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Abstract:

A reliable method of predicting brake pad wear, could lead to substantial economies of time
and money. This paper describes how such a procedure has been used and gives the results to
establish its reliability by comparing the predicted wear with that which actually occurs in an
existing service.

The experimental work was carried out on three different commercial samples, tested under
different operational conditions (speed, load, time ... etc) using a test rig especially modified for this
purpose. '

Abrasive wear is mainly studied, since it is the type of wear that takes place in such
arrangements. Samples were tested in presences of sand or mud between the mating surfaces under
different operational conditions of speed, load and braking time.

Mechanical properties of the pad material samples (hardness, young's modulus and collapse
load under pure bending condition) were established. The thermal conductivity and surface
roughness of the pad material were also found in order to enable comparison between the surface
condition before and after testing.

Sliding velocity had a small effect on the wear rate but it had great effect on friction
coefficient. Wear rate was affected mainly by the surface temperature which causing a reduction in
friction coefficient and increasing the wear rate. Surface roughness had almost no effect on the wear
rate since it was proved experimentally, that the surface becomes softer during operation.
Mechanical properties of the pad material had fluctuating effect on wear rate. The existence of solid
particles between pad and disc increasing wear rate and friction coefficient while the mud caused a
reduction in wear rate of the pad surface since it acts as a lubricant absorbing the surface heat
generated during sliding and reducing the area of contact between pad and disc.

Wear rate obtained experimentally agreed fairly well with that found from empirically
obtained equations.

List of Symbols

A Apparent area of contact, H Hardness.

A, Real area of contact. Hy Hardness of the material.
E Modulus of elasticity. K Wear coefficient.
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L Sliding distance of the pad particle
relative to the disc.

s Sliding distance of abrasive
relative to the disc.

T Surface temperature of the disc.

t Surface temperature of the pad.

8] Initial velocity.

Vv Wear volume.

Vi Wear rate in (mm3/m).

w Wear rate in (gm/m).

W Normal load.

W,  Weight of the pad.

Greeks

1 CoefTicient of friction.

P Density of the friction material.

T Shear stress.

Introduction

The history of the braking of road
vehicles is of the same interest to that of
the vehicles themselves. The first Benz
vehicle was braked by a small brake block
applied to a shaft in the transmission. As
early as (1900) hand operated spoon or
block brakes designed directly on the solid
tier were also used. In (1904) the first
Daimler car was constructed with a large
brake for rear wheels operated by hand-
lever.

Front wheel brakes had been used
in expensive cars during the First World
War. In (1923) most cars were supplied
with front-wheel brakes. In (1928) the
Lockheed company began fo use
hydraulically operating brakes” .

Asbestos-resin  based materials
were exclusively used to withstand higher
brake temperature‘z’ 3 Metallic particles
are always added to modify the coefficient
of friction and wear properties of pads®.
The good properties required for friction
materials include a high and constant
coefficient of friction, good heat
conductivity, low wear of both surfaces
and low cost® & 7. Brake components
consist of base material copper or iron
with a variety of additives, such as (Si0;
or AlO;) to present metal transfer.
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Graphite is used to prevent friction variety
and occasionally inorganic salt to prevent
friction reduction at high temperature'”.
These materials must not cause excessive
wear or grooving on the matting discs, no
vibration, pulsation squeal and sensitivity
to moisture or water, must also be
minimize.

The large amount of energy
dissipated during braking can lead to high
temperature rise in the brake parts and
may cause possible damage to them. To
aggravate the problem more, the thermal
expansion of the matting brake surfaces
can distort the surfaces, so that partial
contact occurs, causing excessively high
temperature distribution at these contact
arcas'™ . In addition to the damage of the
matting surfaces the high temperature will
also shorten the life of the seals in the
hydraulic systems, and may vaporize the
fluid or volatile contaminants in the fluid,
bearings may also be affected and loose
their lubricants® '?.

The main aim of this investigation
is to examine experimentally the effects of
load, sliding speed, friction material,
sliding or braking time, and contaminants
(sand or mud) on the wear rate of pads. It
is also aimed to find an empirical
relationship for the wear rate and friction
in pads under the above practical
conditions. Actual pads were used in a
contaminated environment of sand and
mud, to simulate off road conditions.

Wear in brakes :-
Wear in the pad and the disc

Wear in the pad usually takes the
form of adhesive and abrasive wear® '>.

