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Corrosion and tribocorrosion behaviour of modified Ti surfaces through thermochemical treatments has been
studied. Electrochemical Impedance Spectroscopy (EIS) and reciprocating sliding tests using a ball-on-plate
tribometer under 1 N load and alumina as counter-material were used to evaluate the influence of Nb and Mo on
titanium corrosion and tribocorrosion properties.

Ti-Nb and Ti-Mo surfaces exhibited better anticorrosive properties than CP-titanium. Under tribological ac-

tion the modified Ti surfaces showed similar coefficient of friction and lower tendency to corrosion compared to
CP-Ti. Furthermore, Nb diffusion increased the repassivation rate with respect to Ti and Ti-Mo surfaces due to its

stable passive film.

1. Introduction

In the search for new biomaterials with better performance for
implants, stainless steel, cobalt-chromium alloys and titanium and its
alloys are regarded to be the most important [1,2]. However, among
these metallic biomaterials, Ti and its alloys are widely developed due
to their excellent combination of properties and high corrosion re-
sistance. Especially, B-Ti type alloys are the most promising ones due to
their great corrosion resistance and low Young’s modulus (55-90 GPa)
with respect to stainless steel (210 GPa) or cobalt alloys (240 GPa)
[3,4]. Corrosion behaviour is one of the main factors for the suitable
biocompatibility of biomaterials, since, similar to wear, a poor corro-
sion resistance results in debris generation which may be soluble in
blood or particulate debris accumulation in human tissues; provoking
short term effects (inflammation and damage of cell tissue) or long term
effects (toxicity and carcinogenetic response) [5,6]. Biocompatibility of
the elements used in the design of a biomaterial plays an important role
on debris generation. For instance, non-compatible metal ions like Fe,
Ni, Cr, Co, Al, V lead to toxic reactions with adverse effects such as:
damage of protein, DNA or lipids (with increased Fe amount); alteration
of sugar levels in the blood (with increased Cr amount); toxicity reac-
tions after 4-5 years (with increased Ni or Co amount), etc. [2].

The selection of a specific metal must be performed depending on its
final biomedical application. For instance, Ti-6Al-4 V and Ti-6Al-7Nb
covered with bone cement to give extra fixation to the femoral
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components can suffer from crevice corrosion, whereas Ti and its alloys
are susceptible of pitting corrosion in elevated fluoride solutions used in
dental cleaning [7,8]. This pitting corrosion is related to the formation
of hydrated Ti oxides Ti(OH),F™", and salts such as [TiF6]%~, TiH,,
NagTisFy4, TiF4 [TiFg]® in the presence of HF [9].

Furthermore, wear-related problems derived from synergistic wear-
corrosion interactions also lead to swelling, pain and other drawbacks
related to the tribocorrosion resistance of the implant material [10].
This synergism between the apparition of corrosion pits on surface from
partial metallic ions dissolution due to wear during sliding becomes
critical in an implant material [7]. Although the corrosion resistance of
Ti alloys and especially Ti6Al4V is proven to be high, there are concerns
with Al and V due to their possible long term cytotoxic effect on the
human body. Moreover, in some alloys such as Ti-13.4A1-29Nb, the
passive layer breakdown was associated to the high Al content [11].

Hence, the replacement of these elements with Nb, Mo, Ta or Zr (f3-
stabilizing elements) is one of the alternatives to enhance the perfor-
mance of biomedical Ti materials [5,12]. Surface treatments with nio-
bium or molybdenum allow decrease in the elastic modulus of titanium
as well as formation of stable oxides layers such as Nb,Os in air or in
tissue fluids. On the other hand, Nb not only increases the corrosion
resistance of Ti with a fast repassivation rate but also exhibits excellent
biocompatibility [3,13].

Therefore, there is still the necessity of developing new B-Ti type
multifunctional  surfaces that accomplish the simultaneous
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requirements of high corrosion resistance, wear and tribocorrosion
properties maintaining a good biocompatibility. Recently, different Ti-
Nb, Ti-Mo and Ti-Nb-Mo compositions have been studied, evaluating
the effect of niobium or molybdenum content on the corrosion beha-
viour and obtaining the best corrosion resistance for a Nb content be-
tween 8-16 % [14]. The effect of a biofilm on coefficient of friction was
also reported as beneficial for reducing the friction behaviour of tita-
nium implants [15]. Another related study of the B-alloy Ti-13Nb-13Zr
showed improved corrosion behaviour compared to the conventional
alloys Ti6Al4V and Ti6Al7Nb. However, the tribocorrosion behaviour
of the B-Ti alloys when they are under synergistic wear-corrosion in-
teractions is more controversial and less comprehensive due to the lack
of standard test conditions [10]. Generally, B-Ti alloys in SBF could lead
to the formation of hydroxyapatite on surface together with the appa-
rition of entrapped hydroxyapatite particles which can act as solid lu-
bricants or cause three-body abrasion wear. This is the case of Ti-12Mo-
6Zr-2Fe alloy and the binary systems Ti-45Nb and Ti-15Mo tested under
5N and 200 m sliding distance in SBF conditions [16]. However, some
B-Ti surfaces such as Ti-13Nb-13Zr or Ti-15Zr-7.5Mo exhibit similar
tribocorrosion behaviour to the a-f Ti-6Al-4 V or commercially pure Ti
(CP-Ti) [17,18]. On the other hand, TiN or Ti,N formation by nitriding
surface treatments are among the methods that increase noticeably the
wear and corrosion behaviour [2,19].

