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Abstract  

The lack of knowledge on the link between the manufacturing process and performances constitutes a 
major issue of brake lining development. This study focuses on the effect of mixing duration on 
properties and tribological behavior of organic friction composite materials. The adopted methodology 
is based on efficient simplified formulations to limit synergic effects by the reduction of number and 
size distribution of constituents. Microstructural characteristics are analyzed and correlated to thermo 
physical and mechanical properties. Wear mechanisms and tribological behavior are studied in relation 
with the given microstructure and material properties. 

In the elaboration process, mixing duration has an impact on particle distribution and fibre arrangement. 
Distribution and size of fibre entanglements are found to cluster carbonaceous particles, which creates 
bulk thermal bridges improving thermal conductivity. Moreover, rockwool fibre arrangements affect 
density, porosity and thermo-physical properties. In addition, mixing duration disrupts cohesion of fibre 
bundles with the matrix, affecting compressive modulus and wear behaviour. This microstructural defect 
fosters an abundant third-body source flow, which results in a high wear flow. Porosities induced by 
fibre entanglements, presenting large and irregular size and distribution on the friction surface, lead to 
a low wear resistance and change the stability of friction.  
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1. Introduction 

Friction materials present important parts of the brake system which are extensively used in the 
automotive, railway, and other transport fields [1,2]. These brake friction materials have complex 
formulations which shoud fulfil several performance requirements such as stable friction coefficient, 
low wear, low fade, less brake vibration and noise and environmental friendliness [3,4]. These 
requirements are affected by the formulation, the selection of the constituents and the setting of 
manufacturing parameters. Several studies were focused on the optimization of friction materials 
manufacturing process [5, 6, 7, 8]. For example, Ertan and Yavuz [9] investigated the effects of the 
manufacturing parameters on the tribological behaviour of friction materials in order to achieve optimal 
manufacturing parameters and thus improve their performances. Kim, et al. [10] used Taguchi analytical 
methodology to explore the impact of manufacturing on the tribological behavior of brake friction 
materials. The impact of types and the relative amounts of raw material constituents on the friction 
material properties and performances have been also widely studied [11,12]. 
Composite friction material is essentially a multi-consitutent material which is highly heterogeneous. 
Kim et al. [13] revealed that effectiveness of the friction was inversely proportional to the size of the 
abrasive, and concluded that smaller zircon particles generate friction instability. Studies on the 
relationship between constituent arrangement and distribution and the resulting microstructure, 
properties and performances of brake friction materials remain are not carried out yet. 
 
Furthermore, few researches were focused on the impact of the manufacturing process on the resulting 
microstructure [14, 15]. In fact, microstructural characteristics namely arrangement of fibres and 
distribution of constituents and porosities induced by the manufacturing process are still not well 
investigated. The available reported data are not very detailed and concern only average fibre fractions 
and void contents and some representative microstructural analysis. These information remain 
insufficient for detailed numerical analysis which requires creating representative volume elements that 
reprent the realistic microstructure 

As we have mentioned, there has been some intereset on the impact of the manufacturing process namely 
hot moulding and post curing on friction materials properties and performances [16, 17]. However, the 
mixing step is still not well investigated. Mixing is the first step of the brake pad production. This 
operation depends on several factors: order of incorporation of ingredients, mixing duration and speed 
and loading volume. Each parameter has an impact on mixture quality, and thus defines the resulting 
microstructure and properties of friction materials. However, the impact of this step parameters on 
microstructural, thermo-physical and mechanical properties and tribological behaviour of friction 
materials remains not understood. Indeed, no correlation were revealed between the resulting 
microstructure, properties and performances of brake materials [18].  

