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Abstract: The dry sliding behavior of three commercial friction materials (codenamed FM1, FM2, and 

FM3) tested against a Co-free cermet coating produced by high-velocity oxy-fuel (HVOF) on gray 

cast-iron discs is investigated. FM1 is a conventional low-metallic friction material, FM2 is developed for 

using against HVOF-coated discs, and FM3 is a Cu-free friction material with a low content of abrasives 

and a relatively high concentration of steel fibers. For the tribological evaluation, they are tested on a 

pin-on-disc (PoD) test rig against Co-free HVOF-coated discs, with particular attention to the running-in 

stage, which is fundamental for the establishment of a friction layer between the two mating surfaces, i.e., 

the pin and disc. The PoD tests are performed at room temperature (RT) and a high temperature (HT) of 

300 ℃. At RT, all materials exhibit a long running-in stage. At HT, no running-in is observed in FM1 and 

FM2, whereas a shorter running-in period, with respect to the RT case, is observed in FM3 followed by the 

attainment of a comparatively high coefficient of friction. At RT, the pin wear is mild in all cases but 

severe at HT. FM3 shows the lowest wear rate at both temperatures. Moreover, the coated disc shows no 

wear when sliding against the FM3 friction material. All the results are interpreted considering the 

microstructural characteristics of the friction layers formed on the sliding surfaces. The findings of the 

present study provide insights into reducing wear in braking system components and hence reducing 

environmental particulate matter emissions from their wear, through the use of disc coatings.  
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1  Introduction 

High-velocity oxy-fuel (HVOF) cermet coatings are 

widely employed in tribological applications featuring 

sliding conditions such as sliding bearings, valves, 

and forging dies [1–3]. WC–Co and Cr3C2–NiCr cermet 

coatings are used against different counterface materials, 

such as steels or ceramics [4–7]. The reported specific 

wear coefficients can be extremely low, i.e., below 5 × 

10–15 m2/N, depending on the coating quality and the 

main damage mechanisms [5, 8–10]. A comprehensive 

review of the damage mechanisms of HVOF WC– 

(W,Cr)2C–Ni and WC–CoCr coatings dry sliding 

against a ceramic counterface was recently provided 

by Bolelli et al. [9, 11]. At room temperature (RT), the 

wear mechanisms were discovered to be the 

abrasion of the metallic matrix, which involved the 

extraction of carbides from the coating surface, 

and the brittle cracking of both the metallic matrix 

and carbides. Furthermore, the tribo-oxidation of 
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the carbide phase occurred when the sliding velocities 

were sufficiently high. Furthermore, the authors 

identified a threshold temperature between 600 and 

750 ℃ for the oxidation of the carbide phase and 

the metallic matrix. Such phenomena were discovered 

to be detrimental to the sliding wear resistance of the 

cermet coatings; therefore, Cr3C2–NiCr coatings are 

preferred in high-temperature (HT) applications [8]. 

Cermet coatings obtained via the HVOF technique 

are promising for brake systems comprising friction 

material pads sliding against a rotating disc [12–14]. 

In fact, disc wear contributes significantly to the overall 

system wear and hence to the release of wear particles 

into the environment [15]. Because the emission of 

wear particles is strictly associated with the wear 

of components in sliding contact [15], in principle, 

upon increasing the wear resistance of the counterface 

discs, a reduction in the emissions is expected. In a 

previous investigation [12], the dry sliding behavior 

of a commercial friction material against WC–CoCr– 

and Cr3C2–NiCr-coated discs was investigated at 

RT and 300 ℃. The steady-state friction coefficient 

detected during the RT pin-on-disc (PoD) tests was 

high, i.e., approximately 0.7 and 0.6 for the WC–CoCr- 

and Cr3C2–NiCr-coated discs, respectively. Moreover, 

a slight decrease was observed with increasing test 

temperature, and the specific wear coefficients of the 

coated discs were negligible in both cases. Federici 

et al. [16] investigated the effect of the initial surface 

roughness and skewness of cermet-coated discs and 

discovered that the best compromise between the 

frictional and wear performances and the industrial 

feasibility of a surface polishing process began at an 

average surface roughness of 1.0–1.5 μm. Furthermore, 

the tribological characterization was extended to 

the running-in behavior [17] as a function of the 

initial surface finish of the coating. It was discovered 

that the best frictional and wear performances were 

achieved using polished discs only. The study of 

Wahlström et al. [18] demonstrated that significant 

potential of HVOF cermet coatings in reducing the 

emission of airborne particles associated with the 

material wear of braking systems. Similarly, Menapace 

et al. [19] extended the study to investigate the 

chemical and phase compositions of the airborne 

fractions of wear debris collected during dyno-bench 

tests using WC–CoCr-coated discs. One of the main 

results of the investigation was the detection of 

critical elements transferred from the coating to the 

airborne fraction of the wear debris, i.e., cobalt; this 

has raised additional concern. Because some chemical 

compounds of this element are considered hazardous 

to the human body [20], they must be removed from 

the coatings used in braking system applications. 

