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Abstract

Blends of ethylene—propylene rubber (EPM) and nylon 6 are immiscible and highly incompatible. These blends are characterised by a
two-phase morphology, narrow interface, and poor physical and chemical interactions across the phase boundaries. Therefore a reactive route
was employed to compatibilise these blends by the addition of maleic anhydride grafted EPM (EPM-g-MA). In this reactive route, the maleic
anhydride group of EPM reacts with the amino end group of nylon forming a graft copolymer of nylon and EPM (nylon-g-EPM) at the blend
interface which decreases the interfacial tension and reduces the coalescence. The influence of the concentration of EPM-g-MA, blend
composition, molecular weight of nylon 6, mode of addition of EPM-g-MA and mixing time on the phase morphology of the blends was
studied quantitatively by scanning electron microscopy and image analysis. It was found that the addition of EPM-g-MA reduces the domain
size of the dispersed phase followed by a levelling off at high concentrations; the levelling off is an indication of interfacial saturation. The
optimum amount of the compatibiliser required to saturate unit volume of the interfacial zone was estimated from the emulsification curves.
This optimum concentration of the compatibiliser can be considered as the so-called critical micelle concentration (CMC) above which
micelles of the copolymer are formed in the bulk phase, which is highly undesirable. Emulsification master curves were obtained by plotting
the reduced domain size as a function of EPM-g-MA for the different blend compositions. This was explained based on the interfacial area
occupied by the compatibiliser molecule at the blend interface. The experimental results were compared with the current compatibilisation
theories. The phase morphology development was studied as a function of the mixing time in the presence and absence of compatibiliser. The
influence of reactive compatibilisation on phase inversion and the co-continuous nature of the blends was also investigated. Finally the
stability of the blend morphology was analysed by high temperature isothermal annealing in the presence and absence of compatibiliser
© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction more polymers are mixed, the phase structure of the result-
ing material can be either miscible, partially miscible or
The concept of physically combining two or more poly- immiscible. As a result of their high molar mass, the
mers via blending to obtain new polymeric materials with entropy of mixing of polymers is relatively low and conse-
the desired properties has received lot of attention form the quently specific interactions are needed to obtain blends
point of view of fundamental and practical interests. In fact which are miscible or homogeneous on a molecular
blending of polymers is, in principle, one of the easiest and scale. For this reason, the number of miscible polymer
most flexible methods to generate new polymeric materi- pairs is relatively limited. In the case of immiscible
als. The alternative to blending is synthesising new poly- pairs, homogeneous mixing on a molecular scale cannot
mers which not only involves exorbitant costs but also be obtained and a heterogeneous blend results after mixing.
cannot always fulfil end use requirements. When two or Among the different types of polymer blends, thermoplas-
tic elastomers (TPEs) from rubber/thermoplastic blends
ET——————— have gained lot of interest recently as they bridge the
1P§rrr:$;r?::t Z(?d?gss?gchool of Chemical Sciences, Mahatma Gamdhi(‘:]ap between thermoplastics and elastomers [1’.2]'
However, most of the TPEs from rubber/thermoplastic
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Table 1 use of the functionalities present in one or more polymers,
Properties of component polymers used one can form graft or block copolymers in-situ during melt-
Polymer Source M, processing. These in-situ formed copolymers act as compa-
tibilisers by reducing the interfacial tension and increasing
Ethylene—propylene rubber Exxon 80 000 the adhesion between the phases, and thereby allowing a
(EPM) (78% ethylene content) finer dispersion and a more stable morphology. This method
Ethylene—propylene rubber-g- Exxon 80 000 has been applied to a number of blend systems such as
maleic anhydride(EPM-g-MA,
0.6 Wt.%MA) polyamide/polyolefins, polyamide/ABS, PS/polyolefins,
Polyamide 6 DSM 15 000 polyester/polyamide, polyamide/polyamide, and various
go:yam?geg Bgm gj 888 rubber/plastic blends [12-19]. Several review articles
olyamiae H H el H
Polzamide 6 DSM 44 000 have appeared in the literature emphasising the importance

and potentialities of blend compatibilisation using reactive
polymer processing [20,21]. Different types of chemical

