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ABSTRACT

Compatibility of natural rubber (NR)/polysiyrene (PS) blend is poor and can be enhanced by the addition of a graft
5”»polyn\er of natural rubt>er and polystyrene (S’R-grt™-PS). The effects of homopolymer molecular weight, copolymer
~molecular weight, copolymer concentration, processing conditions and mode of addition on the morphology of the

dispersed phase have been investigated by means of optical microscopy. The addition of a small percentage of the
compatibilizer decreases the domain size of the dispersed phase. The effect levels off at higher concentrations. The
ft leveling off could be an indication of interfacial saturation. The exptTimental results were compared with the theoretical
~predictions of Noolandi and Hong. The Addition of the graft copolymer improves the mechanical properties of the
=5 blend and attempts were made to correlate the mechanical properties with the morphology of the system. Attempts
were also made to understand the conformation of the qraft copolymer at the interface.

t} INTRODUCTION

I . Thermoplastic elastomers (TPEs) are a relatively new class of materials which combine
theexcellent processing characteristics of the thermoplastics and the elastic characteristics
ofthe rubbers. They can be obtained by blending the constituent materials. Various param-
eters like the selection of the rubber and thermoplastic, blend ratio, processing conditions,
etc., affect the properties of the TPEs.

Nowadays blending of different polymers which will combine the properties of the con-

N stituent materials is a commonly accepted method. Even though blending is an easy method

* forthe preparation of TPEs, mostof the TPE blends are immiscible. Very often the resulting
materials exhibit poor mechanical properties due to the poor adhesion between the phases.
Over the years different techniques have been developed to alleveate this problem. These
include (1) the addition of a third homopolymer or graft or block copolymer which is miscible
with the two phases, and (2) the introduction of covalent bonds between the homopolymer
phases. The first approach can be considered as nonreactive compatibilization and the second
~ reactive compatibilization. This paper, in fact, deals with the nonreactive compatibilization
technique instituted by the addition of graft copolymer.

There are several studies in literature in which the addition of copolymer increases the
~chnological compatibility of immiscible polymer pairs. Incorporation of a copolymer usually
~proves the interaction between the constituent homopolymers and thereby slows down
the phase separation process.*"* It was reported by Paul®-® that the copolymer addition will
provide finer dispersion, improve interfacial adhesion, stability against gross segregation

will reduce the interfacial tension,
a pioneering work, Riess and coworkers reported on the compatibilizing action
copolymers in polystyrene/poly(methylmethacrylate) and polystyrene/polyisoprene
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blends.” ®hey have reported that block copolymers are more effective than graft copolymers
in the above systems. They further concluded that the solubilization occurs only when the
molecular weight of the homopolymers are less than or comparable to the molecular weight
of the corresponding segment in the block copolymer.

Compatibilizing action of poly(styrene-6/ocfc-isoprene) in polystyrene/polyisoprene blend
has been reported by Inoue and coworkers.® *®Morphology of the system was analyzed and
it was found that a fine morphology is obtained by the addition of a few percentage of the
block copolymer. Teyssie and coworkers have examined the compatibilizing action of
copolymersin a large number of systems. They suggested that molecular weight and structure
of the copolymer are the controlling parameters which will effect the efficiency of the com-
patibilizer. They have compared the efficiency of tapered and pure block copolymer in poly,
styrene/polyethylene system and was found that tapered block copolymer is more effective
than the pure block copolymer.

Patterson, Hu and Grindstaff'”c have studied the poly(dimethylsiloxane)/poly.
(oxyethylene-b/ocA'-oxypropyl ene) blends, compatibilized by the addition of poly(dimethyl
siloxane-6/o0c/c-oxyethylene). The lowering of the interfacial tension upon the addition of
the copolymer was reported by several researchers. For example, Gailard and coworkers*®
have reported on the reduction in interfacial tension in polystyrene polybutadiene/styrene
ternary blend by the addition of poly(styrene*6/oc”-butadiene) copolymer. Studies of Willis
and Favis dealt with polystyrene-maleic anhydride/bromobutyl rubber blends which was
compatibilized by the addition of dimethylaminoethanol. More recently,forw ard recoil
spectroscopy* small angle x-ray scattering, neutron reflectivity methods were successfully
used to analyze the interface of various polymer blends in the presence and absence of |,
copolymers.

