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ARTICLE INFO ABSTRACT

Keywords: The aim of this study is to develop a method for selecting and ranking automotive brake friction composite
Brake friction materials materials made from agro-waste and natural fibers. This is achieved by using an integrated multi-criteria deci-
Rice husk

sion-making methodology. Consequently, six composite samples are produced by reinforcing rice husk, rice husk
ash, and Grewia optiva fiber. These samples are then assessed for their frictional properties using a laboratory-
scale brake tribometer, in accordance with the requirements outlined in SAE J2522 standard. The selection
criteria are based on the analyzed tribological parameters, which include friction coefficients, wear, and friction
fluctuations fade-recovery performances. The CRITIC (criteria importance through intercriteria correlation)
method was used to determine the importance of criteria for performance evaluation. Based on CRITIC analysis,
the average friction coefficient (0.1592), recovery-3 (0.1363), friction fluctuations (0.1347), and performance
friction coefficient (0.1240) were identified as the key criteria. The use of MARCOS (measurement of alternatives
and ranking according to compromise solution) for ranking assessment reveals that composite materials rein-
forced with rice husk ash exhibit the most favorable tribological characteristics. The validation of the ranking
using different decision-making tools demonstrates the reliability and effectiveness of the proposed approach.

Natural fiber
Decision-making
CRITIC-MARCOS

1. Introduction

The use of lignocellulosic materials, such as agro-wastes and natural
fibers, in the design of brake friction composite materials offers several
benefits, including a reduction in reliance on conventional materials and
environmental protection [1,2]. However, attaining the appropriate
tribological characteristics in a brake friction composite application is a
complex task that requires focused endeavors to fulfill the rigorous
performance standards established by several regulatory entities [3,4].
These criteria encompass attributes like stable friction, minimal wear,
rapid recovery, and limited fade under diverse operating conditions,
including vehicle speed, braking force, duration, and temperature var-
iations [5,6]. To achieve these desired performance characteristics,
brake friction materials consist of a carefully balanced combination of
10-20 ingredients. These components can be broadly categorized into
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four classes: fibers, fillers, binders, and friction modifiers [7]. Fiber is a
very significant component due to its ability to enhance strength, opti-
mize the tribological characteristics of friction materials, and address
the limitations arising from the improper selection of components,
hence alleviating intrinsic compositional defects [8-10]. Typically,
friction materials use ceramic, metallic, and organic fibers either indi-
vidually or in various combinations [7-10]. Currently, the conventional
reinforcing materials commonly utilized, including, Kevlar fibers, car-
bon fibers, and glass fibers, exhibit several drawbacks. These drawbacks
encompass their non-biodegradability, limited recycling capabilities,
potential health hazards when inhaled, high density, substantial energy
consumption during manufacturing, and elevated production costs [11,
12]. In recent years, there has been a significant focus on life cycle
analysis, particularly in relation to composites made from lignocellu-
losic materials [13,14]. These composites have garnered considerable
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attention and recognition due to their ability to decrease carbon dioxide
emissions over their entire life cycle, in contrast to composites made
from synthetic fibers [15]. Furthermore, the manifold advantageous
attributes of lignocellulosic materials, including their low density,
biodegradability, renewability, cheap or negligible cost, widespread
availability, non-toxic and non-abrasive nature, contribute to their high
demand in diverse applications [16-18].

In recent years, several research endeavors have been undertaken to
explore the potential of using lignocellulosic materials, including agro-
wastes and natural fibers, in the production of friction composite ma-
terials. Akincioglu et al. [19] compared the sliding wear and friction
characteristics of a brake friction composite filled with hazelnut shell
waste to a commercially available composite material in their study. The
study discovered that the friction characteristics of hazelnut shell waste
(7 wt%) reinforced composites outperform commercial samples. This
enhancement, however, comes at the expense of increased wear. Akin-
cioglu et al. [20] conducted a study to investigate the effects of adding
walnut shell waste at concentrations of 3.5 wt% and 7 wt% on the
tribological properties of brake friction composites. The investigation
was carried out following the SAE-J661 test standards. The researchers
determined that composites containing a lower percentage of walnut
shell waste (3.5 wt%) demonstrate a higher degree of resistance to wear.
Conversely, it was demonstrated that composites with a higher pro-
portion (7 wt%) of walnut shell waste displayed an elevated friction
coefficient. Chandradass et al. [21] conducted a study on the develop-
ment of a new type of brake pad materials for automobiles. More pre-
cisely, they incorporated sugarcane bagasse ash into the brake pad
composition at concentrations of 5 wt% and 10 wt%. The main aim of
their investigation was to evaluate the sliding wear and friction prop-
erties of these recently manufactured materials. According to the au-
thors’ findings, there was a direct correlation between the increase in
bagasse ash loading and the increase in wear of the brake pads.
Furthermore, it was noted that brake pads containing 5 wt% of bagasse
ash demonstrated improved friction performance in comparison to other
loadings. The effectiveness of fly ash and bagasse ash (0-12% by weight)
on the performance of phenolic-based automotive brake friction com-
posites was examined by Choosri et al. [22]. The authors stated that in
phenolic-based brake friction composites, bagasse ash and fly ash have
demonstrated great promise as substitute abrasives for silica and
alumina. According to the findings, it was advised to add 4 wt% of fly
ash and bagasse ash to optimize the brake friction composites’ overall
characteristics.