The issue of cobalt replacement in industrial machinery 

is in fact well known; several investigations [21–24] 

have been performed to obtain a valuable metallic 

matrix for cobalt replacement, and different solutions 

have been proposed. Zhang et al. [21] analyzed the 

wear behavior of an Fe48Mo14Cr15Y2C15B6 amorphous 

coating and obtained promising results regarding 

their dry sliding friction and wear behaviors. Bolelli 

et al. [24] investigated the possibility of reinforcing 

Fe-based coatings with WC particles. The results of 

this preliminary investigation showed that the dry 

sliding wear rates of the newly developed Fe-based 

coatings were comparable to those of traditional 

WC–CoCr coatings, i.e., lower than 10–17 m2/N. The 

same authors extended their investigations by testing 

different types of Fe-based coatings [25, 26]; they 

discovered that the detection of specific wear coeffi- 

cients was still relatively low, i.e., on the magnitude 

order of 10–15 m2/N. 

To the best of our knowledge, the possibility of 

using Co-free HVOF coating on the surface of brake 

discs has not been investigated hitherto. The present 

investigation aims to partially fill this gap by evaluating 

the frictional and wear properties of a newly developed 

WC–FeCrAlY coating tested against three different 

friction materials. This coating might be able to over- 

come the release problem in the outer environment 

of cobalt-containing airborne wear debris generated 

during the use of coated brake discs. The present 

research focuses on the use of a PoD tribometer for 

evaluating the frictional and wear performances of 

the newly developed Co-free coating. The abovemen- 

tioned investigations involving wear-resistant coatings 

revealed an important issue regarding the formation 

of an effective tribological layer. In fact, once the 

fraction of wear debris from the disc is reduced 

significantly, the buildup of secondary plateaus 

resulting from the compaction of the wear debris 
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against the harder and tougher components of the 

friction material (primary plateaus) may become 

relatively difficult, thereby complicating the inves- 

tigation of the peculiar running-in behavior. The 

running-in stage has been specifically investigated 

owing to its fundamental role in the tribological 

coupling between mating surfaces. Information from 

PoD characterization is widely used [17, 27–29] 

during the early development of new materials for 

braking systems to rank the material performances. 

Nevertheless, for the final assessment of the materials 

in ready-to-use conditions, dyno-bench and car tests 

are required. 

2  Materials 

A Co-free WC–FeCrAlY coating was deposited using 

the HVOF thermal spray technique onto traditional 

pearlitic gray cast iron discs with a hardness of 235 ± 

5 HV10. The nominal composition of the powder 

used for the thermal spray deposition, including 

the carbide phase and metallic matrix, is listed in 

Table 1. The carbide and powder particle size ranges 

are shown as well. 

The coating was deposited under standard conditions 

with a spraying distance of 380 mm between the torch 

and substrate disc. A mixed flux of kerosene (25 L/h) 

and oxygen flux (1,000 L/min) was used. The barrel 

length was approximately 100 mm, the traverse torch 

speed was 550 mm/s, the powder feed rate was 70 g/ min, 

and the carrier gas flow rate (N2) was 7 L/min. The 

powder was deposited using a Diamond Jet 2600 

HVOF torch onto a pearlitic gray cast iron substrate, 

which was prepared based on an industrial degreasing 

protocol, roughened via a traditional sandblasting 

process, and pre-heated to 150 ℃. 
 

Table 1  Nominal chemical composition of starting powder of 
WC–FeCrAlY coating and carbide particle size. 

Powder 
Carbide 
phase 

 

Carbide 
particle 

size (µm) 

Powder 
particle 

size (µm) 

Metallic 
matrix- 
nominal 

composition

 
WC– 

FeCrAlY 

 
83 wt% WC 

 
1–5 

 
15–45 

 

12 wt% Fe
3.5 wt% Cr
1 wt% Al 

0.5 wt% Y

  Based on the two former cited studies regarding 

the effect of roughness on the frictional and wear 

behaviors of HVOF-coated discs tested against friction 

materials [4, 5], the as-sprayed average roughness 

 (Ra) and roughness skewness (Rsk) of the coated 

discs were reduced via an optimized industrial 

polishing procedure. The surface of the discs was 

analyzed using a Hommel Tester T1000 stylus 

profilometer. The scanning parameters were as 

follows: a sampling length of 15 mm and a scanning 

speed of 0.15 mm/s; Ra was 1.4 ± 0.2 μm, whereas Rsk 

was (–1.5) ± 0.3. The coating thickness after polishing 

was approximately 70 μm.  

