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Abstract:  
This study investigates the tribological performance of a WC–Co cermet 
reinforced with 10% TiC under severe tribological conditions. Disc 
tribometer tests (cermet) against an Al₂O₃ ball were conducted at 650°C, 
0.5 m/s sliding speed, 20 N load, and a sliding distance of 5000 m. Besides, 
a statistical analysis of the friction coefficient. The results reveal a stable 
coefficient of friction of µ=0.43, indicating excellent thermal and 
tribological stability. The analysis demonstrates that the friction coefficient 
follows a logistic distribution with lower dispersion and weaker parameter 
correlation compared to the normal distribution. SEM/EDS analyses show 
the formation of a dense, continuous tungsten-rich oxidized tribofilm, 
enhancing wear resistance and surface protection, and increasing cermet 
durability.  
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1. INTRODUCTION  
 
The cermet WC-Co is used in several industrial 

applications involving dry contact under severe 
tribological parameters, among equipment 
components such as drilling tools, machining 
cutting tools, hot-rolling dies, and aeronautical 
equipment [1–4]. Many applications involve dry 
sliding conditions between interacting surfaces in 
relative motion, where wear is the primary failure 
mode. Furthermore, many researchers have studied 
how the normal contact load, sliding speed, 
temperature, lubrication, and contact surface 
geometry influence the tribological performance of 
WC-Co cermets [5–10]. Devices and equipment 
made of WC-Co cermet, such as hot-rolling dies, 
begin to oxidize during hot deformation when the 
contact surface temperature reaches approximately 
600°C [11]. As a result, friction and wear intensify, 
leading to accelerated material degradation and 

reduced device durability [12]. The addition of a low 
percentage of titanium carbide (TiC) to the tungsten 
carbides (WC-Co) is regarded as a recent method for 
enhancing the tribological behavior of these 
materials. TiC, as a reinforcing particle, is intended 
for applications where good wear resistance and 
high hardness are major requirements [13–17]. TiC 
is a ceramic material known for its high-
temperature properties and thermal stability, owing 
to its high melting point (3065°C), hardness, and 
exceptional wear resistance under severe 
tribological conditions [18]. Furthermore, they offer 
good corrosion and oxidation resistance, and a 
relatively low density [19]. Also, TiC has excellent 
physical and chemical properties, including high 
hardness, a high melting point, low density, and 
good thermal stability. Similarly, TiC is widely used 
as a reinforcing phase in metal matrix composites 
[20–23]. Recently, it has been proven that 
tribological characteristics can be improved by 
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adding a percentage of TiC to WC-Co cermet [24–
27]. The sliding wear resistance of these cermets is 
influenced by their microstructural characteristics, 
such as shape, structure, size, and, in particular, the 
distribution of hard particles [28–30]. However, no 
work has been reported to date on the tribological 
dry sliding behavior of WC-CO-10% TiC cermet 
under (Temperature 650°C, sliding speed 0.5 m/s, 
normal load 20 N, and sliding distance 5000 m). The 
aim of this research was to study the tribological 
behavior of friction and wear and to perform a 
statistical analysis of cermet. 

This statistical analysis was conducted to ensure 
the reliability and reproducibility of the tribological 
results. Several wear tests were carried out under 
identical experimental conditions, and the mean 
values of the coefficient of friction and the wear rate 
were calculated. Data dispersion was assessed using 
standard deviation and variance. Furthermore, a 
regression analysis was used to evaluate the 
relationship between the sliding distance and the 
coefficient of friction. The results demonstrate a 
strong correlation during the break-in phase, 
followed by a plateau corresponding to steady state. 
This statistical approach validates the experimental 
trends and strengthens confidence in the 
tribological performance of the developed WC-Co-
10TiC cermet [30–33]. 

