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 A B S T R A C T 

Automotive disc brake pads are subjected to different wear situations 
under variable operating conditions; industry needs to evolve the 
methodology to estimate wear rate of brake pads to address the issue of 
extreme brake fading. In the present investigation friction and wear 
behavior of different brake pads is tested on newly developed test rig 
under dry sliding conditions. The analytical model is proposed to simulate 
different operating conditions using Winkler differential and integral 
relation. The infrared thermal images at the interface of the brake pad 
and disc were obtained to analyze the temperature variations under 
different operating conditions. The results showed the correlation of the 
load (20 N-80 N) and speed (300 rpm-1100 rpm) with temperature at the 
interface between pad and disc varies from 97.80 C to 306.70 C, which is 
moderate rise. The coefficient of friction increases as load increases from 
0.24 at 300 rpm, 20 N load and maximum value 0.64 at 1000 rpm, 60 N 
load. Temperature rise at higher load and speed having the major 
influence on changing the friction and wear behavior of pad friction 
material. There is a consistency between reported experimental 
observations and obtained values from the proposed the analytical model. 
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1. INTRODUCTION  
 

Disc brakes had been widely used as a basic 
braking device in diverse commercial, transport 
vehicles and mechanical equipment’s, which 
comprehend the role of the friction force 
generated through the brake pads sliding at the 
friction disc with an event or injury can be 
prevented by slowing down or stopping at a 
time. The motive of braking system is to 
transform a mechanical system's kinetic energy 
into the friction heat energy of the brake pad-

disc friction interface. Heat dissipated from the 
surface interaction is exchange particularly 
with the surroundings and at some point of 
braking, temperature may additionally rise 
inside the contact areas. Wear behavior is 
highly dependent on the ingredients of the 
friction materials at the high temperatures, 
resulting from the braking conditions. These 
are must be chosen in order to ensure 
acceptable braking conditions causes high 
temperature stability, which decreases the 
wear level of friction material. 
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Brake pads tend to be more sensitive to various 
parameters of braking, such as applied pressure, 
speed of vehicle, brake interface temperature 
and surrounding conditions. The brake pad 
materials are mostly made up of metallic, semi-
metallic, and non-metallic matrix of friction 
material [1,2]. The brake disc speed is high at 
working, which forms the debris by shearing 
action of friction material and some particles 
expelled out of the contact interface. The process 
of deformation, crushing, breaking and peeling 
of debris particles has been practices repeatedly 
and adhered to friction material to form surface 
film layer. The friction surface film layer has 
more influence on friction and wear behavior of 
brake system [3-5]. The friction film layer is 
made of primary plateaus of hard particles and 
fibers and secondary plateaus of piling up wear 
debris and compacted against the primary 
plateaus [6-9]. Friction, wear and emission 
performance were strongly affected by the 
creation of secondary plateaus of cermet-coated 
disc. During braking, the topography of the disc 
surface changes, resulting in changes in the pad-
to-disc contact situation regarding pressure and 
contact area [10,11]. In the braking process, 
friction heat is always generated between brake 
friction pairs, and in effect has a great impact on 
the mechanical and physical properties of the 
friction material surface. Particularly, under 
intense braking conditions of high speed and 
overload, the friction surface temperature will 
rise rapidly to an extremely high value, and then 
disastrous friction anomalies will easily arise 
[12-15]. The difference between tribological 
properties of various commercial pad materials 
were compared with the help of pin-on–disc 
tribometer, flat-on-flat machine, puck-on-lining 
machine and block-on-ring machine test rig for 
different operating conditions  under dry sliding 
condition [16-18]. Under normal operating 
conditions, the wear difference between 
materials was slightly differing from one type of 
test machine to another [19]. The control on 
involvement on third-bodies on contact zone 
and accurate choice of machine for wear testing 
had an important significance on wear quantity 
produced and ranking of wear rates between 
materials [20]. During all braking conditions, 
non-asbestos brake pad materials maintained 
stable coefficient of friction, while fluctuating in 
the case of asbestos and commercial brake pads 
and the wear rate of non-asbestos brake pads 
was in decreasing trend as compared to other 

