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GLOSSARY OF TERMS

A
a
ABS
3n
As
3t
BS
C
c .
CBS
Ccf
CHMA
CMC
CPE
CR
CR-g-iBMA
C,
D
d
DCP
DMAEMA
dn
DPH
DSC
D„
D ..
D„

E'
E*
EOJGMA
Em*
EMA
En*
ENR
EOR
EPDM
EPM
EPM-MA
EPR
EPR-g-SA
ETMQ
EVA

area
area of copolymer molecule 
acrylonitrile butadiene styrene copolymer 
number average diameter 
amount of solvent absorbed 
shift factor
butadiene styrene rubber 
capacitance
concentration at equilibrium 
N-cyciohexyl benzothiazyl sulphenamide 
critical concentration of copolymer 
cyclohexyl methacrylate 
critical micelle concentration 
chlorinated polyethylene 
chloroprene rubber 
chloroprene-g-isobutyl methacrylate 
concentration at time t 
diffusion coefficient 
interplanar distance 
dicumyl peroxide 
dimethyl anion ethyl methacrylate 
number of average diameter 
9,10-dihydrophenanthrene 
differential scanning calorimetry
number average diameter 

surface area average diameter 

weight average diameter 
activation energy 
loss modulus 
storage modulus 
complex modulus of blend
ethylene/ethyiacrylate/glycidyl methacrylate terpolymer
complex modulus of matrix
ethylene methyl acrylate copolymer
complex modulus of dispersed phase
epoxidised natural rubber
ethylene olefin rubber
ethylene propylene diene terpolymer
ethylene propylene monomer rubber
maleic anhydride grafted-ethylene propylene rubber
ethylene propylene rubber
succinic anhydride grafted ethylene propylene rubber 
6-ethoxy-2,2.4-trimethyl-1,2-dihydroquinoline 
poly(ethylene-co-vinyl acetate)



f
f,

- volume fraction of filler
- free volume fraction of component 111 

f*> - free volume fraction of component 2*2
fm
FTIR

- frequency corresponding to maximum loss factor
- fourier transfomi infrared spectroscopy

G - shear modulus
G* - complex shear modulus
G,* - complex shear modulus of dispersed phase
Gm* - complex shear modulus of the matrix
GMA - glycidyl methacryjate
h - thickness
HAF - high abrasion furnace black
HCl - hydrogen chloride
HOPE - high density polyethylene
HEMA - 2-hydroxy ethyl methacrylate
HIS hydrogenated butadiene styrene rubber
HPMA - 2-hydroxy propyl methacrylate
la - intensity due to amorphous phase
iBMA - isobutyl methacrylate
le - intensity due to crystalline phase
HR - isobutylene isoprene rubber, butyl rubber
IPO - 2-isopropenyl-2-oxazoline
IR - infrared spectroscopy
k' - first order rate constant
K - equilibrium sorption constant
L - width at half height
LCP - liquid crystalline polymer
LDPE - low density polyethylene
LLDPE - linear low density polyethylene
M - molecular weight
Mi - mechanical property of component 1
M2 - mechanical property of component 2
Ma - molecular weight of A block
MA-PP - maleic anhydride modified polypropylene
Me ■ - molar mass between crosslinks
MFI - melt flow index
Ml - lower bound series model
MMA - methyl methacrylate
MMA-ACN - methyl methacrylate acrylonitrile copolymer
MPa - mega pascal
Mu - upper bound parallel model
N - Avagadro’s number
n - refractive index
n' - flow behaviour index
Na - degree of polymerisation of copolymer segment A
NaCLAICb - sodium chloride aluminium chloride double salt
Nbkmn ■ - degree of polymerisation of copolymer segment B
NBR - acrylonitrile-co-butadiene rubber
NDB - negative deviation behaviour
NR - natural rubber
NR-g-PMMA
NR-g-Ps
OPS

- natural rubt)er-g-poly(methyl methacrylate)
- natural rubber-g-poly(methyl methacrylate)
- oxasotine modified polystyrene

P permeation coefficient
P(S-b-MMA)
P(S-g-EO)

- poly(styrene-b-methyl methacrylate)
- poly(styrene-g-ethylene oxide)



Pi
P2
Pa
PA
PA-6-g-PP
Pb
PB
PBT
PC
Pc
Pd
PDB
PDI
p d m s
PE
Ph-PP
PHB
PI
PiBMA
PM
P,.
PMMA
PMPC
PNDB
poly(CR-co-iBMA)
POM
PP
PP-g-AA
PP-g-MA
PP-g-MAH
PPacr
PPO
PS
PS-g-MA 
PTMQ 

■ PVA 
PVC 
PVF2 
Q,
Qi
R
Rg
Rv
s
SAG
SAN
SbBgCHMA 

' SbBgMMaA 
SBS 
SBu
SEBA-g-MA

SEBS
SIS
SMA
SP-1045

permeation coefficient of component 1 
permeation coefficient of component 2 
degree of polymerisation of homopolymer A 
polyamide
polyamide-g-polypropylene
degree of polymerisation of homopolymer B
polybutadiene
polybutylene terephthalate
bisphenol A polycarbonate
permeation coefficient of blend
permeation coefficient of dispersed phase
positive deviation behaviour
poiydispersity index
polydimehtyl siloxane rubber
polyethylene
phenolic modified polypropylene 
poly(D(-)3 hydroxy butyrate) 
polyisoprene
poly(isobutyl methacrylate)
N,N'-m-phenyIene-bis-maleimide
permeation coefficient of matrix
poly(methyl methacrylate)
tetramethyl polycarbonate
positive negative deviation behaviour
poly(chloroprene-co-isobutyl methacrylate)
polyoxy methylene
polypropylene
acrylic acid grafted polypropylene 
maleic anhydride grafted polypropylene 
maleic anhydride grafted polypropylene 
acrylic acid modified polypropylene 
poIy(2,6-dimethyl-p-phenylene oxide) 
polystyrene
maleic anhydride grafted polystyrene
poly(2,2,4-trimethyI-1,2-dihydroquinoline)
poly(vinyl acetate)
poly(vinyl chloride)
poly(vinylidene fluoride)
equilibrium mol % uptake
mol % uptake at time t
volume resistivity
radius of gyration of A block of copolymer 
radius of the dispersed phase 
sorptivity
poly(styrene-co-acrylonitrile-co-glycidyl methacrylate) 
styrene acrylonitrile copolymer 
poly[styrene-b-(butadiene-g-cyclohexyl methacrylate)] 
poly[styrene-b(butadiene-g-methyl methacrylate)] 
styrene butadiene styrene copolymer 
styrene butadiene copolymer 
maleic anhydride grafted

poly[styrene-b-(ethylene-co-butylene)-b-styrene] 
poly[styrene-b-(ethylene-co-butylene)-b-styrene] 
styrene isoprene styrene copolymer 
styrene maleic anhydride copolymer 
dimethyl phenolic resin



SRF - semi reinforcing furnace black
T - temperature
t
Tn

- time
- initial degradation temperature• U

tan 6 - dissipation factor
t b a e m a - t-butyl amino etnyl methacrylate
1 - degradation temperature
■

Tg - glass transition temperature• S9
TGA - thermogravjmetric analysis
Tm - melting temperature
TMTD - tetramethyl thiuram disulphlde
TPE - thermoplastic elastomer
Tsi - silane treated silica
Vi - volume fraction of component 1
V2 ' volume fraction of component 2
Vpcr - critical volume fraction of copolymer
Vh ' volume fraction of hard phase
\fs - molar volume of solvent
w - mass of copolymer
We - Weber number
Xo - crystalllnity
XNBR - carboxylated nitrile rubber
Zc - degree of polymerisation of copolymer
y - shear rate

7w - apparent shear rate
- crosslink density

p - density
X - interaction parameter
z - interfacial area per copolymer joint
y - interfacial tension
P - lattice constant

- number of effective chains
X - relaxation time

- viscosity
-t> - volume fraction
e' - dielectric constant
Ay - interfacial tension reduction
F." - loss factor
C'c - dielectric constant of blend
ni - viscosity of component 1

- volume fraction of component 1
Cl' - dielectric constant of component 1
1̂2 - interfacial tension

n2 - viscosity of component 2
- volume fraction of component 2

G2’ - dielectric constant of component 2
'■2c - polymer volume fraction during crosslinking
' ’2m - polymer volume fraction at equilibrium swelling
'I'A - volume fraction of component A
Ptx: - block copolymer density
•it - bulk volume fraction of copolymer
Ad - particle size reduction
i la - viscosity of dispersed phase
AG„„ - free energy of mixing



^ 1̂ ^̂  - enthalpy of mixing
micrometer|j,m

Tim
r|m!X

P p

viscosity of matrix 
viscosity of blend 
bulk volume fraction of polymer 
density of polymer

^  - solubility parameter of polymer
- density of solvent

^  - solubility parameter of solvent
- entropy of mixing
- shear stress at a temperature T
- volume resistivity

Tw shear stress
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Chapter 1

Introduction



r I  ”̂ he industry’s need for new polymeric materials with specific properties led to 

I  the development o f various thermoplastic elastomers (TPEs). Thermoplastic 

elastomers possess the processability and economy o f thermoplastics and the 

perfonnance o f rubbers.'’̂  Nowadays TPEs find applications in almost all non-tyre 

sectors like automotive, construction, electrical and in rubber goods and medical 

products. TPEs are increasingly dominating the manufacture o f various 

components based on advanced materials. Properties of TPEs range from that of 

soft rubbers to hard thermoplastics, bridging the gap between plastic and rubber 

industries;

1.1 Advantages of TPEs

1- TPEs do not require any compounding steps which are necessary for

thermoset rubbers, i.e. TPE pellets itself can be used for the fabrication of

products.

2. The processing o f TPE is much simpler than thermoset rubbers which

require multisteps for fabrication of products. This reduces the final cost of 

the product.



3 TPEs can be processed using thermoplastic fabrication methods such as 

blow moulding, heat welding and thermoforming, but are not practical for 

thermoset rubbers.

4 TPEs require shorter cycle times for the fabrication o f a product compared 

to thermoset rubbers and this increase the production rate. The lower 

density o f TPEs compared to thermoset rubbers leads to the production o f a 

large number o f articles from a given weight. Both these factors lead to cost 

reduction.

5 . TPE scrap can be reused with negligible loss o f properties. However 

thermoset rubber scrap cannot be reprocessed.

6 . TPEs are flexible and break at large elongation.

7. TPEs have good compression set and superior vibration damping 

characteristics.

8. TPEs can be reinforced with fillers such as carbon black and silica.

9. TPEs have good resistance to impact, compressive and flexural loads.

10. TPEs have high fatigue to failure resistance.

1.2 Classification of thermoplastic elastomers

1- Block copolymers

(a) Styrene-diene block copolymers

(b) Polyurethanes

(c) Block copolyesters

(d) 1,2-Polybutadiene TPEs

(e) Polyamide block TPEs

2, Rubber/plastic blends 

Elastomeric alloys



Among the different types o f TPEs, those obtained from rubber/plastic 

blends have gained lot o f mterest, since it is possible to achieve the desired 

properties at a lower cost by simple blending o f polymers/’ '’ The properties o f the 

resulting material can be varied from that o f a soft rubber to a hard thermoplastic by 

varying the rubber/plastic ratio. Some o f the properties achieved through polymer 

blending are improvement in processability, impact sti'ength, solvent resistance, 

thermal resistance and recyclability. However, as polymer blends are physical 

mixtures o f two or more polymers there is a problem o f miscibility or compatibility 

between the components, as in the case o f any other multicomponent systems. '̂^

For two polymers to be miscible, the Gibb’s free energy o f mixing (AGmix) 

must be negative as given by the thermodynamic equation, AGmix = AHmix - TASmix, 

where AHmix - change in enthalpy, ASmix change in entropy and T - the temperature. 

For AGmix to be negative, either AHmix has a negative value or ASmix must have a 

higher value. The entropy term, for mixing o f high molecular weight polymers is 

very low, since the number o f possible arrangements available to the segments o f  

covalently linked molecules is few. Hence the thermodynamic factor contributing 

to the miscibility o f polymers is enthalpy o f mixing. For two polymers to be 

miscible, AHmix has a negative value, i.e. there should be some specific interactions 

like dipole-dipole interactions, ion-dipole interactions, hydrogen bonding, acid- 

base reactions, charge transfer etc. between the polymers.

For the last few decades a large quantum o f research have taken place in the 

area of polymer blends. These studies revealed that the properties of polymer 

blends depend on many factors like (1) blend ratiô '̂  ̂ (2) properties of component 

polymers’^ ' (3) viscosity ratio o f component polymers^'''*’ (4) morphology and'**'̂ ' 

(5) compatibility or miscibility between the p o l y m e r s . G e n e r a l l y  the properties 

of miscible blends are an average o f the properties o f  component polymers, while 

.those of immiscible polymer blends are a combination o f the properties o f tv/o 

polymers. Many o f the high molecular weight polymer blends are incompatible or 

immiscible. Generally, the im.miscible blends are preferred to miscible blends as it



is possible to tailor the properties o f component polymers when they are not 

m iscible The immiscible blends often exhibit high interfacial tension, which leads 

to poor degree o f dispersion o f  the phases and lack o f phase stability, i.e., phase 

coarsening or stratification. Figure 1.1a shows the nanow  interface between two 

immiscible homopolymers o f infinite rholecular w e i g h t . T h e  interfacial density 

profiles of the two homopolymers through the interphase region is shown in 

Figure 1.1b.

Interface

ca 'i

T HICKNESS  OF INTERFACE a , - \
INTERFACIAL TENSION 7 --Y

(.b)

Figure 1 .1 . (a) Narrow interface in inuniscible polymer blends and (b) interfacial
density profile between immiscible polymers in a blend [Noolandi, 
Polym. Eng. Sci., 24, 70 (1984)].

The number o f contact points between two different polymers is less in the 

case of sharp interfacial profile and hence the enthalpic or interaction energy 

contribution to the total free energy is minimised. However, the entropic 

contribution to the fi-ee energy arising from the turning-back entropy of the polymer



chains is also smallest for narrow interphase, leading to an increase in the total free 

energy Th^ mterfacial adhesion between the phases is also low and hence 

immiscible blends usually give poor mechanical properties. The incompatibility or 

immiscibility between the polymers lead to complex rheological behaviour and 

anisotropy in strength o f fabricated articles. The problems associated with the 

immiscible blends can be alleviated by different techniques like compatibilisation 

and dynamic vulcanisation.

1.3 Compatibilisation

The compatibilisation o f immiscible polymer blends involves the 

improvement o f properties by the addition o f  an interfacial agent or compatibiliser. 

The addition o f compatibiliser to immiscible polymer blends leads to^  ̂ (1) an 

increase in interfacial adhesion (2) reduction in interfacial tension (3) stability o f 

morphology against gross phase segregation and (4) improvement in properties. 

Generally the materials used as compatibilisers are"^ ( 1 ) block or graft copolymers 

having segments identical to the components o f blends and/or specific interactions 

with them (2 ) fiinctionalised polymers which have specific reaction or interaction 

with the component polymers and (3) by the addition o f low molecular weight 

materials.

1-3.1 Non-reactive compatibilisation (physical compatibilisation)

Non-reactive compatibilisation commonly known as physical 

compatibilisation involves the compatibilisation o f immiscible blends by the 

addition o f a third component as block and graft copolymers, which do not react 

v/ith the component polymers, or homopolymers. In the compatibilisation o f an 

immiscible blend (A/B) by a symmetric copolymer A ’-B ’ the mechanism o f the 

action of compatibiliser can be represented as shown in Figure 1.2.^' If the block



A’ mixes only with A and the block B’ with B, the copolymer can locate at the 

interface as shown in the figure.

INTERFACE

Figure 1.2. Compatibiliser effect; monolayer of a block copolymer A'-B' in the 
interface between the phases o f two homopolymers A and B 
[Braun, et at.. Polymer, 31, 3871 (1996)].

In this type o f  ideally compatibilised systems the interfaces are totally 

covered by a continuous copolymer monolayer and there are no copolymer chains 

outside the interfaces. In this situation, the interfacial tension is lowered 

drastically and the blend morphology is in equilibrium and is stable. However, 

though tliis model for compatibilisation seems very attractive there are many factors 

which determine the actual state o f a compatibiliser in an immiscible blend. The 

factors affecting the efficiency o f a compatibiliser are;

0) Chemical nature of the compatibiliser

fhe compatibilising block or graft copolymers should have segments 

identical to the respective polymer phases in the blend or they have segments



niiscible with one o f  the phases. The copolymer as a whole should not be miscible 

in the blend,

(ii) 'opolymer chain microstmcture

For a block copolymer, the compatibilising action depends on the number o f 

blocks i.e. diblock, triblock, etc. and nature o f block i.e. normal or tapered. In the 

case of graft copolymer, the compatibilising efficiency is also determined by the 

number o f grafts.

(Hi) Molecular weight and composition o f  the copolymer

The copolymer should have high molecular weight compared to 

homopolymers for obtaining better compatibilisation. The best compatibilising 

properties would be obtained only when composition is 50/50; as the copolymer 

needs to be located at the interface.

(iv) Concentration o f  the copolymer

There is an optimum concentration o f copolymer, required to obtain 

maximum compatibilising efficiency. This optimum concentration is the amount 

required to saturate the interface. Above this concentration, the copolymer will 

form micelles in the homopolymer phases. The optimum concentration o f the 

copolymer required for interfacial saturation depends on the conformation o f the 

copolymer at the interface and molecular weight o f the copolymer.

According to Paul the mass (W) o f copolymer required to saturate the 

interface o f an immiscible blend is given by^*

W = 3<})AM/aRN (1.1)

where = volume fraction of A, M- molecular weight o f the copolymer, a - area 

of each copolymer molecule at the interface, N-Avagadro’s number and R - radius 

of a particle.



The copolymer should locate at the interface as a separate phase by the 

interpenetration o f copolymer blocks into the corresponding polymer phases, rather 

than to disperse in the homopolymer phases.

(vi) Viscosity o f  the compatibiliser .

The extent o f  dispersion o f the copolymer at the interface is determined by 

viscosity o f compatibiliser. As the viscosity o f  compatibiliser increases, it is more 

difficult to disperse the copolymer at the interphase and therefore high temperature 

and high shear rate are necessary for good dispersion and mixing.

(vii) Interaction parameter balance and heat o f  mixing

The segments o f the block or graft copolymer introduced as compatibiliser 

into the immiscible blend should have same extent o f interaction with the 

corresponding homopolymer phases. If the interaction o f one o f the segments with 

a homopolymer phase is more compared to that o f other segments and 

homopolymer phase, the copolymer will get dispersed in one o f the homopolymer 

phases; e.g., in poly(vinyl chloride)/polystyrene/poly(styrene block methyl 

methacrylate) [PVC/PS/P(S-b-MMA)], the major part o f the copolymer is dispersed 

in PVC phase due to the negative heat o f mixing.

(viiij Blending conditions

Method o f blending, i.e., solution casting or melt blending determines the 

properties o f compatibilised blends. In the case o f melt blending, the temperature, 

rotor speed and time o f mixing are the determining parameters. In solution casting 

technique, the nature o f the solvent used will affect the blend properties,

0̂ ) Order of addition of the compatibiliser

The morphology and properties o f  compatibilised blends are determined by 

the order of addition of compatibiliser i.e. whether the compatibilised blend is 

prepaied by one step mixing or two step mixing. In one step mixing, the



compatibiliser and homopolymers are mixed in one step, while in two step mixing 

the compatibiliser is added to the pre-mixed blend or by mixing with one o f the 

homopolymers followed by blending with other polymer.

(a) Studies related to compatibilLsdtion by the addition of graft and block
copolymers

The compatibilisation o f immiscible polymer blends using block and graft 

copolymers was investigated widely by various researchers. Initially researchers 

were interested in the use o f block or graft copolymers having segments identical to 

the component polymers o f the blend. These works include those o f Molau 

Riess Gailard et Patterson etal.^^ and Paul for

systems such as polystyrene/poly(methyl methacrylate) (PS/PMMA), polystyrene/ 

polyisoprene (PS/Pl), polystyrene/polybutadiene (PS/PB), poly(dimethyl-siloxane)/ 

poly(oxymethylene-b-oxypropylene) and polyethylene/ polystyrene (PE/PS) using 

the corresponding block or graft copolymers. They have investigated the effects of 

molecular weight, structure, composition and concentration o f copolymer on 

interfacial tension, mechanical properties and morphology of blends.

The compatibilisation o f PS/PMMA blends using copolymers o f styrene and 

methyl methacrylate was investigated by several researchers.^'"^’ Riess el al. 

reported that block copolymers are more effective than graft polymers as 

compatibilisers in PS.^PMMA s y s t e m . T h e i r  investigations also revealed that 

for maximum compatibilising efficiency, the composition of the block copolymer 

should be 50:50 and its molecular weight must be higher than that of both 

homopolymers. Thomas et al?^ investigated the effect o f molecular v/eight, 

composition, processing conditions and concentration o f diblock copolymer o f PS 

and PMMA on the morphology and miscibility o f PS/PMMA blends. The authors 

used diblock copolymers o f different molecular weights and composition. Their 

studies showed that the 50/50 diblock PS-PMMA copolymer w'ith the highest 

molecular weight has the best compatibilising efficiency. The addition o f small



am ounts of copolymer (2.5%) reduced the domain size of dispersed phase sharply 

and above that concentration a levelling off in domain size was observed. They 

also reported that the size o f dispersed domains depends on the solvents used for 

solution casting. From the amount o f copolymer required to saturate the interface, 

the area occupied by the copolymer was calculated using the equation (1.1). By 

comparing this area with the area calculated from theoretical conformations of 

compatibiliser at the interface, the authors, have predicted a conformation for the
38diblock copolymer in the blend (Figure 1.3).

Phase 1

0

^-inierfoce 
Phase 2

Phase 1

^Inierfoce 
Phose 2

P nose 1

Figure 1.3. Phase models illustrating the conformation of the copolymer at the 
interface [Thomas and Pnid’homme, Polymer, 33, 4260 (1992)].



Recently Macosko et al have studied the influence o f  molecular weight of 

homopolymers and diblock copolymers P(S-b-MMA) on the stability o f 

morphology during the annealing o f uncompatibilised and compatibilised 

p S/P M M A  blends. They found that even though only small amounts (1%) o f 

copolym er was required for reduction o f particle size, higher amounts were 

required for stable morphology during annealing. They have estimated that less 

than 5% of the interface is needed to be covered for preventing dynamic 

coalescence, i.e., for particle reduction; while 20 % of the interface should be 

covered by the copolymer to obtain static stability.

The influence o f natural rubber-graft-polymethyl methacrylate 

(NR-g-PMMA) copolymer as compatibiliser in PMMAy^R blends was 

investigated by Oommen e ta l. ‘̂  They have studied the effect o f graft copolymer 

concentration and molecular weight on morphology and various properties of 

NR/PMMA blends. Their studies showed that there is a critical concentration of 

compatibiliser, above which there is a  levelling off in the domain size o f dispersed 

particles and properties. The studies also revealed that the blend morphology was 

stabilised on compatibilisation. A graft copolymer NR-g-PS was used as a 

compatibiliser in NR/PS blends by Asaletha et al.^^ In this case also, there is a 

critical concentration o f compatibiliser for obtaining optimum properties and stable 

morphology. Some o f the other blends compatibilised using corresponding 

block copolymers investigated recently include polyester/polystyrene, 

polychloroprene/poly(isobutyl methacrylate), polystyrene/polyethyl acrylate, etc. 

The compatibilisation o f poly(butylene terephthalate)/polystyrene blends using 

styrene-butylene terephthalate block copolymer reduced the dimensions of the 

dispersed phase and stabilised the morphology' against annealing.'^^ The tensile

i P*^op€rties were also found to improve upon compatibilisation. Park etal.'^^
\
I reported that the addition o f a copolymer o f chloroprene and isobutyl methacrylate

\ ^P®'y^CR-co-iBMA)] to CR/PiBMA blends improved the miscibility o f the blend



as shown by the shift in Tgs. They have also com pared the compatibiHsing 

efficiency o f  the copolym er poly(CR-co-iBM A) with a graft copolym er o f  iBM A 

and polychloroprene (CR-g-iBM A ) and found that the extent o f  partial miscibility 

becomes larger on the addition o f  the copolym er than the graft copolymer. The 

effect o f num ber o f  graft per chain and graft m olecular w eight on the 

compatibilising efficiency o f  a graft copolym er o f  ethylacrylate and polystyrene in 

PS/polyethyl acrylate blend w as investigated by Peiffer et They found that the 

tensile strength o f  the blends w as im proved upon the addition o f  the graft 

copolymer and the tensile strength is inversely related to the graft level and directly 

related to the graft m olecular weight. They accounted this improvement in 

properties to the partial phase separation o f  these graft copolymers in the interfacial 

region between the phase separated homopolymers.

Recently, researchers are interested in using block and graft copolymers 

chemically different but are m iscible with the homopolymers i.e. in the use o f A-C 

or C-D block copolym ers in A/B blends w here A and B are miscible w ith A and C 

or C and D blocks o f  copolym er respectively.'*^'^* The com patibilisation o f blend 

(A/B) with a block copolym er (A-B), involves a  therm odynamically athermal 

process and in this case for better com patibilisation, the m olecular weight o f  the 

copolymer segments should be higher than that the homopolymers. However, the 

use o f a block copolym er w hich is m iscible with the homopolymers, involves an 

exothermic enthalpy o f  m ixing between m iscible pairs. This is a driving force for 

the local miscibility in the interphase, and give com patibilising effect. Hence 

copolymers o f  low m olecular w eight can function as efficient com patibilisers in 

this case.

The use o f  chem ically different copolymers in im miscible blends was 

Jnvestigated for systems such as poly(2,S-dim ethyl-p-phenylene oxide)/poly(methyl 

methacrylate) (PPO/PMMA),'*^ polypropylene/polystyrene (PP/PS),^° polystyrene/ 

Poly(vinyl chloride) (PS/PVC),^''polystyrene/epoxidised natural rubber (PS/E N R )," 

Polypropylene/polybutylene terephthalate (PP/PBT),'^ etc. The influence o f



P(S g-EO) copol>iner on the miscibility o f  PPO/PM M A  blends was investigated by 

Ekiind e t The addition of P(S-g-EO) to the blend reduced the dim ensions o f  

the dispersed particles w ith increase in concentration o f compatibiliser. The 

interfacial thickness which w as not m uch varied with increase in concentration o f  

p (g .g .£ 0 ) w as estimated to be 47 ±  10 nm. In compatibilised blends, an 

additional transition w as observed in between the transitions o f PM M A and PPO in 

dynamic mechanical analysis. The authors attributed this transition to the existence 

o f an interphase with a distinct volum e fraction with its own characteristic 

properties. Navaratilova and Fortenly^® investigated the effect o f styrene butadiene 

styrene copolymer on the m orphology o f  PP/PS blend. The size o f  the dispersed 

particles w as decreased upon com patibilisation. H owever stability o f  m orphology 

was not obtained during annealing in this case.

27Recently, Braun and co-w orkers investigated the com patibilising 

efficiency o f a block-graft copolym er w hich is prepared by radical grafting on a 

block copolymer in im m iscible PVC/PS blends. The graft copolymers used w ere 

styrene block butadiene graft cyclohexyl methacrylate (SbBgCHM A) and styrene 

block butadiene graft methyl m ethacrylate (SbBgM M A). The com patibilises w ere 

found to refine the coarse m orphologies o f  the blend by covering the interfaces 

between domains o f  PS and PVC w ith monolayers. In the com patibilisers the 

S'block is miscible with PS phase and the grafted CH M A or M M A is miscible w ith 

the PVC phase. The central B block acts as an anchor for the graft and also helps 

to see the copol>Tner in com patibilised blends, after staining the butadiene.

The effect o f m olecular weight, chem ical composition and architecture o f 

the interfacial agent on the morphology o f  immiscible ethylene-propylene 

rubber/polystyrene (EPR/PS) blends w as investigated by M atos etal.^^ The 

interfacial agents used w ere hydrogenated triblock copolymers o f styrene and 

butadiene (SEBS) and unsaturated styrene butadiene copolymer (SBu). It w as 

observed that the addition o f  1 5 \v t%  hydrogenated triblock (SEBS) copolymer 

reduced the particle size bv three times w hile for the unsaturated SBii triblock



♦hp reduction is less than two times. The m olecular weight o f  the 
copolyme"' me ic
triblock copolymer had little effect on the particle size o f  dispersed phase m this

s)'5tem (Figure 1.4).
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Figure 1.4. Influence o f the molecular weight o f the S-EB-S saturated triblock 
copolymer on the emulsification curve [M atos et al.. Polymer, 36, 3899 
(1995)].

(b) Compatibilisation by the addition of third polymer

The properties o f  im m iscible blends w ere also tried to improve by the 

addition o f a third polymer w hich is miscible with both the com ponents o f  an 

immiscible b l e n d . T h i s  third com ponent reduces the num ber o f unfavourable 

contacts between the segm ents o f the tw o p o l y m e r s . R i o  and Acosta^^ 

investigated the effect o f  poly(vinyl acetate) on the m iscibility and microstructure o f 

polystyrene/poly(vinylidene fluoride) (PS/PVFz) blends. The addition o f 

poly(vinyl acetate) (PVA ) to the blend decreased the Tg o f  PVF2 and PS as a 

function o f PVA concentration, which indicated the compatibilit)'. The



morphology also revealed that phase separation diminished on increasing PVA 

concentration. The phase behaviour and morphology of polystyrene/

polycarbonate/tetram ethyi po lycarbonate (PS/PC/TMPC) ternary blend was 

investigated by Landry et al.^^ The PS/PC blend is immiscible, while PS/TMPC 

and PC/TMPC blends are miscible. These studies indicated that the TMPC, which 

is miscible with the PS and PC did not solubilise the two immiscible polymers PS 

and PC. Single phases were observed only at very high TMPC concentrations. 

The effect o f epoxidised naUiral rubber (ENR) on the miscibility and properties of 

chlorinated polyethylene/polyvinyl chlonde (CPE/PVC) blends was investigated by 

Koklas elal.^^ The CPE/PVC blends show two transitions in dynamic mechanical 

analysis for both the components. As the concentration o f ENR in CPE/PVC blend 

increases, these transitions approach each other and merge to give single transition 

(Figure 1.5).

f îgure 1.5. Thermomechanical spectra of PVC/ENR50/CPE48 blends; 
( • )  47.5/5/47.5; (A) 40/20/40; (A) 35/30/35; (O) 30/40/30 [Koklas 
et al.. Polymer, 32, 66 (1991)].



It was observed that different amounts ot" ENR were required to cause 

miscibility for different ratios of CPE/PVC blend. The mechanical properties were 

also improved upon the increase in concentration o f ENR. Machado and Lee^^ 

investigated the morphology and mechanical properties o f a series o f immiscible 

blend systems styrene maleic anhydride copolymer/styrene acrylonitrile copolymer 

(SMA/SAN), styrene maleic anhydride copolymer/acrylonitrile butadiene styrene 

copolymer (SMA/ABS), PVFo/SAN and PVF2/ABS compatibilised by the addition 

of a third polymer PMMA which is miscible with each blend components. The 

addition o f 1 0 wt % PMMA to these blends was found to improve the mechanical 

properties and reduced the size o f dispersed domains. Lizymol and Thomas^“ 

investigated the action o f PVC in styrene acrylonitrile copolymer/ethylene vinyl 

acetate copolymer (SAN/EVA) immiscible system and found that the addition of 

PVC led to a completely miscible PVC/EVA/SAN ternary system.

13.2 Reactive compatibilisation

Reactive compatibilisation involves the compatibilisation of immiscible 

polymer blends by the in-situ formed copolymers. Reactive compatibilisers used 

are grafted or ungrafted polymers and block copolymers, having reactive functional 

groups.^^ Such reactive groups form copolymers in-situ by reaction with the 

reactive groups in a polymer in the blend. Generally reactive compatibilisation is 

preferred to non-reactive compatibilisation since in non-reactive compatibilisation, 

the preparation o f block or graft copolymers with strict molecular architecture is 

very difficult and costly. Some of the typical compatibilisation reactions employed 

in reactive compatibilisation are shown in Table 1.1.^'



hi 1 1 Important compatibilisation reactions [Hausmann, Pr(x:eecJi))gs o f 3rd 
If^ternational Conferetice on Ath’anves in Addilives and Modifiers in 
Polymer and Blends, 1994],
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(̂ ) Functionalised polypropylenes

For the last few decades, the reactive compatibilisation technique has been 

investigated by various research g r o u p s . A m o n g  the different types of reactive 

compatibilisers, modified polypropylenes were the most widely used ones. Maleic 

anhydride grafted polypropylene (PP-g-MAH) was used as a compatibiliser in 

^ 3ny immiscible polymer pairs. In the compatibilisation of polypropylene/ 

Pol>arnide (PP/pA) blends using PP-g-MAH, the maleic anhydride groups on



pp.g-MAH react with amino end groups o f nylon to form graft copolymers, which 

will locate at the interface between PP and PA leading to better interfacial 

interactions and adhesion. Lee and Yang™ investigated the effect of mixing 

procedure on the properties and morphology of PA-6/PP blends compatibilised 

with maleic anhydride grafted PP. The authors investigated the effect of three types 

of mixing procedures viz., single step mixing, two step mixing with reactive

premixing and two step nonreactive blending. In two step mixing with reactive

premixmg, first PP-g-MAH mixed with PA -6  and then in the 2nd step with 

nonreactive PP and in non-reactive two step blending, first PP-g-MAH mixed with 

non-reactive PP and in 2nd step mixed with PA-6 . The mcqphological 

investigations revealed that the size o f the dispersed domains decreased upon 

compatibilisation and the single step mixing and two step mixing with non-reactive 

premixing gave fine morphology compared to two step mixing with reactive

premixing. The authors attributed the coarse morphology observed in the case of

two step mixing with reactive premixing to the lowered mobility, and stiffness of 

the copolymer PA-6 -g-PP formed which inhibit the copolymer to diffuse into 

interface. The interfacial tension in uncompatibilised and compatibilised blends 

was also investigated. For the calculation of interfacial tension, Oldroyds™ model 

for an oscillatory shear flow was used. According to this model, the complex 

modulus G* can be given as

G* = Gm 

in which

 ̂ f  1 + 3<̂h ] 
1 1 -  2(})H

( 1.2)

H = 4(2Gm *+5Gj ^)y. R y -f (Gi *-G m  *)(I6Gm *+I9G , *)
40(Gm -+ G , *)y, Rv(2G i *4-3G m *)(16Gm *+19G, *)

'^here y denotes the interfacial tension, (j) the volume fraction and Rv the radius of 

the dispersed phase. The subscript M and I indicate the matrix and dispersed phase 

^'espectively. It was found that the interfacial tension decreased with increase in 

compatibiliser concentration up to 1.5 phr followed by a levelling off (Figure 1 .6).



P P - g - M A H  c o n t e n t s  ( ph r )

Figure 1.6. Variation of relative interfacial tension and radius of dispersed drop as a 
function of PP-g-MAH content in PP70/PA30 blends [Lee and Yang, 
Polym. Eng. Sci., 35, 1821 (1995)].

Mechanical properties were also improved upon compatibilisation. Rosch 

and Mulhaupt^' recently investigated the compatibilisation o f elastomer modified 

polypropylene/polyamide-6  blends and polypropylene/polyamide blends. The 

addition o f PP-g-MA to PP/PA blend decreased the domain size and increased the 

yield stress, Haddout et found that the viscosity o f PP/PA blends was 

increased upon compatibilisation using PP-g-MA. The higher values of viscosity 

for compatibilised blends were correlated with the reduction in average size of the 

dispersed nodules and also to the better adherence between two phases in presence 

of a compatibiliser. The acrylic acid grafted pol>'propylene (PP-g-AA) was also 

used as compatibiliser in PP/PA blends. In this case, the compatibilisation 

reaction is in between the acid group o f acrylic acid modified PP and amine end 

Sroup of nylon-6 . An increase in mixing torque upon the addition o f PP-g-AA to a 

PP/PA blend was reported by Dagli et al.^^ The kinetic studies from the torque vs. 

’̂̂ e  curves showed that the compatibilisation reaction follows a second order



Vfllenza et aC"' reported that am ong PP-g-MA and PP-g-AA, the PP-g- janetics. >
\IA  is more effective in compatibihsing PP/PA blends due to the greater reactivity 

of maleic groups than acrylic groups to the amine end groups o f nylon to form 

block copolymers. The DSC analysis o f the compatibilised PP/PA blends revealed 

that the crystallisation peak o f nylon remained unaltered while that o f PP shifted 

toward a higher temperature in the case o f PPacr and to a lower temperature in the 

o f PPmal. The shift in crystallisation temperature o f PP to lower temperature 

in the case PP-g-AA compatibilisation indicated that PPacr acts as a nucleating 

agent. The effect of polypropylene having basic functional groups as 

compatibilisers in polypropylene/acrylonitrile-co-butadiene-co-acrylic acid rubber 

(PP/NBR) blends was investigated by Liu et al.^^ The basic functional groups 

grafted on PP are glycidyl methacrylate (GMA), 2-hydroxy ethyl methacrylate 

(HEMA), 2-hydroxy propyl methacrylate (HPMA), t-butyl amino ethyl 

methacrylate (TBAEMA), dimethyl amino ethyl methacrylate (DMAEMA) and

2-isopropenyl-2-oxazoline (IPO). Among the different functionalised 

polypropylenes, the GMA and IPO grafted polypropylene reduced the size of 

dispersed NBR particles and gave rise to a uniform distribution o f particles. The 

other functionalised polypropylenes did not affect the blend morphology 

significantly. Similarly in the case o f impact energy, the GMA and IPO 

functionalised PPs gave a nine fold improvement compared to uncompatibilised 

blend while the other functionalised PPs did not show much improvement. The 

better compatibilising efficiency of IPO and GMA grafted PP is due to the 

formation o f copolymer by the reaction between the glycidyl or oxazoline groups in 

PP fnatrix with the carboxylic acid functionality in the NBR phase.

Functionalised styrene butadiene copolymers

Maleic anhydride grafted poly[styrene-b-(ethylene-co-butylene)-b-styrene] 

( EBS g-MA) was used as compatibilisers in various immiscible blends S H ch  as 

PA/SEBS and PA-6/PC. W u et investigated the effect of maleic



h y d r id e  graft ratio and concentration o f SEBS-g-MA on the morphology and 

mpact properties of PA-6/SEBS blends. The studies revealed that the addition o f 

nialeated SEBS to PA/SEBS blend improved the compatibility o f  the system, which 

is evident from the morphology and impact properties. The extent of protrusion of 

holes in the matrix o f blends increased -with increase in the concentration of 

maleated SEBS, which shows the better interactions in the interface. The authors 

also proposed a model for the interfacial action o f a compatibiliser according to 

which the SEBS chains grafted on PA -6  interact with discrete SEBS particles 

through entanglements. The compatibilisation changes the crystalline structure of 

PA6 from y to a mixture o f y and a  forms. The impact properties also showed a 

tenfold improvement at 3 wt % maleated SEBS addition. The compatibilisation of 

PA-6/PP blends using maleic anhydride grafted SEBS was investigated by 

Miettinen el al7^ in terms o f morphology, dynamic mechanical properties and 

impact properties. The notched izod impact strength o f  the blends was increased 

with the addition o f  SEBS-g-MA. The 80/20 PA/PP with 10 wt % compatibiliser 

showed a much higher impact strength. The authors correlated this behaviour to 

the morphology. In the ternary blends, in which PA/PP ratios are 20/80, 40/60, a 

well dispersed phase o f combined SEBS-g-MA and polyamide was present in the 

continuous PP matrix. At 80/20 PA/PP blend with 10 w t % SEBS-g-MA, a clear 

change in morphology was observed. The morphology showed a bimodal 

dispersion o f  SEBS-g-M A as the continuous phase and PA -6  as a fine dispersion 

of 0.04 ).im with PP as a coarse dispersion of 0.4 to 1 |.im. This morphology leads to 

exceptional impact properties. Recently Horiuchi et investigated the 

morphology development in immiscible PA-6/PC blends containing SEBS-g-MA 

and PS-g-MA as one component. In the PA-6/PC blends, upon the addition of 

SEBS-g-MA as a third component, the morphology o f the blend changes from 

stack formation o f  two dispersed phases to capsule formation o f two dispersed 

phase by the interfacial reaction between the amino end groups o f nylon and maleic 

anhydride groups o f SEBS. According to the authors, the driving force for this



orphology development is reduction o f interfacial tension by the interfacial 

r e a c t i o n  between PA -6  and SEBS-g-MA.

functionalised ethylene propylene rubbers

The functionalisation o f ethylene propylene m bber using maleic anhydride 

grafting for the compatibilisation o f  ethylene propylene rubber based blends was 

also investigated by several researchers/^'*^ The degree o f grafting of succinic 

anhydride on the morphology and impact properties was reported in PA-6/EPR 

rubber blends by Greco et The compatibility and mechanical properties were 

improved with degree o f  grafting. The effect o f formation o f PA-6-EPM 

copolymer by amine-anhydride reaction in polyamide/ethylene propylene diene 

monomer rubber (PA-6/EPDM ) blend on the morphology development during 

blending was investigated by Scott ei al.^^ They reported that the major reduction 

in domain size occurs at shorter mixing times. In the case o f reactive system, the 

volume average particle diameter o f  the dispersed phase was reduced from ~ 4 |.im 

to 1 ^lm within first 90 sec o f mixing. In the reactive PA/EPM/EPM-MA system, 

as the chemical reaction between PA and EPM -MA increased the molecular weight 

of the polymer, the mixing torque and temperature attained higher values than those 

of nonreactive systems. Kanai et al.^^ recently reported the impact modification o f 

various engineering thermoplastics such as polyphenylene sulphide (PPS), 

polyoxymethylene (POM) and PBT. Functionalised elastomers were used as 

impact modifiers. They have correlated the impact strength with the particle size 

and interparticle distance. In the case o f maleic anhydride functionalised ethylene 

olefin rubber (EOR) modified PBT, the impact strength did not show any 

significant relationship with particle size. However, the impact strength and 

interpaiticle distance gave a good correlation. The compatibility improvement of 

P°MD(-)3-hydroxy butyrate) (PHB)/ethylene propylene rubber blends by the use of 

nialeic anhydride and dibutyl maleate functionalised EPR was investigated by 

Abbate et al}^  The critical strain energy release rate and critical stress intensity



factor of these blends were improved upon the use o f functionalised elastomers and 

among the different functionalised elastomers used, EPR-g-SA gave the highest 

•glues This is due to the formation of a graft copolymer between PHB and EPR- 

-MA as shown in Figure 1.7, which w ill act as an interfacial agent to improve the 

mode and state of dispersion o f the rubbery phase, as well as its adhesion to the 

matrix, yielding a morphology more suitable for toughening mechanisms.
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Figure 1.7. Reaction scheme for the formation of a graft copolymer between PHB 
and EPR-g-MA [Abbate el al., J. Mater. S c i, 26, 1119 (1991)].
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M odified polystyrene

The reaction between oxazolme groups on polystyrene in OPS with 

carboxylic groups in CPE was investigated for compatibilisation of PS/PE blends, 

by Baker et al.^^ During the reactive blending of OPS with CPE a graft copolymer 

's formed, which acts as an interfacial agent as shown in Figure 1.8. The authors 

characterised the graft copolymer formed using FTIR  spectroscopy, after extracting



ction berween OPS and CPE was confirmed by an increase in torque compared

^op.reactive blends The morphology of reactive OPS/CPE blends showed a

fine and uniform dispersion compared to non-reactive PS/PE blends. This also

suggests that there is good adhesion between the two phases as a result of

intermolecular reaction between the two -polymers. The oxazoline modified

polystyrene was also used to compatibilise PS/nylon and PS/EPM blends through

the reaction between oxazolme groups in PS and amino end groups in nylon or
80maleic anhydride groups in EPM-g-MA. The increase in mixing torque and 

improvement in morphology indicated that the use of oxazoline grafted PS 

increased the interfacial interaction in the blends.