Among the agro-wastes, rice husk and its ash have been found to be
effective in improving the mechanical, tribological, and thermal prop-
erties of polymer composites due to their high silica content [23-26].
The raw rice husk was found to have a silica content of 15-20%, whereas
rice husk ash was found to contain over 90% silica content [27,28].
Silica is classified as an abrasive and is commonly used as one of the
main ingredients in various commercial brake friction material formu-
lations. Literature reports the utilization of rice husk and its ash in the
fabrication of automotive brake friction materials. Mutlu [29] con-
ducted a study to examine the relative effectiveness of rice straw and
rice husk (at 4% and 20% weight ratios) in real-world brake friction
materials. The study determined that the brake material containing 20
wt% rice husk exhibited superior friction characteristics, albeit at the
expense of increased wear. Mutlu and Keskin [30] conducted a study to
examine how the addition of rice straw powder (ranging from 5% to
25% of the total weight) affects the wear and friction characteristics of
friction composites. The study found that the inclusion of 15 wt% rice
straw powder in composites led to improved wear and
thermo-mechanical properties compared to other combinations. The
effect of rice husk loadings (from 0% to 12% by weight) on the tribo-
logical performance of brake friction materials was studied by Gehlen
et al. [31]. The composites’ wear resistance decreased with increasing
rice husk loadings at lower temperatures (300 °C), while at higher
temperatures (550 °C), the fade resistance decreased, and the friction
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instability increased. The formulation containing 6 wt% rice husk con-
tent was determined to be superior to the others, exhibiting the least
amount of wear. Nogueira et al. [32] conducted a study to examine the
impact of rice husk (grinded and heat treated) on the tribological
properties of phenolic composites. They compared these properties with
a formulation that substituted alumina for rice husk. Friction materials
that incorporate rice husk (grinded and heat treated) have demonstrated
promising characteristics, including a friction coefficient and wear rate
that are comparable to those of alumina-based formulations. In general,
the use of rice husk and its ash in brake composite formulations has been
shown to enhance the stability of friction performance by creating sec-
ondary contact plateaus [33,34].

In recent years, researchers have examined natural fibers as potential
environmentally-friendly reinforcing elements for automotive brake
friction materials. Ramie, hemp, kenaf, pineapple, Areva javanica and
banana are just some of the plants that have been tried and tested
[35-37]. The friction and wear performance exhibited by natural fiber
reinforced composites is demonstrated to be satisfactory, often
approaching that of standard commercial friction materials, thereby
indicating their comparable braking power. Rajan et al. [38] assessed
phenolic composites filled with slag waste and reinforced with coir fiber
(5%-20% by weight). The researchers documented that incorporating a
lower amount of coir fiber (5 wt%) resulted in favorable outcomes in
terms of friction, fade, and wear. In contrast, composites containing a
greater weight percent (20 wt%) of coir fiber demonstrated exceptional
recovery characteristics, albeit at the expense of reduced friction per-
formance. The impact of corn stalks fiber (ranging from 4% to 12% by
weight) on the fade-recovery capabilities of brake composites reinforced
with glass fiber were investigated by Liu et al. [8]. According to the
authors, the composite containing 6 wt% corn stalk fiber has the greatest
recovery ratio and the lowest fade ratio, whereas the composite con-
taining 10 wt% corn stalk fiber demonstrated a comparatively low
fade/recovery fluctuation. Composites containing the smallest propor-
tion of corn stalk fiber (4 wt%) demonstrated the most unfavorable
friction behavior in the fade test. The research suggested that composites
containing 10 wt% corn stalk fibers demonstrated exceptional recovery
and resistance to fading, as well as a high degree of frictional stability
throughout the fade and recovery tests. Furthermore, numerous studies
have been conducted on the impact of brake friction materials that
include a natural fiber content of up to 20 wt%. In these studies the
composites containing a lower proportion of natural fibers (<10 wt%)
have been found to demonstrate higher coefficients of friction, better
fade performance, greater friction stability, and improved wear resis-
tance, with minimal fluctuations in friction. Conversely, composites
containing a higher proportion of natural fibers (>15 wt%) demonstrate
superior recovery performance, albeit at the expense of reduced friction
and fade performance [37-39].

The existing research places a growing emphasis on the fact that the
choice of lignocellulosic materials and their respective ratios typically
have an impact on the tribological characteristics (such as coefficient of
friction, wear, fade, and recovery) of the composite material. Given that
each produced composite has a unique performance characteristic, it is
necessary to determine the optimal composite that exhibits the
maximum degree of satisfaction across all material attributes [40]. One
way to do this is by use multi criteria decision making (MCDM) tech-
niques. MCDM techniques are systematic approaches that use logical
ways to assess the significance of criteria (i.e., material attributes) in
relation to a specific application [41,42]. These techniques aid in
selecting the most acceptable material candidate and eliminating inap-
propriate alternatives. Several MCDM techniques have been created to
assist in the evaluation and selection of the most suitable alternative
materials. These approaches include TOPSIS, MARCOS, COPRAS, GRA,
PROMETHEE, MOORA, ELECTRE, CoCoSo, and ARAS, among others
[40-47]. The MARCOS methodology stands out as an effective ranking
method due to its straightforward mathematical computations and
user-friendly nature, in comparison to other MCDM techniques [48].
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Conversely, specific MCDM problems utilize the CRITIC method to
determine the weights of criteria (material property importance) [49].
Ranking alternatives is thus possible through the utilization of these two
approaches. Hence, automotive brake friction materials reinforced with
rice husk and Grewia optiva fiber, which were previously manufactured
and evaluated for their tribological properties, were utilized in the
current investigation [34,39]. Owing to the challenges associated with
choosing the best-manufactured automotive brake friction composites, a
hybrid approach known as CRITIC-MARCOS has been suggested. The
evaluated tribological characteristics are set as the selection criteria, the
criterion weight is determined using CRITIC and the final composite
ranking is obtained using the MARCOS technique.

2. Experimental procedure
2.1. Materials and composite fabrication

A total of twelve ingredients were chosen for the production of the
friction composite. These include phenolic resin as a binder, lapinus
fiber, steel fiber, ceramic, and Grewia optiva fiber as the reinforcement,
calcium carbonate and barite as space fillers, alumina and graphite as
property modifiers, and vermiculite, rice husk, and rice husk ash as
functional fillers. The Grewia optiva fiber used in this study originates
from the Dehlwin village situated in the Bilaspur area of Himachal
Pradesh, India. The natural fiber was hand trimmed to fiber lengths
ranging from 2 to 6 mm. The rice husk was gathered from the southern
area of Brazil. The rice husk was further pulverized to achieve a particle
size of <350 pm. To acquire the ash, the rice husk underwent a heating
process at a temperature of 600 °C for duration of 2 h in an oven
equipped with air circulation. This procedure was carried out to elimi-
nate all the organic compounds present. The outcome of this procedure
was rice husk ash, rich in silica content characterized by its white
powdery form.

