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Abstract 

Contacts between titanium alloys may use an anti-fretting coating on one component. 

However violent events may cause severe sliding.  

In the high speed and pressure (up to 60 m/s and 280 MPa) sliding of a non-coated on a 

coated part, we investigate the influence of the coating (CoCrAlYSiBN or CuNiIn) on the 

friction coefficient, wear, and microstructural affectations. Both coatings did not significantly 

influence the friction coefficient but reduced the wear.  

A scenario based on interface-localized heat explaining the generation of a third body and its 

influence on the tribological behavior was proposed. The dependence of the mechanical and 

thermal affectations on the coating material was explained based on the kinetic of the α→β 

phase transformation of the Ti6Al4V alloy. 
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1 Introduction 

Titanium alloys show a good compromise between density, strength, resistance to corrosion 

and operating temperature. Since it became possible to mass produce them in the 1950's [1], 

titanium and its alloys have been increasingly used in a lot of assemblies, and with 60% of the 

total production, Ti6Al4V is the most popular titanium alloy [2]. In jet engines, the poor 

tribological properties of titanium alloys [3] especially evident in cases of fretting solicitations 

[4,5], led to the creation of specific coatings, such as CuNiIn and CoCrAlYSiBN, used at the 

blade root / disk slot contact. While these coatings play their protective role in fretting 

conditions [6–11], their tribological behavior, when subjected to other kinds of solicitations is 

however usually unknown. Aircraft engines can undergo violent events, such as bird 

ingestion, leading to severe loading of the blade root / disk slot contact. Its behavior in the 

severe (high speed and pressure) dry sliding conditions thus created may greatly influence the 

response of both contacting parts to the event, as well as the maintenance procedures and 

costs. 

The friction coefficient � is defined by the Amontons/Coulomb law as the ratio of the friction 

force �� to the normal force ��. It has been shown that above a critical sliding speed (e.g. 

1 �/	 for a steel-on-steel contact, according to Lim et al. [12]), the friction coefficient, while 

dependent on the “true contact area” during the contact [13–17], is relatively independent 

from the initial roughness of the components [12]. It is mainly influenced by sliding 

parameters: in this study, the sliding speed 
 and the apparent contact pressure � = ��/, 

where  is the apparent contact area [12,18–24].  

In severe friction, the mechanical energy dissipated in the contact is mostly converted into 

heat [25], even though no consensus has been found on the exact dissipation site [26–28]. The 

resulting surface temperature may reach high levels [14,29–31] (i.e. 1050°� for a steel-on-

steel steel contact at 7 �/	 and 1.33 ��� [14] and 1000°� for a Ti6Al4V-on-GCr15 steel 
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contact at 60 �/	 and 1.33 ��� [31]) and has been shown to be linked to the activation of 

specific wear mechanisms such as adhesion or melting [12,30,32–34]. In high-speed friction, 

the main wear mechanism involved is generally considered to be the shearing of the adhesive 

junctions between the surfaces, although melting may occur in the most severe conditions 

[17,20,32,35].  

Depending on the temperatures reached, the microstructure of Ti6Al4V may evolve and so 

may the mechanical properties of the alloy. At room temperature, the biphasic Ti6Al4V alloy 

is constituted of a HCP lattice α-phase and a BCC lattice β-phase. When the temperature is 

higher than its β-transus temperature (from 950°C to 1000°C depending on the source, e.g. 

956°C [36], 975°C [37], 1000°C [38]), the alloy is only constituted of β-phase. 

The microstructure of the parts has been shown to be modified by the severe friction. In the 

case of short distance contacts in severe sliding such as the ones studied in this paper, the 

works of Chassaing et al. [30,34,39] for a Ti6Al4V-on-Ti6Al4V contact revealed the 

formation of multiple layers in the microstructure of the parts. They investigated friction, in 

severe conditions (� ≈ 110 MPa, 40 m/s ≤ 
 ≤ 64 m/s), of a longer, moving part, in linear 

sliding against a shorter, fixed one, both made of non-coated Ti6Al4V. They highlighted the 

key mechanisms of this interaction. Firstly, the microstructure exhibits a highly strained layer 

and heat-affected zone in both parts. Furthermore, the wear mechanism is adhesive, a transfer 

of material being observed from the fixed body to the moving one. This transferred material 

forms a third body which reduces the friction coefficient during the interaction. A time 

dependent behavior scenario was proposed which explains the behavior of the non-coated 

Ti6Al4V contact in severe friction. It is based on heat accumulation in the shortest part. This 

leads to the thermal softening of the surface of this component, reducing the friction 

coefficient but at the cost of a significant wear of the smaller part. This heat buildup has been 

confirmed by thermal measurements, with contact temperature reaching 1400°C [30]. These 
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results will serve as a reference for comparing the behavior of anti-fretting coated titanium 

alloy sliding against a non-coated titanium alloy. However, since all studies about the friction 

of these coatings have been made with fretting solicitations [8–11], their tribological behavior 

under severe conditions had to be investigated first. 

