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ABSTRACT

A composite of periwinkle shell powder, palm kernel shell powder, phenolic
resin and other additives was developed in a form of a pad. Specimen
composite samples were produced by compression at a temperature of 140 °C
and mixture design using Design Expert software was used to analyse and
optimise the samples. Mathematical models of the compressive stength,
hardness and density were developed and statistically validated. Comparison
of the models with experimental results showed that the compressive
strength suited best with the cubic model, the hardness fitted with quadratic
while the density agreed with all the models but suited best with cubic model.
Optimized formulation with an objective of maximization compressive
strength and hardness and minimization of the density was determined at
10.02, 10.78, 59.20 and 20 % of periwinkle shell powder (filler), palm kernel
shell powder (filler), phenolic resin (matrix) and additives respectively.

© 2018 Published by Faculty of Engineering

1. INTRODUCTION

brake components [2]. The first brake pad
material composed of cotton material

Development of composite brake pad that
maximizes compressive strength and hardness
and minimizes wear and density is essential in
terms of cost savings using natural fibres of plant
origin and other synthetic materials while
improving the safety on our high ways. The
importance of brake pad is to transform the
kinetic energy of a vehicle to heat energy via
friction and ejecting the heat to the surrounding
environment [1]. Over 2,000 different materials
and their variants have been used in commercial
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impregnated with bitumen solution was invented
by Herbert Frood [3] in 1879 which led to the
establishment of the first brake pad company
known as Ferodo Company. Composite brake pad
constituents’ materials are composed of varied
composition of abrasives, binders, friction
modifiers, fillers and reinforcements [4,5].

A composite material basically consists of matrix
and reinforcement/filler. Combinations of
different matrices and or different
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reinforcements have been used to develop
hybrid composites [6]. Some recent works on
development and characterization of polymeric
composites brake pad have been summarized
thus. Olabisi et al. [7] developed a composite
brake pad using pulverized cocoa beans shells as
filler and epoxy as binder. Ademoh et al. [8]
developed a composite brake pad using maize
husks as filler and epoxy as binder. Thiyagarajan
et al. [9] determined the influence of thermal
conductivity and thermal stability of non-
asbestos semi-metallic disc brake pad as a
necessary requirement for friction materials.

Mixture experiments are a special case of
response surface experiments where the
response depends on the proportions of the
various components and not on absolute
amounts. An example is the strength of an alloy
which depends on the various constituents’
metals. Design variable constituents must be
nonnegative and add up to one [10,11]. A
general regression function of a 3rd degree
polynomial that can be fitted to experimental
data with q number of factors is given in the
following [12,10]:

q q q
Y = Zbixi +ZZb,_]X,_ Xj
i=1

i<j

q q
+ Z Z bij*xl- xj(xl- - xj)

isj

q q q
+ Z Z Z bijkxi ijk (1)

isjsk

The response for a three component mixture
(x1,x,andx3) using  Sheffe’s  canonical
polynomials can be evaluated in terms of linear,
quadratic, cubic, special cubic, quartic and
special quartic prediction models respectively as
given in the following [10,13]:

y(x;) = byxy + byx; + b3x; (2)

Y(x;) = bix;y + byxy + byxz + bypx1X, + by3xix3 +
b,y3x,%3 (3)

Y(x;) = bixy + byx; + byxz + bypx1x, + bysxixs +
by3xyx3 + bia3X1X,X3 + baqp XX (X1 —X3) +
b.13%1%3(X1—X3) + bup3xpx3(X3—x3)

(4)

Y(x;) = bix;y + byXx; + byxz + bypx1 X, + bygxix3 +
by3xyx3 + bya3x1XX3 (5)

Y(x;) = byxy + byxy + byxz + biox X, + bygxyxs3 +
by3x3x5 + baqax1 X5 (X1—%X3) + bugzXy X3(X—x3) +
b.a3x,x3(x;—x3) + b1*23x12x2x3 + b12*3x1x22x3 +

b123.:X1X2%5 + | by X1 X, (X1 —x5)% +
by3.%1%3(x; —x3)% + b23*x2x3(x2—x3)2 (6)

y(x;) = bixy + byxy + byxs + biyxyx, + byzxixs +

by3XoXs + b1apsXfxaXs + b1z X33 +

b123.%1 %23 (7)

where the coefficients by, b,, b3, byy, by3, bys,
b123r b*12, b*13' b*23' b1*23' b12*3' b123*r b12*' b13*

and  b,s, are constants determined

simultaneously with the experimental variables

and characterized results.