In this study, a WC-Co-10%TiC cermet was 
synthesized and tested under dry friction conditions 
to evaluate the evolution of the friction coefficient 
and wear rate. A methodology was developed to 
quantify volumetric wear and wear rate from four-
section profile measurements of the worn track. 
The results demonstrate that cermet exhibits 
exceptionally low wear rates under dry friction 
loading, which is corroborated by its high 
microstructural stability. SEM/EDS analyses were 
performed to identify and characterize the wear 
mechanisms governing its tribological behavior. 
Furthermore, a statistical analysis of the coefficient 
of friction data was conducted using probability 
density functions and cumulative distribution 
functions. The results indicate that extreme value 
distributions accurately describe the behavior of the 
coefficient of friction, thus providing a robust 
framework for its statistical characterization 

 
2. MATERIAL AND METHODS 

 
In the present work, cermets composed of WC, 

Co, and 10% TiC powders were manufactured using 
conventional powder metallurgy techniques and 

liquid-phase sintering. These cermets were then 
used to study the tribological behavior under dry 
sliding wear parameters. Hardness Testing 
Instruments Machine (Induno Olona, Varese, Italy) 
was used to measure the average hardness and 
density of the developed material, and the sample 
densities were determined using the Archimedes 
method. In a high-temperature tribometer (pin-on-
disk), the cermet samples were tested between a 
WC-Co-10%TiC disk and an alumina ball (Al2O3). The 
alumina has good resistance properties to wear and 
mechanical strength at high temperatures, intended 
for cermet friction tests [29,34]. The experimental 
work was carried out using friction tests to measure 
the friction coefficient. A 3D surface profilometer 
was used to determine the track wear rates (optical 
microscope Contour GT-I Bruker Nano Surfaces 
Division, Tucson, AZ, USA). The profilometer 
instrument is driven by Vision software to assess the 
wear track image. Besides, this research work 
studies wear through friction tests under 
parameters: sliding speed (0.5 m/s), temperature 
(650°C), and a long distance (5000 m), estimated to 
correspond to a sliding time (2 hours and 46 
minutes) to analyze the degradation of the 
microstructure of the worn track. The choice of the 
temperature and sliding speed test parameters is 
justified by their occurrence in the hot-rolling and 
crushing processes in which the studied cermets are 
used. Also, a long distance (5000 m) is needed in 
order to obtain a worn volume for this type of 
material (cermet), which has high hardness, to allow 
microstructural analysis. The impact of 
temperature, speed, and sliding distance on the 
tribological behavior, friction coefficient, and wear 
rate was investigated. The results include a 
comparison between the experimental results 
through the worn track, using the Archard model, 
for both wear volume and wear rate. The data 
analysis suggests that the friction coefficient 
remains stable. The addition of 10% TiC improved 
the wear resistance, friction behavior, and overall 
tribological properties of the material compared 
with previous work by Harouz et al. [3,21]. A 
microstructural SEM/EDS analysis of the worn track 
material was conducted to examine the degradation 
mechanisms. Besides, the micrograph analysis 
revealed that the wear mechanism was 
predominantly adhesive, with the presence of an 
oxidized layer generated on the wear track. This 
exhibited a perfect stability of the friction 
coefficient under these conditions.  
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The aim of this research on the tribological 
performance and statistical analysis of the WC-Co-
10%TiC cermet is to develop the following steps: 
• Measure the wear volume after the friction test 

of the worn track of the cermet sample using a 
theoretical method based on the track cross-
section profile in order to estimate the lifetime 
of the cermet sample. 

• A statistical analysis of the tribological 
parameters, the coefficient of friction 
responsible for estimating the lifetime of the 
cermet, and also a statistical analysis of the 
density, while exploiting experimental data. 

 
2.1. Experimental Details 
 

The experimental procedure for preparing the 
samples (cermets) was carried out at laboratory 
05025, Batna, Algeria. The tests and analyses of the 
samples were conducted at the Laboratory of 
Metallic Materials Science, ULg-MMS, Belgium. 

 
2.1.1. Cermet Sample Preparation Procedure 
 

Powder Preparation: The first step is to grind the 
raw powders (WC, Co, and TiC) in a ball mill. The 
powders are weighed according to their mass 
fraction to ensure a homogeneous mixture. The 
grinding process is carried out in a humid 
environment, using ethanol (C2H5OH) as the 
grinding medium, for an average of 24 hours. This is 
followed by a drying operation in a stirred oven to 
evaporate the ethanol, generally for 30 to 40 
minutes. The dried powder is then mixed with an 
organic binder to promote particle agglomeration. 
Finally, the agglomerated powder is sieved under 
forced pressure to remove oversized particles and 
achieve a homogeneous particle size distribution. 

