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A B S T R A C T   

This study explores benzoxazine resins as alternative binders for brake pad friction materials, comparing them to 
the established phenolic resins. Benzoxazine resins feature great thermal properties, alongside industrially- 
attractive properties such as forgiving storage conditions and extended shelf life. Tribological Pin-on-Disc tests 
were conducted at different temperatures, with airborne emission monitoring. The characterization of the 
samples and their worn surfaces was carried out through TGA, SEM, and EDXS analyses. The results revealed 
promising tribological performance for benzoxazine-bound materials, suggesting potential environmental ben
efits, especially in high-temperature conditions. This research builds upon a preliminary study focusing on the 
processing aspects of benzoxazine resins.   

1. Introduction 

Disc brake systems are the most diffused brake system in the auto
motive field. The task of such system is to reliably slow down a vehicle in 
a secure manner. This is achieved through the dissipation of the kinetic 
energy into heat, which causes an increase of the temperature of the 
braking system itself. A disc braking system is composed by a calliper, 
ensuring the pressure application, a rotor, known as the disc, and a 
friction material lining, commonly referred to as brake pad. Typical 
automotive brake pads are composed of numerous ingredients, which 
can be broadly categorized into four groups: reinforcing materials, 
friction modifiers, fillers, and binders. 

Although there are different types of binders, the most established 
ones in the automotive industry are resin binders. They constitute the 
matrix of the friction material composite and are therefore the compo
nents responsible for providing structural integrity to the material. In 
traditional automotive applications, such as light-duty vehicles and 
trucks, phenolic resins are the most commonly used binders [1] due to 
their cost-effectiveness and satisfactory thermal properties. Thermal 
properties are crucial for brake systems, as excessive friction material 
temperature during operation can lead to the degradation of the binder, 
thus causing increased wear [2,3] and, above a certain temperature 

threshold, a significant rise in the emission of sub-micrometric partic
ulate matter (PM1) [3–6]. Wear and PM emission by brake system have 
been shown to be an environmental hazard, affecting both the envi
ronment [7–10] and the human health [6,10–15]. Nevertheless, 
phenolic resins show some limitations, including the evolution of 
harmful gaseous species during curing, and a limited shelf life [16–18], 
primarily related to their susceptibility to moisture. 

A relatively new class of resins called polybenzoxazines or benzoxazine 
resins offers appealing characteristics for binder applications. Although 
first synthesized in 1944 by Holly and Cope [19], they have only 
recently gained industrial interest thanks to the pioneering work of 
Ishida et al. [20–22]. Their excellent mechanical and thermal properties 
[23–26] make them strong contenders as binders for brake pads. Addi
tionally, benzoxazine resins exhibit other advantageous qualities, such 
as dimensional stability, minimal byproduct formation during curing, 
low moisture absorption, and an almost-unlimited shelf life [21,27,28]. 
Unlike the condensation polymerization process of conventional 
phenolic resins, the crosslinking mechanism of benzoxazine resins 
consists of a ring-opening polymerization [29–31], which is a type of 
addition polymerization. This mechanism is a thermally activated pro
cess that does not require any additional crosslinking agent, and it al
lows for an extremely long shelf life, which is a really attractive property 
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from an industrial point of view, alongside minimal volumetric changes 
and volatile byproduct formation during curing. Benzoxazine resins also 
feature well-developed intra- and inter-molecular hydrogen bonding, 
providing unexpectedly good mechanical properties and resistance to 
moisture [21,24,31,32]. Furthermore, the chemical structure of ben
zoxazine resins is highly customizable [33–35], offering the potential to 
tailor their properties according to specific applications. Furthermore, 
the volatile byproducts of their curing and degradation process have 
been shown to be less toxic than those produced by phenolic resins, e.g. 
formaldehyde [23,36,37]. 