Mixture experiments are widely used today in
formulation experiments, blending experiments
and marketing choice experiments where the
goal is to determine the most preferred attribute
composition of a product at a given price [14].
Many researchers have used mixture design,
response surface methodology (RSM) and other
statistical methods to design and model their
experimental data. Dan-asabe et al. [15]
modelled and optimized the properties of a
hybrid composite using mixture design.
Agunsoye et al. [16] investigated the use of
Delonix regia (Dr) seed particles as
reinforcement for polymeric recycled low
density polyethylene (RLDPE) composite
produced using compression molding and
predicted the tensile property of the RLDPE/Dr
particle  composites using  mono-variate
regression model. Javier [17] analyses the choice
of slack-variable regression model amongst
others mixture design experiments models such
as Scheffé model and Kronecker model.

Elkamel et al. [18] developed vigorous statistical
models for predicting the flexural properties and
specific gravity of wheat straw polypropylene
composite (WSPPC) using constrained mixture
design [19]. Chaw and Yap [20] optimized
process variables of epoxy/organo-
montmorillonite nano composite on flexural
properties by response surface methodology.
Obam [21] used the BASIC programming
language to evaluate the accuracy of Sheffe’s
second degree and third degree models in
predicting desired strength of hardened
concrete for any given mix proportions. Kpodo
[22] investigated the use of multiple component
constraint mixture design for studying the effect
of ingredient variations on the chemical
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composition and physico-chemical properties of
soy, peanut and cow milk. Other researchers
have used mixture design experiment and
response models in optimization of juices and
food ingredients [23,24].

The research work involved statistical mixture
design, characterization, mathematical
modelling, analysis and optimisation of a
composite brake pad. The composite constituent
consist of phenolic resin as matrix, periwinkle
and palm kernel shell as fillers and other
additives that include abrasives and friction
modifiers. Natural fibres of plant origins have
lower densities and provide good specific
properties, better insulating advantage and low
energy consumption during their growth or
processing [25,26].

2. EXPERIMENT
2.1 Materials and Methods
Materials

Materials used are periwinkle shell powder,
palm Kkernel shell powder, phenolic resin and
additives comprising of friction modifier (saw
dust and calcium oxide) and abrasive (iron
filings and aluminum oxide).

Preparation

Appropriate amount of phenolic resin and
polishing agent measured in weight percentage
(Table 1) were thoroughly mixed in a container.
Ground periwinkle shell powder, palm kernel
shell powder, friction modifier and abrasives all
measured in weight percentage (Table 1) were
thoroughly mixed homogenously and then
transferred to a rectangular steel open mold of
dimensions 120xX60X7 mm. A counter mold
(lid) was placed unto the open mold to allow
impregnation of the binder into the fillers and
other additives (friction modifiers and
abrasives). The mold setup was then placed in
between the platens of a compressive press and
compressed to a pressure of 100 MPa at a
temperature of 140 °C for five minutes. The
composite sample was thereafter removed and
cured in an oven at a temperature of 120 °C for
eight (8) hours. The process was carried out for
various weights of the periwinkle, palm kernel,
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phenolic resin and constant additives as shown
in Table 1.

Table 1. Composition of the composite brake pad for
the various samples A to E.

A B C D E
(%) (%) (%) (%) (%)

5110|1520 |25

Material

Periwinkle shell

. powder
Fillers
Palm kernel shell 5 10 15 20 25
powder
Binder Phenolic resin 70 60 50|40 | 30
Friction Saw dust 6 6 6 6 6
modifier Ca0 2 2121212
Iron filings 10 1 10 | 10 | 10 | 10
Abrasives
Al203 22222

100/100/100/100/100

2.2 Experimental Design

The design was conducted using Design Expert
version software [13]. The factors or design
input variables are (in weight percentage):
periwinkle, palm kernel, phenolic resin and
additives in accordance with a similar mixture
design as employed by Dan-asabe [6] and
Elkamel et al. [18]. The objective or response
variable of interest is the best sample
composition that provides the maximum
compressive strength and hardness with
minimization of density. Ranges were used to set
up a constrained design of a four component
mixture design of a user defined and all-
constituent-blends [27] as follows:

5%< x, <25% (8)
5% < x, < 25 % (9)
30% < x3 <70 % (10)

Xy =20% (11)

where x5, x,, x3 and x, are weight percentages
of periwinkle, palm kernel shell powder,
phenolic resin and additives respectively. Five
design points (experimental runs) were
considered with all having quadruplet blends.
The actual experiment was replicated thrice and
averaged results for compressive strength
hardness and density are tabulated in Table 2.

