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ABSTRACT

Phenolic resin-based short fiber reinforced and filled heterogeneous material system as
composite friction materials are the part of the vehicle’s braking system that is responsible for
the overall safety of the passenger. Pertaining to the microplastic and particulate matter
emission due to the presence of synthetic and metallic ingredients in the form of brake wear
debris the recent requirement is to design sustainable bio-resourced, naturally derived
ingredient-based friction composites. Therefore, designing sustainable and commercially
viable friction materials for braking applications without compromising the thermal stability
and frictional-fade resistance remains a challenge especially in formulations with a substantial
amount of thermally degradable components. To address the above issue structurally dissimilar
clay type silicates, halloysite (tubular), montmorillonite (platy), and wollastonite (acicular)-
based compression-molded low metallic hybrid friction composites were fabricated with and
without magnesium oxide (MgO) followed by their structural, mechanical, thermal, thermo-
mechanical, and tribological performance evaluation. Wollastonite type clay-based friction
composite showed maximum CoF (~ 0.48) during the fade-recovery test (as per SAEJ661a
testing protocol), whereas the montmorillonite type clay silicate exhibited maximum wear
resistance (~ 8.3 %) with a greater extent of friction stabilization as supported by Ip/Ig data
from Raman spectra. The combination of halloysite-MgO in the friction composite led to
minimum fade (~2.2%), whereas that of wollastonite-MgO showed a maximum friction
coefficient (~0.47) with enhanced rotor friendliness as indicated from optical surface
profilometry. The friction fade-recovery behaviour was correlated with sliding induced
interfacial contact dynamics showing three distinct phases i.e., uniform tribo-film formation,
brittle tribo-layer, and subsurface exposer-third body abrasion. During velocity dependent
friction response scanning electron microscopy of the contact patches suggested breakage of

contact plateaus in the composites with halloysite, whereas relatively small contact patches
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were developed in montmorillonite-based friction composites. The presence of wollastonite in
the composites leads to the ploughing effect during sliding. The intensity of creep groan
remained controlled by the shear strength of the interfacial junction involving asperity
contact/welding whereas dynamic groan remains predominated by the stiffness of the
composites. The optimal tuning of friction oscillation to reduce braking-induced noise and
vibration propensity has been achieved by montmorillonite clay with platelet-type morphology.
Where the extent of Fe- content in wear debris close to ~80% on the composite surface led to
an optimal level of friction oscillation amplitude (Aamp). The friction response during cyclic
loading showed montmorillonite-based composites characterized by maximum hysteresis loss
due to the difference between p-level during loading and unloading in presence of MgO as an
abrasive. Wollastonite with the relatively minimum area to volume ratio showed inefficient
reinforcement in the tribo-film thus debris formation and subsequent third body abrasion
leading to undulating p-level. Similarly, the composites with circular and transverse cracks
over the surface demonstrated fatigue wear-mechanism. The non-linear regression-based
optimization showed minimum volumetric wear (< 7 %) of the fabricated friction composites.
The tribological performance attributes were governed by the relative abrasiveness of the clay
types and reversible plateau dynamics of the worn surfaces. The gradient descent learning
algorithm based-artificial neural network (GD-ANN) with optimally tuned network
architecture predicted (R ~ 97 %) both the tribological performance attributes (coefficient of
friction and specific wear rate) of the natural silicate-filled friction composites more accurately
as compared to the conventional regression analysis. The performance attributes were governed
by the compressive stiffness of the friction composites, hardness, thermal stability, and
morphological aspects of the clay-type silicates, and their induced contact dynamics as evident
from scanning electron microscopy—energy-dispersive X-ray spectroscopy (SEM-EDX)

studies.



qIR
i3 avfor arwh & U # BAifae Ja-Suia Ui BReR gafid 3R o g3 favd

et Tt aTeH & Sifc T Riven &1 fow § S Al & 90y GRefM & o fSieR g1 9%
R gas & 0 d Ridfew R uifd® sl & JuRUfA & SR AShIWRe s 3R
gigae Hex Io I Taftd, 8Td &I HTIRISHdl [ChiS; ola-TaTed, WHfa® 9 9
e GYCH- YR THUI HUIIC Bl FSSgT B B 5| T, e FRURar SR oot
WIdT TfeRIY & THdT fy fomT i sruail & fau fodrss iR ameaiis w0 9
agRt gy At Y e HxeAr Ak U § yifeht feddaa uewt &t vafa omn &
Y BIHARE H TH A o1 85 & | SR Te, &1 WRa-dd ©0 9 7 g & TaR
& Riftide, FATTEe (CgeeR), Hi<ARaTEe (@, 3R darerTee (Rig@) snemia
Tite-HIes &4 UTg gRfas auur dulfcle &1 HNREW sifaags @Hsiel) & WY 3R

