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Dyraric crossUnking has been suggested as a method for
improving the properties of thermoplastic elastomers pre-
pared by melt blending (refs. 1-4). The production of ther-
moplastic elastomeric blends from natural rubber (NR) and
polypropylene (PP) has been described by Elliot and Tinker
(lef. 5). The use of phenol-formaldehyde (PF) resin and
Zrc oxide as curatives for hard blends of NR and PP has
ben studied by Maihew and Tinker (ref. 6). This article is
astudy on the use of a phenol-formaldehyde resin/zinc ox-
ice system as a curative for thermoplasdc elastomers pre-
peied from a 60/40 NR/PP blend. The main objectives of
ire present work are:

<To study the effect of different dosages of PF resin/zinc
adck system on the physical properties of NR/PP blends
ad to compare the same with those of the blends cross-
linked using conventional systems such as dicumyl perox-
iceand mixed curatives.

=To study the effect of the different curing systems on
iremelt flow properties of the blends.

Kxjveriracntal

\Unp.rials

Tre NR used was ISNR-5 grade block rubber. The charac-
icrisiics of ihis rubber are given in table 1. The PP used was
iioiactic polypropylene. Tlie properties of the PP are given
inuible 2. PF tesin (SP 1045) and dicumyl peroxide (con-
idning 40% active ingredient) and other compounding in-
gedents were of conunercial grade.s.

Blending
Tre blending and further mixing were carried out in a KO
MK3 Shaw inicrniix. The rotor speed was set at 80 rpm.
llie chamber was preheated to 1208C. The chamber tem-
[=faure was further raised to 150°C by operating the in-
tmux with NR as feed material. Meanwhile, the requi-
m ciuamiiy of PP was prcheiued to 1508C in an air
oen The ram pressure was maintained at 3 bar. The
mxing cycle was:

mOmin. -NR and PP

<3 min. —crosslinking agents

=6 min.-dump
The dunp temperature was 175 + 108C. The blends were
pessed through a laboratory mixing mill at 2 mm nip and
de sheets, after c{K)ling, were granulated. The granules
me used for molding test pieces and for melt flow stud-
ies Test specimens for the various mechanical properties
fterecompression molded at a temperature of 1907°C.

Physical properties
Terdile lest was carried out on a Zwick Universal Testing

Mechine (UTM, Model 1474) using a crosshead speed of
SOmmyminute at 25 +2°C.

The other mechanical properdes such as hardness, ten-
sion set, compression set and ozone resistance were per-
formed in accordance with the corresponding ASTM test
methods. Abrasion loss was tested as per DIN 1319-section
B. Rebound resilience was measured using a Dunlop Trip-
someter as per BS 903, Part A 8. Stress relaxation under ten-
sion mode was tested by stretching the specimen to 100%
elongation at room temperature (25 * 2®C) and at a cross-
head speed of 500 mnVmin.

Melt rheology

The melt How index (MFI) was tested using a Ceast Modu-
lar Flow Index, Model 6542/0CK), according to ASTM-D
1238 Method A. Rheological studies were carried out using
a capillary rheometer 1400-790B attached to a Zwick UTM
Model 1474. The sample for testing was placed inside the
barrel, kept at a temperature of 2008C. The sample was
forced down the capillary using a plunger. The melt height
in the barrel before extrusion was kept constant in all the
cases. The melt was extruded through the capillary at prese-
lected speeds of the crosshead. Forces corresponding to
specific crosshead speeds were recorded. The shear stress
at the wall (tco) and the shear rate at wall (1)) were calcu-
lated based on the following equations.

X0= F
4Ap (Ic/de)
"= 3n'+# 32
4

where F =force applied at a particular shear rate
Ap =cross sectional area of plunger

Ic =length of capillary

dc =diameter of capillary

Table 1 >specification and actual values of ISNR>5

Sample no. Parameters Actual  Limit
value
1 Dirt content (% by mass, max) 0.0095 0.05
2. Volatile matter (% by mass, max) 029 080
3 Ash (% by mass, max) 024 060
4. Nitrogen content (% by mass, max) 045 060
5 Initial plasticity (Po min) 54 30
6. Plasticity retention index (PR!, min) 76 60
Table 2 >properties of Koylene M0O030

Sample no. Property Test method  Value
1 Melt flow index (/10 mts) ASTM D 1238 10
2. Melting point (®C) 165-170
3. Vicat sohening point (€C) ASTM D 1525 152
4. Brittle point (C) ASTM D 746 5
5 Density at 23°C (g/cm) ASTM D 1505 0.905
6. Hardness Rockwell {R. scale) ASTM D 785/B 72



Q =volumetric flow rate
n' = flow behavior index defined as d log
x(o/d log ito.a
a =apparent shear rale at the wall

a' was determined by regression analy-
sis of the value of t(0 and obtained 2.
from the experimental data. The shear vis-
cosity 1 was calculated as:

A =XWNO

The following assumptions were made for the analysis of
liic experimental data from capillary studies.

