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In this work, low volume reinforcement ex-situ Ti-B4C composites were produced using two different
routes: conventional powder metallurgy (PM) and hot-pressing (HP). The effect of reinforcement phases
and processing method on corrosion and tribocorrosion behaviour were studied. Composites processed by
PM lost the typical passive behaviour of Ti matrix, while composites processed by HP presented similar
behaviour to unreinforced Ti. Tribocorrosion tests showed that both composite groups presented two times
decrease in corrosion kinetics under sliding compared to pure titanium. An antagonistic effect between
wear and corrosion was observed for composites with at least two times decrease in wear volume compared

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Titanium (Ti) and its alloys are still among the most used ma-
terials in the fabrication of hip implants owing to their good corro-
sion resistance, biocompatibility and satisfactory mechanical
strength [1,2]. However, the high susceptibility to the combined
action of wear and corrosion (tribocorrosion) under the physiolo-
gical environment is still a major concern. The release of Ti wear
products together with the release of metallic ions to the sur-
rounding tissue and blood can lead to a vast number of adverse ef-
fects including inflammations, cytotoxicity, = genotoxicity,
carcinogenicity, among other issues, all of which can lead to implant
failure [3].

In the last years, titanium matrix composites (TMCs) intended for
orthopaedic implants have started to receive attention. By introdu-
cing hard ceramic phases into a Ti matrix, it is possible to improve
the wear resistance due to a combination of several factors such as
the load carrying effect given by the reinforcement phases and by
modifications in the microstructure of the matrix yielding with grain
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refinement, induced dislocations and Orowan strengthening me-
chanisms [4]. By introduction of such reinforcements, there is a
general increase in Young's modulus [5,6], which is the one of the
main concern for load bearing biomedical implants. In addition, high
volume of reinforcement phases, may also lead to other problems
such as porosity, which not only degrade the mechanical properties
but also may jeopardize the corrosion behaviour due to localized
corrosion [7].

Boron carbide (B4C) is among the most used reactants to produce
in-situ TMCs, since the Ti+B,4C reaction leads to the formation of TiC
and TiB and/or TiB, reinforcement phases. Thus it has been con-
sidered as excellent reinforcement for TMCs, mainly due to their
compatibility and strong interfacial bonding with titanium together
with similar coefficients of thermal expansion (CTEs), being
8.2 x 107%/°C for Ti, 7.2 x 107%/°C for TiB, and 7.9 x 107%/°C for TiC
[8-10]. Due to its intrinsic properties such as high hardness, wear
resistance, high thermal as well as high chemical stability, B4C can
also be used directly as a reinforcement, which has been widely used
in the fabrication of Al-B,C composites [11-14].

In a study by some of the present authors [15], Ti-24%vol. B,C
composites processed by hot-pressing showed promising results
regarding tribocorrosion behaviour. Ti-B4C composite not only
showed significantly reduced wear volume loss compared to un-
reinforced Ti, but also presented lower susceptibility to corrosion as
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well as lower corrosion rates under sliding. However, due to high
volume of reinforcement, bridging of reinforcement phases during
processing lead to some porosity which than lead to discontinuities
in the passive oxide film and a consequent reduction on the corro-
sion behaviour under static conditions.

Several processing techniques are used to process metal matrix
composites (MMCs), which can be mostly divided in two distinct
methods as solid- and liquid-phase processing routes. Solid-phase
techniques offer several advantages compared to liquid-phase ones
as lower processing temperatures, minimizing the undesirable
chemical reactions, better matrix/reinforcement interfaces and ex-
cellent control over microstructure. Solid-state routes include tech-
niques such as diffusion bonding, hot-rolling, extrusion and powder
metallurgy (PM) [16,17].

PM based routes are attractive for the fabrication of both whisker
and particle-reinforced MMCs, mainly due to its simplicity when
compared to other manufacturing processes as well as the possibi-
lity to produce intricate shapes with high accuracy [17,18]. Press-
and-sintering approach or pressureless sintering can be considered
as the simplest and cost-effective conventional PM technique. Con-
ventional PM processing route is divided in three main steps,
namely, blending and mixing the powders, cold compaction and
sintering [19]. However, these methods may have limited success
due to poor densification of the resulting composites. In order to
obtain composites with higher densification, more advanced tech-
niques, such as HP and spark plasma sintering, can be used. In these
methods, pressure and temperature are applied simultaneously, al-
lowing better densifications, but also reduced processing times, thus
finer grained microstructures and consequently better mechanical
properties, although these techniques are associated with higher
costs [17].

In recent years, extensive research has been made on additive
manufacturing (AM) routes, which are based on 3D printing layer-
upon-layer of the chosen material. The main advantage of AM
techniques resides in the fact that they can produce complex and
near net shape components with minimal material loss and minimal
post processing. When it comes to fabrication of TMCs, AM techni-
ques still face some challenges, such as the high melting point of Ti,
which complicates processing, poor densification of composites with
high volume of reinforcement and limitation on the size of re-
inforcement particles [20].