Some authors have explored the possibility of substituting phenolic 
resin with benzoxazine resin as brake pad friction material binder. 
Jubsilp et al. [38] compared a phenolic- and benzoxazine-bound labo
ratory-made friction material composition using a Pin-on-Disc trib
ometer, also investigating different percentage additions of UFNRP 
(ultra-fine full-vulcanized acrylonitrile-butadiene rubber particles). The 
materials bound by benzoxazine resins showed lower overall wear. 
Gurunath et al. [39] obtained promising results testing several types of 
benzoxazine resins in friction material compositions on a full-scale brake 
dynamometer. Lertwassana et al. [40] investigated the effects of aramid 
pulp and carbon fiber on friction materials using polybenzoxazines 
binder. However, current studies lack a comprehensive analysis of the 
material properties, either disregarding some important parameters 
strongly dependent on the binder such as wear, or the characterization 
of the friction materials. Most importantly, none of these studies has 
investigated the effect that the adoption of a different type of resin has 
on the PM emission of the friction material, which is becoming a crucial 
parameter for the future of brake pad materials [41,42]. Furthermore, 
no insight was provided regarding how the processing of the binder, in 
particular of the newly adopted benzoxazine resins, affects the proper
ties of the friction material, although manufacturing parameters have 
been shown to be influencing the properties of the final product 
[43–47]. 

The present work is a continuation of the preliminary study [48] 
which focused on the characterization of the benzoxazine resin binders. 
Therefore, this work aims to assess the possible advantages related to the 
adoption of benzoxazine resin binders as substitutes of the conventional 
phenolic resins. Following our previous work, an optimization of the 
production process was hereby possible. Friction material compositions 
using benzoxazine and phenolic resin binders were compared by 
Pin-on-Disc testing at room and at high temperature. PM10 emission was 
also monitored. The contact surfaces of the tested materials were then 
characterized by SEM and EDXS analysis. 

2. Materials and methods 

2.1. Sample preparation 

Two different benzoxazine resins, hereby codenamed “R6″ and “R7″, 
were supplied by Huntsman Ltd. These two resins are respectively based 
on BA-a and BF-a monomers, shown in Fig. 1, and are two of the most 

simple representative of the multifunctional benzoxazine family. As 
reference resin, a conventional Novolac phenolic resin binder was also 
used. A commercial low-metallic friction material mixture, devoid of 
any binder component, was used to produce the friction material sam
ples. The elemental composition of the mixture, obtained by EDXS 
analysis, is shown in Table 1. Some of the included ingredients are also 
shown inside a friction material sample in Fig. 2. Grey cast iron discs, 
directly extracted from a C-segment car brake disc and having a hard
ness of 258 HV10, were used as rotating counterface. 

Three different friction material compositions were prepared by 
mixing the commercial friction material mixture (see Table 1) with 7 wt 
% of Ph, R6 and R7 resins in powder form. Each composition was mixed 
for 15 min using a WAB T2F turbula mixer to ensure proper mixture 
homogeneity. For each composition, three cylindrical pin samples hav
ing diameter and height of 10 mm were produced by hot moulding and 
curing. The hot moulding stage was performed by pouring the homog
enized mixture in a special tool steel die, which was then inserted into a 
Remet IPA30 mounting machine and subjected to the desired processing 
parameter. Halfway through this step, the pressure was briefly released 
to allow for the evacuation of any gaseous byproduct inside the friction 
material. The curing stage of the self-sustaining cylindrical samples was 
then performed in a muffle furnace, in order to ensure complete curing 
of the binder. Different parameters were used during these two stages 
depending on the resin binder type, as schematized in Fig. 3. 

The friction materials thereby produced were codenamed 7Ph, 7R6 
and 7R7, respectively referring to the materials bound by Ph, R6 and R7 
resin. Please note that the production process was designed based on the 
thermal analyses (DSC and TGA) carried out in the previous part of this 
work [48]. 

