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Abstract: A high performance, newly-developed wire-woven
bulk diamond (WBD) ventilated brake disc is introduced to
reduce the operating temperatures and mass of conventional
brake discs. The use of the highly porous material requires
a deeper understanding of the mechanical stresses devel-
oped within a brake disc to be developed to improve the disc
core strength to withstand the high stresses developed dur-
ing braking. In this study, experimentally determined solid
brake disc stress distribution results, separated into the com-
pressive stresses due to the pad clamping force and the shear
stresses due to the applied brake torque, were applied to the
reinforcement of the WBD core brake disc. The analysis
was based on the maximum predicted deceleration condi-
tions of a medium sized truck (Mercedes-Benz Atego). While
the WBD core material possessed sufficient strength to with-
stand the shearing due to the braking torque, the pad clamp-
ing load was predicted to cause disc failure. Consequently,
straight radial ribs were designed to reinforce the ventilated
core, with final rib dimensions of 74 x14x2.5 mm, manu-
Sfactured from mild steel (SAE1006). A total of 10 ribs at 36°
intervals were added to reinforce the core, increasing the
mass by 0.20 kg compared to the original disc. The newly
reinforced WBD brake disc remains lighter than a commer-
cially available pin-finned disc, and is expected to maintain
superior thermal performance while possessing the required
mechanical strength.
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A Area[m?]

Strut length [m]

Diameter [m]

Young’s modulus [GPa]

Force [N]

Shear modulus [GPa]
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p Helical pitch [m]
r Radius [m]
t  Thickness [m]
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displacement [m]
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coefficient of friction [dimensionless]
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normal stress [MPa]

shear stress [MPa]
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1 Introduction

Vehicle advancement requires components to be lightweight.
Reducing vehicle weight improves the fuel economy of inter-
nal combustion vehicles, reduces their CO, emissions, and is
a practical way to reduce logistic costs [1-3]. In the case of
electric vehicles there is an increased interest in lightweight-
ing to increase their driving range [4]. Road handling is im-
proved as a lightweight brake disc reduces the unsprung mass
which enhances suspension and deceleration performance [5].
Manufacturers continuously strive to develop better braking
systems to increase road safety and reduce accidents. The
brake disc cannot be made lighter without ensuring the disc
possesses adequate thermal capacity to absorb heat [6-8].
High temperatures are developed by the brake disc (rotor) due
to the frictional sliding contact with the pads during braking.
Excessive temperatures deteriorate the brake performance and
may ultimately result in failure [7]. During braking a portion
of the heat is absorbed by the thermal capacity or mass of the
disc while the remainder is primarily dissipated by convection
[9]. Therefore, the mass of a brake disc cannot be reduced
unless the heat dissipation characteristics of the disc are im-
proved.

The highly porous cellular wire-woven bulk diamond
(WBD) has been shown to be an excellent medium for the ven-
tilated core of a brake disc [10—13] to improve the heat dissi-
pation characteristics of a brake disc as the convective cooling
is enhanced. Laboratory tests [10, 12] showed the prototype
WBD disc to operate at a 15-25% lower steady state temper-
ature as compared to the commercially available pin-finned
disc or solid brake disc. The results were confirmed with on-
the-vehicle tests [13].

Mew et al. [10] selected the WBD material as the highly
porous medium in the ventilated channel of the brake disc
because of its superior strength over other types of cellular
structures. The yielding mechanism of the WBD material is
complicated and highly dependent on the wire diameter and
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slenderness ratio of the struts. The equivalent compressive
strength of the material is in the region of 6 MPa [14]. The
material has good strength especially when normalised by its
mass, but is significantly weaker than grey cast iron or mild
steel.

A brake disc is subjected to both thermal and mechanical
loads. Initial laboratory strength tests of the WBD brake disc
showed that the disc was able to withstand a pneumatic cham-
ber braking pressure of 4 bar but failed at a braking pressure
of 5.2 bar [15]. The upper limit of braking pressure in service
is approximately 7 bar [16, 17].

During braking, the porous ventilated WBD brake disc core
must possess the disc strength to resist failure due to both the
compressive clamping and frictional shearing loads at the up-
per limit of the applied braking pressure. In this study the
loading mechanism of a solid brake disc is analysed. The ex-
perimental stress distribution results are applied to the struc-
tural reinforcement of the WBD brake disc.

2 Wire-woven Bulk Diamond
2.1 Overview

Ventilated brake discs are used in heavy vehicles due to their
ability to dissipate heat more effectively [18]. However, the
current brake disc topology is limited by the casting process
[19] which inhibits the use of a multitude of thin pin fins in the
ventilated channel as thin cross sections cannot be economi-
cally cast without defects. Thick cross sections adversely af-
fect the convective heat transfer performance of the brake disc
[11]. This led to the introduction of a cellular metal mate-
rial into the ventilated core of a patented WBD brake disc by
Mew et al. [10].