From conventional to the recent processing methods, the role of
the processing route on the tribocorrosion behaviour of TMCs should
be clearly understood before selecting the processing route for load-
bearing biomedical implants. In this context, the main objective of
this work was to do a comparative study between two different
conventional powder technology techniques (pressureless sintering
and hot-pressing) on the synergism between wear and tribocorro-
sion for low volume reinforcement Ti-B,C composites.

2. Experimental
2.1. Materials and methods

Ti composites reinforced with 3% volume of B4C particles were
produced by two distinct routes by mixing c.p. titanium (grade 2)
and B4C powders, both with irregular shapes and average particle
sizes of 25 and 30 pm. Particle size distributions were obtained by
laser particle analyzer (Malvern Series 2600 and Mastersizer 2000)
and the results are shown in Fig. 1. For samples produced by con-
ventional PM (g 12 mm, 3 mm thickness), the powders and 0.4 vol%
of binder (PVA from Sigma Aldrich, Mowiol 8-88), were mixed in a
ball mill containing Al,03 balls (¢ 10 mm) and operating at 120 rpm
for 4 h under Ar atmosphere. The mixture was then cold compacted
with a uniaxial pressure of 350 MPa during 2 min in a steel die
(previously lubricated with zinc stearate). The green compacts were
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Fig. 1. Particle size distribution for Ti and B4C powders.

placed in a tubular furnace under Ar atmosphere and heated to
450 °C, at a rate of 5 °C.min"?, for the binder elimination. After a 3 h
stage at this temperature the green compacts were cooled down to
room temperate at 5 °C.min"!. Samples were then pressureless-
sintered at 1100 °C for 3 h under high vacuum atmosphere (< 107>
mbar) with heating and cooling rates set at 5 °C.min"".

HP samples (@ 10 mm, 3 mm thickness) were produced by mixing
the powders under the same conditions without the addition of
binder. After mixing, the powder blends were poured into a graphite
die. In order to avoid chemical reactions between Ti and graphite,
the die walls were previously coated with zirconia paste. HP was
then performed under high vacuum atmosphere (<10 mbar) and
under an applied pressure of 40 MPa. The sintering stage was per-
formed at 1100 °C for 30 min, with heating and cooling rates set to
5°C.min"'and 10 °C.min 'respectively. For both processing techni-
ques, Ti samples were also produced and were used as control
groups.

Prior to each test, samples were grinded down to 2400 mesh
with SiC papers and then polished down to 0,04 um with colloidal
silica suspension (Struers). Afterwards, samples were cleaned in an
ultrasonic bath with propanol and distilled water for 10 and 5 min,
respectively, and finally dried with warm air. Before each corrosion
and tribocorrosion test, the samples were kept in a desiccator for a
period of 24 h to assure similar surface conditions. In this paper,
samples processed by conventionally powder metallurgy are desig-
nated as Ti_PM and Ti-3B4C_PM, whereas samples processed by hot-
pressing are designated as Ti_HP and Ti-3B,C_HP.

2.2. Electrochemical tests

Electrochemical tests were performed in a conventional three
electrodes electrochemical cell (adapted from ASTM: G3-89) con-
taining 0.9 wt% NaCl solution at body temperature (37 * 2 °C) as one
of the main constituents of physiological solutions [21-23]. The
samples were connected as working electrode (WE), with an ex-
posed area of 0.38 cm?, while a saturated calomel electrode (SCE)
and a Pt wire were used as reference electrode (RE) and counter
electrode, respectively. The electrochemical tests consisted in OCP
measurements until stabilization (AE < 60 mV.h™!), followed by EIS
measurements performed at OCP and finally by potentiodynamic
polarization tests. A Gamry Potentiostat/Galvanostat/ZRA (model
Referece-600+) was used in all the tests. EIS data were obtained by
scanning a frequency range starting from 10° until 1072 Hz, with 10
points per frequency decade and an amplitude of the sinusoidal
signal of 10 mV. Impedance data was fitted using Gamry Echem
Analyst software (version 5.61) to the electrical equivalent circuits
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(EEC) and its quality of fitting was evaluated trough the values of
goodness of fitting. After EIS measurements, potentiodynamic po-
larization scans were performed in the anodic direction with a rate
of 1mV.s™!, from - 0.9 up to 1 Vsc.

2.3. Tribocorrosion tests

Tribocorrosion tests were performed in the same NaCl solution at
body temperature, placed inside a tribo-electrochemical cell. The
samples slid against an alumina ball (¢ 10 mm- Ceratec) in a trib-
ometer (CETR-UMT-2) with a reciprocating ball-on-plate setup.
Tribocorrosion tests were then carried out under three different
conditions, namely, at OCP and under two distinct applied poten-
tials: +0.5Vscg (anodic potential - AP) and -0.75 Vscg (cathodic
potential - CP). These potentials were chosen based on the results
from potentiodynamic polarization tests in order to study the sy-
nergism between wear and corrosion. In this way, applying a po-
tential in the cathodic domain, only the mechanical response from
the system is given, considering the lubricant effect of the electro-
lyte. On the other hand, applying a potential in the passive region
(anodic potential), response from mechanical wear and chemical
wear can be accessed.

