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ABSTRACT: Rubber-grade carbon black filler HAF(N330) was modified with a plant
product (PP; long aliphatic chain substituted phenols), a proprietary item under patent
application, in the presence or absence of hexamine (Hexa) or dicumyl peroxide (DCP)
to put a flexible moiety in between the carbon black and the elastomer chain in order
to improve some of its processing and reinforcement characteristics in natural rubber
(NR). The modification process is simple and involves cheap materials. The modified
carbon black was characterized and evaluated for its processability as well as reinforc-
ing characteristics in NR vulcanizate. It was observed to show better processing behav-
ior, without any processing aid, such as easy incorporation and uniform dispersion in
the rubber phase without abnormal heat generation, and also improved vulcanizate
properties, such as tensile strength, flex cracking resistance, and lower abrasion loss,
without affecting other properties to a significant extent. q 1997 John Wiley & Sons, Inc.
J Appl Polym Sci 66: 683–693, 1997

Key words: carbon black modification; flex cracking; bound rubber; abrasion loss;
heat buildup

INTRODUCTION oligomers and polymers onto the black surface
was initiated by Donnet and co-workers3–10 and

Reinforcement of rubber by carbon black is merely by Ohkita11 and later on by Tsubokawa and asso-
due to the extensive interaction with an elasto- ciates.12–15 No significant improvement in the re-
mer.1 To achieve the higher interaction of carbon inforcing activity of such grafted carbon black was
black with an elastomer and to study the exact observed. A number of promoters or coupling
mechanism of reinforcement, many workers from agents were developed from time to time and used
the past 50 years or so performed carbon black in various elastomers.16 In many cases, it was
surface modifications by various means. found to improve some properties at the cost of

Gerke et al.2 heat-treated carbon black rubber other properties; moreover, their toxic nature
masterbatches followed by vulcanization and kept those agents restricted in use. However, Ya-
showed improved vulcanizate properties, such as maguchi et al.17,18 developed some non-nitroso
lower hysteresis, higher abrasion resistance, and coupling agents and claimed improved dynamic
higher electrical resistivity, which is an indication properties in natural rubber (NR), synthetic poly-
of better carbon black dispersion. Grafting of isoprene, styrene butadiene rubber (SBR), and

polybutadiene rubber (BR). Furukawa et al.19

claimed that modification of carbon black with
Correspondence to: B. Adhikari.

ethylene glycol, ethanolamine, hexamethylene di-
Journal of Applied Polymer Science, Vol. 66, 683–693 (1997)
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/040683-11 amine, 1,2-dimercapto propyl alcohol, or phenyl-

683

8EB1 4505/ 8EB1$$4505 08-20-97 14:18:38 polaa W: Poly Applied



684 GHOSH ET AL.

isocyanate improved SBR vulcanizate properties constant weight. After extraction, it was subjected
to gravimetric analysis to assess the degree ofas a function of the active hydrogen content of

carbon black. modification and characterized for the I2 surface
area and dibutylphthalate adsorption (DBPA) viaBut investigations carried out by Vidal et al.20

revealed that the modification of carbon black by ASTM D 1510 and D 2414, respectively. Also, the
pH of carbon black samples was measured withmethanol and hexadecanol resulted in the reduc-

tion of its surface activity. Even modifications an aqueous slurry of the black.
with silane compounds (Si 69) also decreased the
surface activity and vulcanizate properties in
SBR.21 So, the surface modification of carbon Processing and Vulcanizate Properties
black indicates a general trend of surface deacti-

