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ABSTRACT: Natural rubber (NR) usage is wide-spread from pencil erasers to aero tyres. Carbon black and silica are the most common

reinforcing fillers in the rubber industries. Carbon black enhances the mechanical properties, while silica reduces the rolling resistance

and enhances the wet grip characteristics. However, the dispersion of polar silica fillers in the nonpolar hydrocarbon rubbers like nat-

ural rubber is a serious issue to be resolved. In recent years, cardanol, an agricultural by-product of the cashew industry is already

established as a multifunctional additive in the rubber. The present study focuses on dispersion of silica filler in natural rubber

grafted with cardanol (CGNR) and determination of its technical properties. The optimum cure time reduces and the cure rate

increases for the CGNR vulcanizates as compared to that of the NR vulcanizates at all loadings of silica varying from 30 to 60 phr.

The interaction between the phenolic moiety of cardanol and the siloxane as well as silanol functional groups present on the silica

surface enhances the rubber–filler interaction which leads to better reinforcement. The crosslink density and bound rubber content

are found to be higher for the silica reinforced CGNR vulcanizates. The physico-mechanical properties of the silica reinforced CGNR

vulcanizates are superior to those of the NR vulcanizates. The CGNR vulcanizates show lower compression set and lower abrasion

loss. The dynamic-mechanical properties exhibit less Payne effect for silica reinforced CGNR vulcanizates as compared to the NR vul-

canizates. The transmission electron photomicrographs show uniform dispersion of silica filler in the CGNR matrix. VC 2015 Wiley Peri-

odicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43057.
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INTRODUCTION

Natural rubber (NR) consumption across the world is around

43% of the total rubber consumption1 and in India, it accounts

for around 67% of the total rubber consumed as per the recent

statistical analysis by the International Rubber Study Group. As

per the reports by Indian Rubber Statistics,2 for the year 2012–

2013, the tyre sector consumes around 65% of the total NR

produced while 35% is consumed by the non-tyre sector as

shown in Figure 1.

The successful use of the rubber products made from natural

rubber requires reinforcement by the carbon black and other

non-black fillers. In the rubber industry, silica is the most com-

monly used non-black reinforcing filler because it possesses cer-

tain advantages over that of carbon black such as higher tear

strength, better abrasion resistance and lower rolling resistance.

The silica filler being white is often used in producing white as

well as coloured articles.3 For the same reason, replacement of

carbon black by silica has been growing steadily, especially in

the tire industry, since the introduction of the “Green Tire

Technology” by Michelin in 1992.4

Two main factors that contribute to the use of silica fillers in

rubber for reinforcement are the filler dispersion and the filler

to rubber interaction.5,6 As per the study, the silica surface is

densely populated with siloxane and silanol groups (four to five

SiOH groups per 100 Å2)7 which makes the silica filler polar.

The hydrocarbon rubbers like natural rubber, styrene- butadiene

rubber and butadiene rubber are nonpolar. Thus, the conven-

tional silica is not compatible with these hydrocarbon rubbers

and the problem arises as the filler particles are highly aggre-

gated due to greater filler-to-filler interactions, resulting in a

lower dispersion within the rubber matrix and poor mechanical

properties. Although silane coupling agents can enhance interac-

tion between silica and the rubber, they only serve a minor

effect on improving the dispersion of fillers in rubber.6 More-

over, the highly dispersible silica technology, as it is used now-

a-days, employs mainly solution-polymerized synthetic rubbers

and is still not fully commercially feasible with natural rubber.8

VC 2015 Wiley Periodicals, Inc.
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In the recent years, as silica filler has become an active, high-

performance additive for rubber, dispersion of silica particles is

of utmost importance to improve reinforcement in the rubber

matrices.9 Therefore, improving the dispersion of silica in rub-

ber and enhancing interaction between silica surface and rubber

matrix have thrown open challenges in the arena of rubber

research.

Introducing certain functional groups in to the natural rubber

backbone would enhance its capability of interaction with the

functional groups on the silica surface leading to better rubber-

filler interaction and that would facilitate enhanced dispersion

of the silica filler. In our earlier work, we have successfully

grafted cardanol on to natural rubber in the latex stage at ambi-

ent temperature.10 This has made a great impact in the rubber

industry and many industries have shown interest in using it.

This is an eco-friendly and techno-economically feasible

process.

Cardanol, chemically known as m-pentadecenyl phenol, obtained

by double vacuum distillation of cashew nut shell liquid is an

agricultural renewable resource and a by-product of the cashew

industry. In the last few decades, cardanol has been found to be a

very useful green substitute to many commercial phenolic com-

pounds, because of its bifunctionality, high reactivity, sustainabil-

ity, low cost, abundancy, and biodegradability.11–16

The phenolic moiety of cardanol along with the aliphatic side

chain of 15 carbon atoms in the meta position to the hydroxyl

group, renders it amenable to a variety of chemical reactions.

Moreover, the long aliphatic side chain may be a saturated

hydrocarbon, a monoene, diene or triene (non-conjugated) as

shown in Figure 2. Cardanol and its derivatives have wide range

of applications in the form of brake linings, surface coatings,

paints, and varnishes because of its bifunctional moiety and

high chemical reactivity. Recently it has been used in the poly-

mer and rubber industries as a multifunctional additive.17–24

The focus of this article is to utilize the bifunctionality of carda-

nol to improve the rubber–filler interaction making use of the

phenolic moiety as in situ reinforcement enhancer. The effect of

the grafted cardanol on the physico-mechanical and dynamic

mechanical properties of precipitated silica (VN3 grade) filled

natural rubber is evaluated.

EXPERIMENTAL

Materials

Natural rubber latex (60.02% DRC) was supplied in kind by

Rubber Board, Kottayam, India. Cardanol was procured from

M/S Satya Cashew Chemicals Limited, Chennai, India. Zinc

oxide, stearic acid, N-(1,3-dimethylbutyl)-N’-phenyl-P-phenyl-

enediamine (6-PPD), N-cyclohexyl-benzenesulfonamide (CBS)

and sulfur were of the commercially available rubber grades.

The filler precipitated silica (VN3 grade) was of laboratory

grade. Si69 (Bis[3-(triethoxysilyl) propyl] tetrasulfide, TESPT)

employed as the coupling agent was procured from Degussa,

Germany. Polyethylene glycol (PEG) was procured from E-

Merck, India.