Goran and Patel™® ** reported a scries of thermoplastic elastomer compositions. These

‘

include blends of nylon and various synthetic rubbers like othylene-vinyl acetate, ethylene- *

propylene-diene monomer rubber, chlorinated polyethylene, polyurethane rubber, etc.”
Goran and Patel** further reported on thermoplastic elastomers from blends of polystyrene
and various rubbers such as UR, ethylene-propylene-dicne monomer, natural rubber, sty-
rene-butadiene rubber, butyl rubber, acrylate rubber, chloroprene rubber, nitrile rubber, f
and poly(frari5“pentenamer) rubber. The mechanical properties of the blends were correlated '
with parameters like critical surface tension for welting, crystallinity, tensile strength of ,

the hard phase and critical entanglement spacing. \%

Technological compatibilization of disimilar rubber-plastic blends were also discussed
in detail by Coran and Patel.™ For example, in the case of the polyolefin/nitrile rubber
system, compatibilization using phenolic modified, maleic modified, triethylenetetramine
modified, and chlorine treated powdered polyolefin was discussed. The in-situ formed modified
polyolefin-rubber copolymer acts as the compatibilizer in the above cases. Dynamic vulcan-
ization as a technique for compatibilization was adopted by Gessler™ and Fischer.

Finally Leibler,®” Noolandi and Hong™" developed thermodynamic theories concerning
the effect of copolymers in heterogeneous polymer blends. According to Leibler, the reduction
in interfacial tension is due to the adsorption of copolymers at the interface. An assymmetric
copolymer will be less active as a compatibilizer compared to a symmetric one. The aim of
Noolandi and Hong’s theory %vas to obtain an expression for interfacial tension reduction-
The reduction in interfacial tension for a range of copolymer and homopolymer molecular
weights was calculated. The results were then compared with the experimental results of
Riess and coworkers.

In this paper we report on thermoplastic elastomers from blends of natural rubber (NR)
and polystyrene (PS) which are highly incompatible. Until now, no serious attention has
been given to the compatibilizing action of copolymers in these blends. The effccts of the
graftcopolymer of NR and PS (NR-t/ra/i-PS) on the mechanical and morphological properties
of NR/PS blends have been analyzed. The influence of copolymer concentration, molecula*”
weight of homo and copolymers, mode of addition and nature of casting solvents on th®
morpoholgy and properties of the blends has been quaiUitatively investigated. Attempts



made to deduce the graft copolymer conformation at the interface. Finally, the exper-
imental results were compared with the current theories of Noolandi and Hong.

EXPERIMENTAL

Polystyrene was supplied by Poly Chem Ltd., Bombay, India. Natural rubber (ISNR-5)
was supplied by Rubber Research Institute of India, Kottayam. The characteristics of the
materials used are given in Table I.

The graft copolymer of XR and PS (NR-~a/I-PS) was prepared by polymerizing styrene
inrubber latex using *°Co uradiation as the initiator.®” Styrene monomer was made into an
emulsion which was then mixed with NR latex of known dry rubber content (DRC) at room
temperature and exposed to ®Co y radiation for 16 h. The dose rate was 0.1166 Mrd/min.
The free homopolymers natural rubber and polystyrene were removed from the crude sample
by extraction with petroleum ether and methyl ethyl ketone, respectively.

BLEND preparation AND CHARACTERIZATION

Natural rubber (NR) and polystyrene (PS) were blended together in a common solvent:
chloroform (A 5% solution was made for casting). Different compositions of the blends; 40/
60,50/50 and 60/40, were made with and without the addition of the graft coplolymer. To
study the effect of casting solvent, blends were also made from carbon tetrachloride. Natural
rubber, polystyrene and the graft copolymer were mixed in chloroform. The mixture was
keptovernight and then stirred for eight hours with a magnetic stirrer. Films were cast on
aglass plate and dried in a vacuum oven at 80"C for 48 h, and then at 120”C for a further
4h.The morphologies of the samples were studied by optical microscopy and the mechanical
properties were determined according to ASTM standard procedures using a Zwick Universal
Testing Machine.

The influence of the mode of addition of the graft copolymer was studied in three ways.
Inthe first case the minor phase (PS) and the graftcopolymer were premixed, keptovernight
and stirred for 7 h; then NR was added to the mixed solution, kept overnight again and
stirred for a further 7 h. In the second case, the same was repeated by premixing the major
phase (NR) and graft copolymer. In the third case, the graft copolymer was added to the
NR/PS blend directly. The morphologies of all the systems were examined as mentioned
earlier. The effect of homopolymer and graft copolymer molecular weight on compatibilization
was studied by using natural rubber, polystyrene and NR-~rrg/I-PS of different molecular
(Table I).