Compounding was performed in an open two-rollvation and subsequent deterioration of vulcan-
mixing mill ( laboratory size) at a friction ratioizate properties. Apart from these, in almost all
1.2. In the course of mixing, the temperature ofsuch cases, both the materials and the process of
the compound was recorded at a definite time in-modification are too expensive and time-consum-
terval. For determination of the bound rubber con-ing. Moreover, any improvement in the processing
tent, carbon black rubber masterbatches (withoutbehavior of such modified carbon black is not
curatives) were kept at room temperature for 7found in the literature.
days for conditioning. After this period, the com-We reported earlier some improvements in the
pounds were cut into small pieces and about 0.5processing behavior and reinforcing properties of
g of the sample was immersed in 250 mL toluenecarbon black modified with a reactive fatty acid
in a stainless-steel wire cage (320 mesh). The sol-and a plant product separately in SBR.22,23 With
vent was renewed every 24 h, and after 5 days,the objectives of low-cost modifications, pro-
the samples were taken out of the solvent andcessing behaviors, and better properties over the
vacuum-dried to a constant weight. The boundexisting reported ones, the effect of the plant prod-
rubber percentage (BR%) was calculated by theuct (PP)-modified carbon black on processing and
following equation24:reinforcing properties in NR vulcanizate was in-

vestigated in this communication.
BR% Å [ (Wd 0 F ) /R ] 1 100

EXPERIMENTAL
where Wd Å weight of the dried gel, F Å weight

Reactants of the filler in the gel (same as weight of the filler
in the original sample), and R Å weight of theNatural rubber (NR; RMA-I, Rubber Board, In-
polymer in the original sample.dia), carbon black (N330, Philips Carbon Black

For measurement of the mechanical propertiesLtd.) , N-cyclohexylbenzthiazylsulfenamide (CBS;
of filled vulcanizate, the compound was cured inICI, India), dicumylperoxide (DCP; BDH, En-
a hydraulic press (Carver, Model 2518) under agland), zinc oxide (BDH, India), plant product
pressure at 1507C for t Å t90 as determined by a(PP; long aliphatic chain substituted phenols, pro-
Monsanto R-100 rheometer. The tensile proper-prietary item), and other chemicals such as ace-
ties were measured on a tensile testing machinetone AR and toluene AR and commercial grades
(KMI, Model 1.3D) as per ASTM D 412-51T. Theof stearic acid, sulfur, and spindle oil were used
swelling value (Q ) was determined with about 0.5as received.
g of the cured rubber specimen (accuratelyA simple modification process was developed
weighed) using toluene as the solvent. After thein the authors’ laboratory. One hundred grams
equilibrium swelling, the sample was taken outcarbon black was mixed with 10 g of the PP in
and the solvent was blotted from the surface ofacetone in the presence of the requisite amount
the sample and weighed immediately. It was thenof hexamine or DCP in a physical blending pro-
dried under a vacuum at 1007C until constantcess. The mixture was air-dried overnight and
weight. The swelling value (Q ) was estimatedthen heated at a suitable temperature for 1 h.
from the equation25

Characterization of Carbon Black

After treatment, the modified carbon black was Q Å swollen weight 0 dried weight
(original weight 1 100)/formula weightextracted with acetone for 60 h and dried to a
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Table I Formulation of Carbon Black (CB) the carbon black used for modification. CB I was
for Modification used as a control and CB II–CB IV are the modi-

fied blacks. In CB V, the PP was kept as a physical
CB(N330) CB PP Hexa DCP mixture with the black and, therefore, no heat

Designation (g) (g) (g) (g) treatment was applied to this formulation. The
object of this treatment was to attach a flexibleCB Ia 100 — — —
chain onto the carbon black surface by the reac-CB IIb 100 10 — —
tion with the PP. In CB II, carbon black is onlyCB IIIb 100 10 1.64 —
heat-treated with the PP, whereas in the case ofCB IVb 100 10 — 1.00
CB III and CB IV, hexa and DCP were used toCB Va 100 10 — —
facilitate the reaction.

a No heat treatment.
b Heat-treated at a suitable temperature.