Preparation of the Rubber Vulcanizates

The cardanol-grafted natural rubber (CGNR) was prepared at

ambient temperature as described in the earlier publication. The

percent grafting was 8.25% and the grafting efficiency was

82.5%.10 The formulation used for preparation of the rubber

vulcanizates is given in Table I. The rubber compounding was

carried out on a two-roll mixing mill (Length 3

Diameter 5 330 mm 3 152 mm) as described in ASTM D-

3182-07 at a friction ratio of 1:1.2. The cure characteristics of

the rubber compounds were determined at 1508C by a Rubber

Process Analyzer at a strain of 0.58 arc and 100 cpm frequency

as per ASTM D-5289-07. Then, the rubber compounds were

compression molded into sheets of �2-mm thick at 1508C using

hydraulic hot press (model David Bridge) according to their

respective optimum cure times. In sample designation, X refers

to the amount of filler in phr incorporated in to the rubber.

Figure 1. Consumption of natural rubber in India according to end prod-

ucts estimated for the year 2012–2013. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 2. Structure of cardanol.

Table I. Formulation for Preparation of the Silica-filled Rubber

Vulcanizates

Amount, Phr

Ingredient NR-S-X CGNR-S-X

NR 100 –

CGNR – 100

ZnO 5 5

Stearic acid 2 2

6-PPD 1 1

Precipitated silica (VN3) 0,30,40,50,60 0,30,40,50,60

Si69 0,3,4,5,6 0,3,4,5,6

PEG 0,0.6,0.8,1,1.2 0,0.6,0.8,1,1.2

CBS 0.6 0.6

Sulfur 2.5 2.5
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Characterization Techniques

Physico-Mechanical Properties. Tensile properties are measured

in a Hounsfield tensile testing machine (model H10KS), at a

cross head speed of 500 mm min21 as per ASTM D-412-06

(method A). Tear strength of the specimens are determined as

per ASTM D-624-00 (Type C die was used to prepare the test

specimens). Hardness is measured as per ASTM D-2240-05,

using an indentation hardness tester (Type shore A). Compres-

sion set at constant strain is carried out according to ASTM D-

395-03 (method B). The abrasion resistance is determined by a

DuPont abrader as per ISO 4649:2010 (method A).

Bound Rubber Content. The measurement of bound rubber

content in rubber compounds has been performed extensively

and is considered as a typical feature of surface activity. Bound

rubber (BdR) is defined as the rubber portion in an uncured

compound, which cannot be extracted by a good solvent

because of the adsorption of rubber molecules onto the filler

surface.25 It is determined by extracting the unbound materials

such as the compounding ingredients and free rubber in toluene

for 3 days followed by drying for 2 days at room temperature.

The weight of the samples before and after the solvent extrac-

tion is measured, and the bound rubber content is calculated

using eq. (1).

BdR5
W fg2Wt

mf
mf 1mr

� �

Wt
mf

mf 1mr

� � 3100 (1)

where Wfg is the weight of filler and gel, Wt is the weight of the

sample, mf is the fraction of the filler in the compound and mr

is the fraction of the rubber in the compound.

Swelling Study. Circular test pieces with a radius of 20 mm are

cut from a molded sheet having a thickness of 1.5–2.0 mm. The

accurately weighed samples are immersed in toluene at room

temperature up to equilibrium swelling, and the swollen sam-

ples are weighed accurately. The volume swelling26 is calculated

using eq. (2).

% swelling by volume5 W2
�

W1
21

� �
qr=qs

3100 (2)

Where, W1 and W2 are the weights of the specimens before and

after swelling, respectively and qr and qs are the densities of the

specimen and the test solvent, respectively.

The crosslink density is measured by equilibrium swelling

method using toluene as solvent. Flory–Rehner equation27 is

employed to calculate crosslink density as given in eq. (3).

2lnð12vrÞ2vr2vvr
252vsgðvr

1=322vr=f Þ (3)

where vr is the volume fraction of the rubber in the swollen

sample, vs is the molar volume of solvent (106.2 g mol21 for

toluene), v is the Flory–Huggins polymer–solvent interaction

parameter (value of v is 0.36 at 308C). g is the crosslink density

of rubber (mol cm23) and f is functionality of the crosslinks

(being 4 for sulfur curing system).

The volume fraction of rubber, vr is calculated by the expression

given by Ellis and Welding28:

vr5
ðD2FTÞqr

21

ðD2FTÞqr
211ðA0qs

21Þ (4)

where, T is the weight of the test specimen, F is the weight frac-

tion of the insoluble components in the sample, D is the

deswollen weight of the test specimen, A0 is the weight of

absorbed solvent, qr is the density of the rubber and qs is the

density of solvent (0.87 g cm23 for toluene).

Field Emission Scanning Electron Microscopy. The morphol-

ogy of the tensile and abrasive fracture surface of the NR and

CGNR vulcanizates are studied in a field emission scanning

electron microscope (model Supra40, Carl Zeiss SMT AG, Ober-

kochen, Germany). The samples are mounted on aluminum

(Al) stubs and its surfaces are gold (Au) coated by means of

manually operated sputter coater (model SC7620, Polaron

Brand, Quorum Technologies, East Sussex, UK) machine.

High Resolution Transmission Electron Microscopy. The dis-

persion of the fillers was studied by high resolution transmission

electron microscope (Model-JEM-2100 HRTEM, JEOL Limited,

Tokyo, Japan, Point to point resolution—0.194 nm, Lattice reso-

lution—0.14 nm, Tilt Angle: 248, Acc. Voltage: 200 kV, Filament:

LaB6). The HRTEM images of the samples were captured by

means of charge couple device (CCD) multiscan camera (model

794, Gatan, CA) using the Gatan Digital Micrograph 3.1 software

package. The samples were prepared using an ultramicrotome

(Ultracut R, Leica) equipped with a diamond knife and then sup-

ported on copper grids before observation under the microscope.

Dynamic Mechanical Analysis. Dynamic mechanical properties

of the vulcanizates were determined with the help of a Dynamic

Mechanical Analyzer (Metravib DMA).The measurements were

done under tension mode in the temperature range from

2808C to 11008C at a heating rate of 28C min21 with 0.1%

strain and 1 Hz frequency. The strain sweep measurements were

performed at ambient temperature at a frequency of 10 Hz.

RESULTS AND DISCUSSION

Cure Characteristics

The rheographs of the gum and the silica-filled NR and CGNR com-

pounds with filler loadings varying from 30, 40, 50, to 60 phr are

shown in Figure 3 and the cure chacteristics are presented in Table II.

