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Abstract. Dynamic friction coefficient (COF) between Ti6Al4V and Al.O3 was analyzed
under low loads (100 mN, 250 mN, 500 mN, 750 mN, 1000 mN), sliding speed (4 mm/s,
8 mm/s, 12 mm/s) at dry contact and in the Ringer's solution. Different Ti6Al4V
microstructures were studied: Sample 1 - fully lamellar; Sample 2 - martensitic; sample
3 - equiaxed; and sample 4 - globular microstructure. The maximum COF values varied
as: 0.4 -1.23 (Sample 1),0.5-2.8 (Sample 2),0.4—1.1 (Sample 3), and 0.4 — 2.3 (Sample
4). Lamellar and martensitic microstructures were not beneficial for the tribological
response since they exhibited severe wear and very high COF values. The globular Ti
alloy microstructure showed extremely high COF and wear under dry conditions. In
general, water quenching was not a favorable treatment for tribological behavior. The
lowest COF values and wear volumes were exhibited in the case of equiaxed
microstructure.
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1. INTRODUCTION

Biomedical applications of Ti alloys are broad and extensive due to their high strength,
low density, high corrosion resistance, excellent biocompatibility and elastic modulus that
can be tailored close to the one of the bone [1, 2]. However, even with extensive research
on processing parameters during production and different thermo-mechanical processing
[3, 4,5, 6], Ti alloys still exhibit certain drawbacks that prevent their wider application as
implant materials. The major problem with these alloys is a low wear resistance [7],
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especially under variable contact conditions including elevated temperatures. High
temperatures significantly change the mechanical properties of Ti alloys [8]. Thermal
softening, during the contact, depending on the load and velocity, is proven for Ti alloys
[9], thus greatly influencing friction and wear response of the material. Mechanical
properties of Ti alloys (tensile behavior and especially the yield strength) are closely related
to their microstructure, including multi-scale microstructural properties (like precipitates,
regions of different microtextures and their distribution along with dynamic complex
changes under external stresses) [10, 11, 12, 13]. Changes in the microstructure due to the
heat treatments, or some other dynamic process, can result in rather different mechanical
behavior even in the case of similar initial microstructures [10, 14, 8, 15]. Variation of heat
treatment parameters can enable tailoring of different microstructures [5, 4, 16]. Dynamic
processes at o/f} interfaces under deformation have significant influence on the resulting
mechanical behavior of Ti alloys [17]. Tribological contact also provokes different
microstructural changes within the surface layers [18, 19, 20, 21]. Different contact
environments introduce additional influential factors from chemical and tribochemical
processes that develop during the tribological contact [22]. Ti alloys are highly reactive
and prone to different chemical reactions, especially in corrosive and aggressive
environments [14, 23]. For example, presence of hydrogen can cause severe embrittlement
under deformation [24].

Altogether, this makes a very complex and difficult task to predict and design good
mechanical response of the Ti alloys for all load bearing applications where the tribological
contact is present, thus limiting the use of this otherwise excellent biomaterial. Standard
Ti6AI4V alloy is widely used in total hip arthroplasty [25, 26], but challenges related to
the stress distribution (stress shielding) and poor contact wear resistance, largely focus its
application to the stationary femoral stem and acetabular components [27, 28, 29].

During the last decades several ASTM standards were adopted, pertaining to Ti6Al4V
alloy for medical applications: ASTM F1472 — 14, ASTM F1108 — 14, ASTM F136 — 13,
ASTM F2885-17, ASTM F2146-13, ASTM F620-11(2015), ASTM F3001-14, ASTM
F2193-20. They provide guidelines and recommendations on the optimal processing routes
and parameters to obtain the best microstructure, from aspects of its applications. However,
friction and wear mechanisms are still under investigations, focusing on the possibilities to
surpass the previously listed shortcomings related to the wear resistance. Comprehensive
review of Ti alloy properties is given in [1, 2]. Review of different Ti6Al4V
microstructures depending on the processing parameters is presented in [30], along with
mechanisms that govern tribological behavior under various dry conditions. They analyzed
tribo-oxidation layers and wear mechanisms associated with it. They also reviewed
research related to strain rate response, also in conditions of elevated temperature and
frictional heating, which leads to significant changes of Ti6Al4V microstructure in surface
layers and further contribute to changes of wear mechanisms. Extensive research has been
done related to production routes and processing of Ti alloys, in order to obtain the most
favorable microstructures from aspect of wear resistance [2, 3], and new additive
manufacturing technologies have emerged to enable better tailoring of properties [31, 32,
33, 27, 29].

Friction causes high flash temperatures in the contact zone [34, 35], especially for the
dry sliding, thus decreasing the resistance to plastic shearing in Ti alloys; different models
have been investigated [36, 37, 38]. Surface oxides created during the contact, due to
reactions with counterbody material and environment, greatly influences wear and friction



Microstructure Influence on Friction Behavior of Ti6AI4V Biomedical Alloy at Low Loads 3

behavior. In some cases TiO; passive film can be formed on Ti6Al4V that protects the
surface from wear [39]. Other Ti oxides can be found (Ti.O3, TiO>) and depending on the
counterbody material, very hard and sharp TiAl intermetallics have also been proven
(TisAl, TiAl, and TiAls) that increase wear rate [40, 41]. Distribution and size of a and
phases govern the damage mechanisms during the loading while the changes in the
microstructure result in different material responses [42, 23]. High flash temperatures that
appear within the limited contact zones, due to friction, rapidly decrease Ti6Al4V yield
strength and result in localized material softening [43, 41]. It is further favorable for
mechanical alloying of the materials in contact. Altogether, it results in complex dynamic
changes of Ti6Al4V microstructures in surface layers during the tribocontacts. Both wear
and friction can exhibit transition feature during certain contact conditions [39, 40].
Research on underlying mechanisms to these complex dynamic processes is still ongoing.

This paper presents experimental data and analysis pertaining to the friction and wear
mechanisms during reciprocating sliding of Ti6Al4V with four different microstructures
against Al,Os, under low loads and different sliding speeds. We varied five values of load,
three values of sliding speed and two different contact environments (dry contact and
contact in the Ringer’s solution), and analyzed friction and wear mechanisms. The efficient
friction coefficient (COFcx) that numerically represents the whole COF curve was
introduced in the evaluation of friction results.

2. MATERIALS AND EXPERIMENTAL METHODS

2.1 Materials

Ti6Al4V alloy flat samples were cut from commercial Ti6Al4V alloy bars and
subjected to four types of heat treatments, as described in [42, 23]. Ti6Al4V ELI (Extra
Low Interstitials) (Grade 23) was used as one of the main materials for orthopedic implants,
with good fracture toughness due to the lowered oxygen content in comparison to the
commercial Ti6Al4V alloy (Grade 5). Four types of samples were produced, by annealing
them in Ar for 1h, at two different temperatures, followed by two different cooling methods
and rates (slow cooling in furnace and rapid cooling by water quenching), as follows:
Sample 1 - annealed at 1000°C; furnace cooled, with fully lamellar microstructure,
Sample 2 - annealed at 1000°C; water quenched, with martensitic microstructure,
Sample 3 - annealed at 750°C; furnace cooled, with equiaxed microstructure,

— Sample 4 - annealed at 750°C; water quenched, with globular microstructure.