The microstructural features of the coatings and 

friction materials were characterized via scanning 

electron microscopy (SEM, JEOL IT-300) equipped 

with an energy-dispersive X-ray spectroscopy (EDXS) 

probe for chemical analysis. The SEM micrograph 

of the coating cross-section is shown in Fig. 1(a). The 

coating is characterized by a low residual porosity 

and no cracks, i.e., two types of defects often observed 

in such coating type. Furthermore, the machining 

mark of the cast iron substrate, owing to a turning 

operation performed to create the specimens and  

 
Fig. 1  SEM micrographs of coating cross-section after polishing. 
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indicated with an arrow in the central region of the 

image, served as macroscopic mechanical interlocking 

between the coating and substrate, based on an 

established physical adhesion mechanism investigated 

in several studies [30–32]. In Fig. 1(b), the microstructure 

details of the coating are shown, where blocky 

carbide grains with almost rounded edges can be 

observed in the metal binder matrix. 

Microhardness tests were conducted on the polished 

cross-section using a Future-Tech microhardness 

tester (model FM-310). A Vickers diamond indenter 

under a 300 g load and 10 s dwell time was used. 

The microhardness of the coating was 1,130 ± 89 HV0.3. 

The sprayed coating was subjected to X-ray diffraction 

(XRD) analysis to verify the presence of parasitic 

phases typical in WC-containing coatings [33–35]. The 

analyses were performed using a Co Kα incident 

beam from an Italstructures IPD3000 diffractometer 

with an Inel CPS120 detector that simultaneously 

collected the signal over a 2θ angular range of 5°–120°. 

The resulting XRD spectrum is shown in Fig. 2. 

The results show a nanocrystalline metallic matrix 

and WC carbides. The nanocrystals are due to both 

the high deformation of the matrix that occurred 

during the collision of the particles with the substrate 

and to their particularly high cooling rate. Although 

the presence of additional minority phases could 

not be clearly assessed, the two broad diffraction 

peaks positioned at approximately 46.3° and 48.2° 

 

Fig. 2  XRD spectrum of WC–FeCrAlY coatings. 

can be reasonably ascribed to the nanocrystalline 

W2C phase, with a corresponding estimated volume 

fraction below 5%. 

The friction materials used for the tribological 

characterization of the coated discs were three 

low-metallic brake pads. The first friction material, 

codenamed FM1, was the reference, and its composition 

is typical of commercial low-metallic lining materials. 

The other two, codenamed FM2 and FM3, were 

specifically developed for use against HVOF-coated 

discs. Furthermore, the third friction material (FM3) 

had a copper-free formulation. Their phase compo- 

sitions were determined via XRD analysis. The XRD 

measurements were performed using a Rigaku Smart- 

Lab high-resolution diffractometer equipped with a 

Cu Kα radiation source. Subsequently, a quantitative 

analysis was performed with Rietveld refinement [36], 

and the results obtained are listed in Table 2. 

Table 2  Phase composition of friction materials used for tribological characterization of WC–FeCrAlY-coated discs. Hardness 
values are only indicative and were obtained from different literature. 

Role of constituents Phases Mohs hardness
Concentration 
of phases in 
FM1 (wt%) 

Concentration 
of phases in 
FM2 (wt%) 

Concentration 
of phases in 
FM3 (wt%) 

Iron (Fe-α) 4–4.5 4.8 ± 0.4 2.1 ± 0.5 27.5 ± 0.8 
Copper (Cu) 3 8.1 ± 0.3 3.9 ± 0.2 — 

Brass (Cu + Zn) 3.5 7.7 ± 0.2 4.3 ± 0.3 — 
Reinforcements 

Zinc (Zn) 2.5–3 7.0 ± 0.5 2.1 ± 0.6 — 

Corundum (Al2O3) 9 17.8 ± 0.5  14.9 ± 0.3 5.5 ± 0.4 

Anatase (TiO2) 5.5–6 — 6.0 ± 0.7 — 

Rutile (TiO2) 6 — 2.6 ± 0.8 — 

Chromite (Fe2+ Cr2O4) 8 2.6 ± 0.7 1.8 ± 0.9 1.8 ± 0.4 
Abrasives 

Periclase (MgO) 6 2.0 ± 0.4 2.6 ± 0.5 2.6 ± 0.6 

Graphite (C) 1.5 25.6 ± 0.2 28.4 ± 0.3 26.4 ± 0.5 
Solid lubricant 

Tin sulfide (SnS) 1–2 1.2 ± 0.5 1.3 ± 0.4 1.4 ± 0.4 

Kaolinite (Al2Si2O5(OH)4) 2–2.5 5.7 ± 0.7 7.1 ± 0.6 — 

Biotite (K(Mg,Fe2+)3) 2.5–3 17.5 ± 0.4 22.9 ± 0.5 25.7 ± 0.6 Fillers 
Barite (BaSO4) 3–3.5 — — 9.1 ± 0.5 
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Figure 3(a) shows an SEM micrograph of FM1. 