Figure 3. Rheographs of gum and silica-filled NR and CGNR vulcanizates.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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It is observed that for both NR and CGNR compounds, the

optimum cure time increases with increase in the silica filler

loadings; however, the scorch time decreases. The cure rate

index which is a measure of the cure rate of the rubber is found

to be decreased with increase in the filler loading for both the

rubber compounds i.e., from 12.42 to 5.21 min21 for NR com-

pounds and 19.61–9.02 min21 for the CGNR compounds. The

surface of silica fillers possess siloxane and silanol groups which

make these fillers acidic. They interact with basic accelerators

resulting in detrimental effects on the cure characteristics such

as retarding the cure rate and increasing the optimum cure

time.29 However, it can be seen that, the cure rate is higher for

the CGNR compound in comparison with that of NR com-

pound having similar filler loadings. This may be interpreted as

due to the participation of the unsaturation present in the side

chain of cardanol in the curing reaction.30,31 Moreover, the

optimum cure time and the scorch time for the CGNR com-

pound is lower than that of the NR compound. Delta torque is

defined as the difference between the maximum and minimum

torques. Because the torque in the rheograph starts to increase

with the formation of crosslinks within the rubber compounds,

delta torque is very closely related to the crosslink density; the

larger the delta torque, the higher will be the crosslink den-

sity.32–34 From Table II, it can be seen that the delta torque for

the CGNR compound is higher than that of the NR compound

at the same loadings of silica filler exception to 60 phr. The

higher delta torque infers a higher crosslink density for the

CGNR vulcanizate in comparison with that of the NR

vulcanizate.

Bound Rubber Content and Crosslink Density

Rubber-to-filler interaction plays a major role in enhancing

properties of rubber vulcanizates. The measurement of bound

rubber is a practical means of evaluating the degree of rubber-

filler interaction. Bound rubber may be defined as the rubber

material that cannot be separated from the filler when the

uncured rubber compound is extracted in a solvent in which

the rubber is readily soluble.29 The bound rubber content is a

quantitative measurement of the filler surface activity and the

rubber–filler interactions.

Figure 4(a) shows the variation of the bound rubber content of

the NR and CGNR compounds at silica filler loadings varying

from 30 to 60 phr. It is seen that the bound rubber content

increases with increase in filler loadings for both NR and

CGNR compounds. However, the bound rubber content is

higher for silica-filled CGNR compound as compared to that of

NR compound at similar filler loadings. Wolf et al.25 have

Table II. Cure Characteristics of the Silica-filled NR and CGNR Vulcanizates

Sample code
Minimum
torque (dNm)

Maximum
torque (dNm)

Delta
torque (dNm)

Scorch time,
t2 (min)

Optimum cure
time, t90 (min)

Cure rate
index (min21)

CGNR-S-0 0.11 6.51 6.4 3.00 8.10 19.61

CGNR-S-30 0.18 8.89 8.71 2.95 11.30 11.98

CGNR-S-40 0.37 13.71 13.34 2.75 13.00 9.76

CGNR-S-50 1.28 19.68 18.4 2.25 13.08 9.23

CGNR-S-60 2.62 20.59 17.97 2.12 13.20 9.02

NR-S-0 0.06 6.03 5.97 4.87 12.92 12.42

NR-S-30 0.09 7.02 6.93 7.40 16.58 10.89

NR-S-40 0.23 11.4 11.17 6.95 22.12 6.59

NR-S-50 0.48 15.68 15.2 5.43 22.47 5.87

NR-S-60 1.67 20.34 18.67 4.40 23.60 5.21

Figure 4. Crosslink density (a) and bound rubber content (b) of the

silica-filled NR and CGNR vulcanizates.
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concluded that the filler–polymer interaction leads to the for-

mation of bound rubber that involves physical adsorption,

chemical adsorption, and physical interaction amongst which

chemical adsorption plays a very significant role. It is the reac-

tive sites in both the elastomer and the filler surface which are

primarily responsible for bound rubber formation.35 The higher

bound rubber content in the CGNR compounds may be attrib-

uted to the formation of hydrogen bonds between the func-

tional groups like siloxane and silanol groups present on the

silica surface with the phenolic AOH group present in the car-

danol moiety of the grafted natural rubber which has been sche-

matically presented in Figure 5.

The crosslink density of the gum and silica filled NR as well as

CGNR vulcanizates are shown in Figure 4(b). It is observed

from the Figure 4(b) that the crosslink density increases with

increase in the silica filler loading for both NR and CGNR vul-

canizates. However, the crosslink density for the CGNR vulcani-

zates is higher than that of the NR vulcanizates at each loading

of the silica filler which supports the results obtained from the

cure characteristics. The participation of the unsaturation pres-

ent in the aliphatic side chain of cardanol in the vulcanization

reaction of the rubber is responsible for the higher crosslink

density of the CGNR vulcanizates.30

Rubber–Filler Interaction and Reinforcement Phenomenon

Swelling Study. The swelling behavior of the vulcanizates bears

a close relation with the rubber–filler interactions and crosslink

density of the filled vulcanizates. Figure 6 represents the

dependency of the percent swelling against silica loading for the

NR and CGNR vulcanizates. It can be seen that, the gum vul-

canizates impart higher swelling percentage than the silica filled

vulcanizates irrespective of the rubber matrices. The gum vul-

canizates show a volume swelling of 410% for NR and 364%

for CGNR vulcanizate. However, the percent volume swelling of

the rubber gradually decreases with increase in the filler loading

as expected due to the reinforcing effect of the silica filler in the

rubber matrix. This is also evident from the reduction in the

percentage of swelling of the vulcanizates with increase in the

filler loading. A sharp fall in the volume swelling is observed up

to 40 phr silica filler loading; i.e. the volume swelling reduces to

237% for 40 phr silica filled NR vulcanizates while, it reduces

to 206% for 40 phr silica-filled CGNR vulcanizates. Afterward,

it gradually drops down to 158% for 60 phr silica-filled NR vul-

canizates and 147% for 60 phr silica-filled CGNR vulcanizates.

Moreover, it is observed in general that, the percent swelling is

much lower for the CGNR vulcanizates than that of the NR

vulcanizates at each loading of the silica filler. This may be

attributed to the higher rubber–filler interaction, exhibited by

the CGNR matrix due to the greater interaction between the

phenolic moiety of cardanol and the surface functional groups

present on the silica as shown schematically in Figure 5.

The extent of rubber–filler interaction may be evaluated by

using Cunneen and Russell equation as presented in eq. (5).

Vro

Vrf

5ae2z1b (5)

where Vro and Vrf are the volume fractions of rubber in the

swollen gel for the gum and filled rubber vulcanizates, respec-

tively in presence of the solvent toluene, z is the weight fraction

of the filler in the vulcanizate and, “a” and “b” are constants. A

plot of Vro/Vrf against e2z is linear with the slope “a” and inter-

cept “b.” The higher the value of “a” and the lower value of

“b” indicate higher swelling restriction and better rubber–filler

interaction.36 Figure 7(a) shows the Cunnen–Russel plot for the

silica filled NR and CGNR vulcanizates. It can be seen from Fig-

ure 7(a) that the slope, “a” is higher for CGNR vulcanizates

(a 5 5.65) in comparison with that of NR vulcanizates

(a 5 4.67) and the intercept, “b” is found to be lower for

CGNR vulcanizates (b 5 24.66), while that for NR vulcanizates,

the value is b 5 23.66. This indicates that the rubber–filler

interaction is more in case of silica filled CGNR vulcanizates in

comparison with that of NR vulcanizates.

