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Abstract
Degradation of phenolic based automotive brake pad material during friction against two aluminium 
matrix composites (MMC) viz. Al-SiC and Al-B4C was studied. Wear tests were carried out in a pin-on-
disk type friction testing apparatus at a linear sliding speed of 1.62 m s-1 under a contact pressure 3.00 
MPa for an hour in ambient air. Morphology, thermal degradation and structural changes of phenolic 
resin in the debris during friction process were investigated by stereomicroscope, infrared spectroscopy 
(IR) and thermogravimetry analysis (TGA). It is revealed from stereomicroscopic investigation that the 
debris mainly consists of dark fluffy powdery material. IR study of debris shows that carbonyl and 
carboxylic acids are present in phenolic resin in debris, while phenolic resin in the as-received pad 
material does not show these groups. This indicates that thermal degradation occurs through oxidation in 
the present sliding conditions. Cross linking of phenolic resin also occurs along with oxidation during 
friction process which enhances the oxidation of phenolic resin in debris materials. TGA study shows 
higher weight loss of debris material as compared to as-received pad material.   
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1. Introduction 
The brake systems of automobile consist of 
brake pads and rotor. During braking operation, 
the brake pad, usually made of phenolic based 
composites, is pressed against a cast iron rotor 
which is attached to the wheel. Nowadays cast 
iron rotor are being replaced by aluminium 
metal matrix composites (MMC) which has the 
advantage of having lower density offering 
opportunities for fuel saving in automobiles.  

Commercial brake pads are proprietary 
item and their composition is usually not 
disclosed. It is however generally known that 
commercial organic type brake pad material 
basically consists of a) phenol formeldehyde 
binder; b) fiber reinforcement, such as mineral 
based fiber like asbestos, synthetic fiber like 

glass fibre, carbon fibre etc.; c) filler like barium 
sulfate, mainly for cost reduction; and d) friction 
modifier such as brass, iron chips [1, 2].       

During braking operation, the brake pad 
undergoes fiction and wear which lead to 
frictional heating and mechanical damage. 
Normal braking operations in passenger cars can 
increase the bulk temperature at the friction 
interface to about 150-250oC [1]. But during 
severe braking operations the temperature may 
reach about 370oC or even higher [3-4]. The 
input of both thermal and mechanical energy can 
trigger different tribochemical reactions at the 
friction interface. Such tribochemical reactions 
may degrade the organic compounds like phenol 
formaldehyde binder in the brake pad and affect 
its properties.  The inorganic compounds in 
brake pad have been found to be ground and 
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pulverized without much change in chemical 
composition and physical structure under the 
combined action of wear and friction [5]. 
Although a good number of studies have been 
done on the thermal degradation of phenol 
formaldehyde in ambient air as well as inert 
atmosphere, not much information is available 
on the tribochemical degradation of phenol 
formaldehyde particularly sliding against Al 
MMC.

Early studies of Conley and coworkers [6-
9] suggested that the primary degradation 
pathway for phenolic resins is oxidative in 
nature even in an inert atmosphere, and that 
thermal processes only start to compete at higher 
temperatures. Recent studies [10-18] have 
revealed that the prime route of the thermal 
degradation of phenolic resin in inert 
atmosphere is the cleavage of phenol-methylene 
bonds and subsequent abstraction of hydrogen. 
As a result, phenols and methyle-substituted 
phenols as volatile products were formed. The 
cleavage of the methylene bridge occurs due to 
the decrease in strength of the O-H bond at 
increased temperature [16]. Hydrogen 
abstraction is kinetically favoured over the 
scission of benzyle phenol bond [18]. It was also 
found that H2O, CO2 and CH3OH are evolved in 
the degradation of phenolic resins in N2atmosphere at temperature as low as 250oC [19]. 
This means the polymer undergoes 
fragmentation and dehydration reactions and is 
subsequently oxidized by OH radicals, carbonyls 
and carboxylic acids. In the presence of air the 
oxidation reaction takes place via the formation 
of peroxides caused by oxygen. In this case, the 
polymer is oxidized at relatively lower 
temperature and to a higher extent than when 
heated in nitrogen.  