^ C H o - C H —CH o-CH —CH^-CH-CH-,-CH^_ I
o = c

OPS + CPE

NH 

(CH.).
------ ► OPS-g-CPE o

I
COOH 0 = C

^ * ^ H 2 - C H 2 - C H 2 - C H - C H 2 - C H 2 - C H 2 - C H ^

Figure 1,8. Reaction scheme for the formation of a graft copolymer between OPS 
and CPE [Baker and Saleem, Polymer, 28, 2057 (1987)].

Reactions between carboxylic acid groups and epoxy groups have been 

exploited in the compatibilisation of polymer blends Miettinen el ai^'' investigated 

the effect of epoxy functionalised polymers cthylene/ethyl acrylate/glycidyl 

methacrylate (E/EA/GMA) terpolymer in blends of polypropylene with 

polybutylene terephthalate and a liquid crystalline polyester (LCP). In the binary 

blends, the increased viscosity during blending, changes in crystallisation of PBT 

phase and the FTIR results indicated that chemical reactions occur during blending 

of compatibiliser with polyesters. The addition of epoxy functionalised



nipatibiliser to PP/PBT and PP/LCP blends improved the impact properties of 

ijie blend Chen et reported that the m-situ compatibilisation of phenoxy and 

blends using styrene-acrylonitrile-glycidyl methacrylate (SAG) reactive 

polymer and sodium lauryl sulphonate catalyst improved the interfacial adhesion 

and properties by the formation of a copolymer between SAG and phenoxy. The 

addition of carboxylated nitrile rubber to immiscible blends of PVC/ENR was 

found to make the system miscible.*^ The miscibility in this ternary system is due 

to the formation of a network between ENR, PVC and NBR as shown in 

Figure 1 9- Tg measurements indicated that the 25/75 and 50/50 PVC/ENR blends 

with XNBR are miscible at all compositions of XNBR, while for 75/25 PVC/ENR, 

250 parts of XNBR were required to get miscibility.

^ ^ H = C H —CH—CH2- ^  ^ C H = C H —CH—CH2*^ (A)

Cl O

(A) C =0

PVC  CH—CH2'^

(B)

OH CH, H OH O
I I ■ I I I

I I  I I I I I
CH3 H — CH—CH2^  Cl O CH3 H

(B) (C) - - C H 2~ C H - C H = C H - -
ENR XNBR Blend network structure

Figure 1.9. Possible mechanism of crosslinking between PVC, ENR and XNBR 
[Ramesh and De, J. Appl. Polym. Sci., 50, 1369 (1993)].

The reactive compatibilisation of immiscible blends such as PA/ABS,^*' 

LDPE/PDMS*^ and LLDPE/scrap rubber** using methyl methacrylate-acrylonitrile 

copolymer (M M A-ACN) ethylene methyl acrylate copolymer (EMA) and 

carboxylated polyethylene respectively was reported. Horak el al.^^ investigated 

'he effect of compatibiliser preparation, mixing procedure and the type of catalyst



1 rating reaction between ester and amino groups in immiscible PA7ABS

1 T h p tr  studies revealed that a two step mixing is more effective than a blends 1
I ctp» mixing and the catalysts used for the reaction between PA and M M A -

jjOgle SiefJ

/^CN accelerates the reaction. The two step blending and incorporation of catalysts 

jgduced the crystallinity by changing the crystalline structure from a  to a mixture of 

and Y forms. Santra et al.^^ reported that EM A acts as a good compatibiliser in 

j^PP£/P£)MS blend. The IR  studies of LDPE/PDMS blend with 6  wt % EM A  

indicated that a graft copolymer is formed between EM A and PDMS rubber. The 

impact strength of the blends was significantly improved upon the addition of 

compatibiliser (Table 1.2) and the morphology changed from a co-continuous to 

discrete domains in the presence of 6  wt % EMA. The crystalline structure of the 

blend was modified upon the addition of EM A  as evidenced by the presence of 

new peaks. In this compatibilised system, contrary to the compatibilised PA/ABS 

system, the crystallinity decreased upon compatibilisation.

Table L2. Tensile impact strength of LDPE-PDMS rubber blends containing 
EM A [Santra e! al., J. Appl. Polym. Sci., 49, 1145 (1993)].

Sample code Impact strength (J/m)

PESo 765

PES, 820

PESz 980

PES4 1570

PESfi 1720

PES.o 1730

Subscripts indicate the proportion of EMA in a 50/50 blend of pol\eth}iene and PDMS rubber.



More recently, reactive extrusion, which involves the addition of low 

niolecuiar weight compounds during extrusion, has been used as a 

coj^patibilisation technique in immiscible polymer blends. Usually during reactive 

extrusion, free radical initiators, crosslinking agents and other reactive additives are 

added for the chemical reaction to occur which leads to a copolymer. The effect of 

addition of Lewis acid NaCl.AlCh double salt during melt mixing of PS/EPDM  

blends on the properties was investigated by Mori ei al.^^ The presence of 

chemical reactions during mixing was evident from the increase in torque upon the 

addition of Lewis acid. During the reaction, the rubber was found to be more 

active. The rubber phase was crosslinked and or coupled with polystyrene as 

indicated from solvent extractions. The mechanical properties of the blend was 

also increased upon reactive extrusion in the presence of Lewis acid. The 

compatibilisation of PP/PE system by the reactive extrusion in presence of an 

organic peroxide 2,5-dimethyl-2,5-bis-(t-butyl-peroxy) hexyne-3 was reported by 

Cheung e ta l .^  Their studies revealed that though the elongation at yield showed 

much improvement, other mechanical properties showed a decrease upon the 

addition of peroxide. The morphology studies showed that the size of the dispersed 

phase decreased on reactive extrusion. However, the work did not gave any 

evidence for the formation of a copolymer. The reactive extrusion of 

polypropylene/natural rubber (PP/NR) blends in the presence of a peroxide 

(l,3-bis(t-butyl-peroxy benzene) and a coagent trimethylol propane triacrylate was 

reported by Yoon etal.^^ The effect of peroxide and coagent content were studied 

in terms morphology, melt viscosity, melt flow index, thermal and mechanical 

properties. The melt index of the blends decreased with increase in peroxide 

content at a constant coagent content and shear viscosity increased with peroxide 

content up to 0.02 phr and decreased beyond that. The morphology studies showed 

that the size of dispersed rubber domains decreased at lower contents of peroxide, 

reduction in domain size was attributed to the compatibilising effect of



which were formed in-situ during the melt extrusion and to the 

creased viscosity of PP matrix by crossHnking. The extrusion of PP and 

polyisoprene in the presence of maleic anhydride was reported by Els and McGill, 

•j^ey isolated the block copolymer formed during mixing using the solvent 

extraction technique and characterised by means of TGA, DSC and IR spectra. 

Tlie reactive extrusion of monomer, e-caprofactone m presence of a polymer for the 

compa '̂bilisation was reported by Hornsby and Tung^' in PA-6 /PP blends. In 

comparison to the nonreactive blend, the blend obtained by reactive extnjsion, 

showed greater phase compatibility. The FTIR analysis of solvent extracted 

samples showed the formation of a graft copolymer PA-6 -g-PP during reactive 

extrusion.

lonomers, which contain a small number of ionic groups along with the 

non-ionic backbone chains have been used as compatibilisers in polymer 

blends.̂ ’̂̂  ̂ The compatibilisation o f PP/EPDM blends using Na-neutralised 

poly(ethylene-co-methacrylic acid) gave better results compared to the 

compatibilisation using Zn-neutralised EMA. Kim et al.^^ reported that the 

addition of 5 % ionomer to PP/EPDM blends improved the compatibility as

indicated by a shift in Tgs. The melt viscosity and mechanical properties increased 

upon compatibilisation. The morphology became more fine upon the addition of 

ionomer. The compatibilising action o f ionomer was attributed to the mechanical 

interlocking that occur among the three components due to the inherent ionic 

crosslinking character of Na neutralised ionomer. Poly(ethylene-co-sodium 

methacrylate) ionomer was found to compatibilise PBT/HDPE blend. The 

addition of ionomer to the blend increased the viscosity and mechanical properties. 

iosh\ el attributed the superior performance of compatibilised blends to the 

improved interfacial bonding in presence of ionomer. Mascia and Valenza^'* 

reported the use of reactive dual compatibilisers-1; I mixtures of phenoxy and 

sodium ionomer of an ethylene methacrylic acid copolymer in polycarbonate/HDPE 

blends. During compatibilisation both components of compatibilisers formed graft 

polymers by reaction with PC as shown in Figure 1 1 0 ,
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Figure 1.10. Reaction scheme for the formation of a graft copolymer between PC 
and ethylene-methacrylic acid, and phenoxy [Mascia and Valenza, Ach>. 
inPolym. Technol., 14, - i l l  (1995)].

1.3.3 Dynamic vulcanisation

In recent years, crosslinking of rubber phase in thermoplastic elastomer 

blends during mixing has been investigated as a way to improve the properties of 

immiscible polymer blends. The dynamic crosslinking of TPEs generally leads to a 

fme and uniform distribution o f rubber phase in the plastic matrix as shown in 

Figure 1.1 1 ,

figure 1.11.

Plastic phase

''D isp ersed  
rubber particles

Plastic phase

•  • Dynam ic •  •  •  •

• •  ®

crosslinking

•  •
\  •  •  •  •

'C rosslinked  
rubber particles

Schematic representation of the morphology of dynamic vulcanised 
thermoplastic elastomer.



Dynamic vulcanisation improves the mechanical properties and provides 

stable morphology. In dynamic vulcanised blends the size of the dispersed rubber 

particles depends on the extent of crosslink density and rubber concentration. The 

\Tjlcanisation of rubber phase during mixing m various thermoplastic elastomers 

has been studied by different research g r o u p s . O n e  of the systems studied 

thoroughly among these is polypropylene/EPDM. As the dynamic vulcanised 

blends can be processed like thermoplastics, the researchers are interested in 

studying their rheological properties. Ha et ai'^^ investigated the effect of blend 

ratio, curative concentration and type of dynamic vulcanisation on morphology, 

rheology and thermal properties of PP/EPDM blends. Two types of blending 

employed were (1) blend cure in which EPDM is cured m presence of PP during 

mixing and (2) cure-blend, here EPDM cured with dicumyl peroxide (DCP) in the 

absence of PP and then blended with PP. It was observed that the melt viscosity 

increased with DCP content for EPDM/PP-75/25 blend while in 25/75 blend it 

decreases in the case of blend cure. However, in the case of blend cure the melt 

viscosity increased at all compositions with DCP content. The decrease in viscosity 

in 25/75 EPDM/PP-blend cure was attributed to the degradation of PP in the 

presence of DCP. In 75/25 PP/EPDM blends, the crystallinity was higher than 

polypropylene homopolymer for both blend cure and cure blend samples. Such a 

crystallisation behaviour was attributed to the role of EPDM to selectively extract 

the defective molecules within PP crystals and also increase the mobility of 

neighbouring PP chains by reduction in glass transition temperature. The effect of. 

crosslinking of PP/EPDM blends with a sulphur system with and without the 

compatibiliser was reported by Krulis et The impact strength of PP/EPDM 

blends was significantly improved on dynamic vulcanisation. The extent of 

improvement in impact strength depends on the rate of cure (Figure 1.12).



Figure 1.12. Dependence of the Charpy notched impact strength â  at 0°C on aibber 
concentration Cepdm for dynamically cured blends PP/EPDM-I (1) and 
PP/EPDM-II (2) and uncured blend PP/EPDM (3) [Krulis el al.. 
Collect. Czech. Chem. Commini, 58, 2642 (1993)].

In the curing of PP/EPDM blend with sulphur without tetramethyl thiuram 

disulphide (TM TD), the rate of cure is low compared to vulcanisation with TM TD  

formulation, and hence in the first case, long time will be obtained for the 

distribution of rubber particles and the coalescence of rubber phase was also 

blocked and led to high values of impact strength. In TM TD  vulcanisation, there is 

a rapid start of curing reaction, and hence did not get time for fine dispersion of 

rubber particles which m turn reduced the impact strength.

Coran and Patel'“  ̂ investigated the properties of various dynamic vulcanised 

thermoplastic elastomers of NBR with polypropylene and polyamide. The 

curatives used were m-phenylene-bis-maleimide and dimethylol phenolic 

compounds as curatives. They reported that the dynamic vulcanisation of these 

blends improved the blend properties.



Recently Liao et studied the damping behaviour of dynamically

\oilcanised polypropylene/butyl rubber (PP/IIR) blends and found that the damping 

Ijehaviour depended on composition and curative levels. As the curative level in 

the blend increased the Tg corresponding to HR shifts to high temperature region 

while that of PP remains constant Liao et al. have also analysed the applicability of 

PP/IIR dynamic vulcanised blends as interlayer in vibration damping laminates.*^’’ 

Xhey reported that the incorporation of PP/IIR dynamic vulcanised blend as 

interlayer in laminates led to a decrease in G' and increase in tan 5 compared to 

maleated polypropylene based laminates.

Recently Inoue el developed two crosslinking systems to selectively

crosslink the dispersed unsaturated elastomers in saturated polyolefin matrices. 

One of the crosslinking systems developed comprised of N ,N ’-m-phenylene-bis- 

maleimide (PM) as the crosslinking agent and 6-ethoxy-2,2,4-trimethyl-l,2- 

dihydroquinoline (ETMQ) or polymerised 2,2,4-trimethyl-1,2-dihydroquinoline 

(PTMQ) as the activator. The PM /ETM Q  and PM/PTMQ systems form 

charge transfer complexes to produce PM radicals and accelerates the 

crosslinking reaction. Another crosslinking system comprised of PM and 

9,10-dihydrophenanthrene (DPH) as activator. Here the PM/DPH system acts as a 

hydrogen acceptor and hydrogen donor respectively and leads to the formation of 

PM radical by hydrogen transfer. The efficiency of these crosslinking systems was 

investigated for vanous blends such as PP/EPDM, PP/SBS, PP/SIS, PP/1,2 PB and 

PP/PE/EPDM. The impact strength of the blends increased upon dynamic 

'"ulcanisation. The morphology results indicated that during dynamic vulcanisation 

a graft copolymer between PP and elastomer is formed along with the crosslinking 

reaction of elastomer. This graft copolymer increased the interfacial adhesion and 

permits the interaction of stress concentration zones developed from the elastomer 

particles under deformation and promote shear yielding in PP matrix.



The development of blend morphology during in-situ crosslinking of 

dispersed phase was studied by Loor et The in-situ crosslinkmg was carried 

QUt by transesterification reaction between ethylene vinyl acetate (EVA) and 

ethylene methyl acrylate (EM A) copolymers in presence of dibutyl tin oxide as 

catalyst. The matrix was polypropylene. The morphology of the resulting blend 

depends on the extent of reaction between’ EM A and EVA. The dimensions of 

dispersed particles are larger for the reactive (vulcanised) blends compared to 

nonreactive blends. As the reaction proceeds, the viscosity of dispersed phase 

increased due to the formation of EM A/EVA network and the break-up process 

was slowed down. Hence, though the coalescence of particles was modified, the 

particle size increased. However, the morphology of the reactive blends was stable 

as compared to that of nonreactive blend and showed only a small change in 

diameter during repeated extrusions. The investigation of the mechanical 

properties revealed that the impact strength and tensile strength of these blends 

improved upon reaction, which also indicated the formation of network in the 

blend.

1.4 Theories of compatibilisation

The diblock copolymers act as emulsifying agents in immiscible polymer 

blends like soap molecules at an oil water interface. The resulting properties of the 

blend depend on the ability of the copolymer to reduce the interfacial tension, 

which led to fine and uniform distribution of dispersed particles. Many theories 

have been developed in order to study the interfacial tension and particle size 

reduction upon the incorporation of copolymers into immiscible blends. Noolandi 

and Honĝ **''®* have developed a theory for the interfacial tension reduction in 

highly incompatible polymer blends by considering the thermodynamic factors 

which determine the state of the block copolymers in a phase separated 

homopolymer system. According to them the entropy of mixing of block 

‘Copolymers with the homopolymers favours a random distribution of the 

^polymers. Again the localisation of the block copolymers at the interphase



I the homopolymers away from each other and lowers the homopolymer^jsplaces LI

thalpy of mixing. The block copolymer-homopolymer enthalpy of mixing was 

lowered by the preference of each block of copolymer to extend mto its
0JSU

compatible homopolymer. The confmement of copolymer at the interface and 

restriction of the blocks in the respective homopolymer regions lead to a loss in 

entropy Finally extension or compression of the copolymer chains as well as the 

effect of the excluded volume at the interphase lead to further loss of entropy. An 

equation for the interfacial tension of the four component system A/B/A-B/solvent 

was developed by Ndolandi and Hong as'“**

Y  ̂ i : /  I f  2 2 d(t)Bd(t)S ,X=Jdx F^Xx) -F ,(x )) + -  Xas«̂ a.s ^  +X Ui-T”  T
6 V dx dx dx dx dx dxyPo

(1.4)

where Fs’(x) = Xas(1)a(x) + Xbs<1)b(x) (j)s(x) + X.\s4>a(x ) <1)b(x) + ln(})s(x)

-  [XAS<t>.A(x)<})s(x) +  XQs<})e(x)(j)s(x) +  x,u3(t)A(x)())u(x)]

(1.5)

where 7 - interfacial tension, p - density, x - interaction parameter, (J) - volume 

fraction, A and B stand for homopolymers, C for the copolymer and S for solvent.

The interfacial tension in PS/PBD/copolymer/styrene system was calculated 

using the above equation in order to study the effect of molecular weight and 

copolymer concentration by Noolandi and Hong. Figure 1.13 shows the variation 

of interfacial tension with increasing weight fraction of the block copolymer for 

various values of copolymer molecular weight. Increasing the molecular weight 

3nd copolymer concentration lead to a decrease in interfacial tension. The 

comparison of the interfacial density profiles for different points in the calculated 

curves shows that at higher molecular weights of copolymer blocks, the copolymer 

^ u p y  most of the interphase region and the homopolymer have been displaced 

'̂̂ 'ay from the interphase (Figure 1.14).



Figure 1.13. Calculations of interfacial tension for the PS-PBD-CopSBD-S system 
under the same conditions for the finite degrees of polymerisation of the 
polystyrene (HA) and polybutadiene (HE) homopolymers [Noolandi 
and Hong, Macrornoleciiles, 15, 482 (1982)].

f'igure 1.14. Interfacial density profiles with increased degrees of polymerisation of 
the polystyrene (CA) and polybutadiene (CB) blocks of the copolymer 
[Noolandi and Hong, Macromolecules, IS, 482 (1982)].



Noolandi and Hong '̂'''^  ̂ derived an equation for the interfacial tension 

reduction m immiscible polymer blends (A/B) cornpatibilised with a block 

copolymer A-B. For a symmetric diblock copolymer, homopolymers of infinite 

molecular weight and a symmetric solvent the interfacial tension reduction Ay, with 

increasmg copolymer molecular weight and concentration arose mainly from the 

energetically preferred orientation of the blocks at the interphase so as to extend 

into their respective compatible homopolymers. According to Noolandi and Hong, 

the mteifacial tension reduction in the presence o f a solvent is given by

Ay =d(|>. l/2x4., + l/Z,-l/Z,exp(z,x4'p/2) (L6)

where d is the width at half height of the copolymer profile given by Kuhn 

statistical segment length, (j)c is the bulk volume fraction of the copolymer in the 

system; (j)p is the bulk volume fraction of polymer; % is the Floiy-Huggins 

interaction parameter between A and B segments of the copolymer and Zc is the 

degree of polymerisation of the copolymer. According to this equation, the Ay 

depends on both molecular weight and concentration of copolymer In the absence 

of a solvent the total polymer volume fraction <})p goes to 1 and the equation for Ay 

reduces to

Ay = d(j)c 1/2 X + 1/Z, -  1/Z, exp (Z ,x /2 )  (1.7)

As the derivation of equation arises from the assumption of preferential 

location of the copolymer at the interphase, at higher concentrations of copolymer,

i.e., above critical micelle concentration (CM C) where the copolymer forms 

micelles in the bulk phase, rather than located at the interphase, the above equation 

is not valid.

Anastasiadis testified the thermodynamic theories of Noolandi and

Hong for PS/1,2 -polybutadiene/poly(styrene-block-1,2-butadiene) system. The 

authors investigated the reduction in interfacial tension between PS and PB by 

varying the concentration of copolymer. The results showed that the interfacial



tension decreased sharply with copolymer at lower loadings and at higher loading a 

levelling o ff was observ ed due to interfacial saturation. The comparison of the data 

with Noolandi’s theory indicates that the interfacial tension reduction (Ay) varies 

linearly with copolymer concentration below CMC as predicted by Noolandi and

H o n g  (Figure 1.15).

$  ̂ X 100

Figure 1.15. Interfacial tension reduction vs, copolymer volume fraction for the 
system PS/PB/P(S-b-B) at 145°C [Anastasiadis et al.. Macromolecules, 
22,1449(1989)].

Leibler developed a simple mean field formalism for the interfacial 

properties of nearly compatible blend A/B compatibilised with A-B block 

copolymer. In nearly miscible blends, the copolymer plays an important 

emulsifying role. The addition of copolymers first displaces the critical point of 

demixing and may even cause a two phase blend to become one phase. Second the 

copolymer chainS are present in both phases of the blend and favour a closer 

mixing of the chemical species A and B. Leibler calculated the interlacial



concentration profile and interfacial tension in these systems. According to 

Leibler, for nearly compatible species [2  < xN < 4 (2 )'"] two mechanisms of 

interfacial activity o f copolymer chains are to be distinguished, i.e., (i) the species 

and B are closely mixed as copolymer chains are present in both phases and (ii) 

copolymers have a certain tendency to locate at the interface. The interfacial 

tension y may be expressed as

Y = Yo-Yi . ( 1-8 )

Here yo represents the interfacial energy arises due to the first mechanism and yi 

represents the decrease in interfacial tension arises due to second mechanism.

Later Leibler"^ developed a theory for the reduction m interfacial tension in 

terms of molecular parameters of homopolymers and copolymers (molecular 

weight, copolymer composition, incompatibility degree) and of the concentration of 

copolymer molecules accumulated at the interface for the incompatible blends. 

Leibler calculated the interfacial tension reduction induced by the adsorption of the 

copolymers and is given as

a^Ay
( Z / a y  (N A  Pa ”  + N b Pb'” ) (1.9)

KT

for long copolymers and

^  = 3 ( I / a Y N  (1.10)
K 1

for short copolymer molecules (Ni < Pi“'̂ ) and I  < N ' where Ay is the interfacial 

tension reduction; Z, the interfacial area per copolymer joint; Pa and Pb. the degree 

of polymerisation of homopolymers A and B respectively; a, the monomer length; 

Na and Nb, the degree of polymerisation of copolymer segments A and B, 

respectively.

The longer copolymers are found to be more effective than shorter ones for 

the same surface area perchain. At equilibrium, the number of adsorbed



polymers is determined by a competition between enthalpic effects which tend to 

fgduce the overall number of A-B contacts in the system and the loss of entropy 

jjsociated with an accumulation of chains at the interface.

Lomellini et have developed an equation for the calculation of

jjiinimum amount of block copolymer needed to saturate the interface in the melt 

mixing of immiscible polymer blends. The saturation point is considered as the 

point where the dispersed phase size is no longer significantly dependent on the 

amount of interfacial agent. For the calculation of saturation concentration, the 

authors assume the geometrical model of one phase (phase B) dispersed in the 

continuous matrix of phase A in the fonn of particles with radius R and an A-B 

block copolymer where A and B denotes chemical identity or chemical affinity for 

the two phases and assume a geometrically sharp interface (Figure 1.16).

Phase A

figure 1.16. Block copolymer in an immiscible blends with spherical domains the 
case of an A-B diblock and A-B-A triblock copolymer at the interfacial 
region [Lomellini et al.. Polymer, 37, 5689 (1996)].



At interfacial saturation it is assumed that the particle surface being 

homogeneously covered with a given level of A blocks to make a stable colloidal 

dispersion of B particles in the A matrix. It is also assumed that there is no 

adsorption of A blocks mto the dispersed particle surface. The authors estimated 

the cntical concentration of block copolymers required to saturate the interface per 

unit volume (C^) of dispersed phase as

C  ____ _̂_____ ______________________ 1__ (1,1)
R g '  N ^ v o  p , , W A  4 R ^ , R N . , v o  P b c W ^

where Rg is the radius of gyration of A block; Ma, the molecular weight of the A 

block, and pbc, the block copolymer density.

The critical volume fraction (V fct) of block copolymer normalised unit 

volume of the blend is given by

, U 2 )
Pb.-W. 4 R = N „ o  R  

where (|) is the volume fraction of dispersed phase.

According to this model, the critical amount of copolymer required to 

saturate the interface depends on the interfacial area and composition of copolymer 

and not on molecular weight.

1.5 Scope and objectives of the work

Thermoplastic elastomers from blends of isotactic polypropylene 

(iPP)/acrylonitrile-co-butadiene rubber (NBR) combine the oil resistant properties 

of nitrile rubber and the excellent processability characteristics and mechanical 

properties of polypropylene. These can be successfully used for high temperature 

Oil resistant applications. However these blends are found to be incompatible and 

Jmmiscible. They are characterised by a sharp interface, coarse morphology and



poor physical and chemical interactions across the phase boundaries. Hence it is 

necessary to improve the compatibility of these blends in order to use them for 

practical applications. It has been found that the compatibilisation and dynamic 

vulcanisation of immiscible blends lead to better compatibility and properties. 

However, till date no systematic studies have been made on the compatibilisation 

and dynamic vulcanisation of PP/NBR blends. Although some studies have been 

reported on the thermodynamics, structural properties and compatibilisation of 

NBR/PP blends, detailed investigation relating morphology to the properties and 

compatibiUsing efficiency to the nature and concentration of the copolymer are 

l a c k i n g . I n  this thesis an attempt has been made to investigate systematically, 

the effect of compatibilisation and dynamic vulcanisation on the morphology and 

properties of PP/NBR blends. The important objectives of the work are given 

below.

1.5.1 Morphology and mechanical properties

The investigation of mechanical properties of raw materials is important in 

order to design products for various application since these materials usually 

undergo various types of deformation during service. It was found that the 

properties of polymer blends are strongly depended on the blend morphology. 

Hence the morphology and mechanical properties like tensile strength, modulus, 

tear strength , tensile impact strength, etc. of PP/NBR blends have been studied. 

The analysis of morphology and mechanical properties indicated that the PP/NBR 

blends are immiscible. Hence the properties of these blends have been improved 

by compatibilisation and dynamic vulcanisation. The effect of compatibiliser 

concentrations on the morphology and properties was investigated. Two types of 

compatibilisers, i.e., maleic anhydride modified polypropylene and dimethylol 

phenolic modified polypropylene have been used for the studies. The experimental 

J'csults have been compared with theoretical predictions. The variation in 

*iiorphology and mechanical properties upon dynamic vulcanisation was also 

'̂'^stigated. The vulcanising systems used were sulphur, peroxide and a mixed



system comprised o f sulphur and peroxide. Firially, the effect of addition of fillers 

such as carbon black, cork, silica and treated silica on the mechanical properties 

was studied.

1,5.2 Dynamic mechanical properties • ^

As the polymeric materials usually undergo cyclic stressing during various 

applications, the investigation of dynamic mechanical properties is important. 

Dynamic mechanical investigations can be used to predict the miscibility of the 

blends. The viscoelastic properties like storage modulus, loss modulus and tan 6  of 

PP/NBR blends were investigated with special reference to the effect of blend 

ratio, compatibiliser loading and dynamic vulcanisation. The properties were 

correlated with blend morphology. The experimental storage modulus was 

compared with various theoretical predictions.

f .5.3 R/ieo/og/ca/ properties

The investigation of the rheological properties over a wide range of shear 

rate and temperature is important in order to optimise the processing conditions like 

temperature, shear rate, time of flow, etc. required for each blend. Hence the melt 

rheology of PP/NBR blends was investigated for the uncompatibilised, 

compatibilised and dynamically vulcanised blends. The compatibiliser 

concentration was varied in these studies. The effect of shear rate and temperature 

on the melt viscosity was studied, and time-temperature superposition master 

curves have been constructed. The melt viscosity values were correlated with melt 

flow index values. The extrudate morphology of these blends was also 

investigated. Finally, the effect of annealing on the morphology of 

Uncompatibilised and compatibilised blends was studied.



For the development of durable industrial products it is necessary to study 

the thermal stability of polymeric materials. Hence the thermal stability of PP/NBR 

blends was investigated with special reference to the effect of blend ratio, 

compatibilisation and dynamic vulcanisation using thermogravimetric analysis. In 

polymer blends with a crystallisable component, the final properties strongly 

depend on the crystalline structure and crystallinity of the blends. The 

crystallisation behaviour of PP/NBR blends was investigated using differential 

scanning calorimetry and wide angle X-ray scattering technique.

1.5.5 Electrical properties

Polypropylene possess excellent insulating properties. Hence it is important 

to study the electrical properties o f PP/NBR blends m order to explore the 

possibility of using these materials in insulating applications. The dielectric 

properties like volume resistivity, dielectric constant, loss factor and dissipation 

factor of PP/NBR blends were investigated for the uncompatibilised and dynamic 

vulcanised blends. The effect of fillers on the dielectric behaviour was also 

studied. The experimental dielectric constant values were compared with various 

theoretical predictions.

1.5.6 Transport properties

The investigation of the transport properties of PP/NBR blends is important, 

since it is possible to use these materials in various barrier applications due to their 

solvent resistant properties. The sorption and diffusion of various aromatic 

solvents through PP/NBR blends were investigated. The effects of blend ratio, type 

of crosslinking system, i.e., sulphur, peroxide or mixed system and fillers on 

transport were studied. The activation energy and thermodynamic parameters for 

diffusion has been calculated. Finally the experimental results were compared with 

theoretical predictions.
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Chapter 2

Experimental



2.1 Materials used

Isotactic polypropylene (PP) (Koylene M3060) having M FI of 3 g/10 min was 

supplied by IPCL, Vadodara, India. Nitrile rubber (NBR) having 32% 

acrylonitrile content was supplied by Synthetics and Chemicals, Bareli, U.P., India.

Maleic modified polypropylene (MA-PP) was prepared by melt mixing 

polypropylene with maleic anhydride (5 parts), benzoquinone (0.75 parts) and 

dicumyl peroxide (3 parts) in a Brabender Plasticorder at 180°C.‘ Phenolic 

modified polypropylene (Ph-PP) was prepared by melt mixing polypropylene 

with dimethylol phenolic resin [SP-1045 (4 parts)], and stannous chloride 

(0.8 parts) at 180°C.’

The fillers used were HAF (N 330), silane, treated silica and cork powder. 

The treated silica was prepared by the treatment of silica ( 1 0 0  g) with Union 

Carbide A174 silane coupling agent (5  g).

2.2 Blend preparation

The blends of isotactic polypropylene with nitrile rubber were prepared by 

nielt mixing PP with NBR in a Brabender Plasticorder (model PLE-330) at a 

temperature of 180°C. The rotor speed was 60 rev.min"' and the blending was 

^ ^ e d  out for 6  min. In the case of binary blends, PP was first melted for 2 min in 

the chamber and then NBR was added and mixing continued for another 6  min. In 

the case of compatibilised blends, the compatibilisers were added prior to the



addition of N B R . The compatibiliser concentrations were varied from 1 to 

\5 wt %. The binary blends are designated as Pioo, P?o, P50, P30 and Po, where the 

subscripts denote the weight percentage of PP in the blend. The Ph-PP and M A-PP 

compatibihsed PP/N BR blends are designated as PPtux and PM70X, respectively 

where x denote? the weight percentage of compatibiliser in the blend. The dynamic 

vulcanisation of the blends was done by using three crosslinking systems, viz., 

sulphur, peroxide and a mixed system consisting of sulphur and peroxide. The 

formulation of the dynamic vulcanised blends is shown in Table 2.1. The PP/NBR 

blends vulcanised with sulphur, peroxide and mixed system are designated as PSx, 

PCx and PMx, respectively where x denotes the weight percentage of PP in the 

blends. The filled PP/N BR blends were prepared using different fillers, viz., 

carbon black, cork, silica and silane treated silica. The filler loading was varied 

between 10 to 30 phr. The filled blends are designated as PxCy, PxKy, PxSjy and 

PxTsiy for carbon black, cork, silica and silane treated silica filled blends 

respectively. In this x denotes the w'eight percentage of PP and y denotes that of 

.filler in the blend. In the case of dynamic vulcanised and filled blends, the amount 

of vulcanising agents and filler were taken with reference to the rubber phase, i.e., 

NBR only.

Table 2 .1 . Formulation of dynamic vulcanised blends.

Sample PS-„ PC-,, PM-„ PS.„ PC.,, PMs„ PSj, PC.,, PMv,

PP 70 70 70 50 50 50 30 30 30

NBR 30 30 30 50 50 50 70 70 70

Sulphur 0.2 - 0.1 0.2 - 0.1 0.2 - 0.1

DCP* - 2 1 - 2 1 - 2 1

t m t d ** 2.5 - 2.5 2.5 - 2.5 2.5 - 2.5

CBS*** 2 - 2 2 - 2 2 - 2

Zinc o\ide 5 - 5 5 - 5 5 - 5

Stearic acid
* r v  -------

2 - 2 2 - 2 2 - 2

Dicumy!p e r o x i d e ,  * * T e t r a m e t h y l  thiuram d is u lp h U ie .  * * * . \ ' - c y c l o l i e x y l  b e n z o t h i a z y l  s u l p h e n a m i d e



2.3 Physical testing of the samples

The samples for physical property measurements were prepared by 

compression moulding the mixes at 180°C in a hydraulic press in to 15 x 15 x

0 15 cm size sheets. The tensile property-measurements were done on a Zwick 

Universal Testing machine (Model 1474) using dumb-bell shaped specimens at 

a crosshead speed of 500 mm/'min. in accordance with ASTM D 412-81 The 

tear strength of the samples was determined using unnicked 90° angle test pieces at 

a cross head speed of 500 mm/min in a Zwick Universal Testing machine in 

accordance with ASTM D624-81. Tensile impact strength of the samples was 

measured on a Ceast Impact Tester (Model 6545/000) using dumb-bell shaped 

specimen. Hardness values of the samples were measured using shore A and 

shore D Hardness Durometer.

2.4 Morphology studies

The samples for morphology studies were prepared by cryogenic 

fracturing of the samples in liquid nitrogen. The fractured end of the samples 

were kept immersed in chloroform for two w'eeks. The samples were then dried 

in an oven. For morphology studies, samples (NBR phase was preferentially 

extracted) were sputter coated with gold and the photographs were taken in a 

■lEOL scanning electron microscope. The domain size was measured from the SEM 

pbotomicrographs. Several micrographs were taken for each blend and about 

300 domains were taken for number average domain diameter measurements. The 

apparent number, weight and surface area average domain diameter was obtained 

from the measurements o f hole diameter obtained as a result of the extraction of the 

f'lbber phase.



2.5 Dynamic mechanical testing

Dynamic mechanical properties of the blends were measured using a 

Rheovibron D D V -II at a frequency of 35 Hz. Compression moulded samples of 

dimensions 5 x 0.5 x 0.05 cm were used for testing. The temperature range used 

was -50 to+150°C.

2.6 Rheological measurements

Rheological measurements were done in an Instron capillary rheometer 

(Model 3211) at different plunger speeds The plunger speed was varied from 0.06 

to 20 cm/min. The melt was extruded through the capillary at predetermined 

plunger speeds after a warm up period of 5 min. The measurements were done at a 

temperature of 200°C. For studying the effect of temperature, the samples Pioo, P?o, 

PP7010 and Po were analysed at 190, 2 0 0  and 2 1 0 °C.

The true shear rate y was calculated from the apparent shear rate (ywa) 

from the following equation

.  r3n'+l^
waV 4n'

n' - the flow behaviour index is defined as

(2.1)

(2,2)
d (lo g r,„ )

and was determined by regression analysis.

The shear viscosity, r], was calculated using the equation

'1 = ^  (2.3)
Y w



2 7  Determination of MFI

Melt flow index (M FI) was determined using melt flow indexer, Tinius 

Olsen USA (Model), MP993, with 3.26 kg load. The measurements were made at

a temperature of 2 0 0 °C .

2.8 Extrudate swell

The extrudates were carefully collected as these emerged out from the 

capillary die, taking care to avoid any deformation. The diameter of the extrudate 

was measured after 24 h. The die swell was calculated using the equation de/dc 

where de is the diameter of the extrudate and dc is the diameter of the capillary.

2.9 Extrudate morphology

The morphology of the extrudates was analysed using scanning electron 

microscope. The samples for morphology measurement were prepared by 

cryogenically fracturing the samples in liquid nitrogen. The NBR phase was 

preferentially extracted using chloroform.

2.10 Determination of crosslink density

The molar mass beKveen crosslinks (Me) crosslinks of dynamic vulcanised 

samples was measured by equilibrium swelling method usmg the equation^

Me = ----------^  (2.4)
[ln(l-(t)) + (t) + x<})‘']

where Pp is the density of polymer; Vs, the molar volume of solvent; and (j), the 

volume fraction of swollen rubber which is given by

♦ -  , (2.5,
(d-fw)pp +A,P3



%

\vhere d is the deswollen weight of the sample; f, the volume fraction of filler; w, 

the initial weight of the sample, ps, the density of solvent, and A;,, the amount of 

solvent absorbed. The mteraction parameter x is given by

X = P + (Vs/RT)(6s-6pf (2.6)

where P is the lattice constant (0.34); Vs, the molar volume of solvent, R, the gas 

constant; and T, the temperature in °K  and 6 s and 6 p the solubility parameters of 

solvent and polymer respectively. The crosslink density (v) was measured from Me 

as

V = l/2Mc (2.7)

2.11 Thermogravimetric analysis

The thermogravimetry (TGA) and derivative thermogravimetry (DTG) were 

carried out in a Delta Series TGA7. The samples were scanned from 30 to 600°C 

at a heating rate of 10°C/min in nitrogen atmosphere.

2.12 Differential scanning calorimetry

The melting behaviour and crystallinity of PP/NBR blends were studied 

using a Perkin Elmer DSC thermal analyser. The samples were scanned at a 

heating rate of 10°C/min in nitrogen atmosphere. The weight percentage 

crystallinity of PP and blends was determined using DSC from the ratio of the heat 

of fusion of the blend to that of 100% crystalline PP (AHpp = 138 Jg’’).'̂

2.13 Wide angle X-ray scattering

The crystallisation behaviour of PP/NBR blends was analysed on a wide 

angle X-ray diffractometer using copper ka radiation in the 29 range from 5 to 30°.



2 i4 Electrical property measurements

The samples for electrical property measurements were prepared by 

compression moulding the samples into 2  mm thick sheets in a hydraulic press at a 

temperature of 200°C. The samples for volume resistivity measurements were 

prepared by compression moulding the samples into 0.3 mm thick films.

Volume resistance of the samples were measured at a Twenty Million 

M eghom meter Model 29A  at room temperature. The volume resistivity (p^) was 

calculated using the following equation.

PK = R . A/t n  cm (2.8)

where, R is the volume resistance; A, the area; and t, the thickness of the sample.

The capacitance and tan 5 o f the blends were measured at frequencies 

ranging from 31.6 Hz - 10 M Hz at room temperature using a 4192 Impedance 

Analyser. The dielectric constant was measured from capacitance usmg the 

equation

£' = C . t/so . A (2.9)

where c is the capacitance; t, the thickness; A, the area and Eo, is 8 .8 5 x lO '‘  ̂ F/m 

and

Loss factor, s" = s '. tan 5 (2 .1 0 )

2.15 Sorption experiments

Circular shaped samples of diameter 2 0  mm was punched out from 2  mm 

tliick sheets for diffusion studies. The samples were soaked in 20 ml solvent in 

diffusion bottles and kept at constant temperature by keeping them in a 

thermostatically controlled heating oven. The weight of the swollen samples was 

measured at frequent intervals until equilibrium swelling is reached. The 

experiments were conducted at 30, 40, 50 and 65°C. A possible source of error in



jĵ is rneasurements is that arises during weighing since the sample has to be taken 

out from the solvent for weighing. However, since the weighing is completed 

within 20-30 sec; the error can be neglected.'' The results of diffusion experiments 

were expressed as moles of solvent uptake by 1 0 0  g of polymer sample, Qt mol%.

Q, mol% =

'^Mass of solvent sorbed^
V Molar mass of solvent 

Mass of polymer
(2. 11)
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3,1 Introduction

The properties of rubber-plastic blends are determined by ( 1) material 

properties of rubber and plastic phases (2) rubber/plastic proportions (3) 

phase morphology and (4) interaction at the interface.*'^ A thorough 

understanding of the blend morphology is important since the properties of 

polymer blends are strongly dependant on the blend morphology.'*'* The 

morphology of heterogeneous polymer blends depends on blend composition, 

viscosity o f individual components and processing history. Danesi and Porter  ̂

reported that for blends with same processing history, the morphology is 

determined by melt viscosity ratio and composition. Generally, the least 

viscous component was observed to form the continuous phase over a larger 

composition range.  ̂ During the last few years a large number of studies on the 

morphology and properties of thermoplastic elastomers from rubber/plastic blends 

have been reported.^’*̂

Thermoplastic elastomers from blends o f polypropylene (PP) and nitrile 

rubber (NBR) find applications in cables, oil seals, hoses and other moulded 

articles by virtue of their easy processability, low density, excellent oil resistance 

and good mechanical properties. Hence, it is important to study the mechanical 

properties of these materials in order to understand the final properties of the 

material.

Several studies have been reported on the rubber modification of 

polypropylene. The morphology and mechanical properties of PP/EVA blends 

have been studied by Thomas and c o -w o rk e rs .K u ria k o s e  et al. reported on 

the NR modification of PP.'^ Blends of polypropylene with ethylene-propylene



Jobbers have been studied by different research g r o u p s . T h e  mechanical and 

thermal properties of PP/polybutadiene blends have been reported by Gupta and 

Ratnam'Ĵ  Coran and Patel^“ reported the technological compatibilisation of 

pp/NBR and PE/NBR blends. They have studied the effect of addition of graft 

copolymer and dynamic vulcanisation on the mechanical properties of these blends. 

Recently, Baker and co-workers^' studied the effectiveness of various “ basic 

functional groups in polypropylene as compatibilisers m a PP/NBR system using 

morphological and impact property measurements.

In this chapter, the influence of blend ratio on the morphology and 

mechanical properties of PP/NBR blends has been presented. The effects of 

concentration of two compatibilisers, maleic modified polypropylene and phenolic 

modified polypropylene on the morphology and mechanical properties of the 

blend are quantitatively investigated. The experimental resuUs have been applied to 

testify the current compatibilisation theories of Noolandi and Hong. The effects of 

dynamic vulcanisation and filler addition on the mechanical properties are also 

investigated.