Table |

CHA\RACTER15nCS OF THE MATERIALS USED

Density Solubility parameter Molecular weight

M aterial (g/cm”™) (cal/cm~)*'~ (Af)
NRo 0.90 7.75 7.79 X 10*
NRb 0.90 7.75 3.7 X IO
NR,0 0.90 7.75 2.49 X 10“
NR.5 0.90 7.75 1.62 X 10
PSi 1.04 8.56 3.51 X 10®
PSz 1.04 8.56 2.073 X 10®
G, (NR-~~/I-PS) — — 3.95 X 10
Ga (NRiN(/1-PS) — — 1.009 X 10
CHCI3 — 9.30 —

CCla — 8.60 —



RESULTS
GRAFT COPOLYMER CHARACTERIZATION

Graft copolymer (NR-~ra”"T-PS) was characterized by FTIR spectroscopy, ‘H NMR spec-
troscopy and gravimetric methods. The qrafting efficiency and percentage of PS grafted were
49% and 20%, respectively. This has been estimated by gravimetric anlaysis as reported
earlier ™

The FTIR spectrum shows peaks at 3026 and 2855 cm"* which correspond to aromatic
C—H stretching in PS. Peaks at 1601 cm"* and 1541 cm”‘ correspond to C=C stretching of
the aromatic ring of PS. The peaks at 1452 and 1375 cm** correspond to the aliphatic C—H
stretching in NR.

The *H NMR spectrum obtained at 90 MHz shows chemical shifts at 1-2, 4.6-4.8, and 6.6
ppm corresponding to alkyl protons of NR, vinyl protons and aromatic protons of polystyrene,
respectively.

EFFECT OF GRAFT COPOLYMER CONCENTRATION ON MORPHOLOGY

NR/PS blends are completely immiscible. Large polystyrene domains are dispersed in the
continuous NR matrix. The compatibility of the above system can be improved by the addition
of a compatibilizeri.e., a graft copolymer of KR and PS (NR-firrr*f-PS). It was seen that the
size of the dispersed polystyrene domains decreases with the increasing percentage of the
graft copolymer. Figure 1 shows the optical microphotographs of 50/50 NR/PS blends with
and without the additon of the copolymer. In this blend the NR is the continuous phase and
PS is the dispersed phase. The number average domain size measurements were done by
noting t'»e diameter of about 100 domains at random in each blond system. The average
domain size decreases with increasing concentration of the compatibilizer and finally levels;

Fio I.— Optical pholdj*raphs of flO/filO NR/I*” blfnds with varialilc* ainoiinls <jf fArafl c(iiH>lymor;
(a) 0%: (b) 1.5%; (c) 3%: (d) 6%.



higher conccntralions (Figure 2). This leveling point can be considered as the so-called
critical micelle concentration (CMC) i.e., concentratibn of the copolymer at which
*\elles are formed. This sort of micelle formation is highly undesirable. From Figure 2, the
values were, in fact, estimated from the intersection of the straight line drawn in the
concentration and the leveling off line at high concentration. It is important to indicate
generally CMC is estimated from the plot of interfacial tension versus copolymer con-
jinj-ation. Since the interfacial tension is directly proportional to the domain size, the es-
"~ ation of CMC from the plot of domain size versus concentration is justified.”®
Let us now look at 50/50 blend in detail. Here the leveling point (CMC) was found to be
0 compatibilizer loading. The domain size of the blend without graft copolymer is
26 88 Addition of 1.5% graft reduces the domain size to 3.493 fim-, i.e., a reduction of
82 7% occurs. Addition of another 1.5% causes a reduction of 38% in the domain size. Finally
~the domain size levels off at higher concentrations. In the case of 60/40 and 40/60 NR/PS
= blends the percentages of graft copolymer required to saturate the interface (i.e., CMC) are
' 1.5% and 0.6%, respectively.
The domain size distribution for 50/50 NR/PS blend with and without the addition of the
mpatibilizer is given is Figure 3. Table Il gives the standard deviation values of the blend (50/
with and without the addition of the copolymer. These values decrease with increasing
loadingofthe copolymer. The uncompatibilized blend contains large numbers of bigger particles.
Thepolydispersity is higher for the blend without compatibilizer and is much reduced at higher
wncentration of the compatibilizer, which is evident from the width of the distribution curve.
jSimilar studies have been reported by Willis and Favis®“ and by Djakovic et al.™
Figure 4 shows tN\e effectof compatibilizer on the interparticle distance of dispersed domains
inthe 50/50 NR/PS blend system. The interparticle distance decreases with increasing concen-
jtration of the compatibilizer and finally levels off at higher compatibilizer loading.