two friction materials [21-25]. Actual field wear 
behavior of a heavy commercial vehicle (HCV) 
brake friction liner running over different 
terrain/traffic, load conditions were correlated 
with inertia brake dynamometer (IBD) test 
behavior. Deceleration and the resulting 
increase in temperature mainly led to wear, 
since all brake liners were manufactured using 
the same formulation [26]. The effect of binder 
on physical, mechanical, and tribological 
properties was investigated and analyzed using 
the industry standards JASO C-406 and JASO C-
427 based Inertia Brake Dynamometer (IBD). 
Thermogravimetric Analysis (TGA) tested 
thermal stability of the brake pad, and Scanning 
Electron Microscopy (SEM) analysis studied 
wear mechanism [27,28]. The tribological 
behavior of brake pad friction material was 
much influenced by means of thermal binding 
degradation and worn out at high level of 
temperatures due to the presence of 
carbonaceous products analyzed with the help 
of thermo-gravimetric analysis, Raman 
Spectroscopy and SEM coupled with EDXS [29-
31]. The EDS analysis become used to examine 
the chemical analysis of unused and worn out 
surfaces and the AFM technique respectively 
used to obtain the 3D roughness profiles of 
unused and worn out pads [22].  
 
The ANSYS Multiphysics technique was used to 
analyze the thermal behavior of the dry contact 
between the brake pad discs during the braking 
process and the rotor's critical temperature by 
taking into account other parameters such as the 
material used, geometric configuration of the 
disk and the braking mode [32]. Many analytical 
and mathematical models that explain wear 
processes in different types of friction joints 
having different materials; under different 
operating conditions have yet come into being 
[33-36]. Archard was the first author proposed a 
linear wear model for metals [37]. Rhee 
suggested a non-linear wear model for friction 
material of brakes [38]. The relationships were 
developed for the coefficient of friction under 
the state of equilibrium using principles of 
classical mechanics with friction considering the 
variations of longitudinal forces [39]. The 
frictional behavior of the drum and disc brakes 
was analyzed and the relationships were derived 
on the piston side as well as on the non-piston 
side for friction coefficient with varying 
parameter conditions; longitudinal force, caliper 
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force and torque [40]. Chichinadze outlined the 
temperature model for various types of braking 
systems. The contact temperature rise was the 
sum of average temperature of nominal contact 
area due to heat flux and flash temperature 
equally distributed on contact surface [11,41]. 
However, a general analytical model has not 
been proposed so far which sufficiently 
describes any issues related to the rate of wear 
in brake pad friction surface. 
 
The current study aims to determine and 
investigate the friction and wear behavior of 
disc brake system using newly developed test 
rig under different operating conditions 
(sliding speed, load, sliding distance and 
interface temperature). The developed test rig 
used to conduct the friction and wear test 
under different loads (20-80 N), variable speed 
(300-1100 rpm) and constant sliding distance 
(1000 m). An analytical model is proposed to 
account for the wear rate predictions of brake 
pad friction material. Broad agreement is 
shown between the analytical model and 
experimental observations. 
 
 
2. DISC BRAKE WEAR MODEL AT INTERFACE 

 
The functionality of disc brake system is strongly 
depends on the pad and disc contact interface at 
different operating conditions. The performance 
of system is varying due to the effect of contact 
area, applied pressure, sliding speed, interface 
temperature and sliding distance.  
 

i) Friction Contact Area: 
 
Friction contact between the braking surfaces 
occurs in the region r ϵ (ri, ro). The pad friction 
materials are pressed with an axial force F (t) as 
shown Fig. 1. The contact pressure between pad 
and disc at any contact point in radial 
circumference and time is P (r, t). The disc is 
rotating with relative angular velocity with time 
ω(t) and the wear coefficient of frictional 
material depends on the variation in 
temperature with time and radial distance T (r, 
t) in a particular contact point is represented by 
K(w).(T(r, t)) respectively. The coefficient of 
resilience in axial direction of pad friction 
material is indicated by k. The elastic contact 
interaction occurs between friction lining and 
disc is satisfied by ‘Winkler’ relation. The 

modelling wear process of clutch friction linings 
the general nonlinear differential model of wear 
has been used, governed by [42,43]: 
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Fig. 1. Simplified model of the disc brake. 
 