Table 1 lists the several friction formulations and their component
amounts along with their nomenclature and composition data. It is
worth noting that there are two main groups of formulations, each
sharing the same basic materials. The group I comprises formulations A1
to A4, where the amount (in wt.%) of ceramic and Grewia optiva is
changed. The group II comprises formulations A5 and A6, where the
type of natural abrasive (rice husk or rice husk ash) is changed. The
ingredients of the formulations of group I were mixed using a high
rotation shear mixer (Fabdecon Engineers, India) with a chopper speed
of 3000 rev/min. To reach a uniform dispersion, the fibrous elements
were blended with phenolic resin for 5 min, and then the powdered
materials were added and mixed for a further 5 min. Next, 80 g of the
resulting mixture was put into an iron mold. The prepared mold was
heated for 8 min at 155 °C under 150 bar of pressure in a compression
molding machine made by Fabdecon Engineers, India. To get rid of the
volatiles created during the cure process; compression molding was

Table 1
Nomenclature and compositional detail.

Materials (wt.%) Nomenclature/Alternatives

Al A2 A3 A4 A5 A6
Phenolic resin 10 10 10 10 12 12
Barite 50 50 50 50 30 30
Calcium carbonate 0 0 0 0 23 23
Graphite 6 6 6 6 8 8
Alumina 3 3 3 3 6 6
Vermiculite 5 5 5 5 0 0
Steel fiber 6 6 6 6 15 15
Lapinus fiber 10 10 10 10 0 0
Ceramic fiber 7.5 5 2.5 0 0 0
Grewia optiva fiber 2.5 5 7.5 10 0 0
Rice husk 0 0 0 0 6 0
Rice husk ash 0 0 0 0 0 6
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done with four sporadic breathing cycles. After being taken out of the
mold, the cured composites were allowed to cool at ambient tempera-
ture before being post-cured in an oven at 160 °C for 3h. For the for-
mulations of group II, rice husk was thermally treated for 2 h at 110 °C
before being added to the mixture, to ensure the release of all moisture.
After that, all the ingredients of each formulation were blended for 30
min using a WAB T2F Turbula mixer. By utilizing a Buehler Pneumet I
mounting press, cylindrical pins measuring 14 mm in diameter and 15
mm in height were created. A pressure of 100 MPa was applied during
the 10-min hot molding operation at 150 °C. The pins were then sub-
jected to a post-curing procedure in a muffle furnace for 4 h at 200 °C,
which is close to the cycle used for genuine brake pads. The fabrication
methodology is described in full elsewhere [34,39]. Subsequently, all
the post-cured composites were subjected to machining, resulting in
specimens with a cylindrical shape, each cylinder with a diameter of 14
mm and a height of 7 mm. These specimens were then securely attached
to a backplate (Fig. 1a), enabling their use in tribological testing. Fig. 2b
displays a scanning electron microscope (SEM) picture of the fabricated
composite, indicating the existence of several primary components.

2.2. Tribological characterization

The experiments were carried out in an LSBT (laboratory-scale
braking tribometer). This apparatus replicates the working conditions
(temperature, velocity, and contact pressure) encountered in actual
vehicle braking systems [50]. The LSBT controls the starting tempera-
ture of each braking operation through an induction heating system, as
can be seen on Fig. 2. This apparatus continually measures the tem-
perature using a K-type thermocouple embedded in the brake disc and
calculates the coefficient of friction (COF) throughout the entire testing
procedure [51].

The tribological characterization followed the requirements of the
SAE J2522 (AK Master) standard for brake pads. The brake industry uses
this methodology all around the world since it can assess the perfor-
mance of a brake material in a variety of circumstances. The sections of
the procedure are listed in Table 2 [52]. The AK Master test was carried
out for three samples of each formulation (Al to A6), in a total of
eighteen tests. A comprehensive examination of the wear mechanisms
and surface structures of the friction composites was achieved by
analyzing images of the samples’ worn surfaces. The scanning electron
microscope (SEM, TM3000 Tabletop Microscope-Hitachi) was utilized
to obtain those images.

2.3. CRITIC-MARCOS optimization

2.3.1. CRITIC method

The CRITIC method employs criteria dispersion and conflict intensity
as considerations for weighting. The degree of dispersion quantifies the
extent to which evaluation criteria may vary significantly. The degree of
conflict is indicative of the degree of similarity between the various
criteria. A higher degree of dispersion and disagreement amongst
criteria calls for a greater weight. The steps below are used to carry out
the CRITIC method [49,53].

Step 1 The first step in decision-making is to construct a matrix. A de-
cision matrix is created by defining a collection of p alternatives
and q criteria, which are included in multi-criteria models as

follows.
a G/ G/ C,
A] le ZIZ A Zl/ b Zlq
M2y Zyn o Zy oy
[Zij]pxq “Alzy oz o Zi - Zy @
A |2y Zp o Zy e Z,
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TM3000_4283 16:45 HL D5.8 x100 1mm
Fig. 1. (a) Composite samples (14 mm in diameter), and (b) Microscopic image of the untested composite surface.
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Fig. 2. Laboratory-scale braking tribometer used to carry out the automotive braking tests: (a) schematic representation and (b) image of the contact between the
disc and the sample.

Where Z; signifies the value of i-th alternative for j-th criterion. max (Zif) - Z; o
rj = if € Ny ©)
max (Z,j) — min (Z,~)
Step 2 Decision-matrix is normalization. The structured decision-matrix
is normalized for the beneficial (N;) and non-beneficial (N,;)
criteria:

. Step 3 The standard deviation (S;) of each criterion determined to
Z,-minz) . jaxd deviation (5) of each crllerlon determ:
JEN, (2 measure the dispersion degree using following equation:

= max (Z,J) — min (Z,J)
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Table 2
SAE J2522 test procedure.