Thus, this paper aims to study the impact of mixing duration on the resulting microstructure, properties 
and tribological behaviour of friction materials. Besides, this work helps to establish the link between 
microstructural characteristics induced by mixing duration, thermo physical and mechanical properties, 
friction behaviour and wear mechanisms of composite friction materials. To achive these objectives, an 
experimental methodology based on material simplification is adopted. Thorough microstructural 
analyses using 2D and 3D characterizations are performed and then correlated to the resulting properties 
and tribological and wear behaviour of the studied materials. 
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2. Materials and methods 

2.1. Simplified materials 

The adopted simplification methodology is based on the reduction of constituent number and size 
distribution while retaining their efficiency in braking situations [17,19].  The aim of this approach is to 
limit synergistic effects and facilitate identifying each component of the microstructure and thus to 
access to friction materials properties and performances. Six constituents were retained (phenolic resin, 
calcium carbonate, rubber, graphite, alumina and rockwool fibers) with reduced size distribution as 
shown in Table 1. Resin, calcium carbonate and alumina present very fine particles (mean diameter < 
6 µm) and constitute the matrix of these composite materials. This material simplification was detailed 
in previous work [20]. The elaboration process of brake friction materials includes several steps (mixing, 
cold preforming, hot molding, post curing). In this study, the impact of mixing step on the resulting 
microstructure and properties of friction materials was investigated. Parameters of mixing were studied 
in previous work [15]. This latter suggested order and duration of constituents introduction sequences 
which permits to obtain good distribution of particles. According to this study, two materials were 
elaborated depending on mixing duration of each constituent introduction sequence. The simplified 
materials were elaborated using a laboratory mixer which reproduces the same mixing mechanisms of 
the industrial one. Constituents for the two materials were incorporated in the mixture with same defined 
order. The first material, referenced as M1, was performed using a defined introduction sequence of 
constituents with total mixing duration of 706 s. The second, referenced as M2, was elaborated with the 
same introduction sequences but with a very short mixing duration of 40 s (Table 2). This short duration 
was fixed to obtain a sufficient brazing and a reasonable repartition of constituents. Before elaborating 
the mixture of M2, components namely graphite and rubber particles were pre-coated by matrix particles 
to guarantee the cohesion of the final material [21]. The adopted methodology aims to establish the link 
between microstructural characteristics induced by mixing step, properties and tribological behavior of 
composite friction materials. 
 
 

Table 1. Formulation and constituent size for simplified materials 

 

Class Constituent Weight (%) 
Mesh opening size 

(µm) 

Binder Phenolic resin 15.3 - 

Filler Calcium carbonate 21.3 - 

Abrasive Alumina 1.2 - 

Lubricant Graphite 11.9 212-300 

Friction modifier Rubber 11.3 325-400 

Fiber Rockwool fibers 39.1 Fibers <400 

 
After mixing, a succession of steps was carried out: first, a cold preforming, then a hot molding at a 
curing temperature of 140°C during 11 min under pressure of 200 bars, and finally a post-curing at 
160°C for 8 hours. At the end of the manufacturing process, several finishing operations were performed 
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to get a flat plate of 16 mm thick and 400*400 mm width. For this work, specimens were sampled from 
the resulting plates are cylindrical with a parallel axe to the normal direction of the manufactured plate.  
This sampling direction considers the transverse isotropy of microstructure and properties of these 
materials [17]. The normal direction corresponds to the direction of compression during preforming and 
hot molding steps which present the direction of the normal load application on brake lining in use. 
 

Table 2. Mixing parameters of simplified material constituents 

  Material M1 Material M2 

Sequences Blended constituents Duration (s) 

1 
50% calcium carbonate+ 

50% rubber+ alumina 
52 4 

2 50 % resin+ 50 % rubber 88 8 

3 
50% calcium carbonate + 

50% graphite 
54 4 

4 50% resin+ 50% graphite 52 4 

5 Rockwool fibers 460 20 

Total mixing duration 706 40 

 

2.2. Microstructure characterizations 

2.2.1. 2D microstructural analysis 

In the first step, characterization of microstructure was carried out using Scanning Electron Microscopy  
(SEM). Specimens for microstructural examination were polished following standard procedures. The 
aim of this investigation is to provide information about constituent distribution and microstructural 
characteristics of the resulting materials. 
 