EFFECT OF HOMOI'OLVMER AND GKAPT COTOLYMKU MOLECULAR WEIGHTS ON MORPHOLOGY

I' The compatibilizing effect of the graft copolymer in NR/PS blends depends very much
fonthe molecular weight of the homopolymer. Generally, the amount of the graft copolymer

WEIGHT % OF GRAFT COPOLYMER

Fig. 2. — Effect of copolymer concentration on the average domain <ize
of the dispersed phase for different NR/PS blends.
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Fjg. 3. — Effect of copolymer concentration on the average don\Ain sjze distribution of 50/50 NR/PS blends.

required for compatibilization is proportional to the molecular weight of the homopolymer.
Natural rubbers and polystyrenes of the following molecular weights were used to study '
the effect of homopolymer molecular weight on the compatibilizing action of the graft co*
polymer— natural rubben NRo=7.79 X 10 =3.7 > 10" N'R,g*=2.49 X 10 NRj™ = 1.62
X 10"; and polystyrene: PSi = 3.51 X 10~ PSz = 2.073 x 10".

The amount of graft copolymer required to saturate unit volume of the interface (CMC)
was found to decrease with decrease in molecular weight (Figures 5 and 6) of the homopoly- =
mers. The average domain size decreases with an increase in graft loading. The influence of
polystyrene molecular weight on CMC values and domain size is given Table IU.

Molecular weight of the copolymer (NR-~g/I-PS) influences the interfacial saturation
point. We have used graft copolymers of molecular weight G, = 3.95 X 10™ and Gj = 1.009
X 10®. The amount of graft copolymer needed for interface saturation decreases with increase
in molecular w'eight of the compatibilizer. The critical micelle concentration was found to
be 1.5% in the Ctise of 60/40 NR/PS blends compatibilized w'ith sample Gi. The same blend
system with sample G2 gives a higher CMC value; i.e., a 3% compatibilizer loading was
required to saturate unit volume of the interface.

Table Il

Standard Deviatiw Valles of 50/50 NR/PS Ble.sd

Average domain size

% Graft copolymer (“m) Standard deviation
0.5 3.5 25.45
1 3.2 23.40
15 3.4 24.95
3 2.1 7.40
4.5 1.6 11.70

6 0.9 2.15



WEIGHT % OF GRfFT COPOLYMER

FiG, 4. — Effect of copolymer conceniratlon on Die interparticle distance
of the dispersed phase of 50/50 NR/PS blend.

KFFf:CT OF MODK OF ADDITION OF GRAFT COPOLYME« ON MORPHOLOGY

m Morphology of the blond depends very much on the mode of preparation of the blends.
“Variation in the conditions of blend preparation can change the morphology. Cimmino et
.al” have observed a drastic change in the domain size of nylon/rubber blends when prepared
intwo steps compared to one-step mixing.

WEIGHT % OF GRAFT COPOLYMER

FiC 5. — Infiuence of NR molccular weight on morphology of diflerent NR/PS blends.
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Fio. 6. — Effect of NR molecular weight on the apparent critical micelle concentration, CMC.

The two-step mixing can be done in two ways. Blending the solution of the dispersed
phase (PS) with the compatibilizer first and then blending with the matrix polymer (NR)
in the second case the matrix polymer is blended with the compatibilizer first and ther
blending with the dispersed polymer. Solutions were blended and then evaporated to gel
thin films. Preblending the compatibilizer with the dispersed phase (PS) is found to improve
the interaction between the copolymer and tlie dispersed phase. j

The particle size and CMC of NRo/PS blends were measured in the two-step mixing ad
were compared the values with those of one-step mixing. In the case of 60/40 NR/PS blends
(one-step) the CMC was attained at 1.5% of the graft copolymer. When the copolymer phase
was preblended with the dispersed phase, the CMC was attained at 1.3% of the graft o
polymer loading and there is much reduction in the domain size of the dispersed phase. In
one-step mixing, the particle size of the domains at 1.5% graft copolymer loading was found
to be 5.08 “m whereas in two-step mixing the corresponding value is 3.70 ~m; at 2.5% graft

loading, the values are 2.45 and 1.84 fivn, respectively. When the matrix polymer was
preblended with the copolymer, the CMC was the same as in the case of one-step mixinj
(1.5%) (see Table 1V). |