Section Description

1. Green characteristic Applications = 30, pressure = 30 bar, Initial brake

temperature (IBT) = 100 °C, speed = 80-30 km/h

Applications = 64, pressure = 15-51 bar, IBT =

100 °C, speed = 80-30 km/h

Applications = 6, pressure = 30 bar, IBT = 100 °C,

speed = 80-30 km/h

4.Speed/pressure sensitivity Applications = 8, pressure = 10-80 bar, IBT =
(SPS) 100 °C, speed = 40-5 km/h

Applications = 8, pressure = 10-80 bar, IBT =

100 °C, speed = 80-40 km/h

Applications = 8, pressure = 10-80 bar, IBT =

100 °C, speed = 120-80 km/h

Applications = 8, pressure = 10-80 bar, IBT =

100 °C, speed = 160-130 km/h

Applications = 8, pressure = 10-80 bar, IBT =

100 °C, speed = 200-170 km/h

Applications = 6, pressure = 30 bar, IBT = 100 °C,

speed = 80-30 km/h

Applications = 1pressure = 30 bar, IBT = 40 °C,

speed = 40-5 km/h

Applications = 18, pressure = 30 bar, IBT = 100 °C,

speed = 80-30 km/h

Applications = 15, deceleration = 0.4 g, IBT =

100-550 °C, speed = 100-5 km/h

Applications = 18, pressure = 30 bar, IBT = 100 °C,

speed = 80-30 km/h

Applications = 8, pressure = 10-80 bar, IBT =

100 °C, speed = 80-30 km/h

Applications = 9, pressure = 30 bar, IBT =

100-500 °C, speed = 80-30 km/h

Applications = 8, pressure = 10-80 bar, IBT =

500 °C, speed = 80-30 km/h

Applications = 18, pressure = 30 bar, IBT = 100 °C,

speed = 80-30 km/h

Applications = 15, deceleration = 0.4 g, IBT =

100-550 °C, speed = 100-5 km/h

Applications = 18, pressure = 30 bar, IBT = 100 °C,

speed = 80-30 km/h

2. Burnish

3. Characteristic value

5. Characteristic value
6. Cold

7. Characteristic value
8. Fade 1

9. Recovery 1

10. Temperature/pressure
sensitivity (TPS)

11. Recovery 2
12. Fade 2

13. Recovery 3

4

Step 4 Calculation of conflict degree between criterion using following

equation.
q
= (1-uy) ®)
i=1
i

Where vy represent the correlation coefficient between i-th and j-th
criteria.

Step 5 Weight calculation

The formula for j-th criterion weight calculation is given as:

N; x S;

N7 o,
RV

(6)

@j

2.3.2. MARCOS method

The MARCOS MCDM tool was presented by Stevic et al. [48] for the
purpose of healthcare supplier prioritization. The MARCOS model is
used to tackle a variety of decision-making challenges because of its easy
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calculation [54-56]. The following are the steps of the MARCOS method
[54-56].

Step 1 Formation decision-making matrix. The initial decision matrix
([Zij]pxq) is extended by adding the ideal value (IV) and anti-ideal
value (AIV) and given as.

o G G/ C,

Aav [Zuvy Zavt + Zarg - Zarvg |
A Zu  Zip v 2y o 2y
Ay | Zoy Zyn o Ly o Dy
[Zij]pxg: A, Zn  Zn o Zy o Zy @
A, Ty Zypy e Zy o Zy
Ay LZvi Ziva - Zyy; Zivy |

The IV and AIV are determined based on the following equations.

1V =max(Z;),/if j € Ny, and IV =min(Z;) /if j € Ny ®

AIV =max(Z;) /if j € Ny, and AIV =min(Z;)./if j € N, 9

Step 2 The updated decision matrix normalized in the range of 0-1
using following equations.

Zi .
z,-,-:Z—f ifjEN, (10)

1V

Z
24 ="Lif j € Nuy an

iy

Step 3 Weighted normalized decision matrix is constructed using
following equation.

Wi = Wj X Zjj 12)

Step 4 Calculation of sum of the weighted matrix values using following
equation.

P

ki= Wi 13)

i=1

Step 5 Calculation of the utility degree of alternatives. In relation to IV
and AIV, the utility degrees are determined using following
equations.

k,‘ k,'

kM=—",and k; =
ok b kaw

14

Step 6 Concerning the IV and AIV the utility functions are calculated
using following equations.
k- k"

f(l) k++k_—/anf(z) k,++k17

i i

(15)

Step 7 The determination of final utility function of alternatives using
following formula.

K+ k7

1=/ (k)

. (16)
)
YT TR

f(ki) =

Step 8 Ranking the alternatives. The alternatives are ranked from best
to worst by descending order of their f(k;) values.
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3. Results and discussion
3.1. Tribological results of the composites

3.1.1. up and wear results

The coefficient of friction (COF) results of the composites by the
application of 274 braking in total for different sections (listed in
Table 2) are shown in Fig. 3. Significant fluctuations in COF are evident
throughout the SPS braking section (braking instance #101 to #140), as
well as from braking instance #173 to the conclusion of the test (braking
instance #274). Braking instance #173 to #274 belongs to sections that
are specifically connected to the high temperature sensitivity section.

Regarding the influence of various testing circumstances on the co-
efficient of friction (COF), numerous performance metrics are consid-
ered, including performance COF (pup), specific wear rate (SWR), average
COF (pavg), friction fluctuations (Ap), %-fade resistance (%-FR) and
%-recovery (%-R). The data was gathered from many test sections, as
shown in Table 1, which were previously used in prior research. The pp
was determined by taking the average of the recorded values for the
braking applications for the characteristic value (section 3, 5 and 7) and
recovery (section 9, 11 and 13) test sections of the SAE J2522 test
protocol. The weight loss of the composite samples was assessed after
the test cycle in order to calculate the SWR. The SWR of the composites
was calculated using following formula [39].

Aw

SWR=————
pXDXxXF

a7

Here, Aw = composite sample weight loss (g), F = friction force (N), D =
sliding distance (m), and p = composite sample density (g/cm>).

