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Abstract

Porous Ti—-20Nb-5Ag (wt.%) alloy was developed using powder metallurgy (PM) route with the porosity of 43% after
sintering in a high vacuum atmosphere. The microstructure of the porous alloy revealed various micro, macro and intercon-
nected pores with an average pore size of about 114 um. Tribocorrosion behaviour of the porous alloy was examined in
simulated body fluid under the various applied load of 1-10 N using DC electrochemical corrosion technique and kinetic
parameters (corrosion potential, corrosion current density and breakdown potentials). After tribocorrosion test, the OCP
values decreased from 0.17 to — 0.49 Vg as applied load was increased. The potentiodynamic polarization results revealed
that the corrosion potential decreased, while corrosion current density increased under higher applied loads. Active—passive
transition plots showed metastable passivity due to severe fluctuations of passive current density. After tribocorrosion, the
surface morphology was analysed using SEM, and it exhibited the severity of wear tracks at higher applied loads. The results
indicated that the developed porous Ti—20Nb-5Ag alloys exhibit better tribocorrosion properties in simulated body fluid.
Through observations of SEM images of the worn surfaces, the visible scratches and deep grooves were observed along the

sliding direction, indicating a predominant abrasive mechanism.
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1 Introduction

Recently, porous Ti alloys a gained significant interest in
clinical applications, owing to their low elastic modulus,
good corrosion resistance and excellent biocompatibility
[1-3]. The introduction of pore structure decreases the
mechanical properties of the implant materials. However,
these pore structure provides most exciting property i.e.
low elastic modulus which can significantly reduce the
stress-shielding effect as compared to the bulk Ti alloy [4].
However, the pore structures not only help to minimize the
stress-shielding effect but also increase new tissue ingrowth
and transportation of body fluids. It is also noticed that the
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average pore size of more than 100 pm is more beneficial for
facilitating a new bone ingrowth [5].

When the porous implants are attached to the human
body, an initiation and growth of the new bone tissues on
the surface enhances the osseointegration properties. Metal-
lic passivity of alloy depends on alloying elements which
significantly influence the surface properties of the implant
materials such as new tissue in growth and corrosion behav-
iour [6-8]. The Ti-6Al-4V alloy is the most commonly used
material for biomedical applications over the other metallic
alloy such as austenitic stainless steels Co—Cr—Mo alloy [9,
10]. However, releasing of toxic metal ions (Al and V ions)
from the alloy surface leads to the decrease in osseointegra-
tion and corrosion properties. The corrosion and antibacte-
rial phenomenon due to the dissolution of Ti and its alloys
are major concerns because of toxic ion release from the
alloy surface [11].

Recently, new a+ f-type and p-type Ti-based porous
alloys have been fabricated using various alloying elements
such as Nb, Mo, Zr, Sn, Ta and Ag [12, 13]. However, Nb
is identified as one of the major alloying element with the
titanium which acts as a f stabilizer and explicitly reduces
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the elastic modulus of Ti-based alloy [14]. It is well reported
that the Nb is a strong f stabilizer and good alloying element
with Ti. Addition of Nb content in Ti alloys leads to the for-
mation of @+ f type, near f type and f type Ti alloys which
is more beneficial to obtain lower elastic modulus, good cor-
rosion resistance. Also, Nb has non-toxic and non-allergic
properties to ensure stability in the human body without any
adverse reaction with the surrounding tissues [15—17]. The
addition of silver (Ag) in Ti matrix is an appropriate choice
due to the potent antibacterial properties and the best result
is reported up to 5% of Ag content to disrupt the bacterial
growth on the implant surface [18].

Processing of porous Ti alloy using a PM technique offers
the ability to control the pore morphology (pore size and
shape) with good pore uniformity and interconnectivity.
However, few limitations of using this processing technique,
initiating from irregular and inhomogeneous distribution of
pore structure by mixing the space holder and metal pow-
der, were generated by irregular-shaped space holder par-
ticles and different sizes in elemental powders. Moreover,
sintering process of Ti-based alloy is very difficult at high
temperature because it is highly reactive and high affinity
towards oxygen, which leads to form oxides. To avoid oxi-
dation, the sintering process should be carried out in the
control atmosphere (i.e. vacuum or argon atmosphere) to get
sound and oxides free sintered products [19, 20].