2.2.2. 3D microstructural analysis 

The size distribution, arrangement and spatial repartition of constituents of the two materials M1 
and M2 were analyzed by 3D X-ray tomography using a laboratory equipment with a procedure already 
described in detail in  Makni et al. [20].   Cylindrical specimen with a length of 16 mm and a radius of 
6 mm were sampled from each material in the normal direction (Z direction) and scanned using an X-
ray microtomographic apparatus: Ultratom, RxSolution©.  The transmission X-ray tube (W target) was 
operated at a voltage of 160 kV and an intensity of 275 μA. The voxel size was set at 4.4 μm3. 
Reconstructed images were analyzed using Image J 1.46r software of the Wayne Rasband National 
Institutes of Health USA (http://imagej.nih.gov/ij). This technique allows to evaluate particle 
distribution and arrangements in the material volume and mark internal defects and constituents of 
interest [22]. To assess constituent spatial distribution in the studied materials volume, 3D analyses were 
carried out on specimens with a radius of 16 mm and  length of 16 mm. 
 

2.3. Thermo physical characterization 

Physical (density and porosity), thermal (thermal conductivity, specific heat capacity and thermal 
effusivity) and thermal induced (thermal expansion) properties for M1 and M2 were studied. Density 
was measured using Archimedes’ principle. Specimens were weighted in air then in water using a 
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Mettler Toledo electronic balance with 0.5 g accuracy. Theorotical porosity was calculated using the 
following expression: 

 
 
  

Porosity (%) = 1 − intensification rate (%)   

 

Intensification rate (%) =  
ఘ௠

∑
೘೔ ೣ ഐ೔

భబబ

  ×100 

 
Where ρm presents the bulk specific density (g/cm3), mi corresponds to the weight (%) of each ingredient 
of the formulation and ρi presents the absolute density of each ingredient of the formulation (g/cm3). 
Thermal Expansion (α) , thermal conductivity (λ) and specific heat capacity  (𝐶𝑝) measurements were 
performed according to defined parameters and using specific equipments detailed in previous study 
[20]. The thermal effusivity (ε) was calculated using values of the measured conductivity, density and 
specific heat capacity as follows : 

 
𝜀 = ඥ𝜌 𝜆 𝐶𝑝 

 
Results of theses characterizations are reported in Table 3. Three samples of each material were tested, 
and an average value of measures are given with a standard deviation value.  
 

2.4. Mechanical test 

Simplified materials were characterized for mechanical properties using a compression test. This latter 
was performed on an Instron electromechanical machine with a load capacity of 10 kN. The specimens 
are parallelipedic with a dimension of 20 mm and a height of 16 mm. The deviation of parallelism of 
the top and bottom faces, in contact with the non-rotated platens, is less than 20 µm. Both contact faces 
of the sample are lubricated with graphite to promote sample-plate sliding and limit its barrel 
deformation. A speckle is applied on one side face with the airbrush [21], the digital image acquisition 
is performed with a Ximea camera at a frequency of 5 frames/sec. In order to have a uniform illumination 
of the speckles of the studied face, a projector is positioned at a distance of 4 m, a black cloth masks the 
organs of the machine to reduce the light reflections on the sample. Samples were machined in the 
normal direction to the plane of brake friction materials. Three stress levels of 2, 5 and 10 MPa were 
performed for samples. Each stress level was applied five times. The speed of plateaus displacement is 
set at 0.01 mm/s [20]. Digital Image Correlation (DIC) method was employed to identify strain/ stress 
localizations [23].  To achieve post treatment of all results, Digital Image Correlation (platform yadics, 
http://yadics.univ-lille1.fr ) was used. Compressive modulus was estimated using measurement of strain 
fields (Table 4) [24]. Only Strain fields for 10 MPa, given in the compression direction (Ezz (%)), are 
presented in Figure 9.  
 

2.5. Evaluation of tribological behavior 

2.5.1. Tribometer description 

The evaluation of the tribological behavior was performed by the means of friction test. This latter was 
carried out on a pin-on-disc tribometer with a plane contact (Figure 1). This apparatus is composed of a 
spindle, at the end of which is mounted the test disc, driven in rotation by a brushless electric motor 
which guarantees a great regularity of the speed, and of a device of load application and forces 
measurement. This device consists of a clamp with a diameter of 16 mm in which the friction material 

(1) 

(3) 

(2) 
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sample is fixed, mounted on a slider driven by an elastic clearance free connection for the load 
application. The load is applied by the compression of a helical spring of stiffness 50 N/mm. The normal 
and tangential forces are measured by two strain–gauge sensors implanted onto a testing cell. These 
measurements permit to calculate the friction coefficient. 

