deposited on as-
prepared Ti, while mechanical tests suggest the beneficial effect of
diffusion in the effective joining between the TiN powder compacted by
EPD and the dense metallic substrate during the coating consolidation
at such a low sintering temperature.
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