The integral wear model for the friction lining in 
the region of radial distance r and a particular 
case taking into account of the hereditary model, 
the total wear over a time t from all earlier 
perturbations at instance of time t' have the 
form [44, 45]: 

              
0
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The contact conditions of the friction linings in 
the disc brake interface point be: 
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Differentiation of equation (3) w.r.t time t, 

       r, tU r, t dE  t

t t dt

w
U

 
 

 (4) 

Where, E(t) be the function describing the 
decrease the distance between pad friction lining 
and disc. Taking into account equation (4) yields, 
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Equation (5) describes the differential wear 
model in the form of change in distance between 
the disc and pad contact surface. Similarly, the 
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below model defines the change in contact area 
in the integral form, 
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(6) 

equation (5) and (6) multiply by r. dr and 
integrating in the radial region of friction surface 
r ϵ (ri,ro),  the relation of differential wear model 
becomes, 
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Similarly the integral wear model becomes, 
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(8) 

ii) Contact Force: 
 

The geometry of annular brake pad contact area 
is shown in Fig. 1 and the pad pressed against 
the disc with a force of F (t) in axial direction. 
The application of force is changes with time at 
the surface contact area of pad measured by 

1 2&    angles, the force of pad is: 

     2 1 r.P r, t dr
o

i

r

r
F t      (9) 

Differentiating and rearranging of equation (9) 
w.r.t. time t, 
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Taking equation (10) in equation (7): 

  

 

 
        

 

2 2

2 1

1 1 1 1

2 2

dF t2
.

dtθ θ

2
  , . . ,   

dE  t

dt

o

i

o i

r

wr
o i

k

r r

t K T r t r P r t dr
r r

   


 






 

(11) 

Similarly taking equation (10) in equation (8), In 
case of an integral wear model, after sufficient 
transformations, 
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Comparing relations (5) & (11) 
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In turn, comparisons of relations (6) and (12) 
yields, 
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Changing the order of integration of equation 
(14) becomes, 
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(15) 

At the initial instance of time t=0, since the 

linear displacement due to wear   0
w

U   and 

equation (3) becomes, 
 

     0 ,0 . ,0E U r k P r   (16) 

 

Also the equation (9) yields, 
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From equation (16) and (17): 
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The analogous relation presented below, that 
assumes the case of linear wear of contact 
material, Assume the α1=1 and β1=β2=1 at 
initial time t=o, the differential model in 
equation (1) becomes: 
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Similarly the relation yields in equation (11), 
decrease the distance between brake contact 
surface at initial time, 
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The equations governing contact pressure 
calculations by taking above assumptions in 
equation (13): 
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Applying Laplace Transformation to the relation 
(21), 
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Since, 
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After the next Transformation of equation of 
(24) the below relation yields: 
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The integral equation (25) has to follow the 
below form: 
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Equation (26) be the solution of equation (24):  
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The constant Z can be determined by Putting 
above relation in (10) and taking variation in 
time at t→∞:  
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The contact pressure distribution at steady state 

in the form  ,P r   becomes: 
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The speed of wear in brake pad surface is constant 
on entire surface and wear of pad surface in each 
point of contact theoretically increase to infinity 
with constant speed wear. The rate of wear in disc 
and brake pad material contact interface at certain 
amount of time is given by the relation: 
 

   

   2 1

. . .