2.5.2. Experimental protocol 

The friction tests were carried out with a pin made of friction material rubbing against a grey cast iron 
disc (Figure 1). The pin has a cylindrical shape with a diameter of 16 mm and a height of 16 mm and 
the disc track has an average friction radius of 100 mm and a thickness of 20 mm.  The disc is made of 
lamellar graphite cast iron (ENGJL 250). The pin surface was rectified, and surface of the disc was 
polished to grade 500 and then 1200, at 200 rpm [17]. The out-of-plane runout of the disc friction track 
was controlled so that it is limited at few tens of micrometers. Tribological tests were performed under 
low energy conditions at a rotating speed of 600 tr/min, i.e. a sliding speed of 6.3 m/s, and applied load 
of 0.5 MPa. 

Friction tests were interrupted at different durations while taking care not to exceed 100°C for the disc 
temperature in order to correlate the evolution of the friction coefficient to the tribological mechanisms 
and phenomena induced during the friction.  

The retained duration was 5 minutes. For each material, five sequences of run-in followed up by a sliding 
test of 5 minutes were performed. Disc and pin temperatures were measured by the means of K-type 
thermocouples located on the average friction radius respectively 2 mm and 3 mm below the friction 
surface [19,25]. 

2.5.3. Evaluation of wear behavior 

The wear mechanisms induced by friction are investigated using SEM observations and EDS analysis 
of the rubbed surfaces. EDS analysis of the chemical composition of the flat plates at different points 
for each material was performed to reveal the wear behavior of the studied materials. Results of this 
analysis were listed in Table 5.  To estimate a wear rate, the pin thickness was measured before and after 
each friction test (Table 6).   

 

 

Figure 1. Pin-on-disc tribometer 

Pin support 

Thermocouple
s 

Disc 
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3. Results and discussion 

3.1. Microstructure 

Figure 2 illustrates different components of the two materials: fine particles (resin, calcium carbonate 
and alumina) constitute the matrix which embeds the other constituents (rubber, graphite, rockwool 
fibers (shots and fibers)). Micrographs of M2 display more numerous fiber entanglements of rockwool 
fibers which present bigger and variable sizes than those of M1 (Figure 2 (b)). Moreover, they seem to 
be less embedded in the matrix. Fibers appear to be mostly emerged from the matrix for M2. SEM 
micrography of M2 (Figure 2 (b) provides evidence for the poor interface adhesion between rockwool 
fibers and the matrix. Morphology of fiber bundles for the two materials seem to be similar since they 
result from the re-entanglement of fibers during the mixing step [20]. 

Several agglomerated particles were revealed in M2 (Figure 3 (b)). These agglomerations correspond to 
matrix particles which indicates that they were not well dispersed in this material. Figure 3 shows a lack 
of cohesion between rubber particles and the matrix which seems to be more pronounced in M2.  
 

 

 

 

 

 

 

 

 

 

2 mm 

Figure 2. Microstrucure of materials (a) M1 and (b) M2 (SEM-BSE) 

500 µm 1 mm (b) 500 µm (a) 

Lack of cohesion between rubber 
particles and matrix 

2 mm 
 

Fibre entanglements totally 
embedded in the matrix Graphite 

(a) 2 mm 

Agglomerations of fine particles Rubber Shot 

(b) 

Fibre entanglements partially embedded in the matrix 
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Figure 3. Microstructural defects in materials (a) M1 and (b) M2 (SEM-BSE) 

 

3.1.1 Spatial constituent distribution 

It should be mentioned that, in all 2D and 3D visualizations given by Figure 4 and Figure 5, fiber 
entanglements and carbonaceous particles are marked with respectively orange and green colors. Shots 
and matrix are highlighted in respectively yellow and gray colors. 2D orthogonal and longitudinal 
visualizations are displayed in respectively the XY and the XZ planes.  