However, knee and total hip joints experience a sliding
contact during the motion of human body, constituting a
tribocorrosion behaviour. Tribocorrosion is an irreversible
degradation phenomenon due to the synergy of mechanical
(wear) and environmental effects (corrosion), which could
cause larger material damage than expected independently
[21-23]. It involves numerous interaction effects between
mechanical and electrochemical phenomena for the implant
materials. An implant material inserted into human body
undergoes continuous micro-movement, leading to material
deterioration and release of wear debris into the body which
significantly minimize the life span of the implants [24].

Ti-based alloy exhibits poor wear resistance which can
damage the passive film in the corrosive environment. How-
ever, wear resistance of the passive film is easily removed as
wear debris under the loading condition which has harmful
effects on the surroundings of the bones [21, 25]. The simul-
taneous action of corrosion and wear releases the metallic
ions, which can adversely affect the biocompatibility and
mechanical integrity of implants. Therefore, the assessment
of biomaterial to understand corrosion behaviour and cor-
rosive wear is required to ensure the safety of implants in the
body fluids of the human body.

Many researchers studied the tribocorrosion behaviour
of the bulk Ti-based alloys in various body fluids [25-27].
However, Toptan et al. [28] have studied the tribocorro-
sion behaviour of porous titanium with a different porosity
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level of 22 and 37% in NaCl solution. They found a sudden
decrease in OCP values due to the mechanical damage of
passive film under the sliding conditions. There is limited
literature available on the tribological properties concerning
porous Ti-based alloy. In the present article, a novel porous
Ti—20Nb-5Ag alloy is developed through the PM method
using space holder materials. The microstructure and the
tribocorrosion behaviour were investigated in the SBF under
applied loads of 1, 5 and 10 N using electrochemical tech-
niques. According to literature and the best of our knowl-
edge, no tribocorrosion study has been performed on porous
Ti—20Nb-5Ag alloy.

2 Experimental Details
2.1 Preparation of Porous Alloy

Commercially available pure elemental powders of Ti
(~45 pm, purity of 99.5%), Nb (~45 um, purity of 99.8%)
and Ag (~5 pm, purity of 99.9%) were used to develop
the porous Ti—-20Nb—5Ag alloy using the PM method.
The elemental powder with the nominal composition of
Ti—20Nb-5Ag (wt.%) was ball milled for 20 h using a high-
energy planetary ball mill (Retsch—-PM100, Germany). A
ball-to-powder ratio of 10:1 and rotation speed of 250 rpm
were maintained. The ball-milled powder mixed with
30 wt.% of NH,HCO; is used as a space holder material to
achieve the required porosity. Blended powders were made
compact at an applied load of 500 MPa to prepare a pellet
with the dimensions 10 mm and 15 mm. The cylindrical
compacts were heated at 200 °C for 2 h to eliminate space
holder particles and sintered at 1200 °C for 3 h in a high
vacuum furnace at a vacuum level of 10~ mbar. The heating
and cooling rates of 10 °C/min were maintained during the
sintering process.

2.2 Tribocorrosion Performance in SBF Solution

Prior to tribocorrosion test, porous samples were polished
with up to 1200 grit paper. The test was performed using
a custom-made pin-on-disc tribometer [29]. The schematic
representation of customized pin-on-disc type tribometer
which was connected to a potentiostat is shown in Fig. 1.
The three-electrode system is used to conduct the corrosion
and tribocorrosion tests. The porous alloy was used as a
working electrode, saturated calomel (SCE) as a reference
electrode and platinum as a counter electrode. Alumina disc
(210 mm and 5 mm thickness) was used as a counter sur-
face with a roughness of 0.02 um (according to the manufac-
turer). Various loads of 1, 5 and 10 N were applied to meas-
ure the tribocorrosion characteristics of porous alloys under
the sliding velocity of 2 rpm. Simulated body fluid (SBF)
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Fig.1 Schematic representation of pin-on-disc type tribometer