Compaction: The sieved powder was compacted 
using a hydraulic press. The compaction parameters 
were selected based on the sample's density and 
geometry. The sample dimensions (15 mm thick × 
35 mm in diameter) were designed to compensate 
for post-sintering shrinkage. An average compaction 
pressure of 15 MPa was applied, followed by oven 
drying for 3 to 4 hours to ensure complete 
volatilization of the binder.  

Sintering: Total cycle duration averages 10 hours 
using a standardized sequence: 

• Heating to 600°C, 

• Ramping to 1430°C, 

• Controlled cooling. 

This process fuses powder grains through solid-
state diffusion. Sintering occurs in a tubular furnace 
chamber under a protective argon atmosphere. 
Prior to sintering, the furnace is purged with a non-
oxidizing Ar/H2 gas mixture. Fig.1 illustrates the 
Cermet Sample Preparation Procedure.  

 

Fig.1. Cermet samples preparation procedure [3,21] 

The WC-Co-10%TiC sample used in this study 
was produced by conventional powder metallurgy 
techniques. The powders are manufactured and 
commercialized by the Norinco Group of China. 
After weighing, the powders were mixed in a ball 
mill for 24 h with the addition of methanol 
(C2H5OH). The mixture was then dried in an electric 
furnace (YZM-40, China) for 30 minutes at a 
temperature of 70°C. The particle sizes and 
densities of the WC, Co, and TiC powders are listed 
in Table 1.  

Table 1. Size particles and powders density 

Powders Size (µm) Density (g/cm3) 

WC 0.1 7.5 

Co 1 8.9 

TiC 2 8 

 

A Hardness Testing Instrument (Induno Olona, 
Varese, Italy) was used to measure the average 
hardness and density of the developed material, 
and the sample densities were determined using 
the Archimedes method. The measured density and 
hardness of the samples, as given in Table 2, are 
practically consistent with ISO compositions. 
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Table 2. Typical density and hardness of the elaborated 
material 

Sample 
Density 
(g/cm3) 

Hardness HRC 
(MPa) 

WC-Co-10%TiC 11.74 74.4 

 

The alumina ball (Al2O3) used for the friction 
tests has a diameter of 6 mm, with its density and 
hardness values reported in Table 3. To avoid 
premature adhesive wear on the ball, the surface in 
direct contact with the sample was slightly modified 
after each step of the friction test. 

 
Table 3. Density and hardness properties of an alumina 
Al2O3 ball 

 Density (g/cm3) 
Hardness HV 

(MPa) 

Ball properties 3.2 1800 

 

2.1.2. Friction Test 
 

The developed sample (WC-Co-10%TiC) was 
subjected to rotational sliding wear tests on a pin-
on-disc tribometer (CSM Instruments, Switzerland). 
The applied normal force was set to 20 N, with a 
linear speed of 500 mm/s and a contact 
temperature of 650°C between the ball and the 
sample (cermet), over a sliding distance of 5000 m 
(2h 46min), as mentioned in Table 4. 
 

Table 4. Parameters of applied wear tests 

Load 
P (N) 

Sliding speed 
V (m/s) 

 
  

Temperature T 
(°C) 

 Distance 
D (m)  

 
20 0.5 650 5000  

 
To simulate the environment of a hot-rolling 

deformation tool, a dry sliding test was conducted. 
During the experimental test, it is noteworthy that 
the first wear track formed after 2 hours and 46 
minutes of sliding distance. The pin-on-disc test 
measures sliding distance over time, and the 
resulting properties include the friction coefficient, 
friction force, sample temperature, oven 
temperature, and depth of penetration [3,26]. 
 
2.1.3. The Experimental Procedure for Measuring 

the Wear Track Volume 
 

A wear track was formed following the friction 
test of the material on the tribometer, as shown in 
Fig. 1, and Fig. 2a shows the four measurement 
points on the worn track Fig.2. The sample 

dimensions are a disc of diameter 32 mm and 
thickness 15 mm. Using a profilometer and a two-
dimensional optical microscope, this wear track was 
analyzed in Fig. 2b.     