Wire-woven metals are composed of periodic topologies
with open cells similar to truss type periodic cellular metals
(PCMs). Honeycomb and corrugated metals are typical ex-
amples of the PCM structure. Wire-woven metals primarily
serve as a low density core of sandwich panels; where the
core can provide additional functions to the load bearing ca-
pability. The cores are utilised for heat transfer [20], cata-
lyst support [21], reinforcement of matrices [22], and seismic
dampers [23]. Strucwire, a wire-woven material similar to
WBD, can be integrated into a car buffer bar as an impact
buffer [24, 25]. The cellular metal structure has good strength
and rigidity as the wires have high strength and stiffness. The
wire-woven bulk diamond cellular structure is composed of
regular octahedrons and cuboctahedrons as shown in figure 1.
The "diamond" truss nomenclature arises from the side view
of the structure which reveals a diamond shape [14].

2.2 Axial Strength and Stiffness

The WBD core of the brake disc is manufactured using
cold-rolled mild steel wires (SAE1006B) with diameters of
d = 1.5 mm and a helical pitch of p = 19.0 mm. The WBD
unit cell (see figure 2) dimensions are: length = 9.5 mm,
width = 9.5 mm, height = 14.0 mm. The porosity of the WBD
core is approximately 0.9 and the surface area density is ap-
proximately 255 m?/m? [10, 11], calculated based on the ide-
alised diamond unit cell with straight struts. The curvature of
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side view (©

WBD cellular structure [14]

top view

Figure 1

the struts of the helical ligaments would increase the relative
density and surface area density by approximately 15% [11].

For the above dimensions, the measured equivalent yield
strength, maximum strength, and Young’s modulus of the
WBD core are 3.2 MPa, 4.8 MPa, and 1.08 GPa, respectively
[10, 11].

Figure 2 WBD brake disc (a) annular WBD core with the
unit cell (b) with one transparent rubbing disc to

display the core medium [10]

2.3 Shear Strength and Stiffness

The curved struts of the wire-woven metals degrade the me-
chanical properties, such as the strength and stiffness, of the
wire-woven structures [26]. Therefore, the strengths of the
wire-woven materials with the more curved struts are more
likely to be "bending-dominated" than "stretching-dominated"
[27]. As a first estimation, the shear strength of the WBD
porous material can be determined from the compressive
strength using an expression of the strength ratios obtained
from the analytic solutions [28]. For a specified relative den-
sity, the ratio of the equivalent shear strength to the equivalent
compressive strength is shown in equation 1. Similarly, the
equivalent shear modulus of the multi-layered metal can be
estimated from the equivalent Young’s modulus, as shown in
equation 2 [25].

05< 2 <07 1)
Op
;

0.33 < i <04 2
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3  Experimental Details
3.1 Test Sample

Testing was conducted on a commercially available solid
brake disc (see figure 3). The grey cast iron disc was cast
as a single unit and heat treated, and sized to fit the hub of a
Mercedes-Benz Atego 500 (medium-duty truck). A uniform
thickness was obtained around the solid brake disc by skim-
ming the disc prior to testing. The solid brake disc dimensions
and material properties are shown in table 1.

ol

i

Solid brake disc

Figure 3

Table 1 Solid brake disc dimensions and material prop-

erties

Solid brake disc
167 mm
32.4 mm

Outer disc radius
Rotor thickness

Material Grey cast iron
Grade BS 1452 Grade 17 or
SABS 1034-1975 Grade 250
Modulus of elasticity (E) 120 GPa
Poisson’s ratio (V) 0.26
Shear modulus (G) 48 GPa

3.2 Brake Test Rig Facility

A custom-built brake test rig replicated the applied braking
loads experienced by the brake disc of a medium-duty truck,
as shown in figure 4. The test rig consists of a 37 kW AC
induction motor geared to a reduction gearbox that transmits
the torque to the shaft through a flexible coupling. The shaft
manufactured from ENS8 mild steel has an outer diameter of
60 mm, and rotates on two bearings, and is flanged into a hub
on the opposite end to allow the mounting of the brake disc.
The motor speed and/or torque is regulated by the frequency
inverter.

A pneumatic floating brake caliper with a single piston ap-
plies the brake pressure on the brake disc through the brake
pads. The caliper is actuated with a pneumatic chamber con-
trolled through a digital proportional pressure regulator. Ex-
ternally supplied compressed air at 6 bar is fed to the inlet
of the pressure regulator, thus the braking force is regulated
through controlling the air pressure supplied to the pneumatic
chamber. The set point is selected on the pressure regulator.