3D visualizations shown in Figure 4 and Figure 5 present the spatial distribution of constituents in the 
two materials volume. Figure 5 reveals the presence of several rockwool fiber entanglements in the 
volume of the M2 which are more numerous and bigger than those in M1. These entanglements shape 
is irregular and their size is variable, as in M1. The longitudinal sections in Figure 5 (b) show that fiber 
entanglements are randomly dispersed throughout the height of the sample, their size can exceed 3 mm. 
As for the carbonaceous particles, they appear most often grouped and interconnected on different 
sections of M2. For M, inter-particle distances of carbonaceous particles are more important and their 
interfaces with matrix are more numerous.  
 

 

 

Figure 4. Spatial constituent distribution in M1 

3D visualization, 2D longitudinal visualization in XZ plane, 2D orthogonal visualization in XYplane 

Fiber bundles (orange), carbonaceous particles (green), matrix (gray), shots (yellow), voids (red) 
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Figure 5. Spatial constituent distribution in M2 

3D visualization, 2D longitudinal visualization in XZ plane, 2D orthogonal visualization in XYplane 

Fiber bundles (orange), carbonaceous particles (green), matrix (gray), shots (yellow), voids (red) 

These observations are confirmed by Figure 6. The latter presents the spatial distribution of components 
using the area fraction of each component relative to the entire cross-section area XY versus the 
longitudinal sample location for M1 [20]. Fluctuations of component spatial distribution of M1, 
especially fiber entanglements and matrix, appear to be more important than those revealed for M2. This 
is confirmed by the standard deviations (σ) of 6.8 and 3.43 for M2, compared to 5.16 and 2.59 for M1 
of fiber entanglements and matrix respectively (Figure 6 and Figure 7). 

The calculated fiber entanglement volume fraction (Fv) for M2 (10.29 %), given by Figure 7, is 
somewhat higher than that obtained for M1 (7.09 %), consistent with the poor fiber dispersion due to 
the short mixing time. It can be noted that the void volume fraction of 1.15 % is double the void volume 
fraction of M1 (0.55 %). The higher presence of these voids is consistent with the cohesive defects at 
the constituent interfaces with the matrix revealed by the microstructural analysis. These results agree 
with the 2D analyses, the reduced mixing time resulted in a very heterogeneous microstructure. 
Although the constituents were pre-coated with resin, their cohesion at the interfaces with the matrix is 
slightly worse than that obtained for M1. 
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Figure 6. Spatial constituent distribution according to the longitudinal location (Z-axis) along the 
sample in M1 with volume fraction (Fv) and standard deviation (σ) of each constituent 

 

 

Figure 7. Spatial constituent distribution according to the longitudinal location (Z-axis) along the 
sample in M2 with volume fraction (Fv) and standard deviation (σ) of each constituent 

 

Figure 8 shows the spatial distribution of carbonaceous particles for the two M2 samples compared to 
that obtained for the two M1 samples. It can be noticed that the area fractions obtained for the two M2 
samples do not overlap, which means that the size of the samples taken is insufficient to be representative 
of the distribution of carbonaceous particles. This confirms the very high heterogeneity of the 
microstructure of M2, mainly induced by the random distribution and the very large size of the fiber 
entanglements. 
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Figure 8. Spatial carbonaceous particle for two 16 mm diameter specimens sampled from M1 and M2 
distribution  

 

3.2. Thermo-physical properties 

Results of thermo-physical characterizations of the two studied materials are given in Table 3. They 
show a higher density and a lower porosity for M1 compared to M2. This can be explained by the 
presence of voids induced by the lack of cohesion between the matrix/fiber entanglement interfaces in 
M2.  