In order to access the susceptibility to corrosion under sliding,
OCP values were measured before, during and after sliding using a
two-electrode setup (SCE as RE and samples as WE). For potentio-
static tribocorrosion tests, current evolution was followed before,
during and after sliding using three-electrodes setup as previously
described. All electrochemical measurements were performed in a
Gamry Potentiostat/Galvanostat/ZRA (model Referece-600). All tri-
bocorrosion tests were performed under 1N normal load (corre-
sponding to a maximum Hertzian contact pressure of 0.41 GPa for
c.p. Ti) during 30 min, with a stroke length of 3 mm and 1Hz of
frequency where coefficient of friction (COF) values during sliding
were also followed. Before characterization, the worn surfaces were
cleaned using the same procedure described previously.

2.4. Characterization

Microstructure was evaluated by field emission gun scanning
electron microscope (FEI Nova 200), equipped with EDAX energy
dispersive X-ray spectroscopy (EDS). Vickers macro-hardness tests
were performed on an Officine Galileo Mod. D200 tester under
30 kgf of load during 15 s in order to calculate the overall hardness of
the composites through 5 indentations made per sample (3 samples
per condition). After tribocorrosion tests, the worn surfaces were
characterized by using the same FEG-SEM/EDS and the wear track
profiles were obtained by profilometry (Veeco, Dektak 150). The
wear volume calculations followed the same procedure given else-
where [24]. All the tests were at least triplicated to assure re-
producibility and all the values are presented as average + standard
deviation. Phase analysis was determined by X-ray diffraction (XRD)
on a Bruker AXS D8 Discover with Cu-Ko radiation (1 =1,54060 A),
scanning from 15° to 80° at a speed of 0,04°/2s. Once that the
amount of reinforcement phases was under the XRD detection, Ti-
24%vol. B4C composites were processed by PM under identical
conditions for structural analysis purposes. The porosity for com-
posite groups was estimated by image analysis using Image] soft-
ware (version 1.51j8) by considering a total area of 56 mm? for each
group.

3. Results
3.1. Microstructure

The overall microstructure together with the EDS spectra ob-
tained for both composites is shown in Fig. 2. The microstructure is
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composed of three distinct zones: black reinforcement particles
(B4C), light grey Ti matrix and dark grey reaction zone formed in
between the B,4C particles and the Ti matrix. EDS spectra taken from
these zones showed that the reinforcement particles were essen-
tially composed of B and C; the Ti matrix consisted essentially of Ti
and the reaction zone of Ti, B and C elements. Composites processed
by PM presented much thicker reaction zones, and consequently
smaller B4C particles, compared to composites processed by HP, with
some porosity between the reaction zone and the Ti matrix, while
the same defects were hardly observed on the composites processed
by HP. In fact, composites processed by PM presented much more
porosity than composites processed by HP, i. e. 2.65 * 0.80 for PM
and 0.06 + 0.02 % porosity for HP composites. Fig. 3 shows the XRD
patterns obtained from Ti-24B,C_PM where, besides Ti (ICDD 00-
044-1294) and B,4C (ICDD 00-035-0798) peaks, peaks related to TiC
(ICDD 00-031-1400) and TiB (ICDD 01-073-2148) phases were also
detected. Table 1 shows the overall hardness for all groups. Com-
paring both Ti groups, Ti processed by PM presented significantly
higher hardness than Ti processed by HP. Composites processed by
PM presented similar hardness values to Ti processed by PM, while
composites processed by HP presented higher hardness values
compared to Ti processed by HP. Comparing composites groups, si-
milar hardness values were observed.

3.2. Electrochemical behaviour

Representative potentiodynamic polarization curves for each
group are presented in Fig. 4a and the average corrosion potential
(E(i-0y), open circuit potential (Eqcp) values (average values of the last
10 min of immersion) and passivation current density (ipqss), taken at
0.5V are given in Table 2. Unreinforced Ti groups presented a well-
defined passivation plateau due to the formation of the character-
istic passive oxide film. On the other hand, while Ti-B,C_HP pre-
sented very similar behaviour to unreinforced Ti with the
passivation plateau starting at around 0.30V, on Ti-B4C_PM, a pas-
sivation region was observed, characterized by a slow increment on
corrosion current density values. In addition, both groups processed
by HP presented higher corrosion potential values (Table 2).