As shown, iron (i.e., steel) and brass are present in 

the form of chips or elongated reinforcing fibers, 

whereas copper is in the form of particles. Brass 

and copper increase the thermal conductivity of the 

material, thereby reducing the local thermal spots 

[37, 38]. Tin was added in the form of sulfide as a 

solid lubricant. Carbon was present as graphite. 

The constituents containing silicon, aluminum, and 

magnesium were identified as biotite and kaolinite 

with the role of fillers. The EDXS maps in Figs. 3(b) 

and 3(c) show that they were present in the form of 

elongated layered structures and coherent with the 

relevant phyllosilicate structure of the two phases.  
 

 
Fig. 3  SEM micrographs of FM1 with (a) identification of 
some constituents and EDXS elemental maps of (b) Al and (c) 
Si. 

Furthermore, aluminum and magnesium were 

discovered in the form of rounded oxide particles 

serving as strong abrasives. Chromium was added 

as chromite, a mild abrasive. 

Figure 4(a) shows an SEM micrograph of friction 

material 2 (FM2), and it is similar to that of FM1. 

Iron was mainly added as steel chips, whereas copper 

was present in the form of almost spherical particles. 

The longer fibers were made of brass. Moreover, 

titanium oxide was added as a strong abrasive, 

appearing as particularly small and well-dispersed 

particles, as revealed by the EDXS map shown in 

Fig. 4(b). Figure 5(a) shows an SEM micrograph of 

friction material 3 (FM3). It differed significantly 

from those of FM1 and FM2. Its abrasive amount 

decreased and copper was completely removed. 

Furthermore, its iron amount was higher compared 

to those in FM1 and FM2; it is noteworthy that iron 

is the only metallic ingredient in FM3. The presence 

of barium can be associated with barite, which is a 

widely used constituent of copper-free friction materials 

[39–41]. The roles of the different constituents on 

the tribological behavior of the different pin-disc 

couplings are illustrated in the following. 
 

 

Fig. 4  SEM micrographs of FM2 with (a) identification of 
some constituents and (b) EDXS elemental map of Ti. 
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Fig. 5  SEM micrographs of friction material FM3 with (a) 
identification of some constituents and EDXS elemental map 
of (b) Fe and (c) Ba. 

3  PoD dry sliding tests 

The PoD tests were performed under dry sliding 

conditions using a Ducom Macro testing rig. The pins 

were mechanically machined from brake pads. They 

measured 10.0 ± 0.1 mm in diameter and 12 ± 1 mm 

in height. The coated discs used for the tribological 

characterization had a diameter of 63.0 ± 0.1 mm and 

a thickness of 6.0 ± 0.1 mm. The tests were performed 

at RT and 300 ℃. During HT tests, the discs were 

heated using an induction coil that maintained the 

temperature through a closed-loop feedback control 

system. Based on previous inves- tigations [16, 17], 

the specimens were tested at a nominal contact 

pressure of 1 MPa and a sliding speed of 1.57 m/s 

for 50 min. The temperature was controlled using a 

pyrometer and maintained using closed-loop feedback. 

Before each test, a bedding stage under the same 

sliding conditions was applied for 10 min to ensure 

conformal contact between the pin and the disc 

surface. The PoD tests were not aimed at simulating 

real braking conditions, but only at replicating the 

damage mechanisms at the disc/pad interface. 

Hence, the sliding conditions of the PoD tests were 

set similar to the disc/pad contact conditions 

during an urban braking action [10–12]. 

The pin wear rates were evaluated by measuring 

their mass losses before and after the tests using an 

analytical balance with a precision of 10–4 g. The wear 

volumes were obtained by dividing the mass losses 

by the apparent density of the tested pins. In the 

present study, the wear data of the friction materials 

were expressed in the form of the specific wear 

coefficient ( Pin
aK ), calculated from the following 

relationship: 

 
N

Pin Pin=a

V
K

F s
 (1) 

where PinV  is the calculated wear volume, NF  is the 

nominal contact force, and s is the sliding distance. 

The results presented herein are the average of at 

least three repetitions. The wear of the discs was 

estimated via a profilometric analysis of the wear 

tracks. Five measurements were acquired in the 

radial direction across the wear track of each disc. 

The acquired profile was analyzed, and the wear 

track cross-section was calculated ( wtA ). The average 

value of the area was used to calculate the wear 

volume of the discs, as follows: 

 wt 2 DiscV A R  (2) 

where R is the average sliding radius. The specific 

wear rate of the discs ( Disc
aK ) was calculated as 

 
N

Disc Disc=a

V
K

F s
 (3) 

4  Experimental results  

4.1  RT PoD tests 

The evolution of the friction coefficient is shown in 

Figs. 6(a)–6(c) for the three materials investigated. 
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All the materials showed a continuous increase in 

the friction coefficient from an initial value of 

approximately 0.25. The values of the friction 

coefficient attained at the end of the tests are listed 

in Table 3. It was clear that FM1 and FM2 showed 

similar friction coefficients, which were relatively 

higher than that of FM3. 