Carbon Black Characterization

Table II presents some of the characteristics ofwhere the formula weight is the total weight of
the PP-modified carbon black. In one of our earlierrubber plus compounding ingredients based on
publications,22 the attachment of the phenolic100 parts of rubber.
moiety of the PP onto carbon black was verifiedAbrasion loss was evaluated by a DuPont abra-
by the reaction of 2,2-diphenyl-1-picryl hydrazylsion tester (Prolific Engineer). Flex cracking re-
(DPPH) with the carbon black (modified and con-sistance was assessed with a De Mattia flex tester
trol ) and by X-ray photoelectron spectroscopy(Prolific Engineer) as per ASTM D 813-59. Heat
(XPS) analysis of the modified carbon black alonggeneration was measured by a Goodrich Flexo-
with the control. Here, the carbon black was char-meter with a 143 psi load, 0.175 in. stroke, and
acterized by gravimetric analysis to estimate thecps 30 Hz as per ASTM D 623-78.
amount of the bound PP onto the carbon black,
measurement of the I2 surface area, determina-

Assessment of Dispersion of Carbon black tion of the structure by dibutylphthalate adsorp-
tion (DBPA), and also by measurement of the pHThe dispersion of carbon black was assessed by
of the aqueous slurry of the black sample to assessmeasurement of the volume resistivity of the
the acidic functional group on the surface of thecured sample and by scanning electron micros-
black (Table II) . Gravimetric analysis shows acopy (Model Cam Scan Series II) at a 07 tilt angle
21.32% attachment of the PP to the carbon blackof the tensile fracture surface after coating the
by simple heating (CB II), but the extent of at-surface with sputtered gold. The volume resisti-
tachment was found to increase up to 37.00% (CBvity of the vulcanized sample (thickness 0.2 cm)
III) and 38.5% (CB IV) by using hexa (CB III)was measured using an LCR meter at a frequency
and DCP (CB IV) with the PP during treatment.of 100 kHZ (LCR Bridge Model 921).
As the PP contains a long hydrocarbon chain
attached to the phenol, both hexamine and DCP
are anticipated to react between the PP and theRESULTS AND DISCUSSION
carbon black matrix. Although a detail reaction
mechanism of the PP with carbon black is a mat-Carbon Black Modification

Carbon black contains carbon and other atoms
like hydrogen, oxygen, and sulfur.26 These atoms Table II Characteristics of Modified Carbon
form several organic functional groups on its sur- Black (CB)
face and contribute to the reactivity of carbon
black.27–29 Moreover, a substantial concentration Bound DBPA

CB (N330) PP on I2 Surface Valueof free radicals on the surface of the black was
Designation CB (%) Area (m2/g) (mL/100 g) pHalso estimated.30 This carbon black was treated

with the PP. In actual modification, carbon black
CB I — 80.25 102.1 7.2was mixed with the PP and hexamine (hexa) or
CB II 21.32 77.10 97.1 6.6dicumyl peroxide (DCP) using a small amount of
CB III 37.00 76.00 95.1 6.4acetone followed by heating at a certain tempera-
CB IV 38.50 75.20 94.4 6.4ture for 1 h. Table I presents the composition of
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Table III Mix Formulations of Rubber as detailed in Table I.) As one of the aspects of
Compounds this investigation was to observe the processing

behavior of modified black, no additional pro-
Formulation No. cessing oil was used in formulations 4–6. The sul-

fur-to-accelerator level was kept a little higher to
1 2 3 4 5 6 7 obtain the higher amount of the flexible polysul-Ingredients (phr)

fide linkage.
CB I 41 41 41 — — — —
CB II — — — 45 — — — Processing Behavior of Modified Carbon Black
CB III — — — — 45 — — in NR Vulcanizate
CB IV — — — — — 45 —
CB V — — — — — — 45 During incorporation and dispersion of carbon
PP as black, the energy which produces the shearing ac-

processing aid — — 4 — — — — tion is converted into heat and the temperature
Spindle oil as of the mix is increased. The increment of the tem-

processing aid — 4 — — — — — perature and the extensive milling of the com-
pound may cause reduction of the compound vis-Base formulation (phr): NR(RMA-I) : 100; ZnO: 5; stearic

acid: 2; CBS: 1; sulfur: 1.75. cosity below the optimum level and also produces
an adverse effect in the dispersive mixing.32,33 To
overcome such problems and to achieve a desired
level of dispersion during compounding in the in-ter of future communication, it is believed that