Bode and Nyquist diagrams are presented on Fig. 4b and c. On
Bode diagrams, constant |Z| values and phase angles near 0° were
observed in all groups for high frequency range (1-10 kHz), corre-
sponding to the electrolyte resistance. For both unreinforced Ti and
Ti-B4C_HP groups, phase angles near - 90° were observed between
low and middle frequency range indicating the formation of a
compact passive oxide film. On the other hand, Ti-B4C_PM compo-
sites presented phase angles near —70°, indicating lower quality of
the passive oxide film. The total impedance of the system is given by
the values of |Z|s._.o, showing the corrosion resistance of the system.
Unreinforced Ti groups and Ti-B4C_HP composites presented very
similar values (c.a. 4x10° Q.cm?) while Ti-B4C_PM composites
showed values close to 10* Q.cm? On Nyquist diagrams, larger
diameters correspond to higher overall corrosion resistance. When
compared to unreinforced Ti groups, Ti-B4C_HP composites pre-
sented slightly smaller diameter while Ti-B4C_PM composites pre-
sented noticeably reduced corrosion resistance.

The EECs used to fit the EIS data are shown in Fig. 4d and Fig. 4e.
For both unreinforced Ti groups and Ti-B,C_HP, the EEC consists of
an electrolyte resistance (R.) and a pair (Rox/Qox), corresponding to
the resistance (R,x) and CPE (constant phase element, Q,x) of the
native passive oxide film, respectively. For Ti-B,C_PM composites,
the EEC consists of an electrolyte resistance (R.), the resistance and
CPE of the oxide film (Rox and Q%) and the processes taking place
inside the pores. The later consisting of an additional electrolyte
resistance (R ), the charge transfer reaction due to localized corro-
sion (Ry) and the capacitance of the double layer (Qq). Rox was
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Fig. 2. Back-scattered electron (BSE) SEM images of the composites processed by PM and HP, together with EDS spectra taken from the B,C particles, reaction zone and Ti matrix.
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Fig. 3. XRD spectra obtained from a Ti-24%vol. B,C composite processed under the
same PM conditions.

Table 1
Hardness values obtained for both Ti and Ti-B4C groups.
Ti_PM Ti_HP Ti-3B4,C_PM Ti-3B4C_HP
HV3q 387 + 18 285+ 8 388 + 25 401 + 19

removed from the EEC due to its extremely high value and it does
not allow the conduction of electrons inside the passive film.

In both EECs, a CPE was used to account for the deviation of an
ideal capacitator, where the capacitance of the CPE is defined by
Zepe = [Yy(jw)"]"1, with ~1<n<1 and n = -1 corresponding to an
inductor, n = 0 to a resistor, n = 1 to a capacitator and, n  values
close to 1 representing a non-ideal capacitator. The quality of fitting
was evaluated by their goodness of fitting values, where all values
were below 107 indicating that the proposed EECs described ade-
quately the behaviour of all the tested groups (fitting results are
given on Table 3). Ti-B4C_PM composites presented considerably
higher Q. values compared to the other groups, indicating the lower
quality of the oxide film. Comparing R,y values, Ti-B4C_HP compo-
sites presented lower values compared to unreinforced Ti groups,

suggesting a relatively lower resistance of the passive layer formed
on the composite surface.

3.3. Tribocorrosion behaviour

The evolution of OCP before, during and after sliding together
with the respective evolution of coefficient of friction during sliding
is given in Fig. 5a. All the groups presented stable OCP values before
sliding due to a stable passive film. Immediately after sliding started,
a sharp decrease in OCP values towards cathodic direction was ob-
served for all the groups, as a result of the mechanical damage in-
duced to the passive film and consequent formation of active zones
leading to an increase in susceptibility to corrosion under the me-
chanical action. For unreinforced Ti groups, Ti_HP samples presented
a sharp OCP drop of around -0.73 + 0.03V, while Ti_PM presented
an initial drop of -0.38 + 0.02V and then a gradual decrease to
values around -0.65 + 0.02 V.

Compared to unreinforced Ti groups, both composites presented
lower OCP drops on the onset of sliding where Ti-B4C_PM presented
the lowest OCP drop of -0.18 + 0.05V against the -0.45 + 0.03V
observed for Ti-B4C_HP. During sliding, OCP values for Ti-B4C_PM
composites increased up to almost the starting potential during the
first 600 s of sliding, remaining around the same values until the end
of sliding. On the other hand, Ti-B,C_HP composites presented sig-
nificant fluctuations on OCP during sliding. Nonetheless, OCP values
were still nobler than both unreinforced Ti groups. Immediately after
sliding stopped, all the groups except Ti-3B4,C_PM, which already
presented OCP values close to the starting ones, presented a gradual
increase in OCP, reaching values close to the ones recorded before
sliding started, due to repassivation of the worn area.