The aim of this work is thus to investigate the effect of the presence of two anti-fretting 

coatings, namely CuNiIn and CoCrAlYSiBN, on the tribological behavior of the dry contact 

between Ti6Al4V alloys in the specific conditions of severe friction. CuNiIn is usually used 

as a supporting layer for an MoS2 solid lubricant but for this study we considered it to have 

worn out under fretting solicitations prior to the interaction. This work is focused on sliding 

speeds ranging from 40 m/s to 60 m/s for apparent contact pressures of 110 MPa and 

280 MPa. These values were chosen in order to get testing conditions as close as possible to 

the ones used for the Ti6Al4V-on-Ti6Al4V contact [30,34,39] and to real loading conditions 

[34,40]. The effect of the coating material, sliding speed and apparent pressure on the friction 

coefficient and wear volume were studied. In addition, the influence of the coating material 

on the microstructural alteration of the samples was investigated. The results were then 

compared to those from a contact without coating from literature [30,34,39]. From these 

observations, for this contact, a tribological behavior scenario which takes accounts of the 

main characteristics of the solicitation has been proposed. Based on this scenario the local 

shear stress and heat flux were then calculated and compared to the sheared and heat-affected 

depths of the longer, non-coated, sample. The role played by the third body in the 

microstructural alterations of the moving sample was discussed. 

2 Materials and methods 

2.1 Experimental setup 

Several kinds of devices are available for tribological studies, depending on the test 

conditions considered. In this work, the main constraints were the sliding speed (40 �/	 <
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 < 60 �/	) and apparent pressure (110 MPa < � < 280 MPa) ranges. Criteria also 

included a moderate (less than 100 mm) but not too short (more than 1 mm) sliding distance 

and a quasi-absence of running-in period. The well-known pin-on-disc tribometer needs 

multiple rotations in order to reach high speeds, modifying both contact surfaces during that 

time. It could thus not be used. After considering various other devices, such as the plate 

impact [22] and Ogawa’s modification of the Kolsky bars [39], a slider-on-pad setup was 

adopted. 

The slider-on-pad tribometer was first designed by Philippon et al. [23,42] and was later 

successively enhanced. In this work, the third version of this device, adapted to a ballistic 

bench, is employed. This configuration is detailed in reference [34]. For each experiment, a 

set of three specimens was used: one slider and two pads. After placing the slider of length LS 

in-between the pads of length LP (see Fig. 1), the normal force is applied on the stack by a 

dynamometer ring. The slider is impacted by a projectile, causing it to accelerate in less than 

50 µs [43] to a speed called “initial sliding speed” 
$. During the experiment, the normal force 

�� imposed by the dynamometer ring and both tangential forces ��% and ��& resulting from 

the friction on each pad are recorded. An average friction force �� is calculated from the two 

latter. 

The interaction can be divided into 3 main stages which are highlighted in Figs. 1 and 2. At 

the beginning (phase 1), the projectile impacts the slider which starts moving. The inertia 

effects cause a peak of tangential force. After this transient period, the system is in a relatively 

steady state (phase 2), qualified by a variation of �� within ±30%. When the end of the slider 

reaches the pads (' = 
. ()* − ),-), the contact area decreases, causing the apparent contact 

pressure to increase. This is the beginning of third phase, which ends when the slider is no 

longer in contact with the pads (' = 
. )*). 
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Given the nature of phases 1 and 3, only the second phase is considered for calculating the 

friction coefficient. From the normal and average friction forces, a coefficient of friction 

�('- = ��('-/��('- is calculated. The average value  μ/ is used as the test friction coefficient. 