Final polishing and cleaning were done in accordance with ASTM F86, as described in
[7]. The final roughness was Ra=0.07um. The material in contact with all Ti samples was
alumina ball (Al,Os), commercially supplied by Anton Paar Company. Aluminum oxide is
a chemically inert material, with excellent abrasion resistance and significantly harder than
Ti alloys, which should provide that the material changes during tribocontacts are to be
attributed only to the Ti alloy.

2.2 Tribological Tests

Comprehensive tribological tests were realized, by using linear reciprocating sliding
module (tribometer from Anton Paar, model CSM nanotribometer), with details of the
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device setup and parameters given in [7]. All Ti alloys were subjected to 30000 cycles
(0.5mm stroke), in contact with alumina ball (1.5 mm diameter) and with variation of the
following test parameters: five different loads (100mN, 250mN, 500mN, 750mN,
1000mN), three different maximum sliding speeds (4mm/s; 8mm/s; 12mm/s) and two
different contact environments (dry contact and contact in The Ringer’s solution), at the
room temperature. Composition of the Ringer solution used is as follows (g per 1 liter of
water): NaCl - 8.6; KCI - 0.30; CaCl; - 0.33; Na+ 147.00 mmol; K+ 4.00 mmol; Ca+ 2.25
mmol; Cl+ 155.60 mmol. In the case of the wet contact, the whole contact zone was fully
immersed in fresh Ringer's solution, for each of the tests. 30000 cycles accounted for
approximately up to 3.6h depending on the nature of the friction coefficient of the
investigated sample.

During each test, a nanotribometer-recorded dynamic friction coefficient values in real
time, with 100Hz sampling frequency. The device also recorded values of the penetration
depth of alumina ball into flat Ti samples, during the contact, with the same sampling
frequency. Details of the penetration depth parameter changes and wear are given in [7,
42]. Images of the worn tracks on Ti samples were taken by optical and SEM microscopy
(MEIJI MT8530, MEIJI MC 50T microscopes and JEOL JSM-6610LV SEM microscope).

The dynamic friction coefficient is represented by the continuous curve showing values
of friction coefficient at discrete points of time during the test, depending on the adopted
sampling frequency. For 100Hz sampling frequency, there are numerous recorded values
of the discrete friction coefficients for one test (100 values each second during the test), as
output results from the nanotribometer. The sine wave shape of the COF curve (Fig. 1)
enables processing of the raw data signal in several ways aiming to filter the signal for
easier interpretations. It is possible to calculate one numerical value, the efficient friction
coefficient (COFex) that will numerically represent the whole COF curve, by applying
averaging and root mean square of the COF function. In such way, the complex COF curve
is reduced to one number, COF; that corresponds well with frictional behavior of the
contact pair and can rapidly show specific trends with changes of the contact load and
speed. Detailed discussion of COF is given in [44] and it is calculated according to the
following equation:

2 2 2 2
COF, :\/coE +COF; +(;OF3 +...+ COF, )

where, COF is the numerical value (root mean square of the COF function for one test),
COF; is the numerical COF value recorded by the device at i-point of time and n is the total
number of points at which COF was recorded during one test.

3. RESULTS AND DISCUSSION

The dynamic friction coefficient (COF) for 10 cycles (laps), as extracted from one test
(Sample 1, dry contact, v=4 mm/s; FN=100mN) is shown in Fig. 1. It can be seen that, in
general, the dynamic friction coefficient curve is of sinusoidal shape. The peak values show
a strongly oscillating behavior. All the friction curves at all the tests have similar dynamic
nature, with a few peaks at the maximum COF values over time, as shown in Fig. 1.
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Fig. 1 Dynamic friction coefficient for 10 cycles (test duration of 3.93s) (Sample 1,
dry contact, 4 mm/s, 100mN)

The peak values of the friction curve represent the maximum values of the friction
coefficient, at the moment when the friction force is of the maximum value. It corresponds
closely to the change of sliding direction, considering that this is a linear reciprocating
motion of the ball over the flat Ti alloy surface (simulation of the point contact, or Hertzian
contact). The shape of the friction coefficient curve and its peaks reflect the stopping and
moving of the ball in opposite direction. Accordingly, it exhibits stick-slip effects of the
local running-in for a very short period, when the ball changes its direction of sliding. This
is a very short time when the system transits from static state to kinetic state. When the ball
is stopped for a very short period of time, microscopic junctions that are continuously
formed and broken during the dynamic contact between the surface asperities of the contact
pair, become stronger and stick-slip occurs, as clearly shown by the peaks in Fig. 1. These
brief local running-in periods continuously occurred during the steady-state of the dynamic
friction coefficient, for all test conditions. General sine wave shape of the dynamic friction
coefficient allows different methods of processing of such signal [44]. Calculations of
average and maximum values, along with some degree of filtering, are common practice
with sine waves. On the other hand, dynamic coefficient curves of the whole test can be
analyzed from different aspects, such as initial running-in period, steady state, occurrence
of abrupt variation of values in steady state, or different periods within steady state (mean
and maximum COF values within these periods or increasing/decreasing trends of
maximum COF values). Each of these indicates some phenomena during the sliding
contact, thus altogether resulting in complex interpretation of the whole dynamic friction
coefficient behavior, especially at micro and nano scale.

Selected real time diagrams of the dynamic friction coefficient, with related wear
tracks, for each of the four samples, are shown in Figs. 2-5. Regimes of low load and low
sliding speed, in comparison with the high load and high speed, are shown and compared
in these images, as representatives of the two opposite contact conditions. Also, the
comparison of dry contact to the contact in the Ringer’s solution, for the same speed and
load, is shown in each of the Figs. 2-5. The relevant wear mechanisms of these samples
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and contact conditions are discussed in our previous papers [7, 42]. Wear mechanisms and
corrosion induced damage behavior during the contact between the same materials as in
our study, under higher loads and different contact geometry, were analyzed in these
articles [45, 46]. Comprehensive review of wear mechanisms related to Ti6Al4V alloy,
under different contact conditions, is given in [30]. Frictional behavior is closely related to
the wear and damage mechanisms that govern the contact.