.

w w

o i

U K T F

t r r



 

 


  
 

(29) 

Equation (29) signifies the relation between 
different operating conditions viz. wear coefficient 
of friction material, change in temperature or 
temperature gradient, angular velocity,  load, and 
area of friction material on wear rate of brake pad 
material with sliding time.  

3. EXPERIMENTAL INVESTIGATION 
 
3.1 Newly Developed Disc Brake Pad Test Rig 
 
The schematic components developed in this 
study for the brake pad test are shown in Fig. 2, 
including the general setup to assess wear and 
friction behavior. The tester consists of 21 
components and has been constructed 
according to the real friction and wear behavior 
affected by brake pad interaction with an 
automotive rotor disc. In this test rig, a 
hydraulic unit with proportional valves guides 
the oil fluid which governs the movements of 
the brake pads on opposite sides of the rotor 
disc with aid of piston. 

 

 

Fig. 2. Algorithm for Wear Rate Estimation. 
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Fig. 3. Schematic Diagram of Developed Test Rig (1) Power Supply, (2) Pressure Display, (3) Variable Frequency 
Drive (VFD), (4) AC motor-3.7 kW, (5) Coupling, (6) (7) (18) (19) Bearings, (8) Main Shaft, (9) Hydraulic Oil 
Reservoir (10) Pressure Sensor, (11) Brake Calliper, (12) Infrared Camera, (13) Brake pads and Disc Mounting 
Unit, (14) Infrared Temperature Sensor, (15) Data Acquisition System (DAQ), (16) Computer Display,  (17) Load 
Cell, (20) Loading Arrangement, (21) Lever. 

 
An electric powered motor (1440 rpm, 3.7 
kW) is used to transmit its motion to the rotor 
disc through coupled shaft and the velocity of 
motor is varied by using VFD. The main shaft 
of 31.5 mm in diameter is attached to the 
motor and the bearings used to guide the main 
shaft through the axis of the rotor disc. The 
grey cast iron disc is having 250 mm diameter 
and the calliper action to decrease the speed 
and stop the wheels. 
 
Load cell is installed on the frame sporting the 
calliper pad assembly and a positive pressure 
sensor are mounted the hydraulic unit to 
measure the output pressure. Moreover, the rotor 
disc and interface temperature is accurately 
measured by a non-contact infrared sensor made 
to measure the temperature of the brake pad. The 
analog output from sensor signal is suitably 
conditioned and fed to the computer using Nvis 
632ic8 data acquisition system to measure and 
control the temperature at brake interface. 
Infrared thermal camera is used to measure and 
monitor the disc surface temperature and disc-
pad interface temperature with the help of 
thermal images. The commercial automotive NAO 
brake pads are used for study the friction and wear 
behaviour. The values of the sliding speed, load, 
sliding distance and time are selected and 

combined each other to form several different 
braking conditions as shown in Table.1. The tester 
is also aimed, designed and built in such a way that 
compactness and easy replication would promote 
it’s assemble and disassemble conditions. 
 
3.2 Test Procedure 
 
The newly test rig was used to investigate the 
pad friction material behavior at high speed 
(upto 1100 rpm) and moderate load (upto 80 N) 
and constant sliding distance (1000 rpm). 
 
Wear test was started at ambient temperature 
and humidity under dry condition with constant 
speed (300 rpm) and loads were varied from 20 
N-80 N for constant sliding distance. The 
experimental procedure was repeated for 
different sliding speeds upto 1100 rpm and the 
combinations of different testing parameters 
were presented in Table.1. The thermal camera 
and infrared sensor was used to measure the 
temperature correctly from the disc-pad 
interface. Variations in pressure at the braking 
pads were assessed with the aid of pressure 
transducer. The wear of the brake pad friction 
material was quantified through the digital 
vernier calliper by measuring the distance 
between disc and pad contact. 



V.A. Kalhapure and H.P. Khairnar, Tribology in Industry Vol. 42, No. 3 (2020) 345-362 

 352 

Table. 1. Braking parameters and their testing values. 