Regarding COF values, distinct behaviours were observed be-
tween samples processed by PM and HP. Unreinforced Ti_PM oscil-
lated around similar values until the 500-600s of sliding (around
0.45 £ 0.01), after that, COF values increased to around 0.71 + 0.01,
remaining close to this value until the end of sliding. For un-
reinforced Ti_HP, COF values also started at around 0.39 * 0.01,
however, after a few seconds (between 10 and 100s), COF values
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Fig. 4. Corrosion results: a) Representative potentiodynamic polarization curves, b) Bode diagrams, c¢) Nyquist diagrams, and EECs used for d) Ti_PM, Ti_HP and Ti-3B4C_HP groups

and for e) Ti-3B,C_PM group.

Table 2
Corrosion potential (E¢-oy), open circuit potential (Eocp) and passivation current
density (ipass) values.

Ti_PM Ti_HP Ti-B,C_PM Ti-B4C_HP
ipass (MA 5.34 £ 0.70 5.86 = 0.17 34.63 £ 5.40 6.05 = 0.17
cm™)
Eoce (v) -036+001 -024%001 -015%007 -019 £ 0.03
Ei-0) (V) -0.44 +0.04 -0.28 +0.01 -025+0.02 -0.14£0.02

increased to around 0.58 * 0.02 and oscillated around these values
during almost the entire period of sliding, although a few drops were
observed. Ti-B4C_PM composites presented a run-in period of
around 200s, where COF values increased from
0.34 + 0.02-0.59 * 0.02. After that, COF values slowly increased to
around 0.70 and remained around these values until the end of
sliding. Ti-B4C_HP composites did not show any distinct run-in
period, instead, a gradual increase in COF values was observed
during the first 1500s, after that COF values stayed at around
0.52 + 0.05.

Fig. 5b shows the representative evolution of anodic current at a
constant applied potential before, during and after sliding together
with the respective evolution of COF. Before sliding, all the groups
presented stable current density values due to presence of a stable
passive oxide film. While Ti_PM, Ti_HP and Ti-3B4C_HP groups
presented similar current density values before sliding started, Ti-
3B4C_PM group presented higher values, which is in accordance to
what was observed on the potentiodynamic polarization curves.
Between all the conditions, unreinforced Ti groups presented higher
increase in current density values on the onset of sliding where
Ti_HP samples showed the highest increase. On the other hand, both
composite groups increased to similar current density values c.a.
0.30 pA.cm?. The anodic charge, Q, was calculated by integrating the

Table 3
EEC parameters obtained from EIS data.

current density values obtained during sliding, using the average
current density before sliding as baseline, and the values were found
as (5.65 + 0.92)x 107>, (6.81 + 1.33)x 107>, (3.02 # 0.53)x 107>, and
(3.67 £ 0.37)x 107> C/cm? for Ti_PM, Ti_HP, Ti-3B4,C_PM and Ti-
3B4C_HP respectively. Composite groups presented very similar va-
lues independently of processing method, while Ti_PM presented
slightly lower Q values compared to Ti_HP. Overall, composites
presented approximately 2 times decrease in Q values suggesting
decreased corrosion kinetics under sliding coming from the wear
track.

As it can be seen, under these conditions, all the groups pre-
sented a run-in period where COF values increased in the approxi-
mately first 200 s of sliding. During roughly the same period, all the
groups also showed a significant decrease in current density values.
Overall, Ti-B4,C_PM presented the highest corrosion current density
values during sliding. Despite the higher increase in current density
values that were observed for both Ti samples after sliding started,
after some time, current density values dropped down to values
close to the ones registered before sliding, remaining relatively
stable until the end of sliding. Ti-3B4C_HP composites presented
current density values between both unreinforced Ti groups and Ti-
3B4C_PM composites.

Representative secondary and backscattered electron SE/BSE SEM
images of the worn surfaces, together with SE/SEM images and EDS
spectra of the counter-body for all the groups after tribocorrosion
tests performed under OCP can be seen on Fig. 6. For both un-
reinforced Ti groups tested under OCP, wear tracks presented
ploughing grooves parallel to the sliding direction, which are an
indication of an abrasive action of the transferred material to the
counter-body due to adhesive wear. Discontinuous tribolayers were
also observed within the wear tracks due to continuous oxidation
and compaction of material being transferred between the two

Qox (x 1075 s" Q7 'em™2) Tox Qa (x 105 s" O 'cm™) Nai Rox (x10°Qcm?) R (x 105Qcm?)
Ti_PM 16.32 + 1.00 0.90 £ 0.01 - - 147 £ 0.74 -
Ti_HP 21.99 = 1.07 0.93 £ 0.01 - - 0.76 £ 0.18 -
Ti-3B4,C_PM 38.65 £ 11.99 0.76 = 0.04 12.61 + 0.97 0.92 £ 0.06 - 0.73 £ 0.37
Ti-3B4,C_HP 20.84 + 1.33 0.94 + 0.01 - - 0.47 £ 0.03 -
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Fig. 5. Evolution of a) OCP and b) anodic current density before, during and after sliding together with the corresponding evolution of COF during sliding.

mating surfaces. In addition, scratch marks due to abrasion action of
loose wear debris within the wear track were also observed for both
Ti groups. Both composites presented similar features, with SE/SEM
images suggesting less wear damage and no evidence of reinforce-
ment particle pull-out was observed under these conditions. EDS
spectra taken from the counter-body surfaces confirmed the trans-
ference of Ti between the two mating surfaces for all the tested
groups, thus confirming the presence of adhesive wear. However,
wear scars were relatively larger for unreinforced Ti samples, sug-
gesting increased wear compared to composites.

