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ARTICLE INFO ABSTRACT

Ti6Al4V-alloy is commonly used in dental and orthopedic applications where tribochemical reactions occur at
material/bone interface. These reactions are one of the main concerns regarding Ti6Al4V implants due to the
generation of wear particles, linked to the release of metallic ions in toxic concentration which occurs when TiO,
passive film is destroyed by means of wear and corrosion simultaneously. In the present study, a multi-material
Ti6Al4V-PEEK cellular structure is proposed. Selective Laser Melting technique was used to produce Ti6Al4V
dense and cellular structured specimens, whilst Hot-Pressing technique was employed to obtain multi-material
Ti6Al4V-PEEK structures. This study investigates the tribocorrosion behavior of these materials under re-
ciprocating sliding, comparing them with commercial forged Ti6Al4V. Open-circuit-potential was measured
before, during and after sliding while dynamic coefficient of friction was assessed during sliding. The results
showed an improved wear resistance and a lower tendency to corrosion for the multi-material Ti6Al4V-PEEK
specimens when compared to dense and cellular structures mono-material specimens. This multi-material so-
lution gathering Ti6A14V and PEEK, besides being able to withstand the loads occurring after implantation on
dental and orthopedic applications, is a promising alternative to fully dense metals once it enhances the tri-
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bocorrosion performance.

1. Introduction

Selective Laser Melting (SLM) is a powder bed additive manu-
facturing (AM) technique that allows the construction of 3D compo-
nents (Xu et al., 2015; Miranda et al., 2016). In SLM a CAD model
previously prepared is imported to SLM software and then sliced in
several layers. According to the CAD data, a cyclic process occurs in
which a powder deposition is followed by a laser scan that promotes the
melting of the deposited powder (Bartolomeu et al., 2017a). The pro-
cess ends when the last layer of the component is printed. Being a layer-
wise fabrication technique, SLM versatility allows the production of
customized products with complex geometries (Wang et al., 2016;
Bartolomeu et al., 2017b). SLM has the potential to trigger material/
engineering changes that can enable a new ideology in which implants
are designed for each patient.

Ti6Al4V is the most widely used titanium alloy and it is also one of
the most used materials on AM techniques such as SLM (Lu et al.,
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2016). This material is often referred as the workhorse material in the
industry once it finds application in various branches of the industry
(Bartolomeu et al., 2016). TibAl4V characteristics make this material
suitable for a diversified range of high-added-value products as trans-
ports and automotive (Shunmugavel et al., 2015), electronics, aero-
space and aeronautics (Kasperovich et al., 2016; Raju et al., 2015; Liu
et al., 2016a) and medicine (Van Hooreweder et al., 2017; Weilmann
et al., 2016). Ti6Al4V main properties can be resumed as follows: high
strength, low weight, relatively low young's modulus, biological com-
patibility with human tissues and superior corrosion resistance (Dantas
etal., 2017; Sampaio et al., 2016a). This material has the ability to form
a very stable passive layer, mainly formed of TiO,, that covers the ti-
tanium surface and provides superior biocompatibility (Buciumeanu
et al., 2018). When this film layer is damaged, the repassivation process
occurs very quickly (Geetha et al., 2009) when compared to stainless
steel and other biomedical alloys (Geetha et al., 2009). However,
Ti6Al4V has a poor wear resistance which may be responsible for
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accelerate the corrosion damage (Licausi et al., 2013; Runa et al.,
2013).