was used as an electrolyte with a pH of 7.4 to conduct the tri-
bocorrosion test [30]. Before conducting the tests, the porous
alloys were kept for 30 min in the SBF for stabilization.
Electrochemical techniques such as open-circuit potential
(OCP) and potentiodynamic polarization (Biologic-potenti-
ostat, SP-150, France) were used to examine tribocorrosion
properties. Three specimens were performed for each load-
ing condition in the tribocorrosion tests. The microstructure
of the porous alloy was analysed using scanning electron
microscopy (SEM, JEOL, JSM-6380LA, Japan).

2.3 Characterization of Developed Porous Alloys

The porosity and density of all the developed porous
Ti—20Nb-5Ag alloys were measured by using Archimedes’
immersion technique. Pore size of the sintered porous alloys
was determined using the Image-J software and more than
100 pores were measured to determine the mean pore size.
The following equations were used to measure the porosity
and density.

Porosity (%) = W = Wary 1
Y O_W/sat_Wsus ()

War
Density = —d}II)V (g/cm?) 2)

sat sus

where W, is the saturate weight, W,
weight and Wy, is the dry weight.

The microstructures of the prepared Ti—20Nb-5Ag alloys
before and after tribocorrosion tests were examined in a
scanning electron microscope (SEM, JEOL, ISM—-6380LA).

is the suspended

Reference electrode

Biologic-150, EC-lab software

Potentiostat

3 Results and Discussion
3.1 Microstructure of Porous Alloy

Figure 2a shows the SEM images of the porous
Ti-20Nb-5Ag alloy which exhibit the porosity of about
43%. The microstructure of porous alloy exhibits the pores
with an irregular shape and rough surface due to the evapo-
ration of the used space holder particles. SEM image also
shows the various forms of pores such as micros, macro and
interconnected pores throughout the surface which facilitate
to promote cell adhesion and bone ingrowth [1, 4]. The aver-
age pore sizes and pore distribution of developed porous
alloys were measured using image-J software based on the
SEM images. A pore size of more than 100 pm is more
beneficial for facilitating a new bone ingrowth. When the
porous implants are attached to the bone tissue, the initiation
and growth of the new bone tissues on the porous surface
enhance the osseointegration properties of implants [7, 15].
Figure 2b shows the distribution of pore size. It is found that
the pore size is quite large as 400 pm with the average pore
size about 114 pm which may be favourable for enhancing
the osseointegration properties [12].

3.2 Tribocorrosion Test

The evaluation of OCP under applied loads (1, 5 and 10 N)
in SBF for 900 s is shown in Fig. 3. Without loading con-
dition, the OCP value observed is about 0.16 Vg and it
shows the stable potential due to the formation of the spon-
taneous passive film on the sample. On the other hand, the
OCP values were recorded as a function of time under the
loading conditions which can be distinguished into three
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Fig.3 Open-circuit potential (OCP) scan at static and various applied
loading conditions