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Vision image of a section of the wear track: 
(a) The four measurement points on the wear, and 
(b) Profile of the geometry of the wear track 

 

 
This testing procedure is crucial in determining 

the resistance of the developed material to sliding 
wear. A 3D surface profilometer was used to 
determine the track's wear rate (optical microscope 
Contour GT-I, Bruker Nano Surfaces Division, 
Tucson, AZ, USA). The profilometer instrument is 
driven by Vision software to assess the wear-track 
image. The profile of the worn track consists of 
distinct geometric features.  

The wear depth, measured with respect to the 
sample surface, is the potential parameter 
describing the wear track volume, followed by the 
width and the wear track perimeter obtained using 
the optical profile. To scan the majority of the wear 
track, four-point measurements were taken on the 
worn track at 3, 6, 9, and 12 o'clock according to 
clock orientation. Fig. 3 shows the profilometer 
measurements at 3 and 12 o’clock orientations [27–
30]. 

 

(a) 

3 

1 2 

4 
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Fig. 3. Profilometer measurements results according 
to o’clock orientation: (a) 3 o’clock, (b) 12 o’clock 

 
The experimental procedure for measuring the 

wear volume consists of calculating the elementary 
section Ai (as illustrated in Fig. 4) for the four 
sections at 3, 6, 9, and 12 o’clock, which are 90° 
apart between every two successive sections. Ai is 
expressed by: 

     𝐴𝑖 =
1

2
(ℎ𝑖+1 − ℎ𝑖)(𝑤𝑖+1 − 𝑤𝑖)   (µm²)         (1) 

where are: 
hi and wi - are respectively the wear depth and 
width at ith point of each section of the worn track. 
hi+1 and wi+1 - are respectively the wear depth and 
width at (i+1)th point of each section of the worn 
track. 

The wear area of each section of the worn track, 
according to the clock orientation, is expressed by 
equation (2), and the corresponding wear volume is 
expressed by equation (3). The mean wear volume 

of the four sections in the worn track is expressed 
by equation (4). 

     𝐴𝑛 = ∑ 𝐴𝑖
𝑁−1
𝑖=1      (µm²)                  (2) 

              𝑉𝑖 = 2𝜋𝑟𝐴𝑛          (µm³)                 (3) 

𝑉 =
1

4
∑ 2𝜋𝑟𝐴𝑛

4
𝑛=1   (µm³)                (4) 

                            𝐾𝑖 =
𝑉𝑖

𝐹𝐷
       (µm³/N/m)             (5) 

where are: 
An - The total measurement of four elementary wear 
sections (µm²), Fig.2. 
Ai - The measurement of the elementary wear 
section profile sections 3, 6, 9, and 12 o’clock that 
are 90° apart between every two successive 
sections (µm²). 
r - Represents the radius of the wear track, 
calculated as the average of the four measured 
sections of the worn track (mm) r=5mm. 
Vi - The measurement of the elementary wear 
volume profile sections 3, 6, 9, and 12 o’clock that 
are 90° apart between every two successive 
sections(µm³). 
V - The total measurement of the wear volume of 
four elementary wear sections (µm3), Table 7. 
F - Applied load P=20 N. 
D - Distance traveled D=5000 m. 
Ki -Wear rate (µm³/N/m), Table 7. 

 
Fig. 4. Elementary wear section profile of the worn track  

 

The coefficient of friction µ is defined as the ratio 
of the maximum measured friction force amplitude 
during one cycle to the applied normal load F, as 
expressed by equation (6). 

        µ𝑖 =
𝑓𝑖

𝐹
                                    (6) 

where are: 
µi and fi - represent the friction coefficient and the 
friction force at the ith increment, respectively. 
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3. RESULTS AND DISCUSSION 
 
3.1. Friction Coefficient 
     

It is noteworthy that the ball travels 500 mm 
each second. Hence, with eight laps (track distance) 
equaling one cycle in one-half second, the ball will 
traverse two cycles per second. Fig. 5 depicts the 
experimental results of the 2 hours 46 minutes long-
term dry friction test as a function of the cycle 
number, a sliding speed of 0.5 m/s, and applied 
force (20 N). These values have been set 
appropriately for this type of Tungsten carbide-
based material with a fraction of Titanium carbide 
and superior tribological performance. Fig. 1 depicts 
the testing of a material on a high-temperature 
tribometer using an alumina ball. The outcomes of 
the friction tests indicate that the coefficient of 
friction remains stable throughout the test, with an 
average value of 0.43. Its progression also 
demonstrates the material's remarkable thermal 
stability, confirming its excellent tribological 
performance.   