2.2 Materials 

For this study, both sliders and pads were machined by milling from a Ti6Al4V alloy 

(90 % Ti + 6 % Al + 4 % V) whose microstructure is shown in Fig. 3.a. The characteristic 

dimensions of the specimens (represented in Fig. 1) were )* = 60 ��, ), = 10 �� and 

0* = 3 ��, so the apparent contact area was  = ), ∗ 0* = 30 ��&. The pads were coated of 

either CuNiIn or CoCrAlYSiBN by air plasma spraying (APS). The powders used for this 

operation had the following compositions, given as mass fractions. The CuNiIn coating was 

obtained from a single powder, consisting of 59 % Cu + 36 % Ni + 5 % In. The 

CoCrAlYSiBN coating was obtained from a mix of two components: 75 % of a powder of a 

CoCrAlYSi alloy (composition: 52.98 % Co+ 25 % Cr + 8.47 % N + 6.53 % B + 5 % Al + 

1.75 % Si + 0.27 % Y) and 25 % of a hexagonal boron nitride (56.5 % N + 43.5 % B) one. A 

cross-section of the coatings (Figs. 3.b and 3.c) shows the resulting microstructures. The 

CuNiIn coating (thickness: 234�$56 = 160 ��) is mainly composed of CuNiIn grains, but also 

includes various oxides and porosity created during the spraying process. The CoCrAlYSiBN 

coating (thickness: 237389:;*$<� = 180 ��) also includes oxides and porosity but is mainly 

composed of two phases: a CoCrAlYSi matrix and hexagonal boron nitride inclusions. These 

inclusions, aimed at providing the contact with a solid lubricant through the life of the 

coating, represent 25 % to 30 % of the coating volume. The manufacturer, using image 

analysis on optical micrographs (details of the method are confidential), measured the typical 

initial porosity volume fraction to be close to 2 % for both coatings.  

The initial roughness (=��$>9:?@ ≤ 0.4 μm, =�37AB$6CD ≤ 6 μm) is not considered to be a 

critical parameter when considering the high-speed friction behavior of a dry contact. The 
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range of sliding speeds studied in this work allows to not investigate the influence and 

evolution of roughness. 

2.3 Post-mortem characterization 

After the friction tests, the slider, projectile, and pads were retrieved in a receiving tank filled 

with shock absorbing material (cloth) in order to dissipate the kinetic energy of the parts. The 

samples were then characterized by two successive methods. The wear was firstly measured, 

after which SEM observations of the parts were performed. 

2.3.1 Apparent wear volume measurement 

The wear can be measured either as a mass or a volume variation. While measuring mass 

variation is certainly easier than any other method, this technique requires to be able to 

ascertain that no mass variation happens outside the friction test itself. With the setup of these 

experiments, it was not possible. The projectile may impact the slider in the receiving tank 

while shock absorbing material may become glued to the slider. The pads, sucked in the 

receiving tank by the trail of the projectile, may also suffer post-test mass variation for 

reasons similar to the sliders. This only enables the wear measurement by a volumetric 

method. 

The apparent wear volume was measured by using a focus variation microscope (Alicona 

Infinite Focus) which acquired the part topography. A 5x objective was used, giving the 

system a lateral resolution of 10 µm and a vertical one of 0.50 µm. It was possible to compute 

the wear volume of the part by comparison of the measured topography with a reference 

surface defined on a non-worn surface. While damage to parts of the samples remote from the 

friction zone may influence the results from mass variation or total volume methods, this 

technique allows to consider only the wear scar area during the volume measurement.  



9 

 

On the pads, the reference surface was defined as the mean plane of the non-worn surface 

present on each side of the wear scar. On the sliders, however, no reference surface was 

available. Since no method was suitable for the measurement of the wear of the sliders, the 

wear volumes were only studied for the pads. For a friction test, the wear volume E is the 

mean value of the apparent wear of the two pads. 

Due to the porous microstructure of the coatings, it should be noted that the very high 

apparent contact pressure may cause these materials to be subjected to densification (i.e. 

closing of the pores) before the beginning of the interaction. This may increase the measured 

apparent wear volume, and thus cause an overestimation of its value. The small initial 

porosity fractions (about 2 % for both coatings), is however unlikely to cause a significant 

overestimation of the wear volume. 

2.3.2 Microstructural analysis 

The pads and sliders surfaces and sections were observed by means of an SEM (Zeiss Supra 

40 SEM-FEG). The positions of the observed zones are represented in Fig. 4. The SEM was 

equipped with a secondary and a backscattered electron detectors as well as an energy 

dispersive X-ray spectrometer for chemical analysis (EDX analysis). This detector was used 

to qualitatively assess the presence and determine the main components of transferred 

materials. 