Usually a high interfacial tension between the phases of reactions can be used in compatibilising polymer blends;
an immiscible polymer blend leads to coarse and unstablereactions as imidization, esterification, amidation, aminoly-
morphologies. In addition, a high interfacial tension results sis, ester—ester interchange, amide—ester interchange, ring
in a narrow interface, poor physical and chemical interac- opening and ionic bonding can occur rapidly at elevated
tions across the phase boundaries, and as a consequence, ingocessing temperatures [21].
poor adhesion between the phases. For blend systems the Blends of nylon 6 and EPM are highly immiscible and
mechanical behaviour depends critically on two demanding incompatible. This is because of the fact that the interfacial
structural parameters, a proper interfacial tension leading totension between the two polymers is extremely high on
a phase size small enough to allow the material to be consid-account of the high polarity difference. Although several
ered as macroscopically homogeneous, and an interfacestudies have been reported [22-25] on the morphology
adhesion strong enough to assimilate stresses and strainand compatibilisation of these blends, detailed investiga-
without disruption of the established morphology. This tions relating the compatibilising efficiency to the concen-
can be achieved by different ways [3—6]. One way is to tration of the functionalised polymer (EPM-g-MA),
organise the phases so as to increase the interfacial area smolecular weight of the component homopolymers and
that the components will be able to transfer the applied mode of addition of the modified polymer are lacking.
stress effectively despite having high interfacial tension. Also, the influence of reactive compatibilisation on the
Techniques of blending have been used successfully instability of the blend morphology has not been well under-
some blend systems to form interpenetrating co-continuousstood. The purpose of the present study is to analyse quan-
network phases. Such systems have improved mechanicatitatively the effect of concentration of EPM-g-MA on the
properties because of the continuous nature of the phasephase morphology of EPM/nylon 6 blends as a function of
which allows direct load sharing between the components composition, processing conditions and molecular weight of
without the need for stress transfer across the phase boundthe nylon phase. The experimental results were compared
aries. However, this is not successful in all cases. with theoretical predictions. The stability of the blends was

It is now well established that the phase morphology of analysed by isothermal annealing of the blends at high
immiscible polymer blends can be controlled by the addi- temperature in the melt. The morphology development as
tion or the in-situ formation of compatibilisers (block or a function of mixing time was studied in the presence and
graft copolymers) which act as interfacial agents. The addi- absence of compatibiliser. The morphology was studied by
tion of a suitably selected compatibiliser to an immiscible scanning electron microscopic examination of the preferen-
binary blend should (i) reduce the interfacial energy tially extracted (EPM or nylon depending on the composi-
between the phases, (i) permit finer dispersion during tion) blend samples. The micrographs were quantitatively
melt-mixing (iii) provide stability against gross segregation analysed by image analysis. Finally, the extent of interfacial
and (iv) result in improved interfacial adhesion [3]. Several bonding in these blends was evaluated in the presence and
experimental investigations have been reported on theabsence of compatibiliser by the examination of the fracture
compatibilising action of added block and graft copolymers surfaces using SEM.
in heterogeneous polymer blends (physical compatibilisa-
tion). The pioneering studies in this area have been reported
by Molau [7], Riess et al. [8], Teyssi al. [9], Heikens et 2. Experimental
al. [10] and Paul et al. [11].

In recent years, more attention has been focused on reac2.1. Materials
tive compatibilisation of immiscible polymer blends giving
rise to in-situ generation of copolymers. This is a very fast, = The characteristics of the EPM rubber, EPM-g-MA and
easy, and cost effective alternative. The basic principle different types of nylon 6 used in this study are given in
underlying reactive compatibilisation is that by making Table 1. Both EPM rubber and nylon 6 are commercially
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Table 2 preferentially extracted. For blend samples having dispersed
Apparent viscosities (Pa S)of EPM and NyloMg( = 24, 000) at 256C EPM phase, this phase was extracted by using boiling
Shear Rate(&) nerw Moyion - xylene for _12 h. The .EPM phase Was.also extracted in
blends having co-continuous morphologies (50/50 and 60/
5 6410 1643 3.90 40 EPM/nylon). When the nylon is the dispersed phase, this
;g jsl’ig Bg; g'g; phase was removed by using formic acid at ambient
30 3669 1223 306 temperature for a period of 12 h. The dried samples were
50 3045 1091 279 sputter coated with gold prior to SEM examination. A Phil-
100 2296 952 2.41 lips scanning electron microscope operating at 10 KV was
200 1583 802 1.97 used. Several micrographs were taken for each sample. In