Similar to what was observed for tribocorrosion tests performed
under OCP, under the anodic domain, Fig. 7, all the groups also
presented discontinuous tribolayers within the wear track.
Ploughing grooves, on the other hand, were less pronounced for
these conditions. In addition, the visible wear damage on the com-
posite surfaces were significantly less on the low magnification SE
images. EDS spectra from the counter-body also confirmed the
presence of adhesive wear, however, the wear scars for all the groups
were also considerably smaller than the ones observed under OCP,
suggesting reduced wear. For tribocorrosion tests performed on the
cathodic domain, Fig. 8, ploughing wear grooves were the more
prevalent wear feature and discontinuous tribolayers were still
present, hence, EDS spectra revealed that material transfer (adhe-
sion) between the two sliding surfaces also occurred.

Representative 2D profiles taken from the worn surfaces and
wear volume values are presented in Fig. 9. All the tested groups
presented the same trend in wear volume loss under the different
applied potentials, where higher wear volume losses were obtained
under the cathodic domain, whereas the lowest values were ob-
tained under the anodic domain. For all the conditions, composites
presented lower wear volume losses compared to unreinforced Ti.
Regarding processing methods, no clear trend was observed. Com-
posite groups presented similar wear volume loss values under the
different applied potentials. Comparing both Ti groups, particular
differences were observed for the tribocorrosion tests performed
under the cathodic domain, where Ti_HP presented considerably
higher wear volume loss.

4. Discussion

The reaction between Ti and B4C powders in both composites
produced by PM and HP routes revealed a reaction zone around the
B,4C reinforcements particles, containing Ti, B and C elements. XRD
analysis on Ti-24B4C_PM composites revealed the formation of TiB
and TiC phases. The formation of TiB and TiC phases on Ti-24%vol
B4C composites by HP was also reported previously by some of the

present authors [15]. The Ti-B4C system is characterized by the for-
mation of TiB,, TiB and TiC phases, which belong to the Ti-B-C
system [25,26]. Due to its lower Gibbs free energy (AG) and enthalpy
(AH), TiB, is more likely to be formed in preference of TiB, however,
due to limited mass transport rate in solid-state sintering, the main
products of Ti-B4C reaction are almost always TiC and TiB [26]. In
this way, in addition to the mechanical entrapment of the B4C re-
inforcement particles into the Ti matrix, a chemical bond was also
formed. The reaction zones formed on the PM composites were
much thicker than the ones observed on the HP composites, that
may be explained by the increased sintering time (3 h for PM vs
30 min for HP) and consequently more time for the reaction between
Ti and B4C to take place. Once B4C is consumed in the reaction, B4C
reinforcement particles tended to be smaller on the PM composites.

In MMCs, interfacial reactions between the matrix and re-
inforcement phases play an crucial role on the final mechanical
properties of the composite and may have a beneficial or detri-
mental effect [27,28]. Currently, the main motivation of the Ti-B4C
system is to use B4C as a reactant to produce in-situ TMCs, where the
reaction products of the Ti + B4C system (TiB, TiC and TiB;) act as
reinforcement phases [8-10,29,30]. In this way, the role of these
reaction zones on the mechanical properties of ex-situ Ti-B4C com-
posites is still not completely understood. Nonetheless, the me-
chanical properties of TMCs reinforced with either TiB or TiC or even
both phases is widely reported. Both TiB whiskers and TiC particles
are reported to improve several mechanical properties, such as yield
strength [31,32], ultimate compressive strength [32,33], tensile
strength, creep resistance [8,34-36]. Furthermore synergistic effects
between TiB and TiC have also been reported, meaning that TMCs
reinforced by both TiB and TiC exhibit better mechanical behaviour
over sole TiB or sole TiC reinforced TMCs [5].

Hardness values obtained for Ti_PM were considerably higher
than the ones observed for Ti_HP. Ti and Ti alloys processed by dif-
ferent processing routes can present different hardness values [37].
Due to high affinity of Ti with oxygen, interstitial oxygen con-
tamination is present in almost every step of processing, including
mixing and debinding [38]. In this way, the increased hardness ob-
tained on PM samples may be explained by the additional processing
steps involved, including pressing and handling of the green com-
pact, the use of binder and the debinding cycle.