Observing the surfaces of the samples only required a degreasing step, which consisted of an 

ultrasound cleaning in an acetone-ethanol mix (50 vol% of acetone). For the sections, 

however, the observed surface needed a polishing step beforehand. A semi-automatic 

polishing machine (Struers Tegramin-20) was used for all polishing steps. Coarse polishing 

was done using SiC sandpaper down to a 15 µm grain size, followed by fine polishing using 

9 µm and 3 µm diamond polishing suspensions. The last polishing step involved hydrogen 

peroxide-activated OPU. 
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3 Results and discussions 

The sliding tests were carried out at three target initial sliding speeds (
 = 40, 50 and 

60 m/s) under two target apparent contact pressure values (� = 110 and 280 MPa). 

The test configurations only differ from each other by the nature of the coating used on the 

pads, while the slider and the pads substrate material is always the same (Ti6Al4V). For the 

sake of readability, the test configurations used hereinafter are designated using shortened 

names “cM”. In this notation, “M” is the abbreviated name of the material present on the 

surface of the pads (Co and Cu respectively for the CoCrAlYSiBN and CuNiIn coatings).  

3.1 Friction coefficient value and wear volume 

From these tests, the average friction coefficients were calculated (with a 95 % confidence 

interval within  �̅ ± 5 %). These results (Fig. 5) highlight similar values of the friction 

coefficients resulting from tests performed at the same apparent contact pressure. For both 

couples of materials, the friction coefficient dependency to the sliding speed was low while 

the influence of the apparent contact pressure was more significant. An increase of the 

pressure of close to 150 % nearly halved the friction coefficient (from �̅ ≈ 0.15 for � =

110 MPa to �̅ ≈ 0.08 for � = 280 MPa). 

The apparent wear volumes of the pads were measured for a reduced set of tests. As explained 

in Section 2.3.1, the value used to represent a test is the average of the wear volume of both 

pads. The results are reported in Fig. 6. For a constant apparent normal pressure, the coated 

pads wear exhibits a low sensitivity to the sliding speed, regardless of the coating material, for 

the range of sliding speeds studied. For both couples of materials, the rise in the initial 

apparent contact pressure increased the wear volume. At 40 m/s, the variation is close to 

0.1 ��K with both coatings materials. At higher speeds, however, the influence of the 

pressure appears to decrease. Indeed, at 60 m/s, the wear volumes are nearly identical for both 

apparent contact pressures. 
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At 
 = 40 m/s and � = 280 MPa, slight differences of friction coefficient and wear volume 

were observed between the two configurations. In the cCo configuration (�̅ ≈ 0.091 and E ≈

0.24 mm3), the friction coefficient and the wear volume were higher than in the cCu one (�̅ ≈

0.063 and E ≈ 0.19 mm3) by about 0.03 and 0.05 mm3, respectively. 

3.2 Evolution of the microstructure 

The microstructural observations of the samples from a given couple of materials 

revealed similar microstructures for all pads and similar microstructures for all sliders. The 

microstructure remained mostly unchanged (i.e. similar thickness of the sub layers) along the 

length of each slider. The evolution of the microstructure along the length of the slider is a 

marker of the temporal evolution of the contact conditions. These were thus considered to 

have been stationary for the duration of the sliding test. For different sliding speeds and 

contact pressures, the observed evolution of the microstructure (morphologies, layering…) 

were similar for a given couple of materials. Therefore each test configuration is not detailed 

here and figures only show samples from tests at 
 = 40 m/s and � = 110 MPa as a case 

study. 

A large part of the contact surface of the coated pads (Fig. 7) was found to be covered 

with a layer of material which presented a number of unoriented cracks. This type of cracking 

is typical of a relaxation of isotropic plane stress due to thermal shock from very high cooling 

rates [44]. This means that the contact interface reached a relatively high temperature, which 

is consistent with the high energy dissipated into the contact. The repartition of this layer on 

the surface of the pad is illustrated by Fig. 8, with micrographs corresponding to a cCu 

configuration. At the front of the pad, the deposited layer is absent, while it covers the rest of 

the friction scar. The transition between those two surfaces happens at a distance )AMB from 

the front edge of the pad, called the deposit activation length. At 40 m/s and 110 MPa, in the 
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illustrated cCu configuration, the transition took place at )M34
AMB ≈ 5 mm while it was 2 mm ≤

)M37
AMB ≤ 3 mm  with cCo. 

A layer of deposited material was also found on the whole contact surfaces of the sliders. 

While some cracks could be observed in the deposited layer on the sliders from the cCo tests 

(Fig. 9.a), few to no cracks were seen at the surface of the sliders from the cCu tests (Fig. 9.b). 