Biaxial strain rosettes installed on the shaft measured the
strains to calculate the applied brake torque. Multiple uniax-
ial strain gauges were installed on the brake disc to measure
the disc strains. The strain gauge signals were recorded and
conditioned using a data acquisition (DAQ) system and Lab-
VIEW.
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Figure 4
3.3 Methodology

Brake test rig

3.3.1 Clamping Load Test

The first test performed was the clamping load test to
characterise the compressive stresses experienced in the
brake disc due to the pad clamping load under the braking
action, with the test performed under the condition of a
stationary brake disc. The strain gauges were aligned in the
direction of the applied clamping force to measure the strains
in the disc core due to the compressive braking load (figure 5).

Figure 5 Strain gauge orientation on brake disc for

clamping load test

The disc orientation coordinates shown in figure 6 are
used to present the measured strain readings at the different
positions on the disc core. Positive angles are designated as
clockwise rotation around the disc. For each position, the
pneumatic chamber was pressurised, which applied the pad
clamping load on the disc, and the strain gauge measurements
were recorded. The chamber was then depressurised releasing
the clamping load. The test was completed at four different
pneumatic chamber pressures: at 1 bar, 2 bar, 4 bar, and 6 bar;
for all the disc orientation coordinates. These pressures were
equivalent to the pad clamping forces of 11 kN, 24.6 kN,
50.4 kN, and 77.4 kN, respectively.
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Figure 6 Disc orientation coordinates tested for clamping

load test (outboard face view)

3.3.2 Applied Torque Load Test

The second test performed was the applied brake torque load
test to characterise the disc shear stresses due to the applied
brake torque. The shaft torque (hence disc braking torque)
was determined using two pairs of biaxial 0°/90°stacked strain
rosettes installed on the shaft.

It would be ideal to measure the strains on the contacting
surface of the disc/pad interface. However, installing strain
gauges at the contact interface region would crush them. Thus,
the uniaxial strain gauges were installed on the brake disc face
directly below the outboard pad contact interface to measure
the strains as close to the contact interface without damaging
the equipment.

Eight uniaxial strain gauges were installed on the disc out-
board face to measure the strains due to the applied brake
torque, as shown in figure 7, labelled strain gauge 1 to strain
gauge 8. The uniaxial strain gauges were installed at two dif-
ferent radii on the disc: one upper location and one lower lo-
cation. Each pair of strain gauges (upper and lower location)
were positioned on a radial line indicated by the white lines in
figure 7. Ideally, strain rosettes would have been installed in
a single location on one radial line. However, to prevent dam-
age to the measuring equipment, the installation of the strain
gauges were confined to the narrow region between the disc
hub and directly below the brake pads. Thus, it was required
to install the uniaxial strain gauges on different radial lines.
By rotating the disc, the normal strains in the direction of 0°,
45°, and 90° to the radial direction could be measured at the
same point. Two pairs of strain gauges (strain gauge 1 and 2,
and strain gauge 3 and 4) were used to measure the normal
strains in the 45° orientation on the disc to evaluate repeata-
bility.

Referring to figure 6, the torque load test was completed
at all the disc coordinates for the clamping load test, with the
additional positions of 45°, 75°, 285° (or -75°), and 315° (or
-45°). To prevent damage to the data acquisition equipment,
a pneumatic chamber pressure of 4 bar (equivalent to 50.4 kN
of pad clamping force) was applied to the brake disc to ensure
it would not rotate under the maximum applied torque (ap-
proximately 1030 Nm). The torque was applied in a counter-
clockwise direction as viewed from the outboard standpoint,
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Applied Torque

Figure 7 Uniaxial strain gauges installed on the disc for

the applied torque load test (SG:strain gauge)

and the disc face strains were measured at all the disc orien-
tations. The strain gauge measurements were converted into
stress components. The shear stress, 7.9, was calculated using
the shear strain, Y9, and the shear modulus (G) by applying
Hooke’s law. (r: along the radial direction of the brake disc;
0: along the circumferential direction of the brake disc).

4  Experimental Clamping Load Test

The longitudinal stress (o) in the solid brake disc with re-
spect to disc orientation due to the applied clamping loads of
1,2, 4, and 6 bar pneumatic chamber pressures (equivalent to
applied pad compressive forces of 11.0 kN, 24.6 kN, 50.4 kN,
and 77.4 kN, respectively) are shown in figure 8.

The vertical 0° disc radial line coincides with the centreline
of the disc/pad contact interface. Referring to figure 8, the
stress distributions are symmetric about the 0° vertical centre-
line (accounting for experimental error), which shows a near
uniform and equal distribution of the stresses on either side of
the centreline.