By introducing the reinforcement particles, it would be expected
that composites would present significantly higher hardness than
their Ti counterparts, however this was not the case for composites
processed by PM, where composites presented similar hardness
values to unreinforced Ti. During the sintering stage, ceramic par-
ticles may hinder the sintering process and consequently reduce the
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Fig. 6. SE/BSE SEM images of the wear tracks and respective counter-bodies for tribocorrosion tests performed under OCP.

densification of the composite, leading to higher amount of residual
porosity [39]. Furthermore, it has also been reported that the volume
reduction from the conversion of B4C to TiB and TiC phases [40]| may
also lead to porosity and thus lower overall hardness values. In this
way, the hardness values obtained for Ti-3B4C_PM group is most
probably related with the antagonistic effect between the in-
troduction of reinforcement particles and porosity observed in these
composites. The drawback of pressureless sintering approach was

clearly observed in this work since composites presented similar
hardness values to Ti due to considerable amount of porosity. Higher
porosity for TMCs processed by pressureless sintering was also re-
ported by Patel et al. [41] where the authors compared the micro-
structure of Ti-TiB, composites processed by pressureless and
pressure assisted PM routes and reported increased porosity for the
pressureless route. The authors also reported that by increasing
sintering temperature porosity could be reduced. Due to applied
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Fig. 7. SE/BSE SEM images of the wear tracks and respective counter-bodies for tribocorrosion tests performed under 500 mV (anodic regime).

pressure on HP technique, the negative effect of porosity was re-
duced and consequently composites showed a significant increase in
hardness compared to Ti.

In MMCs, galvanic coupling between matrix and reinforcement
or interfacial reaction layer may lead to a significant decrease on
corrosion resistance. In addition to gaps at the matrix/reinforcement
interface, microstructural defects may also have a substantial impact
on the corrosion resistance of the base material, due to formation of

discontinuities or heterogeneities on the protective passive film
[42,43]. However, literature shows that MMCs may also present in-
creased corrosion resistance since reinforcement phases may act as
inert physical barriers against corrosion [44]. Additionally, it has also
been reported that the introduction of reinforcement phases cause
grain refinement leading to higher stability of the passive film [45].

In this work, it was possible to observe that Ti-B4C composites
processed by different routes had distinct behaviours. Composites
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Fig. 8. SE/BSE SEM images of the wear tracks and respective counter-bodies for tribocorrosion tests performed under - 750 mV (cathodic regime).

processed by HP presented very similar corrosion behaviour to that
of Ti, while composites processed by pressureless sintering showed
notably reduced corrosion resistance, not only compared to the same
composite processed by HP but also to Ti processed by the same
route. Consequently, an alternative EEC had to be used to fit EIS data.
Regarding the reaction products that were obtained for both com-
posites (TiB and TiC), some studies reported that these phases do not
have a negative effect on the corrosion resistance of Ti. In a study by
Silva et al. [46], it was reported that the corrosion behaviour of in-

situ Ti-TiB-TiNy composites processed by HP was slightly better than
unreinforced Ti due to the barrier role given by the reinforcement
phases. Chen et al. [45] reported that Ti-TiB composites processed by
selective laser melting (SLM) presented improved corrosion beha-
viour compared to Ti processed by the same method. The authors
attributed the improved corrosion behaviour to the fact that TiB
reinforcements acted as a micro-cathode during corrosion, which
facilitated and accelerated the formation of the passive oxide film on
the surface of the composites. Regarding TiC, some studies showed
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Fig. 9. a) Representative wear profiles for all the testes groups and tribocorrosion conditions together with b) average wear volume loss values calculated from wear profiles.

that Ti-TiC composites have very similar corrosion behaviour to
unreinforced Ti [47,48].

In a previous study by some of the present authors [49], the
electrochemical behaviour of Ti-24%vol. B4C composites processed
by hot-pressing was evaluated. It was reported that composites
presented slightly reduced corrosion resistance compared to un-
reinforced Ti that was attributed to the porosity formed due to
bridging of the agglomerated reinforcement particles, that conse-
quently induced localized corrosion. In addition, interfacial gaps at
the matrix/reinforcement interface, as well as pore sites, may lead to
discontinuities on the passive film and/or different states of the
passive film. Processing parameters as well as amount of reinforce-
ment phases may also significantly change the corrosion behaviour
of composites since they may lead to different densification rates
and microstructures.

In this study, it was clear that Ti-B4C_PM presented lower cor-
rosion resistance compared to other tested groups. Considering that
the corrosion behaviour of Ti-3B4,C_HP composites was very close to
that of Ti, it is reasonable to assume that the reduced corrosion
behaviour observed on Ti-B4,C_PM composites may be due to a
combination of different factors, being the porosity associated with
PM processing technique and/or the increased thickness of the re-
action layers, which may be the cause for the overall lower quality of
native oxide film. In a previous study by some of the present authors
[50], the corrosion behaviour of Ti-B4C composite processed by
pressureless sintering using identical processing conditions was also
reported, where the authors tested the composites by cyclic polar-
ization scan and observed reduced corrosion current density in the
reverse scan indicated that no susceptibility to localized corrosion
was present in the system. However, the increased corrosion kinetics

10

was due to microstructural defects between the matrix and the re-
action zone, which compromised the integrity of the passive oxide
film. Nonetheless, in order to make a definitive conclusion, further
studies by local electrochemical techniques are needed to link better
the microstructure with the electrochemical response.