Dry sliding wear of conventional biomedical Ti alloys has been the
focus of recent studies, nevertheless there is still relatively little
knowledge of the corrosion and tribocorrosion properties of diffusion-
based powder metallurgy Ti surfaces designed by thermo-chemical
treatments. It is worth emphasizing that these Ti-Nb and Ti-Mo surfaces
exhibit improved wear resistance [20] and positive cell-material re-
sponse [21], [22]. Therefore, is also necessary to study corrosion and
tribocorrosion behaviour of these materials before considering them for
biomaterials. Thus, this work aims to report on the corrosion and tri-
bocorrosion behaviour of powder metallurgy B-Ti surfaces designed
through Nb and Mo diffusion treatments in comparison with the
powder metallurgy cp-Ti biomaterial in 9 g/1 NaCl solution.

2. Experimental procedure
2.1. Materials

Table 1 shows the design parameters used for the fabrication of the
diffusion-based titanium surfaces together with their hardness and
elastic modulus characteristics. 3-type Ti-Nb and Ti-Mo surfaces were
designed through surface modification of titanium substrates processed
by powder metallurgy.

In this study, titanium substrates were fabricated from hydride-de-
hydride (HDH) commercially pure titanium powder (CP-Ti grade 4)
(GfE Metalle und Materialien GmbH, Germany) with particle size below

Table 1
Design parameters of the modified Ti surfaces. Hardness and elastic modulus
values [24].

Materials Design parameters Mechanical properties
Ti substrate  Diffusion Diffusion Hardness Elastic
element treatment  (HV) modulus
(GPa)
Ti Sintered - - 279 = 10 105 = 3
GreenTi-Nb  Green Nb Diffusion” 300 * 16 54 £ 5
GreenTi-Mo Green Mo Diffusion” 370 + 17 65 + 9
Ti-Nb Sintered Nb Diffusion” 320 + 14 64 + 5
Ti-Mo Sintered Mo Diffusion” 430 = 21 63 + 8
Ti-Monpact  Sintered Mo + NH,Cl TRD" 1025 + 25 130 * 15

2 In high vacuum (10> mbar).
b Thermo-reactive diffusion (in Ar atmosphere with activating agent
(NH,CD).
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to 75 um. Once the powder metallurgy Ti substrates were obtained, the
surface modification process was carried out varying the following
parameters: state of the titanium substrate — green Ti (as-pressed) or
sintered Ti substrates — and by adding an activating agent (NH4CD).
Therefore, three different diffusion routes were used: i) co-sin-
tering + diffusion (in one single step), ii) diffusion treatment after
sintering, and iii) thermo-reactive diffusion; as detailed elsewhere [23].

Micro-sized Mo and Nb powders of 1-2 um and 44 pum, respectively,
were the B-stabilizing elements selected due to their beta-phase for-
mation ability. The coated-titanium substrates were thermally-treated
at 1100 °C during 3 h in order to promote the element diffusion, with
details of the deposition and processing procedure previously reported
in [23]. Before tests, all samples were softly grinded by using a 1200#
SiC emery paper in order to remove the rests of non-diffused coating.
Then, since a lower surface roughness improves the tribological and
corrosion properties [3], they were polished with 1 um alumina sus-
pension. For comparison purposes, a polished sintered titanium sub-
strate was chosen as a control sample. Microstructures and mechanical
properties of the designed materials are reported in detailed in a pre-
vious work [24].

2.2. Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) was selected to
evaluate the corrosion behaviour of the modified Ti surfaces.
Impedance and open circuit potential (OCP) measurements were per-
formed in a 9g/l of NaCl solution through an Autolab potentiostat
(PGSTAT302N) in a frequency range from 10mHz to 10 KHz
at = 10 mV of amplitude of sinusoidal wave. For comparison purposes,
the same electrolyte was selected for the tribocorrosion tests. A stan-
dard three-electrode electrochemical cell was employed with a volume
of 20 ml in which a platinum wire acted as counter electrode, an Ag/
AgCl (KCl 3M) as reference electrode and a surface sample as the
working electrode. Potential was measured based on the reference
electrode whose potential relative to the standard hydrogen electrode
(SHE) was 205 mV. Fig. 1 shows an arrangement of the electrochemical
cell for the EIS tests and the routine used to make the electrochemical
measurements.