order to analyse the extent of interfacial bonding, cryogeni-

cally fractured surfaces of the samples were analysed by
available. Nylon 6 of varying molecular weight was SEM.
received from DSM. The EPM and EPM-g-MA rubber The dispersed phase size analysis was done using an
were supplied by Exxon Chemical Company. All the nylons automatic image analysing technique which employed an
were dried at 120 for 12 h prior to blending. For all the IMAGE software. The apparent diameter was measured
experiments, except the study related to the molecularby scanning the micrographs and individually outlining
weight of nylon, nylon 6 of molecular weightM) the particles to calculate their dimensions. Typically over
24 000 was used. The apparent melt viscosity of EPM and 400 particles and several fields of view were analysed. The
nylon 6 were determined in a Gottfert 2002 Rheometer at number average diametdd{) and weight average diameter
25C°C. The viscosity values are given in Table 2 as a func- (D) were calculated from the following relationships:

tion of shear rate.
Dn=>nD > n, D

2.2. Melt blending D, = Z n D2 Z 0D, @
Blends were prepared in a co-rotating conical twin-screw . . .

batch type mini-extruder (DSM) under nitrogen atmosphere. wheren; is the number of particles with diametBy.

All the components (EPM, nylon 6 and EPM-g-MA) were

fed into the extruder simultaneously unless otherwise speci- 3. Results and discussion

fied. The mixing time, temperature and rotor speed were

10 min, 250C and 100 rpm, respectively. However, in 3.1. Rheology of EPM rubber and nylon 6

order to study the influence of the mixing time on blend

phase morphology, experiments were performed as a func- The rheological behaviour of the component polymers

tion of time of mixing at constant rotor speed (100 rpm) and nylon 6 M,, = 24,000) and EPM rubber at a temperature

temperature(25C). of 250°C as a function of shear rate is givenin Table 2. It can
be seen that the melt-viscosity of EPM rubber is much
2.3. Phase morphology studies higher than that of nylon over the entire range of shear

rate studied. At the very low shear rate region (¥ sthe
A scanning electron microscope was used to examine theviscosity of EPM is four times higher than that of nylon. At
phase morphology of the blends. The samples were the higher shear rate region (2005 the viscosity of EPM
fractured under liquid nitrogen and one of the phases wasis two times higher than that of nylon. The viscosity ratios of
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Fig. 1. Compatiblisation strategy, reaction between amine end group of nylon and anhydride group of EPM-g-MA leading to the formation of améde or imid
linkages.
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estimation of the amino end groups of nylon 6, and identi-
fication by differential scanning calorimetry. Martuscelli
and co-workers [14,22,23] have reported that the grafted

Nylon 6

EI:’M \ anhydride groups can be transformed to acid, ester, and
- Phase amide (or imide) groups by reaction with water, alcohols,
c and amines, respectively. The authors further reported that

reaction of EPM-g-MA with the aliphatic amines suchras
hexylamine leads to amidic or imidic linkages according to
the reaction temperature. At low temperatufe< 120°C),
Fig. 2. Schematic model illustrating the location of the graft copolymer at  gmidic linkages are reported to be prevalent, whereas at
the blend interface. high temperature, almost only imidic bonds are present as
revealed by IR analysis. They have considered the above
the componentsep/ mnyion) decrease with increasing shear reaction as the as model scale reaction that occurs between
rate. As expected, the viscosity of the polymers decreasesthe melt blending of nylon 6 and EPM-g-MA at Z&D
with increasing shear rate indicating their pseudoplastic indicating that likely imide linkages are present in the
nature. In fact EPM is more pseudoplastic than nylon as EPM-g-nylon 6 copolymer formed during the reaction. It
the decrease of viscosity with increase of shear rate isis also important to add that one must consider the possibi-

more predominant in the case of EPM. lity of graft copolymer formation by the breaking of amide
bonds of nylon 6 by means of anhydride or carboxylic
3.2. Compatibilisation strategy groups of the functionalised EPM. Very recently, the struc-

ture of EPDM grafted to nylon 66 has been analysed with

Polyamides represent an important class of engineeringhigh resolution solid stateC NMR and IR spectroscopy by
thermoplastics which find lots applications. However, they van der Velden et al. [26].
exhibit certain inherent deficiencies. These include brittleness,
high moisture absorption, poor dimensional stability and 3.3. Effect of blend composition and mixing time on phase
marginal heat deflection temperature. Several studies havemorphology development
reported how to alleviate this problem by reactive blending
with other polymers [20,21]. Most of these studies are basedon  The properties of polymer blends are strongly influenced
the fact that nylons have inherent chemical functionalities by their morphology. The morphology of heterogeneous
(amine and carboxyl end groups and potential amide linkages)Polymer blends in general depends on blend composition,
which are capable of reacting with the functional groups interfacial tension between the component polymers, visc-
present in the second polymer with which it is blended. ~ 0sity ratio and processing history. Therefore it is important