Adhesive wear :- When two
surfaces are brought into contact, adhesion
or bonding across the interface can oceur,
providing that the two solid surface are
cleared all adsorbed oxides and lubricants
are removed. The adhesive wear arises

when junctions weld together become
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broken by relative motion, so wear
particles result'?,

It is assumed that the surface asperities are
spherical in form (Archard theory), and
that the contact areas are circles. It is
further assumed that the wear particles
will be hemispherical in form with a
Eisi)ameter equal to that of the junction’* '*
The wear volume for spherical asperities
model(+4 15.16)

and for conical asperities model'¥

7
_ g 1ané
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where 0 is the base angle of the cone.

Abrasive wear_:- When dirt or debris
becomes entrained in operating
tribological system and where it is
sufficiently hard, it can produce

scoring or abrasion of surfaces in

sliding, rolling or rubbing
contact'?,
Two-body abrasion wear :- The hard

surface asperities act rather like
cutting tools, removing material
from softer surface or two body
involved in the interaction like a
grinding wheel'>'¥

Three-body abrasive wear_:- The loose
debris of any kind is trapped
between sliding surfaces, such as
sand or any actual wear particles
created by Primary process”
Rabonowicz("* considered a model
of abrasive in the form of a cone

V= 0.63(;0(6?z
H

but Moore!"® considered a model of
pyramidal
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Many studies had investigated the wear
in the pad of disc brake, most of these
studies used pin on disc machine to test
the wear in the pad. These studies
attempted to find the effect of load,
temperature, sliding velocity, surface
roughness, braking or sliding time,
coefficient of friction, mechanical
properties and grain size'"® " 8- Some
of these studies used the same sample of
brake pad and investigated its properties in
laboratory'” 221 1t is rather difficult to
describe and calculate the process of
braking, because of continuous changes of
the parameters (speed, load, temperature,
mechanical and thermal lproperties, area of
contact ete)'® ™, Due to this
complex phenomenon of wear of pad
brake, it is unlikely that there will ever be
a global formula in corporating all the
obvious variable to assist the design
engineers in_ carrying out  exact
calculation'® '3), so that there are several
empirical formulas to calculate, wear,
friction and temperature which give result
good enough for practical calculations.

In (1985) Ling®® modified
Archards wear rate theory which depends
on the speed to a new relation depending
on temperature

......

KwWuU
Wiss e e R 5
T ()
Archard relations
KT
e iieeseseaess 6
W T-T (6)

Ling relations

where Ts is the temperature at which
micro hardness first vanishes.
Holm proposed the following formula

w=KWULV
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Liu and Rhee® showed that the wear of
many frictional material can be correlated
with the equation

In the case of three ~body abrasive wear
WS KWL DY (7a)

Where D is the particle size of the sand
For constant temperature (t) Puvelesca and
Musat® proposed the following relation

W KWL e (8)

using computer program, the value of (K,
a, b and c) can be calculated for different
materials and cases.

Ho and Peterson® used the following
relation

T

where Ty, = melting temperature of the pad.

Pavelescu and Musat‘®, Ho and Peterson®"
proposed the following relation to estimate
the temperature

T =KWt

The above mentioned equations are
empirical formulas, during this work
mathematical  equations have been
developed to calculate and investigate the
wear rate and coefficient of friction for the
cases of two body and three body abrasive
wear.

Considering a conical single asperity its
maximum height is (h,). The model
asperity in this case is that of the metallic
disc, and it is assumed to penetrate the
frictional pad at a depth of (h) from its
surface.

£ =relative approach = h/h,,

1=% (<)

L S (11)

Where b, v' are constant depending on the
surface finish. The values of (b) ranges
from (0 to 10), v' from (2 to 3) and ¢ from
(0to 1),

Consider a light load causing a
penetration nearly equal to (dh), so that the
volume (dv) will be

dv=A-dh ........ (12)
dirshisde or o (13)
total volume,

y= ]'dv= th, wdh .....(18)
0 0

substitute equations (11) and (13) into (14)

v=]A.b-a*'-h,,-da
]

Ab-h g
e

v +1
Substitute equation (11) into (15) to get

v_A,-hm-s »
== ]
v +1

but Hzﬁj—

At
therefore, equation (16) becomes
_W SR

B
(d+v) -1

W .
wz‘.h—"‘g_.p )
H (1+v)-L

where (w) is the wear rate in (gm/m) , hg
can be obtained from appendix (c)
Equation (17) is the mathematical model
for two-body abrasive wear. - The
developed equations for three body
abrasive wear and coefficient of friction
between disc and pad are
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c~s-W(l+H'"K%E)’

... (18
H,_ -7-tané (8

v

Equation (18) must be modified to suit the
practical conditions.