The p,, (the higher, the better) and SWR (the lower, the better) results
of the investigated composite alternatives are presented in Fig. 4.
Overall, based on results from Fig. 4, it is seen that either a combination
of Grewia optiva with ceramics (samples Al to A3) or the sample with
only Grewia optiva (A4) are good for the y,. In particular, the combi-
nation of 5 wt% of Grewia optiva fiber with 5 wt% of ceramic fiber
(sample A2) presented the best p, (0.44) among all composite alterna-
tives. On the other hand, sample with rice husk (sample A5) showed the
poorest i, with a value of 0.35. This can partially be attributed to the
fact that rice husk is the sample with the lowest amount of hard abrasive
fibers (only 6 wt% of alumina). The sample with rice husk ash (sample
A6) also exhibited a good i, (0.43), since ash contain substantial amount
of silica which is a hard abrasive along with 6 wt% alumina and 15 wt%
steel fiber. It is worth noting that A5 and A6 have a different basic
composition. In this case, the natural fiber (rice husk — A5; or rice husk
ash — A6) seems to be the main contributor for the poor and good i, (A5
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Fig. 4. j, and SWR results of the evaluated composites.

and A6, respectively), since between those samples (A5 and A6) only the
type of fiber (rice husk and rice husk ash) is changed. In case of the
Grewia optiva fiber contained samples, their formulations have a com-
bination of different types of hard abrasive fibers, i.e. ceramics (0.0-7.5
wt%), alumina (3 wt%) and also rock fibers (lapinus fiber, 10 wt%).
Regarding the SWR presented in Fig. 4, it can be seen that the A1/A2
formulations exhibited higher wear (3.85 + 0.15 x 1077 crn3/Nm),
while the magnitudes of wear remain very close (3.33 & 0.07 x 10~/
crn3/Nm) in formulations A3 to A6. The composite samples A3 (3.26 x
107 ¢cm®/Nm) and A2 (4 x 1077 ¢cm®/Nm) showed the best and the
worst wear performance, respectively. Wear was observed to diminish
continuously as the organic content increased, as evidenced by the
incorporation of Grewia optiva fiber in formulations A3/A4 and rice
husk, rice husk ash, graphite, and phenolic resin in formulations A5/A6.
The shear thinning rheology of an increasing organic content rich fric-
tion film at composite surfaces results in wear mitigation and stability,
as found experimentally. Different studies have shown similar findings
on wear minimization using organic ingredients [37,57]. The result
shows that a right balance between the content of natural fiber (Grewia
optiva) and ceramic is important to reach a good SWR. Another inter-
esting result is the fact that the composite alternatives with rice husk (i.
e. A5) and rice husk ash (i.e. A6) did not differ that much from the
sample with the best SWR (A3). This means that the wear performance
of the samples with rice husk and rice husk ash can also be considered
relatively satisfactory.
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Fig. 3. Mean COF per braking application for the entire test procedure.
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3.1.2. Sensitivity of COF towards speed-pressure

The speed-pressure sensitivity (SPS) of a brake friction material is a
crucial factor in determining its stability when subjected to different
pressure/speed conditions. For optimal braking performance, it is
advised to choose a friction material with a high COF that exhibits
minimal changes in the presence of speed and pressure variations. There
are 40 braking instances for SPS section (#101-#140), eight for each
brake-release speed at 10-80 bar pressure, as described in Table 1. The
Havg was the average of COF collected during SPS test section from the
braking instance #101 to #140. Whereas the Ap is the difference be-
tween the maximum and minimum COF recorded for the for SPS section
(#101-#140). The variations of i,y (the higher, the better) and Ap (the
lower, the better) of the investigated alternatives are depicted in Fig. 5.
From Fig. 5 it is observed that the alternative A2 exhibits highest payg
(0.510) whereas alternative A5 shows the lowest i,y of 0.390.

However, the composites with Grewia optiva content (A1l-A4)
exhibited higher payg (0.496 + 0.014) as compared to the rice husk and
rice husk ash loaded composites (i.e. A5/A6) with a ayg value of 0.419
+ 0.029. This variation in p,yg for Grewia optiva based composite is
mainly ascribed to the presence of ceramic and lapinus fiber, which are
not present in group II (A5/A6). Regarding friction stability, which is
measured in terms of Ap in the SPS cycle, the alternative A3 shows the
lowest Ap (0.197) whereas alternative A5 shows the highest Ap value of
0.337. The composite A3 (2.5/7.5 wt% of ceramic and Grewia optiva,
respectively) exhibited the best result among all samples. This is in good
agreement with [57], where the researchers also tested formulations
with organic and ceramic fibers combined. The authors of the study also
discovered that composites with a high concentration of organic fiber
(>7.5 wt%) and a lower quantity of ceramic fiber exhibited excellent
friction stability, characterized by a low Ap.

3.1.3. Sensitivity of COF towards temperature

The sensitivity of COF to temperature is analyzed in terms of fade-
recovery characteristics, which are one of the most important aspects
for rating the performance of any brake friction material. The purpose of
the fade section is to evaluate the decrease in COF performance under
high temperature conditions, while the recovery section is used to
examine its restoration to normal performance. There are two fade
sections (section 8, and 12) each of 15 brakes and three recovery sec-
tions (section 9, 11 and 13) each of 18 brakes are mentioned in SAE
J2522 test procedure. The recorded COF during these sections was
assessed in terms of %-fade resistance (%-FR) and %-recovery (%-R)
using following equations [39]:

Ky

% — FR=— x 100 (18)
Hp
0.6 S — — : . 0.36
L 0.32
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o L 0.20
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Fig. 5. pavg and Ap results of the evaluated composites.
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% —R="r x 100 (19)

Hp

Here, pp = performance COF, y, = average COF for the respective re-
covery (recovery 1/recovery 2/recovery 3) section, and y; = lowest COF
for the respective fade (fade 1/fade 2) section.

The results of %-FR (the higher, the better) and %-R (the higher, the
better) for the investigated composite alternatives are depicted in Figs. 6
and 7, respectively. As evident from Fig. 6, the lowest %-FR1 was noted
for composite alternative A1 having 2.5 wt% Grewia optiva fiber content
and remained highest in the alternative A6 with 6 wt% of rice husk ash
content. The analyzed composite alternatives exhibited a very narrow
range of fluctuation in their %-FR2, with values ranging from 86.93% +
5.87%. About the fade resistance (Fig. 6), it is clear the superior per-
formance of the sample A6 with rice husk ash content, since it presented
the best %-FR in both fade 1 (%-FR1 = 84.2%) and fade 2 (%-FR2 =
92.8%). Three main reasons may explain this behavior: (1) sample A6
formed large area fraction of contact plateaus in the fades 1 and 2, which
acted to prevent the deterioration of the sample’s ingredients. More
details can be found in Ref. [34]; (2) sample A6 contains 6 wt% of rice
husk ashes, which are basically silica. This compound (silica) presents
good resistance at high temperatures; (3) it is also necessary to consider
that the basic materials of A5 and A6 are slightly different from Al to A4.
This may also influence the fade performance. Another interesting
behavior observed for all samples (A1 to A6, i.e. Grewia optiva, rice husk
and rice husk ash) is a poorer performance in fade 1 compared to fade 2.
This is because the fade 1 is the first time where the friction materials
underwent high temperatures (>350 °C) during the Ak-Master test
procedure. This behavior (the poorer performance in fade 1) is consis-
tent with previous papers [31]. Possible explanations for a lower %-FR1
are the higher degradation in the phenolic resin and natural ingredients
(Grewia optiva and rice husk) of the composites [58] during the first time
the friction material is subjected to elevated temperatures, as well as
some irreversible chemical processes under this condition.