=the flow is parallel to the axis

=the velocity of any fluid element is a function of radius
only

=the fluid is incompressible

«the fluid velocity is zero at the wall

< ail energy is consumed within the capillary and the
fiow is isothermal

= the end correction factor is negligible as the Vdc ratio
of the capillary is 40.

Sample no.

Results and discussion

The formulations of the blends are given in table 3. A 60:40
ratio of NR:PP was selected based on the reported fact that
they are flexible and elastic enough (tension set less than
*50%) to be considered elastomeric and were reprocessable
as thermoplastic materials (ref. 7). The test results are pre-
sented in tables 4-6.

P"ocessing characteristics

Meltflow index -The melt flow index and the flow behav-
ior index (n") are given in table 4. The results clearly show
that the MFI of the blends is significantly affected by the
additives. The DCP system is found to cause the minimum
effect. The mixed curing system reduces the M FI to a very
low value. The resin curing system prevented melt flow of
tiie blend under the test conditions.

The reduction in MFI is brought about by various fac-
tors. One of these is the crosslinking of the rubber phase.
Another factor is the enhanced interfacial interaction of the
two phases. Both these factors are believed to be operating
in die case of DCP and mixed crosslinking systems. The
DCP in both these systems may cause degradation of PP
arid thus help in increasing the flow rate of the blend. In the
case of PF resin there is a drastic reduction in melt flow.

Table 3 <composition of the blends

Components Composition of the samples
1 2 3 4 5 6 7
NR 60 60 60 60 60 60 60
PP 40 40 40 40 40 40 40
DCP - 3 06 - - -
Zn0O - 30 2 3
St. acid - 12 - -
CBS - 0.6
TMTD - 0.75
Sulfur - 0.09 - .
SP 1045 - 4 6 2 4

Sn C12 - . - . 1

Table 4 =processing characteftetics \

Propertias 1 2 3 4 5 6
1  MFlg/10mts

(@0C’C and 2.16 kg load)
Flow behavior index n’

37 125 0.055 No material flow
034 034 023 025 021 018 0D

Though crosslinking of the rubber phase and increased in
terf~ial bonding could be influencing melt flow index,
these alone cannot explain such a drastic reducdon in MH
It is possible that the PF resin may get crosslinked atihelf
time of melt blending. Since PF resin is thermosetting, itie
mains as flne dispersions in the molten polymer matrix,
stricting its flow through the capillary. The presence of zrc
oxide in these samples also may be contributing to there
stricted flow.

It may be noted Uiat both shear rate and shear stress ex
perienced during the MFI test are much lower than twe
usually encountered in processes such as injection nddrg
and extrusion. Also, the low 17D ratio of the die makes it
data subject to an unassessed end correction. Ttie differenc-
es in the M FI may not be reflected in the injection nddrg

i-io™iot of viscd Sityy
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1@ 103 o
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tNgure 2 -log-lbg plot of viscosity v/. Shear rde
for samples 4,5,6 and 7



buHanr of these blends. Actually, it was found that even
udl compression molding condilions, the flow of all the
Hexs was quite satisfactory and defect free moldings
coudbe produced in all cases.

Rkeological properties - The flow behavior index, n‘, given
intable 4, shows that all the blends are pseudoplastic. The
pseudoplasticity is observed to be more or less similar for
treblends 3 to 7, which contain mixed and resin curing sys-
ters The pseudopl/sticity is comparatively less for the
Hends 1and 2. All the blends are found to exhibit Power
lavbehaviaM, though the value of n' changes from 0.18 to
oA

Theeffect of both shear rate and shear stress on viscosity
of tre blends is shown in figures 1-S. It may be observed
tet the viscosity decreases rapidly with the increase in
demr stress. Log-log plots of viscosity against shear rate
(figures 1and 2) show that an increase in shear rate also de-
aessss the viscosity of the polymer melt. At higher shear
rdestl« effects are mote or less similar for all the samples.
llius it can be observed that the flow properties of the resin
aredblends are quite comparable with those cured with ei-