3.2 Results and discussion

3.2.1 Binary blends

(a) Processing characteristics

The processing characteristics of the blends have been studied from the 

Brabender Plastographs. The torque-time and torque-temperature relationships 

obtained from Brabender Plastographs are shown in Figure 3.1. In all the cases, 

the mixing torque falls rapidly within 3 min of mixing time and then levels off to 

give uniform values at the end of the mixing cycle indicating good degree of 

mixing. Favis* has reported that the final morphology of the blend is strongly 

influenced by the time of mixing. All the blends show higher mixing torque 

than PP, and the torque is found to increase with increase in NBR content. This



‘s due to the higher melt viscosity of NBR as compared to PP. These results cleeirly 

indicate that all the blends have higher melt viscosity than polypropylene. It is also 

seen from the figure that the mixing temperature of the blends increases with 

increase in N B R content. This is due to the fact that high shear forces are 

involved as NBR content increases owing to its higher viscosity compared to PP.

TIME (min)

Figure 3.1. Brabender plastographs showing the variation of mixing torque and 
temperature with time of mixing.

(b) Morphology of the binary blends

The scanning electron micrographs of P70, P50 and P30 from v/hich the NBR 

phase has been extracted are shown in Figures 3.2a-3.2c. In the P70 NBR is found 

to be dispersed as domains in the continuous PP matrix. This is due to the higher 

melt \iscosity and lower NBR content compared to PP in the blend. As the rubber 

in the blend increases from 30 to 50 wt % the average size of the dispersed NBR 

phase increases from 5.87 to 17.90 pm The bigger particle size of the rubber



phase with increase in rubber content is attributed to the reagglomeration or

coalescence of the dispensed rubber particles. Occurrence of coalescence at 

higher concentrations of one of the components has been reported by many 

authors In P.̂ o, both NBR and PP phases exist as co-continuous phases This 

is associated with the higher proportions o f NB R  and low viscosity o f the PP 

phase

r

i' s -
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(a) (b)

(c)
Figure 3.2. Scanning electron photomicrographs of NBR/PP blends from which NBR 

was extracted using chloroform: (a) 30/70 NBR/PP blend. I ÎBR is 
dispersed as domains in the continuous PP matrix; (b) 50/50 NBR/PP 
biend: NBR is dispersed as domains in the continuous PP matrix, and 
(c) 70/30 NBR/PP blend with co-continuous morphology.



fc) Mechanical properties

The stress-strain curves of the Pioo, P70, Pjd, P30 and Po are shown in Figure 

3 .3 . From the stress-strain curves it is possible to determine the differences in 

the deformation characteristics of the blends under an applied load. The stress- 

strain curve of PP is similar to that o f a brittle material. It shows very high initial 

modulus with a definite yield point. The addition of NBR changes the nature of 

stress- strain curves considerably. The stress-strain curves of PP and blends 

containing higher proportion of PP have distinct elastic and inelastic regions. In 

the inelastic region they undergo yielding. The elastic moduli of the blends are 

found to be reduced considerably with the increase in rubber concentration. The 

improved rubbery behaviour of P30 compared to P70 and P50 can be explained in 

terms of the phase inversion of NBR from dispersed to continuous phase on 

passing from P50 to Pso- The stress-strain behaviour of NBR is typical of 

uncrosslinked soft elastomer.

S T R A IN  (%)

Figure 3.3, Stress strain curves of the samples.



Figure 3.4 shows the load displacement curves of PP/NBR blends during 

tearing Polypropylene tears at a higher load and at a small displacement. NBR  

undergoes the largest displacement with the minimum tearing force. The tearing 

behaviour of NBR/PP blends are intermediate between those of PP and NBR. As 

the NBR content in the blend increases the load required to tear the samples 

decreases and the displacement increases. This increase in displacement with 

rubber content may be due to the increased stretching of rubber particles which can 

bridge the matrix cracks. From the figure it is also seen that the modulus of the 

blends decreases with mcrease in rubber content and this reduction is more 

pronounced in the case of P30. In PP/EVA blends similar behaviour has been 

reported by Thomas et al.^ They correlated this behaviour with the morphology of 

the blends.

DISPLACEMENT (mm)

Figure 3.4. Tear load-displacement curves of NBR/PP blends.

Table 3.1 and Figure 3.5 show the variation of mechanical properties as a 

function of wt % of NBR. Pure iPP has the maximum tensile strength, tear 

strength and Young’s modulus. From the table it is seen that with the increase in



jsJBR content, the tensile strength, tear strength and Young’s modulus decrease. 

T he strength of NBR/PP blends depends on the strength of PP phase, which in 

turn depends on the extent of crystallinity. It has been observed that the 

crystallinity of the blend was decreased by the incorporation of NBR (Table 3.2). 

Martuscelli et have stated that the spherulite growth of iPP in blends with 

ru b b er is hindered by the presence o f the rubber phase. -Hence the observed 

decrease in tensile strength, tear strength and Young’s modulus with increase in 

NBR content is due to the presence of the soft rubber phase and drop in 

crystallinity of PP phase. It can be noticed from Figure 3.5 that the tensile 

strength-composition curve shows a negative deviation i.e., blend properties lie 

below the additivity line. The observed negative deviation is due to the poor 

interfacial adhesion between the non-polar PP and polar NBR phases, which 

causes poor stress transfer between the matrix and the dispersed phase. A clear 

change in the slope of this tensile strength-composition curve is seen between the 

composition range 50/50 PP/NBR to 30/70 PP/NBR. This is attributed to phase 

inversion of NBR from dispersed to continuous phase. Such deviation in the slope 

of mechanical property-composition curves had been reported by Danesi and Porter 

for PP/EPDM system.^

Table 3.1. Mechanical properties of binary PP/NBR blends.

Property Pioo Pvo P50 P30 Po

Tensile strength (MPa) 35 18.30 9.20 3.50 0.475

Young’s modulus (MPa) 500 250 135 47 1.5

Elongation at break (%) 15.6 95.58 43.45 38.64 1267

Tear strength (N/m) 117.90 85.40 50 21.10 5.36

Tensile impact strength (J/m^) 1110 1008 320 1448 -

Hardness shore A 95 95 93 83 28
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Figure 3.5. Effect of weight percent of NBR on tensile strength and shore A 
hardness of NBR/PP blends.

Table 3.2. Crystallinity of PP/NBR blends (from DSC data).

Composition Crystallinity (%)

Pioo 55.3

P?o 33,9

P50 20.9

P30 13.7

The elongation at break of PP/NBR blend is found to increase with the 

addition of 30 wt % NBR and after that it decreases with increase in rubber 

content (Table 3.1). The elongation at break also shows negative deviation. 

This decrease in elongation at break at higher rubber content is due to the poor 

interfacial adhesion between the homopolymers.



From the table, it is also seen that the tensile impact strength decreases with 

ihe addition of NBR up to 50 wt %. In immiscible blends, the tensile impact 

strength usually depends on the particle size of the dispersed phase. Smaller 

and uniformly distnbuted particles are more effective to initiate crazes and to 

terminate them before they develop into catastrophic sizes. The decrease in 

tensile impact strength in PP/NBR blends up to 50 wt %  of'NBR is due to the 

poor interfacial adhesion and higher particle size of the dispersed NBR phase as 

seen in the SEM photographs of P70 and P50 (Figure 3.2). The poor interfacial 

adhesion causes premature failure as a result of the usual crack opening 

mechanism. Karger-Kocsis e/ have shown that with the increase in the 

particle size of the dispersed rubber phase, the tensile impact strength of 

PP/EPDM blend decreases. After 50 wt % of NBR, the tensile impact strength is 

found to increase sharply. This sharp increase in impact strength may be due to 

the continuous nature of the NBR phase, which forms a co-continuous structure 

with the plastic phase (Figure 3.2). Similar results were reported in the case of 

PP-EVA system. ’̂

From Table 3.1 it is seen that the addition of 30 wt % of NBR does not 

change the hardness However, further addition of NBR decreases the hardness. 

The hardness- composition curve shows a slope change beyond 50 wt % of NBR  

(Figure 3.5). The reduction in hardness and the slope change in the curve at higher 

proportion of NBR (>50%) can be explained by the phase inversion of NBR  

from dispersed to continuous phase on passing from 50/50 PP/NBR to 30/70 

PP/NBR blend. It is interesting to see that the hardness values show a positive 

deviation.

Applicability of various composite models such as parallel, series, Halpin- 

Tsai and Coran’s models has been used to predict the mechanical properties of 

these blends. The highest upper bound parallel model is given by the rule of 

mixtures

M = M,(j)i+M2(j)2 (3.1)



vvhere M is any mechanical property of the composite. Mi eind M 2 are the 

niechanical properties of component 1 and 2 respectively and <{)i and (}>2 are the 

volume fractions of components 1 and 2 respectively. This equation holds for 

piodels m which the components are arranged parallel to one another so that an 

applied stress elongates each component by the same amount. The lowest lower 

bound series model is found in models in which the components are arranged in 

series with the applied stress. The equation for this case is

1/M = (j)i/Mi + (j)2/M2 (3.2)

According to Halpin-Tsai equation *̂''^^

M l / M  =  (l+AiBi(j)2)/(l-Bi(j)2) (3.3)

B i =  (M 1/M 2 -1 ) / (M ,/M 2  +  A i)  (3 .4 )

In the Halpin-Tsai equation, subscripts 1 and 2 refer to the continuous phase 

and dispersed phase respectively. The constant Ai is defined by the morphology of 

the system. For elastomer domains dispersed in a continuous hard matrix, 

Ai = 0.66.

For an incompatible blend, values of mechanical properties are expected to 

be in between upper bound parallel model (Mu) and lower bound series model 

(M ij. According to Coran’s equation,^

M  = f (M u -M O  + M, (3.5)

where f  can vary betvveen zero and unit)'. The value of f  is a function of phase 

morphology. The value of f  is given by

f = V „ " ( n V s + l )  (3 .6)

where n - contains the aspects of phase morphology, Vn and Vs are the volume 

fractions of hard phase and soft phase respectively. The change in f  with respect to 

is greatest when Vn = (n-l)/n. Thus the value of (n-l)/n  could be considered as 

the volume fraction of hard phase material that corresponds to a phase inversion.



Figure 3.6 shows the experimental and theoretical curves of Young’s 

modulus as a function of soft phase volume fraction. It can be seen from the figure 

that expenmental data are very close to the Coran’s model, in which the value of 

j, = 2.2. The value of n = 2.2, corresponds to V h = 0.545 as the hard phase volume 

fraction that corresponds to a phase inversion of NBR from dispersed to continuous 

phase. This result is consistent with the experimental results from morphology and 

mechanical property studies.

VOLUME FRACTION OF NBR

Figure 3.6. Experimental and theoretical values of Young’s modulus as a function of 
volume fraction of NBR phase.

3.2.2 Compatibilisation

(a) Morphology o f  compatibilised blends

The effect of maleic anhydride modified polypropylene and phenolic 

niodified polypropylene as compatibilisers on the morphology of the 70/30 

PP/NBR blend is shown by the SEM micrographs of Figures 3.7 and 3.8, 

f'espectively. The micrographs 3.7a-3.7d indicate blends containing 1, 5, 10 and 

'5% MA-PP respectively and micrographs 3.8a-d indicate blends containing



3,7.5, 10 and 15% Ph-PP, respectively. The morphology of uncompatibilised 

blend was already given in Figure 3.2a. From the SEM micrographs, it is seen 

that the size o f the dispersed NBR phase decreases with the addition of 

modified polymers. This reduction in particle size with the addition of modified 

polymers is due to the reduction in interfacial tension between the dispersed NBR  

phase and polypropylene matrix

15KU X1000 6885 10.0U RRLSM

(a) (b)

15KU XI000 7

(C) (d)

Figure 3.7. Scanning electron micrographs of P70 blends compatibilised with 
MA-PP: (a) 1% Ma-PP, (b) 5% MA-PP, (c) 10% MA-PP and (d) 15% 
MA-PP
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Figure 3.8. Scanning electron micrographs of P70 blends compatibilised with Ph-PP;
(a) 3% Ph-PP, (b) 7.5% Ph-PP. (c) 10% Ph-PP and (d) 15% Ph-PP.

The average domain size of the compatibilised blends were analysed as a 

function of compatibiliser concentration (Figure 3.9). The number average domain 

sue of the unmodified blend is 5,87 (im. From the Figure, it is seen that in the 

case of MA-PP compatibihsed blends, addition of 1% MA-PP causes a domain 

Size reduction o f 35%. Further addition of MA-PP does not change the domain



r
size considerably, but a levelling o ff is observed In the case of Ph-PP 

^onipatibilised blends, the average diameter of the dispersed NBR phase decreases 

up to the addition of 10 w t%  Ph-PP. By the addition of 10 wt % Ph-PP, the 

domain size is reduced by 77% of the domain size of the unmodified blend 

However, further addition o f compatibiliser increases the domain size The 

equihbrium concentration at which the domain size levelled off can be considered •= 

as the so-called cntical micelle concentration (CM C), i.e., the concentration 

at which micelles are formed. Generally, CM C is estimated from the plot of 

interfacial tension versus copolymer concentration. Since the interfacial tension is 

directly proportional to the domain size, the estimation of CMC from the plot of 

domain size versus concentration is warranted^^ The CMC values indicate the 

critical amount of compatibiliser required to saturate unit volume of interface. 

The increase in domain size above CM C may be due to the formation of

micelles o f compatibiliser at the continuous polypropylene phase. This is

schematically represented in Figure 3.10. Several authors have reported the

interfacial saturation of binary polymer blends by the addition of

compatibilisers?''^'* Thomas and Prud’homme^* reported that in PS/PMMA blends 

at lower concentrations of copolymer, the dispersed phase size decreases linearly 

with increasing copolymer concentration, whereas at higher concentration, it 

levelled off. Noolandi and Hong^^’̂  ̂ also suggested that there is a critical 

concentration o f block copolymer at which micelles are formed in the 

homopolymer phases. All the above experimental observ’ations mcluding the 

present study and theoretical predictions of Noolandi and Hong suggest that there 

is a critical concentration o f compatibiliser required to saturate the interface of 

a binary blend. The compatibiliser concentration above this critical concentration, 

niay not modify the interface any more, but forms compatibiliser micelles at the 

bulk phase.
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Figure 3.9. Effect of compatibiliser concentration on the domain size of the dispersed 
phase of P70

'/M icelles

C om patibiliser 

Below CM C

Com patibiliser 

Above CM C

Figure 3.10. Schematic representation of the formation of micelle above critical 
micelle concentration



The interfacial saturation point can be further explained by Taylors theory. 

In Taylors theory’’  ̂of particle deformation the critical Weber number, We, is given 

by the equation

W , = J ln M  (3.7)
2^12

where r\m is the viscosity of the matrix, dn the number average diameter of the 

dispersed phase, y is the shear rate and Tu is the mterfacial tension. From the 

equation, it is clear that there is a critical value o f W e below which there is no 

particle deformation and as a result there is a point o f critical particle size. At this 

point the compatibiliser attains maximum mterfacial area and therefore there must 

be a maximum quantity of compatibiliser required to saturate the interface

The theories o f Noolandi and Hong can be applied to these highly 

incompatible PP/NBR blends for concentrations less than CMC. According to 

them the interfacial tension is expected to decrease linearly with the addition of 

compatibiliser below CMC, and above the CM C a levelling ofF is expected. The 

expression for mterfacial tension reduction (Ay) in a binary blend A/B upon the 

addition o f a divalent copolymer A-b-B is given by equation (1.1

According to this equation, the plot of interfacial tension reduction versus 

should yield a straight line. Although this, theory was developed for the action of 

symmetrical diblock copolymer A-b-B in incompatible binary system (A/B), this 

theory can be successfully applied to other systems, in which the compatibilismg 

action is not strictly by the addition of symmetrical block copolymers,Since  

interfacial tension reduction is directly proportional to the particle size reduction as 

suggested by Wu,̂ *̂  we can replace the interfacial tension reduction term by the 

particle size reduction (Ad) term in Noolandi and Hong’s equation. Therefore:

Ad = Kdij)ct(l/2x+ l / Z . ) -  l/Z,exp(ZcX/2)] (3.8)

where K  is a proportionality constant



The plot o f particle size reduction as a function of the volume percent o f the 

compatibiliser is shown in Figure 3.11. It can be seen that at low copolymer 

concentrations (below the CMC), Ad decreases linearly with increasing copolymer 

volume fraction, whereas at higher concentrations (above the CMC), it levels oft', 

and this is in agreement with the theories of Noolandi and Hong.
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Figure 3.11. Effect of volume fraction of compatibiliser on the particle size reduction 
of P?o-

I-'
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The domain size distribution curves for the MA-PP and Ph-PP 

compatibilised blends arc shown in Figures 3.12 and 3,13 respectively. In the 

case of unmodified blend, a high degree of polydispersity is evident by the large 

width o f the distribution curve. With the increasing concentration of the 

compatibiliser (Ph-PP and MA-PP) the polydispersity decreases as evidenced by 

the decrease in the width of the distribution curve. In the case of Ph-PP 

compatibilised blend, a sharp distribution is obtained with the addition o f 10% 

Ph-PP. Willis and Favis^  ̂ have also shown that the addition of compatibiliser to 

polyolefin/polyamide system not only reduces the dimensions of the minor phase, 

but also results in uniform distribution of minor phase.



DOMAIN SIZE (pm)

Figure 3.12. Effect of MA-PP concentration on domain size distribution of P70

DOMAIN SIZE (pm)
Figure 3.13. Effect of Ph-PP concentration on domain size distribution of P



The mechanism o f compatibilising action and the difference in the 

behaviour of MA-PP and Ph-PP as compatibihsers in NBR/PP can be explamed 

as follows In the maleic anhydride modified polypropylene, maleic anhydride 

groups are grafted on to PP chain back bone as shown in Figure 3.14.
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Figure 3.14. Reaction scheme for the maleic anhydride modification of 
polypropylene

The FTIR spectrum o f maleic anhydride grafted PP is shown in Figure 3.15 

The peak present at 1710 cm’  ̂ indicate the presence of carboxyl groups, originating 

from maleic anhydride grafted on PP chains. The compatibilising action o f this



IS due lo the dipolar interaction between the maJeic anhydride groups ot 

MA-PP and NBR

When PP IS meU mixed with dirnethylol phenohc resin and SnCU, 

dimethylol groups are grafted on to PP backbone chain as showTi in Figure 3.16 

When the Ph-PP was added to PP/NBR blend, there is a possibility for the 

formation of graft copolymer between PP and NBR as shown m Figure 3 16.̂ "' 

This graft copolymer acts as an emulsifier at the interface and thus reduces 

interfacial tension leading to small and uniform distribution of NBR phase as seen 

in the SEM micrographs (Figure 3.8). It is also important to mention that the Ph- 

P P  can also act as compatibiliser due to the dipolar interaction between the 

dimethylol groups o f Ph-PP and polar NBR phase

WAVr Nl'KBt'P ICM"’)

Figure 3.15. FTIR spectmm o f the maleic anhydride modified polypropylene.
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(b) Mechanical properties o f  compatibUised blends

The mechanical properties of immiscible polymer blends are affected 

by the addition of compatibilisers Figure 3.17 shows the variation of tensile 

strength of 70/30 PP/NBR blend with weight percent o f two compatibilisers Ph-PP 

and MA-PP. With the increase in compatibiliser concentration, the tensile 

strength is found to mcrease up to 10 weight percent o f compatibiliser and then 

levels off for both the compatibilisers This incre^e  in tensile strength is due 

to the mcrease in mterfacial adhesion between PP and NBR phases which is 

evident from the SEM micrographs (Figures 3.7 and 3.8). The highest tensile 

strength of 10% Ph-PP compatibilised blend is due to the lowest particle size o f 

NBR domains in this system. In the case o f MA-PP compatibilised blends, the 

increase in tensile strength is due to the increased dipolar mteraction between the 

MA-PP and NBR phase which causes an increase in interfacial adhesion 

between PP and NBR phases, although there is no reduction in particle size with 

the increase in MA-PP concentration beyond 1%. Similar results have been 

reported forNylon/PP system.^^
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Figure 3.17. Effect o f compatibiliser concentration on the tensile strength of P70-



The variation of tensile modulus at 5 and 10% elongation and tensile 

impact strength with the Ph-PP concentration is shown in Figure 3.18 The tensile 

modulus is found to increase with increase in concentration of Ph-PP up to 

10% and after that It levels ofif. From the figure it is seen that the tensile impact 

strength o f the blend increases significantly with the addition of Ph-PP up to 

10% and after that it decreases drastically. This result is consistent with the 

literature reports on the increase o f  the tensile impact strength with reduction in 

particle size o f dispersed phase. TTie reduction in tensile impact strength for the 

blend containing 15 wtVo Ph-PP is due to the formation of compatibiliser 

micelles in the homopolymer phases Similar results have been reported for 

LDPE/PDMS system by Santra
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Figure 3.18. Effect ofPh-PP concentration on the modulus at 5% and 10% elongation 
and tensile impact strength o f P?o

The effect o f phenolic modified polypropylene on the tear strength of 70/30 

PP/NBR blend is shown in Figure 3 19. It is observed that the tear strength of the 

blend increases with increase in Ph-PP concentration up to 10 wt % and after that it 

levels off. It can be noticed that the tear strength of the blend is increased by 50%



ypon the addition o f  I (W'o compatibiliser. The increase in tear strength with Ph-PP 

c o n c e n tra tio n  is due to  the increased interfacial adhesion between the PP and NBR 

phases and also due to the reduction in particle size of the dispersed NBR phase 

During tearing, usually the rubber particles which bridge the growing crack stretch 

to targe extent before failing/*'^^ The tearing strain of the rubber particles 

increases with the reduction in particle size. It has been reported that the stretched 

rubber particles span the crack during crack propagation by acting like little springs 

between its faces/*' Thus in PP/NBR blend, the addition o f  Ph- PP decreases the 

size o f NBR domains which bridge the growing crack and this reduction in domain 

size leads to increased stretching o f  NBR particles during tearing. Again the 

increased interfacial adhesion between PP and NBR phase helps to inhibit the 

propagation o f growing crack during tearing. This will obviously increase the tear 

strength o f PP/NBR blends with the addition of Ph-PP. The levelling o f f  obser\ed 

in the tear strength after 10 wt % o f Ph-PP is  due to the interfacial saturation.
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Figure 3.19. Effect of Ph-PP concentration on the tear strength of P?o.



The vulcanisation o f rubber phase during mixing has been investigated as a 

way to improve the physical properties o f several thermoplastic elastomers based 

on rubber/plastic blends.**  ̂ In the present study, three types o f crosslinking systems 

have been used. These include accelerated sulphur vulcanisation which produces 

predominantly S-S linkages, peroxide system which give nse to only C-C linkages 

and mixed system which produces both sulphide linkages and C-C linkages. The 

schematic representation o f the network structure in the three cases are shown in 

Figure 3.20.

(a)

Mono or disulf^idic linkages 
(Sulphur system)

(b)

- C -

C-C linkages 
(Peroxide s>stcm)

- C

(c)

Mixed linkages 
(Mixed s\stem)

Figure 3.20. Schematic representation of the network formed during dynamic 
vulcanisation using (a) sulphur, (b) peroxide and (c) mixed systems.



The morphology of 70/30 PP/NBR blends vulcanised with sulphur. DCP 

d mixed systems is shown in Figure 3.21 From the figures it is seen that in 

ilphur cured system, the size o f the dispersed NBR domains is larger than those of 

oxide and mixed systems In peroxide cured system, the distribution is more fine 

uniform and hence the crosslmking is more effective in DCP system. However
«

is effect of crosshnking is not so predominant on the properties of the peroxide 

‘̂ w lcanised system due to the degradation o f PP phase in presence o f DCP

(a) (b)

u .‘ ■

A?

Jfi..

^ ♦ ..L'

(c)

Figure 3.21. Morphology of dynamically vulcanised P70 blends: (a) PS70 , (b) PC70 and
(c) PMto



1 he stress-strain curves o f dynamic vulcanised PP/NBR blends are shown in 

Figuffi 3.22. The effect of vulcanising systems on deformation behaviour can be 

Stained from the stress-strain curves. The modulus o f  the blends were lowered by 

jyp3 iTiic \T4 lcanisation. It can also be seen from the figure that the elongation at 

decreased upon dynamic vulcanisation for blends with higher loadings of FP 

■jTie blends with higher concentrations o f PP showed distinct elastic and inelastic 

^ io n s  and in the inelastic region the systems undergo necking/yielding.
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^*8ure3.22. Stress-strain curves o f unvulcanised and dynamically vulcanised, (a) P70,
(b) P50 and (c) P.̂ o blends.
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The tensile strength and tear strength o f dynamic vulcanised blends are 

shown in Table 3.3. The mechanical properties o f the blends with 70 wt % o f PP 

decreased upon dynamic vulcanisation and that with 50 and 30 wt % o f PP show an 

increase for tensile strength values. When considering the various vulcanised 

systems, it can be seen that for blends with higher loadings o f  PP, the sulphur 

vulcanisation gave comparatively better effect. As the concentration o f rubber 

increases, the trend gets reversed, and DCP vulcanisation leads to better properties. 

The mixed vulcanised system takes an intermediate position, In the case of 

thermoplastic elastomers the strength depends mainly on the strength o f  hard phase 

matrix We have seen that in P?o and P3 0 , NBR is the dispersed phase and PP the 

matrix. Therefore, the blends the strength depends mainly on the strength o f PP 

phase The vulcanisation o f PP based blends using DCP leads to the degradation of 

PP phase. Hence for blends with higher loadings o f PP, showed lower properties 

on dynamic vulcanisation using DCP though the crosslinking is more effective by 

DCP However at higher loadings o f rubber, the DCP crosslink the rubber phase 

preferentially than degrading PP and hence leads to better properties.

Table 3 3 . Mechanical properties of dynamic vulcanised PP/NBR blends.

Sample Tensile strength (MPa) Tear strength (N/m)

PS70 18.364 79.77

PC70 17.23 63,01

PM70 17,17 81,28

PS50 9.88 47.64

PC50 9.94 53.4

PM50 9.47 49.45

PS30 3.7] 18,24

PC30 5.43 21,38

PM30 3.78 18.26



3.2.4 FWed PP/NBR b/ends

The mechanical properties o f filled PP/NBR blends were studied for various 

fillers such as carbon black, cork, silica and silane treated silica. The stress-stram 

curves of unvulcanised P70 and P30  blends with 30 phr filler loadings are given in 

Figures 3.23a and 3.23b, respectively. The stress-stram cur\es indicate that the 

modulus of the blends decreased upon the incorporation of fillers The deformation 

behaviour o f the blends are not much varied on the filler addition. The blend with 

70 wt % o f PP shows higher initial modulus, and yteldmg. The P:u) blends showed 

lower initial modulus. The stress-stram curves of both the blends show' distinct 

elastic and inelastic regions.

if 3 ■-P«K
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Figure 3.23. Stress-strain curves o f (a) P70 and (b) P,»o blends with 30 phr filler 
loading

The tensile and tear properties of unvulcanised PP/NBR blends with 30 phr 

filler loading is given in Table 3 4 From the table it is seen that the properties of 

blend with various fillers vary with concentration o f rubber phase. At 30 wt % 

NBR, among the different fillers, cork showed highest improvement in tensile and 

tear strength values while silica showed the lowest value. At 50 wt % NBR also, 

cork filler showed oetter properties However, as the NBR content increased to 

70 wt % the trend is reversed, cork filled system showed the lowest tensile and tear 

strength and silica filled system showed the highest values It can also be seen



rfrom the table that the addition o f  carbon black adversely affects the properties in 

j)l cases The treatment of silica with silane coupling agent improved the 

properties only in the case of 70 wt % o f PP and in other two blend compositions 

jjje properties decrease

T a b le  3.4 Mechanical properties o f filled PP/NBR blends with 30 phr filler 
loading

Sample Tensile strength 
(MPa)

Tear strength 
(N/m)

Elongation at 
break (%)

P70 18.30 89.00 95.68

P70C30 16.76 82.82 22.97

P70K.30 19.02 95.54 8.38

p7oSl30 15.95 86.44 26.44

PtoTSiso 16.89 91.89 28.35

P50 9.20 50.00 43.45

P50C30 8.05 39.77 44.70

P50K30 9.73 45.05 18.47

PjoSiso 8.05 39.60 44.23

PsoTSiso 7.59 34.81 34.38

P30 3.50 21.00 38.64

P30C30 2.97 18.16 11.64

P30K.30 2.64 16.88 8.23

PsoSiso 4.06 28.60 21.29

PsoTSijo 3.41 i9.ro 13.52

The effect o f filler loading on mechanical properties was also studied. The 

stress-strain curves o f unvulcanised P50 blends with 10, 20 and 30 phr loading of 

carbon black and silica are shown in Figures 3.24a and 3.24b respectively. From



Sample Tensile strength (MPa) Tear strength (N/m) Elongation at break (%)

Unviilca-
nised

V^ulca-
nised

Unvulca­
nised

Vulca­
nised

Unvulca­
nised

Vulca­
nised

P « 9.20 9.88 50.00 47.64 43.14 17.76

PsoSito 10.28 8.67 53.13 45.10 39.60 37.35

9.21 8.03 42.31 44 76 58.47 24.52

PjoSiio 8.05. 8.34 39.60 49.38 39.30 55.94

PsoTSilo 9.94 9.06 46.40 54.00 55.47 12.14

P50TS120 8.43 10.37 42.00 51 14 44.67 41.97

P50TS130 7,59 8.45 34.81 49.60 34.38 32.26

PsoKio 9.55 10.53 48,54 46.18 32 26 14.76

PioKw 8.81 10.35 49.24 45.05 38,35 26.21

P50K30 9.73 9.00 45.05 37.94 18.47 18.44

P30C10 10.05 9.22 49.66 45.68 47.70 28,97

PS0C20 7.97 9.08 41.24 40.20 35.26 41,80

PjnCjo 8.05 831 39.77 35.12 44.70 31.58
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4.1 Introduction

Miscibility between two polymers is usually characterised by dynamic 

mechanical analysis or viscoelastic data. The viscoelastic properties like 

storage modulus, loss modulus and loss tangent o f  polymer depend on structure, 

ciystallinity, extent o f crosslinking, etc.' Karger-Kocsis and Kiss^ have 

investigated the effect o f morphology on the dynamic mechanical properties o f  

PP/EPDM blends. The presence o f  two phase morphology and two separate 

damping peaks for blend components remaining at their original positions in the 

dynamic mechanical spectrum indicated the incompatibility of the system. 

Influence o f  microstructure on the viscoelastic behaviour o f  polycarbonate/styrene 

acrylonitrile copolymer (PC/SAN) blend has been studied by McLaughlin^ and 

Guest and Daly.** The compatibility o f  polycarbonate with polystyrene and polyester 

was investigated by Li et al.  ̂ using dynamic mechanical and DSC measurements. 

Their investigations indicated that the PS/PC system is partially miscible since the 

Tg values corresponding to PC and PS are composition dependent. Wippler^ 

reported on the dynamic mechanical properties o f PC/PE blends. They have used 

Takayanagi model to predict the behaviour o f experimental storage modulus.



<)(,

The effect o f polychloroprene (CR) content on the storage moduh o f ABS 

was reported by Kang et al.  ̂ They found that the storage moduH o f the blends 

increase with increase in CR content. Recently, the influence o f  blend composition 

on the viscoelastic properties o f NR-EVA and NBR-EVA blends has been 

investigated. ' The damping factors o f  these blends are found to increase with 

increase in rubber content, and this behaviour has been correlated with the phase 

niorphology o f the system.

The miscibility o f  poly(viny[ chloride) (PVC) with 50% epoxidised natural 

rubber (ENR) was investigated by Varughese et al. °̂ using dynamic mechanical 

and DSC measurements. These blends showed a single Tg lying between the Tg’s 

of pure components, which indicated the miscibility o f the system. They also found 

that a moderate level o f broadening o f glass transition temperature region occurs 

with increasing PVC concentration.

The effect o f  compatibilisation on the dynamic mechanical properties o f  

various polymer blends has been reported.” ''̂  The investigations o f Brahimi e /a /,"  

indicated that the addition o f pure and tapered diblock copolyiners into PE/PS 

blends enhances the phase dispersion and interphase interactions o f  these blends 

and that the addition o f  excess copolymer create micelles, Ramesh and De'^ 

investigated the effect o f  carboxylated nitrile rubber as a reactive compatibiliser in 

PVC/ENR blends in terms o f dynamic mechanical data. The DMA results indicated 

that an immiscible composition o f  PVC/ENR blends becomes progressively 

miscible by the addition o f  XNBR. The addition o f ethylene-methyl acrylate 

copolymer as a compatibiliser in LDPE/PDMS blends was found to shift the Tg 

values corresponding to the h om op o ly m ers,C o h en  and Ramos'^ have used the 

mechanical model o f Takayanagi to describe the viscoelastic behaviour o f binar>'



and ternary blends o f cis-l,4-polyisoprene, 1,4-polybutadiene and the poiyisoprene- 

polybutadiene block copolymer.

The effect o f static and dynamic vulcanisation on the dynamic mechanical 

properties o f polymer blends has been r e p o r t e d . * ' K u r i a k o s e  et al.̂  ̂

investigated the effect o f dynamic vulcanisation o f  PP/NR blends on the 

\ascoelastic properties. They found that the increase in storage modulus and 

decrease in loss modulus becomes more remarkable as extent o f crosslinking 

increases Thomas et al.  ̂ investigated the effect o f dynamic vulcanisation on the 

dynamic mechanical properties o f NR/EVA blends. Liao et reported that the 

damping characteristics o f the dynamically cured IIR/PP blend depend on blend 

composition and the curative level. PVC/ENR blends upon dimaleimide 

vulcanisation showed a lowering in storage and loss moduli in the glassy zone. 

The damping peak became narrow upon dynamic vulcanisation.’*

In many practical applications, since the materials usually undergo cyclic 

stressing, the study o f viscoelastic properties are very important. In this chapter the 

effect o f blend composition and morphology on dynamic mechanical properties o f  

PP/NBR blends have been investigated. The effect o f compatibiliser concentration 

and dynamic vulcanisation was also investigated. The dynamic mechanical 

properties have been correlated with the morphology o f the blend. Attempts have 

also been made to predict the experimental dynamic mechanical properties using 

existing theoretical models.

4.2 Results and discussion 

Binary blends

The dynamic mechanical properties such as storage modulus (E'), loss 

tiiodulus (E") and damping (tan 6) o f  the pure components and the blends were



evaluated from -50 to 150°C. Figures 4.1-^.3 show the variation o f tan 5, E" and 

£' Vs temperature for the homopolymers. The tan 5 curve o f nitrile rubber shows a 

peak at -16°C due to the a-transition arising from the segmental motion. This 

corresponds to the glass transition temperature (Tg) o f nitrile rubber, 

polypropylene shows glass transition temperature at 25°C, as shown by a tan 5 

peak at 25°C in the tan 5 Vs temperature Qurv'e. Nitrile rubber has higher damping 

than polypropylene because o f its rubbery nature. The loss modulus (E") curve also 

shows the presence o f loss maxima for NBR and PP at -20 and 25°C, respectively 

(Figure 4.2).
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Figure 4.2. Variation o f loss modulus (E") o f PP and
NBR with temperature.
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Nitrile rubber has higher storage modulus than polypropylene below the Tg 

reg ion  and the trend is reversed beyond the relaxation stage. In the case o f  nitrile 

rubber, the storage modulus shows a drastic fall around Tg while for 

polypropylene, because o f its crystalline nature, the modulus drop is at a slower 

rate. The higher modulus o f  NBR compared to PP below the transition region is 

due to the fact that at this stage the entire molecular chains o f amorphous NBR is 

frozen to form a fully glassy stale. As NBR undergoes transition from the fully 

formed glassy state to the rubbery state, the storage modulus decreases 

considerably. In crystalline matenals, during transition, only the amorphous part 

undergoes segmental motion, while the crystalline region remains as solid until its 

temperature o f meUing (Tm). Hence in the case o f polypropylene, due to its 

crystalline nature, the storage modulus drops only at a lesser extent than that in 

NBR during the relaxation process.

Dynamic mechanical data was used to predict the miscibility o f the system 

by various r e s e a r c h e r s . I f  two polymers are not compatible, the tan 6 vs. 

temperature curve shows the presence o f two separate damping peaks 

corresponding to the glass transition temperatures o f  individual polymers.'^ For a 

highly compatible blend the curve will show only a single peak'° lying between the 

Tgs o f the component polymers, whereas in partially compatible system a 

broadening of Tg is noticed In the case of compatible and partially compatible 

blends the Tgs are shifted to higher or lower temperatures as a function o f  

composition. The variation o f tan 6 with temperature o f  PP/NBR blends is shown 

in Figure 4.4. The blends show two tan 6 peaks around -20°C and +20°C, which 

correspond to the Tgs of nitrile rubber and polypropylene, respectively. Two 

separate peaks corresponding to the Tgs o f PP and NBR indicate that the blends are 

not compatible. The Tg corresponding to PP component is shifted to lower



tem peratu re  on the addition o f NBR. This may be due to the plasticizing effect of 

NBR, by which the chain mobility o f  PP is increased. The damping o f the blends 

increases with mcrease m concentration o f nitrile rubber The variation o f tan 5nux 

of the blends as a function o f NBR content is shown in Figure 4.5. The increase in 

the damping and tan 6max with increase in NBR content is due to the reduction in 

the crystalline volume o f the system on increasing the concentration o f NBR whose 

damping is always higher than PP. The variation o f  tan 6,iiax is more pronounced 

above 50 wt % o f NBR. This behaviour can be explained in terms o f the 

morphology o f the blends. In P70 and P50, the NBR phase is dispersed as domains 

in the continuous PP matrix. In P30, the NBR phase also forms a continuous phase 

resulting in a co-continuous morphology (Figure 3.2). Since above 50 wt % of  

NBR, it forms continuous phase, the tan 6ma.x shows a pronounced variation due to 

the higher contribution o f tan 6ma.x from NBR phase.
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Figure 4.4. Variation o f tan 6 o f  PP/NBR binary blends with temperature.



Figure 4.5. Variation o f tan 5max due to NBR o f PP/NBR binary blends with wt % of  
NBR.

The variation o f storage modulus E' o f various blends as a function o f  

temperature is shown in Figure 4,6. As in the case o f blend components the 

modulus o f the blends decreases with increase in temperature. It is seen from this 

figure that the modulus o f  the blends decreeises with increase in NBR content. At 

the glassy region, E' becomes higher for high NBR blends and its value drops 

down several decades faster above Tg. This behaviour can be attributed to the 

better glass forming characteristics o f NBR with a higher degree o f modulus value. 

Thus, Pjo in which NBR is also distributed as continuous phase, has the higher 

storage modulus below the transition region than the other ones in which NBR is in 

the form of dispersed phase only. Above the transition region, E' is higher for low 

NBR blends due to the influence o f  crystalline PP.
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Figure 4.6. Variation of storage modulus (E') o f  binary PP/NBR blends with 
temperature.

Figure 4.7 shows the variation o f storage modulus at 30°C as a function of 

NBR content. As we have already discussed the modulus decreases with increase 

in rubber concentration and the curve shows a negative deviation from the 

additivity Ime. This negative deviation is due to the lack o f interfacial interaction 

and adhesion between the non-polar cr>'stalline PP and polar nitrile rubber phases. 

The curve shows a slope change from P50 to P30 due to the phase mversion o f NBR 

from dispersed to continuous phase.

The variation o f loss modulus with temperature (Figure 4.8) also shows the 

same trend as that o f  tan 6, i.e., the curves show two maxima corresponding to the 

glass transition temperatures o f polypropylene and nitrile rubber. The loss modulus 

also increases with increase in NBR content.
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Various composite models such as parallel, series, Halpiii-Tsai, Coran’s and 

Takayanagi’s models have been applied to predict the viscoelastic behaviour o f  the 

binary blends. The storage modulus o f  PP/NBR blends was calculated for parajlel, 

series, Halpm-Tsai and Coran’s model using equations (3 2-3 6)

The viscoelastic behaviour o f heterogeneous polymer blends can be 

predicted using Takayanagi’s model. The Takayanagi model is given by'^

E* = ( I -^)Em + (4,1)

where E* is the complex modulus o f  blend; , the complex modulus o f matrix 

phase; E ^ . the complex modulus o f the dispersed phase; and X(|>, the volume 

fraction o f the dispersed phase and the values o f X and (j) related to the degree o f  

series-parallel coupling.

As suggested by Cohen and Ramos, degree o f parallel coupling o f the 

model can be expressed by

% parallel = [(j)(l-X)/(l-(j)?t)] x 100 (4.2)

Figure 4.9 shows the experimental and theoretical curves o f storage 

modulus of PP/NBR blends as a function of NBR volume fraction As expected 

the storage modulus values of these blends lie in between those o f parallel and 

series models. The experimental values are close to Halpin-Tsai and Coran model 

(n = 2.2) up to 50 wt % NBR. In the case o f Takayanagi model, which is widely 

used for the prediction o f viscoelastic data, the experimental values can be 

described with 20% parallel coupling. However for the Psn blend the experimental 

values are higher than those obtained from any other theoretical models. This may 

be due to the fact that all theoretical values are calculated, based on the assumption 

that NBR phase is dispersed in the continuous PP matrix But in the case o f  Pju,



the NBR also forms a continuous phase leading to a co-continuous moq^hology o f  

the blend (Figure 3.2c).
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Figure 4.9. Experimental and theoretical curves o f storage modulus o f binary 
PP/NBR blends as a function o f wt % o f NBR at 30^C.

4.2.3 Effect o f compatibilisation

The variation o f storage modulus as a function o f temperature o f 70/30 

PP/NBR blends compatibilised with different concentrations o f phenolic modified 

polypropylene is shown in Figure 4.10. With the addition o f  3% Ph-PP the 

modulus o f the unmodified blend is increased at lower temperatures i.e., below 

glass transition temperature. However with fijrther addition o f compatibiliser (7.5 

and 10 wt%  Ph-PP) the storage modulus is decreased from the levels o f P70 

containing 3% Ph-PP. The increase in the modulus with the addition o f 3% Ph-PP 

is due to the increase in the interfacial adhesion caused by the emulsifying effect o f  

the block copolymer formed by the interaction between the phenolic modified



polypropylene and nitnle rubber (Figure 3.16). The better interaction between PP 

and NBR m presence o f Ph-PP is evident from the morphology observed in SEM 

micrographs (Figure 3.8) At lower concentration o f compatibiliser, the average 

dom ain size o f NBR particles decreased due to interfacial tension reduction and 

high interfacial interaction. The decrease in modulus at higher concentration o f the 

copolymer is due to the formation .o f  micelles o f  the compatibiliser in the 

polypropylene matrix. As the micelle formation starts some o f the copolymer 

already at the interface leaves the interface. This increases the domain size. 

Similar behaviour has been reported in the compatibilisation o f  PS/PE blends by 

PS'b-PE copolymers " Brahimi et a/." reported that the modulus o f PE/PS blend 

increased by compatibilisation using PS-PE block copolymers up to interface 

saturation concentration and after that the modulus decreased. At higher 

temperatures all the blends o f PP/NBR showed approximately the same modulus.
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pigure 4.11 depicts the variation o f  storage modulus E' o f  70/30 PP/NBR 

y  i  com patib ilised  w ith  maleic anhydride m o d ified  polypropylene. In this case 

^ 5 0  the addition o f  1% maleic anhydride modified polypropylene increases the 

odulus of the blend as compared to the unmodified one at low er temperatures i.e., 

bclow grass transition temperature o f  PP. At high temperatures the values are 

l o w e r  than the P70 blend. When the concentration o f MA-PP is increased to 10% 

(he modulus shows lower values than that o f  P70 At higher temperatures it shows 

values higher than that o f the blend modified with 1% MA-PP. At temperatures 

above 50°C all the blends show nearly the same values o f E'. In the modification 

of PP/NBR with maleic anhydride modified polypropylene (MA-PP), the MA-PP 

increases the interfacial interaction between PP and NBR by the dipolar interaction 

between polar maleic anhydride groups o f MA-PP and polar NBR. The increased 

interaction at the interface may be the reason for the increase in the modulus upon 

the addition o f 1 % MA-PP. The further decrease in E' by the addition of 10% 

MA-PP indicates the formation o f  micelles in the PP matrix. Here also, the 

increased interfacial interaction is evident from the small and uniform dispersion o f 

NBR particles upon the addition o f  MA- PP. Above 1% MA-PP the domain size 

levelled off due to interfacial saturation (Figure 3.9).
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Figure 4.11. Variation of modulus (E') o f MA-PP compatibilised PP/NBR blends.



