Tailoring of performance characteristics of green tyre tread formulation using thermally exfoliated graphite/ carbon black binary filler system via scalable and competent method 
Supplementary Information
Table S1 shows various formulations adopted in this work to study the effects of various blend formulations of NR/BR, (NR/BR ratio varied from 100/0 to 10/90) to understand the effect of blending NR with hard segmented BR polymer components.
Table S1: Details of the various NR/BR blend formulations prepared 
	Composition
	100
	90
	80
	70
	60
	50
	40
	30
	20
	10

	NR
	100
	90
	80
	70
	60
	50
	40
	30
	20
	10

	BR
	0
	10
	20
	30
	40
	50
	60
	70
	80
	90

	Zinc Oxide
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4

	Stearic Acid
	2
	2
	2
	2
	2
	2
	2
	2
	2
	2

	HAF (N330)
	50
	50
	50
	50
	50
	50
	50
	50
	50
	50

	Aromatic Oil
	8.5
	8.5
	8.5
	8.5
	8.5
	8.5
	8.5
	8.5
	8.5
	8.5

	6PPD
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1

	TQ
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5

	CBS
	0.95
	0.95
	0.95
	0.95
	0.95
	0.95
	0.95
	0.95
	0.95
	0.95

	Sulphur
	2.1
	2.1
	2.1
	2.1
	2.1
	2.1
	2.1
	2.1
	2.1
	2.1


The order of addition of chemicals during the compounding was done as per ASTM D 3182 in a brabender plasticoder and it is depicted in the table S2.

Table S2: Process conditions for the preparation of various green tyre tread formulations
	Time (min)
	Master batch preparation (Brabender plasticoder 50 rpm,70˚C)
	Temperature (˚C)

	0:00
	Addition of NR 
	28

	1:00
	Addition of BR
	30

	2:00
	Addition of master batch of Graphite 
	31

	3:00
	ZnO and Stearic acid added
	33

	3:30
	Anti-degradants are added
	37

	4:30
	Add half HAF and oil
	45

	6:00
	Add remaining black and oil
	65

	8:00
	Dumb
	78

	
	
	

	Time (min)
	Final batch preparation in two roll mill
	

	0:00
	Add master batch compound
	28

	1:00
	Add sulfur and accelerators
	45

	3:00
	dumb
	48




Table S3: Details of the Various tyre tread formulations prepared
	[bookmark: _Hlk94605091]Composition
	Reference with 50 phr HAF and Ar. Oil 8.5
(B)
	Formulation with 32 phr HAF and 3phr Ar. Oil (B1)
	Formulation with 24 HAF, 8 phr Graphite and 3 phr Ar. Oil
(B2)
	Formulation with 22 HAF, 10 phr Graphite and 3 phr Ar. Oil
(B3)
	Formulation with 20 HAF, 12 phr Graphite and 3 phr Ar. Oil
(B4)
	Formulation with 24 HAF, 8 phr exfoliated Graphite@500˚C and 3 phr Ar. Oil
(E1)
	Formulation with 22 HAF, 10 phr exfoliated Graphite@500˚C and 3 phr Ar. Oil
(E2)
	Formulation with 20 HAF, 12 phr exfoliated Graphite@500˚C and 3 phr Ar. Oil
(E3)

	NR
	60
	60
	60
	60
	60
	60
	60
	60

	BR
	40
	40
	40
	40
	40
	40
	40
	40

	Zinc Oxide
	4
	4
	4
	4
	4
	4
	4
	4

	Stearic Acid
	2
	2
	2
	2
	2
	2
	2
	2

	HAF (N330)
	50
	32
	24
	22
	20
	24
	22
	20

	Graphite
	0
	0
	8
	10
	12
	8
	10
	12

	Aromatic Oil
	8.5
	3
	3
	3
	3
	3
	3
	3

	6PPD
	1
	1
	1
	1
	1
	1
	1
	1

	TQ
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5

	CBS
	0.95
	0.95
	0.95
	0.95
	0.95
	0.95
	0.95
	0.95

	Sulphur
	2.1
	2.1
	2.1
	2.1
	2.1
	2.1
	2.1
	2.1














Table S4: Mechanical properties of the various NR/BR blend formulations prepared 
	Formulation
	Tensile strength
(N/mm2)
	Tear strength
(N/mm)
	Elongation at break, Eb (%)
	M100 (MPa)
	M300 (MPa)