2.2. Testing and characterization 

The tribological testing of the friction material samples was carried 
out using a Ducom DHM-600 Pin-on-Disc (PoD) tribometer, schematized 
in Fig. 4. Grey cast iron discs with hardness of 258 HV10 were used as 
counterface. Before being used, each disc was thoroughly cleaned via a 
special degreaser and acetone, and sanded with a 180 grit SiC abrasive 
paper, to ensure no unwanted residue from the cutting process was 
present on the surface. Before testing, each sample underwent a run-in 
procedure, under the same contact pressure and sliding velocity condi
tions used for the test, for a duration of at least 30 min, in order to ensure 
that a complete conformal contact was reached between the surfaces of 
the pin and the counterface disc. The actual tests consisted in a 
continuous sliding of 90 min under an applied load FN = 79 N (contact 
pressure PC = 1 MPa), with a sliding velocity vS = 1.51 m/s. These test 
parameters are representative of mild braking conditions, and were 
shown in a previous study to be able to satisfactory correlate with 
dynamometric bench results [49] when comparing two different friction 
material formulations. Each sample underwent PoD testing under these 
conditions both at room temperature and at a controlled high 

Fig. 1. Base monomers of the benzoxazine resins employed during this study: 
BA-a for R6 and BF-a for R7. 

Table 1 
EDXS analysis of the commercial friction mate
rial composition.  

Element Mass (%) 

O 11.6 ± 1.2 
Na 0.9 ± 0.2 
Mg 11.0 ± 1.5 
Al 10.5 ± 0.9 
Si 5.6 ± 0.5 
S 6.5 ± 0.6 
Ca 3.3 ± 1.0 
Cr 3.5 ± 0.4 
Mn 0.1 ± 0.1 
Fe 28.1 ± 3.8 
Zn 13.4 ± 1.5  
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temperature of 430 ◦C. The temperature control was carried out by the 
PoD instrument itself by means of a resistance heating and water cooling 
system, coupled with a built-in thermal sensor, which managed the 
temperature of the disc holder. An analytical balance with a sensitivity 
of 10− 4 g was used to measure the mass of the pins before and after every 
test. The friction coefficient µ was recorded in 1 s intervals by the trib
ometer, while the specific wear coefficient Ka, representative of the 
volumetric wear, was calculated following Eq. (1): 

Ka =
VW

FN • s
(1)  

Where VW is the wear volume, FN is the applied normal load, and s is the 
total sliding distance. The gravimetric wear was instead calculated by 
dividing the mass loss by the sliding distance. 

In order to investigate the airborne PM10 emission, the PoD equip
ment was enclosed in a metallic chamber with a clean air inlet and an 
outlet connected to a TSI OPS model 3330. The clean airflow at the inlet 
was set at 14.1 l/min, while the OPS sampled air from the chamber at a 
self-controlled rate of 1 l/min. Consequently, the chamber was over
pressurized, thus avoiding any contamination from the external ambient 
air. The OPS (Optical Particle Sizer) has a detection range of 0–3000 
particles/cm3, and measures the number of airborne particles having an 
airborne diameter in the 0.3–10 µm range dividing them in 16 channels 
(stages). Due to limitation of the PoD equipment, the airborne PM 
measurement could only be carried out for the room temperature tests. 

7Ph and 7R7 samples underwent TGA (Thermogravimetric Analysis) 
under air atmosphere with a heating rate φ = 10 ◦C/min using a Netzsch 
STA 409 Luxx thermal analyser. 

The characterization of the contact surfaces was carried out using a 
JEOL JSM IT300LV scanning electron microscope (SEM). The elemental 
composition was also investigated via EDXS analysis using the same 
equipment. 

3. Results and discussion 

3.1. Material characteristics 

Table 2 shows the density and the mass loss experienced during 
curing by the produced samples. In this study, the benzoxazine-bound 
7R6 and 7R7 showed higher density respect to that of 7Ph. Further
more, the curing mass loss of 7R6 and 7R7 was also lower than that of 
7Ph, suggesting that the production process was carried out properly, in 
contrast with the results obtained in our previous study [48], where the 
processing conditions for benzoxazine resins could not be satisfied. In 
fact, the benzoxazine-bound materials were expected to have higher 
density, thanks to the lower resin melt viscosity and lower gaseous 
byproduct production during curing [18,22] of benzoxazine resins, 
which was also partially confirmed by the lower mass loss during curing 
of neat R6 and R7 [48]. A lower melt viscosity helps the binder in filling 
the voids in the material during the production process. The higher 
gaseous byproduct formation of phenolic resins could cause the forma
tion of voids and cracks in a composite material [18]. 