As evident from Fig. 7, the lowest %-R1 (82.86%) and %-R2
(86.34%) were noted for composite alternative Al having 2.5 wt%
Grewia optiva fiber content and both %-R1 (102.80%) and %-R2
(98.30%) remained highest in the alternative A6 with 6 wt% of rice husk
ash content. Also, the composite alternative A3 having 7.5 wt% Grewia
optiva fiber shows the lowest %-R3 (81.20%) and alternative A5 with 6
wt% rice husk shows the highest %-R3 (103.08%). Regarding the re-
covery performance (%-R1, %-R2 and %-R3 - the higher, the better),
considering a simplified analysis (pass or fail) and assuming recovery
performance >90 for a pass criterion, it is seen that all Grewia optiva
samples have failed, since they all presented at least one stage in the
recoveries (%-R1, %-R2 and %-R3) where they showed recovery

Fade resistance [%]

A1 A2 A3 A4 A5 A6 A1
%-FR1

A2 A3 A4 A5 A6
%-FR2

Fig. 6. %-FR1 and %-FR2 results of the evaluated composites.
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Fig. 7. %-R1, %-R2 and %-R3 results of the evaluated composites.

performance <90.

On the other hand, the samples with rice husk and rice husk ash
exhibited good performance throughout the recovery sections. As the
recoveries are placed immediately after high temperature sections (fade
1, TPS and fade 2), a poor performance in those sections is also expected
to be reflected in the recoveries. As Grewia optiva samples exhibited
greater losses in friction compared to husk and rice husk ash during the
high temperature sections, the respective recoveries in friction also last
longer, which makes the %-R1, %-R2 and %-R3 perform poorly. On the

TM3000_4279

Secondary
plateaus

Primary
platcaus

other hand, A5 and A6 passed in the criterion for recovery performance
>90, meaning that those formulations have a good balance between
fibers (rice husk and rice husk ash) and the basic materials.

3.2. SEM images of the material’s surfaces
As discussed previously, the superior fade resistance presented by the

friction material with rice husk ash was linked to the greater content of
contact plateaus formed on the surface of the material, as can be seen on

15:30 HL D4.4 x400

Secondary
plateaus

Grewia
optiva
fiber

500 um

Fig. 8. SEM images of the worn surface of composites (a) A6, (b) A2, and (c) A3.
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Fig. 8a. The rice husk ash particle assists in the formation of contact
plateaus. One of the main wear mechanisms observed in all samples is
abrasion, as exemplified by the grooves seen on the Grewia optiva fiber in
Fig. 8b.

Previous studies [31,34,39] have shown that the presence of porous
fibers promotes the development of secondary plateaus without the
support of primary plateaus. Those contact plateaus are known as type 2
[59], to distinguish them from the contact plateaus formed with the
support of primary plateaus (type 1) [60,61]. The contact plateaus of
type 2 are formed on the top of the porous fibers (Grewia optiva or rice
husk, as in the present study). This is explained by the capacity the
porous fibers have for capturing and storing microscopic particles,
acting as a sort of reservoir for those particles, which are then com-
pressed by pressure and sliding. This effect is evidenced by Fig. 8c;
where part of the surface of a Grewia optiva fiber is covered by secondary
plateaus.

Besides abrasion, another important wear mechanism identified in
all samples was the destruction of secondary plateaus through the for-
mation and propagation of cracks, as exemplified in Fig. 9a and b. As
explained in Ref. [62], there exists a crucial threshold of tensile strength
that causes the secondary contact plateaus to break down. This means
that the high pressure exerted during the braking process surpassed the
maximum tensile strength of the contact plateaus, resulting in the for-
mation of fractures. Following the development of cracks, the secondary
plateaus have a decrease in strength, resulting in the removal of some
sections, as seen in Fig. 9c. Delamination of the secondary plateaus

TM3000_4275

TM3000_4273
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occurs because of the sliding contact on the sample’s surface. This
process (cracks + delamination) was seen for all friction materials
(Grewia optiva, rice husk and rice husk ash) selected in the present study.

Furthermore, Fig. 10 exhibits the ranks of the composite samples
according to their efficacy for each assessed attribute. Fig. 10 unam-
biguously demonstrates that no one composite sample has surpassed the
others in terms of all assessed attributes concurrently. For example,
composite sample A2 performed very well in terms of i, (0.44) and payg
(0.510). Nevertheless, it performed poorly regarding SWR (4.00 x 10~/
cm®/Nm), and %-FR2 (81.06%). Composite A3 has the lowest SWR
(3.26 x 1077 cmS/Nm), and Ap (0.197) but stand poorest from %-R3
with a value of 81.20%. Composite A5 has the highest %-R3 (103.08%),
second-highest %-R2 (96.08%), second-highest %-FR1 (66.23%), and
second-best SWR (3.30 x 107 cm®/Nm) but also exhibits lowest Hp
(0.35), lowest piayg (0.39), and highest Ap (0.337). Composite sample A6
had the best %-FR1 (84.20%), %-FR2 (92.80%), %-R1 (102.8%), and
%-R2 (98.10%), but it ranked second-last in payg (0.448), and Ap
(0.328). Consequently, a comprehensive CRITIC-MARCOS-based MCDM
approach was used to rank these samples and identify the most suitable
option that satisfies all of these conflicting qualities predominantly. The
selection criteria consisted of the examined properties, namely p, (C1),
SWR (C2), pavg (C3), Ap (C4), %-FR1 (C5), %-FR2 (C6), %-FR1 (C7),
%-FR2 (C8) and %-FR3 (C9) were taken as selection criteria. The
properties C1, C3, C5, C6, C7, C8, and C9 were regarded as advanta-
geous characteristics for automotive brake friction composites, meaning
that greater values of these features are preferred (i.e., higher-is-better).