ZView Version 3.5d software was used for the processing of the
impedance data obtained and the results were fitted to the most similar
equivalent circuit. All tests were repeated three times in order to obtain
good reproducibility and validity in the results.

2.3. Tribocorrosion tests

Triboelectrochemical measurements were carried out in an elec-
trochemical cell placed on a ball-on-plate-tribometer (CETR-UMT-2)
where the working surface of the samples were the moving body and
facing upwards against the static counter material (10 mm diameter
alumina ball, Ceratec). To avoid the complexity of physiological body
fluids, a 9 g/1 NaCl solution was selected as electrolyte as this is the
major compound of Phosphate Buffered Saline (PBS) physiological so-
lutions [7,25].

Electrochemical measurements were performed at room tempera-
ture by using Voltalab PGZ 100 potentiostat. A two electrode set up was
employed where a saturated calomel electrode (SCE) was the reference
electrode and the samples -having an exposed area of 177 mm?- the
working electrode. Open circuit potential (OCP) was measured before,
during and after sliding, while the sliding action was initiated once the
values of OCP were stable in each test (approximately 1h). The tribo-
logical parameters for the tests were: 1N normal load, 1Hz of fre-
quency, 10 mm of total stroke length and 1800s sliding time. Fig. 2
shows an arrangement of the experimental tribocorrosion cell and the
sequences of OCP and sliding.
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Fig. 1. Schematic view of the electrochemical cell for the EIS tests together with the followed routine.
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Fig. 2. Schematic view of the tribocorrosion experimental cell adapted from
[26], and OCP and sliding sequences.

2.4. Surface characterization

After the tribocorrosion tests, samples were ultrasonically cleaned
in propanol for 10 min followed by distilled water for 5min and worn
surfaces were characterized using SEM equipped with EDAX, energy
dispersive X-ray spectroscopy (EDS). The wear tracks were measured in
terms of width and depth by an optical profilometer (Olympus,
DSX500, Opto-Digital Microscope). Wear volume was calculated as
detailed in a previous work [20].

3. Results and discussion
3.1. Electrochemical characterization: corrosion behaviour

As examples of the evolution of the open circuit potential, Fig. 3
shows the OCP values for CP-Ti, Ti-Nb and Ti-Moyp4c during 1h of
immersion in saline solution. Since all of the modified samples ex-
hibited quite similar OCP evolution, Ti-Nb and Ti-Moypuasc are dis-
played as examples of Nb and Mo diffusion, respectively. The modified
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Fig. 3. Open-circuit potential evolution for Ti, Ti-Nb and Ti-Moypac; surfaces
during 1h of immersion in 9 g/1 NaCl solution.

samples and CP-Ti material showed E,. values quasi-stationary at 1 h
indicative of their stabilization. However, the tendency of the OCP
values during the recorded time for Ti and Ti-Nb was moving towards
more positive values whereas that was not the case for Ti-Moyysc). This
may be indicating that Ti-Nb and Ti spontaneously formed an oxide film
passivating the metallic surface in the saline solution. Nevertheless, in
the case of the activated sample the TiN layer on the surface acts as the
passive layer on this material [23,27]. This suggests that a protective
passive film was quickly formed on Ti, Ti-Nb and Ti-Mo surfaces in
saline solution, remaining stable after 1 h of immersion.

Although corrosion behaviour depends on several factors such as
composition, environment or microstructure, similar behaviour and E,.
values (=205 to —85 mV vs. SCE) were found for CP-Ti and Ti-Nb alloys
in artificial saliva [28].

Comparing E,. values, Ti-Nb and Ti-Monpac) surfaces presented
more positive values with respect to Ti, indicating that the surface
treatments performed seem to improve the protection characteristics of
the spontaneous oxides formed. Similar behaviour was also reported for
the B-type Ti-15Mo alloy which presented more positive OCP values
compared to pure Ti or the a + 3 composition Ti-10Mo [29]. Therefore,
this agrees with our OCP behaviour that suggests better corrosion
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Fig. 4. Nyquist and Bode diagrams for the modified Ti surfaces after 1 h immersion in 9 g/1 NaCl solution: a) General Nyquist diagram, b) Detailed Nyquist diagram,

¢) and d) Bode diagrams.

properties of our modified (3-Ti surfaces.

Electrochemical impedance (EIS) measurements were performed to
obtain electrochemical information of the modified Ti surfaces. Fig. 4
presents the Nyquist plots represented in the complex plane (the ima-
ginary part versus the real part of the impedance vector) and Bode
diagrams (impedance modulus and phase angle versus frequency re-
presented in double-logarithmic and semi-logarithmic scales respec-
tively) of the Ti surfaces measured after 1h immersion in the saline
solution.