	NR 100
	30.63±1.31
	117.75±1.43
	825±29
	2.02±0.04
	7.39±0.11

	NR 90
	28.88±0.97
	106.45±2.08
	762±27
	2.26±0.1
	8.09±0.4

	NR 80
	26.75±0.37
	94.87±4.03
	719±8
	2.39±0.07
	8.47±0.23

	NR 70
	23.61±1.03
	79.88±2.11
	743±31
	1.96±0.07
	6.98±0.17

	NR 60
	24.01±1.15
	83.71±0.86
	756±22
	2.05±0.09
	7.12±0.33

	NR 50
	21.31±1.44
	76.87±1.62
	709±32
	1.88±0.03
	6.59±0.05

	NR 40
	19.11±1.03
	72.16±1.71
	667±30
	2.04±0.05
	6.92±0.06

	NR 30
	17.09±0.07
	73.54±1.55
	639±6
	1.91±0.005
	6.52±0.02

	NR 20
	16.11±0.97
	65.12±2.08
	638±13
	2.2±0.02
	6.98±0.25

	NR 10
	14.88±1.02
	64.28±2.54
	629±18
	2±0.04
	6.48±0.12
























Table S5: Rheological characterization parameters via rubber process analyzer   

	Temperature
	Formulation
	Scorch time
(min.dec)
	Cure time
(min.dec)
	Cure rate index
CRI = 


	350 ˚C
	EG 8
	3.65
	8.90
	19.0476

	
	EG 10
	3.93
	8.47
	22.0264

	
	EG 12
	4.17
	9.05
	20.4918

	400˚C
	EG 8
	2.91
	7.93
	19.9203

	
	EG 10
	3.65
	8.39
	21.0970

	
	EG 12
	3.77
	8.60
	20.7039

	450˚C
	EG 8
	3.43
	8.57
	19.4552

	
	EG 10
	3.48
	8.24
	21.0084

	
	EG 12
	2.96
	8.32
	18.6567

	500˚C
	EG 8
	3.29
	8.80
	18.1488

	
	EG 10
	3.89
	9.31
	18.4501

	
	EG 12
	3.83
	8.22
	22.7790

	550˚C
	EG 8
	3.67
	8.98
	18.8323

	
	EG 10
	3.74
	8.65
	20.3665

	
	EG 12
	3.95
	9.01
	19.7628

	600˚C
	EG 8
	3.35
	8.12
	20.9643

	
	EG 10
	3.45
	8.25
	20.8333

	
	EG 12
	3.86
	9.10
	19.0839
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Table S6: Specific gravity and hardness of various tyre tread formulation
	Temperature
	Formulation
	Specific gravity
	Hardness
(Shore A)

	350 ˚C
	EG 8
	0.94
	60

	
	EG 10
	0.94
	59

	
	EG 12
	0.95
	58

	400˚C
	EG 8
	0.95
	57

	
	EG 10
	0.95
	60

	
	EG 12
	0.94
	59

	450˚C
	EG 8
	0.95
	58

	
	EG 10
	0.96
	57

	
	EG 12
	0.96
	59

	500˚C
	EG 8
	0.96
	58

	
	EG 10
	0.96
	57

	
	EG 12
	0.96
	58

	550˚C
	EG 8
	0.96
	60

	
	EG 10
	0.94
	60

	
	EG 12
	0.94
	59

	600˚C
	EG 8
	0.96
	59

	
	EG 10
	0.95
	58

	
	EG 12
	0.94
	59

















Table S7: Performance evaluation of Tyre tread compound via heat build-up and abrasion testing