Tribocorrosion tests showed that the introduction of B4C re-
inforcement particles had a significant effect on the tribocorrosion
behaviour of Ti. Both composites showed a decrease in tendency to
corrosion under sliding, which may be mainly attributed to the load
carrying effect given by the reinforcement phases. The fluctuations
in COF and OCP values can be attributed to the formation, thickening,
and breaking of discontinuous tribolayers during sliding. The pre-
sence of tribolayers within the wear tracks can lead to increased
roughness and consequently higher COF values during sliding. When
these tribolayers eventually reach a critical point and break, ex-
posing new fresh metallic area to the electrolyte, a consequent de-
crease in OCP and COF is observed [46,51-53]. As it could be
observed in the OCP evolution, this phenomenon was more pre-
valent on Ti-3B4,C_HP composites, whereas OCP and COF values were
more stable for Ti-3B4C_PM composites.

The evolution of anodic current density under sliding showed
that, despite the current density peaks observed on the onset of
sliding, after a few minutes, current density values decreased and
stabilized at almost the same current density values observed before
sliding. Under the anodic applied potential, the formation of tribo-
layers was promoted since the growth of the native passive oxide
film was accelerated. As a result, the overall COF values were higher,
possibly due to increased formation of the discontinuous tribolayers
and consequently increased roughness. In addition, COF values were
also more stable during sliding, in other words, after a run-in period,
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oscillated around similar values till the end of sliding since the
growth and stability of these tribolayers was promoted under the
anodic potentiostatic control. It is known that these tribolayers can
either play a beneficial and/or detrimental role during tribocorro-
sion. Due to higher hardness of these layers, they may play a limited
protective role owing to load bearing effect and consequently re-
ducing electrochemical active zones within the wear track. On the
other hand, if these oxides break and roll freely on the wear track,
they may act as a third-body abrasives and increase the mechanical
wear [37,39,49,54]. In tribocorrosion, the total wear volume loss due
to wear and corrosion cannot be simply calculated by the sum of
material lost due to wear and material lost due to corrosion, since
synergetic or antagonist effect may occur. The effect of corrosion on
wear and the effect of wear on corrosion should also be considered,
as these can significantly change the total wear volume loss. In the
synergetic approach the total wear volume loss due to tribocorrosion
can be described as the sum between material lost due to wear,
material lost due to corrosion and the material lost due to the in-
terplay between wear and corrosion. In most cases, a synergetic
effect is observed, meaning that wear increases material lost to
corrosion and vice-versa [55]. Based on the tribo-electrochemical
and wear volume loss results, it is reasonable to state that under the
tested conditions, an antagonistic effect was observed since the
oxide layers formed during sliding had a beneficial role on the tri-
bocorrosion behaviour of both Ti and composite groups. All the
tested groups presented considerably higher wear volume loss
under the cathodic potentials. Under cathodic potentials, the cor-
rosion processes are inhibited, thus, the native oxide film is not al-
lowed to growth, limiting the formation of load carrying tribolayers
during sliding.

In fact, comparing the wear volume loss values against the ones
observed for tribocorrosion tests under OCP and the cathodic do-
main, considerably less wear volume loss was observed on the
anodic domain. The considerable higher wear volume loss observed
for Ti_HP compared with Ti_PM under the cathodic domain can be
explained by the lower hardness values, since mechanical wear is
the main response of the system under these conditions. Under OCP
and anodic potential, such differences were not observed, suggesting
that the formation of tribolayers played a considerable role in wear
resistance. Overall, composites presented considerably lower wear
volume losses in all the conditions compared to Ti, independently of
processing method. Within the composite groups, wear volume
values were in range of the standard deviation of each other, which
is in accordance with the hardness values.

5. Conclusions

Within the scope of this study, it was possible to conclude that
the introduction of low amount of B4C reinforcement particles into a
Ti matrix can improve the overall tribocorrosion behaviour of Ti
through reduced wear volumes, reduced tendency to corrosion, as
well as reduced corrosion kinetics under sliding. Based on the re-
sults, it was possible to see that independently of processing
method, under these conditions, Ti and composites showed an an-
tagonistic effect between corrosion and wear, evidenced by the
lower wear volume values obtained under the anodic domain.
Additionally, it was possible to see that the overall microstructure of
these composites played an important role on the corrosion beha-
viour, that was evidenced by the considerably lower corrosion re-
sistance of the composites processed by PM.
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