Nyquist plots were all quite similar in shape, exhibiting one capa-
citive arc at high frequencies (HF) and an incomplete semicircle at low
frequencies (LF). It can be observed that the Nyquist plots obtained for
the Ti-Nb and Ti-Mo samples draw the LF semicircles of highest size
while that of Ti-Moygasc) Was similar to CP-Ti, and those of GreenTi-Mo
and GreenTi-Nb were smaller than CP-Ti. This indicates better corro-
sion behaviour of both Ti-Nb and Ti-Mo materials with respect to CP-Ti
and the green modified materials.

Regarding the Bode plots, it can be commented that its shape seems
to be influenced by the performance of two well-differentiated time
constants. This behaviour is typically ascribed to a porous passive layer
with metal-electrolyte interactions due to the presence of pores on

54

surface, and is common for passivating metals [14].

High impedance modulus values in the order of 10° Q cm? were
obtained for all the samples suggesting high corrosion resistance in the
saline solution. However, this value was one order smaller in the case of
GreenTi-Nb sample which could be attributed to the fact that the Nb
deposition was performed on a green (as-pressed) Ti substrate. Both
GreenTi-Nb and GreenTi-Mo materials were obtained through co-sin-
tering and diffusion at the same stage, which led to a surface porosity
2.5% higher than Ti-Nb and Ti-Mo samples that were obtained applying
a diffusion treatment in a sintered Ti substrate. On the other hand, Ti-
Monnaci sample processed by thermo-reactive diffusion presented si-
milar behaviour to Ti since this material presents a TiN layer created by
the activating agent (NH4Cl), which acts as a protective passive layer
[30]. Impedance modulus values of the same order 10° Q cm?, and
phase angle values ranging from 70 to 85 © were also reported in related
B-type Ti-Nb-Mo alloys with different compositions and Ti-15Zr-10Nb
at body temperature [14,31]. Furthermore, Nb presents low corrosion
rate and passive regions even under fluoride solutions as reported by
[32].

The impedance spectra were fitted with the equivalent circuit
showed in Fig. 5 due to the information obtained from Nyquist and
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Fig. 5. Electric equivalent circuit used in the impedance spectra analysis based
on a porous oxide passive layer model.

Bode plots. This equivalent circuit was previously used in a similar
work in order to model the corrosion resistance of similar Ti alloys
produced by powder metallurgy [33]. This equivalent circuit describes
the behaviour of porous passive layers where the metal-electrolyte in-
teractions take place into the layer’s pores situated on the metal sur-
faces. In this circuit, R, represents the electrolyte resistance, C.,q the
coating capacitance, R, the pore resistance of coating. Whereas R,
and Cy are associated to the corrosion resistance of the metal substrate
and to the double layer capacitance at the metal-electrolyte interface,
respectively, both of which take place at the base of pores and damaged
areas developed in the treated-surface during the exposure to the saline
solution.

In order to take into account the irregular characteristics of these
surfaces, the capacitors of the selected equivalent circuit have been
implemented by using Constant Phase Elements (CPEs) given by the
equation below [34]:

_

Q (joo)* (€))
where j = V-1, w is the angular frequency in rad s, @ = 2??f, and fis
the frequency in Hz. The CPE is defined by two parameters Q and a,
where Q also named CPE-T has units of s* Q7! or F s*! and a is a
dimensionless number. a also known as CPE-P is related to a non-uni-
form current distribution due to the surface roughness or other dis-
tributed properties, and varies between 0 and 1. The CPE reduces to a
resistor for a = 0, to a Warburg element representing semi-infinite
length diffusion phenomena for a = 0.5 and to an ideal capacitor for
a=1.

In the case of a parallel connection of a Constant Phase Elements
CPE and a resistance R, the relationship between the capacitance C and
the associated CPE can be calculated by using [35]:

ZcpE =

C= (QR(I—a))I/oz ()

Fig. 6 shows Nyquist and Bode plots representing the experimental
and fitted data for GreenTi-Mo sample after 1h of immersion in 9 g/1
NacCl solution, since all samples showed very similar behaviour (Fig. 4).
As it can be seen, both fitted and experimental impedance spectra were
very similar. Nevertheless, the last two points observed in the experi-
mental Nyquist plot at the lowest frequencies were slightly deviated
from the fitted plot and could be ascribed to the diffusion phenomena.
The fitting result generally is accepted when the fitting 2 parameter is
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smaller than 103, In our case, the good agreement between fitted and
measured data can be appreciated in Fig. 6, and also confirmed by low
errors and the small chi-squared value of 1.3 x 103,

These results should be appreciated as a first approach due to some
limitations found on the electrochemical measurements. On one hand,
fitting the impedance plots at the lowest frequencies by using a finite
element Warburg (Ws) was not possible due to the low number of im-
pedance points that could be recorded in this frequency region. On the
other hand, the higher diameter of the low frequency arc compared to
that of the high frequency lead to an imprecise Rs value. This is occurs
often due to the presence of artefacts which can come from improper
electrode setup or instrumental limitations [36]. However, our results
were not affected by these artefacts at high, middle and low fre-
quencies, since all the equivalent circuit parameters (Reoar, Ceoa Car ¥
Reorr) Were properly determined as are summarized in Table 2 after
applying the equivalent circuit from Fig. 5.