Kristkova et al. [13] studied the influence 
of metal particles (Cu, Fe, Cu-Zn) on the 
degradation process of phenolic based friction 
materials. They found that a concentration (~20-
25 vol.%) of Cu or Fe, in the friction materials 
has a catalysis effect on the degradation of 
phenol formaldehyde. The main step in the 
phenolic resin degradation process involves the 
elimination of formaldehyde, as an important 
curing agent, caused by metal and metal oxide 
catalysis. Brass was not found to act as catalyst 
in the degradation process. Sallite et al. [20] 
while investigating the frictional and wear 
behaviour of brake pad against aluminium 
matrix composites could not identify any 
degradation of phenol formaldehyde by FTIR. 

The present study intends to investigate the 
tribochemical degradation of phenolic resin in 
commercial brake pad sliding against two metal 
matrix composites viz. Al-SiC and Al-B4C. For 
this purpose optical microscopy, infrared 
spectroscopy (IR) and thermogravimetric 
analysis (TGA) were employed to characterize 
the debris that was generated from the pad 
during the sliding friction test. 
2. Materials and Experimental 
2.1. Materials
A commercial brake pad was used in this study. 
Since its composition is not disclosed by the 
manufacturer, composition was therefore 
investigated before the friction study.   Phenol 
formeldehyde resin was identified as a binder in 
friction composite by IR. X-ray fluoroscence 
spectroscopy revealed that the brake pad 
contains elements like O, Mg, Si, S, Ca, Mn, Fe, 
Cu, Zn, Ba and C. C belongs to resin; Mg, Si 
and O belong to asbestos fiber which was used 
as reinforcement; Ba, S and O belong to BaSO4which acts as filler; Fe, Cu, Zn etc. belong to 
metallic chips acting as friction modifier. Wet 
chemical analysis also revealed that the friction 
material used in the present used in this study 
contains 34% phenolic resin, 42% asbestos fiber, 
3.7% Cu, 2.1 % Zn, 3.2% iron (along with other 
constituents). As counterpart in friction couple, 
two aluminium metal matrix composite (MMC) 
were used. One contains 13% volume percent 
SiC particles in pure aluminium matrix and the 
other contains 13% volume percent B4C. The 
average size of the particle in both cases was 40 

m.
2.2. Friction tests 
Friction tests were performed in a unidirectional 
pin-on-disc apparatus in which a disc shape (dia: 
80 mm, thickness: 10) piece cut from the brake 
pad rotates in a horizontal plane. Al MMC pin 
specimen (dia: 5 mm, length: 12 mm) was 
pressed against the rotating disc by applying a 
normal load of 58.86 N, which resulted in a 
contact stress of 3.00 MPa. At the contact 
position the linear speed of the disc was 1.62 m 
s-1. Friction force was recorded during the 
friction tests using a load cell and the coefficient 
of friction was calculated by dividing friction 
force by normal applied. The temperature 
generated during friction test due to friction, was 
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measured by inserting a thermocouple (cromel-
alumel) in the pin at position 2 mm above from 
the contact surface. The temperature (oC) was 
plotted against sliding distance (m).  During 
friction tests, wear debris was collected on an 
aluminium foil placed below pin-disc assembly. 
After the test, debris was preserved in a 
desiccator for optical macroscopy, IR analysis 
and TGA. 
2.3. Stereomicroscopic study 
After the friction tests the wear track on the 
brake pad and the collected debris were 
examined under a stereomicroscope.                                                                                      
2.4 Infrared spectroscopy (IR) 
Sample of as-received brake pad material and 
debris from brake pad/Al-SiC and debris from 
brake pad/Al-B4C was pulverized to less than 
2.0 m with KBr using an agate mortar. The 
KBr mixed powdered sample was pressed into 
pellet under 8 tons load. The pellet was 
subjected to the test by using a Shimadzu 
infrared spectrometer Model-460 at a scanning 
speed of 360 cm-1 min-1 in the range of 400-4000 
cm-1. The spectra were analyzed and the possible 
functional groups for the recorded absorption 
peaks in the spectra were identified by 
comparing with standard spectrum.  
2.5 Thermogravimetric analysis (TGA) 
Thermogravimetric analysis of as-received brake 
pad material and debris from Al-SiC/brake pad 
system and debris from Al-B4C/brake pad 
system was done by Thermo-Gravimetric 
analyzer CAHN TG 171-09 between a 
temperature range of 25oC and 600oC. The 
sample of about 30 mg was heated in an oxygen 
atmosphere at a heating rate of 10oC/min. 
3. Results and Discussions
3.1. Stereomicroscopic examination of friction 