parts mainly before sliding (0 to 150 s), during sliding
(150-500 s) and after sliding (500-900 s). It is noticed that
the OCP values of all the porous samples were almost stable
before applying a load. This is due to the formation of stable
passivation film on the porous alloy surface. The potential
values obtained were —0.14 Vgcg, —0.32 Vg and —0.49
Vscg for the applied loads of 1, 5 and 10 N, respectively. The
results indicate that the applied loads significantly effect the
OCP of the porous alloy which are shifted towards a nega-
tive direction over the without loading condition. During the
sliding process, the higher frictional forces are induced on
increasing the application of applied load which can be dif-
ficult in the relative movement between the interfaces. This
can be attributed to the destruction and delamination of pas-
sive film under the sliding process. However, there is a pos-
sibility of high material removal from the surface because
of pore structures under the various applied loads [24, 28,
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31]. It is also observed that there are more fluctuations in
OCP due to the regeneration of new active surfaces when
the material is removed under the applied load. Further, it
is detected that the OCP values obtained during sliding are
mixed potential values, which reflect both the active (worn)
and passive (unworn) surfaces of the porous alloy [28].
Electrochemical polarization plots for porous
Ti—20Nb-5Ag alloy were obtained without loading condi-
tion and under the influences of applied loads of 1-10 N
in SBF solution and sliding against the counter surface
(alumina disc) are shown in Fig. 4. The potentiodynamic
polarization curves of the porous alloy without applying a
load are shown in Fig. 4a. The porous alloy exhibits a typical
active—passive transition behaviour with a stable passivation
across the potential regions with lower passive current den-
sity indicating spontaneous passive film formation and its
stability even at higher potentials. Potentiodynamic polari-
zation curves measured under the applied loads of 1, 5 and
10 N are shown in Fig. 4b—d, respectively. The results show
that there are no significant changes in the active—passive
transition plots of the porous alloys. However, potentials
shift in active direction is noticed on increasing the applied
loads. The shift of corrosion potential is due to the higher
frictional forces at the interface between porous alloy and
harder counter surface which directly affect the spontane-
ous passive film [24]. Interestingly, it is observed that there
are current fluctuations in the polarization curves under the
applied loads. These fluctuations of currents densities were
started near active area (— 0.25 to +0.25 Vycg) at lower
weight of loading of 1 and 5 N (Fig. 4b, c) indicating initial
dissolutions of metal due to higher electrochemical corro-
sion reaction rates. This result is mainly attributed to the
rubbing action of porous alloy by counter surface which
lead to the removal of the protective passive film of metallic
oxides in the form of abrasion wear. However, it is not seen
for the sample without loading (Fig. 4a) due to the absence
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Fig.4 Potentiodynamic polarization curves of porous Ti—-20Nb-5Ag alloy at various applied loads: aON,b I N,c¢5Nandd 10N

of rubbing action (without wear control) and well covered by
a thin protective passive film in SBF solution. Further, at the
applied load of 10 N (Fig. 4d), it is noticed that the current
fluctuation is more and constant up to the higher potential
range over the 1 and 5 N. Results indicate that more oscil-
lations were observed on the current density values because
of repeated action of depassivation and repassivation on the
alloy surface. This is due to the frictional force that occurs
between the interfaces [32]. As the wear action removes the
passive layer from the porous alloy surface on local anodic

region, passivation occurs simultaneously. However, it was
observed that the rapid passivation and removal of passive
film result in high current fluctuations at lower anodic poten-
tials [32, 33].

For better understanding of the polarization behaviour of
the porous Ti—-20Nb-5Ag alloy with/without loading, the
corrosion parameters such as corrosion potential (£ ) and
current density (i) are measured by analysing the Tafel
region through anodic (f,) and cathodic () branches and
the results are presented in Table 1. It can be seen that there

Table 1 Corrosion parameters

of porous alloy in SBF solution Load (V) Eeore Pa be Lo ) s (21 2.5 V) Corrosion rjte
(Vscp) (V/dec) (V/dec) (uA/cm?) (uA/cm?) (mpy) % 10
Static 0.06+0.02 0.18+0.07 0.09+0.02 0.17+0.05 0.003+0.04 7.14+0.30
1 -0.17+0.03  0.28+0.04 0.11+0.02 0.20+0.04 0.013+0.02 8.40+0.9
5 -022+0.04 039+0.03 0.13+0.05 0.33+0.10 0.014+0.04 13.8+0.51
10 —-049+0.04 0.28+0.05 0.14+0.04 0.48+0.1 0.020+0.05 20.17+0.83
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is a remarkable shift towards the negative direction of the
corrosion potential from the 0.06 Vg to —0.49 Vg, with
a slight increase in the corrosion current density from 0.17
to 0.48 uA/cm?. This indicates the decrease in corrosion
resistance with the increase in the applied loads.