The COF curves in Figs. 2-5 appear as a surface due to a long test period (30000 cycles),
but when zoomed to a short time period, the shape of each curve is similar to the one shown
in Fig. 1. Nanotribometer simultaneously provides total time [s], total distance [mm] and
number of cycles [lap], as shown in Fig.1. Especially the total time is a useful parameter
because it indicates the friction force level, in general. Namely, for 30000 cycles, each test
condition had different total times, strongly depending on both the sliding speed and normal
load that were applied in the test. In Figs. 2-5, horizontal axes show the total time needed
to complete the 30000 cycles of the reciprocating linear sliding tests. Each COF curve is
shown next to the related wear track after the test is finished. Each of the figures shows dry
contact (Figs. 2-5a, b) and contact in the Ringer’s solution (Figs. 2-5¢, d), for one sample.
This was a comprehensive experimental study that was realized during one year to
complete all tests and these results are representative of the observed trends for the sliding
contact between Ti6Al4V and alumina, under micro-scale loads.

The maximum COF values for all samples were significantly larger under low loads
and low speeds, then under high loads and high speeds. The COF values significantly
decreased for the highest load and speed (1000 mN, 12 mm/s). For all the samples, except
in the case of Sample 2, wear tracks were significantly larger under low load/speed than
under high load and speed. However, regarding wear, uniform trend for all loads cannot be
defined, as discussed in [7, 42]. Contact conditions with the lowest load (100 mN) and the
highest load (1000 mN) exhibited significantly different values for both the friction
coefficient and wear volumes, as shown in Figs. 2-5. The smallest wear track together with
the lowest wear volumes were exhibited for the highest load (1000 mN) and sliding speed
(12 mm/s), for all samples. For the sliding in the Ringer’s solution, all the COF curves
were fully uniform without variation of maximum values, from the start until the end of
test, almost without the running-in period, except for a very short initial period (order of a
few seconds). Maximum COF values (for both dry and wet contacts) varied within the
ranges: 0.4 - 1.23 (for Sample 1), 0.5 — 2.8 (for Sample 2), 0.4 — 1.1 (for Sample 3), and
0.4 — 2.3 (for Sample 4). In the case of the Sample 1, under the lowest load and speed (100
mN, 4 mm/s), the maximum COF values exhibited a slight increase over time, with
periodic small variations within very short periods. Wear tracks were of similar sizes,
except in the case of dry sliding under 100 mN load and 4 mm/s speed, which is
significantly larger (Fig 2a), indicating severe abrasive wear, with coarse wear debris
particles surrounding the wear track.
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Fig. 2 Sample 1: Dynamic friction coefficient (left) and related wear tracks (right): a)
Dry, v=4 mm/s; FN=100mN, b) Dry, v=12 mm/s; b FN=1000mN, c) Ringer, v=4 mm/s;
FN=100mN, d) Ringer, v=12 mm/s; FN=1000mN

For Sample 2, low load and speed (100 mN, 4 mm/s) resulted in an extremely high
increase of the COF values over longer time, especially in dry conditions (Fig. 3a, c).
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Fig. 3 Sample 2: Dynamic friction coefficient (left) and related wear tracks (right): a)
Dry, v=4 mm/s; FN=100mN, b) Dry, v=12 mm/s; b FN=1000mN, c) Ringer, v=4 mm/s;
FN=100mN, d) Ringer, v=12 mm/s; FN=1000mN

Increase of load decreased the COF values. Same conditions in the case of Sample 2
resulted in lower wear rate for wet contacts, especially under higher loads (wear rates were
discussed in [7, 42]). This is in accordance with experimental tests in [45] where Sample 2
subjected to block-on-disk contact configuration in the Ringer’s solution, at high loads and
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speeds (20, 40, 60 N and 0.26, 0.5, 1.0 m/s) resulted in lower friction coefficients (0.40—
0.77).

19E:

Vg AL

Fig. 4 Sample 3: Dynamic friction coefficient (left) and related wear tracks (right): a)
Dry, v=4 mm/s; FN=100mN, b) Dry, v=12 mm/s; b FN=1000mN, c) Ringer, v=4 mm/s;
FN=100mN, d) Ringer, v=12 mm/s; FN=1000mN

Our tests also showed a significant decrease of the COF values with the load increase (Fig.
7, Sample 2). It can be seen from Fig. 3 that the smallest wear track was exhibited under
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the highest load and speed (1000 mN, 12 mm/s) for the wet contact. Severe abrasive wear
can be noticed in all the wear tracks.

-0.2:

7 [s] 785.00 1.57E03 2.36E03 3.14E03 3.93E03

Fig. 5 Sample 4: Dynamic friction coefficient (left) and related wear tracks (right): a)
Dry, v=4 mm/s; FN=100mN, b) Dry, v=12 mm/s; b FN=1000mN, c) Ringer, v=4 mm/s;
FN=100mN, d) Ringer, v=12 mm/s; FN=1000mN

The lowest COF values, as well as wear volumes, and the most uniform behavior,
mainly without abrupt variations were produced for Sample 3, what can be seen in Fig. 4.
However, severe increase of the COF values, almost 2-fold increase, also appeared after



Microstructure Influence on Friction Behavior of Ti6AI4V Biomedical Alloy at Low Loads 11

some time, in the case of the presence of the Ringer’s solution in the contact zone, under
low load and speed (Fig. 4c). It must be noted that the analysis of wear rates presented in
[7, 42], showed that with this sample, wet contact produced opposite effect in comparison
with the other three types of Ti alloy samples: a lower wear rate was exhibited under the
highest load and speed. Simultaneously exhibited high COF values with low wear rates
indicate probable occurrence of the plastic flow within surface layers of the Ti alloy during
the sliding, with severe plastic deformation of layers. From Fig. 4c, it can be seen that the
wear track is uniform and small, with deep abrasions only along one inner edge of the track,
even though a significant COF increase occurred after approximately 20000 cycles.

Sample 4 (Fig. 5) exhibited rather different COF behavior than the other three samples.
In dry conditions, under low load, the COF values were drastically higher during the
running-in period, followed by a significant abrupt decrease of the COF values that
remained low until the end of the test (Fig. 5a). In wet contact, low load produced drastic
increase of the COF values over time, without any steady state period, and wear track was
the largest one of all the tests. Extremely high wear was observed under 100mN and 4
mm/s (Fig. 5c), with calculated wear rate of 2.37x10° mm%Nm [7, 42] and it was
significantly larger for wet contacts for all conditions. All Ti samples had wear rates within
the range of 10 - 10-> mm3/Nm, for almost all regimes of normal loads and sliding speeds,
except in these few cases. In general, higher loads produced lower wear rates. Alumina
balls also exhibited extensive wear, what is in accordance with research from other authors
who studied contacts between alumina and Ti alloys at higher loads than in our study [40,
41].

Values of the efficient friction coefficient, COF.« were calculated for each of the
realized tests and their changes are given in Figs. 6 and 7. Variations of the efficient friction
coefficient (COFs) values, with normal load, for each of the sliding speeds, in dry and wet
contacts, are shown in Fig. 6. Changes of the efficient friction coefficient (COFer) values,
with both normal load and sliding speed, for dry sliding and sliding in the Ringer’s solution,
for all samples, is shown in Fig. 7, as 3D plots with mapping of the zones is shown in Fig.
8.