Load 
(N) 

Sliding 
Speed 
(rpm) 

Sliding 
Distance 

(m) 

Time 
(min) 

Condition 

20 300 1000 5 Dry sliding with 
ambient 
temperature 
and humidity 

40 300 1000 5 
60 300 1000 5 
80 300 1000 5 
20 400 1000 4 Dry sliding with 

ambient 
temperature 
and humidity 

40 400 1000 4 
60 400 1000 4 
80 400 1000 4 
20 500 1000 3 Dry sliding with 

ambient 
temperature 
and humidity 

40 500 1000 3 
60 500 1000 3 
80 500 1000 3 
20 600 1000 2 Dry sliding with 

ambient 
temperature 
and humidity 

40 600 1000 2 
60 600 1000 2 
80 600 1000 2 
20 700 1000 2 Dry sliding with 

ambient 
temperature 
and humidity 

40 700 1000 2 
60 700 1000 2 
80 700 1000 2 
20 800 1000 2 Dry sliding with 

ambient 
temperature 
and humidity 

40 800 1000 2 
60 800 1000 2 
80 800 1000 2 
20 900 1000 2 Dry sliding with 

ambient 
temperature 
and humidity 

40 900 1000 2 
60 900 1000 2 
80 900 1000 2 
20 1000 1000 1 Dry sliding with 

ambient 
temperature 
and humidity 

40 1000 1000 1 
60 1000 1000 1 
80 1000 1000 1 
20 1100 1000 1 Dry sliding with 

ambient 
temperature 
and humidity 

40 1100 1000 1 
60 1100 1000 1 
80 1100 1000 1 

 

3.3 Experimental Estimation of Wear 
Performance 

 
The frictional material wear can directly affect 
the safety and braking performance. Wear rate 
(W) of brake pad material is calculated by the 
linear thickness variation of pad samples using 
the formula [46]: 

V
W

t
                       (30) 

Where, W be the wear rate of brake pads (m/s); 
V be the material volume loss of pad material in 
(m3) and t is the braking time in (s) resp. 
 
 
4. RESULTS AND DISCUSSION 

 
The wear rate under different operating 
conditions of brake was tested and experimental 
results are presented in Figs. 4-9 respectively. 
The brake pads were tested at different loads (20 
N to 80 N), variable sliding speeds (300 rpm to 
1100 rpm), different temperature change or 
temperature gradient (∆T) and constant sliding 
distance of 1000 m. The effect of operating 
conditions on brake pad-disc interface and disc 
surface are shown by infrared thermal images in 
Fig. 4. The temperature at interface between pad 
and disc is varies from 97.8 0C to 306.7 0C as the 
speed varies from 300 rpm to 1100 rpm and load 
from 20 N to 80 N, similarly the disc surface 
temperature changes from 82.1 0C to 296.4 0C for 
the same braking conditions. 
 

      
a) Interface temp. 
at 300 rpm 

b) Disc Surface 
temp. at 300 
rpm 

c) Interface 
temp. at 400 
rpm 

d) Disc Surface 
temp. at 400 
rpm 

e) Interface 
temp. at 500 
rpm 

f) Disc Surface 
temp. at 500 
rpm 

      
g) Interface temp. 
at 600 rpm 

h) Disc Surface 
temp. at 600 

i) Interface 
temp. at 700 

j) Disc Surface 
temp. at 700 

k) Interface 
temp. at 800 

l) Disc Surface 
temp. at 800 
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rpm rpm rpm rpm rpm 

      
m) Interface 
temp. at 900 rpm 

n) Disc Surface 
temp. at 900 
rpm 

o) Interface 
temp. at 1000 
rpm 

p) Disc Surface 
temp. at 1000 
rpm 

q) Interface 
temp. at 1100 
rpm 

r) Disc Surface 
temp. at 1100 
rpm 

Fig. 4. Infrared Thermal Images of Brake System for Different Speeds (300-1100 rpm) at –i) Pad and Disc 
Interface and ii) Disc Surface. 