Not very pronounced differences were observed between the bare Ti
and the modified Ti surfaces, suggesting analogous dielectric proper-
ties. However, the passive layers formed on the different materials
could show different corrosion behaviour due to the presence of Nb or
Mo elements with different electrochemical reactivity features.

The high frequency region is associated to the dielectric properties
of the diffusion layers created in this case by the Nb or Mo diffusion.
C.oq: describes the dielectric “barrier” properties of these passive layers
connected in parallel with R ., which is associated to penetration of
the electrolyte throughout the pores. All the samples showed Reoar Va-
lues around the same order. Ti-Nb sample exhibited a R, value of 302
Q cm? which was slightly higher than that of Ti sample (261 Q cm?)
indicating better corrosion resistance with higher anti-penetrating
ability to electrolyte through the surface pores. Ti-Mo and Ti-Monpac
samples were in the same order similar to Ti and both GreenTi modified
samples presented the lowest values. Concerning C.,q, Ti and Ti-Nb
samples presented capacitances an order of magnitude lower than the
other tested samples which can be probably due to the higher porosity
of the Ti and Ti-Nb samples.

The medium frequency region is related with the charge-transfer,
inversely proportional to the corrosion velocity of the metallic substrate
in those areas where the electrolyte penetrated by the diffusion layer.
CPE-T slightly increased one order for both of the modified GreenTi
samples which may indicate a higher electrolyte penetration and higher
degradation rate in comparison with the Ti-Mo, Ti-Moypsc and Ti
samples. This supports that performing the Nb or Mo surface mod-
ification in Green Ti substrates leads to higher internal porosity than in
sintered Ti substrates, leaving more conductive pathways for the elec-
trolyte penetration. Finally, all a values were close to 1, indicating the
behaviour of a quasi-ideal capacitor.

According to literature, 3-Ti alloys such as the Ti-15Zr-10Nb alloy
present better electrochemical behaviour compared to Ti [31,37]. In
our case, Ti-Nb and Ti-Mo surfaces also indicated better anticorrosive
properties with respect to Ti, since their passive layers have higher
dielectric properties. Furthermore, comparing Nb and Mo additions, it
has been found that Nb-containing alloys exhibited lower electron
transfer and thus, high impedance values than Ti-Mo alloys [10]. In this
context, our results from Fig. 3 are in agreement showing a very small
difference but higher amplitude of the arc for Ti-Nb compared to Ti-Mo
samples.

3.2. Tribocorrosion behaviour

The evolution of the coefficient of friction (COF) during sliding and
the OCP before, during and after sliding is presented in Fig. 7. Since the
modified green samples showed an electrochemical behaviour slightly
lower than their respective modified sintered ones, the GreenTi-Mo
material was discarded considering also to its lowest R, Vvalue
(Table 2).

COF values showed similar tendency between GreenTi-Nb, Ti-Nb
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Fig. 6. Nyquist and Bode plots with fitting for GreenTi-Mo sample after 1 h of immersion in 9 g/1 NaCl solution.

Table 2
Parameters of the equivalent circuit for the modified Ti samples after 1 h im-
mersed in 9 g/1 NaCl solution.

Materials Equivalent circuit parameters
CPE-T (UQ 'em?s*)  CPE-P (0;)  Reoat Ceoat
- (Qem)*> (WF em™?)

Ti 7.31 x 1078 0.84 261 9.23 x 107°
Ti-Mo 9.05 x 1078 0.84 240 1.17 x 1078
Ti-Nb 1.29 x 1077 0.78 302 7.36 x 107°
Ti-Monnacl 4.61 x 1078 0.89 247 1.13 x 1078
GreenTi-Mo  1.72 x 1077 0.92 182 6.98 x 1078
GreenTi-Nb  1.69 x 1077 0.90 215 5.43 x 1078

and CP-Ti with a stable value around 0.45. This may be attributed to the
good lubricant properties of the Nb,Os passive layer and the quick
repassivation of Nb [4]. Ti-Mo also exhibited a stable COF value of 0.5,
while COF of Ti-Moypac increased during sliding time from 0.2 to 0.65.
In the case of Ti-Monpa4ci, the TiN layer created on surface by the

activating agent (NH4Cl) during the thermo-reactive diffusion seems to
lower the COF (0.2) initially. However, the increased COF values during
sliding could be related to the increased roughness of the wear track
through testing time. The highest hardness (=1025HV) of the Ti-
Monpac surface with respect to rest of the modified surfaces
(300-440 HV) lead to the formation of harder wear debris together with
their accumulation on the surface increasing roughness and COF values.