 

Table 3. Thermo physical properties of M1 and M2 

 M1 M2 

Density (kg.m-3) 1980 (2) 1950 (3) 

Porosity (Vol%) 13.1 14.2 

Thermal Conductivity  λ (W.m-1.K-1) 1.18 (0.03) 1.37 (0.04) 

Capacité thermique massique 
 Cp (J. kg-1.K-1) 847 (2) 851 (5) 

Thermal effusivity ε (J.K-1. s-1/2 m-2) 1410 1520 

Coefficient of thermal expansion in 
normal direction α (10-6 K-1) 

18.7 (0.1) 19.8 (0.1) 

 

These results are in agreement with Maleque and Atiqah [26] who found that the material porosity 
decreases with increase of density value due to the presence of voids.  Regarding thermal and thermally 
induced properties, thermal conductivity and thermal expansion show significant differences between 
the two materials while thermal effusivity, and heat capacity are comparable for both. As microstructural 
analysis showed in « 3.1 section », rockwool fibers present less cohesion with the matrix compared to 
M1. In fact, fibers in M2 are mostly found to be partially embedded in the matrix. 
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This present an important factor which impacts thermal expansion. Indeed, a high cohesion allows the 
rockwool fibers to block the thermal expansion while a low cohesion leads fibers to slip in the matrix 
during its thermal expansion and thus facilitates the thermal expension. This may justify the lower 
coefficient of thermal expansion of M1. 

The microstructure of M2, which presents higher thermal conductivity, is strongly influenced by 
entanglements, with microstructural heterogeneity becoming more pronounced the larger and more 
numerous the entanglements are. In this material, the distribution of carbonaceous particles, namely 
graphite (conductive particles), constrained in small inter-entanglement spaces, forms dense networks 
where the inter-particle spaces are reduced, which enhances thermal conductivity.  This can explain the 
higher thermal conductivity of M2. These results agree with the work of [15, 27, 28]. These authors 
confirm that the distribution of constituents, especially fibers, has an influence on the thermal properties 
of composite materials. 

 

3.3. Mechanical properties  

Figure 9 shows that strain localizations correspond to the voids induced by the fiber entanglements, as 
well as to the rubber and graphite particles that are not very stiff in comparison with the other 
constituents [21]. These fiber entanglements may contain porosities. While for M2, bigger fiber bundles 
deform with a higher amplitude (in darker blue) (Figure 9 (b) and (d)).  
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Figure 9. Strain fields Ezz (%) in the compression direction for 10 MPa superimposed on the 
microstructure for (a) M1 and (b) M2 and schematic relationship with constituent distribution for (c) 

M1 and (d) M2 

Besides, Figure 9 (b) and (d) reveals a high amplitude deformation localization at a large surface 
entanglement of the M2 sample (circled in black), which may present voids and lack of cohesion at the 
interfaces with the matrix. Load transfer at these weakly cohesive interfaces is a factor in heterogeneous 
strain accumulation [29]. Lower amplitude localizations (light blue) are observed at some entanglements 
of M1 and M2, which could be attributed to porosities. For M1, only a few entanglements undergo weak 
compression (in red and light blue) (Figure 9 (a) and (c)).  Other high amplitude localizations, oriented 
perpendicular to the loading direction, correspond to the clustering of rubber and graphite particles (dark 
blue). The localizations are stronger and more developed and (in darker blue), in the case of M2, as the 
density of carbonaceous particles in these clusters is higher for this material.  
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Table 4. Compressive modulus defined for different stress levels of M1 and M2 

 

 

 

 

 

 

According to Table 4, we can notice that compressive modulus values increase with stress levels. This 
may be explained by the presence of porosities in these materials. Indeed, at the lower solicitation (2 
MPa), voids that are slightly compressed, close partially. As the load increases, compression closes more 
voids, which induces stiffness rise [25]. 

Considering the modulus obtained for M2, Table 9 reveals that they are lower compared to the 
compressive modulus of M1. According to several studies [30, 31], the mechanical properties of fiber-
reinforced composites depend, on the one hand, on the length of the fibers, their orientation and 
distribution in the material [26], and, on the other hand, on the shear strength of the interface between 
the fibers and the matrix. It should be noted that the structural integrity of the composite material and 
the ability of the interphase to transmit the load from the matrix to the embedded fibers is ensured by 
the shear strength of the fiber-matrix interface. These results are in accordance with [32, 33] who show 
that strength of composite materials depends on properties of reinforcing fibers and the quality of fiber-
matrix interfacial adhesion strength. They revealed that the applied load can be transferred from the 
matrix to fiber more efficiently when fiber-matrix adhesion strength is well established. When the fiber-
matrix cohesion is strong, better mechanical behavior of the material is obtained [34, 35, 36]. For the 
materials M1 and M2, microstructural analyses showed a better cohesion of the interface between the 
fibers and the matrix for M1. This justifies the lower compressive modulus found for M2. Besides higher 
porosity revealed in M2 in « 3.1.1. section » can explain its lower compressive modulus [37]. 
 