 
4.1 Influence of load on coefficient of friction 

at different sliding speeds 
 
The effect of load on frictional behavior of pad 
friction material is tested under different sliding 
speeds at dry condition presented in Fig. 5. 
Commonly, an increasing trend is detected for 
friction profile of the brake pad material with 
increasing load for different speeds. 
 

 
Fig. 5. Coefficient of friction with load for different 
sliding speeds. 

 
At 300 rpm, with increase in load the coefficient 
of friction increases due to slow friction film 
formation at the contact interface of surface. The 
value of coefficient of friction varies from 0.24 to 
0.54. Similar trend of rise in friction coefficient 
addressed in the Figure up to 700 rpm as load 
increases. The distributed asperity are deformed 
and fragmented to form wear debris, which 
formulates the friction film. This friction film is 
increases the friction resistance strength and it 
results in increase in friction coefficient. The 
maximum value of coefficient of friction is 0.64 at 
1000 rpm. The increase in friction coefficient is 

linear in trend because of uniform formation of 
transfer film at disc pad interface.  
 
4.2 Influence of load on wear rate of braking 

surface at constant sliding speed 
 
The load affects the wear through the 
deformation and size of interface contact 
between brake surfaces. Figures 6a-6i shows the 
typical variations in measured and theoretical 
wear rate and temperature gradient with load 
(20-80 N) at constant sliding speed for brake pad 
friction material tested under dry braking 
conditions on developed test rig. With the rising 
load the number and size of the contact point will 
increase i.e. 20 N to 80 N due to elastic-plastic 
contact. The wear rate for the friction brake pad 
material showed a non-linear growing trend 
towards increased load from 20 N to 80 N at 300 
rpm sliding speed, due to significant rise in 
interface temperature shown in Fig. 6a. The rise 
in temperature causes metal matrix becomes 
unstable and the asperities scattered on the 
contact interface are warped and broken to form 
some debris up to 60 N load. After 60 N, the 
debris is simply staved out to form loose 
granular films or friction film formation to 
increase the actual surface contact area. The 
increase in contact area is strengthened the 
friction and wear resistance. The trend of rise in 
wear rate is slightly linear at 400 rpm and 500 
rpm as the load change as indicates in Figs. 6b 
and 6c. Again, at 600 rpm and 700 rpm the wear 
rate is non-linearly increasing due to rise in 
interface temperature, which increases the 
debris formation, embedment, stacking and 
filling into the worn surface of friction material 
to generate more number of films as indicated in 
Figs. 6d and 6e. At 800 rpm and 900 rpm, the 
wear rate is linear in nature and similar to 
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theoretical wear rate values shown in Figs. 6f and 
6g. The film formulated at interface acts as 
lubrication film, which reduces the heat 
generation and significant temperature rise takes 
place. The wear rate keeps increasing with the 
increasing loads, which causes the gradual rise in 
temperature. The temperature rise exhibits more 
heat at high loads and higher speeds, which 
reduces the matrix materials strength. Thus, the 
maximum wear occurs at higher loads and higher 
speed shown in Figs. 6h and 6i. This reduced the 
potential for third-body contact between the 
sliding surfaces and thus decreased wear 
resistance, which could subsidize the high 
material removal from the brake pad due to wear. 
 

 

(a) 300 rpm 

 

(b) 400 rpm 

 

(c) 500 rpm 

 

(d) 600 rpm 

 

(e) 700 rpm 
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(f) 800 rpm 

 

(g) 900 rpm 

 

(h) 1000 rpm 

 

(i) 1100 rpm 

Fig. 6. Wear rate (m/s) of the brake pad with load (N) 
at constant sliding speed (rpm). 