 
Fig. 5. Evolution of the friction coefficient as a function 
of the cycle number  

The incorporation of 10% TiC into the WC/Co 
base cermet significantly enhanced the stability of 
the coefficient of friction, thereby improving the 
overall tribological performance and extending the 
service lifetime of the material. This improvement is 
primarily attributed to the excellent 
thermomechanical properties of TiC, including its 
very high hardness 2800–3200 HV, high melting 
point approximately 3067–3160°C, superior 
thermal stability up to 800°C under oxidizing 
conditions, and high mechanical strength resulting 
from its strong covalent bonding. 
 

 
3.2. Statistical Analysis of the Friction Coefficient 
 

The main objective of this analysis is to 
determine whether the coefficient of friction (COF) 
remains stable during the friction test at 650°C. 
Furthermore, the probability density function and 
cumulative distribution function must be 
established to verify whether the friction behavior 
is predictable and falls within acceptable limits with 
a high level of confidence. Finally, the statistical 
analysis aims to distinguish the different phases of 
the test: identifying and analyzing specific time 
intervals, such as the break-in period and steady-
state phases, to ensure the reliability of the 
measured quantity during different tests [34]. 

 
3.2.1 Including Break-in Period  
 

As shown in Figure 5, the coefficient of friction of 
the developed cermet stabilizes after approximately 
1075 cycles during the disc wear test. That 
stabilization marks the end of the initial break-in 
period, indicating the formation of a stable, 
reproducible friction regime. Such behavior reflects 
well-defined contact conditions and a consistent 
wear mechanism, which allows for a reliable long-
term tribological performance evaluation of the 
cermet. Consequently, the stable frictional response 
enhances the material's suitability for practical 
applications and provides valuable guidance for 
material selection in various industrial sectors. 

In addition, the 1075 cycles of the break-in phase 
can be important for understanding the cermet's 
adaptability during the early cycles, and the analysis 
can provide insights into how the material behaves 
during the initial stages of wear.  

A statistical analysis was performed to reveal the 
probability density function of the friction 
coefficient to understand how the materials behave. 
Additionally, this information can be valuable for 
modelling, predicting, optimizing materials and 
processes, and analyzing failures in the field of 
tribology. Additionally, describing the probability 
density of the friction coefficient using a 
mathematical function is required for data analysis.  

As a usual choice, the normal density function, 
as illustrated in Fig. 6 and Fig. 7 with a dashed line, 
might overlook how the cermet actually handles 
friction. However, modelling the friction coefficient 
with the logistical density law shows the unique 
details of the pin-on-disc test in a more realistic way. 
Besides, the experimental data of the tribological 
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behavior of the developed cermet in pin-on-disc, 
picking the normal distribution law, makes the 
assessment overlook the real details of how this 
cermet handles friction. On the contrary, modelling 
the friction coefficient of the developed cermet 
with the logistic law appears closer to the 
experimental data. The corresponding parameters 
of the normal and logistic law are illustrated in Table 
5. This latter summarizes the comparison between 
the two distributions for the friction test. For 
instance, the log-likelihood for the logistic 
distribution (32905) is higher than that for the 
normal distribution (31037), indicating a better fit to 
the data for the logistic probability density function. 
In addition, the logistic distribution has a narrower 
spread than the normal distribution, and covariance 
analysis shows that its parameters are less 
correlated than those of the Gaussian distribution. 
Furthermore, the analysis of the cumulative 
distribution function was conducted to better 
understand the characteristics of the distribution. 
Equations (7) and (8) present the mathematical 
expressions of the Logistic probability density 
function and cumulative density function of the 
cermet friction coefficient.  