The present compatibilisation strategy involves the to study the relationship between processing conditions,
compatiblisation of nylon 6 with a second immiscible blend composition and the final blend phase morphology.
phase(EPM rubber) by the introduction of a compatibiliser ~ The main mechanism governing the morphology devel-
precursor (EPM-g-MA) which is physically miscible with ~opment is believed to be the result of both droplet break-up
the second phase but has chemical functionality (maleic @and coalescence. The pioneering work of Taylor on drop
anhydride group) which can react with the amino end break-up in Newtonian systems in a simple shear field has
group of ny|on to form a graf[ Cop0|ymer at the interface been the basis of the investigations on more CompleX
as shown in Fig. 1. The idealised location of the graft copo- Systems and flow fields [27,28]. The analysis of Taylor
lymer is demonstrated in Fig. 2 where the compatibliser considers how the balance of applied shear forces and the
species C is miscible with the EPM phase and has functional counteracting interfacial forces affects drop dimensions and
groups F which are capable of forming linkages with the stability. The results have been expressed in terms of the so-
nylon chains at the interface. This situation is expected to called well known capillary number,

!ead toa reduqtlon in partlc_:le size through a reduction in ~, _ ynmDI2Y A3)
interfacial tension and an increased resistance to coales-
cence through stabilisation of the interface. and the viscosity ratiog, = ng/nm, WwhereD is the diameter

In fact the reaction between nylon 6 and maleic anhydride of the droplet,ythe shear ratey,, the matrix viscositymgq
modified polyolefin polymers and the subsequent graft the dispersed phase viscosity, aidhe interfacial tension.
copolymer formation have been well documented in litera- Drop break-up is predicted to occur when the viscosity ratio
ture. This reaction was first reported by Ide and Hasegawais less than 2.5. Interestingly, several studies on Newtonian
[12]. They studied the blends of nylon 6 and polypropylene systems in both shear and extensional flow were in agree-
to which maleic anhydride modified polypropylene was ment with Taylor’s predictions [29—33]. However, it has
added to improve the dispersability and mechanical beha-been reported that drop break-up was possible over a wide
viour of the two immiscible polymers. The existence of such range of viscosity ratios in extensional flow for Newtonian
a graft copolymer was confirmed by solvent extraction, systems [34—38]. In the case of viscoelastic systems like
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Fig. 3. SEM micrographs showing the morphology of reactively compatibilised EPM/nylon blends containing 10 wt.% of EPM-g-MA: (a) 10/90 EPM/nylon
blend; EPM is dispersed as domains in the continuous nylon matrix, (b) 20/80 EPM/nylon blend; EPM is dispersed as domains in the continuous<nylon matri
(c) 30/70 EPM/nylon blend; EPM is dispersed as domains in the continuous nylon matrix, (d) 40/60 EPM/nylon blend; EPM is dispersed as domains in the
continuous nylon matrix, (€) 50/50 EPM/nylon blend; interpenetrating co-continuous morphology, (f) 70/30 EPM/nylon blend; nylon is dispersaihas d

in the EPM matrix, (g) 80/20 EPM/nylon blend; nylon is dispersed as domains in the continuous EPM matrix, (h) 90/10 EPM/nylon blend; nylon isatispersed
domains in the continuous EPM matrix.
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Fig. 3. (continued

polymer blends, as the individual components exhibit large Wu'’s correlation suggests a minimum particle size when the
normal stresses in flow, the extension of Taylor’'s analysis to viscosities of the two phases are closely matched. The valid-
such systems has some limitations. It is also important to ity of this equation has been testified by several researchers.
add that the final morphology of polymer blends is the result Utracki and co-workers [40], Roland and Bohm [41], and
of the balance of domain break-up and coalescence at thePaul and co-workers [42] have indicated some disagreement
end of the mixing process. However, most of the studies on with respect to the dependence of particle size and viscosity
polymer blends in literature regarding domain size, ratio and the correlation proposed by Wu. In contrast, Serpe
expressed in terms of capillary number and viscosity ratio et al. [43] found good agreement with Wu’s results in their
(based on Taylor’s analysis), do not account for the coales-experimental observations. Recently Sundararaj and
cence process. In one of the most interesting and frequentlyMacosko [5] have reported on the experimental minimum
cited studies on nylon/rubber blends, Wu extrapolated anin the dispersed phase size with increasing shear rate; they
empirical equation fitting the capillary master curve[39]. have explained this behaviour based on the high elasticity of