The tribocorrosion performance of an implant material plays a
crucial role on its success (Holzwarth and Cotogno, 2012). Implant
experiences tribocorrosion, which is a deterioration process that takes
place at the interface of contacting surfaces, surrounded by a corrosive
medium, due to the existence of relative movements (Runa et al., 2013;
Souza et al., 2015a). Several studies reported evidences of surface da-
mage caused by corrosion and wear on metallic implants, such as
Ti6Al4V, in physiological mediums (Runa et al., 2013; Donell et al.,
2010). The tribocorrosion process degrades materials through the
combined effect of corrosion mediums and wear (Sampaio et al.,
2016a). In spite of the great progress that has been achieved in bio-
materials field used for implants, corrosion and wear phenomena are
still reported as a failure mode of major importance (Geetha et al.,
2009; Rodrigues et al., 2013; Ganesh et al., 2012; Goodman, 2007). For
instance, on Ti6Al4V hip implants the wear particles generated by the
sliding movements that occur in the articular joints and on the stem,
have been related to tissue inflammatory reactions (Souza et al.,
2015a). Geetha et al. Geetha et al. (2009)) stated that wear/corrosion
are one of the most important problems that lead to implant failures.

Aiming to improve the tribocorrosion performance of the available
solutions on the market, several studies have been performed on
Ti6Al4V alloy, the majority of them essentially focusing the influence of
different surfaces treatments, composite materials, functionally graded
materials and coatings on the tribocorrosion performance (Fazel et al.,
2015; Obadele et al., 2015; Buciumeanu et al., 2017a; Sampaio et al.,
2016b).

Biocompatible polymers have been explored to overcome these is-
sues related to tribological and tribocorrosion process occurring on
metallic implants (Sampaio et al., 2016a; Buciumeanu et al., 2018).
Poly-ether-ether-ketone (PEEK) is an attractive material to be used in
biomedical applications, owing to its high chemical stability and wear
and corrosion resistance when compared to Ti6Al4V alloy (Moon et al.,
2009; Friedrich et al., 2011). PEEK Young's modulus (YM) of around
3.6 GPa (Moon et al., 2009; Friedrich et al., 2011), much lower than
that of cortical bone (around 20 GPa (Wang et al., 2016)) hampers its
use as implant material alone, allowing however, its use in multi-ma-
terial metallic structures.

This work proposes a Ti6Al4V-PEEK multi-material cellular struc-
ture produced by an advanced AM technique and a highly efficient
powder metallurgy route, in order to design an improved solution for
dental implants and orthopedic application such as hip implants, tibial
plates and spinal cages that combines the suitable mechanical proper-
ties with an improved tribological and corrosion performance.

2. Experimental procedure
2.1. Starting materials

The powder used to fabricate Ti6Al4V specimens by SLM was pur-
chased from SLM Solutions (Germany). Ti6Al4V powder chemical
composition and particle morphology can be seen in Table 1 and
Fig. 1(a), respectively. The PEEK powder that was used to produce a
Ti6Al4V-PEEK multi-material structure was purchased from Evonik In-
dustries (Germany) and its particles morphology can be seen in
Fig. 1(b). In this study, commercial Ti6Al4V forged alloy purchased
from Titanium Products Ltd. (United Kingdom) was also used as group

Table 1
Chemical composition of Ti6Al4V powder used to produced Ti6Al4V specimens
by SLM.

Element Ti Al v C Fe o N H

wt% Balance 6.4 3.8 0.01 0.23 0.12 0.02 0.0074
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control representing the current material used on implants.

2.2. Design and production details

Fig. 2 depicts the processing overview of this study representing the
production stages from the conception to the final specimens for the
different types of materials investigated. In this study four different
types of Ti6Al4V-based specimens were produced. Table 2 resumes the
processing details and material specification. All the specimens tested
have a cylindrical shape 9 mm diameter and 2.5 mm of thickness. SP1
Ti6Al4V forged specimens were cut from a Ti6Al4V bar. SP2, SP3 and
SP4 Ti6Al4V specimens were produced by using a Selective Laser
Melting commercial machine from SLM Solutions (Germany) model
125HL. The SLM processing details used to produce Ti6Al4V dense and
cellular structures are presented in Fig. 3. This processing parameters
(power, scan speed and scan spacing) selection was based on a previous
study (Bartolomeu et al., 2016) where the most effective processing
parameters were defined.