The recorded disc wear profiles are shown in Fig. 7. 

In Table 3, the calculated pin and disc Ka-values are 

listed. As for the friction coefficients, FM1 and FM2 

showed similar behaviors, whereas FM3 showed less 

pin and disc wear. In fact, using the FM3 material, 

the disc wear was below the detectability limit of 
 

 

 
Fig. 6  Experimental curves of friction coefficient recorded 
during RT tests of (a) FM1, (b) FM2, and (c) FM3 pins tested 
against WC–FeCrAlY-coated disc.  

Table 3  Steady-state friction coefficients and specific wear 
coefficient of the three different friction material PoD tested 
at RT against WC–FeCrAlY-coated discs. 

Friction 
material-

pin 

Friction  
coefficient at 

end of the tests

Specific wear 
coefficient of 

 the pin (m2/N) 

Specific wear 
coefficient of the 

disc (m2/N) 

FM1 0.48 (1.2 ± 0.7)×10–14 (1.4 ± 0.1)×10–14

FM2 0.47 (1.2 ± 0.5)×10–14 (1.55 ± 0.01)×10–14

FM3 0.39 (5.9 ± 0.2)×10–15 — 

 

 

 

 
Fig. 7  Wear track profiles on WC–FeCrAlY-coated discs 
tested at RT of (a) FM1, (b) FM 2, and (c) FM3. 

(a) 

(c) 

(b) 

(a) 

(b) 

(c) 
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the experimental setup. Furthermore, the specific 

wear rates were less than 2  10–14 m2/N; therefore, 

they can be regarded as mild in all cases [42]. It is 

noteworthy that when evaluating the wear volumes 

from the profiles, we did not consider the surface 

porosity of the worn surfaces. 

The SEM observations of the top and cross-sections 

of the worn pins tested at RT are shown in Fig. 8. 

The friction layers on the pin-worn surfaces comprised 

of primary and secondary plateaus. For these types 

of materials, the primary plateaus comprised hard 

particles or fibers, against which the worn debris 

accumulated and compacted to form secondary 

 plateaus [43–45]. To highlight the extension of the 

secondary plateaus, they are shown as colored regions 

in Figs. 8(d)–8(f). The fraction of the pin area covered 

by the secondary plateaus can be estimated from 

these images. FM1 showed a 27% coverage; FM2, 

12%; and FM3, 58%. Furthermore, in the case of 

FM2 (Fig. 8(b)), the friction layer was discovered 

only above the metallic constituents of the formulation, 

whereas FM3 showed widespread and well-compacted 

secondary plateaus. The degree of compaction of 

the plateaus can be evaluated more effectively from 

the cross-sectional views shown in Figs. 8(g)–8(i), 

where the sliding directions are shown by arrows. 

The first two friction materials showed scarcely 

compacted secondary plateaus, featuring relatively 

coarse wear debris. In FM3, the secondary plateaus 

were particularly well compacted. As observed from 

the labels in Figs. 8(d)–8(f), secondary plateaus formed 

on the reinforcing metal fibers in the FM1 and FM3 

cases, whereas they were mainly formed against 

an Al2O3 particle in the FM2 case. 

 
Fig. 8  (a–c) Top view; (d–f) top view with colored secondary plateaus; (g–i) cross-sectional SEM observation of worn 
surfaces of FM1, FM2, and FM3 pins, respectively. Arrows indicate secondary plateaus. 
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The EDXS analyses were performed on the cross- 

sections of the secondary plateaus, as shown in Fig. 8. 

The results of the relevant analyses are shown in 

Table 4. It is noteworthy that the reported concentration 

values are useful only for relative comparison, as their 

absolute values may deviate significantly from the 

actual values. In fact, each measurement was affected 

by instrumental inaccuracies and, most importantly, 

by the uncertainty correlated with the sampling 

volume. It was observed that the secondary plateaus 

contained almost all the elements originally present 

in the friction materials. In addition, they contained 

W, which was transferred from the coating counterface. 

The Fe content was high, suggesting that part of it 

was from the coating.  

The SEM micrograph of the worn surface of the 

coated disc tested against FM1 is shown in Fig. 9. 

The surfaces of the discs tested against the other  

 
Table 4  Results of EDXS analysis performed on the cross- 
section of secondary plateaus of pins tested at RT. 