the phenolic ring of the PP becomes linked with ternal mixer, different parameters such as ram
pressure and rotational frequency are adjustedthe phenolic moiety of carbon black by hexamine

at the modification temperature through the for- properly.34 To judge the potentiality of the PP in
overcoming such dispersion problems in the pro-mation of a phenol formaldehyde-type resin. DCP

after decomposition produces cumyloxy radicals cessing of the NR compound (as one of the objec-
tives), we monitored the temperature increase ofwhich may abstract the hydrogen atom from the

carbon black surface and from the hydrocarbon some formulations during milling at a certain
time interval. Figure 1 shows increase of the com-chain of the PP to facilitate the reaction of the

long-chain PP with carbon black by C{C link- pound temperature as a function of milling time.
To observe the extent of chain scission of the poly-age.31 The increment of the bound PP in the case

of CB III and CB IV shows a positive contribution mer during carbon black dispersion, the viscosity-
average molecular weight was determined for theof hexamine and DCP in the modification.

In Table II, it is observed that both the I2 sur- uncured compounds. The variance (s2) among
four to five specimens for the tensile strength andface area and the DBPA values are decreased to

a small extent by modification. This reduction of modulus was also calculated to assess the unifor-
mity of carbon black dispersion throughout thesurface area and the DBPA value is believed to

be due to the presence of the PP as an intimate entire elastomeric matrix. The results are pre-
sented in Table IV. The dispersion was qualita-entity with carbon black. The decrease in pH is

also due to the attachment of the phenolic func- tively judged also by scanning electron microscopy
of the tensile fractured surface and by measuringtion of the PP on carbon black.
the resistivity of the cured samples. The results
are shown in Figure 2 and Table IV, respectively.

Compounding of Modified Carbon Black The results of the temperature increase with
in Natural Rubber the progress of milling (Fig. 1) showed the highest

temperature increase in case of formulation 1To study the effect of modification, the carbon
black was compounded with NR to check its effi- without process oil, lower in formulation 2 con-

taining process oil, and the lowest in formulationsciency in processing as well as in reinforcement
of the vulcanizate. The compounding formulation 4–6 where PP-modified black was incorporated.

Formulations containing the PP-modified carbonis presented in Table III. In all the formulations,
the carbon black loading was kept fixed to 41 phr black (formulations 5 and 6) showed the lowest

chain scission, and formulation 1 (the unmodifiedfor the sake of comparison of the vulcanizate prop-
erties (Formulations 4–7 contain 41 phr carbon control black without oil) , the highest chain scis-

sion, as evident by the viscosity-average molecu-black and 4 phr pp with or without heat treatment
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Figure 1 Plot of temperature vs. time during compounding.

lar weight (Table IV). Formulation 2 with process for the effectiveness of PP-modified carbon black
for better dispersion in rubber is perhaps the lu-oil showed intermediate chain scission. The uni-

formity of the vulcanizate properties, such as bricating action offered by the long alkyl chain of
PP which is attached to carbon black after modi-modulus, tensile strength assessed by estimating

the variance (s2) among four to five specimens fication.
Scanning electron micrographs (SEM; Fig. 2)for 200% and 300% moduli, and tensile strength

is a function of the uniform dispersion of the rein- of the tensile fractured specimens showed that
modified carbon black-filled samples (formula-forcing filler into the rubber matrix. Compara-

tively lower values of variances (s2) of modified tions 4–6) exhibited better carbon black disper-
sion in the elastomer matrix than did the controlblack-filled formulations 4–6 over those of con-

trols (formulations 1 and 2) indicate the effective- (formulations 1 and 2). These results correlate
very well with the variance (s2) in the mechanicalness of modified carbon black in its uniform dis-

persion in the rubber matrix. One of the reasons properties (Table IV). That the modified carbon

Table IV Effect of Mixing on Polymer Molecular Weight and Carbon Black Dispersion

Formulation No.