Regarding OCP evolution, potentials were stable at similar values
for all materials before sliding (—0.1 to —0.25V). Then when sliding
started, all samples showed an abrupt fall of the OCP usually attributed
to the total or partial destruction of the different passive layers as a
consequence of the mechanical action [38]. Under sliding, all modified
Ti surfaces exhibited more positive potential values than CP-Ti, in-
dicating lower tendency for corrosion on the modified surfaces. When
the wear action was completed and the mechanical contact stopped, the
repassivation phenomenon of the worn areas took place in all samples
forming new barriers against corrosion [25,18]. Finally, potential
reached higher values (—0.1 to —0.35V) similar to those before
sliding, indicating a great recovery capacity of the passive layers.

COF

——GreenTi-Nb

—Ti-Nb
Ti-Mo

—Ti-Mo

NH4CI

E (V vs. SCE)

-0'7_
0,8 |
099 |
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Fig. 7. Evolution of COF and OCP during tribocorrosion test in 9 g/1 NaCl solution.
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However, in the case of the Ti-Mo surface the OCP values were quite
stable after 2250s and smaller than those before sliding, maybe sug-
gesting a more severe damage on the surface. Other authors relate this
behaviour to pitting corrosion phenomenon in HF solutions, since de-
spite OCP values were almost recovered once sliding stopped, the sur-
face of the materials was different from the initially surface due to the
formation of wear scars and pores from pitting corrosion. These features
could decrease the corrosion resistance of titanium surfaces as reported
by [39]. Nevertheless, titanium surfaces present high corrosion re-
sistance in 0.9% NaCl solution, same as the electrolyte used in this
study.

Generally, B-Ti alloys present a great recovery capacity of their
oxide layers due to their good stability as was found by Ti-15Zr-7.5Mo
[18]. However, different behaviour with potential values lower than
those before sliding were found in other biological Ti-C-N coatings
applied by physical vapour deposition on a Ti6Al4V alloy of similar
surface hardness 8 GPa to our Ti-Monpsc) material [40].

This behaviour is associated to the repassivation phenomenon of the
metal surfaces. The repassivation rate for a certain period of time can be
calculated by the formula below, where AE (V) is stated as the potential
variation, t (s) the time after interrupting sliding for which the re-
passivation rate, k;, is calculated; and k, the constant determined by
the solution where the abrasion of the material took place [41].

AE =k; « log t + ko 3)

Fig. 8 shows the repassivation rate of all surfaces represented by
means of k; constant values. Based on related investigations [42], the
repassivation rate was calculated after 300 s sliding and 0.1 as k,, value,
according to saline solution. It can be observed that both Ti-Nb surfaces
presented the highest k; values together with the value of Ti sample.
This is in agreement with the enthalpy formation of Nb with oxygen
which is much higher than that of another elements such as V or Al,
making possible for the passive layer to stay longer and to repassivate
quickly [4]. Hence, the repassivation rate was slightly reduced for Ti-
Mo samples with respect to Ti-Nb surfaces. The smallest K; value of Ti-
Monguac) sample could be attributed to the smaller recovery capacity of
the TiN layer of this surface since nitride increased the surface hardness
resulting in a less damaged surface.

Fig. 9 presents the SEM micrographs taken from the centre of the
wear tracks representing the worn areas after tribocorrosion tests. On
one hand, CP-Ti and the B-Ti surfaces GreenTi-Nb, Ti-Nb and Ti-Mo
show evidence of grooves parallel to the sliding direction as signs of
abrasive wear mechanism (Fig. 9a—d). Nevertheless, grooves observed
on the Ti-Moypac surface (Fig. 9e) were much shallower with respect to
the other surfaces due to its higher hardness and increased Young’s
modulus characteristic of the TiN layer on surface of this material. On
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the other hand, it can be clearly observed that this surface showed less
plastic deformation compared to the other samples, having a narrow,
smooth and shallow wear track up to three times smaller (=214 pm)
with respect to Ti (=643 um). This is mainly attributed to the higher
hardness leading to the reduction of plasticity. Thus, the noticeable
increased hardness of the Ti-Moypa4c; led to improve the tribocorrosion
behaviour. This agrees with the low COF value (0.2) observed for the
Ti-Monnacy Mmaterial, suggesting that the COF increase at 800s is at-
tributed to the mainly accumulation of harder wear debris. Although
tribocorrosion studies in for comparable materials are less common in
the literature, a Mo-N surface, similar in composition to our Ti-Moynga4ci,
deposited by plasma on Ti-6Al-4 V was also found to wear less that the
untreated alloy in dry conditions due to hardness [43].