track and debris 
Photographs of wear track on brake pad and 
debris generated during friction test against Al-
SiC MMC taken under a stereomicroscope are 
shown in Fig. 1. These photograps are typical 
and represent both friction couples studied i.e. 
brake pad/Al-SiC and brake pad/Al-B4C. The 
wear track (Fig. 1a) is seen to consist of abrasive 

sliding marks. This is likely to be caused by the 
abrasive action of hard ceramic particles viz SiC 
or B4C present in the MMC. At places some pits 
or spalling of material from the pad is seen. 
These are thought to be the result of removal of 
different constituents like reinforcement, friction 
modifier etc. from the pad. Materials dislodged 
from the brake pad undergoes mechanical 
interactions at the sliding interface and the 
interface temperature rises as a result of 
frictional heating. In the course of the friction 
test, a part of the debris is ejected out of the 
wear track which was collected. The collected 
debris as shown in Fig. 1b mainly consists of 
dark fluffy, powdery material. The debris also 
contains some dark compacted flakes. These are 
mainly generated from the phenolic brake pad. 
In addition, the debris also contains some 
aluminium particles dislodged from Al-MMC. 
The collected debris was sorted under the 
stereomicroscope in order to separate out the 
metallic particles, fibers and other constituents 
from the fluffy polymeric constituents. The 
fluffy polymeric constituents, presumably 
phenolic resin from the pad and its degradation 
products, were further examined by IR 
spectroscopy and TGA.     

Fig. 1. Photograph of (a) A wear track formed on 
brake pad and (b) Debris generated during sliding 

of Al-SiC MMC against brake pad. 
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3.2 Coefficient of friction (COF) and frictional 
temperature rise 

The coefficient of friction (COF) of brake 
pad/Al-SiC and brake pad/Al-B4C composites 
recorded during friction test is shown in Fig. 2a. 
It is seen that the COF quickly reaches a peak 
then falls to a steady state value as the sliding 
distance increases. Brake pad-Al-SiC and brake 
pad-Al-B4C couple have a steady state COF 
value of 0.38 and 0.35 respectively. The slightly 
lower value of COF for brake pad/Al-B4Ccouple was attributed to the formation of oxides 
of boron at the interface [21,22]. Frictional 
temperature developed during the test are shown 
in Fig. 2b as a function of sliding distance. It is 
observed that temperature increases fairly 
rapidly at the beginning and reaches a steady 
value after sliding of about 1000 m. The steady 
state frictional temperature is about 182oC for 
both friction couples. However a slightly lower 
friction temperature is developed for the brake 
pad-Al-B4C couple. This is consistent with the 
fact that this couple also has a lower COF value.   

Fig. 2 (a) Coefficient of friction and (b) 
temperature versus sliding distance of Al-SiC and 

Al-B4C composites sliding against pad friction 
material at 1.62 m s-1 under 3.00 MPa. 

3.3 Infrared spectroscopy (IR)
The IR spectra of as-received friction material 
and debris generated during wear of Al-SiC/pad 
and Al-B4C/pad are shown in Fig. 3. The 
absorption peaks and their corresponding 
functional groups are listed in Table 1. As 
reference, absorption peaks for the degradation 
of phenolic resin studied by others [10,11,13] 
are also included in Table 1. The OH stretching 
bands at 3670 cm-1 and 3415 cm-1 of as-received 
phenolic pad are shifted respectively towards the 
lower wave number and towards higher wave 
number for the debris of both composites. The 
intensity of OH band at 3670 cm-1 decreases 
after the friction test. The changes of position 
and intensity decrease indicate that the changes 
in the H bonding and decrease in the amount of 
OH groups occurs [10]. These change may take 
place due to the condensation process according 
to reactions 1 and 2 [23, 24] and reaction 3 
(cross-linking) [11]. As a consequence of 
condensation, ethers are formed and evidence of 
this is found in the growing bands at 1260 cm-1
which is not found in the original pad friction 
materials. 

The absorption peaks of 2800-3100 cm-1
are attributed to the stretching of C-H bands. 
The absorption peak at 2910 cm-1 observed in 
original pad material, shift to the higher wave 
number and intensity become low in the debris 
materials. This indicates that during wear 
process aliphatic bands are disappeared.  