Fig. 5 shows the TGA and DTG (Differential Thermogravimetric 
Analysis) curves of 7Ph and 7R7. While the curve decline starts at a 
similar temperature for the two materials, the benzoxazine bound 7R7 
shows a slower mass loss, indicating better resistance to thermal 
degradation respect to phenolic resin. This is further highlighted by the 
higher DTG curve once in the 300–500 ◦C range. 

Fig. 2. SEM micrograph of the cross-section of a friction material sample 
showing some of the composition ingredients. 

Fig. 3. Flowchart for the sample preparation of the friction materials 
pin samples. 

Fig. 4. Schematization of the PoD equipment. Pin (A), disc counterface (B), 
thermal sensor (C), applied load (D), ambient air (E), fan (F), HEPA filter (G), 
stainless steel chamber (H), air outlet to the OPS (I). 

Table 2 
Density and curing mass loss of the produced friction materials.  

Friction material Density (g/cm3) Curing mass loss (%) 

7Ph 2.42 ± 0.04 0.43 ± 0.04 
7R6 2.55 ± 0.02 0.15 ± 0.06 
7R7 2.58 ± 0.04 0.11 ± 0.03  
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3.2. Room temperature results 

Fig. 6 shows the average friction coefficient curves of the tested 
compositions. 7Ph, 7R6 and 7R7 all showed similar behaviour. All 
curves show the typical features of friction material dry sliding: initially 
a run-in phase takes place, involving a fast increase in the friction co
efficient; then the µ value stabilizes, reaching the stage known as steady- 
state regime. 

Table 3 shows the tribological and emission results obtained from the 
tests performed at room temperature. The friction coefficient at the 
steady-state µSS was comparable for all the materials, which was ex
pected since resin was the only component changing between the 
different compositions. The gravimetric wear was also extremely similar 
for the tested materials, while 7Ph showed higher volumetric wear, 
represented by Ka. This seemingly unexpected result can be explained by 
the difference in density of the materials (see Table 2). In fact, the simple 
sum of the 6.0% density difference and the 1.9% gravimetric wear dif
ference almost equals the 8.1% difference in volumetric wear observed 
between 7Ph and the benzoxazine-bound 7R6 and 7R7. Nevertheless, 
the difference in volumetric wear is a meaningful result, since the di
mensions of a brake pad are fixed, and translates in a longer operational 
lifespan in case of 7R6 and 7R7. Ka/µ is a parameter which represents 
the amount of volumetric wear produced per unit of dissipated friction 
power. While the whole friction power is not used for its calculation, the 

friction coefficient µ is sufficient since the dissipated power Pdiss follows 
Eq. (2): 

Pdiss = μ • FN • vS (2)  

Where FN and vS are fixed parameters, and thus Pdiss is directly propor
tionate to µ. Note that in this case µ is the average COF registered across 
the whole test and not the one reached at the steady state µSS. Once 
again, Ka/µ shows how the volumetric wear per unit of dissipated power 
was higher in case of 7Ph. Respect to our previous work [48], the overall 
lower wear shown by the benzoxazine-bound materials further suggests 
that the improved processing of the binder could lead to an improve
ment in the tribological properties of the whole friction material 
composition. 

Similarly to the previous friction coefficient and mass loss results, the 
PM10 airborne particle concentration at the steady state PMConc-SS was 
comparable between all the tested materials. The differences in this 
regard are marginal and within margin of error between each other, thus 
also partially reflecting the differences observed regarding µSS and wear. 
Nevertheless, their overall behaviour appears coherent with that of the 
dissipated power, i.e. higher COF favours higher wear and emission. 