Dark areas were noticed on all the modified surfaces, being more
evident on the bare Ti surface. From the EDS analysis (Fig. 9f) the
composition of these areas is given, which mainly contains Ti and O
elements, corresponding to titanium oxides. Two different areas Z4 and
75, corresponding to darker zones and grey surface, respectively, were
analysed on the Ti-Mo material with the aim of comparing composition
qualitatively. This showed oxygen only in the darker areas (Z4), sup-
porting the idea that these regions correspond to oxides, probably TiO,
and MoOs. The repetitive transfer of Ti between the sliding surfaces and
its oxidation leads to the formation of oxidised wear debris and even-
tually their adhesion to the surface under the influence of the applied
load. Hence, the wear mechanisms under synergistic interactions be-
tween wear and corrosion for all the surfaces were shown as a combi-
nation of abrasion by the presence of grooves, with some adhesive
oxide areas due to oxides accumulation [44]. The surfaces showed si-
milar wear abrasion mechanism, although GreenTi-Nb exhibited more
abrasive grooves compared to CP-Ti, whereas Ti-Nb and Ti-Mo pre-
sented less abrasion areas with respect to Ti, and the Ti-Moyp4c surface
was practically not damaged. The adhesive oxide areas were mainly
observed on CP-Ti.

When comparing the darker areas on Ti-Nb and Ti-Mo surfaces, it is
worth noticing that they are more visible on the Ti-Mo surface (Fig. 9¢)
which qualitatively agrees with the oxygen found on this surface. This
could be related to their slightly higher COF values during sliding with
respect to COF of the Ti-Nb surface (Fig. 7), since the higher amount of
oxide particles would lead to the COF increase of Ti-Mo surface.

Recently, similar conditions (2N load, 1 Hz frequency, 6 mm alu-
mina ball, and 8 mm stroke length) were used in a related investigation
on the tribocorrosion behaviour of some B-Ti alloys [17]. They found
that (o + B)-Ti6Al4V and ()-Til3Nb13Zr alloys presented the best
tribocorrosion behaviour while ((3)-Til5Mo and (3)-Ti45Nb alloys ex-
hibited easier plastic deformation. These authors attributed the lower
elastic modulus of these alloys as the main cause affecting the tribo-
corrosion behaviour. Another common wear mechanism reported in
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0,08:
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0,02 4
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GreenTi-Nb  Ti-Nb
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Ti-Mo  Ti-MoNH4CI

Fig. 8. Repassivation rate represented by constant K; values obtained from Eq. (3).
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Material Marked areas Ti[%] O][%] Nb[%] Mo [%]
Ti Z1 97.35 2.65 - -
GreenTi-Nb 72 83.07 4.80 12.13 -
Ti-Nb 73 84.90 2.61 12.49 -
Ti-Mo 74 84.94 7.87 - 7.19
75 89.82 - - 10.18
Ti—MON}MC] 76 87.01 12.99 - -

Fig. 9. Detailed BSE-SE images of the worn surfaces after tribocorrosion test, and EDS analysis taken from the marked areas.