The pad was inserted into position in the brake caliper with
the top arc length of the pad friction material flush with the
top circumferential segment of the disc, which formed the up-
per border of the contact interface region. The ratio of the pad
arc length to the disc circumference was 10.1%, which con-
verts to a subtended angle of 36.4° on the disc. The angle is
indicated as the region between the two vertical dashed lines
labelled “Contact Interface Region” in figure 8; with 18.2°
split on each side of the 0° vertical centreline. The stress data
points greater than 1 MPa in magnitude are all within the des-
ignated “Contact Interface Region”. The highest compressive
stresses measured in the brake disc are concentrated within the
disc/pad contact interface region, where the stresses are con-
stant in this region as there are small differences between the
stress magnitudes between the discrete data points of -15°, 0°,
and 15°. The magnitude of the compressive stress decreases
rapidly when traversing from -15° to -30° and similarly from
15° to 30°.

The stresses experienced by the solid brake disc due to the
compressive clamping load applied by the brake pads are lim-
ited to the disc/pad contact interface only and do not distribute
to the other regions of the disc, as zero stresses where mea-
sured in the regions away from the disc/pad contact interface
between -60° to -180° and 60° to 180°.
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5 Experimental Applied Torque Load

Test

An applied brake torque load of 1005 Nm was applied in
a counterclockwise direction as viewed from the outboard
side of the disc. The measured shear stresses, 7.9, on the
disc outboard face just underneath the brake pad at the upper
location (r = 96 mm) and the lower location (r = 88 mm)
due to the applied brake torque load are shown in figure 9.
Since the convention of the disc orientation positions were
selected as clockwise positive, the leading edge is indicated
by the positive angle orientations (i.e. the region located on
the right of the 0° axis of the stress results) and the trailing
edge is indicated by the negative angle orientations (i.e.
the region located on the left of the 0° axis). The disc/pad
contact interface exists between the region of -18.2° to 18.2°
labelled as the "Contact Interface Region" in the stress results
(figure 9).

Torque
—
5 ®  Upper Location
.. i [ (r=96 mm)
L 4
— [ ] n m  Lower Location
& ks [ = (r=88 mm)
=
2 [ ] | 3 | _— Contact
g L Interface Region
% n > e
" *° .0 I .l o "
L ° |.5 | o m
o Trail o 1M .
railing eaading
s edge Io.s | edge : [ ] 3
180 450 120 90 60 -30 0 20 60 % 120 150 180
Disc Orientation [°]
Figure 9 Solid disc face 7,g -stress distribution due to ap-

plied brake torque measured at the upper and
lower strain gauge location

The shear stresses at the upper location occur around the
entire disc, in contrast to the clamping load stresses (figure 8)
which are localised at the disc/pad contact interface. The shear
stresses increase abruptly within the vicinity of the disc/pad
contact interface with a steep and sudden change of gradient.
The stresses flatten moving away from the contact interface,
to stress values of between 0.5 MPa and 0.6 MPa in the far
regions on the opposite end of the disc. The concentration of
the shear stresses in the region of the disc/pad contact interface
is to be expected since the frictional forces that develop the
brake torque are localised in this region.
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In contrast to the clamping load test normal stress distri-
bution (figure 8) which is symmetric to within measurement
uncertainty, the applied torque load shear stress distribution is
asymmetric. The shear stress measured at the upper location
(denoted by circles in figure 9) is significantly higher on the
leading edge as compared to the trailing edge; the shear stress
at 15° (leading edge) is 1.05 MPa as compared to the shear
stress at -15° (trailing edge) of 0.30 MPa, thus 250% greater.
The increased stress at the leading edge as compared with the
trailing edge is further observed in the regions adjacent to the
contact interface; the shear stress at 30° is 2.4 MPa as com-
pared to the shear stress at -30° of 0.88 MPa, thus the stress at
the leading edge is 172% greater than the trailing edge. The
phenomenon of increased stress at the leading edge as com-
pared to the trailing edge is also observed in the shear stresses
measured at the lower location (denoted by squares in figure 9)
but this is less pronounced. At the lower location the shear
stress at 15° (leading edge) is 22% greater as compared to
the shear stress at -15° (trailing edge). Similarly, for the re-
gion adjacent to the contact interface; the shear stress at 30° is
17% greater as compared to the shear stress at -30°. A signif-
icant difference is that the magnitude of all the shear stresses
at the lower location are greater than the measurements from
the upper location strain gauges at the corresponding orienta-
tions. The greater shear stress at the lower location is due to
the applied brake torque being transferred from the disc cir-
cumference to the centre of the disc. Since the area decreases
(with decreasing radius), the shear stress increases. Addition-
ally, the lower location strain gauges are in close proximity to
a disc recess and accompanying stress concentration effect.