After producing Ti6Al4V cellular structures by SLM, SP4 Ti6Al4V-
PEEK multi-material specimens were obtained by introducing PEEK
into the holes of the structures. PEEK impregnation was carried out by
using a pressure assisted technique, Hot Pressing (HP), in which pres-
sure and temperature are simultaneously applied. Fig. 4 aims to resume
the PEEK impregnation procedure. This procedure starts with Ti6Al4V
cellular specimens being placed in a mold and afterwards introducing
PEEK powder on the space between the Ti6Al4V specimens and the
mold walls. After this, the top punch is inserted in the mold and the
system is positioned inside a chamber with a vacuum atmosphere of 102
mbar. An initial residual pressure was applied to accommodate the
PEEK powder. Then, the induction heating was started till reaching 380
°C (above the melting point of PEEK (345 °C)) using a heating rate of 80
°C/min. The temperature was decreased until 300 °C and a pressure of
25 MPa was applied and maintained for 5 s, forcing PEEK to fill the
open cells of the structure. Finally, the Ti6Al4V-PEEK structures were
removed from the system (Fig. 4).

2.3. Tribocorrosion tests

The tribocorrosion evaluation was performed by using a tribometer
from Bruker-UMT-2 (USA). A reciprocating ball-on-plate configuration
was used in which the Ti6Al4V-based materials were the plates, while
as counter parts alumina balls with 10 mm of diameter purchased from
Goodfellow (United Kingdom) were used. Fig. 5 shows a schematic re-
presentation of the tribocorrosion test. Before starting the tribocorro-
sion tests, all the specimens were polished using SiC abrasive papers
down to 4000 mesh and then cleaned in a ultrasonic bath in isopropyl
alcohol for 15 min. Ti6Al4V specimens were fixed in an acrylic device
that was attached to the tribometer. Reciprocating sliding tests were
carried out with normal load of 6 N at a frequency of 1 Hz and 3 mm of
stroke length in Phosphate Buffer Solution at 37 °C. These testing
parameters were used in order to mimicking to some extent the tem-
perature and the electrochemical medium found in human body.

A standard two-electrode electrochemical cell was used for the
electrochemical measurements. Saturated calomel electrode (adapted
from ASTM G3 - 14) was used as the reference electrode and Ti6A14V-
based specimens (SP1, SP2, SP3 and SP4) as the working electrode
(Doni et al., 2013). Open circuit potential (OCP) was measured before
(at least 60 min in order to assure stabilization), during (30 min) and
after reciprocating sliding tests (30 min) by using a Gamry Potentiostat/
Galvanostat (model Reference-600). The specific wear rate was esti-
mated by evaluating the width of the wear tracks and mathematical
equations were used assuming that the wear tracks are formed by
perfect alumina ball geometry (Sampaio et al., 2016a; Bartolomeu
et al., 2017c).
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Fig. 1. SEM images of (a) Ti6Al4V and (b) PEEK powders.
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Fig. 2. Full processing representation for the specimens produced (SP1, SP2,
SP3 and SP4).

Table 2
Ti6Al4V-based specimens processing and materials details.

Specimen  Processing technology Materials specification
SP1 Forged Ti6Al4V Dense

SP2 Selective Laser Melting Ti6Al4V Dense

SP3 Selective Laser Melting Ti6Al4V cellular structured
SP4 Selective Laser Melting & Hot Ti6Al4V cellular structure-

Pressing PEEK

2.4. SEM analysis and X-ray diffraction

SEM analysis was used to characterize the morphology of the
powders and the Ti6Al4V-based specimens. SEM micrographs of
Ti6Al4V structures (after SLM) and of Ti6Al4V-PEEK structures (after
SLM/HP process) were obtained in different time points: as-built by
SLM, after polishing, after polishing/acid-etching with Kroll's reagent
(5% HNOs3, 10% HF and 85% of distilled water) and finally after the
tribocorrosion tests. Additionally, before the tribocorrosion tests, each
specimen was characterized by X-ray diffraction using Bruker AXS D8

SLM processing details

Discover (USA) equipment. Diffraction data were collected from 10° to
80° 20, with a step size of 0.02° and counting time of 1 s/step.