	Temperature
	Formulation
	Heat build up(˚C)
	Abrasion loss (cm3)
	Abrasion resistance index(%)
(ARI)

	450
	EG 8
	19
	0.093
	171

	
	 EG 10
	21
	0.109
	145

	
	 EG 12
	23
	0.108
	147

	500
	EG 8
	19
	0.104
	152

	
	 EG 10
	20
	0.103
	154

	
	 EG 12
	18
	0.134
	118

	550
	EG 8
	19
	0.106
	149

	
	  EG 10
	19
	0.108
	147

	
	  EG 12
	20
	0.112
	142


















Table S8: Mechanical properties of thermally exfoliated graphite incorporated rubber composites at different temperatures

	
	Formulation
	Tensile strength
(N/mm2)
	Tear strength
(N/mm)
	Elongation at break, Eb (%)
	M100 (MPa)
	M300 (MPa)

	350 ˚C
	EG 8
	22.71±1.50
	65.86±25
	830±50
	1.90±0.02
	5.04±0.02

	
	EG 10
	21.37±2.12
	65.88±2.14
	880±66
	1.90±0.02
	4.81±0.14

	
	EG 12
	21.38±0.68
	67.95±1.56
	811±20
	2.07±0.03
	5.13±0.14

	400˚C
	EG 8
	21.44±1.75
	67.41±2.13
	779±64
	1.39±0.24
	4.88±0.40

	
	EG 10
	20.01±2.65
	64.23±1.78
	770±43
	2.10±0.02
	5.12±0.08

	
	EG 12
	21.79±1.90
	60.42±2.98
	827±77
	2.12±0.04
	5.17±0.04

	450˚C
	EG 8
	23.84±1.59
	65.11±1.54
	881±39
	1.84±0.01
	4.86±0.05

	
	EG 10
	21.08±1.58
	65.02±1.65
	881±39
	2.07±0.03
	5.13±0.01

	
	EG 12
	22.43±0.18
	66.23±2.22
	861±3
	1.79±0.10
	4.93±0.21

	500˚C
	EG 8
	23.72±1.50
	64.50±1.12
	915±49
	1.88±0.05
	4.84±0.24

	
	EG 10
	24.37±2.12
	70.84±0.76
	880±66
	2.30±0.02
	5.81±0.12

	
	EG 12
	21.38±0.68
	68.59±2.08
	811±20
	2.07±0.03
	5.93±0.01

	550˚C
	EG 8
	23.20±0.14
	57.55±3.43
	921±20
	1.87±0.04
	5.00±0.16

	
	EG 10
	23.77±1.03
	58.28±1.33
	880±38
	1.96±0.01
	5.02±0.10

	
	EG 12
	20.95±1.65
	61.66±1.76
	804±72
	2.10±0.03
	5.29±0.16

	600˚C
	EG 8
	23.52±1.20
	53.96±2.44
	824±42
	1.71±0.03
	5.17±0.14

	
	EG 10
	20.86±2.65
	59.12±1.76
	820±51
	1.57±0.05
	4.83±0.11

	
	EG 12
	23.97±2.98
	61.25±1.09
	841±50
	1.84±0.14
	5.48±0.46











Table S9: TGA of bulk graphite incorporated rubber composites 

	Formulation
	Initial degradation temp.(˚C)Id
	Maximum degradation temp. (˚C)Md1
	Maximum degradation temp. (˚C)Md2
	Final degradation temp. (˚C )Fd
	Residue
     %

	B
	301
	375
	453
	486
	11.13

	B1
	303
	374
	452
	490
	27.53

	B2
	316
	373
	454
	491
	17.29

	B3
	328
	377
	457
	488
	24.89

	B4
	325
	378
	451
	493
	27.53