The variation o f tan 5 as a function o f temperature o f Ph-PP compatibilised 

blends is shown in Figure 4.12. The compatibilised blends also show the same 

behaviour for the tan 5 curve as that o f unmodified blend, i.e., the compatibilised 

blends show the presence o f two maximas corresponding to the glass transition 

temperature o f polypropylene and nitrile rubber. This indicates that the 

compatibilisation does not alter the level o f miscibility. In other words, presence of 

a compatibiliser does not promote molecular level miscibility. This is in agreement 

with the conclusions made by Paul^  ̂ who suggested that if two polymers are far 

from being miscible, then no copolymer is likely to make one phase system. In a 

completely immiscible system, the main role o f the compatibiliser is to act as an 

interfacial agent. At lower temperatures the tan 5 values show an increase for 3 

and 7.5% o f Ph-PP. However, at intermediate temperatures the tan 5 values of 

these blends are lower than that o f unmodified blend. When the concentration of 

Ph-PP is increased to 10% the tan 5 values decrease and the values are lower than 

those o f Pto- All the compatibilised systems show higher values o f tan 6 than 

unmodified blend at higher temperatures. This increase in tan 5 indicates that the 

interfacial interaction caused by the presence o f Ph-PP in PP/NBR blend may be 

weakened at higher temperatures. The decrease in interfacial interaction at higher 

temperature will decrease the interfacial adhesion and hence leads to increased 

segmental motion. The glass transition temperature corresponding to NBR remains 

unaltered by the incorporation of Ph-PP. However, Tg values corresponding to PP 

changes slightly with the incorporation o f Ph-PP On the addition o f 3% Ph-PP, the 

Tg value remains the same as that o f  P70. However, in the case o f 7.5 and 10% 

Ph-PP incorporation, the Tg values shift to a slightly higher temperatures.
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Figure 4.12. Variation o f tan 5 o f Ph-PP compatibilised PP/NBR blends as a flinction 
o f temperature.

The variation o f tan 6 o f  MA-PP compatibilised PP/NBR blends is shown in 

Figure 4.13 By the incorporation o f 1 % MA-PP, the tan 5 values increase for the 

whole temperature range. When the concentration of M.A-PP is mcreased to 

10wt% the tan 5 shows an increase at lower temperature and at intermediate 

temperature it decreases. In this case also, the decrease in tan 5 is due to the 

increase in mterfacial interaction caused by the presence o f MA-PP. The 

compatibilised blends have higher tan 5 than the uncompalibilised system at higher 

temperatures
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Figure 4. 13. Variation o f tan 6 o f MA-PP compatibilised PP/NBR blends as a function 
of temperature.

Figure 4.14 depicts the variation o f loss modulus (E") as a function o f  

temperature of Ph-PP compatibilised blends The loss modulus shows a similar 

trend as that of tan 5 curves. The E" curves shov  ̂ the presence o f two peaks 

corresponding to the glass transition temperature o f PP and NBR. Similar to tan 6 

curves, here also the addition o f 3 and 7.5% Ph-PP increases the E". The values 

are lower than those o f P70 at lower temperatures. At mtermediate temperatures all 

the compatibilised blends show slightly lower E" values than P70.

In MA-PP compatibilised blends, the variation o f loss modulus is shown in 

Figure 4.15. The behaviour is similar to tan 5 curves. It shows the presence o f two 

peaks corresponding to NBR and PP. At lower temperatures, 1 and 10% MA-PP 

modified blends show higher values o f E" than those o f the unmodified blend. At 

intermediate temperature the values o f  E" lie below that o f unmodified blend. Here 

also at higher temperatures the compatibilised blends show higher values of E".
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Figure 4.14. Variation of loss modulus (E") o f Ph-PP compatibilised PP/NBR blends 
as a function of temperature.
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H 2,4 Effect o f dynamic vulcanisation

The variation o f E', E" and tan 6 o f P70 blend crosslinked with sulphur, 

dicumyl peroxide and mixed systems are shown m Figures 4.16-4.18. The modulus 

of the blends vulcanised with DCP and mixed systems shows higher values than 

the uncrosslinked system, w'hile the sulphur crosslinked system show's the lowest 

value In PP/NBR blends, on peroxide vulcanisation, there is a possibility o f  

degradation o f PP phase in the presence o f  DCP. However, the results from the 

figure indicates that the crosslinking reaction predommates over degradation 

reactions in the case o f  DCP vulcanisation. The increase in modulus for DCP 

system is also due to the crosslinking o f  NBR phase. In the case o f sulphur system, 

sulphur crosslinks only the NBR phase and so shows the lowest modulus value. As 

expected the mixed system shows an intermediate behaviour.
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Figure 4.17. Variation o f loss modulus (E") of sulphur, DCP and naixed (DCP + 
sulphur) vTilcanised PP/NBR blends with temperature.
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Figure 4.18. Variation o f tan 5 o f  sulphur, DCP and mixed (DCP sulphurj 
vTjlcanised PP/NBR blends with temperature.



The loss modulus values o f  th e  vulcanised systems shown m Figure 4.17 

indicate that the loss modulus increases upon vulcanisation. Here also D C P  system 

sh o w s the lowest E" and sulphur system shows the highest E" values. The mixed 

system  shows intermediate behaviour.

The variation o f tan 6 with temperature (Figure 4.18) also shows the same 

trend as that of-Ioss modulus i.e ., among the crosslmked samples, the DCP 

crosslinked system shows the lowest tan 5 values and sulphur system the highest 

value. The mixed system shows intermediate values. In all cases the introduction

of crosslinks increases the tan 5 values.

The morphology obtained from scanning electron micrographs (Figure 3.21) 

indicates that the crosslinking is more effective in DCP vulcanised system as 

proved by the presence o f fine and uniform distribution o f rubber particles in this 

case. However, this effect o f  crosslinking is not so predominant on the properties of 

the peroxide vulcanised system due to the degradation o f  PP phase in presence of 

DCP.
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5.1 Introduction

F'' or the last few decades, as the commercial importance o f polymer blends are 

increasing, it is necessary to optimise the processing conditions required for 

each blend. Generally for homopolymers, the flow behaviour depends on the flow  

geometry and processing conditions like temperature, shear rate, time o f flow etc. 

In the case o f  polymer blends, the flow  behaviour becomes more complex and is 

influenced by additional factors like the miscibility o f the system, morphology, 

interfacial adhesion and interfacial thickness. The complex rheological behaviour 

of polymer blends has been investigated by several researchers Utracki and 

Kamal' have reviewed the rheological behaviour o f various polymer blends. 

Normally the meh viscosity of polymer blends shows three types o f behaviour;

(1) positive deviation behaviour (PDB) where the blend viscosities show a 

synergistic behaviour, i . e , blend viscosity is higher than the log additivity value;

(2) negative deviaition behaviour (NDB) where the blend viscosit>’ shows a negative 

deviation from log additivity values, and (3) a positive-negative deviation 

behaviour (PNDB). In this case the same blend exhibits both positive and negative 

deviation behaviour depending on the composition, morphology and processing 

conditions.

The miscibility o f polymer components has a significant effect on the flow  

behaviour o f polymer blends. Kim and co-workers^ investigated the effect o f



iTiiscibility on the rheological behaviour by studying the poly(methyl methacrylate) 

(PMMA)/acrylonitrile butadiene styrene copolymer (ABS) blends with ABS having 

different acrylonitrile content. Their studies showed that blends containing ABS 

with 24 and 27 wt % acrylonitrile content are miscible with PMMA, while ABS 

with 35 wt%  acrylonitrile content is immiscible with PMMA. The rheological 

study o f these blends indicated that the miscible blends showed viscosities lower 

than the additive values due to the dilution effect while immiscible blends with 

ABS rich phase showed positive deviation. Recently, in this laboratory the flow  

behaviours o f various thermoplastic elastomer blends have been investigated by 

Thomas et They found that in natural rubber (NR)/ poly(ethylene-co-vinyl 

acetate) (EVA) blends, at low concentration o f  EVA, the system showed positive 

deviation. This behaviour has been explained to be due to the strong interactions 

among EVA domains. At higher concentration o f EVA a negative deviation was 

observed. The viscosity o f the blend was found to increase with NR concentration. 

Such an increase in viscosity upon the incorporation o f rubber in plastic phase has 

been reported m systems such as plasticised polyvinyl chloride (PVC)/epoxidised 

natural rubber (ENR), polypropylene (PP)/NR, high density polyethylene 

(HDPE)/NR and PP/ethylene propylene diene rubber (EPDM)^‘‘° In PVC/ENR 

miscible blends, the observed negative deviation is attributed to the composition 

dependent plasticising effect o f E N R . A n o t h e r  importmit class o f  polymer blends 

whose rheological behaviour studied widely are those with liquid crystalline 

polymers and thermoplastics. In these types o f  blends, the melt viscosity decreases 

with the addition o f liquid crystalline polymers." '̂

The addition o f compatibilisers to polymer blends extensively affects their 

flow behaviour.'^''’ Chemical reactions occurring betw'een the components o f the 

blend upon compatibilisation generally increases the viscosity o f the system. The 

viscosity o f  PP/polyamide (PA) blend was found to increase upon compatibilisation 

using maleic anhydride grafted styrene-ethylene-co-butylene-styrene copolymer 

(SEBS-g-MA), due to the chemical reactions taking place between amine and 

anhydride groups.’  ̂Germain et al. r e p o r t ed  the effect o f a block copolymer on the



Theological behaviour o f PP/PA blends. A dual flow behaviour was observed in 

these blends, i.e. at low shear rates the blend viscosity is higher than the matrix and 

at high shear reites, the viscosity is lower than matrix. They have correlated this 

behaviour with the morphology o f the system and have used emulsion model to 

predict the behaviour at low shear rate region. The flow behaviour o f PMMA/NR 

blends compatibilised with poly(methyl. methacrylate) grafted natural rubber 

(PMMA-g-NR) copolymer was investigated in this lab by Thomas et al.^^ The 

binary blends show positive deviation at low shear rates. On compatibilisation the 

viscosity o f these blends was found to be increasing due to the high interfacial 

interaction.

Recently Okoroafor et have analysed the viscosity o f immiscible 

polymer blends using different rheological models o f flow  behaviour. In these 

models, the viscosity o f  polymer blend has contributions from both the viscosities 

of pure components and also from the viscosity o f  interphase. According to the 

authors, in mechanically mixed polymer blends in which the components have 

neither a strong interphase nor chemical interactions, the positive and negative 

deviation behaviours (PDB and N D B) entirely depend on the viscosity ratio, r|d/T]m. 

In the case o f blends with an interphase, the synergism is related to both the 

viscoelastic properties o f  the interphase and its volume fraction (([)i) in the blend.

The effects o f dynamic vulcanisation on the rheological behaviour o f  

various rubber-plastic blends have been investigated by several r e s e a r c h e r s . I t  

has been reported that the viscosity o f  the blends increased with increase in the 

curative concentration.'^ De et investigated the effect o f various vulcanising 

agents on the rheological behaviour o f  PP/NR and HDPE/NR blends.

In this chapter, the rheological properties o f  PP/NBR blends have been 

investigated. The dependence o f blend ratio, compatibiliser concentration and 

dynamic vulcanisation on the flow  characteristics have been studied. The 

morphology o f the extrudates was also examined and correlated with the flow  

properties.



5.2.1 Effects of blend ratio and shear stress on viscosity

The effect o f shear stress on the viscosity o f polypropylene, nitrile rubber 

and their binary blends at different shear rates are shown in Figure 5.1. The 

viscosities o f pure components and their blends decrease with increase in shear 

stress indicating pseudoplasttc tlow behaviour The pseudopiastic nature ot 

polymers arises from the randomly oriented and entangled nature of polymer 

chains, which on apphcation b f  high shear rates gets oriented and disentangled and 

results in reduction in viscosity. The nitnle rubber shows the highest viscosity and 

polypropylene the lowest. The viscosity o f the NBR decreases at a lower rate than 

polypropylene and blends. At low shear rates PP shows higher viscosity than P70 

and P50 and at high shear rates, the viscosity of blends lies in between that o f the 

homopolymers.

Figure 5.1.
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Effect of shear stress on melt viscosity of PP/NBR blends at ditierent 
shear rates.

Figure 5.2 shows the variation of viscosity with blend composition at 

*̂ *fTerent shear rates. As the rubber content in the blend increases the blend 

Viscosity is increased. Such an increase in viscosity on incorporation o f rubber 

phase was already reported for several s y s t e m s . I n  polymer blends, since there is



in terlayer slip along with orientation and disentanglement o f  chains on application 

o f shear stress the viscosity depends on the interfacial thickness and adhesion in 

addition to the characteristics o f  component polymers. From Figure 5.2 it is seen 

that the PP/N BR blend viscosity shows negative deviation and indicates the 

incompatibility o f  the system. When a shear stress is applied to a blend it 

undergoes an elongational flow. I f  the interface is strong, deformation o f  the 

dispersed phase will be effectively transferred to the continuous phase. However, 

in the case o f  weak interphases the interlayer slip occurs and therefore the viscosity 

o f the system decreases. The extent o f  negative deviation is more prominent at 

high shear rate region than at low shear rate region. It can be seen that viscosity 

increases marginally up to 50%  N B R  content, followed by a sharp increase at 

higher N B R  content. This behaviour can be explained in terms o f  the morphology 

o f the system. The S E M  micrographs o f  cross-section o f  the extrudates o f  PP/NBR 

blends are shown in Figure 5 .3 . In P70 and P50, N B R  is dispersed as spherical 

domains with number average diameter 8.16 and 11.59 ^m respectively in the 

continuous PP matrix, while in P30, N B R  also forms continuous phase resulting in a 

co-continuous morphology. The co-continuous nature o f  PP and N B R  in P30 is 

responsible for the sharp increase in viscosity in this blend.

Figure 5.2. Variation o f melt viscosity o f PP/NBR blend with N BR concentration 
at different shear rates.
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Figure 5.3. The extm date morphology o f  (a) P70, (b) P50 and (c) P30 blends.

I

5.2.2 Comparison with theoretical predictions

T he viscosities o f  these b lends have been correlated w ith various theoretical 

models. The fo llow ing m odels have been used to calculate the viscosity.

T1 =  n t ‘l>i +  2̂<1>2 (M o d e l 1) (5 .1 )

where t^i and r\2 are the viscosities o f  the com ponents and (j>i and ((>2 their volum e 

fractions

A ccording to H ash in’s upper and low er limit models.^^



= n: + 777------ (5-2)
-n2) + <l>2^2n2

nmix = Til + 777--------- -—  (M odel 3) (5.3)
-ni) + 4»i /2ti,

where rii, t)2, and 2̂ have the  sam e significance as explained before

An altered free volum e m odel developed by M ashelkar and co-workers^** 

was also used to  calculate the viscosity. A ccording to th is equation

(t>i(a-l-y(l>2) + a(t)2(a \+y^^) 

w here a  = (5.5)

and y = ”  (5-6)
M

where fj and fj are free volum e fractions o f  com ponents I and II respectively and p 

is the interaction param eter,

f  = f g  +  a (T -T g ) (5.7)

w here fg =  0.025

a r  =  --------------- (5.8)
2.303C 1C 2

where B = 0 .9  ± 0.3 1, C i = 17,44, and C : = 51.6 K,

For the calculations, the value o f  7 w as varied to obtain best fit values with 

experim ental results. F igure 5 4 presents viscosity values from theoretical m odels 

and also from the experim ents. It is seen from  the figure that the viscosity o f  the 

blend show s negative deviation and the  experim ental curve lies in betw een those o f  

H ashin’s upper and low er lim it m odels. T he viscosity values can be better 

explained using M ashelkar M odel w ith y  = -0.04. This value o f  y corresponds to  an 

interaction param eter o f  P =  -4 .376 x 10*̂  according to equation (5 6),
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Figure 5.4. Theoretical and experimental viscosity values of PP/NBR blends

5.2.3 Effect of compatibilisation

The effect o f  shear stress on the viscosity o f 70/30 PP/NBR blend 

containing phenolic modified polypropylene is shown in Figure 5.5, U is seen from 

the figure that at lower shear rates, the viscosity o f  the compatibilised system is 

higher compared to the uncompatibilised system At high shear rates the viscosity 

seems to be unaffected by compatibilisation. Figure .5.6 depicts the variation of 

viscosity as a function o f  compatibiliser concentration With the increase in 

compatibiliser loading the viscosity initially increases which then levels o ff at 

higher loading The variation in viscosity is more pronounced at low shear rates 

Such an increase in viscosity on compatibilisation o f immiscible polymer blends 

has been already reported by several researchers In the introductory part we



already discussed that the viscosity of a polymer blend has a contributioa from 

the interphase. Upon compatibilisation of an immiscible blend, the compatibihser 

will preferentially locate at the interface between the dispersed phase and matrix 

This will lead to an increase in interfacial thickness According to Okoroafor 

eial.^^ the viscosity of the compatibiUsed blend is given by

Tld Tl.

4>d^

vn, Hd Hm

f* where ^ is the volume fraction, rj, the viscosity, and the subscripts m, d and i
^ ■

denote matrix, dispersed phase and interphase, respectively.
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Figure 5.5. The effect o f shear stress on the melt viscosity o f Ph-PP compatibilised 
70/30 PP/NBR blends at different shear rates
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Figure 5.6. Variation o f viscosity with compatibiliser concentration.

Hence the viscosities o f these blends depend on the interphase volume 

fraction and also on the viscosity o f  the interface. In the case o f PP/NBR blends 

compatibilised with Ph-PP, Ph-PP reacts with NBR to form a copolymer as shown 

in Figure 3 .16. As a result o f the addition o f Ph-PP the thickness of the interphase 

increases and this leads to an effective stress transfer between the dispersed phase 

and the continuous phase and an increase in interfacial adhesion. This contributes 

to the reduction in mterlayer slip and therefore an increase in viscosity. The 

levelling off in the viscosity vs. compatibiliser loading curve at higher 

concentrations of Ph-PP can be understood from the morphology of the system. 

The SEM micrographs of the extrudates o f 70/30 blend compatibilised with Ph-PP 

is shown in Figure 5.7. As the concentration of Ph-PP increases the size o f the 

dispersed NBR phase decreases.
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Figure 5.7. Effect o f  addition o f Ph-PP on the morphology o f 70/30 PP/NBR blend: 
(a) 5 wt %, (b) 10 wt % and (c) 15 wt %/Ph-PP

The domain size distribution curves o f P70 blend compatibilised with 

different Ph-PP loadings is shown in Figure 5.8, Large number o f domains (>300) 

from different micrographs were considered for the determination o f  domain 

diameter. The uncompatibilised blend shows a broader distribution curve, showing 

the non-uniform distribution o f N BR  domains As the compatibiliser loading 

increases the distribution curve becomes narrow and the size o f the NBR domains 

also decreases. The size o f the NBR domains measured from the SEM 

micrographs is expressed in different ways as given by the equations.
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where, Ni is the number o f domains having diameter Di; the number average 

diameter, weight average diameter, and Dys, the surface area average

diameter. The polydispersity index which is a measure o f domain size distribution 

was also calculated using the equation.

(5.13)
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Pigure 5.8. Domain size distribution curves of Ph-PP compatibilised P?u blends



iW  Table 5.1 shows the results o f these measurements. It is seen from the table

P  that the domain diameter decreases with increase in compatibiliser loading up to

3  5 «/o and after that it shows a slight increase. The increase in domain size at high 
i

-■ concen trations is due to the formation o f  micelles in  the continuous polypropylene 

r  matrix. The polydispersity index values decrease with increase in compatibiliser 

; loading which confirms the fact that loading of compatibiliser increases the 

uniformity of domain size.

'i- Table 5.1. Average diameter of NBR domains in Ph-PP compatibilised P70 

 ̂• blends.

Sample D„ (nm) Dw (l-im)
(Hm)

PDI

P70 8.168 11.59 15,00! 1.418

P7001 5.322 7.516 9.3073 1.412

P7003 4.9918 7.34 9.264 1.472

P 7010 5.06 6.17 10.219 1.219

P7015 6.19 7.72 9.028 1.24

Figure 5.9 depicts the variation of domain size o f NBR phase and viscosity 

of 70/30 PP/NBR blend as a function of compatibiliser concentration. As the 

Ph-PP concentration increases the size o f the NBR domains decreases followed by 

a levelling off at higher concentrations The decrease in domain size upon the 

addition o f Ph-PP in PP/NBR blends indicates that the interfacial interaction 

between PP and NBR phases increases and interfacial tension decreases with 

Ph-PP loading. The levelling o ff at higlier concentration is due to the interfacial 

saturation above which the compatibiliser form micelles in the continuous PP 

phase The variation o f viscosity with compatibiliser concentration indicates that 

the viscosity increases with Ph-PP loading up to the interfacial saturation point 

Above the interfacial saturation point the viscosity gets levelled off.
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Figure 5.9. Variation of domain size of NBR and viscosity with compatibiliser 
concentration

The influence o f interfacial energy and viscosity ratio on the particle size of 

the dispersed phase is given by the relationship proposed by Wu.^^

G Ti^ao/y = 4(Tid/Ti„f for p>l (5.14)

where p is T)d/rim; G, the shear rate, an, the number average diameter o f the 

domains, y, the interfacial tension; and r\d and Tim, the viscosities of dispersed 

phase and matrix, respectively

It is seen from this equation that at constant shear rate and viscosity ratio, 

the reduction in particle size is due to the reduction in interfacial tension In 

PP/NBR blends the size o f the dispersed NBR phase decreases by the increasing



concentration o f Ph-PP as compatibiliser (Figure 5.7). Hence these results indicate 

that upon the incorporation of Ph-PP in PP/NBR blends the mterfacia! tension 

decreases The interfacial tension o f  uncompatibihsed and compatibilised blends 

vvere calculated using the equation (5.14). The calculation o f interfacial tension 

using equation (5.14) gives higher values compared to literature values. However, 

we are interested in the trend in the variation o f interfacial tension with 

^m patibiliser concentration and the results show that the interfacial tension 

decreases with the incorporation o f Ph-PP as compatibiliser (Figure 5.10).

Figure 5.10. Variation of interfacial tension of 70/30 PP/NBR blends with 
compatibiliser concentration.

5.2.4 Effect of dynamic vulcanisation

The effect o f dynamic vulcanisation of 70/30 PP/NBR blend using sulphur, 

peroxide and mixed system on the viscosity as a function o f shear stress at different 

shear rates is shown in Figure 5.11. Here also the viscosity decreases with
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increasing shear stress which indicates pseudoplastic behaviour. Among the three 

yulcanising systems studied the sulphur cured system shows the highest viscosity 

compared to other systems At low shear rates the peroxide cured system shows 

slightly higher viscosity than mixed system and at high shear rates the trend is 

rev ersed  In mixed and peroxide cured systems, during shearing at high temperature 

the peroxide degrades the polypropylene ■ phase and as a result the viscosity 

decreases. In these systems (peroxide and mixed systems) the degradation o f PP 

cvvcrshadows the effect o f crossUnking of NBR phase. But in the case of sulphur 

cured system the NBR phase is crosslinked and no degradation o f PP takes place.

log SHEAR STRESS (Pa)

Figure 5.11. Effect of shear stress on melt viscosity o f dynamically vulcanised 
PP/NBR blends.



The morphology of the extrudates of PP/NBR blends vulcanised with 

s u lp h u r ,  DCP and mixed system is shown in Figure 5 12, From the figures it can 

be seen that m sulphur cured system, the size o f the dispersed NBR domains is 

larger than those o f peroxide and mixed cured systems In peroxide cured system, 

the distribution o f NBR domains is fine and uniform and the crosslinking is more 

effective (Table 5.2). However this effect of crosslinking is not so predommani on 

the properties o f the peroxide vulcanised system due to the degradation of PP phase 

in presence of DCP.

(a) (b)

D*l w o  [xp 
SI J? / I

--------- 1 Ml
IQ-jyno u n c il i jc le d

(c)

Figure 5.12. Morphology o f dynamically vulcanised 70/30 PP/NBR blciids (a) PSw,
(b) PC?Ov and (c) PM 70 ,



Sample Crosslink density x 10  ̂mol/cm^

PS70 2.06

PC 70 2.33

PM 70 2.04

5.2.5 Effect of temperature

The effect of temperature on the melt viscosity of PP, NBR and 70/30 

PP/NBR blend is shown in Figure 5.13, In the case of polypropylene, the viscosity 

decreases with increase in temperature, while for nitrile rubber, it initially 

decreases, followed by an increase at high temperature This increase m viscosity 

of NBR at high temperatures is due to the crosslinking o f NBR phase. In the case 

of 70/30 PP/NBR blend, the viscosity reduction upon increase in temperature from 

200 to 210°C is lower compared to neat polypropylene. This may be due to the 

crosslinking o f the NBR phase in the blend In fact, two reactions take place in the 

blend at high temperature: Crosslinking o f NBR phase and degradation of PP 

phase The activation energy was calculated from the plot of log r) vs. 1/T curve for 

polypropylene, 70/30 PP/NBR blend and the compatibilised blend. The plots are 

shown in Figure 5 14 and the activation energies are given in Table 5.3. It can be 

seen from the table that on blendmg PP with NBR, the activation energy decreases 

while compatibilisation increases the activation energy Generally higher the 

activation energy the more temperature sensitive the material will be. Hence upon 

compatibilisation the temperature sensitivity of the material increases This type of 

increase in activation energy on compatibilisation was reported earlier.*^ It is 

important to add that the activation energy values are useful in choosing the 

temperature to be used during various processing methods like injection moulding, 

calendering and extrusions.



TEMPERAT0RE 0<)

Figure 5.13. Effect o f temperature on the melt viscosity of polypropylene, nitrile 
rubber and 70/30 PP/NBR blend.

Figure 5.14. Arrhenius plots of Piw, P70 and PP7010 blends.



Activation energies o f PP/NBR blends

Sample E (kj/mol)

Pioo 46.62

P70 18.39

PP7010 44.35

The shear rate temperature superposition analysis has been used to predict

the mell viscosity o f polymers.^^ The super position shift factors were obtained 

using the following equation.

ai (5.15)

The shear rate-temperature superposition master curves o f PP/NBR 70/30 

blend and Pioo have been constructed by plotting modified shear stress ( t  x  a i) vs. 

y at a reference temperature o f 200°C. In the case o f polypropylene and P70 blend, 

the super position o f the data was obtained in the temperature range and shear rate 

studied (Figure 5.15 and 5.16)

log Yw (s'"')

Figure 5.15. Shear rate-temperature super position master curve of Pioo-
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Figure 5.16. Shear rate-temperature super position master curve of P7 0 .

The values of a j for different temperatures o f Pjoo and P7 0  are shown in 

Table 5 4. Hence it is possible to develop the rheograms at different temperatures 

from the rheogram at any temperature by knowing the shift factor (at) values.

Table 5.4. Shift factor (at) values o f Pioo and P70

Temperature (°C) Pioo P70

190 0.842 0.834

200 1 1

210 1,535 1.629



The flow behaviour index («') gives an idea about the nature of flow 

whether it is Newtonian or non-Newtonian Most polymers show pseudopiastic 

jjehaviour with flow behaviour index n’ less than I. For Newtonian liquids n' 

value IS 1. The effect o f blend ratio on the flow behaviour index is shown in Figure 

5 .1 7 . The low values of n' for PP, NBR and blends indicate their pseudoplastic 

behaviour. The incorporation of NBR slightly increases the flow behaviour index,

i.e., the incorporation of NBR does not change the flow behaviour of 

polypropylene considerably. The effect of compatibilisation and dynamic 

vulcanisation on the flow behaviour index is given in Table 5 5. It is clear from the 

table that, the compatibilisation and dynamic vulcanisation using sulphur and 

mixed systems increase the n' values showmg an increased Newtonian behaviour. 

However, the DCP vulcanised system shows a lower n' value

Figure 5.17. Effect of blend ratio on flow behaviour index n'.



t  T*ble 5.5* Flow behaviour index and die swell value djd^ o f compatibilised and 
dynamic vulcanised samples.

Sample n ' de/dc

P70 0.289 1.44

PP7001 0.298 1.43

PP7010 0.294 1.42

PS70 0.303 1.286

PC 70 0281 1.162

PM70 0.329 1.136

5.2.7 Extwdate morphology

T he extrudate m orphology o f  the  b lends depends on m any factors such as 

the viscosity o f  individual com ponents, com position, interfacial tension and shear 

rate. A ccording to  D anesi and Porter w hen  the polym ers have sim ilar m eh 

viscosities, the  m inor com ponent w ill be finely and  uniform ly distributed in the 

major com ponent. W hen  the tw o polym ers have different m elt viscosities, the 

m orphology o f  the  blend depends on  w hether the  m inor com ponent has low er or 

higher m elt viscosity than the m ajor one. G enerally, the least viscous com ponent 

forms the continuous phase irrespective o f  the com position In PP/NBR blends, 

we have already seen that polypropylene has low er viscosity than nitrile rubber. 

Thus in P70 in w hich N B R  is the m inor phase, the  N B R  form s dispersed phase, i.e., 

N B R  is dispersed as spherical dom ains in the continuous PP m atrix as expected. In 

P50, the interm ediate com position also  N B R form s dispersed phase and in this case 

the size o f  the dispersed N B R  dom ains increases due to  coalescence o f  the rubber 

dom ains during shearing. T he dom ain size o f  P70 and  P50 blends is shown in Table

3.6 In P30, w here the m inor com ponent PP has a low er viscosity, both N B R and
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pp form continuous phase resulting in a co-continuous morphology This is d u e  to 

{jic fact that low viscosity phase has a tendency to form continuous phase 

irrespective o f the composition The effect of shear rate on the extrudate 

morphology is shown in Figure 5.18. As the shear rate increases the size o f the 

dispersed domains decreases and becomes more uniform. The domain size 

distribution curves of 70/30 PP/NBR blends extruded at different shear rates are 

shown in Figure 5.19 As the shear rate increases from 16.4 to 1640 s '\  the 

distribution curve becomes narrow indicating more uniform distribution at high 

shear rates The number and weight average diameter o f NBR domains and the 

polydispersity index values are given in Table 5.7, As the shear rate increases the 

average diameter o f NBR domains decreases and the distribution of NBR domains 

becomes more uniform as shown by the low values o f polydispersity index. Under 

the action o f shear, the dispersed phase undergoes elongational deformation and 

finally the droplet will break up as shown schematically in Figure 5.20. The 

droplet break up depends on the viscosity ratio (rid/rjni). The break up is easier 

when the viscosity ratio T̂ d/Tlm is close to unity. Taylor’s equation has been 

developed for the deformation o f a Newtonian drop suspended in Newtonian
29matnx. The equation gives the deformation o f droplet in terms of critical Weber 

number According to Taylor’s equation

W, = y Tin,d,^xi2 (5.16)

where y is the shear rate, rjm, the viscosity o f matrix phase, d„, the average 

diameter of the dispersed rubber particle; and Ti2 , the interfacial tension.

Table 5.6. Average diameter o f NBR domains in PP/NBR blends.

Sample Dn D . PDI Dvs
(lim) (jam) ( D , / D J (^m)

P70 8 1.68 11.59 1.418 15.00

Pjo 11,89 15.68 1.318 18,65



(a)

liOMH

(c)

Figure 5.18. The effect of shear rate on the extrudate morphology of 70/30 PP/NBR 
blends: (a) 16.46 s"', (b) 164.04 s '“ and (c) 1640.4 s'".

Table 5.7. Average domain diameter of NBR m P7 0  extruded at different shear 
rates

Shear rate(s^) D„ (|.im) D,, {\xm) PDI

16.4 9.57 13,962 1.459

164.04 8  168 11.59 1.418

1640.4 4 398 5.913 1.345



w
z
<
so
ou.
O
cc
L U

CO

DOMAIN DIAMETER (^m)

Figure 5.19. Domain size distribution curves of P?o extruded at different shear rates.

PP PHASE NBR DOMAINS

NBR DOMAINS

LOW SHEAR RATE INTERMEDIATE SHEAR RATE HIGH SHEAR RATE

Figure 5.20. Schematic representation of the droplet break-up during shearing.



According to W u’s equation (5.14) it is clear that the average size o f the 

particles is sm all, when the shear rate is high, interfacial tension is low and when

ratio is less. Thus, as the shear rate increased, in PP/NBR blends, the 

dispersed NBR domains are elongated in the direction o f flow and at higher shear 

fates the elongated NBR phase is broken down into small particles.

5,2.8 Eirtrucfafe swe//

The melt elasticity o f polymers leads to different phenomena like extrudate 

swell, melt fracture, shark skin etc. during flow through a capillary.® In the 

capillary the polymer molecules undergo orientation under the action o f shear. On 

emerging out from the die, the oriented molecules has a tendency to recoil, as a 

result, lateral expansion takes place which leads to extrudate swell. The extrudate 

deformation characteristics o f these blends are shown in Figures 5.21a and 5.21b 

At low shear rate, the deformation o f the extrudates is less and at high shear rate, 

the deformation is very prominent This is associated with the melt fracture which 

occurs at high shear forces, where the shear stress exceeds the strength of the melt. 

As the concentration o f rubber increases the surface o f the blend exhibits more 

roughness and the extrudates have non-uniform diameter since the elastic response 

increases with increase in the concentration o f the rubber phase. It is clear from the 

figure that compatibilisation and dynamic vulcanisation reduce the extrudate 

deformation. In unvulcanised blends during extrusion, the rubber particles undergo 

large extent of deformation in the die or broken down into small particles at high 

shear rates and after extrusion, they show a deformed morphology. However in 

dynamic vulcanised blends, the rubber particles undergo less deformation during 

extrusion through the die, and therefore they retain their morphology after 

extrusion. The change in morphology o f  dynamic v'ulcanised blend during 

extrusion process is shown schematically in Figure 5.22.
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Figure 5.21. Photographs of the extmdates of (a) PP/NBR binary blends, and (b) 
dynamic vulcanised and compatibilssed blends at shear rates 164 and 
1640 s'V
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Figure 5.22. Schematic representation of morphology changes during extrusion of 
dynamic vulcanised blends.

Kuriakose et a/.^^ have reported that on dynamic vulcanisation o f PP/7^R 

blends, the extrudate distortion decreases due to the less deformation and quick 

recovery of the crosslinked rubber particles in these blends. The effect o f addition 

of NBR on the extrudate swell (d .̂/d )̂ o f PP/NBR blend is shown in Table 5 8 As
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the rubber content in the blend increases the extrudate swell decreases This is due 

to the elasticity o f the rubber phase The effect of shear rate and temperature on the 

die swell value o f 70/30 PP/NBR blend is shown in Table 5.9. As expected the 

increase in shear rate increases the die swell values, while increase in temperature 

decreases the values. Compatibilisation o f the blend marginally decreases the die 

swell The dynamic vulcanisation has a significant effect on die swell values 

(Table 5 5) due to the elasticity o f  the network resulting from dynamic 

vulcanisation. On dynamic \-ulcanisation of PP/NBR blend using sulphur, peroxide 

and mixed system the die swell vaJues decrease and the effect is more pronounced 

in the case of mixed cured system. Coran^* reported that in the case o f dynamically 

vulcanised thermoplastic elastomers, the die swell values are negligibly small or 

even absent, since viscosity can approach infinity at zero shear rate in these types 

of thermoplastic vulcanisates upon emerging from the die.

Table 5.8 Die swell ratio o f PP/NBR blends.

Sample de/dc

Pioo 1.48

P70 1.44

Pso 1 43

Table 5.9. Die swell ratio of 70/30 PP/NBR blends

Shear rate (s ') Temperature (°C)

190X 200°C 210°C

16.4 1.33 1.34 1.34

164.04 1.49 1.44 1.38

1640.4 2 07 1 . 8 8 1.71



2̂.9 Melt now index
The M Fl values of PP/NBR blends are given in Table 5.10. The melt flow 

index of the blends decreases with increase in the concentration of nitrile rubber, 

vvhich is in good agreement with the viscosity data obtained from capillary 

measurements. The M FI values, give an idea about the processing behaviour of 

polymers. However, the actual processing conditions like temperature and shear 

rate employed in.the product development differ from that of the conditions used in 

MFI tests. Several authors have made attempt to correlate the M FI values with 

rheograms and to develop master curves.'^”'̂ ' Recently, in this laboratory Oommen 

et George et al.^^ and Asaletha et al.^^ combined the M FI data and capillar>' 

rheometer data to provide master curves.

Table 5.10. M FI values of PP/NBR blends.

Sample M F I (g/lOmm) Viscosity (Pa.s)

Pioo 2.014 4169.1

P?o 0.68 11282.1

P50 0.487 19194.2

P30 0.239 47675.8

In PP/NBR blends, a master curve is obtained by combining the M FI values 

and capillar)’ rheometer data as shown in Figure 5.23. For different blend 

compositions the plots of y x p / M FI vs. r\ x M FI/p (where p is density for various 

PP/NBR blends) unified into a single curve. Thus, it is possible to generate, the 

viscosity versus shear rate curves from the mastercurve by simply knowing the MFI 

values without the use of sophisticated rheological instruments.
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Figure 5.23. Master curve of modified shear viscosity vs. modified shear rates as a 
function of blend ratio at 200°C.

5.2.10 Effect o f annealing

The influence of phase coarsening and coalescence that occurs during 

annealing on the morphology of polymer blends is important since these materials 

often undergo annealing during processing and fabrication steps. The phase 

coarsening and coalescence phenomena in polymer blends have been reported by 

various r e s e a r c h e r s . T h e  coalescence of dispersed particles leads to unstable 

morphology and poor mechanical properties A schematic model illustrates the 

coalescence phenomena in the blends is shown in Figure 5.24. It has been reported 

that coalescence in immiscible blends can be prevented by compatibilisation. In 

the case of compatibilised blends, the compatibiliser forms a shell around the 

dispersed phase, therefore the coalescence is suppressed.The SEM micrographs 

of the annealed P70 and P7010 blends are shown in Figure 5.25. The samples were 

annealed by keeping the samples in barrel for one hour before extrusion at 200°C.



is seen from the figure that during annealing, the size o f the dispersed NBR 

particles increases in P70 However in the presence o f compatibiliser, the domain 

size is unaffected upon annealing The increase in domain size during annealing is 

due to the coalescence of dispersed NBR particles. On compatibilisation using 

ph-PP, it forms a shell around NBR particles, which prevents the rubber particles 

from coalescence and this leads to a stable morphology. Hence in compatibilised 

blends, the size o f  the dispersed phase is unaffected on annealing. The dispersed 

phase size of P70 and P7010 blend before and after extrusion is shown in Table 5.11.

DISPERSED
PHASE MATRIX

ANNEALING

DISPERSED
PHASE MATRDC

Figure 5.24. Schematic representation of coalescence phenomena in PP/NBR blends.

/OanrM.M 700 ntrd

(a) (b)

Figure 5.25. SEM micrographs o f (a) P70 and (b) PP7010 annealed for one hour at
200T ,



Sample Dn((.im) D« (l-im) PDI

Pvo 8.168 11.59 1.418

P70 annealed 9.711 13.438 1.283

PP7010 5.06 6.17 1.219

Pvoio annealed 5 0 6.673 1.37

Oommen et reported that the compatibilisation of PM M A/NR blend 

using PMMA-g-NR prevents coalescence of dispersed domains. Danesi and Porter 

reported that in PP/EP blend, the PP particles coalesce into larger domains during 

annealing and have indicated the high instabih'ty of the morphological species with 

annealing above the melting point of polypropylene
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C h a p te r  6

Thermal and Crystallisation 
Behaviour

The results of this chapter have been submitted for 
publication In Journal o f Thermal Analysis



6.1 Introduction

In order to develop durable industrial products it is necessary to investigate the 

thermal stability of these blends. Thermogravimetric analysis can be used as a 

technique to measure the thermal stability of polymers due to the simplicity of this 

weight loss method.''^ The thermal degradation of polymer blends was investigated 

by various researchers using thermogravimetric method.^ The blending of a 

polymer with other polymers has stabilising as well as destabilising effect. Grassie 

e ta l}  reviewed these stabilising effects of blending. The complete degradation of 

PM M A into monomers on heating can be considerably reduced by blending with 

other polymers. The destabilising effect of PVC on the degradation of polymers 

was also investigated.Varughese e /a / /  reported that the blending o f ENR with 

-PVC reduced the rate of HCl elimination in the first degradation step of PVC. The 

thermal degradation behaviour of blends has been used to identify SBR/BR blends 

from SBR based compounds by Amraee et al.^ from the ratio of the peak heights of 

DTG peaks. The effect of miscibility of polymer blends on thermal degradation 

behaviour was investigated by Lizymol et al.^ Among the different blends studied 

(PVC/EVA, EVA/SAN and PVC/SAN), the thermal stability was improved in the 

case o f miscible PVC/EVA system. In immiscible EVA/SAN and PVC/SAN 

blends, there was not much improvement in thermal stability. Subhra et al7  

reported that blends of ENR with poly(ethylene-co-acrylic acid) showed the



existence of a single phase at low concentrations of ENR i.e at 10, 20 and 

3 0  wt %, as shown by the two step degradation exist in these blends.

In polymer blends with a crystallisable component, the final properties are 

determined by ( 1) mode and state of dispersion of rubbery domains in the 

crystalline matrix (2 ) the texture, dimensions and size distribution of spherulites of 

the matrix (3) .the inner structure of spherulites i.e. lamellar and inter lamellar 

thickness (4) physical structure of inter spherulitic boundary regions and 

amorphous inter lamellar regions and (5) the adhesion between the rubbery 

domains and the crystalline matrix.'* The effects of the nature of crystalline 

structure and the extent of crystallinity on the properties of various polymer blends
18 28 12 13were investigated, ' Martuscelli e/a/. ' investigated the nucleation and growth 

of spherulites in various rubber/plastic blends. Hlavata etal.^^ investigated the 

change in crystalline structure o f iPP on blending with two thermoplastic 

elastomers, butadiene-styrene (BS) and hydrogenated butadiene styrene rubbers 

(HIS). The pure polypropylene and blends with BS and HIS showed the presence 

of a hexagonal P phase along with the a-form. The thermal and crystallisation 

behaviour of EVA/NR blends were investigated by Koshy and co-workers.’  ̂ The 

crystallinity of the blends decreased with increase in N R  content, and the 

interplanar distance ‘d values’ increased upon the addition of NR mdicating the 

migration of NR phcise into the interchain space of EVA.

The effect of compatibilisation on crystallisation behaviour was studied by 

Santra el They reported that the crystallinity of LDPE/PDMS rubber blends 

increased upon compatibilisation using ethylene methyl acrylate copolymer. 

W u eta l. reported that in PA-6 /SEBS blends,'^ the compatibilisation using 

maleated SEBS changes the a-crystalline form of PA -6  in binary blends to a 

mixture of a  and y-crystalline forms. The effect of dynamic vulcanisation on 

crystallinity and cr>'stalline structure was reported for PP/EPDM blend.



In this chapter, the thermal properties of binary, compatibihsed and 

dynamically vulcanised PP/NBR blends have been presented The crystalline 

structure of binary and compatibilised blends was also investigated.