2.5. Statistical analysis

In order to assure the repeatability of the study, tribocorrosion tests
were repeated at least three times, using different specimens. The ob-
tained experimental values (OCP, coefficient of friction and specific
wear rate) are reported as the average values * standard deviation and
considering at least four tests for each condition. The tribocorrosion
results were analyzed by one-way ANOVA followed by Tukey's test for
multiple comparisons with a significance level of p < 0.05.

3. Results and discussion
3.1. Characterization prior to testing

In this study, SLM technique was exploited in order to produce
Ti6Al4V specimens based on CAD data. Fig. 6(a) and (c) shows the CAD
models while in Fig. 6(b) and (d) shows SEM images of the as-build
Ti6Al4V dense and cellular structured specimens. Fig. 7 shows a SEM
image of the multi-material Ti6Al4V-PEEK cellular structure produced
in this study.

When comparing the CAD drawing with the produced Ti6Al4V
cellular structures some dimensional differences can be detected. On
the CAD file, the size of the open-cells is 400 pum and the distance be-
tween the open-cells (walls thickness) is 300 pm. On the produced
specimens the average size of the open-cells were reduced 100 pum as
result of an increase of 100 um on the wall thickness. F. Bartolomeu
et al. Bartolomeu et al. (2017a) explained these deviations in their
study where Ti6Al4V cellular structures with different open-cells sizes
(from 100 to 400 um) were produced by using the same equipment with
the same processing conditions.

On Fig. 8, SEM images of the top surfaces of polished SP1, SP2, SP3
and SP4 specimens before the tribocorrosion tests can be seen. Fig. 8(a)
and (b) show the forged (SP1) and SLM (SP2) dense Ti6Al4V specimens,
respectively. Fig. 8(d) shows the top surface of the multi-material
Ti6Al14V-PEEK cellular structure. Additionally, Fig. 8(e) depicts a cross-
section of the multi-material Ti6Al4V-PEEK cellular structure, where a
well-succeeded impregnation and effective mechanical interlocking

Fig. 3. Selective Laser Melting processing details used to
produce Ti6Al4V specimens (SP2, SP3 and SP4).

I - T - T - =) - T T 1
LU e ‘ Atmosphere Platform Laser Power Scan Speed S Ly
Yb-fiber P Ti6Al4V P Spacing Thickness
Taser | Ar/N2 200°C 90W 600mm/s $0um 30um
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Fig. 4. Hot Pressing procedure to impregnated PEEK into the Ti6Al4V cellular structures.
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Fig. 5. Schematic representation of the tribocorrosion test.

between PEEK and the Ti6Al4V structure is demonstrated, validating
the experimental procedure proposed.

In this study, Ti6Al4V-based specimens produced by forging,
Selective Laser Melting and Selective Laser Melting /Hot Pressing were
studied. The use of different processing routes influences the micro-
structural features of Ti6Al4V alloy (Murr et al., 2009; Song et al.,
2015). Ti6Al4V is an o—f alloy (Raju et al., 2015) that contains 6 wt%
of Aluminum (acting as a-phase stabilizer) and 4 wt% of Vanadium
(acting as P-phase stabilizer) (Kasperovich et al., 2016; Donachie,

a

Fig. 7. SEM image of as polished Ti6Al4V-PEEK multi-material cellular struc-
ture (SP4).

2000). The B-transus temperature is around 995 °C (equilibrium con-
ditions) and above this temperature this alloy becomes 100% p-phase
(Murr et al., 2009).

Fig. 9 shows SEM micrographs of the top surfaces of the polished
and acid-etched Ti6Al4V-based specimens studied. In fact, before ana-
lyzing Fig. 9 it is important to clear that Ti6Al4V microstructure is
decidedly associated with the cooling rate induced by the processing

x12 500um =

Fig. 6. Ti6Al4V dense and cellular structured specimens: CAD images ((a) and (c)) and as-built SEM images ((b) and (d)).
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Fig. 8. (a) SP1, (b) SP2, (c) SP3 and (d) SP4: SEM images of the top surfaces of Ti6Al4V-based polished specimens and (e) SEM image of SP4 cross section.