Detected element 
(wt%) 

FM1 FM2 FM3 

Cu 16 ± 2 10 ± 1 — 

Sn 7 ± 1 6.5 ± 0.7  4.2 ± 0.9

Fe 24 ± 2 24 ± 2 52.0 ± 0.7

O 13.6 ± 0.6 13 ± 3 12.9 ± 0.8

W 14 ± 4 19 ± 2  9.9 ± 0.6

Cr 5 ± 2 3.9 ± 0.5  1.6 ± 0.2

Zn 9 ± 4 8.1 ± 0.7 — 

Mg 5 ± 2 2.4 ± 0.1  6.1 ± 0.3

Si 2 ± 1 2.3 ± 0.2  1.0 ± 0.1

Al 4.4 ± 0.8 5.9 ± 0.2  3.7 ± 0.5

Ti — 4.9 ± 0.5 — 

Ba — —  8.6 ± 0.5

 

Fig. 9  SEM micrographs of worn surfaces of coated discs in 
RT tests for FM1. 

friction materials showed the same features as in 

Fig. 9. Hence, they are not presented herein. The worn 

surface of the coated disc was characterized by the 

accumulation and compaction of the pin wear debris 

inside the unpolished valleys of the coatings (darker 

regions in Fig. 9). 

4.2  HT sliding tests 

Figure 10 shows the experimental curves depicting 

the evolution of the friction coefficient for the three 

materials. As shown, they differed completely from 

the curves recorded at RT. For materials FM1 and 

FM2, the steady-state started from the beginning, as 

observed in conventional WC–CoCr and Cr3C2–NiCr 

coatings at HT [12]. The friction coefficient values  

 

 

 

 
Fig. 10  Experimental curves of friction coefficient acquired 
during HT tests of (a) FM1, (b) FM2, and (c) FM3. 

(a) 

(b) 

(c) 
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(summarized in Table 5) were lower than those 

recorded at RT. For FM3, an initial stage with a 

continuous increase in the friction coefficient was 

observed (similar to the RT tests), and steady- state 

conditions were attained after 1,750 s of sliding. In 

this case, the steady-state value of the friction 

coefficient was much higher than that recorded at RT. 

The disc wear track profiles are shown in Fig. 11. 

In Table 5, the calculated wear coefficients for the 

pin and discs are listed. The wear behaviors of the 

pins are comparable for the first two formulations,  

whereas the specific wear coefficient of FM3 was 

slightly lower than that of the other two formulations. 

As expected, by comparing the pin wear data in 

Table 3 with those in Table 5, it can be inferred that 

the HT resulted in higher specific wear coefficients, 

with a general increase of approximately six times 

for the first two formulations, and by one order of 

magnitude for FM3. The wear of the coated discs tested 

at HT was not detected in FM1 and FM3, whereas 

it decreased in FM2 when tested at RT (Table 3). 

The SEM images of the worn surfaces of the pins 

tested at HT are shown in Fig. 12. A general increase 

in the area of the secondary plateaus with respect 

to the RT case (Fig. 8) is shown. From the estimation 

of the covered area, FM1 showed coverage of 33%; 

FM2, 53%; and FM3, 64%. The most compacted and 

widespread secondary plateaus were those observed 

on the FM3 pins (Fig. 12(c)). Moreover, FM1 exhibited 

poorly compacted plateaus, as shown from the top 

view (Fig. 12(a)). From the cross-sectional views, 

the plateaus of FM2 were those in which the largest 

wear fragments were observed. However, FM3 showed 

well compacted and thin secondary plateaus. 

In Table 6, the EDXS results of the analysis conducted 

on the cross-sections of the secondary plateaus shown 

in the micrographs in Fig. 12 are listed. The dataset 

suggests a decrease with respect to the RT results 

in the material transfer, from the coated disc surfaces 

toward the pin plateaus. The amounts of tungsten 

inside the secondary plateaus were comparable for 

FM1 and FM3 but lower for FM2. Moreover, the 

tungsten content was lower than that in the RT 

tests.  

The SEM images of the worn surfaces of the 

coated discs tested at HT are shown in Fig. 13. As 

shown, the material transfer from the pin increased 

in the RT tests (compare Fig. 13 with Fig. 9). 

 
Table 5  Steady-state friction coefficient and specific wear 
coefficients of the three friction materials, for the tests performed 
at HT (300 ℃). 

Material
Steady-state

friction 
coefficient

Specific wear 
coefficient of the 

pin (m2/N) 

Specific wear
coefficient of the 

disc (m2/N) 

FM1 0.28 (6.7 ± 0.7)×10–14 — 

FM2 0.45 (7.0 ± 0.6)×10–14 (8.7 ± 0.5)×10–15

FM3 0.62 (5.5 ± 0.8)×10–14 — 

 

 
Fig. 11  Wear track profiles on WC–FeCrAlY-coated discs 
tested at HT with (a) FM1, (b) FM 2, and (c) FM 3. 
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Fig. 12  (a–c) Top view; (d–f) top view with highlighted secondary plateaus; (g–i) cross-sectional SEM observation of worn 
surfaces of FM 1, FM 2, and FM3 in HT tests, respectively. 

 

 

   

Fig. 13  SEM micrographs of worn surfaces of coated discs in HT tests for (a) FM1, (b) FM2, and (c) FM3. 

 

(a) (b) (c)
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Table 6  Results of EDXS analysis performed on the cross- 
section of secondary plateaus of pins tested at HT. 