The above findings reveal that the mode of addition of the compatibilizer has an important
role in the morphology of the blends. Compared to one-step mixing, in two-step mixing
by preblending the compatibilizer with the dispersed phase, the amount of the compatibiliz®

Table Il

K ffect of Molecular Weightof PS on CMC Values

Mol wt. Doinain radius
Sample w CMC (%) (r) at CMC (™M)
PS, 3.51 X Io* 1.5 1.80

PS, 2.07 X VWO 1.2 1.28
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Tahu: IV
Disr’KttSKi) ’"HASK RaDK'’S (r) AT CMC AND ‘2’ VAI.Lfii OF THK SVSTKM

CMC (m) Radius r at
Polymer blonds Solvent (%) CMC C/im) ‘27 (hm7)

40/60 (NRo/PS,/G)) CMCla 0.6 1.30 100.9

50/50 (NRo/PS./G2) CHCI3 0.8 3.71 71.9

60740 (NRo/PS,/G,)* CHCI3 1.5 2.54 30.98
60/40 (NRo/PS,/G,r CHCla 1.3 1.85 49.10
60/40 (NRo/PS,/G,r CHCI3 1.5 2.45 32.12
60740 (NRo/PS./G.) CCl, 1.1 1.30 82.55
60/40 (NRo/PS./Gz) CHCla 3.0 0.65 15.46
60740 (NRfi/PS./Gi) CHCla 1.0 2.36 50.02
60740 (NR,0/PS,/G)) CHCI3 . 0.8 2.45 60.08
60/40 (NR,6/PS,/G)) CHCI3 0.7 2.60 64.97

“One-Step mixing.
* Two-step mixing NR to PS + G.
®Two-step mixing PS to NR + G.

jiffused into the interface can be increased and the distance travelled by the compatibi)i2er
27ach the blend interface can be minimized. This leads to better interfacial interaction of
liecompatibilizer and results in a finer morphology. A speculative model has been given to
Justrate this behavior (Figure 7).

EFKKCT OK CASTING SOLVENTS ON MORPHOLOOYy

Casting solvent plays an important role in the morphology of blends. The same blend
fstem can give difTcrent morphologies in different casting solvents.
have selected two solvents for comparison: chloroform and carbon tetrachloride,
hereis much difference in the resulting domain size for the two solvent systems. Films cast
rofti carbon tetrachloride show a finer morphology than chloroform cast films (Figure 8).
he difference in the behavior may be due to the difference in the level of interaction between
w copolymers and solvents. This has been well addressed by the pioneering studies of
obard and Patterson.®

TWOCTTP

PROCESS

Mfad(>9 irafl C»-p«)y">«r\ grtfl Co-potymer
WWh  4teper«ed \ witth cpnBnout
PSpktte \ MHph«we



Fm, 8. — Opiicttl photographs of n0/*I0 NR/I*S films casied from CCl« and CIICI* cotualnittg variable amounts
graft copolymcr; (a), 0% graft from CHCI,; (b), 1.2% graft from CHCU: (c), 0% graft frcym CCls; (U), 1,2% graft froa
CCla. n

In both cases the addition of graft copolymer rcduces tlie domain size/* The concentration
of the graft copolymer required to saturate unit volume of the interface is less for carboy
tetrachloride cast film (CMC— 1.1%) than for chloroform cast film (CMC — 1.5%). Thesizw,
of the domains of the uncompatibilizcd blends of chloroform cast and carbon tetrachloride

cast films are 27.6 nm and 17.6 respectively. This behavior is due to the fact that the
solubility parameter of CCI4(5 = 8.6) is closer to those of the polymers (PS, 5 = 8.56; NR/f
= 7.75) than is the solubility parameter of CHCI3 (6 = 9.3). ol

MECHANICAL PROPERTIES

Blend morphology has a significant effect on the mechanical properties of the blendi
Many research studies have been reported on the morphology-mechanical property rela
tionships of polymer blends. Paul, Locke and Vinson”™’ have studied the mechanical properti®
of PE/PVC blends containing chlorinated PE as compatibilizer. Mechanical properties 4
nyion/PP was studied by Ide and Hasegawa."*™ Lock and Paul®™’ studied the improvement
mechanical properties of PS/PE blends by the addition of graft copolymer. In all the above
cases, the graft copolymer improved interfacial adhesion and hence the mcchanical properti®
of the blends.