1 2 3 4 5 6 7

MV V 1 1005 1.17 1.36 — — 1.65 1.62 —

Variance (s2) (MPa)
For 200% modulus 0.125 0.071 0.082 0.061 0.052 0.049 0.106
For 300% modulus 0.141 0.082 0.134 0.072 0.070 0.069 0.160
Tensile strength 0.413 0.322 0.384 0.291 0.210 0.232 0.310

Resistivity (r) 1 1007 V-cm 5.9 15.4 3.4 — 85.7 117.3 —
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Figure 2 SEM photomicrograph of vulcanizate: (a) formulation 1 (CB I without pro-
cess oil) ; (b) formulation 2 (CB I with 4 phr process oil) ; (c) formulation 4 (CB-II,
modified black); (d) formulation 5 (CB-III, modified black); (e) formulation 6 (CB-IV,
modified black).

black improves its dispersion in rubber has also sion in the elastomeric phase vis-à-vis the product
quality and performance.35been observed by us by the increase in electrical

resistivity (formulations 5 and 6). It is known
that the resistivity is a function of the dispersion

Cure Characteristicsof carbon black in rubber vulcanizate.35 Formula-
tions 5 and 6 show higher resistivity than that of The presence of the PP as a processing aid (formu-

lation 3) or as physically mixed with the blackcontrol formulations 1 and 2 (Table IV). These
data also correlate well with the SEM and the (formulation 7) or the PP-modified carbon black

(formulations 4–6) marginally increases thevariances in mechanical properties of cured vul-
canizates. Thus, the modification of carbon black value of the optimum cure time (t90) and scorch

time (ts2) (Table V). This is due to the weak acidicwith the PP results in improvement of its disper-
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Table V Effect of Modified Carbon Black on Curing Behavior
in NR Vulcanizate

Formulation No.
Monsanto Rheometer
R-100 Data at 1507C 1 2 3 4 5 6 7

Optimum cure time (min) 8.5 8.5 10.0 10.0 10.0 10.5 9.5
Scorch time, ts2 (min) 3.0 3.0 3.5 3.5 3.5 3.5 3.5
Extent of cure (dNm) 66.5 56.0 57.0 54.0 55.5 55.5 56.5
Cure rate index (min01) 18.2 18.2 15.4 15.4 15.4 14.3 16.7

nature of the PP which retards the curing reac- both formulations 3 (PP as the processing aid)
and 7 do not show any improvement of the boundtions, but the modification does not affect the ex-

tent of cure in comparison to the standard formu- rubber content.
lation (formulation 2).

Vulcanizate Properties
Bound Rubber

Tensile Properties
Bound rubber is a good measure of the reinforce-
ment of the filler and a function of the filler sur- Tensile properties include 200 and 300% moduli,

tensile strength, and % elongation at break (EB).face area and its activity.36 It appears to be a gen-
eral belief from the investigations that the bound The results of all the formulations containing

modified and unmodified carbon black are pre-rubber formation is attributed to the physical and
chemical interaction of the filler with carbon sented in Table VI and also in Figure 3. It is ob-

served form the results that modification of car-black. Chemical interaction takes place between
the polymer radicals generated in chain scission bon black with PP decreases both 200 and 300%

moduli to a very small extent. The modulus is aby milling and the carbon black active sites37 and
may also be the reaction of the polymer with the measure of the stiffness of the vulcanizate contrib-

uted by carbon black and is a function of the load-active sites of carbon black which are generated
in course of milling.38 Wolff and co-workers39 also ing, surface area, and structure of carbon black.

At higher strain, the value also depends on thereported that physical adsorption of the polymer
on carbon black plays a prominent role in bound filler–polymer interaction.39 In this study with

the same loading level of carbon black in all therubber formation. The effect on the bound rubber
formation of carbon black modified with the PP formulations, the small decrease of the modulus

in the modified black formulations is attributedwas studied and the results are presented in Ta-
ble VI. On a comparative basis, it is observed that to the decrease of rigid filler–polymer interaction.