According to this equation, the droplet and the resulting resistance to deformation at
increased shear rates.
YNmDIY = 4(x,) %8, %) In the present study, the morphology of the reactively
8
5 = compatiblised(2wt%EPM-g-MA)
B + uncompatibilised
€ co-continuous
=,
c
(]
| -\‘\:s;
0 L Il L L
0 20 80 100

40 60
weight percent of EPM

Fig. 4. Effect of blend ratio on number average domain diameter for uncompatibilised and reactively (2wt.% EPM-g-MA) compatibilised blends.
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(a) (b)

(e)

Fig. 5. SEM micrographs showing the morphology development during mixing of 30/70 EPM/nylon blend containing 20 wt.% of EPM-g-MA: (a) after 30 s,
(b) after 1min; (c) after 2min; (d) after 5 min; (e)after 8 min; (f) after 10 min.

compatibilised blends over the entire composition range i.e., matrix up to 40 wt.% of its concentration. An interpenetrat-
from 10/90 to 90/10 EPM/nylon can be understood from the ing co-continuous morphology is formed at 50 and 60 wt.%
SEM micrographs given in Figs. 3a—h. For blends having of EPM concentration followed by a phase inversion beyond
EPM concentration up to 60 wt.%, the rubber phase is 60 wt.% of rubber where the nylon phase is dispersed as
extracted by boiling xylene. For other compositions 70/30, spherical inclusions in the continuous EPM phase. This is
80/20 and 90/10 EPM/nylon, the nylon phase was removed in agreement with the studies of Denesi and Porter [44] who
by formic acid. The morphology of the blends shows that at have shown that for blends with the same processing
high nylon concentration, the rubber phase is preferentially history, the morphology is determined by the melt-viscosity
dispersed as spherical inclusions in the low viscosity nylon ratio and the composition. Generally, the least viscous



5806 S. Thomas, G. Groeninckx / Polymer 40 (1999) 5799-5819

8
6 - n
|
u
n
E. 4 m uncompatibilised blend
- L . + compatiblised blend(20wt%EPM-g-MA)
*
L 4
2 -
*®
* * .
0 ! ! ! ]
0 5 10 15 20 25

mixing time, min.

Fig. 6. Influence of mixing time on number average domain diameter for 30/70 EPM/nylon blend: uncompatibilised and compatibilised with 20 wt.% of EPM-
g-MA.

component was observed to from the continuous phase over70 wt.% of the EPM concentration. We have verified this
a large composition range. Fig. 4 shows the number averagefurther even at high concentration of the compatibiliser.
domain diameter as a function of blend ratio for the uncom-  In order to understand the evolution of morphology, the
patibilised and the reactively compatiblised blend system. morphology development was carefully followed as a func-
The variation in domain size with composition can be tion of mixing time. In fact the morphology development is
explained because of coalescence. It is important to notethe evolution of the blend morphology along an extruder
that the coalescence is more prominent when EPM is thefrom pellet-sized-particles to submicro domains which
dispersed phase. This is because of the fact that theexist in the final blend. Many interesting studies have
dispersed EPM domains undergo coalescence easily causetleen reported in literature on the evolution of morphology
by the high diffusional mobility in the low viscosity nylon as a function of time. The model experiments of Scott and
phase. In contrast, as the viscosity of the EPM is very much Macosko [45,46] illustrate the mechanism of morphology
higher than of nylon phase (Table 2), the diffusional mobil- development. According to them the initial stage of mixing
ity of nylon domains in the high viscosity EPM matrix is involves shearing of the phases into ribbon or sheet struc-
very low. This reduces the coalescence probability of the tures followed by a shear and interfacial tension driven
nylon domains. The influence of addition of compatibiliser break-up of the structures into droplets. Most of the break-
on coalescence can be well understood form Fig. 4 whereup in the dispersed size was found to occur in the very early
the progression of number average diameter as a function ofstages of mixing. Figs. 5a—f show the morphology of the
blend composition is presented. It can be seen that the30/70 blend EPM/nylon 6 containing 20 wt.% of EPM-g-
coalescence is substantially suppressed by the addition ofMA. mixed for 0.5, 2, 4, 5, 8 and 10 min., respectively. The
the compatibiliser. Of course it is well known that one of the rotor speed and the mixing temperature were 100 rpm and
effects of the interfacial agent is to reduce the minor phase 25C°C, respectively. The number average domain diameter
particle coalescence in the blend. However, it is importantto as a function of mixing time for the compatibilised and
note that the effect of interfacial agent on the suppression of uncompatibilised blends are given in Fig. 6. Contrary to
coalescence becomes very significant only at higher concen-our expectation, the morphology development was so fast
tration of the EPM phase. This is not an unexpected beha-that within 30 s of mixing the morphology was already
viour as the composition approaches the region of phasedeveloped. Although the mixing was continued up to
co-continuity at higher concentration of the EPM phase. 20 min no major change in morphology could be observed
Although there is substantial reduction in the particle size up to 10 min. However upon prolonged mixing beyond
of the dispersed phase up on compatiblisation, it can be seerl0 min. there was strong tendency for phase coarsening.
that the addition of compatibiliser does not have any influ- In fact for the uncompatibilised system we could follow
ence on the location of the region of phase continuity. In the morphology development as a function of time. In
both cases the co-continuity is observed between 40 andthe uncompatibilised system the most significant domain
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Fig. 7. SEM micrographs showing the morphology 10/90 EPM/nylon blends compatibilised with (a)1 wt.% EPM-g-MA; (b) 2.5 wt. % EPM-g-MA; (c) 5 wt.%
EPM-g-MA,; (d) 10 wt.% EPM-g-MA; (€) 15 wt. of EPM-g-MA,; (f) 20 wt.% of EPM-g-MA.