Detected element 
(wt%) 

FM1 FM2 FM3 

Cu 24 ± 2 13.4 ± 0.5 — 

Sn 7.1 ± 0.6 7 ± 2 6.7 ± 0.5

Fe 26 ± 2 36 ± 2 48.7 ± 0.9

O 14 ± 4 12 ± 2 21.0 ± 2 

W 4.1 ± 0.4 1.8 ± 0.3 4.2 ± 0.2

Cr 2.6 ± 0.2 3.2 ± 0.2 1.7 ± 0.2

Zn 12.1 ± 0.9 6.7 ± 0.1 — 

Mg 3.8 ± 0.6 3.4 ± 0.1 5.3 ± 0.6

Si 1.8 ± 0.3 3.6 ± 0.1 0.3 ± 0.1

Al 4.5 ± 0.4 8 ± 2 3.7 ± 0.5

Ti — 4.9 ± 0.2 — 

Ba — — 8.4 ± 0.6

5  Discussion 

Owing to the high wear resistance of the cermet 

coatings, the contact plateaus were mainly formed by 

the compaction of wear debris from the pin only. 

Hence, as observed in a previous investigation focusing 

on traditional WC–CoCr and Cr3C2–NiCr coatings 

[17], the running-in stages were much longer compared 

with the case involving sliding against cast-iron 

discs [12, 44].  

The friction coefficients at the end of the RT tests 

were 0.48 and 0.47 for FM1 and FM2, respectively. 

These values were lower than 0.66 recorded for the 

case involving sliding against the conventional WC– 

CoCr coating vs. FM1 under the same conditions [12]. 

This result can be explained by the relatively high 

Cu content in the friction material and hence in the 

friction layer, as well as the high tribological com- 

patibility between Cu and Co, as highlighted by 

Furushima et al. [46], who investigated the dry sliding 

behavior of WC–Co coating against copper. The high 

adhesive interaction at the mating asperities explains 

the high friction coefficient observed in the cited 

study [12]. Moreover, the abrasives in FM1 and FM2 

did not significantly increase the friction coefficient, 

as they did when sliding against a cast-iron counterface. 

In fact, in the latter case, the abrasives removed 

metallic debris from the counterface to form iron- 

oxide particles accumulating in the contact plateaus, 

thereby increasing the friction coefficient value [45, 

47, 48]. However, when they were sliding against a 

hard cermet coating, this contribution was lost. The 

low friction coefficient of FM3 (0.39, see Table 3) 

can be explained by considering the composition 

of the friction layer. It is rich in barite particles 

(Table 4), which are extremely small (Fig. 5) and 

form highly compacted and smooth friction layers, 

as revealed in previous investigations [41, 49]. 

Therefore, the friction coefficient was low because of 

the low adhesion forces that developed between 

the barite-rich friction layer and the cermet counterface, 

owing to the high chemical inertness of barite [50]. 

The experimental curves of the friction coefficient 

acquired during the HT tests revealed that the 

temperature significantly enhanced the kinetics of 

formation of the secondary plateaus on the pins and 

of the related layer transferred onto the coated disc 

surfaces. This was revealed in the running-in stages, 

which were absent in FM1 and FM2 and extremely 

short in FM3 (Fig. 10). This behavior can be 

attributed to the partial thermal degradation of the 

friction materials, particularly of the phenolic resin 

that served as a binder [12, 29, 51, 52]. The thermal 

degradation phenomena were responsible for the 

increase in the specific wear coefficients of the pins 

in the RT tests. This increase in the wear of the pins 

was related to a higher amount of wear debris at the 

mating interface, resulting in an easier formation 

of the secondary plateaus and a shorter or missing 

running-in stage. Additionally, the thermal degradation 

at the sliding interface contributed to the decrease 

in the friction coefficients of FM1 and FM2. The 

most significant decrease (from 0.48 to 0.28) was 

detected in FM1, although a slight reduction was 

recorded in FM2 as well, i.e., from 0.48 to 0.45. 

Furthermore, FM2 was the only material that resulted 

in a worn WC–FeCrAlY disc counterface in the HT 

tests. In fact, the increased amount of TiO2 significantly 

abraded the coating, thereby worsening its wear 

resistance performance.  

A peculiar behavior featuring a comparatively 

higher friction coefficient was exhibited by FM3. 

This can be explained by considering the high amount 

of steel fibers in this material (Fig. 5 and Table 2). 