From Fig. 6, it can be seen that extremely high COFe values were produced for the
lowest load (100 mN) and the highest sliding speed (12 mm/s), in the case of Sample 2.
The largest differences of COFei for each sample, were obtained for the lowest load (100
mN), where changes of the sliding speed resulted in a wide range of friction coefficient
values, especially pronounced in the cases of Sample 2 and Sample 4.

The lowest values were exhibited in the case of Sample 3, in general. Increase of load
resulted in decrease of efficient friction coefficient values for all the samples, and under
the highest load (1000 mN), they had very similar values (around 0.3), for all conditions.
Samples 1 and 2 both exhibited very high COF values, especially Sample 2, thus
indicating that, in general, annealing of Ti alloy at 1000 °C is not favorable for tribological
performance. Also, Sample 4 had high COF values, especially for low loads which
indicated that quenching in water (rapid cooling) is not favorable from tribological aspects.
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Fig. 6 Variation of the efficient friction coefficient (COF), with normal load, for
each of the sliding speeds for all samples in dry contact and contact in the Ringer’s
solution

From Figs. 7 and 8, it can be seen that the sliding speed exhibited complex influence
on the COFe; values, for all samples. In the case of Sample 1, the sliding speed had
negligible influence on the friction coefficient for all test conditions. A very mild transition
can be observed for Sample 1. For the other samples (Samples 2, 3, 4), the sliding speed
had pronounced effects under the low loads (100 mN, 250 mN). It can be seen that the
change of load resulted in complex responses from aspect of COF, similarly to the
complex wear behavior as discussed in [7, 42]. The transition nature of the COFes with the
load increase can be seen for all the samples, except in the case of Sample 1, and especially
pronounced in the case of Sample 3, for both dry and wet contacts (Figs. 7, 8). In the case
of sample 4, the low COFs values were exhibited for 100 mN, increasing with the load
increase up to 500 mN, after which it rapidly decreased with a further load increase to 1000
mN. In the case of Sample 3, the highest COF values were exhibited for 500 mN.

This transition behavior is similar to the results of [40], in which dry contact at higher
loads (5 - 80 N) and speeds (0.0625 — 1 m/s) is studied. They elaborated that the transition
characteristic of load and speed dependence of the dynamic friction coefficient is governed
by the elevated temperatures in the contact zone (flash temperatures) and the formation of
Ti intermetallics and oxides due to tribochemical reactions. On one side, the increased
temperature provokes increase of COF and wear and on the other side, oxides and
accumulation of wear debris within the contact zone result in decrease of the contact
surface by forming intermediate layers between the Ti alloy and alumina ball. Yang et al.,
investigated synthesis of TiAl intermetallics on Ti6Al4V by laser modifications and
showed that Ti6Al4V reacts with Al to form major hard phases as TizAl, TiAl, and TiAls,
under high temperature [47]. They also showed that wear mechanism associated with TiAl
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intermetallics is abrasive wear due to their enhanced micro-hardness. Instability of the
friction coefficient and the formation and influence of the third body presence and surface
cracks have been also reported for the contact of TiC with alumina ball, where hard debris
affected the formation of micro cracks on the surface [48].
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Fig. 7 Variation of the efficient friction coefficient (COFf), with normal load and sliding
speed, for dry sliding (left) and sliding in the Ringer’s solution (right), for all the samples
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Fig. 8 Mapping of different zones (2D view of the 3D curves shown in Fig. 7): Variation
of the efficient friction coefficient (COFc), with normal load and sliding speed, for dry
sliding (left) and sliding in the Ringer’s solution (right), for all samples



Microstructure Influence on Friction Behavior of Ti6AI4V Biomedical Alloy at Low Loads 15

Different microstructures of four samples, as shown in Fig. 9, clearly indicate that their
contact behavior was expected to be quite different [23]. The presence of the Ringer's
solution additionally changed contact conditions as shown in Fig. 10 and Table 1. In the
case of dry contact, the real time unprocessed COF diagrams (Figs. 2-5) have many isolated
peaks, or sudden changes of the current friction coefficient, thus indicating abrupt changes
of the contact conditions at micro scale, considering the nature of the contact pair (Hertzian
contact). These sudden changes can result from changes of surface roughness,
accumulation (or delamination) of larger quantities of wear debris particles that changes
the contact geometry, and appearance of Ti intermetallics and oxides in the contact zone
or other chemical processes developing within the contact zone that changes the surface
layers of materials in contact. It is obvious that presence of the Ringer’s solution rather
prevented these sudden changes of the friction coefficient, since all the COF diagrams are
uniform during the whole test (Figs. 2-5).

Fig. 9 Microstructures of four samples: a) Sample 1 - annealed at 1000°C; furnace
cooled, with fully lamellar microstructure, b) Sample 2 - annealed at 1000°C; water
quenched, with martensitic microstructure, c) Sample 3 - annealed at 750°C; furnace
cooled, with equiaxed microstructure, d) Sample 4 - annealed at 750°C; water quenched,
with globular microstructure

Research showed that lamellar microstructures have better fracture toughness and creep
strength, while equiaxed microstructures have better fatigue strength and ductility [12].
Alpha phase is harder than beta phase which is more ductile, but more stable at



16 F. ZIVIC, S. MITROVIC, P. TODOROVIC, ET AL.

temperatures higher than 882°C degrees [13]. We can elaborate that in the case of the
microstructures where beta phase is more present (Samples 2, 4), wear behavior of the alloy
will be governed by the beta phase wear since it is proven that crack propagation is easier
in beta phase [3, 49]. Similarly, alpha phase wear will dominate in the case of the
microstructures with a higher amount of alpha phase (Samples 1, 3). However, contact
loading together with high flash temperatures during the contact will influence dynamic
redistribution of phases during the contact, whereas initial microstructure highly influences
the resulting wear mechanisms as well as its extent. Below 882°C degrees, the alpha phase
should bear the load as the stronger phase, hence micro-abrasive wear will occur and
formation of wear debris. Above 882°C degrees, the beta phase is stable and should bear
the load [4, 6], meaning that more micro-deformation of surfaces should occur
accompanied with the material flow and lower amount of wear debris.

+
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Fig. 10 SEM image of the wear track: a) Dry contact, b) Contact in the Ringers' solution,
with positions where EDS analysis was done, as shown in Table 1.