Figur™ 3 r 19S]-|og plot of viscosity vs. shear
for samples 1 and 2

Figure 4 -}00-|og plo{ of viscosity vs. shear
stress for safTiples 3 and 4

106
Log shear stress x N2

ther peroxide or mixed curing systems, llie flow properties,
as evidenced by the rheological behavior of the blends, are
similar in nature at the processing conditions. The processa-
bility of a rubber-plastic blend into a finished product is a
function of its melt rheology. The results indica” that shear
rate should be kept high to ensure adequate flow of the
melt. The high melt viscosity at low shear rate is expected
to provide high melt integrity and permit the retention of
shapes of extrudates or blow moldings. The low viscosity
ofthe melt at high shear stress and shear rate facilitates rap-
id and complete mold filling during injection molding.
When the mold is filled the shear rate decreases rapidly
causing a rapid increase in viscosity, and it enables rapid
ejection of the molded part and reduces the molding cycle
time.

Physical properties

The results of physical testing are given in table 5. Modulus
at 100% elongation is maximum for the resin cured blends.
U is also found to increase with the dosage of the curative.
Both modulus and tensile strength are improved by cross-
linking, except in the case of the DCP cured blends. The re-
duction in modulus and tensile strength, in the case of DCP
cured blends, is probably due to the molecular degradation
of PP at the processing temperature in the presence of the
peroxide. The mixed cure system is found to give the high-
est tensile strength, whereas the blend containing four parts
per hundred polymer (pphp) of the resin and two pphp of
zinc oxide gives the maximum tensile strength among the
resin-cured blends. Higher and lower dosages of resin/ZznO
are observed to give lower tensile strength.

The improvement in modulus and tensile properties as a
result of the additives is primarily due to dynamic vulcani-
zation.

Coran (ref. 7) has defined dynamic vulcanization as the
process of vulcanizing rubber during its intimate melt mix-
ing with a nonvulcanizing thermoplastic polymer. This pro-
cess results in the formation of a particulate vulcanized rub-
ber phase of stable domain morphology during further melt
processing. In the case of phenolic resin, it is further possi-
ble that the resin can technologically compatibilize the

pigure 5 «|og>|og plot of viscosity vs. shear
stress for samples 5, §and 7
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blend of PP and NR. This could be the result of the forma-
tion of a block copolymer, formed by a reaction which re-
quires the presence of chain end unsaturation in the PP
molecules. Thus the improved compatibility between NR
;md PP through block copolymer formation is believed to
be another reason for the improvement in tensile properties,
brought about by the resiiVvZnO syslem.

Elongation at break (EB) is an index of the rubberiness
of the blends. The additives improve EB, the maximum im-
provement being observed for blend 3, which employed the
mixed cure system. The resin cure system is better than
DCP and among tlie resin/ZnO system the highest EB was
exhibited by blend 4, indicating that four pphp of resin and

pphp of zinc oxide would, be the optimum dosage.

The elastic character of polymeric materials is indicated
best by tension set. The results show the superiority of the
mixed and resin/ZnO cure systems in imparting higher elas-
ticity to the blends.

In the case of the resin/ZnO system, the minimum set
value was obtained when the dosage was maximum. The
dosage which was found optimum with respect to tensile
and other properties was having a set value comparable to
that exhibited by the mixed curing system. The set for the
DCP-cured blend was found to be the same as that of the
ancured blend. This may be due to the strain induced mo-
lecular rearrangement of the blend. The data on stress relax-
ation also confirm the above observation. The compression
s™ values at constant stress, determined at room tempera-
ture, are also generally in agreement with the tension set re-
sults, except in the case of the DCP-cured blend, which
shows the least compression set. This may be due to the
fact that the applied stress is insufficient to cause breakage
of carbon-carbon bonds, formed during the crosslinking re-
action and to cause reformation as in the case of the tension
set experiment.