The influence of addition of graft copolymeron tensile strength and modulus was studied'
Figure 9 shows the variation in tensile strength and modulus with percentage of thecor|'
patibilizer loading. Table V shows that the tensile strength and moduhis increase with
addition of the copolymer and finally level off at higher concentrations. The impact streng
increases up to 3% compatibilizer loading and then it decreases at higher concentratio”
(Table V). These changes are in accordance with the morphology of the blends. Additio™
the copolymer results in an improvement in tensile strength, modulus and impact strenS
due to the enhanced interfacial bonding between and NR through the graft copoiyi™
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Fig. 9. — Effect of copolymer eoncenlraiion on the tensile strength and moduhjs of 50/50 NR/PS blend.

DISCUSSION

~ Inthe case of heterogeneous polymer blends, several research studies have concentrated
,onthe compatibilizing action of tlic block and graft copolymers. The high interfacial tension
fisting between the phases which is responsible for macrophase separation can be reduced
by the addition of the compatibilizer. There are different parameters which govern the in-
terfacial saturation. These include molecular weightof the homopolymers, molecular weight
ofthe copolymer, polymer(s) structural details, mode of addition of compatibilizer, processing
‘conditions, affinity of the copolymer for the dispersed phase, orientation of the copolymer
atthe interface, etc.

The experimental and theoretical studies on the compatibilization of immiscible blends
reporton the so-called interfacial saturation by the addition of copolymers. For example in
the case of polyethylene/natural rubber blends,** 5% of the compatibilizer (polyethylene-

Table

Mechanical Properties of 50/50 NR/PS Blends

Stress at % elongation Tensile
(MPa) Tensile Elongation impact
Wt % graft strength at break strength
ANlymer 15% 30% 50% (MPa) (%) (I/mm~n)
0 1.24 1.78 2.37 3.60 454 0.30 X 10*
1 - - - - - 1.43 X 10™
15 1.54 1.82 2.45 3.86 194 1.64 X 100
3 1.96 2.05 2.75 4.50 190 2.10 X 10*
4.5 1.99 2.28 3.07 10.10 252 1.63 X 10"
6 2.56 2.78 3.24 13.24 247 1.39 X 10®

__ 75 3.20 3.47 3.88 13.15 241 1.37 X 10®



6ioc/c-polyisoprene) was found to be sufficient for interfacial saturation. The compatibilizij®,
action of poly(styrene-fc/ocfc-1,2-butadiene) in heterogeneous polystyrene/l,2-polybutadiene
blends was reported by Spiros, Gancarz and Koberslein."*® Interfacial tension reduced parallgj
with copolymer addition up to the critical micelle concentration (CMC) and thereafter leveled
off at higher concentration. Beyond the CMC, further addition of the copolymer leads to
micelle formation.

Willis and Favis*® reported that about 5% of the ionomer is sufficient for polyolefiny
polyamide blend system for interfacial saturation. Fa>t, Jerome and Teyssie"*” found equii.
ibration of domain size by the addition of 0.5%-1% by weight of the compatibilizer. The
recent studies of Thomas and Prud’homme”™® and Oommen and Thomas”™” also report on the
interfacial saturation by the addition of copolymers in PS/PMMA and NR/PMMA systems
respectively. The theoretical predictions of Noolandi and Hong™"®” indicated that micellar
aggregation of the copolymer takes place at the interface of the blend beyond a critical
concentration of the copolymer (CMC).

Almost all the experimental and theoretical studies related to the compatibilization of
heterogeneous blends, including the present work, suggestthat there is a critical concentration
of the compatibilizer required to saturate the blend interface (CMC) beyond which addition
of the compatibilizer leads to undesirable micelle formation which very often reduces the
total performance of the blend system.

One can also explain the interfacial saturation point using Taylor’s Equation.®®

= (1/\

where is the critical Webernumber;is the viscosity of the matrix, y is the shear rate™
7,2 is the interfacial tension, and dn is the number average diameter of the dispersed phase.-
On the addition of the compatibilizer, the interfacial tension decreases and there is a con
sequent particle break down (deformation). However, at a particular compatibilizer loading

there is a balance of interfacial tension and particle deformation. Thus, there is a critical,
value of IV, below which no particle deformation occurs and at this point, the compatibilizerj
occupies the maximum interfacial area. Therefore, there is a maximum quantity of the com”™
patibilizer required to saturate the blend interface and beyond this level further additionf
of compatibilizer will not reduce the particle size. The studies of Favis and Willis™ and*
White”® also report similar observations.