break-up occurred within the first three minutes of the prolonged mixing can cause shear induced coalescence even
mixing time. This indicates that for the reactively compati- in reactively compatibilised systems. We believe that upon
bilised system one can achieve a stable morphology verycontinued mixing the compatibiliser can leave the interface
fast. This is because of the fact that as the compatibiliser because of the shear forces. Recently Dedecker and Groe-
locates at the blend interface, the coalescence is substanninckx [47] have observed similar behaviour in the case of
tially suppressed and the blend system attains a stable andeactively compatibilised nylon 6/PMMA/SMA blends.
equilibrium morphology very fast. The above results also Moreover, the nylon phase must have undergone severe
indicate that the compatibilisation reaction is extremely fast thermal degradation on prolonged mixing at high tempera-
so that this could be easily performed in the time scale of an ture leading to a decrease in molecular weight. In fact we
industrial extruder. Additionally, it is important to note that have observed a decrease in mixing torque on prolonged
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Fig. 8. Emulsification curves for EPM/nylon blends where EPM forms the dispersed phase.
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Fig. 9. Emulsification curves for EPM/nylon blends where nylon forms the dispersed phase.



S. Thomas, G. Groeninckx / Polymer 40 (1999) 5799-5819 5809

2.5 f
a 10/90 EPM/Nylon
¢ 20/80 EPM/Nylon
. ‘
-2
£
=
o
m
E =
§ 15 |- .
5 R .
p =
o
s 1
s
é [ |
[}
€
~ os5¢
0 T | L | |

0 5 10 15 20 25
weight percent of EPM-g-MA

Fig. 10. Influence of EPM-g-MA concentration on the interfacial area per unit volume of 20/80 and 10/90 EPM/nylon blend.

mixing at longer times. This will of course contribute to a respectively. These graphs are generally described as the
coarser morphology on account of rheological reasons. so-called emulsification curves. Let us examine the 10/90
EPM/nylon blend in more detail. The number average
domain size of the dispersed EPM phase in the uncompati-
bilised blend is 2.04um. From Fig. 8 it can be understood
that a 45% reduction in domain size could be observed by
The effect of EPM-g-MA as a compatibiliser on the the addition of only 1 wt.% of EPM-g-MA into the uncom-
morphology of the 10/90 EPM/nylon 6 blend is shown by patibilised blend. Addition of another 1.5wt.% of the
the scanning electron micrographs in Fig. 7. Figs. 7a—f show compatibiliser causes a further size reduction of only
the morphology of blends containing 1, 2.5, 5, 10, 15, 20%. However, further addition of compatibiliser does not
20 wt.% EPM-g-MA respectively. From the scanning elec- change the domain size that much and a very clear levelling
tron micrographs it can be seen that the size of the dispersedff is observed. A similar levelling off was observed in all
EPM phase decreases with the addition of a few percent ofthe blend compositions as can be seen from Figs. 8 and 9.
EPM-g-MA followed by a levelling off at higher concentra- The equilibrium concentration of EPM-g-MA at which the
tion. A similar behaviour was observed for all other blend domain size levelled off can be considered as the so-called
compositions. The reduction in particle size with the addi- critical micelle concentration (CMC), i.e., the concentration
tion of the functionalised EPM is because of the stabilisation at which micelles are formed. Generally the CMC is esti-
of the blend morphology by the graft copolymer (EPM-g- mated from a plot of interfacial tension versus copolymer
MA) formed during melt-mixing. The formed graft copoly- concentration. As the interfacial tension is directly propor-
mer reduces both the interfacial tension and thus the particletional to the domain size, the estimation of CMC from the
size, and the coalescence behaviour. In addition, theplot of domain size versus copolymer concentration is
presence of the graft copolymer at the blend interface broad-warranted [39,48]. This type of analysis has been exten-
ens the interfacial region through the penetration of the sively reported in the literature [49-52]. It is interesting to
copolymer chain segments into the corresponding adjacentnote that in most cases a 5wt.% of the compatibiliser is
phases [47]. sufficient for interfacial saturation. We have also estimated
The number average domain diameter of the dispersedthe interfacial area per unit volume of the blend as a func-
EPM and nylon phase in the blends was analysed as a function of the weight percent of EPM-g-MA (Fig. 10). It is
tion of compatibiliser concentration in Figs. 8 and 9, interesting to note that the interfacial area per unit volume