Table 1 EDS analysis realized for zones shown in Figl, for dry and wet contact: all
elements analyzed (in weight %))

Dry contact Contact in Ringers' solution

Position/ O Al Ti \Y ¢} Al Cl K Ca Ti \%

Spectru

m

1 456 375 4864 193 3350 171 054 063 05 613 1.75
8 6

2 6.94 9021 285 6.60 90.7 2.67

3 247 445 6756 326 30.64 292 0.20 02 642 179
3 4

For the dry contact under low loads and speed (also meaning lower flash temperatures),
fully lamellar microstructure (Sample 1) will favor micro-delamination of alpha phase
when the direction of contact motion is in line with lamellas, beside the high abrasive wear,
what can lead to catastrophic total wear (as shown in Fig. 2a). High load and speed increase
flash temperatures, what can cause instability of the alpha phase when beta phase should
begin to bear the contact load, thus lowering the total wear, as shown in Fig. 2b. Martensitic
microstructure (Sample 2) exhibits irregular alpha/beta distribution what favors high
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abrasive wear, preventing micro-deformation or plastic flow, resulting in extensive
amounts of wear debris (as shown in Fig. 3a). Equiaxed microstructure (Sample 3) exhibits
the highest amount of equiaxed large alpha phase grains where direction of the contact
sliding has the lowest influence, with governing abrasive wear at the lowest load and speed
and plastic flow at highest load and speed (as shown in Fig. 4a,b). Globular microstructure
(Sample 4) exhibits smaller globular alpha phase grains than Sample 3, thus favoring high
abrasive and micro-delamination wear, slightly lower under high loads (as shown in Fig.
5a,b). Longer contact time contributes to grain refinement and densification within the
surface layers, thus favoring larger wear, what can be seen also in the case of Sample 3 (as
shown in Fig. 4a).

From the aspect of wear debris accumulation, the presence of the fluid influences its
regular elimination from the contact zone, thus preventing its larger accumulation within
the contact zone. However, the Ringer's solution is beneficial for the development of
complex chemical interactions between the two materials in contact. That is not a fluid that
would promote lubrication and smoother contact, due to the salt crystals (NaCl, CaCly)
within its composition that can act like small abrasive particles and third body within a
contact zone. It might be elaborated that changes of the COF values during the test under
dry conditions is mainly influenced by the wear debris behavior within the contact zone
and the chemical changes of the surface layers, such as formation of oxides. Formation of
oxides during the loaded contact between these Ti alloy samples and alumina has been
proven by EDS analysis, shown in Table 1, as well as by other authors [23]. The penetration
depth was continuously recorded during the test. Changes of this parameter have a good
correspondence with the presence (or absence) of the wear debris within the contact zone,
as discussed in [7].

In the case of Sample 2, dry contact, penetration depth steadily rose during the whole
test, thus indicating that sudden changes of the COF values (Fig. 3a) could be attributed to
chemical changes of the surface layers that promoted strong micro-galling between larger
portions of surface asperities of Ti alloy and alumina, followed by sudden delamination
wear of larger particles (or patches). In the case of Sample 3, dry contact (COF diagram in
Fig. 4a), penetration depth quickly increased up to around 3500 cycles (to the maximum of
23.8 um), after which it started to decrease slowly down to 15.6 pum at the end of the test.
Altogether, this indicates accumulation of wear debris followed by its periodic elimination
away from the contact zone, what is also confirmed by the wear track surrounded by the
coarse wear debris (wear track in Fig. 4a). It corresponds to the onset of irregular
fluctuations of the COF values after approx. 3500 cycles, as shown in Fig. 4a. After approx.
7000 cycles, COF values started to slowly increase until the end of the test. In the case of
wet sliding (Fig.4b, v=12 mm/s; b FN=1000mN), COF values were uniform during the
whole test for Sample 3. However, penetration depth in this case showed constant decrease
from the beginning (starting value of 0.27 pm), until the end of the test when it reached -
1.65 pum. Nanotribometer software denoted penetration depth distance by the negative sign
when it shows the distance above the flat surface of the sample. Accordingly, in this case,
alumina ball did not penetrate into the Ti sample during the whole test, except very slightly
at the very beginning. It might be explained by almost instant formation of the separation
layers between the contacting surfaces from the beginning of the test.

Real time COF diagrams (Figs. 2-5) can be analyzed in terms of specific periods during
one test, especially if compared to the changes of penetration depth during that same test.
In the case of dry sliding of Sample 3, three periods can be distinguished: 1) both COF and
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penetration depth increases (dominant abrasive wear), 2) transition period near the
maximum penetration depth values with the onset of COF fluctuations (severe
delamination starts to dominate, together with tribochemical wear) and 3) COF slowly
increased and penetration depth slowly decreased, indicating a strong combination of
abrasive, adhesive and tribochemical wear with the formation of wear debris and
tribochemical layers between the contacting surfaces and periodical ejection of wear debris
particles away from the contact zone. For the wet sliding, only uniform COF behavior was
exhibited, except during the brief running-in period, thus indicating that, in this case, a
short period of abrasive wear is followed by the dominant tribochemical wear, due to
formation of oxide films on the flat Ti sample surface. Shape of COF curves corresponds
to the appearance of wear tracks as given in Figs. 11-14, indicating different wear
mechanisms during specific periods/phases during one test, what is in consistence with the
results of other authors [39, 40], who have also showed periodic changes in wear
mechanisms over time. It can be concluded that, in general, different wear mechanisms
appeared during one test, with complex influences of coupled abrasive, adhesive and
tribochemical wear mechanisms.

Levels of wear rates (discussed in [7, 42]), indicated different wear mechanisms in the
case of dry and wet sliding. For COF values higher than 1, it is obvious that frictional
welding and micro-galling occurred, thus indicating governing adhesive wear. Evidence of
abrasive wear is clear in Figs. 2-5 and Figs. 11-14. Formation of new layers between the
contacting surfaces that decreased the contact area, was clearly indicated by the decrease
of the penetration depth in some periods during the test, as recorder by the nanotribometer.
A high friction coefficient under a low sliding speed produced severe wear in the case of
both dry and wet sliding, except in the case of Sample 3 for which the wear rates were
rather low, especially for wet contact. Tribochemical wear had a significant role under all
conditions.

Wear tracks on Sample 1 and Sample 3, for dry and wet sliding under the highest load
and speed (12 mm/s and 1000 mN) are shown in Fig. 11. Deep abrasive grooves and large
delamination zones are clearly seen. Adhesive wear is more pronounced for Sample 3
where large delamination zones are visible. In the case of Sample 1, abrasive wear with
strong influence of third body wear (for dry contact) and tribochemical wear (for wet
contact) can be observed. Main difference between dry and wet sliding is the appearance
of ragged wave-like forms in the central zone of the wear tracks in the case of dry sliding,
which does not exist in the case of the wet sliding for both samples. This difference
supports the conclusion that wear debris particles were not present in larger quantities
within the contact zone during the wet sliding. For dry sliding, the central zone is probably
influenced by the strong third-body wear from wear debris particles within the contact
zone. Serrated appearance of the central zone for dry sliding (Fig. 11a, c) is in accordance
with periodic abrupt elimination of the wear debris away from the contact zone during a
very brief period of time, afterwards replaced with newly formed wear particles. Wear track
width for Sample 1 appears smaller than the track width on Sample 3. Wear rates were low
for these contact conditions, as shown in [42], being significantly lower for Sample 3 than
for Sample 1, thus indicating that plastic flow plays an important part. This is in accordance
with influence of high temperature that occurs within the contact zone (flash temperature),
especially under high sliding speeds. Increase of temperature has significant influence on
the Ti alloy structure favoring plastic flow instead of abrasion and delamination of surface
layers. It also promotes mechanical alloying and the formation of the oxide layers which
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further promote delamination and surface spalling. Several authors investigated the
influence of flash temperatures and TiAl intermetallics on tribological behavior during the
contact between Ti alloys and alumina [40, 50, 43].