Fig. 7 shows the number distribution and the mass distribution 
profiles of the friction materials airborne emission respect to the size of 
the airborne particles. Note that while the number distribution was 
directly measured by the OPS, the mass distribution is an approxima
tion. In fact, for the calculation of the approximated mass distribution, 
the airborne particles were considered spherical and with constant 
density. All distributions are extremely similar, showing a three modal 
shape which is partially congruent with previous literature [50–52], 
thus indicating that the mechanisms for the formation of the airborne 
particulate matter were the same for all the materials. However, the 
positions of the distribution peaks are slightly different for the number 
and mass distributions: they are in the 0.374–0.465 µm, 
0.897–1.117 µm and 1.391–1.732 µm OPS stages for the number dis
tribution while they are found in the stages immediately above those for 
the mass distribution. This is simply due to the fact that the OPS mea
sures the particle dimension in 16 dimension intervals, and the mass 
distribution is proportional to the cubic power of the particle diameter, 
thus favouring the higher OPS stages. An increase in the number of OPS 
stages would therefore bring the peaks closer together, and a real 
continuous measurement would lead to a complete peak overlap. 

3.3. High temperature results 

Fig. 8 shows the average friction coefficient curves for the compo
sitions tested at high temperature. While no meaningful difference in 
this regard could be observed at room temperature (see Fig. 6), it is 
hereby possible to observe a different behaviour between 7Ph and the 
benzoxazine-bound materials in the initial part of the test: all materials 
show an initial COF peak, which then lowers to a steady-state value, but 
this initial peak is much broader in case of 7Ph (see circled area in 
Fig. 8). This could be explained by the lower resistance to thermal 
degradation of the phenolic resin binder (see Fig. 5), which makes it 

Fig. 5. TGA and DTG in air atmosphere of the 7Ph and 7R7 friction materials.  

Fig. 6. Average PoD friction coefficient curves for the tested friction material 
compositions at room temperature. 

Table 3 
Tribological and emission results obtained from the PoD tests performed at room 
temperature.  

Friction 
material 

µSS (-) Gravimetric 
wear (mg/km) 

Ka 
(10− 14 

m2/N) 

Ka/µ 
(10− 14 

m2/N) 

PMConc-SS 

(#/cm3) 

7Ph 0.51 
± 0.03 

5.1 ± 0.4 2.67 
± 0.22 

5.26 
± 0.29 

569 ± 147 

7R6 0.52 
± 0.01 

5.0 ± 0.5 2.46 
± 0.25 

4.77 
± 0.36 

603 ± 122 

7R7 0.49 
± 0.02 

5.0 ± 0.3 2.45 
± 0.10 

5.05 
± 0.24 

556 ± 81  
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more difficult for 7Ph to sustain the formation, by accumulation and 
compaction of wear debris, of a stable friction layer. Note that each test 
started from room temperature, and the actual high temperature value 
of 430 ◦C was reached slightly after the 10 min mark (see orange dotted 
curve in Fig. 8). 

The main tribological results of the high temperature tests are 
collected in Table 4. Congruently with the room temperature result, the 
steady-state friction coefficient µSS was similar for all compositions. The 

volumetric wear showed more marked differences. 7R7 showed slightly 
lower Ka respect to 7R6, while that of 7Ph was pronouncedly higher. 
However, in this case the difference could not be explained by the 
density difference between benzoxazine- and phenolic-bound materials. 
Indeed, the gravimetric wear of 7Ph at high temperature was signifi
cantly higher than those of 7R6 and 7R7. The same trend could be 
observed regarding Ka/µ, which showed how, in harsh braking condi
tions, benzoxazine-bound friction materials could reach 22–32% longer 
operational life respect to conventionally phenolic-bound materials. 

Notably, the wear values were lower than those obtained at room 
temperature (see Table 3), particularly in the case of 7R6 and 7R7. While 
seemingly counterintuitive, this result has been previously observed in 
metal-metal contacts [53,54]. Although this case is not exactly equiva
lent to that of metal-metal contact, it features some similarities, espe
cially regarding the formation of an oxide layer in the contact region. 
Therefore, the higher temperature could have promoted the formation 
of a stronger oxidized friction layer, which counterbalanced the thermal 
degradation of the material, finally leading to lower overall wear. It is 
worth noting that this result would probably not hold true in harsher 
braking conditions, i.e. higher values of vS and PC. 