EDX analysis (see EDX spectra of the deposited layer in the cCu and cCo configurations in 

Fig. 10) revealed elements from both the Ti6Al4V alloy and the tested coating, whether in the 

case of the samples from the cCo or cCu tests. The relative composition of the deposited layer 

was estimated to be mostly Ti6Al4V in addition to some coating material. This means that the 

layer originates from the mix of these materials. The deposited layer from the cCu tests, 

however, seemed to contain a little more coating material than the one from the cCo tests. 

The formation of a third body, originating mostly from the slider, during the friction was 

thus highlighted. 

The observation of the cross-section of the sliders from the cCo tests (Fig. 11.a) revealed 

that the slider was layered in 4 distinct zones. The bulk of the slider (1) is unaffected by the 

friction process. A sheared zone (2) appears from 10 µm under the surface, while a thinner 

(5 µm thick) heat affected zone or HAZ (3) overlaps it up to the surface. A fourth layer of 

deposited material is present over the surface of the slider (4). The thickness of this layer has 

no meaning. Indeed, it may have been altered by the shock that took place after the 

interaction. It was therefore not measured. The observation of the cross-section of the sliders 

from the cCu tests (Fig. 11.b) reveals that they had been layered in the same four zones as the 

cCo sliders. The heat affected zone was however thicker (around 10 µm) than the sheared 

zone (5 to 7 µm). The HAZ was revealed by the presence of an acicular N′ microstructure. 

This structure appears when the material is quenched under high cooling rate from P structure 

(temperature higher than the P-transus). The sheared zone was visible thanks to the typical 
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aspect of the P grains which appear to have been “dragged” along the sliding direction by the 

friction process.  

A layer of deposited material is also present on the surface of the pads from both the cCo 

and cCu tests but no heat affected or sheared zone is revealed by the observation of their 

cross-section (Figs. 11.c and d). This fourth layer was also visible in the observations of the 

surface of the samples. It has been demonstrated that this deposit originates from a third body 

formed of the materials of both parts during the friction.  

A section of the third body deposited in valleys of the pad roughness is presented in 

Fig. 12 and reveals a fine structure of this layer. Submicronic heterogeneities are present in 

both configurations, leading us to consider the third body to originate from an accumulation 

of very small debris, compacted and mixed into a third body. Given the resolution of EDX 

analysis (about 1 µm in our case) and the small size of the debris (<0.5 µm), it was not 

possible to analyze their chemical composition so only the macroscopic composition, 

presented in the previous section is available. 

The morphology of the third body deposit present on the slider (Fig. 9), and the presence 

of said third body on both first bodies leads us to believe severe shearing happened within a 

layer of third body present between the first bodies (S3M3 mode [45,46]). The morphology of 

the Ti6Al4V slider revealed under the third body, especially visible in Fig. 9.b, doesn’t 

exhibit much visible damage. This leads us to postulate that the third body had a protective 

role in the contact by localizing the speed accommodation. 

From the repartition of the third body along the pad, we showed that its formation 

activated only after a certain distance )AMB. Furthermore, we showed that the slider exhibited a 

highly strained layer that would be characteristic of a S1M1 (superficial creep) 

accommodation mode. Given the role of the third body it is probable that this mode is only 

active prior to third body formation, that is, before )AMB. In order for the third body to form, 
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some sort of threshold must be reached, as shown by the existence of the third body activation 

length. The existence of a heat affected zone in the slider led us to conclude that a high 

interfacial temperature had been reached during the contact. Furthermore, given observations 

made in similar loading cases by other authors (e.g. [30]), this threshold could be of a thermal 

nature such as reaching a temperature where shearing yield strength of the material of one of 

the first bodies is lowered below the frictional shear stress applied at that point of the contact.  

It should be noted that, from the micrographs of the cross-section of the pads (Figs. 11.c 

and d), the integrity of both coatings was preserved with no severe wear mode (e.g. spalling or 

delamination) being activated. 

Another point of interest is the EDX analysis of the third body of cCo and cCu tests (Fig. 

10) revealed that the third body from cCo tests seemed to contain a little more Ti6Al4V (and 

conversely a little less coating material) than the one from cCu tests. The third body from cCo 

tests was also constituted of bigger debris than the one from the cCu tests. Indeed, from Fig. 

12 the larger debris from the cCo third body (1.7 µm) were about twice as big as the larger 

debris from the cCu third body (0.7 µm). We saw that at 
 = 40 m/s and � = 280 MPa, the 

friction coefficient and the wear volume were slightly higher in the cCo configuration than in 

the cCu one (Section 3.1). This could indicate that the CuNiIn coating was more easily worn 

than the CoCrAlYSiBN one, leading to the formation of smaller particles under lower 

stresses. This would have led to the lower rate of Ti6Al4V observed in the third body 

generated in cCu tests, relative to the one from cCo tests. 