route from above P transus temperature (Shunmugavel et al., 2015;
Raju et al., 2015). Commonly, Ti6Al4V forged components displays a
a—f coarse structure once during the processing the material experi-
ences a slow to intermediate cooling rate (Jovanovic et al., 2006; Toh
et al., 2016). The SEM images of SP1 specimen (forged Ti6Al4V) from
Fig. 9(a) supports the above-mentioned event, by displaying a typical
coarse microstructure. On other hand, when the cooling rate is suffi-
ciently fast, B-phase undergoes a diffusionless transformation to mar-
tensitic a’-phase (Bartolomeu et al., 2016). Fig. 8(b), (c) and (d) display
SEM images of SLM SP2, SP3 and SP4, where a fine acicular mor-
phology can be seen, corresponding to the o’ martensitic phase (Liu
et al., 2016b). This was expectable once the cooling rates experienced
by this material during SLM is extremely fast (10°-10° K/s) (Thijs et al.,
2010).

SEM images of the acid-etched SP2, SP3 and SP4 present in
Fig. 9(b), (c) and (d), show a needle-like morphology (Bruschi et al.,
2017). SP4 images (Fig. 9(d)) allows concluding that the Hot Pressing
procedure used to impregnate the PEEK into the holes of the Ti6Al4V
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cellular structure do not lead to substantial visible microstructural
differences on the Ti6Al4V.

Figs. 10 and 11 show the X-ray diffraction spectra of the starting
materials (Ti6Al4V and PEEK powder) and also of SP1, SP2, SP3 and
SP4 specimens, respectively. as polished. Both Hexagonal Close-packed
structure (a-phase) and Body-Centered Cubic structure (3-phase) were
detected on Ti6Al4V starting powder and also on all the Ti6Al4V-based
specimens. It is important to highlight that a and o (martensite) phases
have the same crystalline structure and very similar lattice parameters.
Then, the HCP peaks detected on SP2, SP3 and SP4 can be attributed
both to a and o’ phases (Bartolomeu et al., 2017¢; Zhang et al., 2014).
However, the microstructural assessment made using SEM images
(Fig. 9(b)—(d)) indicates the presence of a’ phase, due to its acicular
morphology (Bartolomeu et al., 2017c; Zhang et al., 2014).
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Fig. 9. SEM micrographs of the top surfaces of polished/acid-etched Ti6Al4V polished specimens: (a) SP1, (b) SP2, (c) SP3 and (d) Ti6Al4V-PEEK (acquired in a

Ti6Al4V zone).

3.2. Evolution of the open circuit potential (OCP) and coefficient of friction
(COF)

Fig. 12 displays the evolution of OCP as a function of time before,
during and after tribocorrosion test conducted on SP1, SP2, SP3 and
SP4 Ti6Al4V-based specimens.

Before sliding, when any load is applied, the OCP value of all the
Ti6Al4V-based in all the tests was stabilized in order to assure the
formation of a stable passive fill on the surfaces (Totolin et al., 2016).
When the load is applied and the reciprocating sliding starts, the OCP
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immediately dropped down indicating the damage on the passive film
and the exposure of the fresh surface to the electrolyte (called de-
passivation) (Buciumeanu et al., 2017b). This behavior could be seen
on all the specimens tested. On other hand, immediately after reaching
the end of the reciprocating sliding (around 2000s), when the move-
ment ends and the load is removed, the OCP values return back to
values similar to those detected during the stabilization time. This be-
havior indicates the capability of all the specimens to regain their
passive film, phenomenon called repassivation (Runa et al., 2013).
Considering the OCP average value during the sliding stage