Probability density function: 

𝑓(𝑥) =
𝜋

𝜎√3
 

𝑒𝑥𝑝[−
𝜋

𝜎√3
 (𝑥−𝑚)]

[1+𝑒𝑥𝑝[−
𝜋

𝜎√3
 (𝑥−𝑚)]]

2              (7)       

where are:  
  σ - Standard deviation, 
  m - Mean value.   

Cumulative density function: 

𝐹(𝑥) =
1

1+𝑒𝑥𝑝[−
𝜋

𝜎√3
 (𝑥−𝑚)]

                    (8) 

 

 

Fig. 6. Probability density function of the friction 
coefficient parameter 

 
Fig. 7. Cumulative distribution function of the friction 
coefficient parameter 

Table 5. Statistical analysis for the friction coefficient 
test 

Parameter 
Normal 

distribution 
Logistic 

distribution 

Log-Likelihood 31037 32907 

Mean (μ) 0.448 0.448 

Standard Deviation (σ) 0.0107 0.00480 

Covariance (μ) 1.14×10-8 6.74×10-9 

Covariance (σ) 2.84×10-21 2.091.14×10-10 

 

3.2.2 Removing Break-in Phase  

    In this section, the break-in period is excluded 
from the data analysis in order to investigate the 
steady-state behavior of the cermet after 
stabilization. This can help focus the analysis on the 
more consistent and predictable behavior of the 
developed cermet. Fig. 8 shows the evolution of the 
friction coefficient as a function of cycle number 
(without a break-in period). 

 
Fig. 8. Evolution of the friction coefficient as a function 
of the cycle number (without break-in period) 
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A statistical analysis has been performed to 
determine the best distribution fit for the friction 
coefficient. The experimental data of the friction 
coefficient have been fitted using normal, logistic, 
and extreme value distributions as illustrated in Fig. 
9. It is obvious that the extreme value distribution 
has been identified as the best fit, and appears to be 
the most suitable model for describing the friction 
coefficient in the pin-ion disc system. 

 

Fig. 9. Probability density function of the friction 
coefficient parameter (without break-in period) 

Table 6 summarizes the comparison between the 
three distributions for the friction test. 

 
Table 6. Statistical analysis of the friction coefficient test 
(without break-in period) 

Parameter  
Normal                                      

distribution 
Logistic 

distribution 

Extreme 
value 

distribution 

Log-Likelihood  31266 31143 31143 

 Mean (μ) 0.449 0.449 0.449 

Standard 
Deviation (σ) 

0.00714 0.00410 0.00576 

Covariance (μ)  5.75×10-9 5.88×10-9 6.16×10-5 

Covariance (σ) 7.78×10-22 2.82×10-10 1.149×10-7 

 
3.3. Wear Volume 
        

Fig. 10 shows four wear profiles of a single worn 
track, oriented as in Fig. 2a, as recorded by a 2D 
profilometer (width and depth). The elementary 
wear section profile of the worn track, as illustrated 
in Fig. 4, along with the wear surface, wear volume, 
and wear rate at the four measurement points on 
the worn track (Table 7), are assessed using Eq. 

(2−5).  

 
Fig. 10. Wear profile through the wear track width 

 

Table 7. Volume and wear rate measurement of the four 
profiles of a worn track 

Measurement 
point 

Total 
surface, Ai            

(µm²) 

Wear 
volume, Vi    

(µm³) 

 Wear 
rate, Ki   

(µm³/N/m) 