3.3 Comparison of the experimental results to the non-coated case 

In the previous section, we saw how a severe contact between a Ti6Al4V slider and coated 

Ti6Al4V pads behaved in terms of friction coefficient, wear volume and microstructural 

alterations with two different coatings (CoCrAlYSiBN and CuNiIn). Chassaing et al. 

[30,34,39] studied the contact between a Ti6Al4V slider and Ti6Al4V pad with a similar 
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experimental setup. Their works were used as a reference of a contact with non-coated pads. 

Any result for this configuration, designated as “cNC” (for non-coated), further encountered 

in the present paper will refer to these works. 

The friction coefficient values observed were similar with both coatings (see Section 3.1). The 

results from the cNC configuration also exhibited the same tendency, with values close to the 

ones from the cCo and cCu tests (Fig. 5). Thus, all three configurations showed little 

sensitivity to the sliding speed but were significantly influenced by the apparent contact 

pressure value.  

These similar behaviors may originate from the activation of similar friction mechanisms. An 

explanation for the observed values would be the thermal softening of the surface of at least 

one of the solids, caused by the quick elevation of the temperature of the contact interface. 

The friction power being mostly dissipated as a heat flux, the interface can reach very high 

temperatures, which causes the yield strength of the materials to drop and thus the friction 

coefficient to decrease. This phenomenon was already observed in the case of a contact 

between a Ti6Al4V slider and a Ti6Al4V pad by Chassaing et al. [30]. It was caused by the 

high interfacial temperature reached during the friction. For sliding speeds of 45 and 60 m/s 

(with � = 110 ���), the temperature was measured to be close to 1400°C in both cases.  

If thermal softening took place during the tests done with coated pads, the affectation of the 

microstructure should testify of the high temperature necessary for the process. This aspect 

was discussed in Section 3.2. 

For a constant apparent normal pressure, the coated pads wear exhibits a low sensitivity to the 

sliding speed, regardless of the coating material, for the range of sliding speeds studied. This 

behavior is different from the one observed in the cNC configuration (Fig. 6). In this case, the 

results show a sharp decrease in the apparent wear with an increase in speed. The values of 

the cNC, cCo, and cCu configurations tend to converge at 60 m/s, with values between 0.15 
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mm3 and 0.2 mm3. At lower speeds, however, the wear values from the cNC configuration are 

much higher than those from both cCo and cCu. At 40 m/s, a difference of 0.5 ��K to 

0.6 ��K is observed. 

For both couples of materials, the rise in the initial apparent contact pressure increased the 

wear volume. The increase was higher for the cNC configuration (around 0,3 ��K at 40 m/s) 

than for the cCo and cCu ones (around 0.1 mm3 at 40 m/s). The apparent contact pressure had 

a lower influence on the wear volume at higher speeds than at lower ones. Indeed, at the 

highest sliding speed (60 m/s), the wear volumes are nearly identical for both apparent contact 

pressures. 

These observations show that even though at 60 m/s the wear of the non-coated material 

couple is similar to the wear of the couples with the coated pads, over the rest of the speed 

and pressure ranges that have been studied, the coating provides a wear protection to the pad 

for a 60 mm sliding length. It should be noted that the wear reduction caused by the use of the 

coatings was not correlated, either positively or negatively, with an evolution of the friction 

coefficient.  

The microstructural observations of the samples from a given couple of materials revealed 

similar microstructures for all pads and similar microstructures for all sliders (Section 3.2).  

The sliders microstructures were layered in the same four zones for the three configurations, 

however, the thickness of the sheared and heat affected zones depended on the configuration. 

The composition of the deposited material was also different for the three configurations. In 

the case of cNC, it originated mostly from the pad while with cCo and cCu it was a mix of 

Ti6Al4V from the slider and of the coating material.  

The microstructure of the pads was also observed. While no heat affected or sheared zones 

was seen in the coatings, it was observed that the deposit covered a large part of the surface. 
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3.4 Behavior scenario 

From the microstructural observations, the activation of multiple tribological mechanisms can 

be deduced. A tribological behavior scenario is proposed in Fig. 13 to explain their roles and 

their activation points. Since the slider alterations were observed on most of the slider length, 

this scenario is based on the hypothesis of stationary conditions quickly established at the 

beginning of the friction. It describes the succession of phenomena that are activated at a 

point of the slider going through the contact. 