The actual design points (in %) are converted to
lower pseudo coordinates (L-pseudo coding)
points using Eq. 12 [15,19] as shown in Table 3.

_ X1—5 _ X35 | — x3—30 (12)

17 4o 7 927 40 7 3 40
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Table 2. Design points of the mixture design at 20 %
additives (x, = 20).

Actual Composition Compres
(%) sive Ha;(sine Density
3
x x x St(ﬁgg;h (HRF) }(’%J/CC)ITIR)
1 2 3 A i): Rz

yx:R, | YO Rs

5 5 70 3.154 72.1 0.980
10 10 60 10.808 82.4 1.000
15 15 50 8.192 99.7 1.015
20 20 40 4.346 112.7 1.034
25 25 30 1.769 131.3 1.071

Table 3. Design points in L-pseudo coding at 20 %
additives (z, = 0).

: Compres
L-pseudo coding si\?e Hardne Density
strength (HS;F) (g/cm3)
z; z; z3 (MPa) y(z):R y(z): R,
y(z,): Ry Vs
0 0 1 3.154 721 0.980

0.125 | 0.125| 0.75 10.808 82.4 1.000
0.25 025 0.5 8.192 99.7 1.015
0.375 | 0.375| 0.25 4.346 112.7 1.034
0.5 0.5 0 1.769 131.3 1.071

3. CHARACTERIZATION
3.1 Compressive strength

This was determined using a Universal Testing
Machine (EnerPac P-391) in accordance with
ASTM D71372 [28]. Sample specimen
dimensions of 20x20x13 mm3 were produced
for the test. Compressive load was applied
axially onto the specimen till it ruptured. The
compressive strength was then determined
using Eq. 13.

o= - (MPa) (13)

where F = force, and 4 = cross-sectional area.
3.2 Hardness

The hardness test was carried out using the
INDENTEC Universal Hardness Testing Machine
with a steel ball as the indentor. The sample was
first machined to a size of 30X25x13 mm3 and
then grinded [6]. The sample was then inserted
beneath the indentor and the hardness value
taken at three points on the surface of the
sample. The average of the values was then
recorded.

3.3 Density

The density of the composite was determined by
measuring the volume and mass of the
composite sample. The mass was measured with
the aid of a digital weighing balance machine
[29]. The volume was found using Archimedes’
principle. The density was determined from Eq.
14 as follows:

p=17  (g/cm?) (14)

4. RESULTS AND DISCUSSION

4.1 Statistical analysis, validation and
modelling of experimental results

The summary statistics of the models from
Design Expert Package are shown in Tables 4, 5
and 6. For the compressive strength (Table 4), the
linear, quadratic models are ruled (poor models)
due to lower R-squared and adjusted R-squared
with negative predicted R-squared [19,30]. The
quartic model has R-squared value of 100 %
implying accurate prediction of the experimental
points but unsuitable for prediction of new points
outside of experimental data (zero adjusted R-
squared and predicted R-squared values).
However, the cubic model gives good values of R-
squared and adjusted R-squared suitable for
prediction within experimental point [31,32] and
not outside the limit of the experiment (poor
predicted R-squared). The statistical significance
of the cubic model is fairly good at 13.27 %
(greater than the acceptable 5 %) principally as a
result of the low predictability of -64 % predicted
R-squared. Nevertheless, the cubic model is
satisfactory with adequate precision value of 13,
greater than the minimum bench mark of 4
[13,33]. Additionally, its value of the standard
deviation is small compared to the linear and
quadratic models.