The increasing trend of the experimental curve of 
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the friction coefficient might be related to the oxidative 

phenomena at the interface between the steel fibers 

and WC–FeCrAlY-coated disc. It can be assumed 

that this oxidation may favor high adhesional forces 

and result in a friction coefficient that is approximately 

that of iron oxide-iron oxide dry sliding contact 

[53–57]. The disc surface was primarily covered by 

iron oxides and the fraction of iron oxides in the 

secondary plateaus increased, thereby increasing 

the adhesion to the friction coefficient. In fact, Zhang 

et al. [58] identified a temperature between 250 

and 400 ℃ as critical for promoting steel oxidation 

as well as determining its frictional and wear behavior 

under sliding conditions. This explanation was 

supported by the EDXS analyses of Fe and O in the 

secondary plateaus. At RT (Table 4), the Fe content 

in FM3 was high (52%), whereas the O content was 

only 12.9%. This value was similar to the oxygen 

concentration values measured in FM1 and FM2. 

At 300 ℃, the Fe content was still high (48.7%), but 

the O content increased to 21%. It can be concluded 

that the increased temperature favored the oxidation 

of Fe. To verify this explanation, we performed an 

RT sliding test on the tribological system tested at 

300 ℃. A comparison of the friction coefficients of 

the three materials are shown in Fig. 14. As shown, 

the friction layer that formed at 300 ℃, which was 

present from the beginning of the repeated tests, 

guaranteed a higher friction coefficient even during 

subsequent RT tests. 

At RT, the wear of the pins was mild, particularly  
 

 

Fig. 14  Comparison of experimental friction coefficient 

curves of FM3 acquired at RT (RT1), 300 ℃ (HT), and RT 

after the test at 300 ℃ (RT2).  

for FM3. In addition, when using the FM3 pin, no 

wear was detected on the coating. From the chemical 

analysis of the pin secondary plateaus, it was observed 

that the Fe content increased with respect to the 

original composition of the friction materials (compare 

Tables 1 with 4). Fe originated from the steel fibers 

of the friction materials and the transfer from the 

matrix of the WC–FeCrAlY coating. This latter 

observation agreed well with the high and comparable 

presence of tungsten in the secondary plateaus of 

FM1 and FM2, as well as with the wear detected 

on the coated disc (Table 3). By contrast, the presence 

of lower amounts of W and Fe in the secondary 

plateaus of FM3 confirmed that this material was 

less aggressive against the WC–FeCrAlY-coated 

disc counterface and that it did not wear out the 

coated disc surface during sliding.  

At 300 ℃, the pin wear increased at RT and became 

severe. This result was reflected by the increase in 

the secondary plateau coverage at RT (Figs. 12(a)– 

12(c)). Coherently, with the RT observations and 

the friction coefficients detected during the HT tests, 

the best compacted, thin, and widespread plateaus 

were shown by FM3 (compare the images of Figs. 

12(d)–12(f)). This behavior can be associated with 

the synergistic effect of steel fiber and barite. Less 

compacted secondary plateaus were exhibited by 

FM2, owing to the presence of TiO2. Its high content 

inside the formulation, together with its high hardness, 

hindered the appropriate compaction of the wear 

debris, particularly during the HT tests. As shown 

in Table 5, the specific wear coefficients of the 

discs were not reported for the tests performed 

with FM1 and FM3. This was because of the high 

transfer of material from the pin to the disc surface 

in the case of FM1, and the material transfer and 

low aggressivity on the counterface in the case of 

the FM3. As shown in Table 3, the FM3 formulation 

was the only one that did not wear out the disc 

during the RT tests. 

The tungsten transferred from the coating counterface 

(Table 6) in the RT tests reduced because, during 

the HT testing, the majority of the wear fragments 

were produced by the pin, resulting in a lower relative 

content of elements transferred from the coating. In 

fact, no disc wear was detected after it slid against 
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FM1 and FM3. Moreover, a less significant disc wear 

than that at RT was reported for FM2. These results 

agreed well with the higher fraction of friction 

material transfer occurring at HT on the disc 

surface (Fig. 13). 

6  Conclusions 

The frictional and wear behavior of WC–FeCrAlY- 

coated discs against three commercial friction materials  

were investigated via PoD dry sliding tests. The 

tests were performed at RT and 300 ℃. The main 

results can be summarized as follows: 

1) At RT, the evolution of the friction coefficients 

demonstrated a long running-in period with a 

continuous increase in the friction coefficient, 

depending on the mild wear regime under these 

testing conditions.  

2) FM3 showed the lowest friction coefficient 

value (0.39), mainly because of the high content of 

barite filler particles observed in the well-compacted 

friction layer. Additionally, it featured a lower 

content of abrasives compared with FM1 and FM2. 

3) At 300 ℃, no running-in was observed for 

FM1 and FM2, whereas a running-in period was 

observed for FM3, reaching a comparatively high 

coefficient of friction (0.62). This behavior, typical 

of severe wear, was attributed to the high content 

of steel fibers in FM3 and the corresponding 

formation of oxidized fragments. FM3 demonstrated 

an acceptable average friction coefficient when tested 

at RT after the test at 300 ℃.  

4) FM3 showed the lowest wear rate at RT and HT.  

5) The FM3-Co-free cermet coating coupling 

exhibited the best combination of tribological and 

durability performances. 
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