On either side of the disc/pad contact interface region, the
shear stresses reached similar values; at the upper location
(denoted by circles) the shear stress at 45° (leading edge) is
2.36 MPa as compared to the shear stress at -45° (trailing
edge) of 1.94 MPa, thus 21% greater. In contrast at the lower
location (denoted by squares) the shear stress at 45° (lead-
ing edge) is 3.74 MPa as compared with the shear stress at
-45° (trailing edge) of 4.22 MPa, thus 11% less. The shear
stresses interestingly decrease at an orientation much further
away from the disc/pad interface region on the trailing edge
side as compared to the leading edge side; the steepest gradi-
ent of decrease is at -120° on the trailing edge side as com-
pared with 75° on the leading edge side. While no convinc-
ing argument is advanced for the cause of these asymmetries,
the asymmetry is in agreement with the finite element analy-
sis results of Abu Bakar et al. [29]. Their measurements of
the disc/pad contact pressures when a brake rotates were also
asymmetric; higher on the leading edge of the contact inter-
face compared with the trailing edge. Their results show that
the leading edge between the pad and disc maintains contact
but the trailing edge loses contact [30].

The shear stress at the geometric centre of the disc/pad
contact interface (0° coordinate) is near zero and the magni-
tudes of the stresses in the immediate region of the contact
interface of -15° and 15° are lower than the adjacent regions
of non-contact at -30° and 30°, respectively. The clamping
load of the brake pad and consequent friction restrains
deformations and strain formation under the disc/pad contact
interface. The constrained deformations explain the cause of
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the lower magnitude of shear stresses underneath the brake
pad as compared to those in the region away from the contact
interface. The test procedure for this study did not allow
sliding between the disc and pad interface, however, sliding
would occur during in situ braking, likely allowing for greater
shear stress formation in the contact interface.

6 Reinforcement of the WBD Brake Disc
6.1 WBD Prototype Brake Disc

The sandwich core of the WBD brake disc is shown in fig-
ure 2 and the cross-section of the WBD brake disc with key
dimensions is shown in figure 10. The WBD core is sand-
wiched between the two solid rubbing surfaces. The disc di-
mensions and equivalent material properties of the WBD pro-
totype brake disc are shown in table 2. The dimensions of the
WBD brake disc are similar to the solid brake disc as both
discs are to be fitted on the same vehicle, the Mercedes-Benz
Atego.

34
68.5 Inboard Rubbing

Surface

10 10

Outboard N
Rubbing
Surface

WBD Core

167

Fouter =

raverage= 130

Figure 10 Cross-section of half the WBD prototype brake
disc (not to scale and dimensions in mm)
Table 2 WBD sandwich core material properties and

prototype disc dimensions

WBD prototype brake disc

Outer disc radius 168 mm
Rotor thickness 10 mm
(each rubbing disc)

Ventilated channel width 14 mm

Core equiv. Young’s modulus 1.08 GPa

Core equiv. yield strength 3.2 MPa

Core equiv. compressive strength 6 MPa

Core equiv. maximum strength 4.8 MPa

6.2 Stress Prediction of the WBD Prototype
Brake Disc

The experimental solid brake disc stress distribution results
(refer to Section 4 and Section 5) are applied to the WBD
brake disc to determine the required reinforcement to the
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WBD core to ensure adequate strength of the core material
for an improved lightweight brake disc.

6.2.1 Disc Stress Developed Under Applied Brake
Torque Load

Assuming the condition of applying the brakes on a vehicle
where the maximum torque developed is 6841 Nm. Half of
the total torque from the brake pads to the shaft is transmitted
through each disc face (since the frictional force between the
pad and disc is generated on both sides of the disc), i.e. the
torque developed on the inboard side of the disc is 3421 Nm.
The inboard side is analysed as the torque load is transmitted
through the core material to the disc hub.

Applying the distribution of the shear stresses from the
solid brake disc test results (refer to Section 5): it is assumed
that the shear stresses experienced by the WBD disc when
loaded with the applied brake torque are distributed around
the entire disc. As a first order approximation, the annu-
lus area between the outer radius (167 mm) and inner radius
(93 mm) of the rubbing surface of the disc (see figure 10) is
the area upon which the shear stress acts, presenting a non-
conservative approach. Since the shear stresses are distributed
around the entire disc, it is approximated that the torque is the
result of an average force that acts on the disc annulus area at
the radial distance (rayverage) measured from the centre of the
disc to the centre point of the annulus area, rayerage = 130 mm.
The average force is 26.3 kN acting in the direction of the
frictional force between the disc and pad interface. The aver-
age shear stress is calculated as the average force acting over
the annulus area of the rubbing surface (60.4x 10> m?) which
equals to 0.44 MPa, acting around the entire disc circumfer-
ence. Referring to the shear stress results at the upper location
for the solid disc in figure 9, the maximum shear stress was
2.40 MPa; while the shear stress at the far regions away from
the contact interface was 0.59 MPa. The ratio of the maximum
shear stress to the shear stresses distributed at the far region is
4.05. As an approximation to account for the localised de-
formation effects at the WBD disc/pad contact interface, the
ratio represents a stress concentration factor (SCF = 4.05) that
is applied to the average shear stress to predict the WBD max-
imum shear stress, which is 1.76 MPa.