F. Bartolomeu et al.

2400
% HCP
22004 + “BOC
2000 — +PEEK
1800
*
1600 |
] .
5 1400
S 1200 1
2 1000 .
(2}
3 800 ’
c .
= 600
400 - PEEK Powder
-
200 . s . R .
0 X
Ti6AI4V Powder
T T T T T T T
20 30 40 50 60 70 80
26(°)
Fig. 10. Ti6Al4V and PEEK starting materials X-ray diffraction spectra.
550 —
+ HCP
500 ~BCC
. +PEEK
450 2
-
400 A &%
- . »
* - -
- 3507 H SP4
> i -
o 300 s "
~ % - -
> 250
@ » sP3
S 2004 »
o . * "
= 150 s 2 b
* SP2
100 R
:
50 * -
Wit ) - * -
0+ SP1
T T T T T T T
20 30 40 50 60 70 80
20 (%)

Fig. 11. SP1, SP2, SP3 and SP4 Ti6Al4V-based specimens X-ray diffraction
spectra.

0 500 1000 1500 2000 2500 3000

-0.40 +

SP1 - Ti6AI4V dense
' (casted/forged)

SP2 - Ti6AI4V dense
(SLM)

—SP3 - Ti6AI4V celular
(SLM)
SP4 - Ti6Al4V-PEEK
(SLM/HP)

OCP (V vs. SCE)

-1.00 T

-1.20

Time (s)

Fig. 12. Evolution of OCP recorded before, during and after sliding for SP1,
SP2, SP3 and SP4 specimens.

(Fig. 12), some relevant differences between the different specimens
can be detected. A cyclic passivation and repassivation process can be
seen for all the specimens. The OCP values for SP1, SP2 and SP3 drop
down until values around 0.91 + 0.05 V. Similar values were reported
elsewhere for Ti6Al4V specimens under dry tribocorrosion tests in re-
ported studies (Buciumeanu et al., 2017a; Doni et al., 2013). In the case
of SP4, the multi-material Ti6Al4V-PEEK structure, this decrease was
significantly lower (values around 0.63 + 0.02 V). The lower OCP
value obtained for the multi-material (SP4), indicates that the presence
of PEEK into the cellular structures, improved the corrosion behavior
when compared to SP1, SP2 and SP3 under the tested conditions.

The synergistic interactions between wear and corrosion in this
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study are a combination of several aspects: exposed area to electrolyte,
the area subjected to sliding, materials microstructure and hardness
(induced by the processing routes). These aspects interaction is not well
described in the available literature, being difficult to state which is the
prevailing mechanism during the tribocorrosion process. In SP1 and
SP2 the Ti6Al4V exposed area to electrolyte is around 63 mm?, while
for SP3 this value is around 135 mm? (considering all the areas on the
open-cells). For SP4, the Ti6Al4V exposed area is around 47 mm? and
the PEEK exposed area is around 16 mm?. These differences can explain
the dissimilarities observed on the passivation/repassivation process
during sliding. The smaller area of exposed Ti6Al4V corresponded to
the lowest tendency to corrosion, as shown by the lower OCP value
during sliding. Ti6Al4V specimens produced by SLM (SP2, SP3 and SP4)
are expected to show an unfavorable corrosion resistance comparing to
SP1, once the dominant phases obtained using this process are o and o
phases contrarily to SP1 (forged specimen) in which (-phase is the
dominant (de Damborenea et al., 2017; Dai et al., 2016). On the other
hand, SLM technique promotes an increase on the hardness of Ti6A14V
compared to forged specimens (Bartolomeu et al., 2016; Song et al.,
2015) and consequently an increase on wear resistance (Bartolomeu
et al.,, 2017c) that can enhance tribocorrosion performance. Another
aspect to highlight is the exposed area during sliding. In the case of SP3,
due to the presence open-cells, in each passage of the alumina ball, this
area is approximately 25% lower when compared to SP1 and SP2. In
the case of SP4, this 25% void area is filled with PEEK, that presents a
very distinctive behavior from Ti6Al4V, highlighting its lubricating
effect (Chen et al., 2012).