1 1755 55×106 551 

2 1784 56 ×106 560 

3 994 31×106 312 

4 1121 35 ×106 352 

 
The Wear rate of the investigated cermet, based 

on the elementary wear section profile, shows that 
measurement points (1) and (2) have the highest 
wear rate estimated between 551 and 560 μm3/Nm, 
while points (3) and (4) exhibit the lowest wear rate, 
ranging from 312 to 352 μm3/Nm. In addition, a 
variation of 40% in the wear rate between the four 
points was noted, attributed to the Hertzian contact 
pressure between the sample (cermet) and the 
alumina ball. This variation is also attributed to the 
heterogeneity in the distribution of 10% TiC and the 
arbitrary selection of measurement points of the 
worn track. The first note in the comparison of the 
four profiles of a worn track reveals a significant 
difference in wear volume, ranging from 3.1×10-2 to 
5.6×10-2 mm3. For the wear rate, if we take the 
lowest value as a reference, the error of calculation 
in the four profiles of a worn track are 76%, 79%, 
and about 13% in the measurement points (1), (2), 
and (4), respectively. The average wear rate of the 
worn track is estimated to be 449 (μm3/Nm), which 
is represented by the horizontal straight line in Fig. 
11. It should be noted that the Archard equation 
and hence the wear rate should be based solely on 
adhesive wear. It is well known that adhesive wear 
is the primary wear mechanism of the developed 
cermet. The Archard wear equation (9) represents 
the wear rate as the ratio of the wear volume to the 

-15

-10

-5

0

5

10

15

0 500 1000 1500 2000 2500

W
ea

r 
d

ep
th

, h
 (

µ
m

)

Wear track width, (μm) 

(2)

(3)

(1)

(4)



R. Harouz and D. Zelmatı / Applied Engineering Letters Vol.11, No.1, 22-34 (2026) 

 30 

product of the normal contact load and the sliding 
distance. Fig. 11 shows the results of the wear rate 
according to the Archard model based on the 
experimental volume assessment using the above-
developed methodology. 

𝐾 = 𝑉/𝐹𝑆                                 (9) 

where are: 
V - wear volume of four (µm3),  
F - Applied load (N), 
S - sliding distance (m), 
K - Wear rate (µm³/N/m). 
 

 
Fig. 11. Wear rate of the developed cermet 
 

3.4. Microstructural Analysis 
 

The SEM Analysis of the microstructure of the 
worn cermet track (Tungsten carbide and Titanium) 
is performed to identify the dominant wear 
mechanisms. Collected debris particles generated 
from WC-Co-10%TiC cermet are irregular in shape 
with sharp edges, as shown in Fig. 12 (b,c). The 
average size of the wear debris ranges from 0.1 to 
0.25 µm for the investigated cermets. During sliding 
wear, initial Hertzian contact pressure deforms the 
binder phase composed of Co, while the applied 
load is carried by the harder ceramic grains (TiC, 
WC). The SEM image also shows formation of a 
core-rim morphology, which is suggested to result 
from dissolution and reprecipitation during the 
sintering process. For the cermet WC-Co-10%TiC, it 
is observed that the structure was more uniform 
without any appreciable appearance of porosity or 
oxides. Additionally, the cohesion is superior due to 
the interlocking of carbides within the cobalt matrix. 
This analysis reveals a track formed by oxidized 
debris, which explains the influence of test 
parameters and the generation of an oxidized layer. 
The worn surface of the cermet against an alumina 
ball reveals the presence of grain tearing, adhesion, 
and the formation of layers of morphology (in the 

form of a plate). In addition, this layer is likely to be 
the result of successive adhesion and transfer of 
debris (Fig. 12a). Also, the SEM analyses revealed 
that the cermet was composed of tungsten carbide 
and microcracks, as illustrated in (Fig. 12. b,c). 

 

 
(a) 

 
(b) 

 

 
(c) 

Fig. 12. SEM images of the wear tracks on the cermet 

The SEM/EDS analyses at points (P1), (P2), and 
(P3), Fig. 13, show spectra with different peaks 
corresponding to elements (C, O, Ti, Co, W) arising 
from the alumina Al2O3 and the cermet (WC, Co, TiC) 
under the parameters F=20 N, V=0.5 m/s, and 
650°C. EDS analysis of wear debris reveals the 
presence of Ti, W, C, Co, and O, corresponding to the 
cermet composition. The SEM/EDS images of all 
cermets reveal three major phases: (W), (Ti), and 
(Co). The analysis further suggests that the black 
core phase corresponds to (Ti), while the gray rim 
phase is a solid solution of (Ti, W, Co). This analysis 
indicates that wear is primarily generated by 
oxidized debris, leading to the formation of an oxide 
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rich in tungsten (W) at points (P1), (P2), and (P3). 
This is confirmed by the spectra analysis of different 
elements, as illustrated in Table 8. This oxidized zone 
generated in the wear track promotes the creation 
of resistance to wear, which is confirmed by the 
value and stability of the obtained coefficient of 
friction. This analysis also confirms that oxygen 
forms a major chemical component within the 
tribolayer arising from the cermet and alumina ball. 
This very compact oxidized layer (tribofilm) 
distributed over the entire wear track, rich in (W) at 
the different points (P1), (P2), and(P3), as well as the 
presence of the different elements of the material 
(Ti, C, Co), confirms the homogeneity across the 
entire track. In addition, the spectra on the wear 