The maximum shear stress is compared with the WBD ma-
terial properties to ensure adequate strength. The equivalent
compressive strength of the WBD material is approximately
6 MPa [14]. Referring to the Shear Strength and Stiffness
(Section 2.3), the shear strength as a first order approximation
can be determined from the analytic solution (equation 2) that
presents a simplified strength ratio. The shear strength divided
by the compressive strength of the WBD material is approxi-
mately between 0.5 to 0.7; the equivalent shear strength of the
WBD core is thus between 3 MPa to 4.2 MPa. Analytical solu-
tions and numerical simulations performed by Song et al. [31]
determined that the shear strength (defined as the strength at a
strain of 5% in the study) to be between 2.4 MPa to 2.7 MPa;
albeit the specimens analysed were for a slenderness ratio that
was 7.5% less than that for the WBD core for the brake disc.
Analysing the results from Song et al. [31] it is expected that
the shear strength to be greater for the larger slenderness ra-
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tio. Additionally, the WBD material specimen tested by Song
et al. [31] was manufactured from SUS 304 stainless steel;
while the WBD brake disc core is fabricated using cold-rolled
mild steel SAE1006B wires. The yield strength of cold-rolled
mild steel wires is greater than stainless steel wires. Nonethe-
less, the approximated maximum shear stress for the WBD
disc (1.76 MPa) is expected to be less than the shear strength
of the WBD core material. Therefore, it is not required to re-
inforce the shear strength component of the WBD brake disc.
The discussion and analysis that follows focuses on the com-
pressive loading of the clamping force.

6.2.2 Disc Stress Developed Under Pad Clamping Load

Referring to the solid brake disc clamping load test results
in Section 4, it was shown that the compressive stresses due
to the clamping load were concentrated at the disc/pad con-
tact interface and negligible elsewhere. As a first order ap-
proximation, the compressive stresses due to the pad clamp-
ing force can be determined by dividing the force by the pad
area and applying a stress concentration factor (SCF). Refer-
ring to figure 8 the maximum compressive stress experienced
by the solid brake disc was 16.8 MPa when loaded with a pad
clamping force of 77.4 kN (or 6 bar pneumatic chamber pres-
sure). The brake pad area was 8.5x 10 m?. Thus, for a pad
compressive force of 77.4 kN, the average compressive disc
stress equals 9.11 MPa. The ratio of the maximum compres-
sive stress to the average compressive stress is 1.85, which is
the stress concentration factor to be applied in the estimation
of the WBD disc compressive stresses. The application of the
solid disc stress distribution provides insight into the WBD
behaviour such that an estimation is possible.

According to the European Council Directive (EEC 71/320)
[16] the pressure in the feed pipe to the brakes must be 6.5 bar.
The United States of America Federal Motor Vehicle Safety
Standards (FMVSS 121) [17] require brake systems capable
of increasing the air supply to 100 psi (6.9 bar). Therefore, the
WBD core will be designed to withstand a maximum pneu-
matic chamber pressure of 7.0 bar, equivalent to the clamping
force of approximately 90.7 kN.

6.3 Reinforcement Design of the WBD Proto-
type Brake Disc

For a relatively conservative approach a safety factor of 1.3
is applied to the force (90.7 kN), thus the new force required
in the design of the core reinforcement is 118 kN. The WBD
brake disc is proposed to be strengthened through reinforc-
ing the WBD core with solid material providing the neces-
sary strength. The reinforcement design is required to be cost-
effective and practical to implement. The addition of ribs (or
vanes) to the core is practical as vaned brake discs are well
established. The amalgamation of the WBD material and the
supporting ribs into the brake disc core creates a hybrid core
that possesses improved thermal dissipation characteristics to-
gether with the required strength properties. Straight radial
ribs are used to reinforce the core to allow for cooling flow
through the ventilated channel. Applying the solid brake disc
stress distribution results; it is assumed that the compressive
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stresses are concentrated at the disc/pad contact interface only,
thus the contact interface is the region considered for the rein-
forcement i.e. the pad area.