For the hardness (Table 5), the cubic and quartic
models are ruled out because of poor predicted
R-squared values of 56.58 and 0 respectively.
[32] However, the quadratic model has the
highest prediction variability of 98.32 % and
adequate precision 42.21 with p-value within
acceptable error value of 0.3 %. Standard
deviation is the lowest with a value of 1.82. For
the density (Table 6), interestingly, the linear,
quadratic and cubic models could be used
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predicts the experimental points but with the
cubic having the highest prediction variability of
96.88 %. The cubic model also has a p-value
error significant value of 1.1 % and highest
adequate precision value of 170.245. Standard
deviation of the cubic model is thus the lowest.
Moreover, validation of the compressive
strength (cubic), hardness (quadratic) and
density (cubic) models could also be observed
from Figs. 1, 2 and 3 where the slope of the
model (predicted response) against
experimental points passing through (or closely)
all the points and approximating to unity.

The cubic model of compressive strength,
quadratic model of the hardness and cubic
model of the density are given respectively in L-
pseudo coding in Egs. 15, 16, and 17. The actual
formulations (in %) can be converted to the L-
pseudo coding using Eq. 12 and respective
properties can be predicted using these
equations:

Ry = 114.85z, + 3.252z3 — 222.252,z, — 246.172,2,73

(cubic) (15)
Ry, = 22641z + 71.82z3 + 711621z, + 29.872,2,2;
(quadratic) (16)
Rz = 2.18z; + 0.98z5 — 0.072z,z, — 0.492, 2,25
(cubic) (17)
D E: Softw;
c?n‘?x"e;ss’f‘ﬁ@imma'e Predicted vs. Actual
Color points byvalue of  10.50 —|
Compressive strength: ]
10.608
stg
260 - o
é 820
£
T T T T T

Actual
Fig. 1. Experimental vs. predicted results of the
compressive strength (cubic model).

Table 4. Model summary statistics for compressive strength.

Standard Adequate Adjusted R- Predicted R-
Source L. p-value . . R-Squared
deviation precision Squared Squared
Linear 3.98 0.5164 1.467 0.1520 -0.1307 -2.4060
Quadratic 2.64 0.2480 3.936 0.7516 0.5032 -3.1753
Cubic 0.78 0.1327 12.258 0.9891 0.9564 -0.6418
Quartic - - - 1 -
Table 5. Model summary statistics for hardness.
Standard Adequate Adjusted R- Predicted R-
Source . L. p-value . . R-Squared
deviation precision Squared Squared
Linear 2.41 0.0003 39.025 0.9922 0.9896 0.9679
Quadratic 1.82 0.003 42.210 0.9941 0.9779 0.9832
Cubic 2.53 0.0683 26.121 0.9971 0.9885 0.5658
Quartic - - 1
Table 6. Model summary statistics for density.
Standard Adequate Adjusted R- Predicted R-
Source L. p-value . . R-Squared
deviation precision Squared Squared
Linear 0.00072 0.025 18.920 0.9597 0.9568 0.8742
Quadratic 0.00052 0.011 21.615 0.9890 0.9779 0.8094
Cubic 0.00006 0.011 170.245 0.9999 0.9997 0.9688
Quartic - - - 1 -
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Design-Expert® Software
Hardress

Predicted vs. Actual

Color points by value of 12200
Hardness :

131.3
721

11875 —

101.50

Predided

8625

7100

T T T T T
71.68 88.57 101.48 118.238 121.20

Actual

Fig. 2. Experimental vs. predicted results of the
hardness (quadratic model).

Design-Expert® Sofware )
Density Predicted vs. Actual

Color points by value of  1.07
Density

1071
098

105

Prediced
R
|

028

T T T T
.88 100 1.02 1.05 1.07

Actual

Fig. 3. Experimental vs. predicted results of the
density (cubic model).

4.2 Response Optimization

The objective of a brake pad material is to
maximize the compressive strength and hardness
value and minimize the density [33]. The criteria
for optimization are given in Table 7. The
optimized model compositions plots of the
compressive strength, hardness and density are
respectively shown in Figs. 4, 5 and 6. The result
of Figure 4 showed that the compressive strength
was maximized (red graduated colour) at the
percentage range for the respective periwinkle
and palm kernel fillers of 8 - 30 % and at higher
percentage of phenolic resin (40 - 68 %). Figure 5
showed that the hardness value increases as the
percentage of the periwinkle and palm kernel
increases and at lower percentage of the phenolic
resin. Figure 6 showed that the density increases

as the percentage of the periwinkle and palm
kernel increases and at lower percentage of the
phenolic resin. Conversely, the density was
minimized at lower percentages of the periwinkle
and palm kernel shell powders and at higher
percentage of the phenolic resin.