The additives in general are found to improve tear resis-
tance of the blends. In this case, the resin system is found to
be comparable with the other systems studied, although a
higher dosage was observed to improve tear resistance.
Tear resistance of blend 5 is higher than that of blend 4,

Table 5 -physical properties

Sample no. Properties 1 2 3
1. Modulus at 100% elongation 6.00 445 8&0
2. Tensile strength (NV/mnmY) 6.23 492 1830
3 Elongation at break (%) 130 152 378
4.  Tear resistance (N/mm) 546 854 846
5. Hardness (Shore A) 835 86.0 850
6.  Abrasion loss (mntY 146 686 784
DIN-load 5N

7. Speci™Me gravity 092 092 094

8. Tension set (%) at 36 36 12
25+2=C

9. Compression set (%) 20 3.6 6.8
at25+2°C

10. Stress relaxation at 100% 79.78 8021 62.6
elongation after ID* secs

11. Rebound resilience % 32.63 36.81 4007

(Dunlop tipsometer)

though its tensile strength is lower. ‘. R

Hardness values of the blends depend puind:
blend ratio of NR and PP, and the additives do not have ay
significant effect. Hardness also is observed to inoesse .jf
with the dosage of the .idditives, though only m.iiginally.

Abrasion resistance of the blend is improved signiftcati'- S'
ly by curing. The DCP and mixed curing systcnis show k&
ter resistance when compared wilii the resiiVvZnO sygem”
The abrasion resistance value depends also on the dee :
of the curing agent. The specific gravity of tlie blends a? |
affccted only marginaily by the curing system. T
Aging and ozone resistance :#
Results of the aging and o/.one resistance test are taouated j;
in table 6. The retention of modulus and tensile strength d>"
served in the case of ihe resin/ZnO system is comparable lo
that of the mixed curing system. Retention of taske
strength in the case of the resin system is better than thetia
the case of DCP. In mix 5, which contains the nmaxnum
dosage of the resin, modulus and tensile strength are fard
to increase significantly upon aging. Interestingly, te re
tention of tensile strength in the case of the samples ard
with stannous chloride-activated resin is appreciably 1
than that of even the control. Retention of EB also is aamn
parable in the case of tlie resin/ZnO and mixed cure s&
tems, while it is much lower in the case of the DCP adte
stannous chloride-activated resin cure syslem. This leadso
the Inference that PF resin activated with zinc oxide aald
effectively function as a curing system for NR:PP blendks,

As is evident from table 6, all the samples were foundD;j_
be highly resistant to ozone, although the blends contain ®
parts NR. During the melt blending process and the k=
quent molding operations the PP ph”se being lower inwviv
cosity (at the melt temperature) is reported to form the an
tinuous phase (ref. 8). As a result, in the final nddc
specimen the NR phase is protected by the saturated FP,
making the blend highly resistant to ozone.

A surface bloom was observed in all cases except s
those containing zinc oxide. Tlie mixed curing sgEfr
showed the maximum blooming, followed by the samow
chloride activated resin
tem, DCP and uncrossli
blend in that order. Th
bloom may be caused by c§

4 S 6 Y radation of PP at the sufae

845 910 740 875 It is well known that DCP in
1435 117 106 134 duces degradation of PP ~
250 167 200 275 ‘
857 1034 832 g8 nence tie appearance
800 900 885 915 bloominthe DCP curedsm
831 817 1304 91 pie is not surprising (ref. 9
In the case of the mixed an
093 094 0.93 0925 ing system, possibly, theotltf
12 8 20 24 curatives and their readtiv
products which are haiit
69 56 18 63  only litnited solubility In ti
polymer blend are also ke
6512 61.59 - " lieved to bloom to tlie surfac
4029 4259 37.35 3524

Conclusions
The following conclusions r



Table 6 —aging and ozone resistance

Sample no. Properties 1 2 3
Before aging
1 Modulus at 100% elongation 60 445 880

2 Tensile strength (\V/mnmYy 623 492 1830
3 Elongation at break (%) 130 152 378
After aging
4 Modulus at 100% elongation - “ 980
% retention - - 111.36
5  Tensile strength (NV/mm) 477 427 1959
% retention 766 86.8 107
6. Elongation at break (%) 570 710 370
% retention 438 467 979

7. Ozone resistance

drann from liie study. Tlie melt viscosity of the blends is
less dependent on the presence of crosslinks in the rubber
preseat higher shear rates. The flow behavior index for the
sanples employing the resin/ZnO curing system is compar-
adeto that of the samples employing a conventional curing
s/stem

The melt viscosity of (he blends is highly shear sensitive,
mreking the blends suitable for injection molding. A com
kiretion of SP 1045 and ZnO was found to be an effective
are system for the dynamic vulcanization of thermoplastic
NR-PP blends. The mechanical properties of the samples
enploying the above system were found to be either superi-

14.35

11089 11758 11162 736
14.45

No cracking observed even after 7 days

or or compiirable to those
with the conventional cur-
ing systems.

4 5 6 7
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