6.2 Results and discussion

6.2.1 Thermal degradation

Thermograms and derivative thermograms of pure polypropylene, nitrile 

rubber and their blends are shown in Figures 6.1a-e. In the case of polypropylene, 

the weight loss is very low up to 250°C. Hence, the sample can be considered as 

stable up to this temperature in nitrogen atmosphere. The degradation o f PP which 

starts at 250°C was completed at 385°C, The weight loss in this region 

(250-385°C) corresponds to the formation of volatile products which arises from 

the random chain scission and intermolecular transfer involving tertiary hydrogen 

abstractions from the polymer by the primary radical. The degradation products of 

PP involves monomer, 2-methyl-1-pentane, 2,4 dimethyl-1-heptane, 2-pentene and 

isobutene. The mechanism of degradation of PP can be represented as follows.

CH3 CH3 CH3 CH3
I I Direct I I

- C—CH2- C— -̂---r — ► — CH + • CH2— C—C H ^
Chain scission

H H

Scission Tertiary C—H
Transfer H

CH, CH3

■^C H , + CH2=C—CH2-----

CH3 CH3 CH3 CH3

CH ,— CH—C H 2 ^  ---------------------- ► '^ C = C H 2 + C H —CH2^
PC-C Scission
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Figure 6.1. Thermograms and derivative thermograms of binary PP^BR blends;
(a) P,oo, (b) Pto, ( c )  P50, (d) P?o and (e) Po.

The degradation of nitrile rubber occurs in two  stages. In the first stage, 

which starts at 414.7°C leads to a weight loss o f 80.37% and completed at 

526 76°C In the next stage, the degradation started at 543.6°C and completed at 

633°C with a weight loss of 11.86% Hence, nitnle rubber is stable up to 415°C. 

The two step w’eight loss in NBR was due to the degradation by random chain 

scission o f butadiene part and acr>'Ionitrile part in NBR

In the case of blends, the incorporation o f NBR mto polypropylene was 

found to improve the thermal stability of polypropylene. The incorporation of 

30 wt % NBR increases the initial degradation temperature from 250 to 380°C, 

while further addition of NBR i.e. at 50 wt % NBR, the mitial degradation



temperature shifts to lower side i.e , 308°C It is interesting to note that in Pjo, the 

degradation occurs in two steps, while in P70 and P30 the degradation occurs in one 

jtep This indicated the better inter^tion between PP and NBR in P?o and P30. In 

ihe case of polymer blends, the thermal degradation depends on the morphology 

and extent of interaction between the phases. In P70 and P50 blends, NBR is 

dispersed as domains in the continuous PP matrix and in P30, NBR also forms 

continuous phase along with PP phase, resulting in a co-continuous morphology 

(Figure 3 .2). As the weight percent o f NBR increased from 30 to 50 wt %, the size 

ofN B R  domains increased from 5.87 to 18.7 |im. This increase in domain size at 

higher loadings of NBR is due to the coalescence o f N B R domains. Hence as the 

concentration of NBR increased from 30 to 50 wt % the interfacial area decreased 

and reduced the extent of interaction between the phases The increased thermal 

stability o f the blends compared to PP may arise from the interaction o f radicals 

formed during the degradation of PP with nitrile rubber Hence, the observed 

decrease in initial degradation temperature o f P 50 can be attributed to the decreased 

interaction between PP and N B R  phases. At 70 wt %  NBR, due to the 

co-continuous morphology, the possibility o f interaction further increases and the 

initial degradation temperature (To) also increases.

The degradation temperature corresponding to the main weight losses, 

obtained from DTG curves are given in Table 6,1, The weight loss corresponding 

to different temperatures and the initial degradation temperature are also given in 

the Table 6.1, The degradation temperature o f PP is 353®C and that o f NBR are at 

480 and 577°C. The blends show intermediate values Among the different 

blends, the P50 blend shows the lowest degradation temperature. The total weight 

loss and percentage weight loss at various temperatures o f PP degradation were 

also decreased upon the incorporation o f NBR.



6.1. Degradation temperature and weight toss o f PP/NBR blends.

To (Wt %) Td.gr (°C) Totaf wt. 
loss (%)

Wt. loss at 
300°C 

(%)

Wt. loss at 
400°C 

(%)

Activation
energy

(kJ/mol)

PlOO 250.81 353 33 97 85 16.67 100 24.82

P70 380 36 47261 93.89 1.04 89 03 42.33

Pjo 308.29
520.51

“*460
575

93.84 2,08 25 69 24,8

Pw 382.7 480.87 89.62 1.38 6,94 66.14

Po 415.71
543.65

480 93 
577 21

92.23 1.38 3.82 58.81

6.2.2 Effecf ofcompatibi/fsat/on

The thermograms and denvative thermograms of 70/30 PP/NBR blends 

compatibilised with phenolic modified polypropylene are given in Figure 6.2a-c.
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Figure 6.2. Thermograms and derivative thermograms of Ph-PP compatibilised 
PP/NBR blends: (a) PP7004, (b) PP7007.5 and (c )  PP70U1



Xhe incorporation o f 4 wt %  Ph-PP in to the blend decreased the 

radation temperature (Table 6.2) corresponding to the major weight loss 

l o w e v e r  at higher loadings of Ph-PP, the degradation temperature was increased, 

le percentage weight loss, at different temperatures increased at 4 wt %  Ph-PP 

ĵnd decreased for further increase in Ph-PP concentration

Table 6.2. Thermal properties o f compatibilised PP/NBR blends.

:
To (wt %) Tdegr (°C ) Total wt.

loss (%)
Wt. loss at 

300°C 
(%)

Wt. loss at 
400°C 

(Vo)

Activation
energy

(kJ/mol)

P 7O 380.36 472.61 93 89 1.04 89.03 42.33

P P 7OO4 269.09 454.28 93.38 36.11 95.13 22,66

PP707.3 343.85 475.71 94.98 13.88 96.52 37.09

[• P 7OIO 380.36 475.86 96.18 6.25 98.61 53,67

1 P M 7OOI 271.83 449 09 9271 45.48 96.53 21.44

P M 7OO3 364.17 474.09 94.33 10.42 97.92 46.05

P M 7OIO 380.36 47432 94,32 7.64 98.61 51.06

The effect of compatibilisation of 70/30 PP/NBR blend with maleic 

anhydnde modified PP on thermal behaviour was shown in Figure 6.3a-c. As in 

the case o f Ph-PP, at low concentration of MA-PP the degradation temperature i.e.. 

temperature corresponding to the major peak in DTG  curves is decreased and at 

higher loadings it increased (Table 6.2). The improvement in degradation 

temperature on compatibilisation may anse from the better interactions between PP 

and NBR, which is evident from the micrographs (Figures 3.7 and 3.8). From the 

micrographs, it was observed that the size of the dispersed NBR domains decreased 

upon the addition o f maleic anhydride modified PP (Figure 3.7). This is due to the 

dipolar interactions between the maleic anhydride groups of PP with polar NBR  

(Figure 3.14). In Ph-PP, the compatibilising action arises from the graft copolymer 

formed between Ph-PP and NBR. which will locate at the interface between PP



and NBR phases (Figure 3 16) This interactions will increase mterfacial adhesion, 

vshich leads to better interaction of radicals formed during degradation of PP and 

JSJBR type of improvement in degradation temperatures upon

compatibihsation o f immiscible polymer blends has been reported^
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Figure 6.3. Thermograms and derivative thermograms of MA-PP compatibilised 
PP/NBR blends, (a) PM^ooi. (b) PM™>5 and (c) PMioio.

6.2.3 of dynamic vu/canisaCion

The vulcanisation of rubbers generally improves the degradation 

temperature since more energy is required to break the bonds formed during 

vulcanisation. Figures 6.4a-'C show the thermograms and derivative thermograms 

of dynamic vulcanised P50 blends The Pjo blends were vulcanised using sulphur, 

peroxide and a mixed system composed o f sulphur and peroxide. The data 

obtained from the thermograms and derivative thermograms are given in Table 6  3. 

From the table it is seen that, the initial degradation temperature (To) is shifted to 

higher temperatures on vulcanisation. The degradation temperatures corresponding 

to the two weight losses also show improvement upon vulcanisation. The initial 

degradation temperature is highest for samples cured with mixed system and lowest 

for sulphur system The peroxide cured system takes an intermediate position, i.e. 

the degradation temperature follows the order PS<PC<PM.
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Figure 6.4. Thermograms and derivative thermograms of dynamically vulcanised 
PP/NBR blends: (a) PS50, (b) PC50 and (c) PM50.

Table 6.3. Thermal properties of dynamic vulcanised 50/50 PP/NBR blends

To (wt %) Td.gr (°C) Total wt. 
loss (%)

Wt. loss at 
300°C 

(%)

Wt. loss at 
400°C 

(%)

Activation
energy

(kj/mol)

PS50 314.56
567.12

495.00 
623 86

93 90 13.89 83.33 29.08

PC..0 324.7
552.2

483.47
596.95

93.62 19.44 84.03 22.85

PMsu 340.24
564.98

482.27
615.91

90.47 14.58 83 6 28.92

This behaviour can be explained by considering the following parameters!(i) 

crossHnk density and (ii) t>'pe of crosslinks formed. The crosslink density values of 

the samples obtained from swelling measurements are given in Table 6.4. Among



tJie different dynamically vulcanised systems, the peroxide cured system showed 

the highest crosslink density while sulphur system shows the lowest value. As the 

c r o s s l in k  density mcreases, the number o f bonds that have to be broken during 

degradation mcreases and hence the degradation temperature must increase

Table 6.4. Crosslink density values o f dynamically vulcanised 50/50 PP/NBR 
blends.

Sample Crosslink density x 10  ̂(gmol/cm^)

PS50 597

PC 50 7.99

PM 50 5.98

Another factor which is to be considered is the type o f crosslinks formed. In 

sulphur cured system, flexible and more heat sensitive mono or disulphidic linkages 

are formed, while in peroxide cured system, a more stable C-C linkages are formed 

(Figure 3.20). In mixed cured system, both C-C and S-S linkages are formed. 

Among the C-C and S-S linkages, more energy is required to break C-C linkages. 

Hence, the initial degradation temperature (To) is'lowest for sulphur cured system 

which contains S-S linkages In peroxide and mixed cured systems, during 

vulcanisation in presence of peroxide the PP phase was degraded. At high 

temperatures, the polypropylene undergoes depolymerisation in presence o f DCP as 

shown below.

CHj

(j:H3 (j:h 3 <j:H3(j:H3 (pHs (j:h3 (j:H3
— C H —C H 2-C H  -— — ► CH3—y — C —C H 2-C H —  ------------------- ► — C = C H 2  + 'C H —

CH3



Since among PM and PC, the degradation must be more in PC system witli 

high DCP content, which m turn reduce the initial degradation temperature o f P(', 

though I t  contains more stable C-C linkages compared to PM

The degradation temperatures corresponding to the two weight losses of PS 

system are higher compared to PM and PC systems The lower degradation 

temperatures for PC and PM may be due to the degradation o f PP, at the time of 

dynamic vulcanisation as explained earlier.

The activation energy for the degradation of the blends was determined 

using the Arrhenius equation

InW =  In A -  (6.1)
RT

where W  is the weight loss at a temperature T  in Kelvin, E-activation energy. 

Among the blend compositions, the polypropylene shows the lowest activation 

energy and NBR the highest (Table 6.1), i.e., polypropylene is more susceptible to 

degradation than NBR on increasing temperature. The P50 blend shows the lowest 

activation energy among the blends which also indicates the lowest interaction 

between PP and NBR in the blend. In compatibilised blends, the activation energy 

increases which shows the better interaction (Table 6.2) However on dynamic 

vulcanisation, the energy decreases for peroxide cured system. This indicates that 

the degradation of PP is enhanced in this system in presence of DCP (Table 6.3).

6.2.4 Differentia/ scanning cafonmefry

The melting behaviour o f PP/NBR blends was analysed using differential 

scanning calorimetry. The DSC traces of the binary blends are given in 

Figures 6.5a-e The results obtained from the analysis o f these curves are given in 

Table 6  5
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Figure 6.5. DSC curves o f  binary PP/NBR blends: (a) Pioo, (b) P90. (c) P70, (d) P50 
and (e) P30

Table 6.5 Melting characteristics o f PP/NBR blends

To„s« (°K) T„ (°K ) AH (cal/g)

Pioo 431,81 441.5 18.45

P90 432 66 441.11 12.97

P70 432 3 439 93 10.88

P50 430.79 437.34 8.53

P3U 433.84 440.08 3.7

From the table it is seen that the heat o f fusion corresponding to the melting 

endotherm decreases upon the incorporation of NBR in to polypropylene. The heat 

of fusion values depend on the ciystaJlinity o f the material and hence the 

crystallinity of the system decreases with increase in the rubber content. This



Indicates that the crystaJlinity of the system was affected by the presence of nitrile 

ygbber MartuscelH e / a / . h a v e  made a detailed investigation on the effect of 

pjbber phase on th e crystalhsation behaviour o f thermoplastic elastomers and 

[ rubber particles are present in the inter and mtra spheruiitic

\ j^gion of the crystalline phase of plastic Hence the observed decrease in AH 

values and crystallinity (Figure 6.6) is due to the fact that the formation of 

gf^stallites in the blend was affected by the presence o f nitrile rubber Again the 

itielting temperature corresponding to the melting endotherm also decreases upon 

the incorporation o f rubber into polypropylene. In the case of compatible blends, 

the decrease in melting temperature is related to the extent o f interaction between 

the components according to Fiory-Huggins theory. However Stolp e/ reported 

that in the case of incompatible blends, the melting point decreased since the 

noncrystallisable component retard the crystal growth which leads to imperfect 

crystals Hence, the observed decrease in melting temperature on the addition of 

NBR is due to the impediment caused by NBR to the crystal growth o f PP

m
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The properties of thermoplastic elastomers with a crystalhsable component 

depends on crystalline structure and crystallinity of the blends. The wide angle 

X-ray scattering have been used to investigate the crystalline structure o f PP/NBR 

blends The X-ray diffractograms o f binary PP/NBR blends are shown in 

Figure 6 7

Figure 6.7. Wide angle X-ray diffractograms of binary PP/NBR blends.

The isotactic polypropylene generaJJy has three types o f  crystailine 

structures, a , p and y forms depending on the crystallisation conditions. The 

W A X D  spectrum of polypropylene shows four maximas corresponding to the 110, 

040, 130 and overlapping 131, 041 and 111 planes, which are characteristics of



I (X-monoclinic structure at 20 o f 14.1, 16 8 , 18.5 and 21.2° respectively in X-ray 

diffractograms The incorporation o f NBR into polypropylene did not affect the 

crystalline structure of PP, i e , the blends also exhibit the a-monoc!inic structure. 

In polypropylene, the highest intense peak is at 20 of 14 1 however in the case of 

blends the highest intense peak is at 20 o f 16 8 °. Table 6 .6  shows the results 

obtained from the analysis of wide angle X-ray diffractograms of PP and the binary 

blends The addition of 30 wt % o f NBR into polypropylene increased the 

interplanar distance (d value). This indicates that rubber particles are present in the 

intra spherulitic structure o f PP. As the concentration of NBR increased to 50 w t%  

and above, the d values decreased. The decrease in d values at higher 

concentrations of NBR may be due to the occlusion of rubber particles to inter 

spherulitic regions due to the large size of NBR at higher concentrations The inter 

planar distance decreased in P30 also. This indicates the absence o f rubber phase in 

spherulitic structure in P30 . This is schematically represented in Figure 6 .8 . The 

crystallinity ( X )  o f the blends was also calculated using equation,

L
X . = (6.2)

where and I, represent the integrated intensity corresponding to the crystalline 

and amorphous phases and the results are given in Table 6 .6 . From the table it is 

seen that, the values are higher than that obtained from DSC measurements.

PPSPH ERU LITE PP PHASE NBR PHASE PP SPHERUUTE NBR PHASE



Reflection Pioo P70 P.M) P,io

20'* d(A) 20° d(A) 20° d(A) 20° d(A)

n o 14.05 630 13.99 6.33 14.04 6.31 14.08 6.29

040 1685 526 16.77 5.29 16.85 5.26 17.09 5.19

130. 18 52 4.79 18.5 479 18.50 4.79 18.66 4.75

I l l 21 22 4.18 21.68 4.09 21.14 4.21 21.53 4.13

% Crystallinity 54.23 53.26 40,17 32.9

Tlie effect o f  compatibilisation o f 70/30 PP/NBR blend with phenolic 

modified polypropylene and maleic anhydride modified polypropylene on the 

WAXD pattern is shown in Figures 6.9 and 6.10, respectively



Figure 6.10. Wide angle X-ray diffractograms of MA-PP compatibilised PP/NBR 
blends

The compatibilisation in PP/NBR blends did not affect the a-monochnic 

structure of PP. However, in literature it has been reported that the 

compatibiiisation o f the blends leads to a change in crystalline structure ”  The data 

obtained from the WAXD pattenns are given in Tables 6 7 and 6.8 From the table 

it is seen that, the compatibiiisation of the blends using phenolic modified 

polypropylene reduced the interplanar distance corresponding to different planes.

Table 6.7. XRD datas of Ph-PP compatibilised 70/30 PP/NBR blends
c0
uCJ
u
01

P7001 Ptcws Ptoi'j P7.)15

20° d
(A)

L* 20° d
(A)

L* 20° d
(A)

L* 20° d
(A)

L*

110 14.06 6.26 0.9 14.03 6.31 0.85 14.04 6.31 0.9 13.99 6,33 0.95

040 16.84 5.26 0,8 16.77 5.29 072 16.84 5.24 0.7 16.77 5.28 0.8

130 18.53 4.79 0,7 184S 4.79 0.6 18.51 4.79 0.6 1849 4.79 0.75

111 21.19 4.19 1.4 21 69 4.09 1.4 21.22 4.19 1.35 21.65 4 11 1 35

•The value of L w-as taken in arbitrarv units



Refle­
ction

PM 7001 P M 7005 P M 7010 PM 7015

20° d (A ) 26° d (A ) 20° d(A ) 20° d (A )

110 14.03 6.31 14.03 6.31 14.07 6.2** 14.08£ 6.29

040 16.82 5.27 16.84 5.27 16.85 5.26 16.86 526

130 18.49 4.79 18.53 4.79 18.55 4.78 18 52 4.79

I I I 21.22 4.19 21.33 4.16 21.29 4 17 21.79 4.08

The width at half height (L) for different reflections were also calculated 

and it was observed that the peak width at half height which is a measure of 

sphenilite size decreased upon compatibilisation. Hence, the size o f spheruiites 

increases upon compatibilisation since peak width at half height is inversely 

proportional to the size o f the sphemlite. These observations indicate that on 

compatibilisation o f PP/NBR blends using Ph-PP and MA-PP lead to better 

crystallisation of polypropylene component
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C h a p te r  7

Dielectric Properties: 
Effects of Blend Ratio, 

Filler Addition and 
Dynamic Vulcanisation

The results of this chapter have been submitted for 
publication in Journal of Applied Polymer Science



7.1 Introduction

f  I  thermoplastic elastomers are used in various electrical applications like wire 

JL and cable as insulation and jacketing materials due to their unique 

combination of properties such as low temperature flexibility excellent insulating 

characteristics and resistance to moisture absorption.' By blending suitably selected 

plastics with elastomers, new materials with desirable final properties can be 

prepared. Electrical properties o f various polymer blends have been investigated by 

different researchers In these reports it has been shown that the dielectric 

properties of polymers and blends in general depend on structure, crystallinity, 

morphology and presence o f fillers or other additives The dielectric constant of 

the blends is found to increase with increase in the effective dipole moment In 

SBR/NBR blends, the permittivity e' was found to increase with increase in 

concentration of C^N dipoles. The incorporation o f polar components into 

polyethylene has increased the dielectric constant and dielectric loss o f the blends  ̂

The measurement o f dielectric properties as a function of temperature was used as 

a way to study the miscibility o f different polymer blend systems.  ̂ Dielectric 

monitoring o f thermosets and their blends has been used for the measurement of 

curing.^ In heterogeneous polymer blends, the dielectnc constants o f the polymers 

are influenced by interfacial effects i.e., due to the polarisation arising from 

difference in conductivities o f the two phases.  ̂ The volume resistivity of various 

polymer blends upon the incorporation of fillers was also studied.



f
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Polypropylene has excellent electrical properties like low dielectric constant, 

loss factor, high volume resistivity and high surface resistivity and is used as high 

frequency insulators Nitrile rubbers have moderate insulating properties and 

good oil resistance Therefore, by blending PP with NBR, materials with 

improved processability, good flexibility and excellent oil resistance can be 

achieved. In this chapter we have studied the effect o f blend ratio, and dynamic 

vulcanisation on dielectric constant, dissipation factor, loss factor and volume 

resistivity o f PP/NBR blends. The effect o f different particulate fillers on dielectric 

properties is also investigated

7.2 Results and discussion

7.2.1 Votume resistivfty

Resistivity studies are important for insulating materials, since the most 

desirable characteristic o f an insulator is its ability to resist the leakage of 

electrical current. Figure 7.1 shows the variation o f volume resistivity (pv) of 

PP/NBR blends as a function of NBR concentration Polypropylene is a good 

insulator with volume resistivity in the order o f lO'*’ H em , while the volume 

resistivity o f nitrile rubber is in the order o f 1 0 *® Q  cm In the case o f blends the pv 

has values in between that o f PP and NBR. As the concentration o f NBR increases 

the Pv value decreases This decrease in pv is due to the introduction o f low 

resistivity NBR The curve shows a sharp change after 50 w t%  NBR This 

change can be correlated with the morphology o f the blends. In P70 and P50, NBR  

is dispersed as domains in the continuous polypropylene matrix while in P30, NBR  

also forms a continuous phase resulting in a co-continuous morphology 

(Figure 3.2) The change o f NBR from dispersed phase to continuous phase should 

cause a sharp change in the electrical properties
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Figure 7.1. Variation o f volume resistivity o f PP/NBR blends with NBR content

The effect of dynamic vulcanisation on pv values o f PP/NBR blends 

is given in Table 7.1 On dynamic vulcanisation o f the blends using sulphur, the 

resistivity o f the blends decreases for different blend compositions. Among 

the various vulcanised systems, the DCP system shows the highest resistivity 

value and sulphur the lowest. The mixed system shows an intermediate value The 

difference in conductivity among the different vulcanising systems may arise 

because o f the difference in the type of crosslinks formed during vulcanisation 

In sulphur vulcanised system, S-S Imkages are formed whereas in DCP crosslinked 

system C-C linkages are formed (Figure 3.19). In mixed \oilcanised system a 

combination of both C-C and S-S linkages are formed. In comparison to 

C-C linkages, S-S linkages have ionic character, which may further increase the 

conductivity of the system. On vulcanisation o f  blends, some ionic impurities are 

incorporated into the blend system as vulcanising ingredients and hence the 

conductivity of the final system increases upon vulcanisation. In the case of



peroxide vulcanisation, there is the presence o f free radicals which arise due to the 

degradation o f PP which may also increase the conductivity.

Table7.1. Volume resistivity values o f  unvulcanised and dynamically 
vulcanised P70 blends.

Sample 12 ^Volume resistivity x 10’ f l  cm

P 70 24

P S 70 3.52

PCto 8.65

P M to 5.82

The effect o f incorporation o f  fillers on the resistivity values is shown in 

Figure 7.2. It is seen from the figure that, the incorporation o f 10 wt % each of 

carbon black, silane treated silica and cork into P50 blend decreases the resistivity 

values. In the case o f  carbon black and silica further increase in the loading 

decreases the resistivity, while in the case o f cork, as the loading increases the 

resistivity also increases The decrease in resistivity upon the incorporation of silica 

and carbon black may arise from the presence o f ionic groups present in silica and 

carbon black which facilitate the conducting process. The non-conducting nature 

o f the cork filler accounts for the increase in resistivity of PP/NBR blend at higher 

loadings o f coric. By the incorporation of the conducting filler into polymers and 

blends, the resistivity generally decreases and there is a critical loading o f filler i.e., 

percolation threshold at which the polymer composites change from insulating to 

conducting matenal Abo-Hashem e / h a v e  reported that in SRF black loaded 

butyl rubber, the percolation threshold is at 30 wt % carbon black. In PP/NBR 

blends, the change in resistivity on increasing the loading up to 30 wt % is less and 

no percolation threshold is observed up to this loading.
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Figure 7.2. Variation of volume resistivity of 50/50 PP/NBR blends with wt % of 
filler for different fillers.

7.2.2 Dielectric constant loss factor and dissipation factor 

fa) Effect o f blend ratio

The dielectric constant and loss tangent are important parameters in the 

selection of an insulating material. The variation of dielectric constants o f pure 

polypropylene and the blends of PP/NBR as a function o f frequency is shov/n in 

Figure 7.3. The dielectric constant values o f the pure PP, NBR and their blends 

were decreased with increase in frequency Generally the dielectric constant o f a 

material arises due to the polarisation o f molecules and the dielectric constant 

increases with increase in polarisability. The different types of polarisation 

possible in a material are (1) electronic polarisation (2) atomic polarisation and (3) 

orientation polarisation due to the orientation of dipoles parallel to the applied 

field In heterogeneous materials, there is the possibility for interfacial 

polarisation which arises due to the difference in conductivities of the two



phases The time required for each tyi>e o f polarisation to reach the equihbrium 

level varies with the nature o f polarisation

log FREQUENCY (Hz)

Figure 7.3. Variation of dielectric constant o f PP/NBR blends v̂ nth frequency.

The orientation polarisation requires more time compared to electronic and 

atomic polarisation to reach static field value. Therefore, at lower frequency 

region, tlie orientation polarisation decreases with increase in frequency compared 

to electronic and atomic polarisations. The interfaciaJ polarisation generally occurs 

at much lower frequencies. In the dielectric constant vs. frequency plot o f PP/NBR 

blends, it is seen that the reduction in z* is in three stages In the first stage, high 

values of dielectric constant can be attributed to the interfacial polarisation effects. 

The high value of e' for polypropylene indicates the presence o f impurities in 

polypropylene It may also be due to the fact that the impurities in such polymers



niay cause some oxidation at the site o f structural defects which leading to the 

formation o f oxidised centres which then cause interfacial polarisation *

In the case o f blends, due to the presence o f two phases NBR and PP with 

different conductivities, interfacial polansation occurs leading to an increase in 

dielectric constant Since ^.interfacial polarisation decreases with increase in 

frequency, as the frequency increases to 100 Hz the dielectric constant decreases 

considerably In the region 3.16 x 10^-10^ Hz frequency, the dielectric constant 

has contribution from orientation, atomic and electronic polarisations. Here the 

dispersion region spreads over a  wide range o f  frequencies. Above 3.16 x lO’ Hz 

frequency, the e' further reduces which may be due to the drop in orientation 

polarisation. At this frequency the drop in e' increases with mcrease in the rubber 

content. It is due to the increase in dipoles in the materials at high rubber 

concentration, which leads to a decrease in orientation polarisation at a higher rate 

compared to the blends with lesser number o f  dipoles.

The variation o f dielectric constant with weight percentage o f NBR at three 

different frequencies is shown in Figure 7 4, Polypropylene shows the lowest e' 

value, characteristic o f a non-polar material and nitrile rubber shows the highest 

value. Generally for a non-polar material, the dielectnc constant equals the square 

of refractive index (n^). The refractive index o f  polypropylene is 1.47 and hence 

e' = 2.16. The experimental value is 2.805. The higher values may be due to the 

presence o f interfacial polarisation which arises due to the presence o f impurities. 

For polar materials, the e' values are generally greater than that o f n  ̂ and e' 

increases with increase in polarity In the case o f blends, the dielectric constant 

increases as the rubber content increases This increase in z' with the incorporation 

o f rubber is due to increase in C sN  dipoles, which increase the orientation 

polarisation and also due to the presence o f  interfacial polarisation. Again, the 

orientation o f dipoles depends on the crystallinity of the medium With the 

incorporation o f rubber, the crystallinity o f  the system decreases (Table 3.2). As 

the crystallinity of the system decreases, the dipoles can orient more easily. Such



an increase in dielectric constant upon the incorporation of polar polymers was 

reported,’ The dielectric constant is related to the resistivity by the equation’’

log R,o (298 K) -  23 - 2 . e ' (298 K) (7 I )

i.e., the electrical resistance o f  polymers decreases exponentially with increasing 

dielectric constant In PP/NBR blends as the dielectric constant increases with 

increase in rubber content, the volume resistivity decreases (Figure 7.1) The 

increase in e ' i s  more pronounced above 50 wt % o f NBR (Figure 7.4). This can 

be correlated with the phase inversion o f NBR from dispersed to continuous phase 

on increasing the concentration o f  NBR from 50 to 70 w t%  (Figure 3.2) The 

continuous nature o f NBR phase leads to better orientation o f dipoles and results 

in high dielectric constant.



The experimental data can be compared with model calculations The 

dielectric constant of a composite containing two components can be expressed 

in the general form;

e'c = V i e ' i +£ ' 2 ( 1 - V i )  (M odell) (7.2)

where e 'l ,  and e 'l  are dielectric constants of components 1 and 2 and Vj and V 2 

are the volume fractions o f components 1 and 2 , respectively. The logarithmic 

variation o f dielectric constant was also expressed by the equation:

log e'c = V i  log e'l + (1 - V i )  log e'z (Model II)  (7.3)

The dielectric constant o f two phase mixtures based on spherical particle, which

consider all the possible interaction are given by Reynoulds and Hough aŝ *̂

e'c =  % H-KH2 + 8 £ ' 2)'= (Model HI) (7.4)

where H  = (3 V i- l )e ',  +(2-3V2)e'2 (7.5)

The Maxwell-Wagner Sillers equation was also used to predict the e' values which 

is given aŝ *

2e’2+e 'i+V ,(e 'i-e '2 )

The applicability o f Claussius Mossoti equation^^

was also checked

Figure 7.5 gives the experimental and the theoretical variation o f dielectric 

constants with blend composition. TTie experimental values are lower than that of 

parallel model and is close to logarithmic mixing rule The Maxwell-Wagner- 

Sillers equation gives better correlation o f dielectric constants with experimental 

results.



Figure 7.5. Experimental and theoretical variation of e '  values with wt % of NBR

The measurement of dissipation factor (tan 6) and loss factor (s") o f 

insulating material is important since the loss tangent is a  measure of the alternating 

current electrical energy which is converted into heat in an insulator. This heat 

raises the insulator temperature and accelerates its deterioration. The variation o f 

dissipation factor and loss factor (e") with frequency o f PP and PP/NBR blends is 

shown in Figure 7.6 As the frequency increases the dissipation factor and loss 

factor increase for pure PP and its blends. A relaxation region is observ'ed in the 

frequency range 3.16 x 10  ̂ - 3.16 x 10  ̂ Hz which may be due to a lag in dipole 

orientation behind the alternating electric field. Also, it is seen from the Figure 7.6 

that the dissipation factor and magnitude o f relaxation increase with increase in 

rubber content. In the case of polypropylene, the relaxation is due to the lag in 

electronic and atomic polarisation. But on the incorporation o f nitrile rubber, 

dipoles are introduced into the system and this leads to lag in orientation o f dipoles



on the application o f electric field. Hence the dissipation factor increases with 

increase in rubber content Blends of NBR with PP show the presence o f a 

relaxation peak maximum at a frequency 10̂  Hz As the concentration o f NBR  

increases, the relaxation peak maximum shifts to higher frequency i.e , to 3.16 x 

10̂  Hz. This suggests that the relaxation time decreases with increase in rubber
*

content.
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Figure 7.6. Variation of dissipation factor and loss factor of PP/NBR blends with 
frequency

In polar polymers it was reported that the increase in crystallinity reduces 

the tan 5 values and also leads to an increase in relaxation time, i.e , their peaks 

corresponding to the relaxation process shift to lower frequency, since relaxation 

time is given by

T =  l/27rfm (7.8)

where fm is the frequency corresponding to the maximum in relaxation peak In 

PP/NBR blends as the concentration o f NBR increases, the crystallinity o f the



system decreases Hence the observed shift in relaxation frequency or the reduction 

in relaxation time is due to the reduction in crystaliinity. As the crystallinity of the 

system decreases, the rotatory motion of the dipoles becomes easy which leads to 

higher values o f tan 6.

The sharp increase in tan 6 beyond 50 wt % NBR is due to the change in 

morphology o f the blend, i.e. the phase inversion of NBR from dispersed to 

continuous phase. It is seen that the incorporation o f rubber into polypropylene, 

did not increase the value of tan 6 more than 3%, which is frequently desired to 

avoid problems leading to failure o f the insulator.

(b) Effect o f  fillers

Fillers are generally incorporated into TPEs to modify physical and 

electrical properties. The effect o f addition o f carbon black on z ' values in 50/50 

PP/NBR blend is shown in Figure 7.7.
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Figure 7,7. Variation of dielectric constant o f carbon black loaded P50 blends with 
frequency



TTie incorporation o f carbon black into P50 blend increases the dielectric 

constant The increase in e' upon the incorporation of carbon black is due to the 

conducting nature o f the black which is associated with conjugated bonding 

structure present in the crystalline regions and also due to the presence o f polar 

groups in carbon black. It is again seen from Figure 7.7 that as the carbon black 

loading increases, the dielectric^ constant increases and this increase is more 

pronounced at 30% carbon black. Figure 7 8 depicts the variation o f dielectric 

constant of PP/NBR blends at 30 wt % loading o f carbon black. Upon the 

incorporation of carbon black the dielectric constants o f all the blends are 

increased and this increase becomes more pronounced with increase in rubber 

content. It is seen from the Figure 7.8 that at 70 wt % NBR, the dielectric constant 

shows a sharp increase compared to P?o and P50. This can be explained in terms of 

the morphology o f the system.



The morphology of filled blends can be schematically represented as shown 

in Figure 7.9 In P70 and P50, NBR forms the dispersed phase in continuous PP 

phase while in P30, NBR forms a continuous phase resuhing in a co-continuous 

morphology. Again at this carbon black concentration (30%) the carbon black 

forms continuous network in the continuous nitrile rubber phase. This leads to an 

increase in conductivity o f the system and an increase in dielectric constant 

Carbon black is predominantly dispersed in the NBR phase due to its high polarity 

Generally in thermoplastic elastomers the fillers locate in the rubber phase *
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The variation of dielectric constant with the incorporation of silanc treated 

silica is shown in Figure 7 10. In these samples also the e' values decrease with 

frequency in three steps, due to the relaxation in interfacial and dipole polarisations. 

It is seen from the above figure that upon the incorporation of silica, the dielectric 

constant increases up to 20 wt % loading However, at 30 wt % loading the e' value 

decreases. The increase in e' on the addition of silica may be due to the presence of 

polar groups present m the filler. As the filler loading increases, the density o f the 

system is also increased and the extent of orientation o f dipoles is retarded, and 

hence the e' shows a decrease at this concentration Figure 7.11 shows the 

variation o f e' with frequency for P70, P30 and P30  blends containing 30 wt %  of 

silane treated silica As the concentration o f rubber increases the 8' increases and 

It is seen from the Figure 7.11 that the incorporation o f silica into the blend 

increases the dielectric constant. The increase is more in the case o f P70 blend, 

while in P50 and P30, the incorporation of silica only slightly affects the e' values
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Figure 7.10. Variation of dielectric constant of silane treated silica loaded P50 blends 
with frequency.
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Figure 7.11. Variation of dielectric constant o f3 0 w t%  silane treated silica loaded 
PP/NBR blends with frequency.

Figure 7.12 depicts the variation o f e' with frequency for P50 blend

containing varying concentration o f cork. With the incorporation o f 10 \vt %  cork,

the e ' increases while further increase m  loading decreases the e' values. The

increase in e on the addition o f coric is due to the interfaciaJ polarisation The

vanation o f dielectric constant with 30 wt % o f cork loaded P 70, P 50 and P 30 blends

are shown in Figure 7.13. I h c  nature o f relaxation spectra is not affected by the

presence o f cork. Here also the dielectric constant increases with increase in

rubber content, but the difference is less than those with other two fillers, which

may be due to the non-conducting character o f the cork compared to the other two 

fillers.
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Figure 7.12. Variation o f dielectric constant of cork loaded P50 blends with 
frequency.



The variation o f loss factor with frequency for different filler loadings of 

carbon black, cork and silane treated silica filled 50/50 PP/NBR blends is shown 

in Figures 7 14-7.16 respectively. Figure 7.14 shows the variation of loss factor, 

e", with frequency for carbon black loaded samples The loss factor shows an 

increase with filler loading. The addition o f carbon black did not alter the 

relaxation process, however the peak height corresponding to the relaxation of 

CsN dipole increases At 30 phr loading, the peak maximum shifted to a lower 

frequency o f 10* Hz compared to 3.16 x 10  ̂ H z for other loadings The 

incorporation o f filler into the blend system increases the dielectric loss and this 

may be due to the presence o f some oxidising groups on surface of carbon black 

and also due to the increase in conductance loss. The shift in relaxation frequency 

to low values i.e., reduced relaxation time indicates that the resistance for 

relaxation o f C=N dipoles increases at 30 phr loading. This indicates that the 

filler mainly locates in rubber phase.

log FREQUENCY (Hz)

Figure 7.14. Variation o f loss factor o f carbon black loaded P50 blends with 
frequency.



Figure 7.15 shows the change in loss factor with frequency for different 

loadings o f cork filler in Pjo system The incorporation of cork into the blend 

system slightly decreases the loss factor. As the loading of cork increases the loss 

factor also decreases. The lowest value is obtained for the blend with 30 phr filler 

loading. The reduction in loss factor with the incorporation o f  cork filler is due to 

the hindrance for the orientation o f  C sN  dipoles in presence of filler As the 

loading o f  filler increases the orientation o f  dipoles is retarded by the presence of 

increasing amount o f  cork. The width o f  the relaxation peak also decreases with 

increase in filler loading.
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Figure 7.15. Variation o f loss factor o f  cork loaded P50 blends with frequency.

In the case o f silane treated silica filler, the variation o f  loss factor with 

frequency is depicted in Figure 7.16. Here the loss factor increases with the 

incorporation o f treated silica filler up to 20 phr loading. At 30 phr loading of 

alica filler, the loss factor shows a decrease. The treated silica filler contains polar 

groups and this increases the effective dipole moment which also contributes to the 

loss factor. This in fact, leads to an increase o f  e" values upon the incorporation of



treated silica filler to the P50 blend. However for 30 phr loading, though there is an 

increase in the effective dipole moment, the relaxation process is retarded due to an 

increase in viscosity at this loading In effect the loss factor shows a decrease at 

this loading.

Figure 7.16. Variation o f loss factor o f silane treated silica loaded P50 blends with 
frequency.

Variations o f  loss factor with NBR content for different fillers are shown in 

Figures 7.17-7 19. As the rubber content in the blend increases the loss factor (e") 

increases in all cases. The increase in loss factor (e ”)  with rubber content is low up 

to 50 wl %  and after that the loss factor (e") increases sharply This sharp increase 

in e" above 50 wt % NBR is due to the change in morphology i.e., phase inversion 

of NBR from dispersed to continuous phase above 50 wt % NBR which leads to 

better orientation o f dipoles Among the filled blends, for carbon black loaded 

samples the relaxation peak is observed at a frequency of 10  ̂Hz in all 

composition while in silane treated silica filled samples, the peak is observed at 

3.16 X 10* Hz. In cork loaded samples, the peak is at 10® Hz for 70/30 PP/NBR 

blend and at higher NBR content, the peak is shifted to higher frequency.
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Figure 7.17. Variation of loss factor of 30 wt % carbon black loaded PP/NBR blends 
with frequency.
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Figure 7,18. Variation of loss factor of 30 wt % cork loaded PP/NBR blends with 
frequency.
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Figure 7.19. Variation of loss factor o f 30 wt % silane treated silica loaded PP/NBR 
blends with frequency

(c) Effect o f dynamic vulcanisation

Figure 7.20 depicts the variation o f dielectric constant e ' with frequency for 

unvulcanised and vulcanised (sulphur, peroxide and mixed system) P70 blends. It is 

seen from the figure that the vulcanisation of rubber phase leads to an increase in 

dielectric constant. The variation in e' is marginal in the case of sulphur 

crosslinked system, compared to the other systems. Among the different 

vulcanising systems studied, the peroxide system shows the highest e' values while 

sulphur system the lowest. 'Fhe mixed (S + peroxide) system shows e' values in 

between that o f  sulphur and peroxide systems. The higher values of peroxide and 

mixed systems may be due to the increased interfacial polarisation and also due to 

the degradation o f  PP phase in presence of DCP. The degradation o f PP phase 

may decrease the crystailinity which leads to better dipole orientation. Since the



rubber particles are finely dispersed upon dynamic vulcanisation, the interfacial 

area increases and this leads to an increase in interfacial polarisation. Therefore the 

dielectric constant increases. In DCP vulcanised system, the rubber is more finely 

and uniformly distributed compared to mixed and sulphur vulcanised systems 

(Figure 3.21). The size o f NBR domains increases in the order sulphur > mixed > 

peroxide systems. Even though DCP vulcanised system has the highest^ crosslink 

density, the effect is not observed in the properties due to the degradation o f PP in 

presence o f  DCP
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Figure 7.20. Variation o f dielectric constant of unvulcanised and dynamically 
vulcanised 70/30 PP/NBR blends with frequency.

Figure 7.21 shows the variation o f dielectric constant with frequency for 

P?o, P 50 and P 30 blends vulcanised with sulphur. As the concentration of rubber 

increases, the dielectric constant o f  the crosslinked blends are found to be slightly 

higher than that o f uncrosslinked ones at low frequencies while at high



frequencies, the trend is reversed. The increase in dielectric constant for vulcanised 

blends at low frequencies may be due to the increase in interfacial polarisation, 

which reduces with increase in frequency. But at high frequencies the effect from 

orientation polarisation predominates. On vulcanisation o f the rubber phase, the 

relaxation o f C^N dipoles is retarded due to the presence of crosslinks between the 

chains. This leads to a low value o f dielectric constant which arises from 

orientation polarisation.

Figure 7.21. Variation o f dielectric constant o f dynamically vulcanised PP/NBR 
blends with frequency.

The relaxation spectra o f 70/30 PP/NBR blends vulcanised with different 

vulcanising systems are shown in Figure 7.22. It is seen from the figure that the 

dissipation factor is not much affected by vulcanisation. But at high frequency 

region o f  IO’ Hz the sulphur system shows the highest tan 8 value and peroxide 

system showed the lowest. The mixed vulcanised system takes an intermediate



position. On dynamic vulcanisation, the magnitude of e" increases slightly. The 

blends vulcanised with peroxide and mixed systems have higher peak heights 

compared to unvulcanised and sulphur vulcanised systems. In the presence o f DCP, 

the polypropylene phase is degraded and this may lead to the presence o f some 

oxidised centres. The dielectric constant o f  the sample is also affected by the 

decrease in crystallinity. This will increase the dielectric relaxation and hence the 

peroxide and mixed vulcanised systems show higher values o f t". It is seen from 

Figure 7.22 that the relaxation peak width increases upon dynamic vulcanisation. 