 
4.3 Influence of temperature rise on wear 

rate of brake surface at constant sliding 
speed 

 
The influence of temperature rise on wear 
performance of brake pad friction material 
subjected to constant sliding speed is presented 
in Figs. 7a-7i. The surface temperature 
distribution is non-uniform at the pad and disc 
interface due to influence of frictional heat. The 
temperature distribution inside the friction 
interface is depends on the thermo-physical 
properties from the friction material. At 300 
rpm sliding speed, the wear rate indicates the 
non-linear pattern as the temperature rises at 
start and it becomes linear after sometime by 
increase in temperature gradient up to 64 0C as 
shown in Fig. 7a. At low interface temperature, 
small debris, hard asperities and piece shape 
particles are present on the contact interface. 
The temperature rise due to frictional heat 
causes the change in surface microstructure 
and phase transformation of friction material, 
which will affect the interface lubrication 
formed due to friction film and changes the 
contact interface from boundary to dry friction. 
The theoretical and measured wear becomes 
slightly linear at 400 rpm and 500 rpm as 
temperature gradient changes to 141 0C and 
150 0C indicated in Figs. 7b and 7c.  
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Further increase in temperature increases the 
wear rate non-uniformly at 600 rpm and 700 
rpm and having much variation in theoretical 
and measured experimental wear rate values 
at 158 0C and 176 0C are shown in Figs. 7d and 
7e. The rise in temperature is softened the 
metal matrix of friction material and charred 
to lose its bonding strength. Reinforced fibers 
from matrix are pulled and escaped to form 
the friction film on friction surface. These 
formed friction films are create interface 
lubrication phenomenon, which causes the 
resistance to wear of friction material. Wear 
rate of pad material at 800 rpm and 900 rpm is 
linear in nature and theoretical and 
experimental values are coincides with each 
other presented in Figs. 7f and 7g. The wear 
rate of pad material increases significantly as 
the temperature gradient changes 
considerably from 239 0C to 253 0C at 1000 
rpm and 1100 rpm resp. indicated in Figs. 7h 
and 7i. The wear is more severe at higher 
interface temperatures and decreases the 
strength and life of pad friction material. 
 

 
(a) 300 rpm 

 
(b) 400 rpm 

 
(c) 500 rpm 

 
(d) 600 rpm 

 
(e) 700 rpm 

 
(f) 800 rpm 
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(g) 900 rpm 

 
(h) 1000 rpm 

 
(i) 1100 rpm 

Fig. 7. Wear rate (m/s) of the brake pad with 
temperature gradients (△T) at constant sliding 
speed (rpm). 

 
4.4 Influence of sliding speed on wear rate of 

braking surface at constant load 
 
The sliding speed is having a greater influence 
on tribological properties of the pad friction 

material. The sliding speeds have a greater 
influence on frictional heat, frictional and wear 
strength, and surface structure of friction 
material. It can be found that at low load with 
increase in sliding speed, the experimental 
wear rate firstly increases. After the speed 
grasps certain value, the wear rate decreases 
and finally increases linearly. At 20 N load, 
wear rate increases first from 300 rpm to 400 
rpm after 400 rpm the wear rate decreases up 
to 500 rpm and after 500 rpm in increases 
gradually and linearly as shown in Fig. 8a. The 
wear behavior of frictional material at different 
sliding speeds is mainly depending on the 
interface temperature of friction surface. Under 
low load and speed, the friction films until have 
no longer formed and the absorbed moisture 
and oxygen lubricate the friction contact 
interface causes the low rate of wear. The 
increase in sliding speed, more asperities were 
deformed, shorn and fractured from the friction 
surface of pads. The asperities detached were 
trapped between the sliding surfaces, which 
causes high resistance to relative motion and 
rises the temperature between sliding surfaces. 
The increase in sliding speeds having a non-
linear trend of increase in wear rate for 40 N 
and 60 N loads presented in Figs. 8b and 8c. 
While further increase in sliding speeds at high 
load, temperature rise takes place. The rise in 
temperature formulates the friction film at 
interface. At 80 N loads, wear of friction 
material increases linearly and rapidly as 
shown in Fig. 8d. The temperature rise due to 
increase in sliding speed is amply high for 
thermal decomposition of surface material, 
which will results rapid increase in wear rate. 
 