The WBD ventilated core thickness (sandwiched between
the two rubbing surfaces in figure 10) is 14 mm. The reinforc-
ing ribs are thus required to be 14 mm in height. Figure 11
shows the WBD disc core reinforced with the solid rib ma-
terial sandwiched between the WBD material. The compres-
sive pad force is transferred through the rubbing surface to the
core. Referring to figure 11 and figure 12, the compressive
pad force of 118 kN is supported by both the WBD and rib
material, generating the Fwpp and Fj, internal forces respec-
tively. Since the stresses are assumed to be concentrated in the
disc/pad contact interface, only the pad area is considered for
the reinforcement.

l 118 kN

el
e

FWBD

WBD core thickness reinforced with rib dis-
tributing the axial compressive pad load

Figure 11

Considering the free body diagram of the core, the vertical
force equilibrium is given by equation 3:

—118kN + Fyip + Fwgp =0 3)
The problem is statically indeterminate and requires consid-
eration of the compatibility conditions. The application of the
compressive load onto the rubbing surface causes equal de-
formation of both the solid rib and WBD material in the core.
This results in the deformation (8) relation in equation 4.

“4)

Applying the load-displacement relationships result in

Orib = SWBD

Figure 12 Distribution of the supporting material under the

pad area to withstand the compressive load
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equation 5. The equivalent Young’s modulus of the WBD
porous material is 1.08 GPa. The solid ribs are manufactured
with the same mild steel material (SAE1006) as the two solid
rubbing surfaces that sandwiches the disc core, which has a
Young’s modulus of 200 GPa.

Fiip t Fwsp t

Asib Eib  Awsp EwsDp

®)

Where:
F: Internal force [N]
t: Original core thickness [m]
A: Cross-sectional area [m?]
E: Modulus of elasticity (Young’s modulus) [Pa]

The equivalent compressive strength of the WBD material
is 6 MPa. Referring to Section 6.2.2 the stress concentration
factor (SCF) of 1.85 is applied to account for the ratio between
the maximum compressive stress and the average compressive
stress. Therefore, the SCF is applied to the WBD average
normal stress (Owpp) as shown in equation 6.

Fwsp

OWBD = 2 SCF

(6)

WBD

The pad area (Apag) is 8.5x 103 m?. Referring to figure 12,
the pad area is segmented into two areas; namely the area
wherein the WBD material supports the load (Awpp) and the
area wherein the rib supports the remaining load (A;p). The
relationship between the two areas is expressed with equa-
tion 7.

AwsD +Arib = Apad (7)
Solving equation 3 and equation 5 simultaneously, and re-
arranging the terms in equation 6 and equation 7 results in the
expression for Ay, as shown in equation 8.
(EWBD )
Eyip ("\g\é#)

- Apad]
(1 _ Ewmp )
Eiip

Substituting the numerical values into equation 8 results
in Aip equal to 1.51x10*m?.  The other parameters are
subsequently calculated, with the results shown in table 3.
Therefore, the design of the reinforcing rib is based on the
calculated A, value. For the design analysis, it is based
on the instantaneous point of the disc rotation where the
reinforcing rib coincides with the centre position of the pad
area as shown in figure 12, where the rib is approximated as
a rectangular geometry. The vertical length at the centre of
the pad is 66 mm, which will also be the length of the rib.
The rib area and length are known, thus the width of the rib is
2.29 mm. Therefore, the minimum required width for the rib
to withstand the clamping pad force of 118 kN is 2.29 mm. To
reduce costs, dimensions should be specified to those readily
available, hence the reinforcing ribs are designed to be mild
steel flat bars 14 mmx2.5 mm. The WBD core is brazed onto
the two mild steel rubbing surfaces. Since the reinforcing
ribs are to be fabricated using the same mild steel grade as

118 kN

Arp = (8)
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the latter, the identical brazing method is utilised where the
ribs are brazed simultaneously with the WBD material onto
the rubbing surfaces. The in-depth fabrication process of
the WBD structure and the insertion into the brake disc is
discussed by Mew et al. [10] and Kang [25].

Table 3 Predicted WBD disc core design parameters for
118 kN of pad clamping force
Parameter Value
Asib 1.51x10% m?
AwsD 8.35%x 1073 m?
Fwsp 27.1 kN
Fiib 90.9 kN