The highest value of the modulus in formulationthere is around a 4% decrease of bound rubber
in the modified black-filled formulations over one 1 without process oil supports the higher rigid

filler–polymer interaction but the value decreasescontrol formulation (formulation 1). Such a de-
crease in the bound rubber content is attributed when process oil is used in the mix (formulation

2). The lower value of both 200 and 300% modulito the small coverage of the carbon black surface
by the modifying agent. This effect was reflected in formulation 3 (PP as the processing aid) and

formulation 7 (PP as the physical mixture withby the decrease of I2 surface area and the DBPA
structure of the carbon black after modification carbon black) also indicates the decrease of filler–

polymer interaction. These observations are inwith the long-chain PP (Table II) . The slight de-
crease in bound rubber and, hence, the decrease tune with the fact that the low extension modulus

is a function of rubber crosslink density whichin carbon black rubber interaction are required
for the better flexing property of the rubber com- may be correlated here with the filler–polymer

interaction density. Further, those results are cor-posite, particularly in tire application under cyclic
stressing. But the modified black formulations 4– roborated by the observations in the swelling

value (Q ) and bound rubber content (Table VI).6 do not show any significant difference of bound
rubber content with formulation 2. Moreover, It is well known that carbon black has a marginal
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Table VI Effect of Modified Carbon Black on Vulcanizate Properties and Bound Rubber Content

Formulation No.

1 2 3 4 5 6 7

Vulcanizate properties
200% modulus (MPa) 3.9 3.2 2.9 3.0 2.9 2.8 2.7
300% modulus (MPa) 9.4 8.5 8.3 7.9 8.0 8.1 7.8
Tensile strength (MPa) 18.0 18.6 19.8 21.1 23.1 23.0 20.0
Elongation at break (%) 460 502 545 575 590 570 560
Hardness (Shore A) 66 62 62 60 61 62 61
Abrasion loss (%) in 1000 cycles 1.39 1.46 1.62 1.21 1.09 1.04 1.74
Flex cracking resistance in K Cycles

Initiation 30 41 45 61 65 71 42
Growth 50 76 70 110 122 133 72

Heat buildup (7C) 19 17 23 — 19 19 22
Goodrich compression set (%) 11.0 10.5 13.9 — 11.6 11.5 13.2
Swelling value (Q) 3.1 3.5 3.9 4.1 3.7 3.6 3.9
Bound rubber content (%) 28.6 26.4 24.4 24.7 23.9 24.5 23.1

effect on the tensile strength of NR vulcanizate indicating the higher flex fatigue life.40 Formula-
tions 2, 3, and 7 show also the higher % EB andbecause of the latter’s unique strain-induced crys-

tallization. In the present investigation using it is believed to be due to the process oil and PP
present as a physical mixture with carbon black.modified carbon black, it was observed that ten-

sile strength values are increased over the control The observation of tensile strength and elongation
at break is explained by both the decrease of theat the same effective loading of carbon black (Ta-

ble VI). But formulations 3 and 7 do not bring rigid filler–polymer interaction and the strain-
induced crystallization. With increase of the fil-any improvement of this property. So, it is worth

mentioning that the modification of carbon black ler–polymer interaction (modulus), elongation at
break decreases. Since the interaction is reducedis associated with the improvements of the ulti-

mate properties in NR vulcanizate. by modification of carbon black, % EB increased,
inducing more crystallization and, hence, tensileIn the case of modified black formulations, the

percent elongation at break (% EB) is maximum, strength.