Figure 5 shows the SEM micrographs of Ti-20Nb-5Ag
porous alloy after the tribocorrosion test. The abrasion was
the main mechanism under sliding at various applied loads
(1,5 and 10 N). An increase in narrow ploughing is observed
which is caused by applied loads and relative sliding move-
ment between the interfaces. At 10 N load, more narrow
wear tracks with deep grooves were observed compared to
1 and 5 N. However, the wear debris plays an important role
in tribocorrosion which acts as third-body abrasive particles,
resulting in the increase of wear under the applied loads.
Moreover, the porous alloy having irregular and non-homo-
geneous surface area may lead to the increase in the more
wear debris and wear tracks with applied load increased [28,
34].

3.3 Mechanism of Material Removal from Porous
Alloy

The mechanism of tribocorrosion process of porous
Ti—20Nb-5Ag alloy in SBF solution is shown in Fig. 6. The
tribocorrosion process takes place at both the electrochemi-
cal corrosion and wear that occur in the electrolyte medium.
In the present study, pin-on-disc type and SBF were used
as electrolyte to conduct the tribocorrosion behaviour of
the porous alloy. Figure 6a shows the without applied load

Applied load: I N
: Low mggg&ﬁcation’vﬂ

s

Applied load: 5 N

(static) conducting the test on porous Ti—20Nb-5Ag in SBF
solution. It is reported that Ti and its alloys have native pas-
sive film which helps to enhance corrosion resistance [21,
35]. In the present study, the high potential (OCP) value was
obtained for without applied load because of the protective
and compact passive film formation on the alloy surface as
compared to the applied load condition (as seen in Fig. 3).
On other hand, applying load from the top end made the
porous alloy come into contact with the counter surface
(Alumina disc) (Fig. 6b), which generates the frictional
forces at the interfaces and subsequently damage of passive
film formed on the alloy surface (Fig. 6¢). However, at the
applied of 1 N, it can be seen that very small wear debris
were worn out from the surface due to the damage of pas-
sive film by friction as seen in Fig. 6d. When applying a
slightly higher load (5 N), a trivial removal of debris from
the surface could be seen as shown in Fig. 6e which is sup-
porting through the electrochemical corrosion kinetics data
as the passive current density did not increased at 5 N as
compared to load of 1 N. Interestingly, Fig. 6f shows more
wear particles removal from the surface at an applied load of
10 N as compared to 1 N and 5 N (very high corrosion rate
as well as passive current density). This is due to the ruptur-
ing of protective passive films which continually deformed
plastically at higher applied loads because of high frictional
forces at 10 N (Fig. 6e).

Pore morphology also plays and contributes a major role
for the removal particles due to corrosive-wear test which
acts as a third body (abrasive particles) under the sliding
condition. Therefore, the main wear mechanism of the

Applied load: 10 N

Fig.5 SEM images of porous alloy after tribocorrosion at various applied loads
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Fig.6 Mechanism of tribocorrosion process of porous Ti—-20Nb—5Ag alloy in SBF solution

tribocorrosion process is abrasive wear [28, 36]. During the
tribocorrosion test, a thin passive film is removed from the
surface as applied load increased and resulted in the forma-
tion of visible wear tracks on the alloy surface. However, the
edges of the pore cells are quite sharp and it may easily break
under the load, which leads to increase in the surface of pore
area as well as excess wear debris. The accumulation of the
wear debris into the surface of the pores might decrease the
effect of the third body on the wear, and may also give rise
to the damage of the passive film. However, the tear of pore
cell wall edges is directly influenced on the increase of the
pore area and slightly increases the groove formation under
the applied load. In the present study, a thin passive film
deforms plastically and the growing deepens grooves and
roughens the surface of porous alloy. The rotational speed
used in the present experiment is relatively small, and heat
produced by rotation speed is negligible. However, both the
action of loading and rotating cause the damage of passive
film which is formed on the porous alloy surface. Moreover,
the edges of these pore cells could be easily removed under
the loads, which leads to the removal of wear debris from
the porous alloy surface and significantly increases the wear
tracks [24, 25, 28].