A new weak absorption appears at 1646  
cm-1 and 1650 cm-1 for the debris samples of 
pad/Al-SiC and pad/Al-B4C couple.  These 
absorption peaks are thought to be due to the 
presence of cabonyl group in the debris sample 
that are formed after oxidation of methylene 
bridge (reaction 4) [25]. This peak was absent in 
the original pad material. 

More evidence for oxidation is given by the 
peak at 1730 cm-1 (Fig. 3). This peak reveals the 
presence of carboxylic acids in the resin 
(reaction 5) [10]. The presence of carboxylic 
acids in the spectra of the debris confirms the 
thermal degradation of the pad through 
oxidation in air atmosphere. Cross-linking and 
branching occur with oxidation and provide 
higher substitution as can be seen from the 
changing intensity of the peak at 1610 cm-1 in 
debris material. Moreover, peak at 1539 cm-1 for 
ring stretching in the debris occurs due to cross 
linking during friction process, while this peak is 
absent in pad material. Besides that the 
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increased intensity at 870 cm-1 and changing 
appearance of peaks in the 800-700 cm-1 region 
also confirm that higher substitution has taken 
place during wear process in phenolic resin [11]. 

Absorption peak at 1455 cm-1 is attributed

to bending of the C-H bands of an aliphatic 
bridge. The change of intensity observed in   
Fig. 3 occurs due to the changes in the nature of 
the aliphatic bridges.
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Table 1 Infrared bands and assignments (band position in cm-1) of pad friction material, debris from Al-
SiC/pad friction material and Al-B4C/pad friction material and other studies from literatutes (w= weak, 

m= medium, s=strong, vs=very strong, br s= broad strong). 
Brake pad 
(as-received)

Debris from 
Al-SiC/pad

Debris from 
Al-B4C/pad

Kristkova et 
al., 2004[13] 

Costa et al., 
1997[10] 

Trick and 
Saliva, 
1995[11] 

Functional groups 

3670 (s) 
3415 (br. s) 

3655 (w) 
3420 (br. s) 

3650 (m) 
3435 (s) 

-
-

-
3350

-
3500

Phenolic OH Str. 
Phenolic OH Str./Arom. CH Str. 

-
2910 (m) 
-

-
2925 (w) 
-

-
2945 (m) 
-

3016
2927
2837

3016
2920
2840

3100-3000
3000-2800
-

Aromatic CH Str. 
Aliphetic OH asymmetric 
Aliphetic CH Str. sym. 

2355 (w) 2380 (vw) 2370 (vw) - - -

- 1730 (vw) 1727 (vw) 1720-1740  1740 1735 Carboxylic group 

- 1646 (br vs) 1650 (br vs) 1650 - 1658 C=O of Carbonyl Struct. 

1617 (br s) 
-
-

1610
-
1539 (w) 

1610
-
1534 (w) 

1610
1595
1510

1610
1590
1501

1607
-
-

C=C Aromatic ring str. (1,2,4)  
C=C Aromatic ring str. (1,2,4) 
Semi circle ring str. (1,2,4) 

- - - 1476 1475 1475 Tetra substituted ring

1455 (br s) 1454 (br vs) 1449 (br vs) 1455 - - Semi circle ring str. (1,2,4) 

- - - 1440 - - Alephatic CH2 Scisbend 

-
-

-
-

-
-

1371
1134

1360
1340

-
-

Phenolic OH in plane deform. 
Phenolic OH in plane deform. 

-
-
-

1260 (br m) 
-
1178 (w) 

1263 (br m) 
-
1179 (w) 

1250
1236
1171

1270
1226
1170

1264
1200
-

Alkyl phenol C-O str. 
Alkyl phenol C-O str. 
2/and/or 4-substituted ring 

- - - 1101 1100 - CH inplane ring deform. (1,2,4) 

1072 (vs) 1074 (br s) 1076 (s) - - - Aromatic C-H inplane deform/C-
O str. of phenol. 