Table 7. Optimisation criteria.

Material property |Objective criteria
Periwinkle (%) Within range 5 to 25
Palm kernel (%) Within range 5 to 25

Phenolic resin (%)

Within range 30 to 70

Additive (%)

Constant at 20

Compressive
strength (MPa)

Hardness (HRF)

Maximise within range 4.65 to 10

Maximise within range 72.1 to 131.3

Density (g/cm3) Minimise within range 0.98 to 1
Design-Expert® Software A: Periwinkle
Compressive streng th 45
® Diesign Points
10.808
1.769

X1= A: Periwinde
X2 = B: Pdm kernel
X3=C:Phenodlic resin

Actua Component
D: Additives = 20.000 30

45 5 70
B: Palm kemel C: Phendlic resin

Compressive strength

Fig. 4. Composition plot of the compressive strength.

Desig n-Expert® Software

A- Periwinkle
Hardness 45
@ Design Points.
131.3
721

X1=A: Periwinde
X2 = B: Pam kernel
X3 = C:Phendlic resin

Actud Component
D: Additives = 20.000 30

45 5 70

B: Palm kemel C: Phendlic resin

Hardness
Fig. 5. Composition plot of the hardness.
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Table 8. Optimization result.

Periwinkle (%) Palm kernel (%) | Phenolicresin (%) | Compressive strength (MPa) | Hardnes (HRF) | Density (g/cm?3)
10.02 10.777 59.202 10.443 83.265 0.98
10.445 11.277 58.278 10.411 83.485 0.98
10.743 11.629 57.628 10.353 83.758 0.98
Design-Expert® Software A: Periwinkle strength, hardness and density superimposed on
Density one another. Any point within the shaded region

o Design Points
1071
098

X1= A Periwinde

X2= B: Pdm kernel
X3 = C:Phendlic resin

Actua Component
D: Additives = 20.000

.
[1.03438]

[~

0.852909

-

0671437

45 L] 70

B: Palm kemel C: Phendlic resin

Density
Fig. 6. Composition plot of the density.

Desig n-Expert® Sdftware A: Periwinkle
45

Overlay Plot

Campressive strength
Density

Hardness

@ Design Points

X1= A Periwinde
X2 = B: PAdm kernel
X3 = C: Phendlic resin

Actua Component 30 [Hardness : 131.3] 5

D: Additives = 20.000

gth: 10.808
Compressiyg strength: |

45 5 70
B: Palm kemel C: Phenalic resin

Owerlay Plot

Fog. 7. Optimised overlay of formulations.

The result of the optimization was shown in
Table 8 depicting three optimized formulation
for the respective compressive strength,
hardness and density. Either of the optimized
formulations provides an optimum formulations
since the response maximization of strength and
minimization of density are approximately the
same. The criteria of Table 7 was used to
provide the overlay plot of Fig. 7 of the
optimized region (shaded) of the compressive
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is a desirable likelihood of the optimum
formulation [33]. However, formulation with
10.02, 10.78, 59.20 and 20 % additives was
selected the optimum best due to its higher
desirability value of 0.894 as compared with
0.889 and 0.879 for the other formulation. This
formulation corresponds to 10.44 MPa,
83.265HRF and 0.98 g/cm3 of the compressive
strength, hardness and density respectively.

Additionally, the percentage water absorption
after 3 number of days was determined as 0.49,
1.24,1.14, 1.11 and 0.59 % for samples A, B, C, D
and E respectively. The optimized sample is
close to sample B (of 1.24 % water absorption).
This can be used to infer a very low (negligible)
porosity of the composites [34-36].

5. CONCLUSION

Results of the statistical modeling showed that
cubic model suited well with the experimental
result of the compressive strength and density
while the hardness fitted well with the quadratic
model. The compressive strength is useful in
predicting experimental response and less
meaningful in predicting new response giving
significance error of 13.37 % (p-value).
However, the hardness and density models are
useful in predicting new formulations with
prediction accuracy of 98.32 and 96.88 %.
Validity of the models were confirmed using p-
value, adequate precision and graphical plots of
experimental and model values with slope
approximating to unity. The optimization of the
formulations was determined within the region
of sample B.

RECOMENDATION

It is recommended that more number of design
points should be used for the factors for
increased precision of model prediction.
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