A m‘z Wiy o b ] li“"\“ ' ." v ML | :‘i LAY I R
Fig. 11 Wear tracks under 12 mm/s and 1000 mN, on Sample 1: a) dry, b) in the
Ringer's solution and Sample 3: ¢) dry, d) in the Ringer's solution

For similar contact conditions to our tests, contact temperatures within 200 - 350 °C
range was proved [41]. High temperature significantly influence Ti6Al4V alloy by rapidly
decreasing yield strength and resulting in material softening within the limited contact zone
[43], what is visible in wear tracks in our tests, too. Plastic deformation was exhibited
during the contact between pure Ti and alumina in experimentals performed by [51], who
elaborated that the behavior was similar to forming. They also showed that friction
coefficient increased over time and associated it with material transfer that occurred during
the contact. Studies of the tribo-contact between Ti alloys and steel showed that surface
layers of the Ti alloy undergoes significant transformations, with resulting several zones
[52]. The authors in this study showed that higher loads resulted in plastic deformation
with significant strain levels in localized zones near the Ti alloy surface, which influenced
severe wear. Localized plastic strains induce unstable shear and inhomogeneous plastic
deformation, thus rapidly decreasing the alloy resistance to deformation and resulting in
severe wear onset. Our tests also proved that plastic deformation has an important role in
tribological behavior. Additionally, material transfer had significant influence on the
contact behaviour, thus influencing complex frictional behavior during the test.
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Influence of the sliding speed on tribological behavior was the most prominent under
the lowest load (100 mN), where the friction coefficient exhibited widely different values.
Wear tracks on Sample 2 in the Ringer’s solution and Sample 3 under dry contact for two
opposite sliding speeds are shown in Fig. 12. Friction coefficient of Sample 2 in the
Ringer’s solution was extremely high (around 1.4 in dry sliding and 2.7 in wet sliding) and
resulting wear tracks are also large (Fig. 12a, b). Deep abrasive grooves can be seen, with
severe pitting throughout the abrasions. Evidence of the plastic flow is visible for wet
sliding, while for dry sliding numerous small delamination zones are dominant.

Sk e YT i I 3 “._“' T - - el )

Fig. 12 Wear tracks on Sample 2 at 100 mN load, in the Ringer's solution (a) 4 mm/s,
b) 12 mm/s) and Sample 3, dry contact (c) 4 mm/s, d) 12 mm/s)

Appearance of the pitting, especially pronounced in the case of wet sliding is caused by
the tribochemical reactions that together with material changes related to mechanical wear,
further promote corrosion within surface layers. Both friction coefficients for sample 2,
under 4 mm/s, and 12 mm/s, are larger than 1, thus indicating severe galling and frictional
welding between the contacting surfaces. Higher wear rate would be expected for 12 mm/s
(with COF value of 2.7), but it was lower in comparison to the test at 4 mm/s. We can
elaborate that such strong adhesive bonding between asperities influenced rearrangement
of the surface layers due to plastic flow, rather than its wear, in the case of wet sliding, thus
keeping lower wear rates with such high COF values. Also, there was probably lack of
third-body wear due to the presence of fluid within the contact zone that regularly ejected
away wear debris particles. This is also in accordance with existing martensitic
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microstructure of sample 2, having hard surface layers that are prone to delamination as
shown in [45].

Localized corrosion of Ti6Al4V during the tribocontacts has been studied because it
has significant influence on wear mechanisms [18]. Complex corrosion degradation
mechanisms were observed on Ti6AIl4V surface, as influenced by the material transfer
between contacting surfaces, nano and micro frictional welding of asperities during the
contact and chemical reactions of Ti alloy with counterbody material, leading to
mechanically assisted crevice corrosion, pitting and localized corrosive degradation of
surface layers that ultimately can result in fractures. All of these processes are dynamically
developing over time during the contact; they are subject of investigations since the
mechanisms that influence degradation of hard materials (such as alumina) by softer Ti
alloy, are not fully understood. Some researchers showed that significant redistribution of
material occurred in subsurface layers of Ti6Al4V during the tribocontacts and produced
increase in nano-hardness of transformed layers [53, 54]. Micro-cracking and localized
surface strain hardening appeared as the consequence of adhesion and surface plastic
deformation preceding wear debris formation [54]. Oxidative processes and chemical
reactions between materials in contact additionally influence the wear debris, leading to
the formation of fine fully oxidized particles. These microstructural changes within surface
layers of Ti6AIV can make them significantly harder than bulk alloy. Sauger et al. [54]
showed formation of nano-crystalline structures in surface layers of Ti alloy. Silva et al.
[53] showed formation of martensite-rich thin layers in Ti6AI4V under the influence of
localized high temperatures. Licausi et al. [55] studied tribocorrosion mechanisms (at 3N
load) and showed that wear is in consistence with the Archard law only under initial high
contact pressures. For lower contact pressures and presence of the third body they showed
that the Archard law is not valid for wear, thus indicating transition and changes of wear
mechanisms during the contact, due to tribochemical response. Experimental
tribocorrosion study at 8 — 100 N load range that was focused on the influence of the surface
roughness, showed that smooth surfaces exhibited more pronounced surface damage and
plastic deformation than the rough surfaces due to corrosion attacks [56]. This research
also showed that fretting contact initiated crevice corrosion in all the cases of surface
roughness, with transition characteristic of the current density during tribocorrosion tests.
Transition behavior of wear was also proven for the contact of Ti6AI4V with steel [52].

For sample 3, influence of the speed is obvious if wear tracks in Fig. 12c, d, are
compared. Low sliding speed resulted in very low friction coefficient (around 0.27) and
high sliding speed exhibited friction coefficient of around 0.72. It was similar also for wet
sliding. Wear track at 4 mm/s was small (Fig. 12c) with clear dominant influence of
abrasive and tribochemical wear. Adhesive wear can be noticed, but delaminated zones
appear as roughened fracture surfaces, probably due to numerous detachments of small
wear debris particles and influence of chemical processes that developed during the
contact. For higher speed (12 mm/s), delamination zones are significantly larger and almost
without roughened fracture surfaces within it (as in the previous case), even though they
can be noticed. Direct consequence of the flash temperature within the limited contact zone,
beside extensive plastic deformation, is also frictional welding of asperities in contact along
with mechanical alloying and galling, what further promotes plowing and delamination.
Deep abrasive grooves are broken by delaminated surface layers of larger sizes.