Huang et al. [35] investigated the wear—corrosion experi-
ments Ti-25Nb-3Mo-3Zr—2Sn alloys in simulated physi-
ological solutions under synergistic attacks of corrosion and
wear. The result shows that the corrosion resistance of the
alloy was decreased under the load as compared to static
condition. It was found that the main tribological mecha-
nisms were typically abrasive with adhesive wear. They

formed passive film on the alloy wear-out as abrasive parti-
cles under the applied load. They also examined the chemi-
cal composition of passive film using XPS. It revealed that
the passive films consist of TiO, and Nb,Ojs are the major
compounds in film, which is highly stable and able to protect
against the corrosion attack. Similarly, other studies have
reported that the chemical compositions of these oxide lay-
ers were responsible to enhance the corrosion resistance of
Ti—Nb-based alloys and protects from the corrosion attack
in simulated physiological solutions [37, 38].

Zhang et al. [39] have studied the effect of addition of
various Ag content (7 and 10 at.%) on corrosion behav-
iour of Ti—Ag alloy in artificial body fluid. The result indi-
cate that the addition of Ag to Ti is found to significantly
minimize the corrosion current density and increase the
open-circuit potential of Ti—Ag alloy. It also exhibited, a
reduced passivation corrosion density with the addition of
Ag content. The obtained result indicated that the addition
of Ag attributed to the increase of corrosion resistance and
it consists of two major reasons. Firstly, the formation of
Ti,Ag intermetallic precipitates which is confirmed by XRD
analysis. Secondly, the surface samples which consisted of
TiO, and Ag,0 oxides in a physiological solution, which
is confirmed by XPS analysis. According to the previous
studies on Ti-based alloys, the alloying elements play an
important role on improving the corrosion resistance as they
form various stable oxides on their surface. In the present
study, porous Ti alloy developed with the addition of Nb
and Ag alloying elements in Ti. As reported in the earlier
studies, the possible formation of oxides on the porous alloy
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surface such as TiO,, Nb,Os and Ag,0 in simulated body
fluid contribute in enhancing the corrosion resistance of the
porous alloys. Moreover, the XRD analysis of the developed
porous Ti—20Nb-5Ag alloy exhibits the formation of Ti,Ag
intermetallic compound, which significantly enhances the
corrosion resistance of the porous alloys in SBF [40]. The
influence of intermetallic (as cathodic kinetics) and forma-
tion of oxides (Passivity) in SBF solution significantly influ-
ence the obtained results of static (without load) condition.
However, by the synergic effect of corrosion and wear the
stable oxides film mostly breakdown under the applied load,
which gradually reduces the corrosion resistance of porous
alloys.

4 Conclusions and Insight for Future

In summary, the porous Ti—-20Nb—5Ag alloy with porosity of
43% was developed using the PM method. The microstruc-
ture consists of micropores, macropores and interconnected
pores with the average pore size about 114 um. After tribo-
corrosion, it was observed that there was a decrease in OCP
from 0.17 to —0.49 Vg with the increase in the applied
loads. The potentiodynamic polarization results revealed
that the corrosion potential shifted to the negative direction
and corrosion current density increased. The results indi-
cate that increasing the applied loads significantly increases
the corrosion current density and corrosion rate due to the
breakdown of passive film. However, further studies are nec-
essary to understand the tribocorrosion behaviour of porous
Ti—20Nb-5Ag alloy with respect to various porosity levels
and applied loads, as well, fretting corrosion tests in order
to simulate better bone/implant interface. Additionally, it is
very much necessary to conduct in vitro, in vivo and anti-
bacterial studies on this developed porous alloy to ensure
the biocompatibility properties for bio-implant applications
in the future.
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