3.4. Effect of concentration of EPM-g-MA compatibiliser on
the morphology of the blends
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Fig. 11. Emulsification master curves.

increases with the addition of a few wt. percent of EPM-g- saturation in reactively compatibilised polymer blends.
MA followed by a decrease at higher concentration. These The theoretical predictions of Noolandi and Hong [57-59]
observations clearly indicate that the interface is saturated. with respect to physical compatibilisation also showed that
Several interesting studies have been reported on thethere is a critical concentration of the copolymer at which
interfacial saturation in two phase polymer blends by the micelles are formed in the homopolymer phases.
addition of compatibilisers. These include the studies of All the reported experimental studies on the physical and
Fayt et al. [9], Thomas et al. [49] and Favis et al. [50,51], reactive compatibilisation of immiscible polymer blends as
Park et al. [52] Quin et al. [53] and Spiros et al. [54]. well as our present study and the theoretical predictions of
Oommen, Nair and Thomas [49] reported that in poly(- Noolandi and Hong suggest that a critical concentration
methyl methacrylate)/natural rubber (PMMA/NR) blends, of the compatibiliser is required to saturate the interface
at lower concentration of the graft copolymer (NR-g- of binary polymer blends. Above this critical concentration,
PMMA), the dispersed phase size decreased linearly with the compatibiliser may not modify the interface any more,
increasing copolymer concentration, whereas at higher but forms micelles in the bulk phase.
concentration it levelled off. In the case of natural rubber/  One can also explain the interfacial saturation point based
polyethylene blends, a 5 wt.% of the compatibiliser (poly- on the Taylor's theory [27,28]. In the Taylor’s theory the
ethylene-b-polyisoprene) was found to be sufficient for particle deformation and the critical Weber number, We, are
interfacial saturation [53]. The compatibilising action of related by the equation:
poly(styrene-b-1,2 butadiene) in heterogeneous polysty- .
rene/l,2 polybutadiene blends was reported by Spiros,We_ V1mD/2Y. ©)
Gancarz and Koberstein [54]. The interfacial tension On the addition of the compatibiliser, the interfacial tension
reduced parallel with the copolymer addition up to a critical decreases and there is a consequent particle break down
miscelle concentration (CMC) and thereafter levelled off at (deformation). However, at a particular compatibiliser load-
higher concentration. They suggested that beyond CMCing, there is a balance of interfacial tension and particle
further addition of the copolymer leads to micelle forma- deformation. Thus there is a critical value of We below
tion. Willis and Favis [50] reported that about 5% of iono- which no particle deformation occurs and hence a critical
mer is sufficient for polyolefin/polyamide blend system for particle size. At this point the compatibiliser attains the
interfacial saturation. Fayt; d#me and Teyss$if9,55] found highest possible interfacial area and therefore there must
equilibration in domain size by the addition of 0.5%—-1% by be a maximum quantity of compatibiliser required to satu-
weight of the compatibiliser. Recent studies of George et al. rate the blend interface.
[15,56] and Park et al. [52] also report on the interfacial ~ We have further analysed whether or not the change in
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Fig. 12. Effect of EPM-g-MA concentration on the domain size distribution of 20/80 EPM/nylon blend.

domain size of the dispersed phase with increasing amountinterestingly, all the curves unified into a single master
of EPM-g-MA for different blend compositions can be curve regardless of the blend composition.

collapsed into one master curve when the reduced domain The formation of the master curve can be further
size O,) is considered as reported by Park and co-workers explained based on the area occupied by the compatibiliser