Influence of load was significant on Sample 3, showing transition nature, especially
under low sliding speed (Fig. 7). Wear tracks on Sample 3 at the lowest sliding speed
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(4mm/s), for different loads, under dry and wet sliding, are shown in Fig. 13. Transition of
COF values occurred at 500 mN, as shown in Fig. 7. For dry contact, wear track under the
lowest load (100 mN) was small, as shown in Fig. 4a and Fig. 12c, and COF value was
low, as shown in Figs. 6 and 7 (around 0.27). Under 500 mN, adhesive wear started to
dominate along with abrasive and tribochemical wear (Fig. 13a). Increase of load to 1000
mN resulted in lower influence of severe adhesive wear which was mainly exhibited in the
central zone of the wear track (Fig. 13b).

Fig. 13 Influence of load on wear at 4 mm/s sliding speed. Wear tracks on Sample 3:
dry contact (a) 500 mN, b) 1000 mN), in the Ringer's solution (a) 500 mN, b) 1000 mN)

For the highest load, abrasive grooves became smooth indicating onset of the plastic
flow and smaller amounts of the wear debris in the contact zone. For Sample 3, presence
of the Ringer's solution lowered COF values, in general. However, at 500 mN, COF values
were rather high (around 0.6), even though wear rate was low [42]. Corresponding wear
track (Fig. 13c) showed shallow abrasive grooves broken by numerous delamination zones
appearing as rough fracture surfaces. The highest load (1000 mN) again resulted in low
COF values and very small wear rates. Corresponding wear track (Fig. 13d) exhibits
dominant mild abrasive wear, even though small delaminated zones appeared (mainly in
the central zone). In the case of Samples 1 and 2, Cvijovic-Alagic et al. [46] showed that,
under high loads (40 N), strain hardening of the surface layers occurred.

This is in accordance with visible delamination of the larger patches in the wear tracks,
thus indicating that surface layers had different hardness than those beneath, thus making
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them prone to delamination (Figs. 11, 12). Riaz et al. [57] showed that anisotropic surface
texture significantly influences levels of wear and corrosion of biomedical Ti6AI4V. Piao
et al. [9] investigated thermal softening effect at different strain rates and showed that
Ti6AI4V alloy exhibit hardening effect with strain rate increase. Surface texture has
significant influence on the resulting friction coefficient, as studied by several authors [58,
59]. They reported significant friction reduction for textured surfaces, up to 50-85%
reduction of friction coefficient for differently textured Ti6Al4V contact surfaces. In our
tests, there was a significant redistribution of surface layers, thus provoking dynamic
changes of Ti6AI4V surface texture within the contact zone which surely had significant
influence on friction coefficient, as shown in COF diagrams.

Alumina ball was selected as a very hard material that is chemically inert, opposed to
Ti alloy that becomes rapidly softer under elevated temperature. Yield strength of Ti6AI4V
promptly decreased with temperature increase, as reported in [43]. However, in our tests,
alumina ball also endured severe abrasive wear and pitting, as shown in Fig. 14. An
exceptionally high friction coefficient was obtained for these contact conditions (Sample 2
in the Ringer’s solution, 100 mN, 12 mm/s). Severe transfer of Ti alloy onto the alumina
ball developed during this contact. Strong adhesive bonds, galling and frictional welding
of contact asperities probably developed under these experimental conditions. Under the
lowest load (100 mN), similar wear behavior was exhibited for all contact conditions of
Sample 2. Central contact zone of the ball (Fig. 14a) showed severe spalling of its surface
layers and deep abrasive grooves can be seen in the vicinity of the central zone (Fig. 14b),
also with evidence of mild tribochemical wear. This strongly indicates that very hard TiAl
intermetallic were formed during the sliding (as suggested by different authors), and
accumulated within the contact zone causing abrasive effects.

Contact geometry of the contact pair allows the largest accumulation of the worn
particles within the close vicinity of the central contact point. From Fig. 14b, it can be seen
that severe pitting occurred along the rim of alumina ball, thus indicating that it was the
line where the most prominent tribochemical reactions appeared between alumina and Ti
alloy. This is the thin zone where accumulated wear debris particles were probably arrested
during the sliding, even though, at certain moment, they were eliminated from the contact
zone, probably when a critical amount had been reached. Our results are in accordance with
other authors who experimentally showed that during the contact between Ti alloy and
alumina, very sharp and hard TiAl intermetallics formed (Ti3Al), along with Ti oxides
(TiO, Ti0s, TiO,) [40, 41]. Elevated frictional heat supports development of these
complex tribochemical reactions. Dominant abrasive behavior was exhibited for the sliding
of TiBAI4V against alumina ball, with strong presence of adhesive and tribochemical wear
[39, 40]. For dry sliding, Dong and Bell [40] observed delamination of plates on both
Ti6Al4V sample and alumina ball, with appearance of both intergranular and transgranular
fracture. They also showed transition nature of load and speed dependence, what is in
consistence with our study. Several authors elaborated that wear debris, together with Ti
oxides, can form thin layer between the surfaces in contact and lower the wear rate [39, 40,
41]. Contact under the highest load (1000 mN) in our study exhibited the smallest wear
tracks, as shown in previous images.
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Fig. 14 Wear track on the alumina ball, under 100 mN load and 12 mm/s sliding
speed; wet contact with Sample 2: a) central contact zone and b) zone in the vicinity of

the central contact zone

In the case of Samples 1 and 2, wear debris around the wear track was coarse, while
finer debris particles were generated in the case of Sample 4, with very fine wear debris in
the case of Sample 3, thus indicating that heat treatments of Ti alloy samples had very
significant effects on tribological behavior. Different heat treatments of Ti6Al4V alloy
resulted in completely different microstructure (Fig. 9), as discussed in details in [23]. Our
results showed that lamellar and martensitic microstructures were not favorable, neither for
wear or frictional response, under low loads and Hertzian contact (ball-on-flat). Namely,
both Sample 1 (lamellar microstructure) and Sample 2 (martensitic microstructure)
exhibited catastrophic wear and very high friction coefficients in both dry and wet contacts.
Lamellar and martensitic microstructure both has lower elastic modulus and yield strength
than equiaxed microstructure (Sample 3). This is obviously reflected on friction and wear
capabilities of the alloy. On the other hand, a higher presence of Al,O3; and V205 oxides in
surface passive layers of Sample 3 and Sample 4 in electrolytic solution is proven [23].
The amount of Al,O3oxides was lower in the case of Sample 3 than Sample 4, leading to
the conclusion that these particles also have influence on the friction and wear (Fig. 7),
partly due to forming of the passive layer (and increase of corrosion resistance) and in some
extent as the third body (and negatively contributes to friction and wear). Tribochemical
reactions have important role in tribological behavior of Ti6Al4V — alumina contact and
presence of the passive oxide film is of significant influence, as well as the influence of the
sharp abrasive TiAl intermetallics. Sample 4 (globular microstructure) exhibited high COF
values, especially for low loads which indicated that quenching in water (rapid cooling) is
not favorable from tribological aspects.