The compatibilizer added to a heterogeneous blend locates at the interface and reducesi
the interfacial energy. Based on thermodynamics, Noolandi and Hong™® ®& developed aH
expression for interfacial tension reduction. Accordingly, the interfacial tension reduction”™
AT in a heterogeneous binary blend A/B — upon the addition of a copolymer, A-blockS—
is given by f

AT = dg (2),
' ' \ tJ n

where d is the width at half height of the copolymer profile reduced by Kuhn statistical
segment length; X is the Flory Huggins interaction parameter between the A and B segment
of the AB copolmer; and Zc is the degree of polymerization of the copolymer. According to
this theory, the interfacial tension reduction A7 is proportional to the copolymer voluine
fraction geuntil the system reaches the CMC. However, beyond the CMC A7 levels off with
0c- Although this expression was developed for block copolymers, our recent investigations
indicated that this theory can be applied to graft copolymers as well Since interfacial
tension reduction is directly proportional to particle size reduction Ad, it can be shown that

Ad = Kd<iv, "/t ! ©)
[\2~"~Zc)
where A'is the proportionality constant. The plotof experimental values of Ad vs. isgin*

in Figure 10. It can be seen that at low concentration of Xhe compatibilizer Ad decreases
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Fio, 10. — EfTeci of graft copolymer volume fraction on partkle size reduction.

linearly with coj)olymcr loading and at higli concentration Id levels o(T as indicated by
folandi and Hong.
Valuable information can be obtained by calculating the area, Z, occupied by the copolymer
~molecule at the blend interface. Let us consider a binary blend that contains a volume fraction
of polymer A as spherical domains of radius r in a matrix B. Tlie total interfacial area
~perunit volume of the original blend is equal to 3 If each copolymer molecule occupies
anarea, 1, at the interface, the mass .If of the copolymer required to saturate unit volume
“ofthe blend is given by the following equation*/:

3 N
mrN

(4)

"where M is the molecular weight of the copolymer and N is Avogadro’s number. In the
presentstudy, since CMC is the interfacial saturation point, it would be reasonable to consider
CMCto have the value m.

The radiusr of the dispersed domain at CMC, the CMC values (m values), and Z are given
inTable IV. The CMC values are estimated from Figure 2 by the intersection of the straight
linedrawn at the low concentration and the leveling-off line at high concentration.

It can be noticed that the area occupied by the compatibilizer molecule at the interface
(™) increases as the molecular weight of the homopolymer decreases (Figure 11). The ‘Z’
“alues also depend on the mode of addition of the compatibilizer to the blend system. In the
~ 0 step process where the copolymer is preblended with the dispersed phase, the z value
I®"9.10 nm”. This indicates that the interaction of the copolymer and homopolymeris higher
I“"the two-step process, compared to the one-step process where Z = 30.98 nm” Greater
~teraction would increase interfacial area and reduce interfacial tension.

The nature of the casting solvent can also influence the ‘Z* values. In the case of CCl4 Z

higher (82.55 nm”) compared to chloroform (30.98 nm”). In a good solvent like CCl4, in-

J~Maction between the copolymer and homopolymer is greater than in chloroform and hence

interfacial area occupied by the copolymer is larger. Similarly the copolymer molecular

is also a controlling parameter. When the copolymer molecular weight is reduced,
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Fig, 11. — Effect of homopolymer molecular weight on the calculated area occtipifd
by the copolymer molecule at the blettd Interface, |I.

the interaction between the copolymer and liomopolymer is reduced. Hcnce the area occupied™
by the copolymer at the interface is (I ° 15.46 nm”) lower than the area of a copolymer
with a higher molecular weight (1 = 30.D8 nm*).