1013 (vs) 989 (br s) 980 (br s) - - - CH3 attached to the arom. ring 

945 - - 912 911 - Aliphatic CH2 wagging 

870 (m) 879 (s) 872 (s) 881 - 880 Tetra subst. benzene ring(1,2,4) 

-
-

794
-

794
-

816
756
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756

Out of plane ring deform. (1,2,4) 
Out of plane ring deform. (1,2,6) 
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-
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-
-
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Fig. 3  Infrared spectra of (a) original pad friction materials, (b) debris of Al-SiC and (c) debris of Al-B4C

MMC collected during the sliding at 1.62 m s-1 and 3.00 MPa.
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In the present case, the bulk temperature is 
around 182oC during the friction test from where 
debris is collected. The presence of carbonyl 
group and carboxylic acids in the debris confirms 
the thermal degradation of the pad through 
oxidation in air atmosphere during the wear 
process even at such low temperature. 
3.4 Thermogravimetry analysis (TGA) 
The TGA curve for as-received brake pad shows 
slight weight loss at temperature below 100oC
(Fig. 4). This can be attributed to the loss of 
water. After this the weight changes little until 
about 265oC. Above this a major weight loss 
occurs which accounts for a decrease of about 
24%. In the case of debris, in addition to initial 
weight loss due to dehydration, a significant 
weight loss accounting for about 10% of original 
weight occurs between 50 and 175oC. After this, 
the weight of debris changes little until about 
300oC. Above this temperature, major loss in 
weight occurs which corresponds to 22% and 
21% respectively in debris from pad/Al-SiC and 
pad/Al-B4C couples. The temperature range and 
percentage reduction in weight at the major 
weight loss event for as-received brake pad and 
debris are compared in Table 2. 

The reason for the weight loss of debris 
samples between 50 and 175oC is thought to be 
due to occurrence of cross linking in phenolic 
resin of brake pad during friction. The IR 
spectroscopic result as discussed earlier also 
revealed the occurrence of cross linking in 
phenolic resin in debris. The cross linked resins 
are less stable in air atmosphere and oxidised at 
low temperature [10]. Thus more oxidation of 

debris is expected which provide higher weight 
loss of debris as compared to the as-received 
brake pad. 

Fig. 4.  TG thermogram of pad and debris from the 
Al-SiC and Al-B4C.

One interesting feature of TGA curves of 
both debris sample is that small peak occurs at 
around 420oC indicating a slight weight gain. 
Such feature is absent in the TGA curve of as-
received brake pad. It may be noted that some 
aluminium particles originating in Al-MMC were 
also present in the debris. Although these 
particles were seperated from the debris under 
the steremicroscope, it is possible that a very few 
fine aluminium particles not resolved under the 
microscope could still remain in the debris. Such 
aluminium particles are likely to get oxidized at 
about 410oC leading to a weight gain [26-27]. 

The major weight loss events for all the 
samples are due to the oxidation of phenolic 
resin. Ingo et al. found from combined study of 
DTA-TG a wide exothermic peak at 350-370oC
due to oxidation of organic constituents in brake 
pad [5]. Besides, the evidence of presence of 
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carboxylic and carbonyl groups in debris material 
in IR spectra also indicates that the oxidation 
occurs during friction in present sliding condition 

where bulk temperature at interacting surface is 
182oC.

Table 2 Characteristics of major weight loss event. 

Sample As-received brake pad  Debris from Pad/Al-SiC Debris from  pad/Al-B4C

Starting 
temperature 

Finishing 
temperature 

Starting 
temperature 

Finishing 
temperature 

Starting 
temperature 

Finishing 
temperature Degradation 

temperature 

265oC 475oC 300oC 510oC 300oC 500oC

Weight loss 24% 22% 21% 

4. Conclusions 
Thermal degradation of phenolic brake pad 
sliding against Al MMC in a pin on disc wear 
type wear testing machine has been studied.  
Stereomicroscopic investigation revealed that the 
collected debris mainly consists of dark fluffy 
powdery material. The debris also contains some 
dark compacted flakes.  These are mainly 
generated from the phenolic brake pad. IR and 
TGA analysis of as-received pad material and 
debris of Al-SiC/friction material and Al-
B4C/friction material were carried out to study 
the thermal degradation of phenolic resin in pad 
friction materials during friction process. IR 
analysis reveals that carbonyl group and 
carboxylic are present in the debris while these 
are not found in as-received pad material. This 
indicates that the thermal degradation of pad 
material occurs through oxidation in air 
atmosphere during friction process at the present 
sliding condition. Cross linking is also found to 
occur with oxidation in phenolic resin. Since the 
more cross linked resins are less stable in air at 
temperature, TGA analysis shows more weight 
loss of debris as compared to as-received pad 
material.
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