3.4. Tribological Behavior Analysis 
 
3.4.1. Friction Behavior 

Figure 10 shows a comparable overall evolution of friction, which differs in their variation over time. 
These variations are generated by contact evolutions related to the formation and circulation of the third 
body at the interface. Figure 10 (a) shows that friction coefficient evolution of M1 appears to be more 
regularly continuous with an almost stable friction coefficient around 0.4–0.45. For M2, friction 
coefficient presents fluctuations with higher amplitude and presents a sudden decrease at 166 s, which 
may be induced by the large and irregular size and distribution of fiber entanglements on the friction 
surface.  

 

 Compressive modulus (MPa) 

Stress levels M1 M2 

2 MPa 5515 2950 

5 MPa 5645 3465 

10 MPa 6100 5385 
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Figure 10. Friction coefficient evolution for (a) M1 and (b) M2 

 

3.4.2 Wear behavior 

EDS analyses reveal that the weight proportions of silicon, aluminum and magnesium are more 
important for M2. It should be noted that theses chemical components derive mainly from fibers and 
shots of rockwool. Consequently, secondary load-bearing plateaus of M2 include more debris of 
rockwool fibers. The lack of cohesion revealed at fiber/matrix interface could be the origin of the 
important pullout of rockwool fibers and thus their great amount in the third body [35, 38]. 

 

Table 5. Chemical composition of third body in load-bearing plateaus of M1 and M2 (wt %) 

 

 

 

 

 

The thickness of the pins is measured before and after friction tests as an indicator of wear, expressed 
as the thickness loss per unit time (Table 6). It can be noticed that the wear rate is higher for M2 with 
2.69*10ିହmm/s compared to 1.07 *10ିହ mm/s for M1. This may be related to the lack of cohesion at 
the matrix-rockwool fiber interfaces for M2. This result agrees with the work of Ozturk and Satapathy 
on the impact of the quality of the fiber-matrix interface on the wear performance of friction materials 
[30, 39]. 

According to Chen et al. [40], when the composite material has lower compressive strength and higher 
fiber/matrix interfacial strength, it favors formation of friction layer and leads to higher and more 
stable friction properties.  

 

 

 

 

(a) (b) 

 
C O Si Al Mg 

M1 13.69 28.48 8.71 4.04 1.14 

M2 14 25.66 12.9 6.01 1.93 
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Table 6. Wear rate indicator (thickness loss per unit time) calculated for M1 and M2 

 

 

 

 

 

3.4.3. Worn surface analysis 

SEM micrographs of worn surface of M2 (Figure 11) display fewer number of secondary third-body 
plateaus and less extended than those of M1.  Besides, worn surfaces of M2 reveal the presence of coarse 
debris, trapped in big porosities induced by fiber entanglements (Figure 12(b)) and the lack of cohesion 
in fiber/matrix interface (Figure 13(b)). These debris result probably from the destruction of the 
secondary plateaus. All these observations indicate that M2 is less prone to develop and preserve a 
regular layer of third body in the contact, unlike M1. In fact, the pin surface of M1 is more covered with 
third body layers which are well extended and uniformly distributed in the sliding direction (Figure 11 
(a) and Figure 13 (a)). The secondary load-bearing plateaus are generated by third body compaction 
under the combined action of normal pressure and shear force as shown in Figure 12 (a) [41, 42]. 

 

Figure 11. Secondary plateaus revealed in the rubbed surfaces of (a) M1 and (b) M2 (SEM, SE) 

In the present study, the interfacial adhesion between rockwool fibers and matrix in M1 is found to be 
superior to that of M2. This explains the more stable friction coefficient and the higher wear resistance 
of M1. These results are consistent with previous works [41,43] which report that the improved adhesion 
between fibers and matrix inhibits the pullout and removal of rockwool fibers from the matrix during 
friction process. In other words, the quality of fiber matrix interface guarantees the reinforcing efficiency 
of the fibers. However, relatively weak interface bonding strength between rockwool fibers and matrix 
generates fiber debonding under normal pressure. Consequently, this leads to the deterioration of the 
stress transfer in the matrix and affects the wear resistance performance. 