T 16T T Tl |, AFBAEd, yd, YH-AB G R TRENGd RGN i |
Te-RPpadl T (TUUSS 661 T IS0 Wil Id & SI8R) & SR AR HISE UHR B
forE-smema oeor Ty 7 fIHTH WHUE (~ 0.48) fa@m, Safe AFcHIRAMREE UHR
& ol Rifetore 3 oefur fRUSIHR0T &t 31f¥es TaT & 1Y i dH Ug— & UfaRIY (~ 8.3%)
o1 TR | ST 6 T WaeT § smedlengell Sel gRT Jafdd g1 uvur afthy o
SATZE-THSTS & FUISH I YAdH Wi (~2.2%) Bl 7T, Tafdh dIaReFTge-THeisi 3
BT afur U (~0.47) B ST AR B & Ty famar S & oiifdwd Tag
MBS T Tavd fHraar 8 | T80 Bidhl-JAufit TagR &1 ot SaT-3(erT aRoT A Udh
quH erRel-fhed fAmfor, R Teal-aaR 3R IUMdE THUIoR-US dis! gy fdard §U
ST IR SRBRTA Pi<de SR F A1y Yedds har 1 o1l o1 iR fRk
Gy UfifehaT & GRTH WU U & i1 3aiag - HISh RpIUT A gaaIse & a1y Hulfere
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o U USRI & g $1 T T, Safdh 3uadpd 8ic YU Ud AieHRaHTge-SemRd
Tyur Oifere B fasRid farw e 1 Fuifsre & diareFrge ot SufRufa 3 fhaem & R
S[dTS BT THTT TS & | T aTel I8 DT ol ! Sexbiagd Sia-H $1 HaR-1 Afad gRI
ffare fora Sirar & fora TeaRel Tuds / afed =nfira gl § Safas fasiiel srg Hulfore
B! BARAT Y USd Bral 71 AfHT-IRT TR 3R BT UgRi B! HH A & g aor e
BT ZFAH (11 Wede-UHR MHIRSD! & 1Y AcHIRAMTSE o gRT U fobam T g
orgl T3 g WR 80% & HYS Ug-H dTcl HAd H Fe- FHT BT A1H1 g01 GrefT S
(Aamp) 1 TH IPTH TR 8| TP NS & SR g8y yfafear 3 AiemiRerse-snufia
HUIfTe B Hermay e R Joam & faRivar feamrh, i i Trehsh ot Sufufa o
T ATYNG b T T AT 3R 3FAST P GRM p-KR & S 3R b SR 8Ial 8
ATegH SUTd & SHUETHd FAdH &5 & 1Y AR FIRC - real-Tthed H 3efd geaidhrul
3T, 39 UHR Aad BT FHI0T 3R 916 H TR IR & G907 & HRT 1-ER DI HH BT

TeT| 34T aRE, Tde IR JuHR 3R SR TR aTd HUlfole 7 YT Ug--a3 BT UaH
foraT | TR-Xfa ufarmaa- S Srga A e §T a9 HUifore & -gaad afegifed faaR
(<7%) S foaman | anfeard ueef faiwaret ) firgh & ueR & ader gefor 3R UgT gag!
o Ufaad! UeR Bt Tia=iterdT gRT Aafd faar man o1 wiefie Rifeiere I W avur e
& SfTfeaTeit UG faivarstt (@uor 3R fAfRy ug- &1 &R &1 [uich) il &1 Hidwraroft
DI g deam Sffheadr (R2 97%) & 1Y UfSUe f&de afH Taien snumid-oHa
T Aeadh (GD-ANN) 31fere URUReS Ufaa- fazayur & ga-m & 9eie ©u I uezH
fararsti @t Tyur Huifce, HoRal, yHa RGN, iR gl & UeR & sy &
TS Tggasit 3R I U Tudh nfaxfierar o1 Iiifsa woRar gr1 fAafd forar mar
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u- instantaneous: i, 66
p-performance: pp, 92
A
Aluminum: Al, 21
Aluminum oxide: Al>O3, 38
Amplitude of creep groan: Ap, 146

Analytical hierarchy process- technique
for order performance by similarity to
ideal solution: AHP-TOPSIS, 52

Applied load: L, 169
Artificial Neural Network: ANN, 54
Average friction coefficient: pavg, 153
Average surface roughness: Ra, 95
B
Barium: Ba, 21
Barium sulfate: BaSO4, 39
Binder: By, 49
Brake wear debris: BWDs, 19
Brake wear dust: BWD, 4
C
Calcium: Ca, 21
Calcium carbonate: CaCO3, 39
Carbon: C, 165
Cashew shell nut liquid: CSNL, 26
Closeness coefficient: CCi, 174