Fan et al. [16] studied the influence of different microstructures of Ti6Al4V on fatigue
strength and showed that equiaxed microstructure has the highest fatigue strength, followed
by bimodal, lamellar and acicular martensite microstructures, what is in consistence with
our results concerning wear. Wear is governed by the damage mechanisms and fatigue
strength is of the utmost importance for the endurance of surface layers subjected to
external loads. Poor ductility of martensite and lamellar microstructures supports
development of cracks under loading, unlike equiaxed and globular microstructures that
are beneficial for fatigue resistance. Equiaxed microstructure (as obtained in Sample 3) has
the highest ductility, thus promoting plastic flow beside crack initiation and propagation.
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Series of thermomechanical treatments on Ti-6Al-4V alloy along with artificial neural
network method to correlate microstructure and tensile properties realized by Shi et al.
[60], showed that microstructural changes of o and B phases had strong influence on
resulting mechanical properties, whereas, 3 phase had A more prominent effect on tensile
properties than o phase. Strong correlation between Ti alloy microstructure and wear
resistance, as well as of the energy inputs during the contact, is also showed in experimental
study under low load (2 N) [61]. They used first-principles calculations for Gibbs free
energy, shear and bulk modulus, in order to evaluate brittle or ductile behavior of different
oxides that were formed during the tribo-contact (TiO, TiO2, Al,O3 and V205 oxides) and
showed that these oxides have detrimental influence on the wear resistance of Ti6AI4V
alloy in the case of certain microstructural features.

In our tests, Ti6AI4V alloy annealed in Ar at 750 °C and quenched in water, showed
the best tribological behavior, with low wear rates, especially in wet contact (of order of
1077 mm3/Nm under high load and sliding speed and with COF values mainly around 0.4).
Wet contact in our study with the Ringer’s solution should represent especially aggressive
environment for Ti alloys. However, for Sample 3, presence of the Ringer's solution was
beneficial related to friction and wear. Wear of 10 mm3/Nm belongs to a mild to moderate
wear and 107 mm3/Nm wear rate usually produces wear debris with fine particles and can
be associated with tribochemical wear. Microstructural influence is complemented by the
appearance of third body in the contact zone. Mechanical alloying and material diffusion
between Ti alloy and alumina produce particles that can be incorporated within the soft Ti
surface layers, thus promoting dynamic surface modifications during the contact.

Licausi et al. [55] showed that wear cannot be modeled by the Archard law under low
contact pressures and with presence of the third body. Dissipative forces, such as friction,
depend on the path and are non-conservative forces hence the energy that they take away
from the system cannot be restored back. Hence, for conditions of the low loads and very
small real contact area, properties of the material surface is of the utmost importance, what,
on the other hand, serves as the input to the design process of the anatomical bone structures
that are used for modeling, additive manufacturing technologies and reverse engineering
[62]. One of the first methods to model wear from the energy point of view was the Reye’s
method, which proposed that the removed volume of material is proportional to the
dissipated energy during the contact [63]. Carpinteri and Pugno [64] proposed wear model
based on fractal theory where removed volumes of material has direct dependence on
density and hardness of materials in contact. They assumed self-similar distribution of the
energy dissipations and developed a model for both brittle and ductile damage mechanisms.
Their fractal coupled erosion theory and generalization of the Reye’s hypothesis (statistical
three-dimensional approach) introduced hardness, density and wear erosion coefficients at
micro level, as governing factors for the macroscopic volume of removed materials during
the contact. They established clear dependence of the wear resistance as the macroscopic
property to the microscopic material constants (hardness, density and wear erosion
coefficient). This is fully in consistence with our experimental results where microscopic
changes of the material structure in surface layers have essential influence on the wear and
friction. We can anticipate that, at any time, at least three different materials, at micro-
level, are in contact during the sliding (Ti6AI4V, alumina, Ti oxides, TiAl intermetallics,
Ti6AIl4V surface nano-crystals, wear debris, the Ringer’s solution) with changes over time,
due to the complex tribo-chemical reactions. Additionally, Ti6Al4V alloy has pronounced
changes of properties with elevated temperature within microscopic zones. Accordingly,
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material wear would depend on each of these densities, hardness and wear erosion
coefficients, what altogether makes a highly complex system from aspects of wear and
friction prediction over time. It could be assumed that microscopic changes of hardness
within the localized surface zones on Ti6Al4V, together with its microstructural changes
due to the flash temperatures and tribo-chemical processes represent the most influential
factors for wear and friction development. Further research should study the possibility to
apply the fractal coupled erosion theory proposed by 64. Carpinteri, and Pugno [64],
to the multi-particle system contact at micro-level (consisting of Ti6Al4V, alumina, Ti
oxides, TiAl intermetallics, TiBAI4V surface nano-crystals, wear debris, the Ringer’s
solution), considering dynamic changes over time, aiming for predictive wear and friction
models and a more detailed understanding of the evolving processes during the contact.
Artificial intelligence-based models should offer efficient tool for wear and friction
prediction over time [65].

4. CONCLUSIONS

Four types of Ti6AI4V alloy exhibited different friction and wear behavior, with more
pronounced difference in the case of the dry sliding. Maximum COF values in all tests
varied within the range of 0.4 — 2.8, indicating that some contact conditions and
microstructures produced severe galling and wear. Both friction and wear rate showed
transition features, more pronounced for the changes of load than sliding speed, especially
in the case of equiaxed microstructure (Sample 3). Dynamic friction coefficient exhibited
almost no initial running-in period for all test conditions. The variation of COF with
material condition and testing conditions were significant. The applied load had more effect
on the overall results compared to sliding speed. Sliding speed had lower influence on
COFe for the highest load, for all samples. Sliding in the Ringer’s solution, produced fully
uniform COF curves, unlike significant fluctuations of maximum COF values in the case
of the dry sliding. Contact conditions at the lowest load (100 mN) and the highest load
(1000 mN) exhibited significantly different values for both the friction coefficient and
wear. Maximum COF values for all Ti alloy samples were significantly larger under low
load than at high loads and high speeds. The smallest wear track and the lowest wear
volumes were exhibited for the highest load (1000 mN) and sliding speed (12 mm/s), for
all samples. Alumina ball also endured severe abrasive wear and pitting. The lowest COF
values (0.4 — 1.1) were exhibited for the Ti6AI4V sample with equiaxed microstructure
(Sample 3), whereas presence of the Ringer's solution was beneficial. However, equiaxed
microstructure in Sample 3 also exhibited full transition characteristic for both load and
sliding speed, with rather high COF values for some contact regimes. Extremely high
increase of COF values over time, appeared in the case of martensitic Ti alloy
microstructure (Sample 2), in dry sliding at low load and speed, with COF values reaching
2.8. In general, water quenching was not a favorable treatment for tribological behavior.
Lamellar and martensitic microstructures were not beneficial, either for wear or frictional
response. Wear mechanisms were governed by the abrasion, delamination, plastic
deformation and tribo-chemical reactions.
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