1. When it enters the contact, a point of the slider surface goes through a phase of plastic 

deformation. Since significant friction stresses exist between the pad and slider 

materials, both surfaces tend to suffer from severe shearing. The repartition of the 

shearing deformation among the surfaces in contact depends on the shearing yield 

strength of the materials. 

2. The mechanical energy is dissipated in the contact as heat. Its build up causes a quick 

temperature increase at the contact interface. 

3. When the temperature reaches a high enough value, the surfaces of the samples start to 

soften. A third body is thus formed and maintained throughout the rest of the contact. 

It lubricates the contact, reducing the local friction coefficient and the wear. This third 

body may originate from any or both of the materials depending on their 

thermomechanical properties. 

4. When the slider surface element exits from the contact, it is quickly cooled from its 

high temperature, and thus quenched (if the slider material can be transformed by 

quenching). This is the case of the Ti6Al4V and of most other metals. Cracking of the 

surface may appear due to its very high cooling rate. 

This behavior scenario highlights the tribological mechanisms activated during the sliding of 

the components. However, in order for it to be valid, the observations of all the different 
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coatings studied had to be consistent with each other. From the activation length and the 

coefficient of friction, thermal and mechanical loads were predicted. They were compared to 

the measured microstructural alterations in order to check that the results from the three 

configurations (cCo, cCu, and cNC), were consistent. 

The results from an experiment ran at a 
 = 40 m/s sliding speed and a � = 110 MPa 

apparent contact pressure were compared (Tab. 1). Under these conditions, the mean friction 

coefficients �̅ and thus the resulting friction work R (Eq. (1)) and mean surface heat flux φT 

(Eq. (2), based on [47–49]) generated at the contact interface are close for the three 

configurations (cCo, cCu, and cNC). The terms ��, )*, and  are respectively the friction 

force, the sliding distance, and the apparent contact area. The Taylor-Quinney coefficient P�U 

represents the fraction of the friction work (or surface power � = �. �. 
) dissipated as heat 

(or surface heat flux V). As it is usually in the 0.9-1 range, a value of 0.95 was used for 

numerical applications. 

R = �� . )* = �. �. . )* (1) 

φT = P�U. � = P�U . �. �. 
 (2) 

The coating material effect on the tribological behavior is evaluated through the thickness of 

the heat affected and sheared zones in the slider as this part is made of the same material in 

both configurations. For cCo and cCu, both results are presented in Section 3.2. For cNC, the 

results come from Chassaing’s work [39].  

The behavior scenario presented in Section 3.4 considers that the third body is quickly 

generated and then lubricates the downstream contact (the “wet” part), decreasing the local 

friction coefficient. Conversely, it means that most of the friction work is dissipated in the 

part of the contact without third body (the “dry” part), called the active part of the contact. 

The active fraction of the contact is defined by the ratio =AMB (see values in Tab. 1) of the 

active contact to the total contact areas and obtained via (Eq. (3)) from the deposit activation 
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length )AMB (defined in Section 3.2). The cNC data [39] didn’t include a SEM analysis of the 

surface. For that reason, )AMB (7 ��) was determined from a longitudinal profile present in 

the reference.  

=AMB =
)AMB

),
 

(3) 

The friction coefficient, and thus the shear stress, in the part of the contact protected by the 

third body are considered negligible. The contact pressure is supposed to be evenly distributed 

(over the whole contact area) and the friction coefficient to be constant in the active part of 

the contact. Consequently, an element of the surface of the slider is exposed for a duration 

'AMB = =AMB. )W/
 to a shear stress XAMB and surface heat flux VD
AMB when going through the 

active part of the contact. Both are constant and calculated from =AMB by using Eqs. (4) and 

(5) wherein YD is the fraction of the surface heat flux dissipated toward the slider. Their values 

are reported in Tab. 1. In this configuration, both the shear stress XAMB and the surface heat 

flux are VD
AMB are inversely proportional to =AMB. Conversely, the time 'AMB during which a 

point of the surface of the slider is exposed to these loads is proportional to =AMB. 

XAMB =
�. �

=AMB
 

(4) 

VD
AMB = YD.

V

=AMB
 

(5) 

For the same macroscopic friction coefficient, the smaller the active part of the contact, 

(lower =AMB), the higher the shear stresses predicted by the model are on the unprotected part 

of the contact. Higher shear stresses are coherent with the deeper sheared zone that had been 

observed for such coating.  