1. displacement (S) of the abrasive
relative to the metal is unknown,
but it can be related by

S=K,.L

Where :-
K, = constant from the experiment
= 0.5 when the sliding surfaces
have the same hardness as the
abrasive
= (.95 when the surface is soft
2. The proportionality coefficient (c)
includes many factors, five
components at dry friction and six
components at lubricated condition

P e S TS T
kg - kg

For this investigation the values of the

parameters in equation (18) for the sand

and mud samples were substituted, the

final equations are

a. Dry case
2
Hm
> klu{l+9.35( 4))
v, =1.137x10
7a
................ 20)
b. For mud
2
H,l
: klw(l+9.35( A,)J
v, =0.762x10
HM
................. @1)

The coefficient of friction seems to
be dependent on some parameters like
normal load, density, surface velocity, and
area of contact

n=f(wp-u-4)
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by using dimensional analysis, and solving
the algebraic equations simultaneously

u’- A
U= k(p——J e (23)

w

The complete derivations of the above
mentioned equations are reported in
reference (26).

Experimental work :-
Equipments

The layout of the test rig is shown
in fig. (A). Briefly it consists of a three-
phase 380/50 HZ A-C motor, 15 HP, 22
amperes and 2920 rpm maximum speed,
used to drive the gear box.

The gear box has three speeds and
one reversed speed and is driven by a v-
belt. A bevel gear of reduction (1/3.33) is
connected to the gear box through a
universal joint to transmit the motion to
the disc which is 90° inclined. A (120 x 65
x 1.5 em) rigid table of 120cm height
made of steel plate used to carry the brake
device and the disc.

Brake device

The brake system consists of a disc
of (240mm) outer diameter, (130mm)
inner diameter and (9.8mm) thickness.
Two pads of surface area (33.18cm®) were
used. A gauge pressure having a range of
(0 to 60 atm) used to measure the fluid
pressure. An electrical balance having rang
of (0.0Igm to 1000gm) used to weigh the
pad before and after the experiment.

Temperature measurements

To measure the surface
temperature of the rotating disc a (NiCr,
NiAL) trailing thermocouple having a
range of (-50 ¢° to 900 c°) was used. The
sensor was placed vertically on the brake
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disc soon after braking. The sensor was
connected to a digital thermometer.

To measure the surface
temperature of the pad, three (NiCr, NiAL)
thermocouple located (Imm) underneath
the pad’s surface were used. The
thermocouples were connected to a digital
read-out of 8-channel equipment.

A tachometer of different ranges
was connected to the shaft for monitoring
the rotational velocity of the disc rotor,
Three commercial pads of different origin
were selected for this investigation. The
tests were performed in the following
environmental conditions

1. Two-body sliding

2. Three-body sliding using sand

3. Three-body sliding with water
using mud.

When the brake is active, the
pressure increases on the disc pads and
wear will occur on the pad only due to
difference in hardness of the disc and pad.

The weight of the pad before and
after the test was measured, besides time
of braking, pressure of the brake fluid,
surface temperature of the disc and the pad.
Rotational velocity of the disc, sand
particle size and mud concentration were
all measured also. -

A simple apparatus was designed to
measure the friction force (Appendix
B).Surface content tests were performed
using a metallurgical microscope with a
magnification power of (100), which gave
the composition of the pad samples, used
in the investigation (Appendix A). The
pads were photographed before and after
testing by magnifying the pad surface
under the microscope to about (100) times .

Hardness and bending tests were
used to establish the mechanical properties
of the pads. The thermal conductivity was
measured in the laboratory and density of
the pad material was calculated by using a
simple method depending on the volume
and weight.

The surface roughness of the disc
and the pads was checked before and after
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testing using a Talysurf (Appendix C). the
particle size of the sand was established by
using sieving analysis and checked by the
microscope after magnifying a sand
particle about (25) times. The hardness of
the sand was taken to be (800 kg/mm?)@®,

Experimental Results :-

The extensive experimental results
indicated the behavior of wear rate of pads
under a wide variety of conditions such
as :-

The Effect of Load .