tribocorrosion for this type of alloys is the three-body abrasion since f3-
Ti alloys in simulated body fluid could form hydroxyapatite on surface
with the apparition of entrapped hydroxyapatite particles acting as
three-body abrasion wear [16]. However, this study was conducted in
saline solution, thus the abrasion mainly is due to wear debris but not
because of hydroxyapatite particles formation. Actually, the tribo-
corrosion mechanisms in (3-Ti alloys are still not fully understood al-
though improved dry sliding wear behaviour is being achieved by si-
milar surface treatments such as molybdenizing titanium alloys [45].
From the wear track analysis on the samples, the amount of wear
volume was calculated following a model as detailed somewhere else
[20]. Wear volume is an important issue in biomaterials since high wear
volume is related to metallic ions release and adverse reactions in the
body [5,4]. The average wear volume of the modified Ti materials re-
mained around 8.51 X 10~ 2mm?, 6.54 x 10~ 2mm?,
7.28 x 10" ?*mm? and 1.29 x 10 mm?® for GreenTi-Nb, Ti-Nb, Ti-Mo
and Ti-Moya4c), respectively; with respect to 6.04 x 10~ 2mm?® of CP-
Ti. Whereas Ti and Ti-Nb exhibited similar results, GreenTi-Nb pre-
sented slightly higher wear volume probably associated to the deeper
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grooves of abrasion. Nonetheless, very low wear volume was noticed
for Ti-Monpacy surface, being related to the high hardness. These results
suggest that when the surface modification is carried out in GreenTi (as-
pressed) during the one single step co-sintering and diffusion route,
wear resistance seems to be less than when Nb diffusion in performed in
a sintered Ti substrate. Nevertheless, the tendency for corrosion under
synergistic wear-corrosion interactions seems to not be affected by this
difference, since both Ti-Nb materials showed stable OCP values higher
than CP-Ti. This wear dependence on diffusion treatments could be
ascribed to hardness, since high hardness is related to the reduction of
plasticity. In this context, although hardness values are in the same
order, Ti-Nb presents 320 HV with respect to 280 HV of GreenTi-Nb
[24]. This is in agreement with the deeper grooves observed on the
GreenTi-Nb material compared to those on Ti-Nb. However regarding
corrosion, it has been shown that the Nb diffusion in both Ti substrates
(green or sintered) lowers the tendency for corrosion with respect to Ti.
The improvement on the corrosion resistance of Ti is mainly related to
the excellent electrochemical behaviour of the Nb,Os oxide formed.
The dry sliding wear behaviour of these modified Ti materials was
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recently studied and reported in our previous work [20], under dif-
ferent conditions of counter material, load and stroke length. An im-
provement on wear resistance in dry sliding conditions was achieved
for all the modified Ti surfaces. With the same testing conditions that
those employed in this investigation, wear volume in the order of
10~ 2mm?® and 10> mm?® was obtained for the p-surfaces (Ti-Nb and Ti-
Mo) and the activated material Ti-Monna4c), respectively, showing wear
rate values between 53-96 % lower with respect to CP-Ti. Therefore,
from the present study it could be stated that under the synergistic
effect of wear-corrosion these new diffusion-based powder metallurgy
Ti surfaces (GreenTi-Nb, Ti-Nb and Ti-Mo) designed by thermo-che-
mical treatments exhibit higher wear resistance with respect to dry
sliding wear, and the saline solution has an aggressive effect on the
materials surface during wear. However, Ti-Monpac1 surface showed
similar wear tendency in both cases, presenting interesting tribocorro-
sion properties with high corrosion and wear resistance.

Another interesting issue derived from this investigation related to
corrosion was that, while only Ti-Nb and Ti-Mo obtained by diffusion in
sintered Ti substrate and Ti-Moypasc; by thermo-reactive diffusion pre-
sented high corrosion resistance, similar to CP-Ti during static condi-
tions, the corrosion tendency under wear-corrosion synergism was
lower than that of the CP-Ti for all the treated-surfaces included
GreenTi-Mo and GreenTi-Nb. This means that all the treated-surfaces
show a better anticorrosive properties when a mechanical action starts
to take place on their surfaces.

4. Conclusions

Corrosion and tribocorrosion behaviour of Ti-Nb and Ti-Mo surfaces
composed of a microstructural gradient (f / a + B / a) was evaluated
in 9 g/1 NaCl solution and compared to that of the (a-single phase) CP-
Ti obtained through powder metallurgy. After electrochemical and
tribocorrosion characterization, the main conclusions can be summar-
ized as:

i) Regarding corrosion behaviour, Ti-Nb and Ti-Mo surfaces exhibited
better anticorrosive properties than either CP-Ti or the surfaces
GreenTi-Nb and GreenTi-Mo (obtained through co-sintering and
diffusion in a one single step).

ii) All the modified Ti surfaces presented impedance modulus ap-
proximately around 10°-10° Q at low frequencies. These high im-
pedance values can be attributed to a high corrosion resistance
performance; suggesting no deterioration of Ti corrosion resistance.

iii) Under synergistic wear-corrosion action, the modified Ti samples

indicated similar COF (0.45) and lower tendency for corrosion

compared to CP-Ti. Regarding COF, the Ti-Mo surface exhibited
slightly higher mean values (0.5) than Ti-Nb (0.45) while COF of Ti-

Monnacy was initially lower (0.2) increasing during sliding time to

0.65.

Nb diffusion in titanium increased repassivation rate in both Ti-Nb

and GreenTi-Nb surfaces. On the other hand, the molybdenum ni-

tride surface (Ti-Monpnsc)) presented the best tribocorrosion re-
sistance with the lowest tendency for corrosion and the minimum
wear volume (1.29 x 10~3mm®). A combination of abrasion with
adhesive oxide areas was presented on all the samples. However,
abrasion was smoother on Ti-Nb surface, and highly reduced on Ti-

iv)

Monmaci-

In this first approach to the corrosion and tribocorrosion behaviour
of these new Ti-Nb, Ti-Mo and Ti-Monpsc diffusion-based titanium
surfaces designed for biomaterials, positive results in terms of both
static corrosion and corrosion under wear action have been demon-
strated. However, although the Ti-Monpsc surface exhibited a clear
improvement on the tribocorrosion resistance, further studies em-
ploying conditions closer to physiological medium with proteins or bio-
organisms, different loading or pH and metal ion release quantification
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should be carried out in future works to have a better understanding to
the tribocorrosion behaviour.
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