Concerning the surface heat flux, it also evolves contrary to the size of the active part of the 

contact (Eq. (10)). However, unlike the surface heat flux, the heat affected depth increases 

with =AMB. This phenomenon is linked to the decrease in the exposure time 'AMB cause by the 

reduction of =AMB, illustrated by Fig. 14. 
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In its initial state, Ti6Al4V, which the slider is made of, contains both an α phase and a β one 

(see Section 2.2). In order for heat affectation by quenching to appear, two successive steps 

must take place. The α phase of the alloy must first transform into β phase (at a temperature 

above the β-transus of the alloy). It must then be quickly cooled in order for this phase to 

transform into a martensitic α’ phase. If either of these steps does not occur, no quenching can 

take place. 

The α→β transformation uses a diffusion mechanism and need time to take place. For 

example, reference [38] suggests to maintain Ti6Al4V for 0.1 to 1 hour at a temperature 

between 900 and 970°C before any quenching operation in order for the α→β transformation 

to occur. In the field of welding, Elmer et al. [50] highlighted the strong influence of heating 

speed on the temperature at which the α→β transformation occurred: “at a heating rate of 

30°C/s, higher temperatures, on the order of 50°C, were required to produce the same amount 

of β phase as that predicted by equilibrium thermodynamics” [50]. To put these results into 

perspective, from the temperature evolution measured by Chassaing et al [30] in a test done in 

conditions close to the ones of the present paper (
 = 40 m/s, and � = 110 MPa), mean 

heating rates of about 1,000,000°C/s are observed. We can infer that a temperature much 

higher than the β-transus is needed for the α→β transformation to occur. 

Consequently, the longer a point of the surface of the slider is heated, the deeper under that 

point the α→β transformation will take place, which, after cooling, causes a deeper heat 

affected (quenched) zone to appear. 

We see here that both the evolution of the sheared depth and the heat affected depth support 

the model proposed in Section 3.4. Given this analysis, further investigations into the severe 

contact between a non-coated Ti6Al4V slider and coated Ti6Al4V pads will have to link the 

thermomechanical properties of the first bodies to their microstructural alterations. This 

requires to know these properties, which proves to be, itself, a challenge. Furthermore, the 
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kinetic of the phase transformations (or lack thereof) in the materials involved is critical, 

especially when considering that said transformations may be influenced by the mechanical 

state (stress and strain) of the material. The effect of the third body on the evacuation of heat 

outside of the contact also needs to be studied. As it is evacuated from the contact at high 

temperature, it may behave like grinding chips and absorb a significant part of the heat 

resulting from the friction [51]. Finally, given the small range of usual values of the Taylor-

Quinney coefficient (0.9 to 1), it is not necessary to focus on its determination for now. 

4 Conclusions 

Couples of a Ti6Al4V slider and a Ti6Al4V pad, coated of either CuNiIn or CoCrAlYSiBN 

were subjected to friction experiments on a slider-on-pad tribometer. Under an apparent 

contact pressure of 110 or 280 MPa, initial sliding speeds ranging between 36 and 68 m/s 

were quasi-instantaneously applied to the slider. From the tests, the friction coefficient, wear 

volume and microstructural alterations were investigated and compared to the results from 

tests with non-coated pads. 

The following conclusions were drawn: 

1. The coating integrity was preserved with both CoCrAlYSiBN and CuNiIn materials, 

with no severe wear mode (e.g. spalling or delamination) being observed. 

2. At a macroscopic scale (friction coefficient and pad wear), the use of both coatings led 

to similar results. When compared to an absence of coating, they reduced pad wear 

while not significantly changing the friction coefficient. 

3. The friction coefficient and wear of the coated pads presented little to no sensibility to 

the sliding speed but were influenced by the apparent contact pressure. Increasing the 

apparent contact pressure from 110 to 280 MPa halved the friction coefficient and 

increased wear by up to about 1 mm3.  
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4. A behavior scenario was proposed for contacts in severe friction with interface-

localized heat. Based on the microstructural layering of the slider, it is time-

independent and position-dependent, following an element of the slider surface.  

5. The thicknesses of the heat-affected and sheared layers (of the slider) were dependent 

on the coating used. This was shown to be linked to a difference in the active (non-

lubricated by the third body) length of the contact which we proposed to at least be 

dependent on the thermal properties of the components and on their thermomechanical 

behavior. 

6. At 
 = 40 m/s and � = 280 MPa, the CuNiIn coating was more easily worn than the 

CoCrAlYSiBN one, facilitating the formation of the third body and therefore slightly 

reducing the friction coefficient. 
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Macroscopic results 

Friction coefficient  0.16 0.15 0.17 
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Results for the active part of the contact, according to Eqs. (3)-(5) 
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