Coefficient of determination: R%, 199

CoF: u, 71

Complex proportional assessment:
COPRAS, 52

Composite friction materials: CFMs, 59
Copper: Cu, 21

Criteria importance through inter-criteria
correlation: CRITIC, 52

Critical speed: V., 148
D
Damping parameter: Tan o, 126

Derivative thermogravimetric analysis:
DTGA, 105

Design of experiments: DOE, 53
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Disc temperature rise: DTR, 66
Dynamic mechanical analysis: DMA, 72
E
Electric vehicles: EVs, 19

Elimination and Choice Expressing
Reality: ELECTRE, 52

Energy-dispersive X-ray spectroscopy:
EDX, 28

F
Fiber: Fy, 49

Field emission scanning electron
microscopy: FESEM, 73

Filler: Fi, 49
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First recovery run: FRR, 64
Fraction of hard contact phase: An, 148
Friction assessment testing rig: FCTR, 56
Friction fade %: FF %, 197
Friction fluctuation: pmax - Umin, 92
Friction modifier: Fn, 49
friction oscillation amplitude: Aamp, v
Friction recovery %: FR %, 197
Full-width half maxima: FWHM, 95
G
Glass transition temperature: Tg, 83

Gradient descendent with momentum term
and adaptive learning rate: GDX, 74

Gradient descent: GD, 74

Gradient descent algorithm adaptive
learning rate back-propagation: GDA,
74

gradient descent learning algorithm based-
artificial neural network: GD-ANN, vii
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Halloysite: HNT, 62

High-resolution transmission electron
microscopy: HRTEM, 72

I
Intensity of disordered peak: Ip, 95
Intensity of graphitized peak: Ig, 95

International Agency for Research on
Cancer: IARC, 28

Iron: Fe, 21, 165

L
Life cycle assessment: LCA, 45
Load: L, 148
Loss modulus: E”, 72
M
Magnesium: Mg, 21, 121
magnesium oxide: (MgO), iii
Metal disulfides: Dichalcogenides, 37

Micro-orifice uniform deposit impactors:
MOUDI, 18

Montmorillonite: MMT, 62
Movable cellular automata: MCA, 52

Multi-criteria decision making: MCDM,
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Multi-objective optimization based on
ratio analysis: MOORA, 52

Multiple attribute decision making:
MADM, 39

Multiplicative exponent weighting: MEW,
52

Multiwalled carbon nanotube: MWCNT,
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Negative Eucledean distance: Si, 173
New York State: AB 10871, 24
Noise vibration harshness: NVH, 7
Non-asbestos organic: NAO, 6

Non-asbestos organic brake in east central
Europe: NAO-ECE, 19
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One variable at a time: OVAT, 70
Orthogonal array: OA, 68
P
Particulate matter: PM, 2

Percentage friction hysteresis loss: %FHL,
70

Performance index: P;, 173
Phenol-formaldehyde: PF, 31
Positive Euclidean distance: S;i*, 173
Potassium: K, 21

Potassium titanate: K;TicO13, 38; KTiO2,
30

Powell
Beale conjugate gradient algorithm:

CGB, 74
Promaxon-D: CasSisO17 (OH)2, 29

R
Regret index: R;, 174
Reinforcement effectiveness: r, 217
Response surface methodology: RSM, 53
Rhode Island House: HB 7997, 24

Root mean square error: RMSE, 55

Root mean square surface roughness: Rg,
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S
scanning electron microscopy—energy-
dispersive X-ray spectroscopy: SEM—
EDX, iv

Second fade run: SFR, 64

Second recovery run: SRR, 64
Signal to noise ratio: S/N ratio, 68
Silicon carbide: SiC, 38
Silicone: Si, 21
Sliding velocity: V, 169
Stability coefficient: a, 92
Stiffness: k, 147

Strength-weakness-opportunity-threat:
SWOT, 42

Sulphur: S, 21

Suspended airborne particulate matter:
SPM, 3

T
Targeted material design: TMD, 194

technique for an order of preference by
similarity to ideal solution: TOPSIS, v

Temperature: T, 106, 170
thermogravimetric analysis: TGA, 72
Third body abrasion: TBA, 39
Tin: Sn, 21
Tin disulfide: SnS;, 26
Titanium: Ti, 21

Tribological performance attributes: TPAs,
197

Tungsten disulfide: WS», 26
Tyre wear debris: TWD, 19
U

Undesirable: UD, 49
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Variability coefficient: y, 92
W
Wear volume %: WV %, 197
Weightage: Wi, 172
Wollastonite: WST, 62
X

X-ray diffraction: XRD, 72

Z
Zinc: Zn, 21
Zircon: ZrSOg4, 38
Zirconium oxide: ZiOz, 38

M

p-level during stiction: pstiction, 145