Although it was not possible to investigate the PM emission at high 
temperature, the lower wear shown by 7R6 and 7R7 respect to 7Ph 
despite having extremely similar dissipated power, along with the lower 
thermal degradation of the benzoxazine-bound friction material (see 
Fig. 5), suggests that the benzoxazine-resin binder could have led to a 
lower production of wear debris, and thus to lower emission in harsher 
braking conditions. Furthermore, the lower thermal degradation of the 
benzoxazine-bound friction material shown in Fig. 5, might suggest a 
lower effect of the increase in finer PM fraction due to the overcome of 
the threshold temperature value for the material [3–6]. 

3.4. Characterization of worn surfaces 

SEM analyses were carried out on the worn surfaces of the pin 
samples both after room temperature and high-temperature tests. No 
appreciable differences could be observed regarding the surface features 
of the different compositions, neither at room temperature nor at high 
temperature. However, significant changes in the friction layer devel
oped moving from room temperature to high temperature braking 
conditions. Fig. 9 shows the SEM micrographs of friction layers at room 
and at high temperature. At RT, the primary contact plateau (steel fiber, 
blue outline in Fig. 9a) resulted clearly distinguishable from the sec
ondary contact plateau (yellow outline in Fig. 9a), while at 430 ◦C the 
secondary contact plateaus ended up covering the supporting metallic 

Fig. 7. Number distribution (a) and mass distribution (b) of the airborne PM produced during PoD testing.  

Fig. 8. Average PoD friction coefficient curves for the tested friction material 
compositions at the controlled high temperature of 430 ◦C. The orange dotted 
line indicated the actual temperature over the test time, while the green dashed 
circle highlights the COF peaks at the beginning of the tests. 

Table 4 
Tribological results obtained from the PoD tests performed at the controlled high 
temperature of 430 ◦C.  

Friction 
material 

µSS (-) Gravimetric wear 
(mg/km) 

Ka (10− 14 

m2/N) 
Ka/µ (10− 14 

m2/N) 

7Ph 0.49 
± 0.02 

5.0 ± 0.2 2.60 ± 0.11 5.14 ± 0.20 

7R6 0.49 
± 0.01 

4.1 ± 0.2 2.02 ± 0.07 4.21 ± 0.08 

7R7 0.49 
± 0.02 

3.8 ± 0.3 1.88 ± 0.11 3.90 ± 0.14  
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fibers, which resulted barely visible through the BSE detector. The 
secondary contact plateaus were much more developed after high 
temperature testing, as can be appreciated by comparing the extension 
of the grey areas in the BSE micrographs (Fig. 9a and Fig. 9b). Indeed, 
the steel fiber primary contact plateaus get covered by the secondary 
plateau particles, becoming barely visible at high temperature. 
Furthermore, the secondary contact plateaus also resulted much more 
compacted at 430 ◦C respect to room temperature. This is made evident 
by the grey-scale homogeneity showed in the high temperature SE 
micrograph (Fig. 9d) respect to the RT one, where some crumbling of the 
plateau is evident (yellow outline in Fig. 9c). These results were 
coherent with the friction layer theory first provided by Eriksson et al. 
[55,56]. 

The more widespread coverage of secondary contact plateaus at high 
temperature is a known phenomenon [57,58]. In such conditions, the 
accumulation and compaction of wear debris is made easier by an in
crease in the sintering driving force provided by the temperature [15]. 
Therefore, the stronger compaction of the particles in the friction layer 
that was hereby observed could be explained by the same mechanism: 
the higher temperature allowed for a more developed sintering of the 
wear debris. Such widespread and compact friction layers corroborate 
the hypothesis made in 3.2 explaining the lower wear observed in high 
temperature testing. However, the higher wear experienced by the 
phenolic-bound material at 430 ◦C (see Table 4) cannot be explained by 
the friction layer features themselves, since they appeared similar 
regardless of the used binder. It could therefore be explained by the 
failure of the friction material underneath the friction layer, which is 
responsible for the provision of underlying structural support to the 
contact plateaus. This would be caused by the lower thermal resistance 

of 7Ph respect to the materials bound by benzoxazine resins, as can be 
seen in Fig. 5. 