Figures (1), (2) and (3) represent
the relation between the wear rate and the
load applied on the pad. The figures show
a lincar relation between the wear rate and
the applied load. The figures show also
that the applied loads cannot be lowered to
smaller values. This due to :-

1. Reducing the load to smaller
values reduces the braking effect
(sliding only).

2. Applying light load, the wear rate
will be very small and cannot be
measured.

In gencral, the pads can be classified
according to their wear rate as belw.

The wear rate of (T, pad > wear
rate of (Iy) pad > wear rate of (Iz) pad for
the same load and velocity. These figures
show that the wear rate increased when
sliding time increased.

Figures (4, 5, 6 and 7) show the
effect of sliding time on the wear rate. The
result shown have been obtained by
applying light loads on the pad for certain
time (longer than the normal case). These
figures show that the wear rate becomes
higher in this case, because sliding has
longer time than braking time causing
higher surface temperature. From the wear
rate point of view, the pads can be
classified as mentioned before.

The effect of sand particles of
different size and concentration on the
wear rate can be shown in figures (8, 9, 10,
11, 12 and 13). The wear rate is
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higher surface temperature. From the wear
rate point of view, the pads can be
classified as mentioned before.

The effect of sand particles of
different size and concentration on the
wear rate can be shown in figures (8, 9, 10,
11, 12 and 13). The wear rate is
considerable more comparing with the
normal case. The higher the concentration
and larger the size of the sand particles,
the higher is the wear rate. Increasing the
sliding time will increase the wear rate as
can be seen in figures (14, 15, and 16).
Figure (14) shows that sliding occurs with
the application of light loads have a great
effect on the wear rate of the pad, while
for the heavier loads the sliding time
seems to have no effect on wear rate. It is
clear that by increasing sliding time the
temperature of the surface of the pads
increased, reducing the shear stress at pads
surface, so that the asperities will be easy
cut. This case can be noticed when light
load applied at the pads, while applying
heavy load the solid particles of the sand
embedded in the pad material,
compressing the asperities, causing an
increase in the area of contact and
reduction in ploughing force.

Figures (17), (18) and (19) show
the effect of the mud between the pad and
the disc on the wear rate. The temperaturc
rise of the pad surface will be lower than
in the other cases, because the mud acts as
a lubricant (coolant) absorbs part of the
surface temperature so that the wear rate
becomes less than in ordinary cases.

The effect of mechanical and
physical properties on the wear rate.

Experimentally noticed that the
wear rate of the (I,) pad is more than the
(Ir) pad, although the (I,) pad is harder
than the (Ix) pad. Checking the surface
temperature of both types of pads during
sliding operations found they are not equal.
That could be the reason.

’,
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The pads with higher Young’s
modulus of elasticity (E) show lower wear
rate than that with lower modulus of
elasticity (E). Since the material of higher
Young’s modulus of elasticity has higher
internal  resistance to the plastic
deformation, because of the forces
combined the molecules increases the
surface energy which prevent the
penetration of the peaks of the hard
surface to that of the lower hardness.

The effect of grain size,

The larger the particle size of the
solid particles between the pad and the
disc surfaces, the higher is the wear rate,
since the larger particles cause deep
ploughing on the pad surface.

Friction Results :-

The results obtained from the
experimented tests carried out to study the
parameters affected the friction of the
brake pads can be seen in figures (20, 21,
22, 23, 24, and 25).

Figures (20, 21, and 22) represent
the variation of the friction coefficient
between the pad and the disc with load for
different speeds. It can be deduced that
there is slight reduction in friction
coefficient by increasing the load and the
speed. The surface temperature of the pad
increases with increasing the sliding speed
which reduces the shear force, hence
reduced friction force.

Figures (23, 24, and 25) show the
effect of the sand particles between the
pad and the disc on the friction coefficient.
The solid particle causes an increase in the
coefficient of friction since these particles
cause higher ploughing than in the normal
case, hence increasing the friction force,
which is a resultant of three component of
forces namely the adhesive force, the
ploughing force and the shear force. The
figures also show that the coefficient of
friction was affected by the grain size of
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the solid particles, since it becomes higher
for larger particle size. '

Regarding the theoretically derived
equations (17, 20, 21 ) figures (26, 27 and
28) represent a comparison between the
theoretical and experimental values of the
wear rate. There is slight difference
between the theoretical and experimental
results. The wear . rate obtained
experimentally is affected by simultaneous
conditions like surface roughness, surface
temperature, hardness .. .. etc, while in the
theoretically derived equations these
parameters have not been considered.