Heat Buildup

Goodrich heat buildup gives a measure of the dy-
namic properties of rubber vulcanizates. It is ob-
served from the heat buildup results in Table VI
that the modification of carbon black leads to a
much smaller increase of heat buildup than that
of the control formulations. Fabre and Bertrand41

pointed out a relation of heat buildup with the
bound rubber content. By attaching some chemi-
cal promoters to carbon black, they showed that
as bound rubber increases heat buildup decreases
in the butyl rubber vulcanizate. The results imply
the dependence of the carbon black rubber interfa-
cial interaction density on the heat buildup prop-
erties. These aspects were also supported by the
work of Kurimoto and Yamaguchi.42 Modification
of carbon black by the dinitrodiamine compoundsFigure 3 Effect of modified carbon black on 300%

modulus and tensile strength of NR vulcanizate. resulted in a decrease of the heat buildup property
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in the NR vulcanizate. The present study of car-
bon black modification with the PP results in a
small decrease of bound rubber content (Table
VI), i.e., the decrease of carbon black rubber in-
terfacial interaction density. This leads to the
small increase of the heat buildup property of the
NR vulcanizate in modified black formulations
(formulations 4–6) over the control formulation 2.

There are some earlier reports relating the
state of cure to the heat evolution43,44 during
stretching. It was found that under constant load,
however, heat evolution decreases with increase
in the state of cure (crosslink density). Some re-
cent studies point out the relationship of heat gen-
eration with the crosslinking systems and the
crosslink density.45,46 Higher crosslink density de-
creases the heat generation. Since the swelling
value (Q ) is a measure of crosslink density, com-
paratively higher swelling values in formulations
4–6 indicate the lower crosslink density and

Figure 4 Effect of modified carbon black on flex crack-higher heat buildup (Table VI). Formulation 3
ing resistance (both initiation and growth) of NR vul-(PP as the processing aid) and formulation 7 show
canizate.

the highest value of Q and, consequently, the low-
est crosslink density and therefore the highest
values of Goodrich heat buildup. The values of tion. The flexible bridge operating between carbon

black and rubber may be partially responsible forthe Goodrich flexometer permanent set (Table VI)
also support the findings. Since in this case modi- the relief of the localized stresses at a dynamic

condition.49,50 The unmodified carbon black with-fication of carbon black by the PP decreased the
crosslink density, the small increase in heat out process oil (formulation 1) showed the least

value of both crack growth and initiation resis-buildup is justifiable.
tance. This result is a reflection of the rigid inter-
action of carbon black with rubber, which is insuf-Flex Cracking and Abrasion Resistance
ficient to relieve the stresses during cyclic opera-
tion. The moderately higher value in formulationsResistance to crack initiation and growth on flex-

ing is one of the essential dynamic properties 2, 3, and 7 are merely due to the process oil (for-
mulation 2) and the PP as the processing aid (for-needed by the rubber articles in dynamic applica-

tion. So, this property must be achieved at a de- mulation 3) and the PP physically mixed with the
black (formulation 7).sired level to obtain a longer service life. Both

the crack initiation and the growth during cyclic Abrasion resistance, i.e., the percentage of vol-
ume loss after 1000 cycles of revolution, was re-stresses are functions of the nature of the elasto-

mer, but they also depend on carbon black.47 Both corded in a DuPont abrader and the results are
presented in Table VI and in Figure 5. It is ob-the resistance to crack initiation and growth re-

sults are included in Table VI and in Figure 4. It served that modification of carbon black with the
PP leads to a higher resistance to abrasion (com-is observed that modified carbon black-filled for-

mulations show quite higher resistance to both pare formulations 4–6 with the rest) . Carbon
black has been reported to play an important rolecrack initiation and growth compared to all other

formulations (1–3 and 7). Campbell pointed out in abrasion resistance. In a recent review, Med-
alia51 clearly described the effects of carbon blackthe dependence of the de Mattia fatigue flex life

on the crosslinking system.48 At a certain ratio on the abrasion and the tread wear. In an intense
search, he pointed out that there are differentof sulfur-to-accelerator concentration, the flex life

becomes optimum. The higher fatigue flex life of mechanisms of action of carbon black on road
wear. There was an early report that the treat-the modified black-filled compounds is probably

due to the insertion of a long hydrocarbon chain ment of carbon black played a prominent role to-
ward the abrasion resistance.52 Many researcherswith the carbon black in the course of modifica-
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rubber composite, resulting in improved flex
cracking resistance.
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