14:53 HL D5.2 x40

200 um

Fig. 9. SEM images of cracked secondary plateaus on surface of composites (a) Al, (b) A3 and (c) delamination of secondary plateaus on the surface of formula-

tion Al.
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Fig. 10. Ranking of composites for individual criteria.

Simultaneously, criterion C2 and C4 were deemed non-beneficial,
meaning that a lower value is preferable (i.e., the lower-is-better).

3.3. Ranking of the composites

3.3.1. Weight calculation

The automotive brake friction composite selection problem consists
of nine criteria and six alternatives, which are arranged in the form of a
decision matrix in Table 3 using Eq. (1). The procedures described in
section 2.3 are followed in order to use the CRITIC technique to calculate
the criteria weights. First, r; values are used to generate the normalized
decision matrix in line with Eq. (2) and Eq. (3). The normalized out-
comes are shown in Table 4. The second-last row of Table 4 refers to the
standard deviation (S;) of each criterion determined using Eq. (4). Last
row of Table 4 shows the values for degree of conflict ()i;) between
criterion determined by using Eq. (5). Afterward, using Eq. (6), the
criterion weights are computed as follows: C1 = 0.1146, C2 = 0.1022,
C3 =0.1485, C4 =0.1504, C5 = 0.0949, C6 = 0.0869, C7 = 0.0870, C8
= 0.0782, and C9 = 0.1373.

3.3.2. Evaluation of alternatives

The decision matrix is formulated following the determination of the
ideal value (IV) and anti-ideal value (AIV) via Eq. (8) and Eq. (9),
respectively. The structured decision matrix utilized in the MARCOS
analysis for the provided alternatives and criteria is displayed in Table 5.
Based on the MARCOS procedure mentioned in Section 2.3, each value is
normalized by Eq. (10) and Eq. (11). The resulting normalized decision
matrix for the MARCOS analysis is demonstrated in Table 6. The weights
shown in Table 4 that were calculated using the CRITIC approach are
then used to create the weighted decision matrix using Eq. (12). The
weighted decision matrix is presented in Table 7. Next, Eq. (13)-(15) of
the procedure of MARCOS method are used to obtain the utility degree
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(k;, ki) and utility functions (f(k;"), f(k; )) of alternatives. After that the
final utility function (f(k;)) of each alternative is determined using Eq.
(16). The results of MARCOS analysis are summarized in Table 8.
Finally, the rank is given to alternatives according to the obtained f(k;)
values. As shown in Table 8, the brake friction composite alternatives
can be arranged in descending order as A6-A3-A5-A4-A1-A2. It is
concluded that the composite A6 which has 6 wt% rice husk ash is
selected as the best choice for automotive braking application under the
given conditions by considering the nine criteria discussed in section
3.1.

3.4. Comparison with alternative decision-making methods

The primary objective of this part is to provide the CRITIC-MARCOS
technique, a contemporary approach in the literature, used for com-
posite ranking. Additionally, it aims to compare this method with eight
other well-established ranking systems, offering a valuable chance for
comparison. In order to do this, comparisons are made using ARAS [42],
MOORA [45], MEW [53], SAW [63], WASPAS [63], COPRAS [64], PSI
[65], and MAUT [66], The chosen methodologies use the same weights
obtained from the CRITIC methodology, as employed in the MARCOS
ranking, to ensure a fair and equitable comparison. The rankings of
alternate composites generated via different procedures are shown in
Fig. 11. Alternative A6 is consistently rated as the top choice, whereas
alternative A3 is consistently ranked as the second choice in all
decision-making procedures used. Fig. 11 revealed that ranking similar
to MARCOS is obtained for PSI, MEW, ARAS, WASPAS, COPRAS and
MOORA. Whereas alternatives A4/A5 and A1/A2 noted to exchanges
the ranking order for MAUT approach. In addition, the statistical test
known as Spearman’s rank correlation test is used to determine the
relationship between the rankings acquired by CRITIC-MARCOS and
other decision-making procedures. The rank correlation (RC) between
two datasets is computed using Eq. (20) [37,42].

P —p)—631.5
Re_ P =P 6N L e

3 (20)
p—=p

Where, p represents alternatives and &; is the difference in the ranks of
two datasets.

A correlation coefficient of 1 was achieved between the rank of the
MARCOS technique and the PSI, MEW, ARAS, WASPAS, COPRAS, and
MOORA methods, whereas it was 0.89 for MAUT. The high correlation
between rankings demonstrates the stability and resilience of the com-
bined CRITIC-MARCOS approach. The suggested approach may be used
for insightful and rational decision-making in the evaluation and se-
lection of automobile brake friction composite material.

4. Conclusions

The selection of automotive brake friction material is a complex topic
that significantly affects the tribological performance. To identify the
best brake friction formulation with optimal tribological properties, an
integrated CRITIC-MARCOS technique was devised. Six compositions,
including rice husk, rice husk ash, and Grewia optiva fiber, were pro-
duced and assessed for their tribological properties using a laboratory-
scale brake tribometer, following the SAE J2522 test procedure. The

Table 3

Decision matrix for CRITIC analysis.
Alternatives C1 Cc2 Cc3 Cc4 Ccs5 Cc6 c7 c8 c9
Al 0.41 3.70 x 1077 0.494 0.243 22.71 89.76 82.86 86.34 91.11
A2 0.44 4.00 x 1077 0.510 0.291 33.55 81.06 88.00 88.44 85.12
A3 0.41 3.26 x 1077 0.482 0.197 33.90 90.11 90.05 92.00 81.20
A4 0.42 3.40 x 1077 0.506 0.324 44.19 90.72 87.88 94.21 81.24
A5 0.35 3.30 x 1077 0.390 0.337 66.23 85.43 96.08 91.50 103.08
A6 0.43 3.40 x 1077 0.448 0.328 84.20 92.80 102.8 98.30 99.33
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Table 4