traces prove that there is a material transfer process 
from the alumina ball, indicating a wear transfer 
mechanism between the ball and the material at the 
different points. 

Table 8. Different elements of the spectra (P1, P2, and 
P3) SEM/EDS at different points of the used track  

   
Elements 

Spectrum 
(P1) 

Spectrum 
(P2) 

Spectrum 
(P3) 

C 16.34 12.27 15.69 

O 15.08 4.24 19.47 

Ti 15.49 0 10.75 

Co 4.21 4.16 7.97 

W 48.89 78.62 46.12 

 

(P1)  

(P2) 

 

 

 

(P3) 

 

 

 

Fig. 13. SEM/EDS analyzes at points (P1), (P2) and (P3) of titanium carbide (WC-Co-10%TiC) at the parameter
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4. CONCLUSION 

The present investigation focuses on the 
tribological behavior of a cermet elaborated by 
powder metallurgy, and made mostly of tungsten 
carbide, cobalt, and titanium carbide. Extensive 
experimental work in the pin-on-disc test has been 
carried out in order to assess the tribological 
behavior of the developed material. The typical 
hardness HRC and density of the elaborated 
material are 74.4 N/mm2 and 11.74 g/cm3, 
respectively. The obtained wear track appeared 
after 2 hours and 46 minutes (5000 m) of sliding 
distance, and was analyzed using a 3D optical 
profilometer. The material (cermet) has exhibited 
excellent stability, which confirms its excellent 
tribological performance. The main conclusions are 
summarized below:  

• The developed material (cermet) exhibits a 
perfect stability of the friction coefficient 
µ=0.43, and a remarkable thermal stability 
confirming its excellent tribological 
performance. 

• The steady state coefficient of friction varies 
from 0.27 to 0.47, and the wear rate changes 
from 312 to 551 μm3/Nm.  

• The friction coefficient of the developed cermet 
stabilizes after 1075 cycles which can provide 
insights into how the material behaves during 
the initial stages of wear. 

• The logistic distribution of the friction coefficient 
has a narrower spread compared to the normal 
distribution, and the covariance analysis has 
shown that the parameters in the logistic 
distribution are less correlated compared to the 
Gaussian one. 

• Without a break-in period, the extreme value 
distribution has been identified as the best fit, 

and appears to be the most suitable model for 
describing the friction coefficient. 

• The comparison of the four profiles of a worn 
track shows a significant difference in wear 
volume between 3.1×10-2 and 5.6×10-2 mm3 
indicates heterogeneity in the distribution of TiC 
10% and the choice of measurement points. 

• The SEM/EDS analysis of the microstructure of 
the worn cermet track shows that an oxidized 
zone was generated in the wear track, which 
promises a high resistance to wear. This is 
confirmed by tribolayer formation and stability 
of the obtained friction coefficient.  

• The microstructure indicates a very compact 
oxidized layer (tribofilm) distributed over the 
entire wear track, rich in tungsten (W) at 
different points (P1, P2, P3), as well as the 
presence of various elements of the material (Ti, 
C, Co) in different percentages.  

• The results showed that the variation in the 
coefficient of friction and the wear rate between 
repeated tests was not statistically significant, 
thus confirming the reliability and 
reproducibility of the tribological behavior of the 

cermet material. 

• The correlation analysis also showed that the 
wear rate is more responsive to normal load 
than to sliding speed within the tested range. 

• The presented results provide a good baseline 
for predicting the long-term performance in the 
practical application of this material. 

• The results of this study have significant 
implications for industries using high-
performance cermets, including cutting and 
machining tools, aerospace components, hot 
rolling dies, and other high-load machines. 
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