When regarding COF, Fig. 13 shows COF evolution during sliding
and Table 3 the average values obtained regarding Ti6Al4V-bases
specimens sliding against alumina. Firstly, no significant differences
can be detected in regarding to SP1, SP2 and SP3. In fact, when mea-
suring the COF of Ti6Al4V-alumina ball tribological pair, values close to
0.4 have been reported in other studies (Bartolomeu et al., 2017a,c;
Chen et al., 2014). When regarding the multi-material Ti6Al14V-PEEK
specimen (SP4) it can be noticed that the average value (0.362) is
slightly lower that the obtained for the others specimens. This tendency
can be related with the presence of the PEEK in active surface of the
reciprocating sliding. M. Sampaio et al. (Sampaio et al., 2016a, b)
performed tribological/tribocorrosion tests on PEEK specimens against
alumina balls in lubricated conditions (artificial saliva) and obtained
COF values around 0.1. In the present study, the COF value displayed
by SP4 is slightly lower than the other specimen groups once PEEK is
present on only approximately 25% of the surface area and although
having a contribution towards the lowering of COF, Ti6Al4V is the
predominant material in this tribological interaction.

Fig. 14 shows representative SEM images of the alumina ball that
were slide against SP1, SP2, SP3 and SP4 specimens during the sliding
stage on the tribocorrosion tests. By analyzing Table 3, it is noticed that
the effect of the presence of PEEK on COF is low, i.e., it is lower than the
expected considering the COF values of PEEK specimens in other stu-
dies (Sampaio et al., 2016a). This aspect can be understood by ana-
lyzing Fig. 14, in which the Ti6Al4V tribolayer that adheres to the
alumina ball surface is present in all the specimens. This tribolayer can
be responsible for disguised the effect of PEEK on COF, justifying the
slight decrease on COF found for SP4 tests. By using Energy Dispersive
Spectrometer technique was possible to confirm the presence of Tita-
nium, Aluminum and Vanadium elements coming from the Ti6Al4V-
based specimens on all the alumina balls.

3.3. Specific wear rate and surface morphologies after tribocorrosion tests

In Fig. 15 depicts the specific wear rate average values obtained for
all the Ti6Al4V-based specimens tested against alumina balls.

By analyzing the experimental results obtained for the specific wear
rate, can be concluded that significant differences were detected be-
tween all the different specimens. Ti6Al4V cellular structures (SP3),
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Fig. 13. Evolution of coefficient of friction for SP1, SP2, SP3 and SP4 specimens.
Table 3 2.0E-03 .
Coefficient of friction mean values of Ti6Al4V-based speci- 1.8E-03 - #
duri i ti liding.
mens auring reciprocating sliding. _ 15803
Specimen Coefficient of friction TE
1.3E-03
SP1 0.395 + 0.01 Z 10E03 -
SP2 0.389 + 0.01 £
SP3 0.417 * 0.04 E 7.5E-04 #
spa 0.362 + 0.02 x 47E-04 $
5.0E-04 A *
1.4E-04
2.5E-04 -
exhibits the worst wear resistance (higher value of specific wear rate, k 068460 m_
= 1.3E7% mm®N "~ m~?). This result can be explained based on the SP1 SP2 SP4

presence of the open-cells (regions without material) that increase the
contact pressure (Bartolomeu et al., 2017c; Fellah et al., 2014). In other
words, for the same applied load there is a smaller area under loading
(minus 25%), thus leading to higher contact pressure on SP3 specimens,
when compared to SP1 and SP2 (dense specimens) and also to SP4
(where PEEK is present in the open-cells). When comparing SP2 (SLM)
with SP1 (forged - the current material used in orthopedic applications
(e.g. hip implants and tibial plates)) a 64% decrease on the specific

48Pa x100  100pm == 48Pa x100  100pm ==

Fig. 15. Specific wear rate of Ti6Al4V- based specimens SP1, SP2, SP3 and SP4
against alumina normal load of 6 N at a frequency of 1 Hz and 3 mm of stroke
length in Phosphate Buffer Solution at 37 °C. Symbols denote statistically sig-
nificant differences (p < 0.05) as follows: (*) SP1 and SP4; (#) SP2 and SP3; ($)
SP3 and SP4.