Decision matrix normalization for CRITIC analysis.
Alternatives C1 Cc2 Cc3 C4 Cc5 Cc6 c7 Cc8 c9
Al 0.6667 0.4054 0.8667 0.6714 0.0000 0.7411 0.0000 0.0000 0.4529
A2 1.0000 0.0000 1.0000 0.3286 0.1763 0.0000 0.2578 0.1756 0.1792
A3 0.6667 1.0000 0.7667 1.0000 0.1820 0.7709 0.3606 0.4732 0.0000
A4 0.7778 0.8108 0.9667 0.0929 0.3493 0.8228 0.2518 0.6580 0.0018
A5 0.0000 0.9459 0.0000 0.0000 0.7078 0.3722 0.6630 0.4314 1.0000
A6 0.8889 0.8108 0.4833 0.0643 1.0000 1.0000 1.0000 1.0000 0.8286
Sj 0.3514 0.3855 0.3816 0.3990 0.3781 0.3657 0.3550 0.3533 0.4274
N 8.276 6.7282 9.8746 9.5619 6.3698 6.0287 6.2149 5.6152 8.1479
;j 0.1146 0.1022 0.1485 0.1504 0.0949 0.0869 0.0870 0.0782 0.1373

Table 5

Extended decision matrix for MARCOS analysis.
Alternatives C1 c2 Cc3 Cc4 C5 Cc6 Cc7 c8 c9
AIV 0.35 4.00 x 1077 0.390 0.337 22.71 81.06 82.86 86.34 81.20
Al 0.41 3.70 x 1077 0.494 0.243 22.71 89.76 82.86 86.34 91.11
A2 0.44 4.00 x 1077 0.510 0.291 33.55 81.06 88.00 88.44 85.12
A3 0.41 3.26 x 1077 0.482 0.197 33.90 90.11 90.05 92.00 81.20
A4 0.42 3.40 x 1077 0.506 0.324 44.19 90.72 87.88 94.21 81.24
A5 0.35 3.30 x 1077 0.390 0.337 66.23 85.43 96.08 91.50 103.08
A6 0.43 3.40 x 1077 0.448 0.328 84.20 92.80 102.8 98.30 99.33
v 0.44 3.26 x 1077 0.510 0.197 84.20 92.80 102.80 98.30 103.08

Table 6

Normalized decision matrix for MARCOS analysis.
Alternatives C1 Cc2 Cc3 C4 c5 Cc6 Cc7 Cc8 c9
AIV 0.7955 0.8150 0.7647 0.5846 0.2697 0.8735 0.8060 0.8783 0.7877
Al 0.9318 0.8811 0.9686 0.8107 0.2697 0.9672 0.8060 0.8783 0.8839
A2 1.0000 0.8150 1.0000 0.6770 0.3985 0.8735 0.8560 0.8997 0.8258
A3 0.9318 1.0000 0.9451 1.0000 0.4026 0.9710 0.8760 0.9359 0.7877
A4 0.9545 0.9588 0.9922 0.6080 0.5248 0.9776 0.8549 0.9584 0.7881
A5 0.7955 0.9879 0.7647 0.5846 0.7866 0.9206 0.9346 0.9308 1.0000
A6 0.9773 0.9588 0.8784 0.6006 1.0000 1.0000 1.0000 1.0000 0.9636
v 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

Table 7

Weighted normalized decision matrix for MARCOS analysis.
Alternatives C1 C2 Cc3 Cc4 C5 Cc6 Cc7 Cc8 c9
AIV 0.0912 0.0833 0.1136 0.0879 0.0256 0.0759 0.0701 0.0687 0.1082
Al 0.1068 0.0900 0.1438 0.1219 0.0256 0.0841 0.0701 0.0687 0.1214
A2 0.1146 0.0833 0.1485 0.1018 0.0378 0.0759 0.0745 0.0704 0.1134
A3 0.1068 0.1022 0.1403 0.1504 0.0382 0.0844 0.0762 0.0732 0.1082
A4 0.1094 0.0980 0.1473 0.0914 0.0498 0.0850 0.0744 0.0749 0.1082
A5 0.0912 0.1010 0.1136 0.0879 0.0746 0.0800 0.0813 0.0728 0.1373
A6 0.1120 0.0980 0.1304 0.0903 0.0949 0.0869 0.0870 0.0782 0.1323
v 0.1146 0.1022 0.1485 0.1504 0.0949 0.0869 0.0870 0.0782 0.1373

Table 8

MARCOS results.
Alternatives ki ki ki f(ki) fkf) f(ki) Rank
AIV 0.7244
Al 0.8324 1.1491 0.8324 0.4201 0.5799 0.6382 5
A2 0.8201 1.1322 0.8201 0.4201 0.5799 0.6288 6
A3 0.8799 1.2146 0.8799 0.4201 0.5799 0.6746 2
A4 0.8385 1.1574 0.8385 0.4201 0.5799 0.6428 4
A5 0.8396 1.1591 0.8396 0.4201 0.5799 0.6437 3
A6 0.9101 1.2563 0.9101 0.4201 0.5799 0.6977 1
v 1.0000
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Fig. 11. Ranking of composites using various decision-making approaches.

tribological findings, which included the coefficient of friction, frictional
fluctuations, specific wear rate, fade, and recovery performances, were
used as evaluation criteria for determining the composite ranking. The
CRITIC method was used to allocate weights to the chosen criteria,
whilst the MARCOS approach was implemented to ascertain the ranking
of the composites. The findings of the CRITIC-MARCOS method indicate
that the formulation containing 6 wt% rice husk ash has the most
favorable tribological properties. In addition, identical rankings were
achieved for the provided criteria and alternatives using SAW, PSI,
MEW, ARAS, WASPAS, COPRAS, and MOORA methodologies. The
Spearman’s rank correlation coefficients between the proposed
approach and various MCDM methods, ranging from 0.89 to 1,
demonstrate the consistency of the rankings across different methodol-
ogies and highlighting the stability of the ranking results. The study
proposed an integrated CRITIC-MARCOS technique to deal with the
issue of material selection when the criterion weights are inherently
contradictory. The approach’s efficacy and straightforwardness make it
suitable for a broader array of materials selection and advance sus-
tainability by using agro-waste and natural fibers to create green
products such as automotive brake friction composite materials.
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