The variations o f dissipation factor (tan 5) and loss factor with frequency for 

PP/NBR blends are shown in Figure 7.23. As the concentration of rubber increases 

to 50 and 70 wt % NBR, the relaxation peak frequency is shifted to lower value

i.e., the relaxation time increases. The increase in relaxation time arises due to the 

increase in viscosity which creates more constraints to the relaxation o f  CsN  

dipoles.
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Figure 7.23. Variation o f dissipation factor and loss factor of dynamically vulcanised 
PP/NBR blends with frequency.
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Aromatic Solvents
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8.1 Introduction

 ̂ I  ^he transport behaviour o f various organic solvents and gases through 

-1 - polymers is of great technological importance, since nowadays the polymer 

membranes are increasingly used in various barrier applications ' Nitrile rubber, 

which is an oil resistant elastomer is widely used in many applications like oil seals, 

gaskets, etc For the last few decades, the performance of the nitrile rubber has 

been tried to improve by blending with various polymers."^ Hence, it is necessary 

to analyse the transport behaviour and the mechanism of transport o f various 

hydrocarbon soKents through PP/NBR blends in detail

Tlie transport o f small molecules through polymers was widely studied by 

various research groups.^ '^ It was found that, the transport of the solvents through 

polymers is influenced by physical and chemical structure of polymers, the 

crosslink density, the shape and size of solvent molecules and temperature. The 

effect o f various fillers on the transport behaviour o f rubber^’ polymers was 

investigated*"^'^ and it was observed that the presence o f fillers makes a tortuous 

path to the transport of solvents through polymer samples and thereby reduces the 

solvent uptake However, the transport behaviour is also affected by the interaction 

of filler between polymer and solvent

With the increasing importance o f polymer blends, the research interest in 

the transport behaviour o f organic solvents and gases have been directed to polymer 

blends as well In polymer blends, the transport behaviour depends on the



miscibility o f the component pol5rmers as well as the morphology o f the system 

Hence the transport phenomena in polymer blends can be used as a characterisation 

technique, i e , in order to understand the miscibilit> as well as morphology o f the 

system In this chapter, the transport o f a series of aromatic solvents through 

PP/NBR blends has investigated The effects of blend ratio, nature of crosslinking 

and different fillers on the transport o f aromatic solvents have been studied The 

experimental results were compared with theoretical predictions

8.2 Results and discussion

8.2.1 EffBCt of blend ratio

The transport behaviour o f  unvulcanised and dynamically vulcanised 

thermoplastic elastomers from PP and NBR were analysed The results o f the 

analysis of diffusion experiments o f  the unvulcanised and vulcanised blends in 

toluene are shown in Figures 8.1a and 8.1b, respectively as mol %  uptake (Qi) vs 

square root o f time

sc 63 n

(a) (b)

Figure 8.1, Variation of mol % toluene uptake (QJ with square root of time of (a) 
unvulcanised and (b) vulcanised PP/NBR blends

Pol>propylene has the minimum uptake o f toluene while NBR has the 

maximum level The blends show an intermediate behaviour. The lowest value 

o f mol % uptake for polypropylene in spile o f the match in solubility parameter



between PP and toluene, is due to the crystallinity o f PP (Table 8.1). In a 

semicrystalline polymer, some amorphous part is also present along with crystalline 

regions. Only this amorphous region will contribute to the uptake o f solvent and 

hence PP has the lowest uptake value among all proportions of blend. In the case 

o f blends, as the concentration o f NBR increases in blends the crystalline content 

decreases Hence, the hindrance for the transport o f toluene decreases and uptake 

increases. In the blends the crystalline PP phase makes a tortuous path to the 

transport o f solvent through the amorphous regions in blends. Figure 8.2 shows the 

variation o f Q« o f PP/NBR blends with blend composition

o
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Figure 8.2. Variation of equilibrium uptake (Q*) of PP/NBR blends with weight 
percentage of NBR

As the concentration of NBR increases, the Q« value increases linearly up to 

50 wt % NBR and after that a change in slope of the curve is observed. This 

difference in Q» values with blend composition can be correlated with the 

morphology o f the system It was  observed that in P70 and in P50, the NBR is



dispersed as spheres in continuous PP matrix. In Pio blend, both NBR and PP form 

continuous phases leading to a co-contmuous morphology (Figure 3.2) Because of 

the dispersed nature o f NBR in P70, the continuous PP phase act as a tortuous path 

for the diffusion process o f solvent and hence the uptake is less However, as the 

concentration o f NBR increases from 30 to 50 v\1 ®b, the size of NBR domains 

increases which increases the contact between NBR particles and crystallinity of 

the blends decreases (Table 3.2) This leads to the high uptake m P50 compared to 

P70 In P30, where NBR forms the continuous phase the diffusion process is 

continuous through NBR phase and hence a sharp increase in uptake is observed

Table 8.1. Solubility parameter difference and crystallinity of PP/NBR blends

Sample Solubility parameter 
difference between 

polymer and toluene

%  crystallinitv 
(from DSC data)

Pioo 0.2 55.3

P70 0.124 33 9

P50 0.34 20.9

P30 0.556 13.7

Po 0.88 -

The mechanism o f transport o f PP/NBR blends was analysed using the 

empincal relation

log Qt/Q« = log k + n log t (8 1)

where Q, and Q* are the mol %  sorption at time t and at equilibrium respectively, k 

is a constant that depends on the structural characteristics of polymer gi\es 

information about the interaction between polymer and solvents The value of 

n=0.5, indicates a Fickian mode o f transport, while n=l indicates case II (relaxation



controlled) transport. The value o f  n between 0 5 and 1 indicates an anomalous 

transport behaviour The values o f  n and k for PP/NBR blends are obtained by 

regression analysis o f log Q/Q« vs. log t plot The results of the analysis are given 

in Table 8.2, Since the values range between 0.46 to 0 6 , i e , in PP/NBR blends, 

the mode of transport is close to Fickian From the table it is seen that as the 

concentration of NBR increases the values of n slightly increase and approaches 

Fickian mode For the Fickian mode o f transport, the rate o f diffusion of permeant 

molecules is much less than the relaxation rate of the polymer chains Usually 

rubbers and semicrystalline polymers exhibit Fickian mode o f diffusion

Table 8.2. n and k values for diffusion of toluene through PP/NBR blends

Sample n k (g/g mm")

Pioo 0.46 0.014

PS70 0.47 0.036

PS50 0.47 0.051

PS30 0.51 0.05

PSo 0.601 0.03

The transport of small molecules through polymers generally occurs through 

a solution diffusion mechanism, i.e., the penetrant molecules are first sorbed by the 

polymer followed by diffusion through the polymer Thus the permeability (P) is 

the product o f diffusivity (D) which is a kinetic parameter and sorptivity (S) which 

is a thermodynamic parameter

Hcnce, the permeability, P is given by' 

P = D S (8 2)

The thermodynamic factor, S is defined as grams of liquid sorbed per gram 

of rubber

The kinetic parameter, D can be calculated using the equation,^



Qi _
= ‘ - Z 3 2

n=0 (2 n -f l)“ K
(83)

where t is the time and h is the initial thickness o f the polviner sheet Although this 

equation can be solved readily, it is instructive to examine the short-time limiting 

expression as well

Ql  =
Qoc

Dt/h
1 /2

(84)

From a plot o f Qt vs t' a single master curve is obtained which is initially linear 

Thus D can be calculated from a rearrangement of equation (8 4) as

\2
(8.5)D -  7C h0

where h is the sample thickness, and 0  is the slope o f the mitial linear portion of 

sorption curv'es, i.e., before the attainment o f 50% of equilibrium uptake The 

v^iation o f diffusion and permeation coefficients with blend composition for 

PP/NBR blends is shown in Figure 8 3. It is seen from the figure that the 

polypropylene shows the lowest value for diffusion and permeation coefficient and 

NBR shows the highest. The blends take intermediate positions As the 

concentration o f  NBR increases, the D and P increase. The increase in D and P 

values with increase in rubber content is due to the increase in concentration of 

NBR with a high diffusion coefficient and also due to the fact that the tortuousity 

exhibited by PP to the penetration o f  solvent molecules decreases with increase in 

NBR content. The change in P and D with rubber content is small up to 50 wt 

NBR and after that a sharp increase is observed in these values This sharp change 

in the values are due lo the phase inversion of NBR from dispersed to continuous 

phase on passing from 50 to 70 wt % NBR which leads to an increased diffusion 

process



WEIGHT % OF NBR

Figure 8.3. Variation of diffusion and permeation coefficient with weight 
percentage of NBR.

In the case of heterogeneous polymer blends, the permeabihty can be 

interpreted in terms of various theoretical models Robeson’s two limiting models, 

I e., series and parallel models are generally used in the case of polymer blends

According to parallel model

Pc = Pnt>l +  P2<|»2 (8.6)

and by series model

Pc = P iP2/((})iP2-4'2P.) (8 7)

where P ,̂ Pi and P2 are the permeation coefficients o f blend, component 1 and 

component II respectively and 4>i and ((>2 are the volume fractions of components 

I and II, respectively



Further for a conducting spherical filler, the overall composite permeation 

coefficient is given by Maxwell’s equations

p , = p  5 l + ^ '^ -~ ^ 't’d(P!n - P d )  ( g g )

P d + 2 P „ ,+ . t . j ( P „ - P ,)

where the subscripts d and m correspond to dispersed^ phase and matrix 

respectively.

Robeson extended^’ Maxwell’s analysis to include the continuous and 

discontinuous characteristic o f both phases at intermediate compositions and 

expressed the equations as.

Pc= X.P,
? 2  +2P, -2(t)2(P| - P 2 ) 

L ?2 + 2P| +<|)2(Pt “ P2 )
P, + 2P 2-24> ,(P2-P ,) 
P, + 2 ? ., -H(},,(P3-P,)

(89)

where Xa and Xb are fractional contributions to continuous phase so that

X. + X b= 1

Figure 8 4 shows the various theoretical and experimental curves showing 

the variation o f P with NBR volume fraction T>ie P values o f PP/NBR blends 

show an intermediate behaviour in between the two limiting models, parallel and 

series. The experimental data are close to Maxwell model with PP phase 

continuous at 70 wt % PP. At 30 wt % PP, the data is close to Maxwell model 

with NBR phase continuous Again it is seen from the Figure 8 4 that the 

expenmental curve coincides with Robeson’s model for a co-continuous 

morphology at X, = 0.6 and this suggest that a phase inversion occurs for NBR at 

this volume fraction This result is consistent with our early observation from SEM 

micrographs that phase inversion occurs between 50 and 70 wt % o f NBR in the 

blend.



VOLUME FRACTION OF NBR

Figure 8.4. Experimental and theoretical variation o f permeation coeflficient with 
volume fraction o f NBR is the blends

8.2.2 Effect of type of crosslinking

Tlie physical and mechanical properties o f polymers are found to depend on 

the nature of crosslinking viz., sulphur or peroxide curing system Figure 8 5 shows 

the Qt vs. Jt curves of dynamically vulcanised P50 blends Among the different 

vulcanising systems used, the DCP crosslinked system shows the lowest uptake 

Sulphur cured system shows the highest solvent uptake and mixed system takes an 

intermediate position



Jtmln

Figure 8.5. Variation of mol % uptake o f toluene (Q,) with square root of time for 
various dynamic crosslinked P50 blends

Tlie values of D, P, n and k for these samples are given in Table 8 3. It is 

seen from the table that the values o f  n  vary from 0 46 to 0 52 for the three systems,

i.e., sulphur system shows the lowest n value and DCF system shows the highest n 

value. All the three systems follow an almost Fickian mode of transport When we 

examine the k values it is seen that the DCP crosslinked systems show the lowest k 

value and sulphur and mixed systems show almost similar values which is higher 

than that o f DCP system Hence the interaction between solvent and blend is low 

for DCP system compared to sulphur and mixed systems. The diffusion and 

permeation coefficients o f toluene are low in the case o f DCP compared to sulphur 

and mixed systems. The difference in the transport parameters o f these three 

different vulcanising systems arises from the type o f crosslinks formed and also due 

to the extent o f crosslinking (i.e., crosslink density) Among the three vulcanising 

systems used, sulphur vulcanisation, leads to the formation of S-S linkages, while



DCP vulcanisation gives rise to ngid-C-C-linkages In mixed system, both types of 

crosslinks are present i e., -C-C- and -S-S- linkages (Figure 3.20). Since in DCP 

system the diffusion o f solvents is more difficult due to the rigid nature of C«C 

linkages, it shows lowest uptake and low diffusion coefficient values. The 

presence o f more flexible S-S linkages permits the solvents to permeate more easily 

through the sulphur vulcanised sample and hence show highest uptake. In mixed 

vulcanised system, an intermediate behaviour is expected, since it contains both C- 

C“ and S-S-linkages But the results indicate that the mixed system shows almost 

the same behaviour as that o f sulphur system This can be explained using 

crosslink density or molar mass between the crosslinks for the different vulcanising 

systems.

T a b le s ^ . Transport parameters for diffusion of toluene through dynamically 
vulcanised Pso blends.

Sample n k (g/g min") D x  10  ̂
(cm^/s)

P x l O ’
(cmVs)

PS50 0.46 0.05 2.035 1.644

PC« 0.52 0.032 1.807 1.432

PM^o 0.47 0.051 2.219 1.782

The values o f M« and crosslink density were calculated using equations (2.4 

and 2 7) respectively and are given in Table 8.4. It is seen that the values are in 

the order DCP <  mixed = sulphur system, i.e., the molar mass between the 

crosslinks is more in the case o f  mixed vulcanised system and lowest for DCP 

system. Since Me is inversely proportional to crosslink density, the crosslink 

density follows the order DCP > mixed = sulphur, i e., the DCP vulcanised system 

with the highest crosslink density permeates less solvent molecules compared to 

sulphur and mixed vu lcan ise  systems. Since blends vulcanised with sulphur and



mixed system have the same crossUnk density, the uptake may be comparable. 

Hence the combined effect o f  the crosslink density and rigidity of bonds accounts 

for the transport behaviour in sulphur and mixed systems.

Table 8.4. and crosslink density values of dynamically vulcanised Pm
blends.

Sample M. Crosslink densit>' x IC* 
(gmol/cm^)

PS50 1673.02 5.97

PC50 1252.08 799

PMsu 1671.78 5 98

8.2.3 Ef f M ofpBnetnnt size

The sorption behaviour o f  organic solvents through polymer samples is 

affected by the size, shape and polarity o f penetrant molecules. Figure 8.6  shows 

the sorption curves o f P50 blend crosslinked with sulphur for benzene, toluene and 

xylene As expected as the size o f penetrant molecules increases the solvent uptake 

decreases, i.e., the low molecular weight solvent benzene shows the highest uptake 

and xylene, the high molecular weight solvent shows the lowest uptake The 

variation o f  Q* with molar volume o f solvent for different blend compositions are 

showTi in Figure 8.7 It is seen from the figure that the Q« values decrease linearly 

with the molar volume of penetrant for all the blend compositions. The rate of 

decrease in with molar volume increases with increase in concentration of 

NBR
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Figure 8 .6 . Variation o f mol % uptake (Qt) with square root of time for the 
diffusion o f benzene, toluene and xylene through P50 blends
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The influence of penetrant size on the mechanism o f transpoa, diffusion and 

permeation coefficients o f  various polymer blends was analysed and the results are 

given in Table 8.5 It is seen from the table that the n values decrease with increase 

in molecular weight o f penetrants. In the case o f k values, there is no regular 

trend. However, in general the toluene shows highest k value and hence more 

interaction with the polymer. In the case o f  D and P values, both these parameters 

decrease with the penetrant size for pure NBR and blends

Table 8.5. Transport parameters for diffusion 
PP/NBR blends.

o f various solvents through

n k  (g/g min") D x l O ’
(cmVs)

P x  10’ 
(cmVs)

Pioo

B 0046 0.014 0.068 0.00088

T 0.461 0.014 0.2191 0.025

X 0.528 0.0095 0.763 0.0043

PSto

B 0.466 0.039 0.0113 5.535 X 10-’

T 0.472 0.036 0.9885 4.488 X  10'‘

X 0.426 0.041 0.584 0.232

PSso

B 0.495 0.042 2.258 2.109

T 0.468 0.051 2.035 1.649

X 0.482 0.045 1.442 0.976

PS,o

B 0.511 0.051 3.544 5.53

T 0.512 0.05 3.496 4.79

X 0.482 0.051 2.504 2.664

PSo

B 0.616 0.029 5.533 n .6 5 2

T 0.601 0.03 4,447 11.28

X 0 576 0027 3 73 7.082



TTie incorporation of filler into polymer networks is found to decrease the

sorption and diffusion of solvents. Figure 8 8 depicts the sorptjon cur\es of

unfilled and 30 phr loaded silica, carbon black and cork filled Pjo blends It is

seen from the figure that the initial uptake of toluene is not much affected by the
£

presence of fillers. However, the equilibrium uptake values are lower for the filled 

blends compared to unfilled ones Among the three fillers used, the C-black filled 

blends showed the lowest equilibrium uptake The uptake behaviour o f different 

blends follows the order PS50 > P50K30 > PsoTsi.^o > P50C30

/ t  mln

Figure 8 .8 . Variation of mol % uptake o f toluene with square root o f time for 
various filled P50 blends.

Table 8.6  shows the n, k, Q«, D and P values of these blends Compared to 

the unfilled blend the n-values increase for silica and C-black loaded blend, while 

in cork filled sample n decreases. The k values increase upon the incorporation of 

cork while in the other two cases, the k value show a decrease While considering



the diffusjon and permeation coefficients, it is seen that the values are higher than 

the unfilled blend in the case o f  C-black and sihca tilled samples and lower for 

cork filled blend The difference in the behaviour of the filled blends on the 

diffusivity and permeability and in the equilibrium values may be related to the 

interaction between the filler and polymer It has been reported that in 

thermoplastic elastomers, the filler particles generally concentrate in the rubber 

phase Since silica filler surface is polar, it shoves better interaction with the polar 

NBR particles which may lead to more phase separation i.e., interaction between 

PP and NBR decreases, which leads to weak interphases Tliis weak interphase 

may enhance the diffusion and permeation o f solvents through the membrane 

which increases the D and P values. However, the final equilibrium values depend 

mainly on the extent o f  crosslink density and reinforcement exerted by the filler

The extent o f reinforcement is assessed by using Kraus equation ’̂ 

According to this equation,

Vrt/Vrf = I-m [f/l-f] (8.10)

where Vrf is the volume fraction o f  swollen rubber in the fully swollen filled 

sample, f  is the volume fraction o f  filler and m is a measure of the extent of 

reinforcement.

Table 8.6. Transport parameters for diffusion o f toluene through filled PS50 

blends.

n k
(g/g mm")

D x  10 ’ 
(cmVs)

PxlO^
(cm^/s)

Silane treated silica 0.556 0.034 2.363 1.781

Carbon black 0.507 0.041 2.356 1.638

Cork 0.436 0.055 r  1.927 1.497



The crosslink density and extent of reinforcement (m) o f different fillers 

obtained from Kraus equation for various filled and unfilled blends are shown in 

Table 8 7. ft is seen tliat the crosslink density decreases in filled blends as 

compared to unfilled P50 blend. Hence, the reduction in equilibrium uptake in 

filled blends is due to the reinforcement exerted by the fillers Among tlie filled 

blends, the crosslink density varies in the order P50C30 > PwTsijo ^  P50K30 and the 

extent o f  reinforcement follows the order PjoTsiso > P50C30 > P50K.J0. Hence cork 

filled P50 blend with lowest crosslink density and reinforcement shows the highest 

uptake among the filled samples. The carbon black filled sample with highest 

crosslink density and intermediate reinforcement shows the lowest uptake.

Table 8.7. Crosslink density and extent o f reinforcement of filled PS50 blends

Sample Crosslink density x 10*̂ m

Unfilled 2.276

Silane treated silica 1.866 -1 7086

Carbon black 2.107 -0.53002

Cork 1.353 08197

S.2.5 E ft^o ftem penture

Tlie effect o f temperature on mol % uptake o f  P?o blends is show n in 

Figure 8.9. As the temperature increases, the uptake of solvent increases as 

expected The rates of diffusion and permeation also increase with increase in 

temperature The temperature dependence o f  transport properties can be used to 

evaluate the activation energy for the diffusion and permeation process using the 

Arrhenius relation

X = Xo exp-(Ex/RT) (8.11)

where X is P or D, Ex, the activation energy; R, the universal gas constant, and T, 

the absolute temperature. The Arrhenius plots o f  log D and log P vs. I/T for



different blend compositions are shown in Figures 8.10 and 8.11 respectively 

From the Arrhenius plots, the values o f activation energy for permeation and 

diffusion were calculated using regression analysis

y  t min

Figure 8.9. Variation o f mol %  uptake (Qt) o f toluene with square root o f time a t 
various temperatures.
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Figure 8.11. Arrhenius plots o f log P vs 1/T of dynamic vulcanised P50 blends

The results are shown in Tables 8 8 and 8.9, In different blend 

compositions, the activation energy for diffusion decreases with increase in rubber 

concentration, while activation energy for permeation did not show a regular trend 

Among the different vulcanising system used, the DCP vulcanised system shows 

the highest activation energy and mixed system show's the lowest. The highest 

activation energ>’ observed in DCP crossiinked system may arise from the rigidity 

o f C-C linkages compared to S-S linkages present in sulphur and mixed systems. It 

is also interesting to note that the activation energy decreases upon the 

incorporation o f filler The toluene shows the highest activation energy among the 

solvents used.

Tabic 8 .8. Activation energy for diffusion and penneation o f toluene in 
PP/NBR blends.

Ep (kJ/mol) Ed (kJ/mol)

PS70 21.54 26.15

PS50 20.31 23.66

PS,o 18 03 29.86

PC50 23.48 26.3l'

PM30 12.27 17.04

P50TSI30 19.15 21.29



Table 8.9. Activation energy for diffusion and permeation o f various solvents in 
PP/NBR blends.

Ed (kJ/mol) Ep (kJ/moi)

PS50

B 17,95 21.48

T 20.31 23.66

X 18.40 21.36

PsoTsisijo

B 16.90 20.57

T 19.15 21.29

X 16.04 18.20

8.2.6 Themodynamic parameters

The thermodynamic parameters for diffusion, AH and AS can be calculated 

usmg Van’t Hoffs relation.

AS AH.
log K ,=

2.303 R 2.303 RT

where K« is equilibrium sorption constant which is given by 

_ No. ofmols of solvent sorbed at equilibrium-----------
Mass of the polymer

(812)

(8.13)

Ttie values o f AS and AH are obtained by regression analysis o f  the plots of 

log K« vs. 1/T. The values o f AH and AS are given in Table 8.10. It is seen from 

the table that the AH values are positive and vary from 2 2-4.6 kJ/mol. The positive 

values o f  AH indicate that the sorption is an endothermic process and is dominated 

by Henry’s mode, i.e., the sorption proceeds through creation o f  new sites or pores 

in the polymer In the case of blends with different NBR compositions, the AH 

value decreases with increase in NBR content.



Table 8.10. Thermodynamic parameters for diffusion of toluene through 
PP/NBR blends

Sample AH (kJ/mol) AS (J/mol/deg) -AG (kJ/mol)

PSto 4.60 28.78 4.02

PS50 3.16 28,86 5.49

PS,0 2.77 •’25.90 4.99

PM50 4.70 24.00 2.49

PC50 3.71 27.32 4.48

PsoTsifiso 2 13 32.94 4.48

8.2.7 Kinetics of diffusion

The first order kinetic model has been used to follow the kinetics o f sorption 

and diffusion o f solvents through PP/NBR blends In order to apply this kinetic 

model it is assumed that during sorption o f solvents, structural changes may occur 

in polymer chains which require a rearrangement o f  the polymer segments thal can 

dominate the kinetic behaviour. According to first order kinetic equation,

dc/dt = k'(Coc-Ct) (8.14)

where k ' is the first order rate constant and Ci and C» represent the concentrations 

at time t and at equilibrium respectively. Integration o f  the above equation gives

k't = 2.303 log [Coo/(C=o-C,)] (8.15)

Figures 8 12 and 8 13 show plots o f log (C« -  Q ) vs t (time) for various blend 

compositions in toluene From the plots o f  log (C* -  Ct) vs time, the first order 

rate constants were calculated by regression analysis and the results are given in 

Table 8.11. As expected, the rate constant values increase with increase in 

concentration o f rubber in the blends Among the vulcanised systems, DCP 

vulcanised system shows the lowest k' value while mixed system shows the highest 

value. The sulphur vulcanised blend shows an intermediate behaviour. In filled 

systems, the rate constant values are higher as compared to unfilled system.
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Figure 8.12. Variation o f log C«-Ct vs. time ofPP/NBR blends.



Sample Rate constant k x 10  ̂(min ')

Pioo 0.22225

PS70 1.041

PS50 1.950

" PS30 280

PSo 2.66

PC50 1.55

PM50 2.03

PjoTsiso 2.251

P50K30 2.186

P50C30 2.140

8.Z8 Comparison with theory

The chemical crosslink density calculated was correlated with those of 

affine and phantom network models. In the affine network model, it is assumed 

that the junction points are embedded in the network without fluctuations, so that 

the components o f  each chain vector transform linearly with macroscopic 

deformation

According to affine network model, the molecular weight between 

crosslinks is given by

(8.16)
-( ln (l-V 2 in ) + V2„,+XV2m

where V, is the molar volume o f solvent |i is the number of effective chains; v, the 

number o f  junctions; v^ni, the polymer volume fraction at equilibrium swelling; Vjc, 

the polymer volume fraction during crosslinking, and p, the polymer density.



In the case o f phantom network model, the chains can move freely through 

one another, i e . thejunction points fluctuate over time around their mean position 

without any hindrance from the neighbouring molecules In phantom network 

model, is calculated using the relation.

Mv(ph) =
(■ -

-(>"(>-V2m ) + V2m+XV^
(8.17)

where ^ is thejunction functionality.

Tlie results obtained from these calculations are shown in Table 8.12. From 

the table it is seen that the experimental values are close to affine network model. 

Hence in PP/NBR blends, the crosslinked junctions are embedded in the network, 

so that they cannot fluctuate freely and the chain vector transforms linearly with 

macroscopic deformation.

Table 8.12. Theoretical and experimental Me values for dynamic vulcanised 
PP/NBR blends

M e diem M e afline M e phantom

PS70 1196.32 520.401 173.46

PS50 1673.02 1283.94 427.98

P C 50 1252.02 978,94 326.31

PMjo 1671.78 1282.99 427.66

P S 30 ■ 2992 19 2261.16 753.64

Attempts have been made to compare the experimental diffusion curves 

with the theoretical diffusion profile. The theoretical curves are constructed using 

the equation which describes the Fickian diffusion model.



-

Q.
=  1 -

K
2 ^ 1 /(2 n  + l)^ exp -D (2n + l ) ^ i : ^ / h
n=0

(8.18)

In order to generate the diffusion curves using the above equation, the 

experimentally determined D values are substituted in the above equation 

Figure 8 14 shows the theoretical and experimental sorption curves o f P70, P50 and 

P30 blends m toluene The overall agreement between the experimental and 

theoretical curves is fairly good. A similar behaviour was observed for other blend 

systems and solvents also.

ytm ln
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9.1 Conclusion

Polymer blends have attracted much importance in the recent years since new 

materials of technological importance can be prepared by simple blending of 

tvrO or more polymers Among the different types of polymer blends, thermoplastic 

elastomers from rubber/plastic blends have gained lot of interest as they combine 

the excellent processing characteristics o f  plastic with the performance of rubbers. 

Thermoplastic elastomers based on blends o f isotactic polypropylene 

(iPP)/acryIonitnle-co-butadiene rubber (NBR) blends combine the oil resistant 

properties of nitrile rubber and processability and mechanical properties of 

pol>propylene In this thesis we have made systematic investigations on tlie 

morphology and properties o f PP/NBR blends Since these blends are incompatible 

and immiscible, the effects o f  compatibiJisation and dynajnic vulcanisation on 

morphology and properties were also studied.

Since the morphology is a determining factor in the final properties of 

polymer blends, a systematic investigation of the morphology and its effect on 

mechanical properties o f PP/NBR blends were conducted. The processability 

characteristics analysed from the Brabender plastographs show that the viscosity 

ofNBR/PP blends increases with increase in NBR content Morphology of the 

blends indicates a two phase structure in which rubber phase is dispersed as 

domains in the continuous PP matrix at lower proportions o f  NBR and the size 

of the domains increases with increase in rubber content At 70 wt % o f NBR, it 

also forms the continuous phase resulting in a co-continuous morphology. The



mechanica! properties of the blends are found to be strongly influenced by the 

blend raiio. The Young’s modulus, tensile strength and hardness o f the blends 

were decreased with increase in NBR content. The tensile impact strength values 

decrease with NBR content up to 50 wt %  and after that it shows an increase. In 

general, all the mechanical property-composilion curves show a  change in slope 

after 50 wt %  NBR. This is associated with the change in morphology of the 

blends A negative deviation from the additive line was  observed for all the 

mechanical properties except hardness. Various composite models have been used 

to fit the experimental mechanical data. The tensile strength and Young’s modulus 

of the blends could be predicted by the Coran’s equation The phenolic modified 

polypropylene and maieic modified polypropylene are found to act as 

compatibilisers in PP/NBR blend. With the increase in concentration of 

compatibilisers, the domain size of the dispersed NBR phase decreases, followed 

by a levelling o ff at higher concentrations which is an indication of interfacial 

saturation The theories of Noolandi and Hong predict a linear decrease of 

interfacial tension with compatibiliser volume fraction for concentration less than 

CMC. Considering the fact that the interfacial tension is directly proportional to 

the domain size, it is demonstrated that the experimental data are in agreement with 

these theoretical predictions. The mechanical properties of the blend are also 

increased by the addition o f compatibilisers followed by a levelling off at higher 

concentrations.

The dynamic vulcanisation o f  PP/NBR blends leads to fine and uniform 

distribution o f rubber particles in the plastic matrix. The size of the dispersed 

rubber particles depend on the crosslinking systems used Among the different 

vulcanising systems used, the sulphur system gives better properties for blends 

having high plastic content, while D C ? system gives better properties for blends 

with high rubber content The addition of fillers to PP/NBR blends has not much 

effect on the mechanical properties it is observed that the addition o f carbon black 

to PP/NBR blends adversely affects the properties



The dynamic mechanical analysis of the blends is important as many o f the 

polymeric materials usually undergo cyclic stresses during service. The analysis 

would also give an idea about the miscibility o f the blend system. The efifects o f  

blend composition and compatibilisation on the dynamic mechanical properties 

w ere investigated in the temperature range -50 to +150°C. These investigatioiis 

indicate that PP/NBR blends are incompatible as proved by ± e  presence o f  two 

a-re laxation  peaks corresponding to the Tgs o f  PP and NBR. As the 

concentration o f  rubber increases, the storage modulus o f  the system decreases, 

while the loss modulus and tan 5 increase. The increase in loss modulus is

m ore pronounced after 50 wt %  o f  NBR in the blend. The change in

viscoelastic properties with blend composition is correlated with the blend 

morphology. Various composite m odels have been used to fit the experimental 

viscoelastic data. Takayanagi*s model is found to fit the experimental values 

for 20%  parallel coupling. The addition o f  phenolic modified polypropylene 

and m aleic anhydride modified polypropylene is found to increase the storage 

m odulus at lower temperature which indicates an increase in interfacial 

adhesion upon the addition o f  these compatibilisers. At higher concentration o f 

these compatibilisers the storage modulus decreases due to interfacial 

saturation. Among the vulcanised systems, the DCP system shows the highest 

m odulus and sulphur system the lowest. The mixed system shows an 

intermediate behaviour.

The investigation o f  m eh rheology o f  these blends would help to 

optimise the processing conditions required for the production o f  the material. 

Hence the melt rheological behaviour o f  PP/NBR blends has been investigated 

over a wide range o f  shear rates and temperatures. The blends show

pseudoplastic behaviour which is indicated by a decrease in viscosity with

shear rate. The viscosity of these blends increases with increase in NBR 

concentration and shows a sharp change after 50 wt %  o f NBR. The variation 

in viscosity is correlated with the phase change o f  NBR from dispersed to 

continuous phase. The blends show negative deviation which indicated lack o f 

interaction between the polar nitrile rubber and non-polar polypropylene.



Various theoretical models have been used to predict the experimental viscosity 

\a lues. The viscosity values fit well with the values calculated using altered 

free volume model. The compatibilisation o f  these blends using phenolic 

m odified polypropylene is found to increase the viscosity o f the system, 

indicating an increase in interfacial interaction. The variation o f viscosity is 

correlated with the phase morphology. As the compatibiliser concentration 

increases the size o f the dom ain decreases w ith a levelling o ff at high 

concentration. The dynamic vulcanisation o f  PP/NBR blends leads to fme and 

uniform distribution of NBR particles and the size o f the dispersed NBR 

particles varies in the order DCP <  mixed <  sulphur cured system. Among the 

d>Tiamic vulcanised blends the sulphur cured system has the highest viscosit>' 

and DCP cured system has the lowest. In peroxide and mixed cured systems 

PP is degraded in presence o f  DCP. The die swell values o f  the blends have 

decreased on dynamic vulcanisation. The temperature dependence o f  viscosity 

w as studied using Arrhenius equation. The compatibilised system show higher 

values o f  activation energy compared to uncompatibilised one. A shear rate- 

temperature superposition m aster curve has also been developed for 

polypropylene and 70/30 PP/NBR blend. The meh flow index o f  PP/NBR 

blend decreases with increase in rubber concentration. The MFl data have been 

correlated with capillary rheom eter data. The effect of annealing on the 

morphology o f  uncompatibilised and compatibilised blends has been 

investigated. The domain size o f  NBR particles increased in the 

uncompatibilised system upon annealing the samples for one hour. 

Interestingly, the morphology o f the compatibilised system is really stable.

The analysis o f thermal stabihty o f polymeric materials is necessaiy for 

the development of durable products. The thermal degradation of 

polypropylene/nitrile rubber blends was investigated using thermogravimetric 

method The incorporation of nitrile rubber into polypropylene improved the 

thermal properties of polypropylene. The initial degradation temperature of 

polypropylene is increased on blending Among the different blends compositions



the P50 blend shows the lowest degradation temperature. The thermal behaviour of 

various blend compositions was correlated with blend morphology. The weight 

loss corresponding to different temperatures is also decreased upon blending. The 

effect of compatibilisation of PP/NBR blend using phenolic modified 

polypropylene and maleic anhydride modified polypropylene on thermal 

degradation was also investigated The compatibilisation increased the degradation 

temperature The dynamic vulcanisation of the blends usmg sulphur, peroxide and 

mixed system consisting o f sulphur and peroxide, improved the thermal stability. 

Among the three vulcanised systems, the mixed vulcanised system has the highest 

degradation temperature and sulphur cured system the lowest. The thermal 

behaviour of the three types o f dynamic vulcanised blends is correlated with the 

crosslink density and type o f crosslinks formed. The melting behaviour o f binary 

PP/NBR blends was also investigated using differential scanning calorimetry. The 

melting temperature and heat o f fusion values decreased upon the addition o f  NBR. 

The crystalhnity of PP/NBR blends also decreases with increase in nitrile rubber 

concentration The crystalline structure o f PP/NBR blends was also investigated. 

The pure polypropylene and the blends showed a-monoclinic structure as evident 

from the presence o f four reflections corresponding to the four planes. The 

compatibilisation of the blends did not affect the a-monoclinic crystalline structure 

of PP The incorporation of nitrile rubber in to polypropylene increased the inter 

planar distance, which indicates the presence of rubber phase in intra spherulitic 

regions

The dielectric properties o f PP/NBR blends were also studied to explore the 

possibility o f using these blends as insulating materials. The dielectric properties 

such as volume resistivity, dielectric constant and tan 6 o f PP/NBR blends were 

measured over a wide range o f frequencies. The dielectric constant of the pure 

components and blends decrease with increase o f frequency. The variation in 

dielectric constant is in three stages due to the relaxations in interfacial and 

orientation polarisation With the increase of NBR content in the blend, the



dielectric constant increases and shows a sharp change after 50 wt %  o f loading. 

The sharp change above 50 wt %  NBR is correlated with the morphology o f the 

blend The experimental dielectric constant values were compared with theoretical 

models. It is found that the experimental data fit well with the data obtained from 

Maxwell-Wagner-Sillers equation The effects o f various fillers such as HAF 

black, silane treated silica and cork on dielectric properties were also investigated. 

The incorporation of fillers into PP/NBR blends affected the dielectric properties. 

The dielectric constant increases upon the addition o f carbon black and the increase 

is more pronounced in 30/70 PP/NBR blend. The change is correlated with the 

formation of network o f carbon black particles in the continuous NBR phase at 

70 wt % o f NBR, In silane treated silica filled blends, the dielectric constant 

increases up to 20 wt % loading while at 30 wt % loading the 8' value decreases 

and in cork filled blends the s ' value increases by the addition o f 10 wt % o f cork, 

while fbrther increase in loading decreases the e' values. The increase in e' value 

upon the addition o f fillers was correlated with the presence o f polar groups in the 

filler and to the interfacial polarisation. The loss factor increased upon the 

addition o f carbon black and silica while the addition o f cork decreased the e" 

values The dynamic vulcanisation leads to an increase in e' values. Among the 

different vulcanising systems used, the sulphur system shows the lowest value and 

DCP vulcanised system the highest. The mixed system shows an intermediate 

value. The dissipation factor and loss factor values also increased upon 

vulcanisation.

The investigation o f the transport properties o f these blends in various 

aromatic solvents was carried out to get an idea about the barrier properties o f these 

materials. The mechanism of transport is close to Fickian in PP/NBR blends. As 

the concentration of NBR increases, in the blend, the equilibrium uptake values 

and difiUsion and permeation coefficients increase. The variation in transport 

parameters was correlated with morphology o f the system. The equilibrium uptake 

values show a sharp increase after 50 wt % o f  NBR which is due to the phase



inversion o f NBR from dispersed to continuous phase. The experimental 

permeation coefficients were compared with various theoretical predictions 

Maxwell and Robeson’s models have been used to predict the expenmental 

permeation coefficients The effect o f nature o f  crosslinking on transport 

behaviour was studied Among the three vulcanising systems used [sulphur, DCP 

and mixed (S+DCP) systems], the sulphur system shows the highest uptake and 

DCP the lowest and mixed system shows intermediate behaviour. The difference in 

the behaviour is correlated with the type o f crosslinks formed and crosslinking 

density. The diffusion and permeation coefficients and Q« value§ decrease with 

increase in molar volume of solvents. The effect o f  different types o f fillers on 

transport properties was also investigated. In the fiUed blends, the uptake values 

follow the order cork > silica > carbon black. The activation energy for diffusion 

and permeation was calculated and are found to decrease with increase in rubber 

content Compsinson o f the crosslink density values with phantom and affme 

network models indicates that in PP/NBR blends, the network structure can be 

modelled by affine theory The experimental and theoretical diffusion curves are in 

good agreement for the blend systems.

9.2 Future scope of the work

9.2.1 Crystallisation kinetics

TTie properties of rubber/plastic blends depend on the crystalline structure of 

plastic matrix Hence a detailed investigation can be carried out on crystallisation 

kinetics and crystalline structure o f PP/NBR blends. The spherulitic growth rate, 

spherulite structure and nucleation can be investigated using phase contrast optical 

microscopy and differential scanning calorimetry.



9.2.2 Barrier property measurements

The barrier properties o f these blends can be studied to extend its 

apphcation for the separation o f various gases and Hquids. The vapour permeatjon, 

per\aporation and gas separation studies can be carried out for this purpose.

9.2.3 Interfacial charactehsatjon

in the present investigation we have seen that the compatibilisation o f 

PP/NBR blends improved the properties. The investigation o f interfacial tension 

and interfacial thicicness in uncompatibilised and compatibilised blends can be 

studied using various modem techniques The ellipsometry technique can be used 

to estimate the interfacial thickness in polymer blends. The small angle X-ray 

scattering (SAXS) and neutron scattering (SANS) can also be used to study the 

interfacial thickness. The interfacial tension can be measured using highly 

specialised pendant drop apparatus or breaking thread methods.

9.2.4 Fat)rication of useful products

The application o f PP/NBR blends for the fabrication o f automobile parts 

such as dash boards, bumpers, etc. can be attempted.
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Morphology and mechanical properties o f blends o f Isotactic polypropylene (PP) and nilrile rubber (NBR) 
have been investigated with special reference to the effects o f blend ratio. Morphological observations of 
blends showed a two-phase system, in which the rubber phase was dispersed as domains in the continuous 
PP matrix at lower proportions of NBR (<50% ). The 30/70 PP/NBR blend was found to exist as a co- 
continuous system. Attempts have been made lo correlate the changes in morphology with properties. The 
mechanical properties o f blends were found to depend on the blend ratio. Various composite models, such as 
the series model, the parallel model, the Halpin-Tsai equation and Coran’s model, have been used to fit the 
experimental mechanical properties. The effect o f concentration o f maleic-modified polypropylene (M A-PP) 
and phenolic-modified polypropylene (Ph-PP) as compatibilizers on the morphology and mechanical 
properties o f the blend was also investigated. The compatibilizer concentrations used were 1, 5, 10 and 
15 wt%. The domain size of the dispersed NBR particles decreased with the addition o f a few per cent o f the 
compatibilizer followed by a levelling off at higher concentrations. The levelling off was an indication of 
interfacial saturation. The mechanical properties o f the blends were improved by the addition of the 
compatibilizer followed by a levelling off at higher concentrations. The levelling off was an indication of 
interfacial saturation. The mechanical properties of the blends were improved by the addition of the 
compatibilizers. The experimental results were compared with the current compatibilization theories of 
Noolandi and Hong.

(Keywords: blends; morphology; compatibilization)

n 'R O D U C TIO N

Wrmoplastic elastom ers (TPEs) possess the excellent 
ix:essing characteristics o f  therm oplastic m ateria ls at 
^ e r  tem peratures, and the wide range o f  physical 
■operties o f  elastom ers a t service tem peratu re* '^ . 
«ring the last few years, a  large num ber o f  studies on 
ermoplastic elastom eric blends have been rep o rted ^"* \ 
thorough understanding  o f  the blend m orpho logy  is 

Jportanl, since the properties o f  polym er blends are 
^ngly dependent on  the b lend m orpho logy '^" '^ .
Most o f the polym er blends are found to  be 
lompatible. These incom patib le blends a re  ch a rac ter­
s' by a  tw o-phase m orphology, narrow  in terphase, 
X>r physical and  chem ical interactions across the phase 
*ttndaries and p o o r m echanical properties. These 
><>b!ems can be alleviated by the addition  o r in situ  
'Unaiion o f com patibilizers o r interfacial agents'^  '^. 
^Cording to  Paul and  Barlow'®, the addition  o f  a 
•iUbly selected com patib ilizer lo  b inary  im m iscible 
'tnds should ( 1 ) reduce the interfacial energy between
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p W , India
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the phases, (2 ) perm it a  finer dispersion during  mixing, 
(3) provide a m easure o f  stability  against gross segrega­
tion , an d  (4) result in im proved interfacial adhesion. The 
effect o f  add ition  o f  b lock and  graft copolym ers as 
com patibilizers in b inary  polym er blends has been 
stud ied  in detail" '*"’ . Recently, the reactive com patib i­
lization  technique has been used for com patibilizing 
polyethylene (PE)/polystyrene (PS), polypropylene (PP)/ 
ny lon-6,  P S /nylon-6 , P P /P E , P S /E P D M  an d  N R /P P  
systems""^^

Finally, therm odynam ic theories concerning the 
em ulsifying effect o f  b lock copolym ers in  polym er 
b lends have been developed by Leibler^^'^^, and  N oo­
land i an d  Hong^^”^ .  T he theory  o f  N oo land i and 
Hong^®“‘*® states th a t localization o f  som e o f  the block 
copolym er a t the in terface results in a  lowering o f  the 
in te raction  energy between tw o immiscible hom opoly- 
m ers, broadening  o f  the in terphase between hom o- 
polym ers, and  a  decrease in free energy, an d  ultim ately 
lim its the am o u n t o f  copolym er present a t the interphase.