Another model is also applied for the quantitative measurement

of the rubber–filler interaction and reinforcement of fillers in

the rubbers popularly known as Kraus model.37 This has been

expressed as:

Figure 5. Schematic presentation of interaction of silica surface with car-

danol moiety present in CGNR. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 6. Volume swelling of NR and CGNR vulcanizates in toluene as

solvent.
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Vro

Vrf

512m
/

12/

� �
(6)

where u is the volume fraction of filler in the filled vulcanizates,

and “m” is the slope of linear fit in the Kraus model. A plot of

Vro/Vrf against u/(1–u) is linear and exhibits a negative slope,

indicative of the reinforcement phenomenon. The higher the

negative slope, greater is the reinforcement. The slope “m” gives

the degree of interaction between the rubber and the filler.

The ratio Vro/Vrf, represents the degree of restriction of the

swelling of rubber matrix because of the presence of filler as

compared to that without filler. The Kraus plots for the NR and

CGNR vulcanizates are shown in Figure 7(b). According to

Kraus37 if the filler swells just as much as the rubber matrix, the

vulcanizates will be uniform and the value of Vro/Vrf will be

equal to the gum. However, most fillers are not soluble in the

organic solvents, hence, will not be swollen in the solvent. Thus,

the rubber molecules attached to the filler surface shall restrict

the movements of the matrix, and the solvent will not be able

to penetrate the interstices of the rubber chains. This result in

lower swelling of the matrix compared to the gum vulcanizates,

leading to a decrease in the Vro/Vrf ratio with increase in the fil-

ler loading. On the other hand, if the filler imparts no effect on

the matrix, the ratio shall increase with increasing the amount

of filler.38 Thus, in case of gum vulcanizate, the ratio of Vro/Vrf

shall be unity, which may be referred as the standard swelling

ratio. If Vro/Vrf> 1, the filler and the rubber have no interaction

and show an increase with filler loading. On the other hand, if

the ratio Vro/Vrf< 1, there is interaction between the filler and

the rubber and the ratio shall decrease steadily with increase in

filler loading. It is seen from Figure 7(b) that the ratio Vro/Vrf

decreases with increasing the volume fraction of filler and Vro/

Vrf< 1 for both NR and CGNR vulcanizates. However, this

decrease is more pronounced in case of CGNR-silica filled vul-

canizates. This infers that, the rubber chains are adhered to the

filler surface more strongly in the CGNR matrix than NR

matrix. The extent of filler reinforcement in the rubber matrix

can be calculated from the slope of the linear plot. The greater

the interaction between the rubber matrix and the filler, the

more will be the swelling resistance caused by the filler and the

higher will be the negative value of the slope, “m.” The slope

for CGNR vulcanizates is found to be 21.71 in comparison

with that obtained for NR vulcanizates (m 5 21.24). This is a

clear evidence of greater rubber–filler interaction for the CGNR

vulcanizates filled with precipitated silica as compared to that of

NR vulcanizates filled with the said silica. This has been attrib-

uted to the polar–polar interaction and hydrogen bond forma-

tion between the functional groups like siloxane and silanol

groups present on the silica surface and the phenolic AOH

group present in the cardanol moiety in case of the cardanol

grafted natural rubber as discussed.

Payne Effect. Payne effect is defined as the decrease in storage

modulus with increase in strain amplitude showing a nonlinear

behavior in case of the filled rubbers when there is no or less

interaction between the filler and the rubber and more between

filler and filler. The storage modulus of gum rubbers does not

change significantly with increasing strain amplitude; however it

decreases in case of the filled rubber showing a typical non-

linear relationship.39 Payne effect can be calculated from the dif-

ference of the storage modulus as DG05 G00 2 G01, where G00 is

the storage modulus at low strain amplitude and G01 is the

storage modulus at high strain amplitude.

Payne effect reflects the formation of filler network in the poly-

mer matrix. The rubber trapped or caged in the filler network,

loses its identity as an elastomer and behaves as a filler in terms

of stress–strain properties.5 At lower strain, the filler network

cannot be broken, and thus, at higher filler loadings more filler

networks are formed leading to increase in storage modulus.

Whereas, at higher strain amplitude the filler network breaks

down and the trapped rubber is released, so that the effective

volume fraction of the filler is reduced and hence, decreases the

storage modulus. The decrease in storage modulus with increase

in strain amplitude has been explained as a consequence of the

breakage of physical bonds between the fillers, and more appro-

priately, the breakage of three-dimensional network of the silica

aggregates and agglomerates. When the strain is high enough to

destroy the filler networks, the moduli of compounds decrease

to almost the same level as that contributed by the rubber

matrix.40

For a filled rubber compound, the Payne effect reflects the

strength of the filler network structure. Lower the storage

Figure 7. (a) Cunneen–Russell Plot and (b) Kraus plot for silica-filled NR

and CGNR vulcanizates.
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modulus at small strains, weaker is the filler–filler network

structure. From Figure 8, it is observed that with increase in fil-

ler loading, the low strain modulus increases for both NR and

CGNR vulcanizates which indicates the formation of more fil-

ler–filler networks at higher concentration of silica filler load-

ings. However, the low strain modulus (G00) in case of the silica

filled CGNR vulcanizates is found to be lower than that

observed for the NR vulcanizates at the same loading of the

silica filler. This may be because of the fact that, there are less

filler–filler networks in the CGNR vulcanizates as compared to

that of NR vulcanizates at the same loadings of the filler.

The gum vulcanizate of both the NR and CGNR exhibit no

indication of nonlinearity. However, for the filled vulcanizates,

the low strain modulus (G00) is higher than that of the high

strain modulus (G01), resulting in a non-linear viscoelastic

behavior giving rise to the Payne effect, which is presented in

Table III. From Table III, it is observed that DG0 increases with

increasing silica filler concentration in both the rubber matrices

NR and CGNR; which is an indication of higher Payne effect

with increase in silica filler loading. This increase is caused by

the formation of filler–filler interactions. This has been attrib-

uted to two reasons; (i) increasing silica filler loading results in

a decrease in inter-aggregate distances, thus increasing the prob-

ability of the formation of a filler network structure and (ii)

lack of interaction between the rubber and the filler.41 More-

over, the silica-filled CGNR vulcanizates show less Payne effect

than those of the silica filled NR vulcanizates at the correspond-

ing filler loadings. This may be presumed to be due to higher

polymer–filler interaction of the cardanol grafted natural rubber

discussed above, causing reduction in the filler–filler interaction.