 
(a) 20 N 
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(b) 40 N 

 
(c) 60 N 

 
(d) 80 N 

Fig. 8. Wear rate (m/s) of the brake pad with Sliding 
Speeds (rpm) at constant load (N). 

 
4.5 Influence of temperature rise on wear 

rate of braking surface at constant load 
 
The temperature rise having significant 
influence on wear rate of brake pad friction 
material at constant load presented in Figs. 9a-

9d. The wear at 20 N, 40 N and 60 N represents 
the non-linear trend of increase in wear rate due 
to influence of asperities present between 
contact surface interfaces is shown in Figs. 9a-
9c. At low temperature gradient, the primary 
plateaus serve as obstructions to the motion of 
finer friction surface particles and tend to stop 
these barriers to interface. After increase in 
temperature, these particles start to stick 
together to form the secondary contact plateaus. 
The formation of friction film is creating 
boundary lubrication phenomenon, which 
causes the resistance to wear of friction 
material. Maximum temperature gradient is 
indicate at 80 N load and wear rate varies 
linearly and rapidly. The theoretical and 
experimental values are coincides with each 
other as shown in Fig. 9d. The wear behavior of 
brake pad material is influenced by development 
of friction layer, compactness and thickness 
transformation and detachment with loosing of 
fragments and wear debris. 
 

 
(a) 20 N 

 
(b) 40 N 
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(c) 60 N 

 
(d) 80 N 

Fig. 9. Wear rate (m/s) of the brake pad with 
temperature gradients (△T) at constant load (N). 

 
 
5. CONCLUSIONS 
 
The friction and wear behavior of braking 
system are subjected to many factors like load, 
sliding speed, surface temperature and sliding 
distance along with time. The effect of brake 
operating conditions on temperature, coefficient 
of friction and wear rate of brake pad are tested 
at brake developed test rig under dry sliding 
conditions. The findings from this investigation 
can be summed up as follows: 

 The coefficient of friction has an 
increasing trend under the effect of 
different loads and sliding speeds. The 
highest value for Coefficient of friction 
was 0.64, showed at the 1000 rpm speed 
and 60 N load. The friction behavior of 
pad surface intensely depends on the 
friction film layer formed at the contact 

interface and improves the frictional 
stability at high interface temperature. 

 The increase in temperature gradient from 
64 0C to 253 0C and contact interface 
temperature from 97.8 0C to 306.7 0C, wear 
of friction surface becomes mild to severe. 
The increase in contact interface 
temperature causes low debris retention and 
low friction film formation time, which 
exhibits more removal of material from 
brake pad friction surface.  

 The load and sliding speed directly affects 
the contact between the friction surface, 
which increases the contact temperature 
and material removal rate of friction 
material. The wear rate showed trend of 
slightly increase, then decrease and finally 
increases rapidly and linearly with increase 
in load and speed. 

 The developed brake test rig can be 
effectively used to assess the friction and 
wear behavior of different brake pads for 
various operating conditions. This test rig 
also reduces the time required for calculating 
the coefficient of friction and wear rate.  

 The analytical values are consistent with 
experimental observations and can be used 
for estimation of wear rate from extreme 
brake fading phenomenon. 
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NOMENCLATURE 
 
k: Stiffness coefficient. 

 w
K : Wear coefficient (m3/Nm). 

P(r, t): Change in braking pressure (bar). 

α1, β1, β2: empirical constants 

 t : Change in angular velocity with time (rad/s) 

F (t): Applied contact force (N). 

 w
U

t




: Wear rate with respect to time (m/s) 

ri, ro: Inner and outer radius of brake pad resp. (m). 

1 2&   : Inner and outer angle of brake pad (rad). 

T : Temp. rise at brake contact interface (o C). 

 

 