47Pa x100  100pm ==

47Pa x1.000" - 10pm  —

Fig. 14. SEM images of the alumina balls surface that was exposed to sliding against: (a) SP1; (b) SP2; (c) SP3; (d) SP4.
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Fig. 16. SEM micrographs of top surfaces TiAl4V specimens after tribocorrosion tests: (a) SP1 (b) SP2; (c) SP3 (d) SP4.

wear rate was verified. This finding can be explained based on the
differences on the microstructural features of these two materials, once
the fine microstructure present on SP2 and also the presence of a’
martensite phase have been reported to increase the strength and
hardness of Ti6Al4V produced by SLM when compared to forged
(Bartolomeu et al., 2016; Song et al., 2015). Multi-material Ti6Al4V-
PEEK (SP4) displays an expressive 450% decrease on the specific wear
rate when compared to SP1 - that the represents the current solution
used on orthopedic applications. When comparing this multi-material
solution with the cellular structure obtained by SLM (SP3), an out-
standing 829% decrease on the specific wear rate was found. In this
sense, as observed for OCP values obtained during sliding (Fig. 12) and
slightly for COF values (Fig. 13 and Table 3), the presence of PEEK
significantly increases the wear resistance of these materials when
compared to the other tested solutions.

Fig. 16 shows SEM images of all the systems after the tribocorrosion
tests, where the wear mechanisms that were present during the sliding
against alumina ball are visible. By analyzing these wear tracks, plastic
deformation and abrasive grooves parallel to the reciprocating sliding
direction can be observed for all the specimens tested. These abrasion
grooves are created by the alumina, being a consequence of abrasive
wear mechanisms occurring during sliding. Several works have been
performed in which PEEK is used as coating to improve wear resistance
(Sampaio et al., 2016b; Souza et al., 2015b; Wang and Terrell, 2013). In
this study, a similar effect was obtained when introducing PEEK in the
open-cells of Ti6A14V cellular structures, once a significant higher wear
resistance was obtained for Multi-material Ti6Al4V-PEEK when com-
pared to all the other solutions tested. This outcome proves that the
developed multi-material Ti6Al4V-PEEK cellular structure is a pro-
mising solution to be used in dental or orthopedic applications, owing
to a superior performance when compared to the current solution used
in commercially available implants/prosthesis/devices.

When regarding wear performance, these author's reported
(Buciumeanu et al., 2018) superior wear resistance of Ti6Al4V-PEEK
cellular structures when compared to Ti6Al4V cellular structures for
different open-cells sizes and also when compared with Ti6Al4V dense
materials. This study allowed to understand the highly positive effect of
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PEEK on porous structures considering wear resistance. In the present
study, by combining SLM and HP was possible to produce Ti6Al4V-
PEEK multi-material cellular structures that besides an improved wear
resistance (with a reduction on the specific wear rate of 450% com-
paring to the material conventionally used in implants), also demon-
strate a lower tendency to corrosion when compared to mono-material
specimens, either dense or cellular structures. In the author's opinion
the trade-off between the costs and the benefits of using HP after pro-
ducing Ti6Al4V cellular structures by SLM is positive, especially for the
fabrication of customized implant, that have already a high cost, due to
the scanning of the patient anatomy.

4. Conclusions

The following detailed conclusions can be drawn from this work: .
Ti6Al4V interconnected cellular structures were successfully produced
by Selective Laser Melting technique;. The procedure to impregnate
PEEK into the open-cells of the Ti6Al4V cellular structures by means of
Hot Pressing was well-succeeded allowing to produce a multi-material
Ti6Al4V-PEEK cellular structure;. The tribocorrosion behavior of multi-
material Ti6Al4V-PEEK structure was assessed and significant differ-
ences were obtained when compared to the other groups studied;. The
introduction of PEEK into TiAl4V cellular structures open-cells de-
creases the OCP value during sliding and increases the wear resistance;.
The multi-material Ti6Al4V-PEEK cellular structure designed in this
work, besides being able to withstand the loads occurring after im-
plantation also enhances expressively the tribocorrosion performance,
thus being a promising alternative to fully dense metals currently used
on these applications.
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