This facilitates better dispersion of the filler in the cardanol

grafted natural rubber in comparison with that of the natural

rubber.

Physico-Mechanical Properties

The physico-mechanical properties of the NR and CGNR vul-

canizates have been investigated by varying silica filler loadings

from 0 to 60 phr and the results are presented in Figure 9.

From Figure 9(a) it is seen that the tensile strength increased

with silica filler loading up to 40 phr, and then it decreased

gradually for both NR and CGNR vulcanizates at higher filler

Figure 8. Storage modulus as a function of strain (%) for the gum and

silica filled NR and CGNR vulcanizates. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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loadings. This may be attributed to the dilution effect of the fil-

ler and agglomeration tendency of the fine nanoparticles

because of higher filler–filler interaction. The tensile strength of

gum NR vulcanizates is determined to be 11.9 MPa and it

increased up to a value of 17.5 MPa at 40 phr loading of silica

filler and then gradually decreased down to 12.1 MPa at 60 phr

filler loading. On the other hand, the tensile strength of gum

CGNR vulcanizates is found to be 13.6 MPa. It increased up to

a value of 19.8 MPa at 40 phr loading of silica filler showing a

13.1% increase over that of NR vulcanizates at equal loading of

silica. On further increase in filler content, the tensile strength

gradually decreased to 14.6 MPa at 60 phr loading of silica. It is

Figure 9. Physico-mechanical properties of silica filled NR and CGNR vulcanizates (a) Tensile strength and Elongation at break (b) Modulus (c) Tear

strength (d) Hardness and (e) Abrasion loss and compression set.
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observed that the tensile strength of CGNR vulcanizates at each

level of filler is higher than that of the NR vulcanizate. This has

been very well reflected in the Payne effect also which is higher

for NR vulcanizates related to that observed for CGNR vulcani-

zates. The higher tensile strength of the silica filled CGNR vul-

canizates may be attributed to the higher crosslink density and

higher bound rubber content. Because, silica is hydrophilic and

natural rubber is hydrophobic in nature, in silica filled natural

rubber compounds, use of a coupling agent establishes very

good rubber–filler interaction, hence provides greater reinforce-

ment to the rubber matrix. In addition, in case of CGNR vul-

canizates, there is one more type of interaction present between

the silica filler and the CGNR matrix, which is the interaction

between phenolic AOH group of cardanol and surface AOH

group of silica as discussed earlier. The mechanism of interac-

tion has been presented schematically in Figure 5 and this pro-

vides greater reinforcement of silica filler in the CGNR matrix.

Figure 9(a) shows the elongation at break of all the vulcanizates

with silica filler loading. Elongation at break is found to

decrease with increase in silica filler loading in both NR and

CGNR vulcanizates. The elongation at break for NR gum vul-

canizates is found to be 1329% which reduced gradually to

325% with increase in filler loading up to 60 phr of silica. On

the other hand, the elongation at break for the CGNR vulcani-

zates is higher at every loading of silica. The elongation at break

for gum CGNR vulcanizates is 1502% and with increase in filler

loading it reduced gradually to 368% with 60 phr loading of

silica. This has been attributed to the plasticization effect of the

CGNR due to the presence of long aliphatic side chains present

in the cardanol, in CGNR vulcanizates.

Modulus is an indication of the relative stiffness of a material.

The tensile moduli (100, 200, and 300%) of NR and CGNR vul-

canizates increase with increase in the silica filler loading as

shown in Figure 9(b). As more and more fillers are incorpo-

rated into the rubber matrix, the elasticity of the rubber chains

are reduced due to reduction in available free space and restric-

tion in the motion of chains due to interaction with the filler

particles resulting in an increase in stiffness. The modulus at

100% elongation is found to be comparable for both the modi-

fied and unmodified NR vulcanizates. However, the moduli at

200 and 300% elongation is comparable up to 30 phr loading

of silica for both the NR and CGNR vulcanizates and beyond

which, the moduli of CGNR vulcanizates are found to be lower

than that of the NR vulcanizates at equal loadings of the silica

filler.

The tear strength of NR and CGNR vulcanizates [Figure 9(c)]

increase with increase in the silica filler loading up to 40 phr

beyond which it reduces for both NR and CGNR vulcanizates.

The tear strength of gum NR vulcanizate is found to be 30.2

N mm21 which increases up to 51.8 N mm21 for 40 phr load-

ing of the filler, beyond which it decreases to 35.0 N mm21 at

60 phr loading of silica filler. Interestingly, the tear strength of

CGNR vulcanizates is found to be invariably higher than that of

the NR vulcanizates at equivalent loadings. The tear strength of

gum CGNR vulcanizate is found to be 34.6 N mm21 which

increases up to 62.7 N mm21 at 40 phr loading of the filler

exhibiting an increase by 21% than that of the NR vulcanizate

and then decreases to 44.8 N mm21 at 60 phr loading. This has

been explained as due to a higher crosslink density and higher

bound rubber content of the CGNR vulcanizates supporting the

hypothesis explained above.

The hardness of the silica filled NR and CGNR vulcanizates

increase with increase in silica loading as shown in Figure 9(d).

Because hardness is dependent upon the modulus, it may be

interpreted that incorporation of reinforcing filler into the rub-

ber matrix increases the modulus so as the hardness, leading to

more rigid rubber composites. The hardness of the gum NR

vulcanizate is 39 shore A and increases gradually up to 75 shore

A with 60 phr silica filler loading as shown in Figure 9(d).

However, the hardness is found to be 34 shore A for the gum

CGNR vulcanizate, which increases steadily up to 74 shore A at

60 phr loading of silica filler. The hardness of both the rubber

matrices (NR and CGNR) is found to be comparable at all

loadings of the silica filler.

One of the major advantages of incorporation of silica filler

into the rubber compound is to reduce the abrasion loss and to

increase the abrasion resistance to a greater extent. Figure 9(e)

shows that, the abrasion resistance increases with an increase in

the silica filler loading for both NR and CGNR vulcanizates.