Materials  Wear rate (mm/s) 
M1 1.07 *10ିହ mm/s 

 
M2 2.69*10ିହmm/s 

 

200 µm (b) 200 µm (a) 

Sliding direction 
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Figure 12. SEM micrographs of worn surfaces of (a) M1 and (b) M2 (BSE) 

 

Moreover, in terms of the stability of load-bearing plateaus, Figure 11 (a) and Figure (13 (a) confirms 
that M1 constituent distribution is more prone to form stable secondary plateaus, which further explains 
its better tribological behavior than M2. Theses results contribute to a better understanding of the link 
between microstructural characteristics and tribological behavior of composite friction materials. 

 

 

Figure 13. SEM observations of the third body distribution of materials (a) M1 and (b) M2 (BSE) 

Porosity 

200 µm 

Compacted fine particles 
of third body 

(b) 

200 µm 

Coarse particle debris of 
third body 

(a) 

Flat plate 

300 µm 300 µm (b) (a) 

Secondary 
plateaus 

Flattened shot 
particles Coarse wear debris 

Lack of cohesion  
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From all theses analyses, it can be concluded that the improved tribological behavior of M1 may be 
related to the superior fiber-matrix interfacial adhesion and the stable secondary third-body plateaus 
formed on the friction surfaces, which is consistent with the previous reports on fiber-reinforced friction 
composites [7,44,45]. 

3.4.4. Mass temperature  

As it was indicated, K-type thermocouples were used to measure the disc and pin mass temperature from 
2 mm to the friction surface. Table 7 summarizes pin and disc temporal mass-temperature variation  
during sliding test for the M1 and M2 materials. Results of the temperature variation of the pins of the 
two materials are comparable. However, the disc heats up more when rubbed against M2 compared to 
M1. In this case, the surface temperature variation is driven by the thermal contact resistance, which 
depends in particular on the third body layer at the interface, and not by a difference in terms of thermal 
effusivity of the materials, since their values are found to be close (Table 3). This observation is 
consistent with the analyses of pins rubbed surface. The secondary plateaus of third body are more 
numerous in the case of M1 compared to M2, which may lead to a higher thermal resistance and explain 
the decrease of the disc temperature [46].  

Table 7. Pin and disc temporal mass-temperature variation for M1 and M2 

 
 

 

 

4. Conclusions 

This paper focused on the impact of mixing duration on microstructure, thermo-physical and mechanical 
properties and tribological behavior of organic composite friction materials. Several synergies between 
constituents were highlighted and correlated to properties, friction behavior and wear mechanisms. 

This study contributes to a deeper understanding and a better mastering of the link between 
microstructural characteristics, namely porosity, interface defects and constituent arrangement and 
distribution in the material, with thermo-physical and mechanical properties and tribological behavior. 
It demonstrates the necessity to consider these materials as multi-constituent and interdependent systems 
and explore the different synergies between constituents.  

It was concluded that : 

 Longer mixing duration permits to establish a better interface between matrix and constituents, 
namely rockwool fibers and rubber, and more homogeneous constituent distribution thus 
improves physical (higher density), thermal (reduce thermal expansion), mechanical (higher 
compressive modulus) properties and tribological (more stable friction) and wear (higher wear 
and thermal resistance). 

 Fiber entanglements size and arrangement induced by mixing duration impact conductive 
carbonaceous particles distribution and thus affects thermal conductivity. 

 Porosities, induced by the lack of cohesion between fiber entanglements and matrix, 
presenting large and irregular size and distribution on the friction surface, generate 

 ∆T disc (°C) ∆T pin (°C) 
M1 20 17.1 
M2 23.3 16 
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higher strain localizations, involve an irregular supplying of the tribological system, 
which disrupts load-bearing mechanisms. 
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