Blends o f  nitrile rubber (N B R ) and  PP  com bine the 
o il-resistant p roperties o f  nitrile rubber and  the excellent 
m echanical an d  processing characteristics o f  PP. They 
can  be successfully used fo r high-tem perature, oil-



resistant applications. However, these blends are found to 
be immiscible and incompatible. They are characterized 
by a  sharp interface, coarse m orphology and  poor 
physical and chemical interactions across the phase 
boundaries. A lthough some studies have been 
r e p o r te d ^ * o n  the ihennodynam ics, structural p roper­
ties and com patibilization o f N B R /PP blends, detailed 
investigations relating m orphology to  the properties and 
compatibilizing efficiency to  the nature and concentration 
o f  the copolymer are lacking. The purpose o f the present 
study is to investigate systematically the influence o f 
blend ratio  on  the m orphology and  mechanical properties 
o f N B R /PP blends. The effects o f  concentration o f two 
compatibilizcrs, maleic-modified PP and phenolic-mod- 
ified PP. on the m orphology and mechanical properties o f 
the blend were investigated quantitatively. The e.xperi- 
mental results were applied to  test the current com pati­
bilization theories o f  N oolandi and Hong.

EX PE R IM E N T A L
M olerials

Isotactic PP (Koylene M3060) with a  melt flow index 
o f 3g /10m in  was supplied by IPC L, V adodara, India. 
N B R , with 32%  acrylonitrile content, was supplied by 
Synthetics and  Chemicals, Bareli, U .P., India.

Maleic-modified PP (M A-PP) was prepared by m elt 
mixing PP  with maleic anhydride (5 parts), benzoqui- 
none (0.75 parts) and dicumyl peroxide (3 parts) in  a 
Brabender Plasticorder a t 180'C  (ref. 11). Phenolic- 
modified PP  (Ph-PP) was prepared by melt-mixing PP 
w ith dim ethylol phenolic resin (Sp-1045; 4 parts) and 
stannous chloride (0.8 parts) a t  I80°C (ref. II).

Blend preparation
The blends are referred to  as Pq, Pjq, P 50, P70 and Pjoo, 

where the subscripts denote the weight percentage o f  PP 
in the blend. These blends were prepared in a  B rabender 
P lasticorder (model PLE-330) a t a  tem perature o f  180'C. 
The ro to r speed was 60revm in ''*  an d  the blending was 
carried ou t for 6 min. The com patibilizer concentrations 
used were 1, 5, 10 and 15wt% .

Physical testing o f  the samples
T he samples for physical properly measurem ents were 

prepared by com pression-m oulding the mixes a t 180'C  
in a hydraulic press into sheets w ith dimensions 
15cm  X 15cm x  0.15cm . The tensile property m easure­
m ents were done on a Zwick Universal Testing machine 
(m odel 1474) using dumb-bell shaped specimens a t a 
crosshead speed o f  SOOmm min"', in accordance with 
ASTM  D412-81. The tensile im pact strength of the 
samples was measured on a Ceast Im pact Tester (model 
6545/000) using dum b-bell shaped specimens. The hard ­
ness o f  the samples was m easured using shore A and 
shore D  H ardness D urom eter. The crystallinity o f the 
samples was measured using a Perk in-E Im er DSC 
differential scanning calorim eter. The weight percentage 
crystallinity o f  PP was determ ined from  the ratio  o f the 
heat o f fusion o f the blend to tha t o f the 100% crystalline 
PP (A //p p =  1 3 8 J g '' (ref. 43).

Morphology studies
The samples for m orphology studies were prepared by 

cryogenically fracturing the samples in  liquid nitrogen.

The fractured end o f  the sample was kept immersed in - 
chloroform  for tw o weeks. The samples were then dric(j j 
in an oven. F o r m orphology studies, samples (the NBr 
phase was preferentially extracted) were sputter-coated • 
with gold and  photographs were taken in a J e q l  • 
scanning electron m icroscope. The domain size ) 
measured from  the scanning electron photomicrograpl^ } 
Several m icrographs were taken for each blend and ' 
about 100 dom ains were taken for number-average 3 
dom ain diam eter m easurem ents. The apparent domain ^ 
diameter was ob ta ined  from  the measurement of hole ^ 
diameter obtained as a  result o f the extraction of the .• 
rubber phase.

RESULTS A N D  D ISC U SSIO N  
Processing churavterisfics 

The processing characteristics o f the blends have been ^  
studied from the B rabender Plastographs. The torque- 
lime and to rq u e-lem p era tu re  relationships obtained 
from Brabender p lastographs are shown in Figure /. In 
all cases, the m ixing to rque falls rapidly up to 3min of 
mixing time and then levels o ff to  give uniform values at ^  
the end of the mixing cycle, indicating a good level of ^  
mixing. Favis*^ has reported tha t the final morphology 
o f the blend is strongly influenced by the time o f mixing. ^ 1*̂ 
All the blends show a  higher mixing torque than PP, am! j 
the torque is found to  increase with increase in NBR' 
content. This is due to  the higher melt viscosity o f NBR 
as com pared to  PP. This result clearly indicates that all, 
the blends have higher melt viscosily than PP. It is also’ 
seen from Figure J tha t the mixing temperature of the 
blends increases w ith increase in N B R  content. This is. 
due to  the fact tha t high shear forces are involved as the 
N B R  content increases owing to  its higher viscosity as 
com pared to  PP.

0

. . „  of
Figure t  Brabender plastograph showing the vanatw  
(orque and temperature «  Uh time o f  mixing
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jjends on blend com position, viscosity o f  individual 
jjiponents and  processing history. D anesi and P orter'^  
jvc shown that for blends w ith the same processing 
^tory, the m orphology is determ ined by the melt 
jcosity ratio  and com position. Generally, the least 
^ous com ponent was observed to  form the continuous 

over a  larger com position range** .̂
The scanning electron m icrographs o f  blends P 70, P50 
^  P30, from  which the N BR phase has been extracted, 
f  shown in Figures 2a to  c. In the P70 blend, N B R  is 
jind to  be dispersed as dom ains in the continuous PP 
jtrix. This is due to  the higher melt viscosity and lower 
^tent o f N B R  com pared to PP in the blend. As the 
jbber content in the blend increases from  30 to  50w t%  
JR. the average size o f the dispersed N B R  phase 
^ iis e s  from  5.87 to  17.90^m. The bigger particle si2e 
/the rubber phase with increase in rubber content is 
ittibuted to  the reagglom eratlon or coalescence o f the 
ijpersed rubber particles. The occurrence o f  coalescence 
I higher concentrations o f one o f  the com ponents has 
ten reported by m any authors^^”^’ . In  the P30 blend, 
«lh N B R  and PP phases exist as co-continuous phases. 
\is is associated with the higher proportions o f  N B R  
id low viscosity o f the PP phase.

Mechanical properties
The properties o f  rubber-p lastic  blends are deter­

mined by ( 1 ) m aterial properties o f  rubber and plastic 
phases, (2) rubber/plastic proportions, (3) the phase 
m orphology, and  (4) the interaction  a t the interface^. 
The stress-s tra in  curves o f  the Pjoo, P 70, P 50’ P30 snd  Pq 
blends are shown in Figure 3. F rom  the stress-stra in  
curves it is possible to  determ ine the differences in the 
deform ation characteristics o f the blends under an 
applied load. The stress-s tra in  curve o f PP is sim ilar to 
tha t o f  a brittle m aterial. I t  shows very high initial 
m odulus with a definite yield point. The addition o f  NBR 
changes the nature o f s tress-s tra in  curves considerably. 
The stress-stra in  curves o f  PP and blends containing a 
higher proportion o f  PP have distinct elastic and inelastic 
regions. In the inelastic region they undergo yielding. 
The elastic moduli o f the blends are found to  be 
considerably reduced with the increase in rubber 
concentration. The improved rubbery behaviour o f  P30 
blend com pared to P70 and  P 50 can be explained in term s 
o f the phase inversion o f  N B R  from  dispersed to 
continuous phase on passing from  P 50 to  Pjo- The 
stress-stra in  behaviour o f  N B R  is typical o f uncross­
linked soft elastomer.

Table 1 and Figure 4 show the variation o f  mechanical 
properties as a function o f  weight percentage o f  NBR.

ty as

> » 'e 2  S c a n n in g  e l e c t r o n  p h o t o m i c r o g r a p h s  o f  N B R ,  P P  b i e n d s  f r o m  w h ic h  N B R  w a s  e x t r a c te d  w i th  c h lo r o f o r m ,  ( a )  3 0 /7 0  N B R / P P  b le n d :  N B R  is  
lix ii'S  ^ r s e d  a s  d o m a i n s  in  t h e  c o n t i n u o u s  P P  m a t r ix ,  ( b )  5 0  5 0  N B R / P P  b le n d :  N B R  is  d i s p e r s e d  a s  d o m a i n s  in  t h e  c o n t i n u o u s  P P  m a t r ix ,  ( c )  7 0 /3 0  N B R /  

^ b le n d  w i th  c o - c o n t in u o u s  m o r p h o l o g y  •



F ig u re  3  S t r c s s - s i r a i n  c u r v e s  o f  i h e  s a m p le s

Pure isotactic PP has the highest tensile strength and 
Y oung’s m odulus. F rom  the tab le  it is seen iha i with 
increase in N B R  content, the tensile strength and 
Y oung’s m odulus decrease. The strength  o f  N B R /PP 
blends depends on  the strength o f  the PP  phase, which in 
turn  depends on the extent o f  crystallinity. It has been 
observed tha t the crystallinity o f  the blend was decreased 
by the incorporation  o f  N B R  {Table 2). M artuscelli el 

have shown tha t the spheruHie grow th o f isotactic 
PP in blends w ith rubber is hindered by the presence o f 
the rubber phase. Hence the observed decrease in tensile 
strength and Y oung’s m odulus with increase in NBR 
content is due to  the presence o f  the soft rubber phase 
and fall in crystallinity o f  the PP  phase. It can be noticed 
from Figure 4  th a t the tensile strength-com position  
curve shows a  negative deviation, i.e. blend properties lie 
be!ow the additivity hnc. The observed negative devia­
tion is due to  the poo r interfacial adhesion between the 
non-polar PP  and polar N B R  phases, which causes poor 
stress transfer between the m atrix  and  the dispersed 
phase. A  clear change in the slope o f  this tensile 
strength-com position  curve is seen between the com po­
sition range 50/50 PP /N B R  to  30/70 PP/N B R . The 
observed change in slope is a ttribu ted  to  phase inversion 
o f N B R  from  dispersed phase to  continuous phase. This 
type o f  slope change in a  m echanical property-com posi- 
tion curve has been reported by D anesi and Porter for 
the PP/EPD M  system ' .

The elongation a t break o f the P P /N B R  blend is found 
to  increase with the addition o f 30w t%  N B R  and after 
that it decreases with increase in rubber content {Table 
/). The elongation a t break also  shows negative 
deviation. This decrease in e lo n g a tio n 'a t break at

"0  2 0  4 0  6 0  80 
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higher rubber conten t is due to  the poor interfacial 
adhesion between the hom opolym ers.

From  Table I  it is also seen tha t the tensile impact 
strength decreases with the addition o f  NBR up to 
50 w t% . In immiscible blends, the tensile impact streng^ 
usually depends on the particle size o f the dispersed 
phase. Smaller and uniform ly distributed particles are 
m ore effective a t initiating crazes and term inating them 
before they develop into catastrophic sizes. The decrease 
in tensile im pact strength in PP N B R  blends up 
50w t%  N B R  content is due to  the poor in terfaa^ 
adhesion and bigger particle size o f  the dispersed 
phase, as seen in the scanning electron p h o t o g r a p h s  0 
P70 and P 50 blends. The poor interfacial adhesion causes

T » b k  1  V a r i a t i o n  o f  m e c h a n i c a l  p r o p e r t i e s  w i t h  b l e n d  c o m p o s i t i o n

P r o p e r t y

C o m p o s i t io n

T e n s ile  s t r e n g th  ( M P a ) 35 1 8 .3 0 9 -2 0 3 .5 0

Y o u n g 's  m o d u lu s  ( M P a ) 5 0 0 2 5 0 135 A l

E lo n g a t io n  a t  b r e a k  ( % ) 1 5 .6 9 5 .5 8 * 4 3 .4 5 3 8 .6 4

T e n s ile  im p a c t  s t r e n g t h  ( J m ~ ') 1 1 1 0 1 0 0 8 9 2 0 144 8

H a r d n e s s  s h o r e  A 9 5 9 5 9 3 83

H a r d n e s s  s h o r e  D 55 55 45 IS



^m atu re  failure as a  result o f  the usual crack-opening 
jgchanism. K arger-K ocsis et a l .^  have shown tha t w ith 
jcrease in particle size o f  the dispersed rubber phase, the 
^sile im pact strength o f  the PP/E PD M  blend decreases, 
jbove 50 w t%  N B R  conten t, the tensile impact strength 
j found to  increase sharply. This sharp increase in 
jjpact strength may be due to  the continuous nature o f 
jc N B R  phase, which form s a co-continuous structure 
,ith the plastic phase {Figure 2). Similar results were 
^ r t e d  in the case o f  the PP/EV A  system^’.
From Table 1 it is seen tha t the addition o f 30w t%  

,BR does no t change the hardness. However, fu rther 
edition o f N B R  decreases the hardness. The hardness- 
^ p o s itio n  curve show s a slope change beyond 50 w t%  
;BR {Figure 4). The reduction  in hardness and the slope 
iange in the curve a t higher proportions o f N B R  
>50%) can be explained by the phase inversion o f N B R  
flm dispersed to the continuous phase on passing from  
^  50/50 P P/N B R  to  the 30/70 PP/N B R  blend. It is 
^cresting to  see tha t the hardness values show a positive 
cviation.
Various com posite m odels, such as the parallel m odel, 

te series model, the H alp in -T sa i equation and C oran ’s 
^uation, have been used to  predict the mechanical 
foperties o f these blends. The highest-upper-bound

nd
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parallel model is given by the rule o f mixtures:

M  — +  M2<t>2

where M  is any mechanical p roperty  o f the 
M j and M i are the m echanical properties o f compo
1 and 2, respectively, and 4>\ and  <t>i arc • ^^T h is  
fractions o f com ponents 1 and  2, - i ,  are
equation holds for models in which the componc 
arranged parallel to  one another so that an appl* 
elongates each com ponent by the same in
lowest-lower-bound series model is found in in 
which the com ponents are arranged in series 
applied stress. The equation  for this case is:

\jM  —
2̂.53.

According to  the H alpm -T sai equation • ^

M,/A/ = (1 + AiBi4>i)j{\ -  Bi<p2)
. ( 4

Bi =  { M 1/ M 2 -  \ ) / (My/ M2 +
In the H alp in -T asai equation, subscripts 1 

to  the continuous phase and  dispersed P ^^-jogy 0
lively. The constant is defined by the w orp
the system. F or elastom er dom ains dispel 
continuous hard m atrix, A i  =  0.66. nerties

F o r an  incom patible blend, m echanical [M i
generally between the parallel m odel ^PP®*^^^jji-ding  ̂
and the ■series model lower hound ( Uj V Ac



.(5)
5fC/  can vary between zero and unity. The value o f/  
function o f  phase m orphology. The value o f  /  is 

50 by:

(6)
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where /; contains the aspects o f  phase m orphology, and 
and Vs are the volume fractions o f the hard-phase 

and soft phase, respectively. The change in /  with respect 
to  Kh is greatest when Vh =  (« -  ! ) /« , thus the value of 
(n -  l ) / n  could be considered as the volume fraction o f 
hard-phase m aterial that corresponds to  a  phase inversion.

Figure 5  shows the experimental and theoretical curves 
o f Y oung's m odulus as a  function o f soft-phasc volume 
fraction. It can be seen that experim ental data are very 
close to  C oran 's  model, in which n =  2.2. The value of 
n ~  2.2 corresponds to  =  0.545, as the hard-phase 
volume fraction tha t corresponds to  a phase inversion o f 
N BR from dispersed phase to  continuous phase. This 
result is consistent w ith o u r experimental results from 
m orphology and mechanical prop>erty studies.

CO M PA TIB ILIZA TIO N  
Morphology o f compiuibilized blends

The effect o f M A-PP and Ph-PP as com patibilizers on 
the m orphology o f  the 70/30 PP NBR blend is shown by 
the scanning electron m icrographs o f Figures 6 and 7. 
respectively. Figures 6 a -d  show blends containing 1%, 
5% . 10% and 15% M A -PP com patibilizer, respectively, 
and Figures 7a-c  show blends containing 1%, 10% and 
15% Ph-PP com patibilizer, respectively. The m orphol­
ogy o f an  uncom patibilized blend has been given in 
Figure 2a. F rom  the scanning electron m icrographs it is 
seen that the size o f the dispersed N B R  phase decreases 
with the addition o f  modified polymers. This reduction in 
particle size with the addition o f  modified polymers is 
due to  the reduction in interfacial tension between the 
dispersed N B R  phase and PP matrix.

The average dom ain sizes o f  the com patibilized blends 
were analysed as a function o f  com patibilizer concentra­
tion {Figure 8). The average dom ain size o f  the
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unmodified blend is 5.87 yjni. F rom  Figure 8, it is seen 
th a t in the case o f  M A -PP com patibilized blends, 
addition o f  1% M A -PP causes a reduction in dom ain 
size o f 35%. F urther addition  o f M A -PP does not change 
the dom ain size considerably, but a levelling off is 
observed. In the case o f Ph-PP com patibilized blends, the 
average diam eter o f  the dispersed N B R  phase decreases 
up  to  the addition o f  10w t%  Ph-PP. W ith 10wt%  Ph- 
PP, the dom ain size is reduced by 77%  o f  the dom ain size 
o f  the unmodified blend. However, further addition of 
com patibilizer increases the dom ain size. The equili­
brium  concentration a t which the dom ain size levelled off 
can  be considered as the critical micelle concentration 
(C M C ), i.e. the concentration  a t which micelles are 
formed. Generally, C M C  is estim ated from the p lot o f 
interfacial tension versus copolym er concentration. Since 
the interfaciai tension is directly proportional to  the 
dom ain size, the estim ation o f  C M C  from the p lo t o f 
dom ain  size versus concentration is w arranted . The 
C M C  indicates the critical am ount o f com patibilizer 
required to  sa turate  unit volume o f  interface. The 
increase in dom ain size above C M C  m ay be due to  the 
form ation o f  micelles o f  com patibilizer a t the continuous 
PP phase. Several au thors have reported on the 
interfaciai sa turation  o f binary po^lvmer blends by the 
addition of^ com patibilizers"’" ' " Thom as and 
Prud'hom m e*’ reported  tha t in PS poly(methyl metha­
crylate) blends a t low er concentrations o f copolymer, 
the dispersed phase size decreased linearly with 
increasing copolym er concentration, whereas at higher 
concentration, it levelled off. N oolandi and H ong also 
suggested that there is a critical concentration o f block 
copolym er a t w hich micelles are formed in the hom o­
polym er phases. All the above experimental observa­
tions, including the present study and theoretical 
predictions o f N oolandi and H ong, suggest tha t a critical 
concentration o f  com patibilizer is required to saturate 
the interface o f  a binary blend. Above this critical 
concentration the com patibilizer may not modify the 
interface any m ore, bu t form s com patibilizer micelles in 
the bulk phase.

The interfaciai sa turation  point can be further

explained by T aylor's theory. In Taylor’s theory^’ ( 
particle deform ation, the critical W eber number, IVe.. 
given by the equation:

We = 2rn
where is the viscosity o f the m atrix, (hi is the numbci 
average diam eter o f the dispersed phase, 7  is the shcj 
rate  and r j2 is the interfaciai tension. F rom  the equatiq 
it is clear tha t there is a critical value o f We below whi<j 
there is no particle deform ation and, as a result, a critid 
particle size. A t this po in t the com patibilizer attains t^ 
maximum possible interfaciai area and therefore thei 
m ust be a maximum quantity  o f compatibilizer require 
to  saturate the interface.

The theories o f N oolandi and H ong can be applied t 
these highly incom patible PP/N B R  blends for concci 
trations less than C M C . According to  them the inie 
facial tension is expected to  decrease linearly with lb 
addition o f  com patibilizer below C M C , and above ih 
C M C  a levelling off is expected. The expression fc 
interfaciai tension reduction (A r) in a binary blend Af- 
upon the addition o f divalent copolym er A -b - B  is give 
by*'”:

A r =  ^/O c[(l/2\ +  1 /Z ,)  -  l /Z ,e x p ( Z ,\ /2 ) ]

where d  is the width a t half-height o f the copol>m< 
profile given by the K uhn statistical segment length. Oc 1 
the bulk volume fraction o f  the copolym er in the syst<.«t 
X is the F lory-H uggins interaction param eter between / 
and B segments o f the copolymer, and Zc is the 
polym erization o f the copolymer. According to 
equation, the plot o f interfaciai tension reduction 

should yield a straight line. A lthough this theory 
developed for the action o f  symmetrical 
lymer A - b - B  in incom patible binary systems (A, ^
theory can be successfully applied to  o ther system 
which the com patibilizing action is no t s tric t^  sinc"̂  
addition o f  symmetrical block copolym ers • 
interfaciai tension reduction is directly 
the particle size reduction, as suggested by W u « 
replace the intcrfacial teii«:ion reduction term -
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fecle size reduction (A</) term in Nooiandi and 
J^g’s equation. Therefore:

A d  = Kd<t>,[{\i2x +  1/Zc) -  I /Z c e x p (Z a /2 ) ]  (9)

We / l is a proportionality  constant.
'^ e  plot o f particle size reduction as a  function o f the

volume percentage o f com patibilizer is shown in Figure 
9. It can be seen th a t a t low copolymer concentrations 
(below the C M C ), d  decreases linearly with increasing 
copolym er volum e fraction, whereas a t higher concen­
trations (above the C M C ) it levels off, in agreem ent with 
the theories o f  N ooiandi and Hong.
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The dom ain size distribution curves for the M A-PP 
and  Ph-PP com patibilized blends arc shown in Figures 10 
and  I I .  respectively. In the case o f  the unmodified blend, 
a high degree o f polydispersity is evident by the large 
width o f the distribution curve. W ith increasing con­
centration o f com patibiiizer (Ph-PP and M A-PP). the 
polydispersity dccroases. as evident by the decrease in the

width o f  the distribution curve. In the case of the Ph 
com patibilized blend, a very narrow  distribu ijon^  
obtained with the addition o f 10% Ph-PP. WilUj a  ̂
Favis-^^ have also shown tha t the addition of compatf 
bilizer to  polyolefin polyam ide system not only reduce 
the dimensions o f the m inor phase, but also results 
uniform  distribution o f the m inor phase.

The mechanism o f compaiibiJization and the difleij 
ence in the behaviour o f M A -PP and Ph-Pp 
com patibilizers in N B R ,PP  blends can be explained an 
follows. In the M A -PP. maleic anhydride group« ar-j 
grafted on to  the PP chain backbone" as shown in fig u ^  
12. The compatibilizing action o f M A-PP is due to tl^  
dipolar interaction between the maleic anhydride groupj 
o f  M A -PP and N B R . This causes a reduction ib 
interfacial tension, which reduces the domain size ^  
the dispersed phase. In Ph-PP, dimethylol groups art) 
grafted on to  the PP chain, as shown In Figure 13. At lo^ 
concentration o f Ph-PP (< 5% ), the compatibilizijjj 
action is only due to  the dipolar interaction betweoj 
the dimethylol phenolic groups and NBR. But oe, 
reaching 10% Ph-PP concentration, there is a possibility 
o f  the formation o f  graft copolym er  between Ph-PPan^ 
N B R ” , as shown in Figure 13. This graft copolymer act, 
as an  emulsifier a t the interface and thus reduces thj 
interfacial tension, leading to  small and unifonSg 
distribution o f the N BR phase as seen in the scanning 
electron m icrograph o f  the 10% Ph-PP compatibilizcL 
blend.

Mechanical properties o f  compatibilized blends 
The mechanical properties o f  immiscible polym^ 

blends are affected by the addition o f compatibilizen^ 
Figure 14 shows the variation o f  tensile strength of th^ 
70/30 PP/N B R  blend with weight percentage o f tvw 
com patibilizers. Ph-PP and M A-PP. W ith increase if 
com patibiiizer concentration the tensile strength is 
to  increase up to  10w t%  o f  compatibiiizer and th tf  
levels ofT for both com patibilizers. This increase in w ns^  
strength is due to  the increase in interfacial adhesior 
between PP and NBR phases which is evident from ih 
scanning electron micrographs. The highest tensile strengU  ̂
o f  the 10wi% Ph-PP compatibilized blend is due 
lowest panicle size o f NBR dom ains in this system. In ih  
case o f  MA-PP compatibilized blends, the increase in 
strength is due to the increased dipolar interaction 
the M A-PP and NBR phase, which causes an increase u 
interfacial adhesion between P P and  NBR phases, althou^^ 
there is no reduction in particle size with the increase in MA 
P P  concentration beyond 1%. Similar results have bee*i 
reported for the Nylon PP system ^. -  J

The variation o f  tensile moduJus a l 5%  ̂  p* pi
elongation and tensile im pact strength with the ^
concentration is shown in Figure 15. The tensile 
is found to  increase with increase in concentration o 
PP  up to  10%. and after tha t it levels off. *•

F rom  Figure 15 it is seen tha t the tensile 
strength o f  the blend increases significantly 
addition o f up to  10% Ph-PP, and after that it 
drastically. This result is consistent w ith the 
reports on the increase o f tensile im pact strengt 
reduction in particle size o f  the dispersed 
reduction in tensile im pact strength for o*
containing l.‘'\vt'*|, Ph-PP is due to  the forma*



^patibiliTior micolle;; in the hom opolym er phases, 
^ i^ la r  results have been reponed  for the low-density 
^e th y len e /p o ly d im eth y ls ilo x an e  system^’ .

IN
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Y  morphology and properties o f thermoplastic elasto- 
;r<5crs from nitrile rubber (NB R) and polypropylene (PP) 
m,ve been studied, with special reference to  the effects o f 
;t^nd ratio and compatibilizing agents. The processability 
ir^racteristics analysed from the Brabender plastographs 
tr ^ w  that the viscosity o f N B R 'P P  blends increases with 
h ^ a s e  in N B R  content. The morphology o f the blends 
p%Iicaies a  two-phase structure In which the rubber phase is 
iflj^rsed as dom ains in thei:ontinuous PP matrix a t lower 
o((Oportions o f  NBR. and the size o f the domains increases 
ir«ith increase in rubber content. At 70w t%  o f N BR. it also 
» '3nns the continuous phase, resulting in a co-continuous 
njorphology. The mechanical properties o f the blends are 
^ ^ d  to be strongly influenced by the blend ratio. Tlie 
o^oung's modulus, tensile strength and hardness o f the 
it)jcnds were decreased with increase in NBR content. The 
n ^ l e  impact strength decreases with up to 50w t%  NBR 
•Hntent and after that it shows an  increase. In generaJ, alJ 
He mechanical property-com position curves show a 
'’% nge in slope after 50w t%  N BR. This is associated 
^fcth the change in m orphology o f the blends. A negative 
'^ ^ ^ tio n  from the additive line was observed for ali 

lechanical properties except hardness. Various com poate 
lodels have been used to  fit the experimental mechanical 
hta. The tensile strength and Y oung's m odulus of the 
lends could be predicted by C oran’s equation. The 

'^Vnoiic-modifted PP and maleic-modified PP are found 
[**act as compatibilizers in PP/N B R  blends. W ith increase 
^concen tra tion  o f  compatibilizers. the domain size o f the 
^.Bpersed NBR phase decreases, followed by a levelling off 
\  higher concentrations, which is an indication of 

^terfacial saturation. The theories o f Noolandi and 
' ĵ̂ kmg predict a linear decrease o f interfacial tension with 
’’ ompatibilizer volume fraction for concentrations less than 

CMC. Considering the fact tha t the interfacial tension 
directly proportional to  the dom ain size, it is 

■ f^onstrated that the experimental data are in agreement 
these theories. T he mechanical properties o f the blend 

found to  increase with the addition o f compatibilizers, 
’̂ ^owed by a levelling off a t higher concentration.
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Tearing behavior of blends of isotactic polypropylene and 
nitrile rubber: influence of blend ratio, morphology 

and compatibilizer loading
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Abstract

T earing  behavior o f  blerjds o f  isotactic polypropylene (P P )  and nitrile rubber (N B R ) has been investigated with special 
reference lo the effect o f  blend ratio and addition o f  com patibilizing agents. It has been observed that the tear strength o f  blends 
depends on  the rubber concentration. A ttem pts have been m ade to corre la te  the tear strength w ith the m orphology o f  the blends. 
Various com posite m odels such as parallel m odel, series m odel. H alp in -T sai equation  and C o ra n 's  m odel have been used to fit 
the experim ental values. T he effect o f  addition  o f  phenolic m odified po lypropylene (P h -P P ) as a  com patib ilizer on the tear 
strength o f  P P /N B R  blend w as investigated. The observed increase in tea r  strength  w ith increase o f  Ph-PP concentration has 
been explained in term s o f  the reduction  in particle size o f  d ispersed  NBR dom ains.

K e y w o rd s :  P o ly m e r  b le n d s :  P o ly p ro p y le n e :  N i t r i le  ru b b e r ;  T e a r in g  b e h a v io r

1. In troduction

Thermoplastic elastomers (TPEs) prepared by sim­
ple blending of a crystalline plastic and an elastomer 
have gained considerable interest as a class of rapidly 
growing materials due to their easy preparation and 
combined properties of thermoplastic and elastomer. 
Usually, thermoplastic elastomers po.ssess the excellent 
processing characteristics of thermoplastic materials at 
higher temperatures and a wide range of physical prop­
erties of elastomers at service temperatures [1 -5 ]. 
However, most o f the thermoplastic elastomer blends

•  C o r re s p o n d in g  a u th o r .

are found to be incompatible due to the poor interfacial 
interaction between the homopolymers. These incom­
patible blends exhibit poor mechanical properties. In 
such cases it is necessary to compatibilize these blends 
in order to control the morphology and mechanical 
properties. Usually, the incompatible blends are com- 
patibilized by the addition of block or graft copolymers 
or by the in situ formation of copolymers (6 |.  These 
block and graft copolymers are found to reduce the 
surface tension between the homopolymers and thereby 
improve the interfacial adhesion and mechanical prop­
erties [7J.

Thermoplastic elastomers from blends of polypro­
pylene (PP) and nitrile rubber (NBR) have gained

0 I6 7 -5 7 7 X /9 6 /S I2 .O O  ©  1 9 9 6  E ls e v ie r  S c ie n c e  B .V , A ll r ig h ts  r e s e rv e d  

S S D / O I 6 7 . 5 7 7 x ( 9 5 ) 0 0 2 l 2 - X
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much attention due to their easy processability. low 
density, excellent oil resistance and good mechanical 
properties. However, these blends are found to be 
immiscible and incompatible. They are characterized 
by a coarse morphology, narrow interphase and poor 
physical and chemical interactions across the phase 
boundaries. These materials find applications in cables,
oil seals, hoses and other molded articles. Recently, the 
morphology and mechanical properties o f these blends 
have been studied in our laboratory (8 J. However, the 
tearing behavior o f these blends has not yet been 
reported.

Several studies have been reported on the rubber 
modification of polypropylene. The morphology and 
mechanical properties of PP/EVA blends have been 
studied by Thomas and co-workers [9.10]. Kuriakose 
et al. reported on the NR modification of PP [11]. 
Blends o f polypropylene with ethylene propylene rub­
bers have been studied by different research groups 
[ 12 ,13]. The mechanical and thermal propertiesof PP/ 
polybutadiene blends have been reported by Gupta and 
Ratnam (14). Coran and Patel [15] reported the tech­
nological compatibilization o f PP/NBR and PE/NBR 
blends. They studied the effect of graft copolymer and 
dynamic vulcanization on the mechanical properties of 
these blends. Recently. Baker and co-workers {16] 
studied the effectiveness of various basic functional 
groups in polypropylene as compatibilizers in a PP/ 
NBR system using morphological and impact property 
measurements. The thermodynamic and structural 
aspects o f PE/NBR blends have been reported by Fren­
kel et al. [ 17).

The major applications of NBR/PP blends are in oil 
seals, hoses, gaskets, etc. The.se materials usually 
undergo tearing action during the course o f their appli­
cation. Therefore, it is important to study the tear resis­
tance of these materials in order to understand the final 
properties of the material. The role of rubber particles 
in the mechanism of tear propagation in rubber modi­
fied thermoplastics and thermosets has been reported 
[ 18-21 ]. Thomas etal. [ lOJ studied the tear resistance 
of PP/EVA blends and attempted to correlate the 
change in tear resistance with the morphology. They 
also studied the mechanism of tear failure. The tear 
resistance of the silica filled thermoplastic polypropyl­
ene-natural rubber blend was studied by Kuriakose et 
al. [ II} .

In this paper we have studied the effect of blend ratio 
on the tearresistance of PP/N BR blends. The influence 
o f phenolic modified polypropylene as a compatibilizer 
on the tearing behavior was also investigated. Various 
composite models have been used to fit the experimen­
tal tear resistance values.

2. Experim ental

2.1. Materials

Isotactic polypropylene {PP) Koylene M3060 hav­
ing MFI of 3 g / 10 min was supplied by IPCL. Baroda. 
Nitrilerubber (NBR) having 32% acrylonitrilecontent 
was supplied by Synthetics and Chemicals, Bareli, U.P.

Phenolic modified polypropylene (Ph-PP) was pre­
pared by melt mixing polypropylene with dimethylol 
phenolic resin sp-1045 (4parts) and stannous chloride 
(0.8 parts) at 180°C.

2.2. Blend preparation

The blends are denoted by Po, Pya- Psô  P?o and Pioo. 
where the subscripts denote the weight percent of pol­
ypropylene in the blend. The blends were prepared in 
a Brabender plasticorder (Model PLE-330) at a tem­
perature of 180°C. The rotor speed was 60 rpm and the 
blending was carried out for 6 min. PP was first melted 
for 2 min in the chamber and then NBR was added and 
mixing continued for another 6 min. In the case of 
compatibilized blends the compatibilizers were added 
to molten PP followed by NBR. The compatibilizer 
concentrations were varied from 1 to 15 wt%.

2.3. Physical te.sting o f  the samples

The samples for tear resistance measurements were 
prepared by compression molding the samples at 180^ 
in a hydraulic press into 15 cm X 15 cm X 0 .15 cm size 
sheets. The tear strength of the samples was determined 
using unnicked 90° an ^ e  test pieces at a cross head 
speed of 500 mm/m in in a Zwick Universal Testing 
machine in accordance with ASTM D624-81.

2.4. Morphology studies

Samples for SEM studies were prepared by cryog«''* 
ically fracturing the samples in liquid nitrogen. From
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. cryogenically fractured samples, the NBR phase 
s  preferentially extracted with chloroform. The frac- 
cd end o f the sample was kept immersed in chloro- 
TO for two weeks to remove the N BR phase. The 
ed samples were sputter coated w ith gold and the 
>tographs were taken in a JEOL scanning electron 
:roscope.

Results and discussion

Hie physical properties o f immiscible polymer 
nds depend on (1) material properties o f r\ibber and 
^tic phases. (2 ) rubber-plastic proportions, (3 ) 
ase morphology and (4 ) the interaction at the inter- 
ase. Fig. 1 shows the tear load-displacem ent curves 
PP/NBR blends. Polypropylene tears at a high load 
d at the smallest displacement. NBR undergoes the 
gesl displacement with the minimuni tearing force, 
e tearing behavior of NBR/PP blends is intermediate 
rween PPand NBR. As the NBR content in the blend 
.reases the load required to tear the samples decreases 
d the displacement increases. This increase in dis- 
icement with rubber content may be due to  the 
•reased stretching of rubber particles which bridge 
: matrix crack. From Fig. 1 it is also seen that the 
idulus of the blends decreases with increase in rubber 
ntent and this reduction is more pronounced in the 
sc of the P »  blend. In PP/EVA blends similar behav-

R f .  1. Tear load-displa«n>eni eu f\e s  o f  N B R /P P  blends.

ior has been reported by Thomas el al. (lOJ. They 
correlated this behavior with the morphology of the 
blends.

The scanning electron micrographs o f the PP/NBR 
blends shown in Fig. 2 indicate the morphology of the 
blends. With the increasing proportion o f NBR. from 
30 to 50 wt%, ihe size o f the dispersed NBR phase 
increased from 5.37 to 17.90 p.m. At 70 w t^  NBR. 
NBR also forms a continuous phase resulting in a co- 
conlinuous morphology.'In our previous publication, 
we have correlated the mechanical properties such as 
tensile strength, modulus, elongation at break and-* 
impact strength with the morphology of the system 181.

The tear strength values of the blends as a function 
o f weight per cent o f NBR are given in Fig. 3. From 
the figure it is seen that the tear strength o f the samples 
decreases with increase In NBR content. The strength 
ofN B R /PPblends depends on the strength of PP which 
in turn depends on the extent o f crystallinity. Martus- 
celli and co-workers [22,23] have shown that the 
spherulitic growth rate of PP is hindered by the pres­
ence of rubber particles in blends o f PP with rubbers. 
The decrease in crystallinity o f PP/N B R  blends with 
the addition o f NBR was reported in our previous paper 
{8}. Hence the observed drop in tear strength with the 
addition o f NBR is due to the drop in crystallinity of 
the PP phase and the increase in particle size of the 
dispersed NBR phase (Fig. 2 ) with the increase in 
NBR proportion. The bigger particles o f the dispersed 
phase are unable to bridge the growing crack during 
tearing. It is also obsened  that the tear strength com­
position curve shows a negative deviation after 30 wt^t 
NBR. i.e. the tear strength values lie below the additiv­
ity line. This negative deviation is due to the poor 
interfacial adhesion between the nonpolar PP phase and 
the polar NBR phase. The tear strength-composition 
curve shows a change in slope after 50 wtSt NBR. This 
change in slope can be explained in terms of the change 
in morphology o f  the blend. In P7oand Pjo Wends, NBR 
is dispersed as domains in the continuous PP matrix, 
while in Pjo NBR also forms a continuous phase result­
ing in a co-continuous morphology. Thus the change 
in slope of the tear strength-composition cur%‘e is due 
to the pha.se inversion of NBR from di-^persed to 
continuous.

Composite models such as parallel model, series 
model. Halpin-Tsai equation and Coran’s model have 
been applied to  the PP/N BR system to predict the tear
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properties o f these blends. In the parallel model, the 
highest bound tear strength is given by the equation

( 1 )

where M  is the tear strength of the blend. M, and M2 
are the tear strengths of components I and 2, respec­
tively. and <̂ , and </>2 are the volume fractions o f com­
ponents 1 and 2, respectively. The parallel model is 
applicable to the systems in which the components are 
arranged parallel to one another so that an applied stress 
elongates each component by the same amount. The 
lowest b w er bound series model is found in models in 
which the components are arranged in series with‘the 
applied stress. The equation for this case is

+ (2) 

According to the Halpin-Tsai equation [24,25]

A /,/A /= ( 1 + A M i ) H  I **

The subscripts 1 and 2 refer to the continuousp^*^ 
and di.spersed phase, respectively. The constant A.® 
defined by the morphology of the system. ForelaS*^^ 
domains dispersed in a continuous hard

The mechanical properties o f an incompatible 
are generally in between upper bound parallel 
(A/u) and lower bound series model

According to Coran's equation

w here /can  vary between zero and unity. The 
/ i s  a function of phase morphology. When . 
phase is continuous, /  would be low and if the 
phase only is con tinuous/ would be closer to I ®*
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•he case of interpenetrating p h ases./h as  an interme- 
•liaie value. The value o f / i s  given by

(6 )

^'here n contains the aspects of phase morphology. V'„ 
Vj are the volume fractions o f the hard phase and 

*oft phase, respectively.
Fig. 4 shows the experin\ental and theoretical curves 
tear strength as a function of soft phase volume

fraction. It can be seen from Fig. 4 that the experimental 
data are close to the parallel model and it can be well 
explained using Coran’s model in which the value of 
n = l . l .

The effect of phenolic modified polypropylene on 
the tear strength o f the 70 /30  PP/NBR blend is shown 
in Fig. 5. It is observed that the tear strength of the 
blend increases with increase in Ph-PP concentration 
up to 10 wi% and after that it levels off. It can be noticed 
that the tear strength of the blend is increased by 50% 
upon the addition of 10% compatibilizer. The increase 
in tear strength with Ph-PP concentration is due to the 
increased interfacial adhesion between the PP and NBR 
phase and also due to the reduction in particle size of 
the dispersed NBR phase. The change in tear strength 
of the blend with Ph-PP concentration can be explained 
in terms of the morphology of the system. The scanning 
electron micrographs of 1, 7.5, 10 and 15 wt% Ph-PP 
compatibihzed blends are shown in Figs. 6a, 6b, 6c and 
6d, respectively. The SEM photograph of the unmo­
dified blend was already given in Fig. 2a. From the 
SEM photographs it is observed that the size of the 
NBR domains decreases with the addition of Ph-PP. 
The distribution o f the particles also became more uni­
form with the addition of compatibilizers.

Fig. 7 depicts the domain size of NBR particles ver­
sus compatibilizer concentration of the 70 /30  PP/NBR 
blend. The average domain size of the unmodified 
blend is 5.87 jxm. The addition of 1 wt% Ph-PP causes 
a reduction in domain size o f 30%. By the addition of

150
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10 wt% Ph-PP, ihe domain size is further reduced to 
77% of the domain size o f the unmodified blend. How­
ever, further addition of compatibilizer increases the 
domain size. This reduction in particle size with the 
addition of Ph-PP is due to the reduction in interfacial 
tension between PP and NBR phases and also due to 
the increased interfacial adhesion. During tearing usu­
ally. the rubber particles which bridge the growing 
crack stretch to large extent before failing (1 8 -2 1). The 
tearing strain of the rubber particles increases with the 
reduction in particle size. It has been reported that the 
stretched rubber particles span the crack during crack 
propagation by acting like little springs between it?if 
faces [21 ]. As the crack is wedged further open, first 
the larger and then only the smaller particles fail. Thus 
in the PP/NBR blend, the addition of Ph-PP decreases 
the domain size of the NBR phase which bridges the 
growing crack and this reduction in domain size leads 
to increased stretching of NBR particles during tearing.

W EIGHT %  O F  P h . P P  

F ig .  7 . E f fe c t  o f  P h -P P  c o n c e n t r a t io n  o n  th e  d o m a in  s iz e  o f  ih« 
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^ h a n i c a l  p ro p erties  o f  7 0 /3 0  P P /N B R  b le n d s  co n ia in in g  P h-PP

fh-PP

Properties

ten sile  streng th  
M P a)

te n sile  im pac t s treng th  
( J / m )

0 17.7 1013.5

1 18.45 1065

5 18.4 1120

10 20.3 1310

15 20 .05 ■* 9 8 0

Again the increased imerfacial adhesion between PP 
and NBR phases helps to inhibit the propagation of 
growing crack during tearing. This will obviously 
increase the tear strength of PP/NBR blends with the

-  CM ..OH — •—
Snc:.,

addition of Ph-PP. The levelling off observed in the 
tear strength after 10 wt% of Ph-PP is due to the inter­
facial saturation. Other mechanical properties like ten­
sile strength and tensile impact strength are also found 
to increase with increase in Ph-PP concent followed by 
a levelling off at high concentrations of the compati- 
bilizer (Table 1).