The abrasion loss for gum NR vulcanizate is found to be

3.72 cm3 h21 which decreases to 1.56 cm3 h21 at 60 phr of

silica loadings. However, the abrasion loss for gum CGNR vul-

canizate which is found to be 3.1 cm3 h21 and it decreases to

1.12 cm3 h21 at 60 phr silica loading. It has been observed

from Figure 9(e) that, the abrasion loss is lower for CGNR vul-

canizates in comparison with that of NR vulcanizates at equiva-

lent loading of silica filler. This significant improvement in

abrasion resistance may be explained as due to higher rubber–

filler interaction, more bound rubber formation and additional

crosslink formation for the cardanol grafted natural rubber.

Compression set under constant strain increases with increase

in the filler loading for both NR and CGNR vulcanizates as

shown in Figure 9(e). This has been explained as due to the

decrease in the mobility of the rubber chains in presence of

silica fillers because of formation of pseudo crosslinks through

fillers resulting in increased stiffness of the vulcanizates. The

rubbers are generally incompressible. When the rubber vulcani-

zate is subjected to compression under high stress or higher

strain, definite deformation occurs. If kept for a definite length

of time at a relatively higher temperature than the ambient, vis-

cous flow occurs and permanent deformation is observed even

after the load is removed. This set is a measure of the stiffness

of the rubber composites.42 Of course, during this process some

crosslinks are broken to relieve the stress. The number of cross-

links responsible for the strain recovery is less than the number

of crosslinks responsible to resist compression i.e., the initial

crosslink density of the rubber. As a result, an increase in silica

filler loading in the vulcanizates results in a stiffer matrix. In

consequence, there is less probability of flow in the matrix

under compressive load. On the other hand, under higher silica

filler content in the rubber, the compression set is higher due to

higher deformation of the chains and breakage of filler–rubber
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network, resulting in less or no recovery. Moreover, the com-

pression set is lower for CGNR vulcanizates in comparison with

that of NR vulcanizates at equivalent loadings of silica filler. It

is observed that the compression set of CGNR vulcanizates at

40 phr loading of silica is found to be 26.7%, while that with

NR vulcanizate is 31.0%. This may be explained on the basis of

greater chain slippage during compressive loading and higher

recovery on removal of stress. This has led to higher elastic

recovery in the CGNR vulcanizates.

Fracture Analysis of the NR Vulcanizates before and after

Grafting with Cardanol by Field Emission Scanning Electron

Microscopy

Tensile Fracture Surface. The surface topology of the NR and

CGNR vulcanizates with and without silica fillers after tensile frac-

ture are shown in Figure 10(a–f), respectively. Figure 10(a,d) rep-

resent the fracture surface of the gum NR and CGNR vulcanizates

respectively after tensile fracture whereas, Figure 10(b,e) represent

the fracture surface of 40 phr silica filled NR and CGNR vulcani-

zates respectively. Figure 10(c,f) represent the fracture surface of

60 phr silica filled NR and CGNR vulcanizates, respectively.

Figure 10(a) shows the tensile fracture surface of the NR gum

vulcanizate depicting a smooth and clear surface with flow lines,

while under higher magnification [Figure 11(a)] crystallite

structures are seen scattered on the surface, with convoluted

flow lines indicating the dissipation of energy along the edges

typical to the ductile type of failure. The tensile fracture surface

of CGNR gum vulcanizate [Figure 10(d)] also exhibits a smooth

and clear surface, but with very distinct and larger flow lines at

458 angle to the plane indicating enhanced ductile fracture. The

fracture path is clearly visible in the magnified image [Figure

11(d)] which is obstructed by the presence of scattered crystal

structures intermittently. The failure is totally ductile in nature.

The tensile fracture surface of 40 phr silica-filled NR vulcanizate

[Figure 10(b)] shows a creepy type of failure surface with not

so distinct flow lines. The presence of occasional vacuoles and

particle clumps resulting from the dewetted silica is clearly visi-

ble which becomes more prominent under higher magnification

[Figure 11(b)]. Figure 10(e) shows the tensile fracture surface of

the 40 phr filled CGNR vulcanizates with no clear cut flow lines

implying no systematic fracture path, but the creepy type of

failure is still maintained as that observed for the NR vulcani-

zates at the same filler loading. The creepy type of fracture sur-

face indicates a better compatibility between the filler and the

rubber, resulting in ductile type of failure.43,44 Moreover, it

shows finer silica dispersion with fewer numbers of undispersed

and dewetted silica on the surface, forming rosette type struc-

tures as observed under higher magnification [Figure 11(e)].

The higher dispersion of silica filler may be due to the addi-

tional interaction occurring between the cardanol phenolic

Figure 10. Tensile fracture surface of (a) NR-S-0 (b) NR-S-40 (c) NR-S-60 (d) CGNR-S-0 and (e) CGNR-S-40 (f) CGNR-S-60 at 31000 magnification.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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AOH groups and the silanol groups on the silica surface form-

ing hydrogen bonds as discussed earlier and this is in conso-

nance with the higher tensile strength observed for the 40 phr

silica-filled CGNR vulcanizates (19.8 MPa) than that of the NR

vulcanizate (17.5 MPa).

At higher filler concentration such as 60 phr silica loading, the

tensile fracture surface of NR vulcanizates [Figure 10(c)] shows

a creepy type of failure with higher numbers of silica agglomer-

ates showing irregular flow lines and disgruntled scaly surface

due to micro tear which can be seen more clearly under higher

magnification [Figure 11(c)]. Figure 10(f) represents the tensile

fracture surface of CGNR vulcanizates with 60 phr silica filler

and it shows a fibrous matrix because of disgruntled flow paths

making a tissue like appearance, with occasional smaller

agglomeration. Under higher magnification [Figure 11(f)] it is

seen to have fewer clumps of silica particles than that of the NR

vulcanizates at equivalent filler loading, but with higher num-

bers of the dewetted silica particles than that of the 40 phr silica

filled CGNR vulcanizates. This may be the reason for lowering

of tensile strength at higher silica loadings in the rubber matrix

because of the dilution effect and it exactly correlates with the

tensile properties as depicted in Figure 9(a).

Abraded Surface. Abrasion of the rubber is a complex phenom-

enon and several researchers earlier have attempted to explain

the mechanism of abrasion of rubber. During abrasion, detach-

ment of small rubber particles of 1–5 mm size takes place, leav-

ing behind pits on the surface. On continuous rubbing against

sharper edges of the road surfaces, larger particles of the rubber,

of the order of 0.1 mm are removed and a major weight loss is

attributed to the loss of these larger particles.45 Fukahori and

Yamazaki46 explained that the formation of the periodic surface

patterns during rubber abrasion is contributed by two types of

periodic motions; (i) initiation of cracks by microvibration with

the natural frequency of the rubber and (ii) propagation of

cracks by the stick-slip oscillation. They have explained that

these two driving forces produce bimodal size distribution of

abraded particles, small particles of the order of ten micro-

metres by microvibrations and large ones of the order of a few

hundred micrometres by the stick-slip phenomenon.