One can also comment on the conformation of the copolymer based on the 2 values..
Figure 12 depicts three different physical models representing the conformation of theco>
polymer at the blend interface. Model (a) indicates a conformation in which the graft co-
polymer extends into the corresponding homopolymer phases. In this case the occupied area™
at the interface is the cross-sectional area ot the extended copolymer molecule. This is ap-;
proximately equal to 0.6 nm*. In the (b) model (Figure 12(b)l, the copolymer lies flat at the.
interface and here the occupied area is the lateral surface area of the entire copolyn\erj

Fig. 12. — [I'liy.sicul models roprcsentinj* the conforms *®*
of copolymer at Ilie interface.



cule- By considc'riiig each segmont of the graft copolymer as a spherical random coil,
calculated the lateral surface area of the copolymer by using the experimental
~ PSof the root-mean-square radius of gyration of the PS block reported in literature.***
lateral surface area was approximately equal to 106 nm™.
comparison of the experimental and calcuated values of interfacial area will give the
lconformation of the copolymer at the blend interface. The experimental values of |
*  obtained from Equation (4), lie between 15.46 and 100.9 nm- (see Table IV). This is
rrnediate to those of models (a) and (b) (0.6 and 106 nm”) reported in the literature,
‘meitissuggests that the actual conformation of the copolymer at the blend interface is neither
'liiHy extended nor completely flat. The actual position can be represented by model (c) in
"figure 12, in which a portion of the copolymer remains at the interface and the rest penetrates
"into the corresponding homopolymer phases. This model is in agreement with the model
suggested by Oommen and Thomas.*™ However, by controlling the physical parameters such
molecular weight of the homopolymer and copolymer, mode of preparation of the blends,
~sting solvents, etc., one can dictate the area occupied by the copolymer at the interface.
<Tor example, as the molecular weight of the copolymer increases or the molecular weight
~ofthe homopolymer decreases, the area occupied by the copolymer at the interface increases
{sw Table 1V). For example, copolymer Gi occupies an area of 30.98 nm~, which is much
jgher than G2which occupies an area of 15.46 nm™.
It is also important to consider the fact that as the molecular weight of the copolymer
creases, macromolecular interactions, such as cN\ain entanglement, hinder the complete
I&netration of each segment into the corresponding homopolymer phases. This suggest”) that
copolymer cannot penetrate completely into the homopolymer phases and therefore, it
'is expected that part of the copolymer may stay at tlie interface. This could lead to an
"increase in interfacial thickness which would be maximum in the case of copolymers having
highest molecular weight. According to Wu,”™ interfacial tension (712) and interfacial
ickness (L) arc related by the following equation:

7i2- 7.6/L0.86. (5)

This indicates that the superior compatibilizing action of the high molecular weight graft
jopolymer is associated with the larger increase in interfacial thickness and consequent
Teduction in interfacial tension. Russel et ai.'® also have reported that addition of copolymer
increases the interfacial thickness of PS/ZPMMA blends. In this study the interfacial thickness
.was measured by neutron reflectivity. The thickness of the interface increased 50% by the
addition of the copolymer. Recent experimental results of Anastesiadis, Gancarz and
Koberstein®” also support the conformation represented in Figure 12(c). They have reported
onthe compatibilizing action of poly(styrene-WocA:-1,2-butadiene) in PS/1,2-poly(butadiene)
“nd found that about 24% of the contour length of the copolymer chain is located at the
interface and the rest penetrates into the corresponding homopolymer phases.

CONCLUSION

The compatibilizing activity of NR-"~ra/i-PS in heterogeneous NR/PS blends has been
studied in detail. Both the morphology and mechanical properties of NR/PS blends have
~en investigated. Concentration and molecular weight of the copolymer, composition of the

mode of addition of compatibilizer, homopolymer molecular weight, and processing
~ndition were the controlling parameters on blend morphology. Copolymer addition reduces
,”6 domain size of the dispersed phase and finally levels off at higher concentrations, an
J~dication of interfacial saturation. The experimental results were in agreement with pre-
*ctions of Noolandi and Hong.
The area occupied by the compatibilizer molecule at the interface (Z) has been estimated.
® molecular weight of the homopolymer decreases, interfacial area occupied by the
~polymer (2) increases, and hence more reduction in the domain size occurs. The ‘Z’ values
*6also influenced by the blend composition, mode of addition and the nature of the casting



solvents. By the selection of a suitable solvent, having a solubility parameter close to that
of the homopolymers, the interaction of the compatibiUzer with the interface can be enhanced.

The mechanical properties are in agreement with the morphological changes. It was
that the tensile strength and modulus increases upon the addition of the compatibiUzer and
finally levels off at higher concentration.

Attempts were made to establish the conformation of the compatibiUzer at the blend
interface. Different models were discussed. The actual conformation is neither fully extended
nor fiat. A portion of the copolymer penetrates into the corresponding homopolymer and
the rest remains at the interface.
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