The results of the EDXS elemental analyses carried out on the sec
ondary contact plateaus after room and high temperature testing are 
shown in Table 5. Analogously to the previously mentioned topo
graphical features of the friction layer, the compositions of the sec
ondary contact plateaus resulted extremely similar between the 
different composition, showing instead marked differences between RT 
and 430 ◦C tests. For this reason, the values shown in Table 5 are an 
overall average of the elemental compositions of all friction material 
mixtures. 

The concentration of Fe at high temperature was lowered respect to 
room temperature, however this trend was opposite for all the other 
elements. The high iron concentration is expected due to the strong 
contribution to the friction layer formation of the grey cast iron disc 
counterface. Furthermore, the secondary contact plateaus are well 
known to be constituted by mostly iron oxides. At higher temperature, 

Fig. 9. Scanning electron microscope micrographs of the pin worn surface. Backscattered electron micrographs were obtained after room temperature (a) and 430 ◦C 
(b) testing. Corresponding secondary electron micrographs were obtained both after room temperature (c) and 430 ◦C (d) testing. 

Table 5 
Secondary contact plateaus EDXS results after room temperature and high 
temperature PoD tests.  

Element Room temperature mass (%) High temperature mass (%) 

Fe 70.9 ± 3.4 48.6 ± 2.4 
O 19.5 ± 4.1 22.0 ± 4.7 
Zn 2.3 ± 0.2 9.3 ± 0.5 
Sn 1.5 ± 0.1 4.6 ± 0.3 
Al 1.2 ± 0.2 4.3 ± 0.4 
Mg 1.1 ± 0.2 3.8 ± 0.4 
Others difference difference  
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the relative amount of Fe was expected to drop respect to that of oxygen 
due to the conditions favourable to oxidation. However, the hereby 
observed results also show a significant increase in presence of elements 
different from the conventional iron oxides. The capability of the friction 
layer to accommodate higher quantities of these ingredients at higher 
temperature might once again be explained by the stronger sintering 
driving force provided by the temperature. 

4. Conclusions 

In this study, three different friction material compositions were 
produced by mixing different resin binders with a commercial low- 
metallic friction material mixture. One composition was bound by 
conventional phenolic resin (Ph), while the other two were bound by 
two types of benzoxazine resins (R6 and R7). Room temperature and 
high temperature PoD testing, PM emission analysis and SEM-EDXS 
analysis were carried out to assess the possible benefits associated to 
the substitution of conventional phenolic resins with benzoxazine resins 
in brake pad friction materials. 

• The benzoxazine-bound compositions showed lower wear, particu
larly at high temperature, which translates in a longer operational 
life of the friction material  

• PM emission at room temperature was comparable between the 
different compositions. However, the lower high temperature wear 
of 7R6 and 7R7 suggests that PM emission in those conditions could 
be lowered by adopting a benzoxazine resin binder  

• Respect to our previous study, the results hereby obtained showed 
how a correct processing of the friction material leads to a friction 
material having better tribological properties  

• Despite the hereby listed advantages showcased by benzoxazine 
resins, the processing phase required a more energy intensive process  

• The physical features and the elemental composition of the friction 
layer were independent of the binder used. Instead, marked differ
ences in both physical features and elemental composition of the 
friction layer were observed between room temperature and high 
temperature tests. 

Overall, benzoxazine-bound materials showed better tribological 
properties thanks to their lower wear. A possible environmental benefit 
can be envisioned through their use owing to the longer operational life 
bestowed to the friction material components and possibly to lower 
emissions in harsh braking conditions. 

As for the future developments of this work, they will aim at testing 
these materials using a more comprehensive brake dynamometer, which 
would also allow for the measurement of high temperature emission. 
Furthermore, a LCA (Life-Cycle Assessment) analysis would be useful to 
better quantify any possible environmental benefit associated with the 
use of benzoxazine resins as brake pad friction material binder. 
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