Gent et al.47 reported that abrasion of elastomers occur by two

competitive mechanisms; (i) removal of microscopic particles of

rubber by a fracture process and (ii) chemical deterioration of

rubber at the surface region, initiated by the mechanical stress

and promoted by oxygen in the atmosphere. Bhowmick et al.48

have explained the abrasion phenomena by two mechanisms: (i)

abrasive, which results from micro cutting by solid projections

on the surface of the abrader body and (ii) frictional, which

results from the forces of friction created by projections which

deform the surface layers of the elastic material many times and

Figure 11. Tensile fracture surface of (a) NR-S-0 (b) NR-S-40 (c) NR-S-60 (d) CGNR-S-0 and (e) CGNR-S-40 (f) CGNR-S-60 at 35000 magnification.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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separate them off without tearing. In the first type, longitudinal

furrows are formed on the abraded surface and transverse ridges

are formed in the second. They have established that the abra-

sive mechanism is followed by the gum vulcanizate while, the

filled vulcanizates follow the frictional mechanism.

The FESEM photomicrographs of the abraded surface are pre-

sented in Figure 12(a–c) for NR vulcanizates and in Figure

12(d–f) for CGNR vulcanizates at filler loadings varying from

zero (gum vulcanizate) to 40 and 60 phr, respectively at a mag-

nification of 10003. The abraded surface of the NR gum vul-

canizate [Figure 12(a)] shows no definite patterns with a rough

and disgruntled surface with small particle debris. However, at

higher magnifications shown in Figure 13(a), the debrided sur-

face is clearly visible, but the debris are not fully separated. The

surface topography is closely similar to that of fatigue failure.

This supports the higher abrasion loss as observed in Figure

9(e) corresponding to a value of 3.72 cm3 hr21.

Similarly, abraded surface of CGNR gum vulcanizate [Figure

12(d)] shows no regular patterns, however in the magnified

image [Figure 13(d)], initiation of ridges are clearly visible,

without any visible debris, which accounts for its relatively

lower abrasion loss (3.12 cm3 hr21) as compared to that of

gum NR vulcanizate. The surface topography is similar to

fatigue type of failure. The lowering in abrasion loss may be

explained as due to presence of grafted cardanol in CGNR

which may cause slippage of the rubber and thus, reducing the

frictional force between the abrader and the rubber surface dur-

ing abrasion. Gent et al.47 have reported that the presence of

the oily products increase the resistance to abrasion, even when

the frictional force maintained constant. It is assumed to form a

viscous protective film; thus, alleviating the local concentrations

of tearing force that are presumably responsible for the detach-

ment of wear particles.

Incorporation of silica filler in to the rubber matrix increases

the abrasion resistance tremendously. This may be observed

from the Figure 12(b,c) for NR vulcanizates and Figure 12(e,f)

for CGNR vulcanizates. Figure 12(b) shows the abraded surface

of NR vulcanizate containing 40 phr silica filler and it can be

seen that there are prominent ridges formed with small amount

of dewetted silica containing debris on the surface and at a

higher magnification of 50003 [Figure 13(b)], deep furrows are

observed and the matrix is highly strained. The abraded surface

of NR vulcanizate with 60 phr silica loading [Figure 12(c)] at

magnification of 10003 shows a coarse and rumpled surface,

while under higher magnification [Figure 13(c)] finer ridges

with dimples are observed.

The FESEM photomicrographs of CGNR vulcanizates with 40

phr silica loading [Figure 12(e)] shows a coarse-ribbed structure

Figure 12. Abraded fracture surface at magnification of 31000: (a) NR-S-0 (b) NR-S-40 (c) NR-S-60 (d) CGNR-S-0 and (e) CGNR-S-40 (f) CGNR-S-

60. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4305743057 (12 of 16)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


with narrower spacings in comparison with that of NR vulcani-

zate at equivalent loadings and the magnified image at 50003

[Figure 13(e)] shows rather rough and cellular structure with

finer ridges. Finer ridges with narrower spacings on the abraded

surface indicative of higher abrasion resistance.49 The finer

ridges with narrower spacings as observed in the 40 phr silica

filled CGNR vulcanizates accounts for its lower abrasion loss

(2.10 cm3 hr21) in comparison with its NR counterpart

(2.84 cm3 hr21). The abraded surface of CGNR vulcanizates at

60 phr of silica loading shows a coarse surface as shown in Fig-

ure 12(f). A higher magnification of the abraded surface [Figure

13(f)] shows clearly a fine coral tree or roughly bony structures.

This may account for the lowest abrasion loss (1.12 cm3 hr21)

observed for the CGNR vulcanizates at 60 phr silica loadings. It

is observed that at all loadings of the filler, the CGNR vulcani-

zates show better ridge formation in comparison with that of

the NR vulcanizates at equivalent filler loading. This explains

the reduction in abrasion loss in case of CGNR vulcanizates as

compared to that of the NR vulcanizates as shown in Figure

9(e).

Dispersion Study by High Resolution Transmission Electron

Microscopy (HRTEM)

Figure 14(a–d) shows the HRTEM images of the NR and

CGNR vulcanizates, filled with 40 and 60 phr of precipitated

silica. Figure 14(a) shows the dispersion of silica in NR contain-

ing 40 of the filler. It shows the dispersion of silica is uniform

throughout the rubber matrix with few agglomerated structures

scattered here and there. Figure 14(c) shows the dispersion of

silica in CGNR matrix at 40 phr of the silica filler. Here, the

silica particles are well dispersed in the rubbery matrix and the

dispersion seems to be much uniform and finer. The filler par-

ticles are distributed uniformly with less agglomeration than

that observed for the NR vulcanizates at the same filler loading.

Thus, it may be inferred that cardanol grafted natural rubber

has better dispersion of the silica filler in the matrix as com-

pared to that of the unmodified NR. This may be because of

the additional rubber–filler interaction between the phenolic

moiety of cardanol and surface functional groups on the silica

particles which may take place within the cardanol grafted natu-

ral rubber matrix, thus enhancing the dispersion of the filler

particles in the CGNR matrix. This is considered to be the rea-

son of better reinforcement imparted by the silica filler in

CGNR matrix resulting in superior physico-mechanical proper-

ties in comparison with that of NR vulcanizates owing to the

uniform and homogenous dispersion of the silica particles in

the rubber matrix. Figure 14(b,d), respectively shows the disper-

sion at higher loading of 60 phr of silica filler in the NR and

CGNR vulcanizates. The dispersion of the silica filler in both

the matrices appear to be almost similar except that the number

Figure 13. Abraded fracture surface at magnification of 35000: (a) NR-S-0 (b) NR-S-40 (c) NR-S-60 (d) CGNR-S-0 and (e) CGNR-S-40 (f) CGNR-S-

60. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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of agglomerated silica structures seems to be higher than that

observed for the 40 phr silica filler loaded rubber matrices. This

may be the reason for lower tensile strength of the matrices at

60 phr silica filler loadings than that observed for the 40 phr

silica-filled rubber vulcanizates.