It is required that at any given moment in time of the disc ro-
tation that there is a minimum of one rib providing support in
the disc core under the contact interface (refer to figure 13).
The reinforcement of the disc core with the straight ribs will
unavoidably increase the overall mass of the disc. However,
there is merit in reinforcing the WBD brake disc as it pos-
sesses superior heat dissipation properties as compared to the
commercial brake discs. Consequently, one of the criteria of
the reinforcement design is to utilise the minimum number
of ribs to achieve the required strength to avoid significantly
increasing the overall mass of the disc. Therefore, the core
should be reinforced with a sufficient number of ribs to with-
stand the maximum exerted pad clamping force, whilst not
significantly increasing the overall weight. Referring to fig-
ure 13 of the pad in contact with the disc, the subtended angle
that encompass the two lower edges of the pad is 8 = 78.2°.
Therefore, the angle of the pad centre line to either bottom
edges of the pad encompass an angle of 39.1°. Considering
the scenario that a rib is located at the 0° position (centre of
pad), if a second rib is approaching the leading edge (hence
aligned on the bottom right edge of the pad 39.1° away from
the pad centre line) where it is on the boundary of the contact
interface and therefore is not supporting the load yet. With a
slight disc rotation, the rib in the centre position rotates coun-
terclockwise; the second rib originally positioned on the edge
of the contact interface begins to support a portion of the load.
The incoming second rib will gradually support more of the
load as it rotates. When the second rib reaches the centre posi-
tion of the pad, the first rib will be exiting the contact interface
on the trailing edge on the bottom left edge of the pad. The
second rib becomes the sole rib within the interface support-
ing the load. However, concurrently, a third rib will be enter-
ing the contact interface on the leading edge from the bottom
right pad edge, and the rotation motion will repeat with the
ribs exiting and entering the interface. Therefore, if the ribs
are spaced in intervals of at least 39.1° in the disc core, there
will be a minimum of one rib within the contact interface at
any moment in time during the disc rotation.

Consequently, the disc core is reinforced with 10 ribs in
total, installed in 36° intervals around the core. Referring to
figure 10, the core encompass the region between the outer
and inner radius of the annulus. Therefore, although the
rib is designed to reinforce the pad area only, for practical-
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Ribs 1

Figure 13 Minimum of one rib providing support in the
disc core under the contact interface at any given

orientation

ity during manufacturing the rib will extend from the outer
radius to the inner radius of the annulus resulting in the
rib length of 74 mm. The final dimensions of the rib are
74x14x2.5 mm. The density of the mild steel (SAE1006)
ribs is 7.87x 103 kg/m3, therefore the total mass added by the
10 ribs to the original disc is 0.20 kg. The newly designed re-
inforced WBD brake disc (13.67 kg) remains lighter than the
commercial pin-finned disc (14.22 kg).

The introduction of the ribs (vanes) to strengthen the WBD
disc core will inexorably affect the heat transfer performance.
However, vaned brake discs are well established. The suction
side of the vanes are affected by the formation of flow recir-
culation regions reducing the flow of cooling air in the ven-
tilated channel. However, it is expected to be compensated
by the WBD core material that increases the convective heat
transfer of the brake disc by inducing stronger flow mixing in
the ventilated channel, combined with a greater heat transfer
area [11]. Furthermore the thin three-dimensional WBD liga-
ments result in a more uniform heat transfer reducing thermal
stresses. With all these factors considered, it is expected that
the novel WBD brake disc is viable after reinforcement.

7 Conclusion

The experimental solid brake disc stress distribution results
were applied to the newly developed highly porous WBD
brake disc into improving the disc strength. The compressive
stresses due to the pad clamping force, and the shear stresses
due to the applied brake torque load were analysed and ap-
plied to determine the approximate required reinforcement in
the WBD core to ensure adequate strength to withstand the
high stresses developed during braking.

The WBD core was analysed based on maximum decel-
eration conditions where the torque acting on each disc face
was approximately 3421 Nm. The approximate first order av-
erage shear stress was calculated to equal 0.44 MPa acting

upon the WBD annulus area. A stress concentration factor
(SCF = 4.05) was applied to account for the contact interface
local deformation effects, resulting in a predicted maximum
shear stress of 1.76 MPa. It is lower than the equivalent shear
strength of the WBD core material (between 3.0 MPa and
4.2 MPa). Therefore, based on the predicted shear stresses it
was not required to reinforce the WBD core for the expected
operating torque range.

The reinforcement of the core was designed to withstand
a maximum pneumatic chamber pressure of 7 bar. A safety
factor of 1.3 was applied, hence the pad clamping force con-
sidered for the reinforcement design was 118 kN. The com-
pressive stresses due to the pad clamping load is expected to
be concentrated at the disc/pad contact interface only, thus the
interface was the area considered for reinforcement. A stress
concentration factor (SCF = 1.85) was applied to account for
the difference between the maximum compressive stress and
the average compressive stress (calculated over the pad area).
The reinforcement was designed so that at any given point
in time of the disc rotation, there was a minimum of one rib
providing support in the core under the contact interface area.
The ribs are designed to be brazed between the WBD material
in the core. The minimum required rib width to withstand the
maximum pad clamping force is 2.29 mm. Rounding up the
final dimensions of the designed rib are 74 x 14 x2.5 mm. The
core is reinforced with 10 solid mild steel (SAE1006) ribs in
total, installed at 36° intervals around the core. The total mass
added by the 10 ribs is 0.20 kg, thus the newly reinforced
WBD brake disc remains lighter than the commercially avail-
able pin-finned disc.
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