The mechanism of compatibilizing action of Ph-PP 
in PP/NBR blends can be explained as follows. When 
PP is melt mixed with dimethylol phenolic resin and 
SnCl,. dimethylol groups are grafted on the PP back­
bone chain as shown in Fig. 8. When Ph-PP is added 
10 PP/NBR blend, there is a possibility of formation of 
a graft copolymer between PP and NBR as shown in 
Fig. 8. This graft copolymer acts as an emulsifier at the 
interface and thus reduces interfacial tension leading to

^  PI,

Oiraechylol phenolic 
compound

Quinone oethide

K ,C - C

C IU  OH

CH ,O H

l>olyprut>yl«ine O u i n o n e
ncthida

CH

phcnolic notified PP.

f‘~ y  i> r CH -  Cil jO H  ♦ - « - ~ - c » j - c h » c h - c h 2 - c h .» -c h -

H
P h - P P

N i C r i l c  r i b b e r

HP-CH

>r« i- C H . — NL'k

F ig . 8 . R eaction  sch em e  fo r th e  d im eth y lo lp h en o lic  m odifica tion  o f  po lypropy lene.



small and uniform distribution of the NBR phase as 
seen in the SEM micrographs. It is aJso important to 
mention that Ph-PP can also act as compatibilizer by 
the dipolar interaction between the dimethylol groups 
of Ph-PP and polar NBR.

4. Conclusion

The present study indicates that the tear strength of 
the PP/NBR blends decreases with increase in NBR 
concentration. The tear strength of the blends depends 
on the morphology of the blends. The tear strength- 
composition curve shows a negative deviation from the 
additivity line. Various composite models have been 
used to fit the experimental tear strength data. The tear 
strength of blends could be predicted by Coran's equa­
tion. The phenolic modified polypropylene (Ph-PP) is 
found to act as a compatibilizer in PP/NBR blends. 
With the increase in Ph-PP concentration, the tear 
strength increases up to 10 wt% Ph-PP and after that it 
levels off. The increase in tear strength with Ph-PP 
concentration is associated with the decrease in the 
domain size of the NBR phase and the increase in 
interfacial adhesion.
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Dynamic Mechanical Properties of Isotactic Polypropylene/ 
Nitrile Rubber Blends: Effects of Blend Ratio, Reactive 
Compatibilization, and Dynamic Vulcanization
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ABSTRACT: The effect of blend ratio and compatibilization on dynamic mechanical prop­
erties of PP/NBR blends was investigated at different temperatures. The storage modu­
lus of the blend decreased with increase in rubber content and shows two Tg’a indicating 
the incompatibility of the system. Various composite models have been used to predict 
the experimental viscoelastic data. The Takayanagi model fit well with the experimen­
tal values. The addition of phenolic modified polypropylene (Ph-PP) and maleic modi­
fied polypropylene (MA-PP) improved the storage modulus of the blend at lower tem­
peratures. The enhancement in storage modulus was correlated with the change in 
domain size of dispersed NBR particles. The effect of dynamic vulcanization using 
sulfur, peroxide, and mixed system on viscoelastic behavior was also studied. Among 
these peroxide system shows the highest modulus. © 1997 John Wiley & Sons, Inc. J Polym 
Sci B: Polym Phys 35: 2309-2327, 1997
Keywords: polypropylene; nitrile rubber; compatibilization; dynamic vulcanization; 
dynamic mechanical properties

INTRODUCTION

Polypropylene is a versatile polymer widely used 
in many consumer and engineering applications. 
Its area of application has been extended by 
blending with other polymers. By the blending of 
two polymers it is possible to tailor their individ­
ual properties in a single material. Several stud­
ies have been reported on the modification of poly­
propylene using different rubbers and plastics.^"® 
Blends of polypropylene with rubbers have gained 
serious attention because they possess the pro­
cessing characteristics and mechanical properties 
of polypropylene and the flexibility of rubbers,®
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The polypropylene/ethylene-propylene-diene ter- 
polymer (EPDM)’’® system is one of the systems 
widely studied. The other systems investigated 
are polypropylene/ethylene-co-vinyl acetate (PP/ 
EVA),® polypropylene/butyl rubber (PP/BR),^° 
polypropylene/natural rubber ( P P / N R ) e t c .

Although it is possible to combine the proper­
ties of two or more polymers in a single material 
by blending, many of the polymer pairs are immis­
cible and incompatible. This leads to poor me­
chanical properties. However, the properties of 
these polymer blends can be improved by the addi­
tion of compatibilizers or emulsifying agents.*^ A 
suitably chosen compatibilizer will locate at the 
interface between the two components and 
thereby reduce the interfacial tension and im­
prove the interfacial adhesion and mechanical 
properties. The effects of compatibilization on the 
properties of binary blends have been widely in­
vestigated. Recently, Thomas and co-workers 
investigated the eftect of compatibilization using 
copolymers and modified polymers in different



poljoner blends. For example, they found that 
the addition of natural rubber-graft-polymethyl 
methacrylate (NR-^-PMMA) and natural rubber- 
graft-polystyrene (N R -g-PS) as compatibilizers in  
PMMA/NR and PS/NR blends, respectively, 
leads to fine and uniform distribution of the minor 
phase in the major matrix polymer. They have 
also reported on the influence o f molecular weight 
of homo- and copolymers and mode of addition on 
the properties of the blends.

Miscibility between two polymers is  usually  
characterized by dynamic mechanical analysis or 
viscoelastic data. The viscoelastic properties like 
storage modulus, loss modulus, and loss tangent 
of polymer depend on structure, crystallinity, ex­
tent of crosslinking, etc.^' K arger-K ocsis and 
Kiss have investigated the effect o f morphology 
on the dynamic mechanical properties of PP/ 
EPDM blends. They have found that the storage 
modulus (£?') of blends decreases with increasing 
concentration of EPDM. B ut these blends are in­
compatible and have a two-phase morphology be­
cause of the presence of two separate damping 
peaks of blend components remaining at their 
original positions in the dynamic mechanical 
spectrum. Influence of microstructure on the vis­
coelastic behavior o f polycarbonate/styrene acry- 
lonitrile copolymer (P C /SA N ) blend has been  
studied by McLaughlin^® and Guest and Daly.^® 
The compatibility o f polycarbonate with polysty­
rene and polyester w as investigated by Li et al.^  ̂
using dynamic mechanical and DSC measure­
ments. Their investigations indicated that the 
polystyrene/PC system  is partially miscible be­
cause the Tg values corresponding to PC and PS  
are composition dependent. Wippler*^ reported on 
the dynamic mechanical properties of PC/PE  
blends. They have used the Takayanagi model to 
predict the behavior o f experim ental storage mod­
ulus.

The effect of polychloroprene ( CR) content on 
the storage moduli of ABS w as reported by Kang 
et al.^  ̂They found that the storage moduli o f the 
blends increase with increase in the CR content. 
Recently, in this laboratory the influence of blend 
composition on the viscoelastic properties oTN R - 
EVA and N B R -E V A  blends has been investi- 
gated.^‘*’“  The damping factors of these blends are 
found to increase with increase in rubber content, 
and correlated with the phase morphology of the  
system.

The miscibihty o f poly (vinyl chloride) (PVC) 
with 50% epoxidized natural rubber (ENR) was 
investigated by Varughese et al.̂ ® using dynamic

mechanical and DSC measurements. These 
blends showed a single Tg lying between the T ŝ 
of pure components, which indicated the miscibil' 
ity o f the system. They also found that a moderate 
level of broadening of the glass transition temper­
ature region occurs with increasing PVC concen­
tration.

The effect o f compatibilization on the dynamic 
mechanical properties of various poljrmer blends 
have been reported. The effect of diblock copoly­
mers on the dynamic mechanical properties of 
polyethylene/polystyrene (P E /P S ) blend has 
been reported by Brahimi et al.^’ Their investiga­
tions indicated that the addition of pure and ta­
pered diblock copolymers enhances the phase dis­
persion and interphase interactions of f; ■.? 
blends and that the addition o f excess copolymers 
create micelles. Ramesh and De^® investigated 
the effect of carboxylated nitrile rubber as a reac­
tive compatibilizer in PVC/ENR blends in terms 
of dynamic mechanical data. The DMA results in­
dicated that an immiscible composition of PVC/ 
ENR blends becomes progressively miscible by 
the addition of XNBK. The effect of addition of 
ethylene-m ethyl acrylate copolymer as a con., .i- 
ibilizer in LDPE/PDM S blends was investigated  
by Santra et al.̂ ® The Tg values corresponding 
to the homopolymers shifted by the addition of a 
compatibilizer. H olsti-M iettinen  and co-work- 
ers®*̂  investigated the dynamic mechanical prop­
erties o f PA6 /PP/SEBS-^-M A ternary blends. Co­
hen and Ramos^* have used the mechanical model 
of Takayanagi to describe the viscoelastic behav­
ior of binary and ternary blends of cis-l,4-polyi;-o- 
prene, 1,4-polybutadiene, and the polyisoprene- 
polybutadiene block copolymer.

The effect of dynamic vulcanization on the dy­
namic mechanical properties o f polymer blends 
has been reported. Kuriakose et al.^  ̂investigated  
the effect of dynamic vulcanization of PP/NR  
blends on the viscoelastic properties. They found 
that the increase in storage modulus and decrea^f* 
in loss modulus becomes more remarkable 
extent of crosslinking increases. Thomas e l al ' 
investigated the effect of dynamic vulcanization 
on the dynamic mechanical properties of NR/EVA  
blends. The damping behavior o f dynamically 
cured butyl rubber/polypropylene blends was in­
vestigated by Liao et al.®̂  They found that the 
damping characteristics of the dynamically cured 
BR /PP blend depend on the blend compos’t'̂ 'n 
and the curative level. The dynamic mecl - ^
properties o f dynamically vulcanized PVC/ENR 
blends were investigated by Varughese et al.



These blends upon dim aleimide vulcanization  
showed a lowering in storage and loss moduli in 
the glassy zone. The damping peak became nar­
row upon dynamic vulcanization.

Blends of polypropylene (PP) and nitrile rub­
ber (N B R ) possess the hot oil-resistant properties 
of NBR and the excellent processability and m e­
chanical properties of polypropylene. However, 
these blends are incompatible with poor physical 
and chemical interactions across the phase bound­
aries. Hence, th is system  requires compatibiliza- 
tion to improve the properties. The effect ofpheno- 
lic-modified polypropylene and maleic anhydride- 
modified polypropylene as compatibilizers on 
the properties of P P /N B R  blends was investi­
gated.^®’®® However, no system atic study has been 
reported on the viscoelastic properties of the PP/ 
NBR blends. In m any practical applications, be­
cause these m aterials usually undergo cyclic 
stressing, the study of viscoelastic properties are 
very important.

In this article we have investigated the effect 
of blend composition and morphology on the dy­
namic mechanical properties o f the PP/NBR  
blends. The effect o f compatibilizer concentration 
and dynamic vulcanization was also investigated. 
The dynamic m echanical properties have been 
correlated with the morphology o f the blend. At­
tempts have also been made to predict the experi­
mental dynamic mechanical properties using ex­
isting theoretical models.

EXPERIMENTAL

Materials

Isotactic polypropylene ( P P ) Koylene M 3060 hav­
ing MFI of 3 g /1 0  m in was supplied by IPCL, 
Baroda. Nitrile rubber (NBR)  having 329c acrylo- 
nitrile content was supplied by Synthetic and 
Chemicals, Bareli, UP.

Maleic anhydride-modified polypropylene was 
prepared by m elt m ixing PP with maleic anhy­
dride (5 parts), dicumyl peroxide (DiCU P) (3 
parts), and benzoquinone (0.75 parts) at 180®C. 
Phenolic-modified polypropylene was prepared by 
melt mixing PP with dimethylol phenolic resin  
SP-1045 (4  parts) and stannous chloride (0.8 
parts) at 180®C.̂ ®

Blend Preparation

The blends were prepared in a Brabender plas- 
ticorder (PLE-330) at a temperature of 180°C.

Table I.

Ingredients
Sulfur
System

DiCUP
System

Mixed
System

PP 70 70 70
NBR 30 30 30
ZnO 5 — 5
Stearic acid 2 — 2
CBS* 2 — 2
TMTD^ 2.5 — 2.5
S 0.2 — 0.1
DiCUP* — 2 1.0

•  iV-cyclohexyl benzothiazyl sulfenam ide. 
^T e tram eth y l th iu ra m  disulfide.
* D icum yl peroxide.

The rotor speed was 60 rpm and the blending was 
carried out for 6 min. PP was first melted for 2 
min in the chamber and then NBR was added and 
m ixing continued for another 6 min. In the case 
of compatibilized blends, the compatibilizers were 
added prior to the addition of NBR. The binary 
blends are designated as Po, P30, P50. P70, and 
Pioo, where the subscripts denote the w eight per­
centage of polypropylene in the blend. Djmamic 
vulcanization of P70 blend was done by using three 
crosslinking system s, sulfur, peroxide, and a 
mixed system  consisting of sulfur and peroxide. 
The recipe used for dynamic vulcanization is 
given in Table I.

M orphology Studies

Samples for SEM studies were prepared by cryo- 
genically fracturing the samples in liquid nitro­
gen. From the cryogenically fractured samples, 
the NBR phase was preferentially extracted with  
chloroform. The dried samples were sputter 
coated with gold and the photographs were taken  
on a JEOL scanning electron microscope.

Dynam ic Mechanical Testing

The dynamic mechanical properties o f the blends 
were measured using a Rheovibron DDV at a fre­
quency of 35 Hz. Compression molded sam ples of 
dim ensions 5 x  0.5 X 0.05 cm® were used for test­
ing. The temperature range used was from —50 
to -hl50®C.

RESULTS AND DISCUSSION  
Binary Blends

The dynamic mechanical properties such as stor­
age modulus (E ') ,  loss modulus (E"),  and damp-



-75 -50 -25 0 25 50 75 100 125 150 175

TEMPERATURE ( * C )

Figure 1. Variation of tan 6  of PP and NBR with 
temperature.

TEMPERATURE ( “C )

Figure 3. Variation of storage modulus (fi') of PP 
and NBR with temperature.

ing (tan  6) o f the pure components and the blends 
were evaluated from - 5 0  to 150°C. Figures 1—3 
show the variation of tan 6 , E", and E ' Vs tem per­
ature for the homopolymers. The tan  6  curve of 
nitrile rubber shows a peak at -16°C  due to the
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a-transition arising from the segmental motion. 
This corresponds to the glass transition tempera­
ture {Tg) of nitrile rubber. Polypropylene shows 
the glass transition temperature at 25*C, as 
shown by a tan 6  peak at 25*’C in the tan 6  Vs 
temperature curve. Nitrile rubber has higher 
damping than polypropylene because of its rub­
bery nature. The loss modulus (£") curve al>o 
shows the presence of loss maximum for NBR and 
PP at - 2 0  and 25°C, respectively (Fig. 2 ). Nitrile 
rubber has higher storage modulus than pol^ro- 
pylene below the Tg region, and the trend is re­
versed beyond the relaxation stage. In the case of 
nitrile rubber, the storage modulus shows a dras­
tic fall around Tg, while for polypropylene, be­
cause of its crystalline nature, the modulus drop 
is at a slower rate. The higher modulus of 
compared to PP below the transition region in 
to the fact that at this stage the entire molecular 
chains of amorphous NBR is frozen to form a fully 
glassy state. As NBR undergoes transition from 
the fully formed glassy to the rubbery state, the 
storage modulus decreases considerably. In crys­
talline materials, during transition, only the 
amorphous part undergoes segm ental motit'Ht 
while the crystalline region remains as soliĉ  
its temperature of melting (T„) .  Hence, in 
case of polypropylene, which is a crystalline mate­
rial, the storage modulus drops only in a lesser



Figure 4. Variation of tan 6  of PP/NBR binary blends 
w th temperature.

extent than that in  NBR as a  result of the relax­
ation process.

Dynamic mechanical investigation was used to 
predict the miscibility o f the system  by various 
researchers.*®'®®” ®̂ Generally, for an incompatible 
blend, the tan 6  Vs temperature curve shows the 
p esence of two tan 6  or damping peaks corre­
sponding to the glass transition temperatures of 
individual polymers.®® For a highly compatible 
blend the curve shows only a single peak*® in be­
tween the transition temperatures of the compo­
nent polymers, whereas broadening o f transition  
occurs in the case o f partially compatible system.^® 
In the case of compatible and partially compatible 
blends the TgS are shifted to higher or lower tem- 
\ 2ratures as a function of composition. The varia­
tion of tan 6  w ith temperature of the PP/N B R  
blends is shown in Figure 4. The blends show two 
tan 6  peaks around —20 and +20*C, which corre­
spond to the TgS o f nitrile rubber and polypropyl­
ene, respectively. Two separate peaks correspond­
ing to the T^s of PP and NBR indicate that the 
blends are not compatible. The Tg corresponding 
to PP component is shifted to a lower temperature 
';pon the addition of NBR. This may be due to 
the plasticizing effect of NBR, by which the chain 
mobility o f PP is  increased. The damping of the 
blends increases with an increase in the concen­
tration of nitrile rubber. The variation o f tan

of the blends as a function of NBR content is 
shown in Figure 5. The increase in the damping 
and tan  6„,ax with increase in NBR content is due 
to the reduction in the crystalline volume of the 
system  on increasing the concentration of NBR  
whose damping is always higher than PP. The 
variation of tan is more pronounced above 50
wt % NBR. This behavior can be explained in  
term s of the morphology of the blends. The scan­
ning electron micrographs o f the blends P70, P50, 
and P30 are shown in Figure ^(’a ) , (b),  and (c).  
In P70 and P50 the NBR phase is dispersed as do­
m ains in the continuous PP matrix. As the concen­
tration o f NBR increases, the size o f the dispersed 
NBR domains increases. The average domain size 
of the dispersed NBR domains in P70 and Pjw are 
5.87 and 17,90 //m, respectively. In Pao, the NBR  
phase also forms a continuous phase, resulting in  
a cocontinuous morphology. Because above 50 wt 
% NBR, the NBR forms a continuous phase, the 
tan 6fnax shows a pronounced variation due to the  
higher contribution o f tan  <5niax from the NBR  
phase.

The variation of storage modulus of various
blends as a function of temperature is  shown in  
Figure 7. As in the case o f blend components, the 
modulus of the blends decrease with increase in  
temperature. It is seen from th is figure that the  
modulus o f the blends decreased with increase in  
the NBR content. At the g lassy  region becomes

WEIGHT % NBR
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Figure 6. Scanning electron micrographs of the morphology of PP/NBR binary 
(a) 70/30, (b) 50/50, and (c) 30/70 PP/NBR.

higher for the high NBR blends and its value 
drops down several decades faster above Tg. This 
behavior can be attributed to the better glass- 
forming characteristics of NBR with a higher de­
gree of modulus value. Thus, P30, in^which NBR 
is also distributed as a continuous phase, has the 
higher storage modulus below the transition than 
the remaining P70 and Pso blends in which NBR 
is in the form of a dispersed phase only. Beyond 
the transition region, E'  is higher for low NBR 
content blends due to the influence of crystalline 
polymer, PP.

Figure 8 shows the variation of storage modu­
lus at 30®C as a function of NBR content. As we

I deer®*®® 
have already discussed, the •oow
with the increase in rubber
curve shows a negative deviati^ to
tivity line. This negative
lack of interfacial interaction  ̂polar ni*
tween the nonpolar crystallio* a
trile rubber phases. The cuTW inversion
change from P50 to P30 due to the phase-
of NBR from the dispersed to ^gjnpefS'

The variation of loss modulus ^
ture (Fig. 9 ) also shows the saine , or^*
of tan 6, i.e., the curves show two of
spending to the glass transition . S s s m o d - -
polypropylene and n itnle rubber. Tn
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Figure 7. Variation of storage modulus (5 ' )  of binary 
PP/NBR blends with temperature.

Figure 9. Variation of loss modulus (S ’) of binary 
PP/NBR blends with temperature.

Ins also increases with an increase in the NBR  
Cl ntent.

\  Modeling o f Viscoelastic Properties

; Various composite models such as the parallel 
I model, the series model, the Halpin-Tsai equa* 
1 tion, Coran’s equation, and Takayanagi’s model

WEIGHT % NBR

have been applied to predict the viscoelastic be­
havior of the binary blends. The upper bound par­
allel model is given by

M  = + M24>2 (1)

where M  is property of the composite, Mi  and Mt  
are the corresponding properties o f component 1 
and 2, respectively and <j)x and <f>2 are the volume 
fractions of components 1 and 2, respectively. In 
a parallel model the components are arranged 
parallel to one another so that an applied stress 
elongates each component by the same amount. 
In the case of the lower bound series model, where 
the components are arranged in series with the 
applied stress, the equation is

1/M  = <f>ilMi +  <̂ 2/^2 (2)

According to the H alpin-T sai’®"*° model, the 
equation that relates the morphology of the poly­
mer to the properties is.

Ml/M = (1 +AiB,<t>2 )/(l -  (3 )
where

Bi = (M1/M2 -  imMi/Mi +Ai)  (4 )

In this equation, the subscripts 1 and 2 refer to 
the continuous phase and dispersed phase, re­
spectively. The constant A, is determined by the



morphology of the system. For elastom er domains 
dispersed in a continuous hard matrix, Aj = 0 .66 .

The properties of an incompatible blend usu­
ally are in between upper bound parallel model 
{Mv)  and lower bound series model. Accordingto 
Coran’s equation^^

(5 )

where f  can vary between zero and unity. The 
value o f f  is given by

f = V U n V s  + l ) (6 )

where n contains the aspects of phase morphol­
ogy- aĴ d Vs are the volume fractions of the 
hard phase and soft phase, respectively.

The viscoelastic behavior of heterogeneous 
polymer blends can be predicted using Takaya- 
nagi’s model. The Takayanagi model is given bŷ *̂

+ m i ~  +

where

(7)

= complex modulus o f matrix phase.
= complex modulus o f the dispersed phase. 

\<f) =  volume fraction of the dispersed phase and 
the values o f X and (f> related to the degi-ee 
of series-parallel coupling.

As suggested by Cohen and Ramos, the degree 
of parallel coupling of the model can be expressed  
by

9c parallel = [0 (1  -  \ ) / ( l  -  <t>\)] x  100 (8 )

Figure 10 shows the experimental and theoreti­
cal curves o f the storage modulus of the PP/NBR  
blends as a function of NBR volume fraction. As 
expected, the storage modulus values o f these  
blends lie in  between those of the parallel and 
series models. The experimental values* are close 
to the H alpin -T sai and Coran models (n =  2.2) 
up to 50 wt % NBR. In the case of the Takayanagi 
model, which is widely used for the prediction of 
viscoelastic data, the experim ental values can be 
described with 20% parallel coupling. However, 
for the P30 blend, the experimental values are 
higher than those obtained from any other theo­
retical models. This may be due to the fact that

Figure 10. Experimental and theoretical curves oi 
storage modulus of binary PP/NBR blends as a functior 
ofwt%ofNBR at 30“C.

all theoretical values are calculated, base* s on th« 
assumption that NBR phase is dispersed in thi 
continuous PP matrix. But in the case of Pso> th< 
NBR also forms a continuous phase leading to i 
cocontinuous morphology o f the blend [Fig. 6 (c)]

Effect o f C om patib ilization

The addition of suitably selected compalibiiizer 
to immiscible blends should ( 1 ) reduce the ir 
terfacial energy of the phases, (2 ) permit a fine 
dispersion while mixing, (3 )  provide a measure ( 
stability against gross phase segregation, and (4 
result in improved interfacial adhesion.^* In pol: 
mer blends the physical properties are always a 
fected by the resulting morphology o f the compat 
bilized b l e n d s . I n  this article, we hav*j; "nac 
a correlation between phase morpholog}  ̂
namic mechanical properties.

The effect o f maleic anhydride-modified pol, 
propylene and phenolic-modified polypropylene 5 
compatibilizers on the morphology o f the 70A 
PP/NBR blend is shown by the SEM micrograpl 
of Figures 11 and 12, respectively. From the SE 
micrographs, it is  seen that the size o f the di 
persed NBR phase decreases with the  
of compatibilizers. This reduction in part. ’ 
with the addition o f modified polymers is uue 
the reduction in interfacial tension between t



11> Scanning electron micrographs of the 
m«rphoIogy of MA-PP compatibilized PP/NBR blends 

1 and (b) 10 wt ^ MA-PP.

di^wrsed NBR phase and the polypropylene ma- 
trii.

t t e  average domain size of the compatibilized 
bleaas as a function of the compatibilizer concen- 
tn^ion is shown in Figure 13. The average domain 
siie of the unmodified blend is 5.87 /im. In the 
caseof M A -PP compatibilized blends, addition of 

MA-PP causes a reduction in domain size of
5 5ft, Further addition of M A-PP does not change 
tlie domain size considerably, but a leveling off 
isdm rved . In P h -P P  compatibilized blends, the 

diameter of the dispersed NBR phase de- 
mjTi- up to the addition of 10 wt % P h -P P . By

the addition of 10 wt % P h-P P , the domain size 
is reduced by 77% of the domain size of the un­
modified blend. However, further addition of a 
compatibilizer increases the domain size. The 
equilibrium concentration at which the domain 
size leveled off can be considered as the so-called 
critical micelle concentration ( CMC), i.e ., the con­
centration at which micelles are formed. The CMC 
has been estimated by the intersection of the 
straight lines at the low and high concentration 
r e g i o n s . T h e  CMC values for MAP^ and P h -  
PP are 1.5 and 4.5%, respectively. The CMC value 
indicates the critical amount of compatibilizer re­
quired to saturate the unit volume of the inter­
face. The increase in domain size above CMC may 
be due to the formation of micelles of the compati­
bilizer at the continuous polypropylene phase. 
This is schematically shown in Figure 14. As  the 
micelle formation starts, some of the compatibi­
lizer already at the interface leaves the interface. 
This leads to an increase in domain size. Several 
authors have reported on the interfacial satura­
tion of binary polymer blends by the addition of 
compatibilizers.*®"^ Thomas and Prud’homme*® 
reported that in PS/PMMA blends at lower con­
centrations of the copolymer, the dispersed phase 
size decreases linearly with increasing copolymer 
concentration, whereas at a higher concentration 
it leveled off. Noolandi and Hong^’'*’̂ theoretically 
predicted that there is a critical concentration of 
block copolymer at which micelles are formed in  
the homopolymer phases. All the above experi­
mental observations including the present study 
and theoretical predictions of Noolandi and Hong 
suggest that there is a critical concentration of 
compatibilizer required to saturate the interface 
of a binary blend. The compatibilizer concentra­
tion above this critical concentration may not 
modify the interface any more, but forms compati­
bilizer micelles at the bulk phase.

The theories of Noolandi and Hong can be ap­
plied to these highly incompatible PP/NBR  
blends for concentrations less than CMC. Ac­
cording to them, the interfacial tension is ex­
pected to decrease linearly with the addition of the 
compatibilizer below CMC, and above the CMC a 
leveling off is expected. The expression for interfa­
cial tension reduction (Au) in a binary blend A / 
B upon the addition of the divalent copolymer A- 
b-B is given by**̂

Aî  = d<i>My2x + 1 /2 .) -  l/2.exp(Zex/2)] (9) 

where d  is the width at half height of the copoly-



(a )

(b) (c )

Figure 12. Scanning electron micrographs of the morphology of Ph-PP compatibi- 
lized PP/NBR blends with (a) 3, (b> 7.5, and (c) 10 wt % Ph-PP.

mer profile by the Kuhn statistical segment 
length, <i>c is the bulk volume fraction of the copol­
ymer in the system, x  is the Flory-Huggins inter­
action parameter between the A and B segments 
of the copolymer, and Zc is the degree of polymer­
ization of the copolymer. According to this equa­
tion, the plot of interfacial tension reduction vs. 
<t>c should yield a straight line. Although this the­
ory was developed for the action of symmetrical 
diblock copolymer A-b-B in incompatible binary 
system s (A / B ), this theory can be successfully ap­
plied to other systems, in  which the compatibiliz- 
ing action is not strictly by the addition of sym­
metrical block copolymers.'^ Because interfacial 
tension reduction is directly proportional to the

particle size reduction as suggested by Wu, we 
can replace the interfacial tension reduction term 
by the particle size reduction ( A d )  te : ' 
landi and Hong^s equation.

Therefore,

Ad = Kd(f>,[il/2x + y Z , )
-  l/Zcexp(ZfX^2)]

where iiT is a proportionality constant.
The plot o f the particle size reductio^j 

tion of the volume percent of the compau 
shown in Figure 15. It can be seen that at 
copolymer concentrations (below the CMC)



WEIGHT % OF COMPATIBILIZER

Figure 13. Variation of the average size of dispersed 
r̂ BR domains as a function of compatibilizer concentra- 
Ion.

0 c* 100

Figure 15. Variation of particle size reduction as a 
function of compatibilizer volume fraction.

decreases linearly with increasing the copolymer 
volume fraction, whereas at higher concentra­
tions (above the CMC), it levels off, in agreement 
with the theories of Noolandi and Hong.

The domain size distribution curves for the 
M A -PP and P h -P P  compatibilized blends are 
fhown in Figures 16 and 17, respectively. In the 
case of an unmodified blend, a high degree of poly- 
dispersity is evident by the large width of the dis­
tribution curve. With the increasing concentra­
tion of the compatibilizer ( P h - P P  and M A -P P ) 
the polydispersity decreases, as evident by the de­
crease in the width of the distribution curve. In

.^Micelles

I  ‘‘NBR 
Compatibilizer

Below CMC

*'NBR
Compatibilizer

Above CMC

the case of the P h -P P  compatibilized blend, a 
very narrow distribution is obtained with the ad­
dition of 10% P h -P P . Willis and Favis^® have also 
shown that the addition of a compatibilizer to the 
polyolefin/polyamide system not only reduces the 
dimensions of the minor phase, but also results 
in uniform distribution of minor phase.

Figure 14. Schematic representation of the forma­
tion of micelles above critical micelle concentration.

DOMAIN SIZE fm

Figure 16. Domain size distribution curves of MA- 
PP compatibilized PP/NBR blends.



DOMAIN SIZE

F igu re  17. Domain size distribution curves of Ph- 
PP compatibilized PP/NBR blends.

The mechanism of the compatibilizing action 
and the difference in the behavior of M A -PP and 
P h -P P  as compatibilizers in NBR/PP can be ex­
plained as follows. In the maleic anhydride-modi­
fied polypropylene, maleic anhydride groups are 
grafted on PP chain back bone,®® as shown in Fig-

CH2
I

H3 C - C -  H

Polypropylene

DiCUP

Benzoquinone

CH2

H gC -C-

CH2

H aC -C - H3 C -  0

o
Maleic anhydride

CH, o

MA-modtfied PP

F igu re  18. Schematic representation of the maleic 
anhydride modification of polypropylene.
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F igu re  19. Schematic representation of the dimethy- 
lol phenolic modification of polypropylene and the for­
mation of copolymer.

ure 18. The compatibilizing action of this MA- 
PP is due to the dipolar interaction between the 
maleic anhydride groups of M A -PP and NBR. 
This causes a reduction in interfacial tension, 
which reduces the domain size of the dispersed 
phase. In phenolic-modified polypropylene di- 
methylol groups are grafted on polypropylene 
chain, as shown in Figure 19.®® Here the compati­
bilizing action is due to the dipolar interaction 
between the dimethylol phenolic groups and NBR 
and also due to the emulsifying action of the graft 
copolymer formed between PP and NBR. The com­
patibilizing action of the copolymer at 1 ' '>.er-
face is schematically shown in Figure 20.

The variation of the storage modulus as a func­
tion of the temperature of the 70/30 PP/NBR 
blends compatibilized with different concentra­
tions of phenolic-modified polypropylene is shown 
in Figure 21. With the addition of 3% P h -P P  the 
modulus of the unmodified blend is increased at 
lower temperatures, i.e., below glass transition 
temperatures. However, with further adti;' n 01 
the compatibilizer (7.5 and 10 wt % P h -P i ' ' the 
storage modulus is decreased from the levels 0 
P7 0 containing the 3% P h -P P . The increase in the



Figure 20. Schematic illustration of the conformation 
of the block copolymer at the interface.

modulus upon the addition of 3% P h -P P  is due 
to the increase in the interfacial adhesion caused 
by the emulsifying effect of the block copolymer 
formed by the interaction between the phenolic- 
modified polypropylene and nitrile rubber. The 
better interaction between PP and NBR in the 
presence of P h -P P  is evident from the morphol­
ogy observed in SEM micrographs. At a lower con­
centration of the compatibilizer the average do­
main size of NBR particles decreased due to in­
terfacial tension reduction and high interfacial 
interaction. The decrease in modulus at a higher 
concentration of the copolymer is due to the for­
mation of micelles of the compatibilizer in the 
polypropylene matrix. As the micelle formation 
starts, some of the copolymer already at the inter-

TEM PERATURE ( * C )

TEM PERATURE ( * C )

Figure 22. Variation of modulus iE')  ofMA-PP com­
patibilized PP/NBR blends.

face leaves the interface, as explained earlier. 
This increases the domain size. Sjmilar behavior 
has been reported in the compatibilization of PS/ 
PE blends by HPB-fe-PS copolymers.^^ Brahimi et 
al.“̂  reported that the modulus of the PE/PS  
blend increased by compatibilization using P S -  
PE block copolymers up to interface saturation 
concentration, and after that the modulus de­
creased. At higher temperatures all the blends 
of PP/NBR showed approximately the same mod­
ulus.

Figure 22 depicts the variation o f storage mod­
ulus E'  of the 70/30 PP/NBR blend compatibi­
lized with maleic anhydride-modified polypropyl­
ene. In this case, the addition of 1% maleic anhy­
dride-modified polypropylene also increases the 
modulus of the blend compared to the unmodified 
one at lower temperatures, i.e., below the grass 
transition temperature of PP. At high tempera­
tures the values are lower than the Pro blend. 
When the concentration of M A -P P  is increased 
to 10 % the modulus shows lower values than that 
of P70. At higher temperatures it shows values 
higher than that of the blend modified with 1 % 
M A-PP. At a temperature above SÔ C all the 
blends show nearly the same values of-B'. In the 
modification of PP/NBR with maleic anhydride- 
modified pol3T)ropylene (M A -P P ),  the M A -PP  
increases the interfacial interaction between PP 
and NBR by the dipolar interaction between polar 
maleic anhydride groups of M A -P P  and polar



Figure 23. Variation of tan 5 of Ph-PP compatibi- 
lized PP/NBR blends as a function of temperature.

Figure 25. Variation of loss modulus (E") of Ph-PP 
compatibilized PP/NBR blends as a function of temper­
ature.

NBR. The increased interaction at the interface 
may be the reason for the increase in the modulus 
upon the addition of 1% MA—PP. The further de­
crease in by the addition of 10 wt % M A -PP  
indicates the formation of micelles in the PP ma­
trix. Here, also, the increased interfacial interac­
tion is evident from the small and uniform disper­
sion of NBR particles upon the addition of M A -

PP. Above 1 wt % M A -PP the domain size leveled 
off due to interfacial saturation (Fig. 13).

The variation of tan 6 as a function of tempera­
ture of P h -P P  compatibilized blends is shown in 
Figure 23. The compatibilized blends also show 
the same behavior for the tan 6  curve as that of 
unmodified blend, i.e., the compatibilized blends 
show the presence of two maximas corresponding 
to the glass transition temperature of polypropyl­
ene and nitrile rubber. This indicates that the 
compatibilization does not alter the level of misci- 
bility. In other words, the presence of a compatibi- 
lizer does not promote molecular level miscibility. 
This is in agreement with the conclusions made 
by Paul, who suggested that if two polymers are 
far from being miscible, then no copoljrmer is 
likely to make a one-phase system. In a com­
pletely immiscible system, the main role of 
compatibilizer is to act as an interfacial a;.
At lower temperatures the tan 6  values show an 
increase for 3 and 7.5 wt % of P h -P P . However, 
at intermediate temperatures the tan 6  values of 
these blends are lower than that of the unmo^fied  
blend. When the concentration of P h -P P  is in* 
creased to 10 wt % the tan 6  values decrease and 
the values are lower than those of P?o* All the 
compatibilized systems show higher values of
6  than an unmodified blend at higher temp^ 
tures. This increase in tan 6  indicates that tlie 
interfacial interaction caused by the presence oi
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Figure 26. Variation of loss modulus (£") of MA-PP  
compatibilized blends as a function of temperature.

(a)

Mono or disulphidic linkages

(b)

C-C linkages

the P h -P P  in PP/NBR blend may be weakened 
at higher temperatures. The decrease in the in­
terfacial interaction at a higher temperature will 
decrease the interfacial adhesion and, hence, 
leads to increased segmental motion. The glass 
transition temperatures corresponding to NBR re­
mains unaltered by the incorporation of P h-P P . 
However, Tg values corresponding to PP changes 
slightly with the incorporation of P h -P P . Upon 
the addition of 3% P h -P P  the Tg value remains 
the same as that of p 7o- However, in the case of 
7.6 and 1 0 w t %  P h -P P  incorporation, the Tg val­
ues shift to slightly higher temperatures.

The variation of tan 6 of MA-PP«compatibi- 
lized PP/NBR blends is  shown in Figure 24. By 
the incorporation of 1% M A-PP, the tan 6  values 
increase at the whole temperature range. When 
the concentration of M A -PP is increased to 10 wt

—C

PiM tic phase Plastic phase

"0 0 Dynamic
0/  0 0  n

0 0 0
crosslinl(ing

o l ° > o O

Q. 0
"'■Dispersed 

rubber particles
'C rosslinked 

aibber particles

Figure 27. Schematic representation of the morphol­
ogy of dynamic vulcanized thermoplastic elastomer.

Sx (c)

Mixed linkages

Figure 28. Schematic representation of the network 
structure in (a) sulfur, (b) DiCUP, and (c) mixed 
(DiCUP + sulfur) vulcanized systems.

% the tan  ̂shows an increase at a lower tempera­
ture, and at an intermediate temperature it de­
creases. In this case, also, the decrease in tan 6  

is due to the increase in interfacial interaction 
caused by the presence of M A -PP. The compatibi- 
lized blends indicate higher tanS  values than the 
uncompatibilized system at higher temperatures.

Figure 25 depicts the variation o f loss modulus 
(E") as afunction of temperature of Ph-PP-com- 
patibilized blends. The loss modulus shows a simi­
lar trend as that of tan  ̂ curves. The £"  curves 
show the presence of two peaks corresponding to 
the glass transition temperature of PP and NBR. 
Similar to tan 6 curves here, the addition of 3 and 
7.5 wt % P h -P P  also increases the E". The values 
are lower than those o f the P70 at lower temp>era- 
tures. At intermediate temperatures all the com­
patibilized blends show slightly lower E" values 
than P7 0 .
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Figure 29. Variation of storage modulus (£ ')  of sul­
fur, DiCUP, and mixed (DiCUP + sulfur) vulcanized 
70/30 PP/NBR blends with temperature.

TEM PERATURE ( * C )

Figure 31. Variation of tan 6 of sulfur, DiCUP, and 
mixed (DiCUP + sulfur) vulcanized PP/NBR blends 
with temperature.

In M A-PPcom patibilized blends, the variation 
of loss modulus is shown in Figure 26. The behav­
ior is similar to tan 6 curves. It shows the presence 
of two peaks corresponding to NBR and PP. At 
lower temperatures, 1 and 10% MA-PP-modified 
blends show higher values of E" than those of the 
unmodified blend. At intermediate temperatures

TEM PERATURE ( » C )

the values of E" lie below that of the unmoditic-d 
blend. Here, also, at higher temperatures the com- 
patibilized blends show higher values of £*.

Effect o f Dynamic Vulcanization

The vulcanization of the rubber phase during mix­
ing has been investigated as a way to improve 
the physical properties of several thermoplastic 
elastomers based on rubber/plastic blends. 
During dynamic vulcanization the crosslinked 
rubber phase becomes finely and uniformly dis­
tributed in the plastic matrix and attains a stable 
morphology, as shown schematically in Figure 27. 
Dynamic vulcanization has been applied to sev­
eral rubber/plastic blends.® In the present study, 
three types o f crosslinking systems have been 
used. These include accelerated sulfur v u l c a n i ^ j i -  

tion, which produces predominantly polysi 
linkages, a peroxide system, which gives rise to 
C— C linkages, and a mixed system,  which pro­
duces both polysulfide linkages and C— C link­
ages. The schematic representation of the net­
work structure in the three cases are shown in 
Figure 28.

The variation of E \  E", and tan 6  of the Pro 
blend crosslinked with sulfur, dicumyl peroxide, 
and mixed systems are shown in Figures 29 -  
The modulus o f the blends vulcanized with the 
DiCUP and mixed system s shows higher values



(a )

(b )
( C )

Figure 3 2 .  Scanning electron micrographs of the morphology o f  dynamically vulcan­
ized PP/NBR blends (a ) sulfur, (b ) DiCUP, and (c) mixed (sulfur + DiCUP) cured 
samples.

the uncrosslinked system, while the sulfur 
flisslinked system shows the lowest value. In the 

blends on peroxide vulcanization there 
jsa possibility of degradation of the PP phase in 
®»presence of DiCUP. However, the results from 
^ figu re indicates that the crosslinking reaction 
pirfominates over degradation reactions in the 

for DiCUP vulcanization. The increase in 
^Aalus for the DiCUP system is also due to the 
^■i^nking of the NBR phase. In the case o f the 

system, sulfur crosslinks only the NBR  
and shows the lowest modulus value. The 

d a d  system, as expected, shows intermediate 
Iplcrior.

The loss modulus of the vulcanized systems 
shown in Figure 30 indicates that the loss modu­
lus increases upon vulcanization. Here, also, the 
DiCUP system shows the lowest E" and sulfur 
system shows the highest E" values. The mixed 
system shows intermediate behavior.

The variation of tan 6 with temperature (Fig. 
31) also shows the same trend as that of the loss 
modulus, i.e., the DiCUP crosslinked system  
shows the lowest tan 6 values and the sulfur sys­
tem the highest value. The mixed system shows 
intermediate values. In all cases the introduction 
of crosslinks increases the tan 6 values.

The morphology of the PP/NBR blends vulcan­



ized with sulfur, DiCUP, and the mixed system is 
shown in Figure 32. From the figures it is  seen 
that in the sulfur cured system, the size of the 
dispersed NBR domains is Jarger than those of 
the peroxide and mixed-cured systems. In the per­
oxide-cured system, the distribution is fine and 
uniform and, hence, the crosslinking is more effec­
tive in the DiCUP system. However, this effect of 
crosslinking is not so predominant on the proper­
ties of the peroxide-vulcanized system due to the 
degradation of the PP phase in the presence of 
DiCUP.

CONCLUSION

The effect of the blend composition and compati- 
bilization on the dynamic mechanical properties 
was investigated in the temperature range -5 0  
to +150°C. These investigations indicate that the 
PP/NBR blends are incompatible, as shown by 
the presence of two relaxation peaks correspond­
ing to the T / s  of PP and NBR. As the concentra­
tion of rubber increases, the storage modulus of 
the system decreases, while the loss modulus and 
tan <5 increase. Tlie increase in loss modulus is 
more pronounced after the 50 wt % NBR phase. 
The change in viscoelastic properties with blend 
composition can be correlated with the blend mor­
phology. Various composite models have been 
used to fit the experimental viscoelastic data. The 
Takayanagi model was found to fit the experimen­
tal values for a 20% parallel coupling. The addi­
tion of phenolic-modified polypropylene and ma- 
leic anhydride-modified polypropylene are found 
to increase the storage modulus at a lower tem­
perature, which indicate an increase in interfacial 
adhesion on the addition of these compatibilizers. 
At a higher concentration of these compatibilizers 
the storage modulus decreases due to interfacial 
saturation. As the concentration of the compatibi­
lizers increased, the domain size of the dispersed 
NBR particles decreased initially, followed by a 
leveling off or increase at a higher concentration, 
indicating the presence of interfacial saturation 
concentration. Among the vulcanized systems, the 
DiCUP system shows the highest modulus, and 
sulfur system the lowest. The mixed system  
showed an intermediate behavior.
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