To calculate the wear rate, from
equations (20, and 21), using the same
constants used by Ling and Wang"? the
theoretical results proved to be near to the
experimental results, when using (k, =0.25
to 0.33 this means that an acceptable
amount of the solid particles existed
between the pad and the disc. When k=1,
this means that the solid particles filled the
region between the disc and the pad, while
if k=0, this means that there is no solid
particles between the pad and the disc). In
solving equation ( 18), many values for (ko,
ki, ka, ks, kq, ks, ks) were examined. The
wear rate calculated theoretically from this
equation and that obtained experimentally
were nearly the same when the following
constant were used, 8 =80° ko = 0.5 to 0.6,
k1=0.20 to 0.35, k,=1 to 1.3, k3=0.6 to 0.8,
ks=0.42 10 0.67, ks=1, k=1 to 4.

The Archard equation (equation 5) was
solved and the suitable value of the wear
coefficient (k) has been found to be (3 to
5x10°%) for ordinary braking,

The (Ig) pad has the lower value of the
wear coefficient than the other.

From the test results using
numerical procedure , equations (7)(7a)
also equation (23) have been solved to find
the constant (a,b,c and n).All the results
obtained are presented in Appendix (D)in
form of tables. The results obtained from
solving the mathematically  derived
equations are presented in Appendix (E)
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Appendix B
Friction force measurement

A simple apparatus was designed
to measure the friction force. It consisted
of an elastic member attached 10 an
adjustable screw carried by a rigid holder
which was fixed to the table. The pad was
fixed to the end of the elastic member; the
deflection of the elastic member was
measured by a dial gauge. The system was
calibrated by applying different loads; this
gave a linear relation between the
deflection of the elastic member and the
applied load.
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No.| Discribtion Mo.| Discribtion
: 1 | Motor 7 | Hand padie
/ y 2 Gear box Receiver tank
[ ] 3 Bevel pear Geuge pressure
4 Teble 10 | Pad end caliber
-1 Brake piston 11 | Tacometer
é Tank 12 | Diec
\ " -——
2 i
r O . ’
1 - % M= -
- - (1 T
% s
A - I 3 A & &
v %
FIG LA) Schematic layout of wear spparatus .
[ APPENDIX (A)
TABLE OF SPECIFICATIONS OF PAD MATERIAL.
senple w’f‘(t‘CMtOiM fE10®| Ex10®| HRE K
- ko/a® |HMN/n= | w/m, "¢
Fe,Cu, Zn < Ba < Sb
1Y and Sr, Al, Mg end 2.100] 2.98517S.142| 0.80
Siin alittle amount,
Cu < St CBa and Zn,
IR. Al, Fe trece .large | 1.87T0] 2.623{36.500| 0.85
amount of asbeste. «
Mg Fe , Zn and Ni,
TU. | Si. Large amount of | 1.747| 2.270/39.000| 0.65
rubber. -
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APPENDIX (C)

S00um

c— surface (A) after test
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”

s Sl
TABLE (E-1)1 VEAR COEFICIENT (k) ((mumi'(S)Ji:.

™l s | '

I¥.] .75 x 10 == 42 x 10 ~* 4.50 x 10 —=
IR.] .30 x 10 == -27 x 10 ~* 3.15 x 10 =
TU.| .58 x 10 = -39 x 10 == 3.82 x 10 =

TABLE (E-2): THE VALUE OF K1 (Cequation (20))),

TYPE BRAKING UITH SAND SLIDING UITH .SAND
IY. 0.29 0.35

IR, 0.25 0.29

TU. 0.27 E 0.31

TABLE(E-3): THE VALUE OF CONSTANT IN EQUATIONE (18): & {19)::

X TYPE| Ko Ks Ka Ks Ka Ka [
I¥.| 0.68 | 0.83 | 1.24 | 0.7¢ | 0.47 ‘1 1.20
i
1

IR.| 0.49 | 0.22 | 1.05 | 0.63 | 0.4a 2.45
W.| 0.59 | 0.29 | 1.36 | 0.71 | 0.55 2,68
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