Dynamic Mechanical Analysis of the Silica Filled NR and

CGNR Vulcanizates

The dependency of dynamic storage modulus, E0 and damping

factor, tan d on the temperature are presented in Figure 15(a,b),

respectively in the temperature range varying from 2808C to

11008C for the NR and CGNR vulcanizates filled with silica fil-

ler. From Figure 15(a) it is observed that with an increase in

silica loadings, the dynamic storage modulus (E’) increases in

case of both the NR and CGNR vulcanizates throughout the

temperature range studied, particularly below the glass transi-

tion temperature. This has been attributed to an increase in

stiffening offered by the adsorption of polymer molecular chains

on the filler surface as reported by Wang et al.5 This adsorption

reduces the mobility of the polymer segments and results in a

rubber shell on the filler surface. The reduced mobility and the

formation of the rubber shell increases the polymer viscosity

which ultimately increases the storage modulus.

The storage modulus for the gum CGNR is found to be higher

than that of the gum NR vulcanizate particularly below the glass

transition temperature region. This may be explained on the

basis of higher hydrodynamic volume of the CGNR as a result

of grafting of cardanol on to NR backbone. However, for the

filled vulcanizates, the storage moduli for the filled CGNR vul-

canizates are found to be comparable to that corresponding to

NR vulcanizate at similar loading of silica. The results obtained

from the dynamic mechanical analyses are in good agreement

with the physico-mechanical properties of the silica-filled NR

and CGNR vulcanizates. It can be seen that the tensile moduli

of both the rubber matrices are comparable at each loadings of

the silica filler as shown in Figure 9(b).

The relationship between the loss factor (tan d) and tempera-

ture for the gum as well as silica filled NR and CGNR vulcani-

zates is presented in Figure 15(b). It is observed that the

maximum loss tangent (tan dmax) is marginally shifted toward a

lower temperature for the CGNR vulcanizates at all loadings of

silica in comparison with that of natural rubber confirming the

plasticization effect of cardanol when grafted on to the NR. The

glass transition temperature (Tg) of the gum CGNR vulcanizate

is found to be 251.88C, while that for the gum NR vulcanizate

it is 248.48C which confirms the inherent plasticizing effect of

the grafted cardanol. In general, plasticizers cause lowering of

Tg by configuring between the polymer chains. This alters the

polymer-polymer interactions and enhances chain mobility. The

a- relaxation peak height (tan dmax) is observed to be lowered

with increase in silica content for both the NR and CGNR vul-

canizates. The intensity of the tan d peak at the glass transition

Figure 14. HRTEM photomicrographs of (a) NR-S-40, (b) NR-S-60, (c) CGNR-S-40 and (d) CGNR-S-60.
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temperature reflects the extent of mobility of the macromolecu-

lar chain segments in that region. Any restriction in the main

chain mobility of the polymer is expected to decrease the area

under the loss modulus curve versus temperature and this trend

has been reflected in the intensity of the tan d peak.50 The tan d
peak for the CGNR vulcanizates is found to be lower than that

of the NR vulcanizates.

The loss tangent of NR and CGNR vulcanizates at 08C and

1608C is reported in Table IV. The tan d at 08C reflects the wet

grip property; thus, the higher the value of tan d at 08C leads

to a better wet grip property. However, from Table IV, it can be

seen that the value of tan d at 08C is lower for the CGNR vul-

canizates in comparison to that of NR vulcanizates which

means poorer wet grip characteristics for the CGNR vulcani-

zates. The tan d at around 608C reflects the rolling resistance

property of the tires. The smaller the value of tan d at 608C, the

lower the rolling resistance and better is the fuel economy.51

From Table IV, it can be seen that the value of tan d at 608C is

found to be lower for the cardanol grafted natural rubber in

comparison with that of the natural rubber at all loadings of

silica filler, which imply a better rolling resistance for the

CGNR vulcanizates. This may be explained on the basis of

improved filler dispersion and lower frictional forces acting on

the surface of the cardanol grafted natural rubber.

CONCLUSION

The physico-mechanical properties of the CGNR vulcanizates

are found to be better than that of the natural rubber vulcani-

zates. Moreover, cardanol after grafting acts as a cure-activator

at all loadings of silica varying from 30 to 60 phr, because of

the additional unsaturation present in the aliphatic side chain

of cardanol moiety which takes part in the vulcanization reac-

tion efficiently. The crosslink density and the bound rubber

content are found to be higher for the cardanol grafted natural

rubber as compared to NR as a result of hydrogen bond forma-

tion between the phenolic hydroxyl group of the cardanol pres-

ent in the CGNR matrix and the surface functional groups

present on the silica fillers. This accounts for a better polymer-

filler interaction in case of the CGNR matrix which has been

confirmed by the Cunnen–Russel plot, Kraus plot and also from

the lower Payne effect as observed for the silica filled CGNR

vulcanizates in comparison with that of NR vulcanizates at the

same filler loadings. The tensile strength, tear strength, abrasion

resistance, and compression set are found to be better for the

CGNR vulcanizates. The fracture analysis through FESEM study

supports the findings for the higher tensile properties and lower

abrasion loss of the CGNR vulcanizates in comparison with that

of NR vulcanizates at similar silica loadings. The dispersion

study through HRTEM exhibit better dispersion of silica filler

in CGNR matrix as compared to that observed for NR matrix.

The CGNR vulcanizates show lower rolling resistance in com-

parison with that of NR vulcanizates filled with silica at equiva-

lent loadings. In conclusion, cardanol acts as a dispersion

enhancer in the rubber matrix imparting better rubber–filler

interaction and thus, leading to higher reinforcement. In future,

it may emerge as a new commercial grade of natural rubber,

with technical and economic advantages.
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Figure 15. Effect of (a) dynamic storage modulus (E0) and (b) loss factor

(tan d) as a function of temperature for silica filled NR and CGNR vul-

canizates. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Table IV. Loss Tangent (Tan d) Values for the NR and CGNR

Vulcanizates

CGNR NR

Tan d at C-0 C-40 C-60 C-0 C-40 C-60

08C 0.063 0.093 0.094 0.087 0.126 0.114

608C 0.031 0.108 0.110 0.048 0.121 0.134
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