[52]. Here the reduced domain sizg,, is defined by the
ratio of the domain sizelY) of each blend composition with
EPM-g-MA to that of the respective blend composition
without EPM-g-MADy). The logic behind this analysis is

molecule at the blend interface. In fact the efficiency of the
compatibiliser in reducing the domain size of the dispersed
phase with the increasing concentration of the compatibili-
ser can be related to the interfacial ar®g occupied by the

based on the fact that the domain size of the dispersed phaseompatibiliser molecule at the blend interface. Let us

of the blend D) with EPM-g-MA can be considered by the
following equation [52]:

D~ [DO(X’ Vs Mms Mrs d) eto Yr(d)c» X] (6)

In this equation [ depends on Flory’s interaction para-
meter, y; shear rate,y; matrix viscosity, nn,. Viscosity
ratio, n,; volume fraction of the component forming the
dispersed phase in the blends; etc. The expression in
Do in Eqg. (6) can be obtained from Taylor's equation, as

x is related to interfacial tension. When the melt processing Z = 6¢ppM/mD,D,\N,,,

conditions are fixed at each, all parameters Dy do not
change. However, the relative interfacial tensidnwhich

is the ratio of the interfacial tensioA} of a blend with a
compatibiliser to that of the respective blend without
compatibiliser ¥y), is certainly a function of the amount
of compatibiliserg.. If we assume thaY, change very little
with blend composition, the reduced diametey) has to be

consider a binary blend that contains a volume fraction
¢, of polymer A as spherical domains having a number
average domain diameter @f, in a matrix B. The total
interfacial area per unit volume of the original blend is
equal to @,/D,. If each copolymer molecule occupies an
area,> , at the interface, the mass), of the copolymer
required to saturate unit volume of the blend interface is
given by the following relation:

)

whereM is the molecular weight of the copolymer aNgl is
Avogadro’s number. The values df for the 10/90, 20/80,
30/70 and 40/60 EPM/nylon blend compositions with 5 wit.
percent of compatibiliser were 1.6, 2.13, 1.79, 1.2%nm
respectively. From this estimation it is clear that the area
occupied by the compatibiliser molecule remains almost the

independent of composition. This definitely leads to a same in all blend compositions. Therefore, one can argue
master curve. The plots of reduced domain size as a functionthat this is one of the reasons why all curve®pbf differ-

of the weight percent of EPM-g-MA for the 10/90, 20/80,
30/70 and 40/60 EPM/nylon blends are given in Fig. 11.

ent blend compositions collapsed into one master curve. In
this context, we would like to indicate that for the estimation
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Fig. 13. Effect of weight percent of EPM-g-MA on the polydispersity indBy/D,).

of the value of)’ we have assumed the molecular weight of the thermodynamic theories concerning the compatibilising
the copolymer as 40, 000, which is the number average effect of copolymers in binary polymer blends. A general
molecular weight of EPM-g-MA. This is because of the theorywas proposed by Noolandi and Hong [57-59] for two
fact that it is extremely difficult to know the exact molecular immiscible homopolymers A and B diluted with a solvent in
weight of the graft copolymer formed as a result of the the presence of a diblock copolymer. The authors have
reaction. It is important to mention that the error in estimat- derived the mean field equations for the fundamental prob-
ing the molecular weight of the graft copolymer cancels out ability distribution functions for the system. The polymer
because of thenterm in Eq. (7). Additionally, as the results  density profile in the interfacial region was obtained by
of area calculations are used only to compare the differentsolving the mean field equations by numerical analysis.
blend compositions, the conclusions made from this analy- The interfacial tension in these system was evaluated from
sis are in no way affected by the error in estimating the free energy considerations. Their model was made based on
molecular weight. the assumption that part of the copolymer that does not
The influence of EPM-g-MA on the domain size distribu- localise at the interface will be randomly distributed in the
tion of the blends was analysed. The influence of the addi- bulk of the homopolymer phases as micelles. In order to
tion of EPM-g-MA on the domain size distribution of 20/80 understand the importance of various contributions that
EPM/nylon blend is presented in Fig. 12. It can be seen thatinfluence the interfacial tension, numerical solutions of
the domain size distribution becomes narrower with increas- their model was used. For a symmetrical diblock copolymer,
ing concentration of EPM-g-MA. This can be understood homopolymers of infinite molecular weight and a
from the decreasing width of the distribution curve with symmetric solvent, the various enthalpic and entropic
increasing concentration of the compatibiliser. In fact the contributions to the total free energy was predicted. Local-
uncompatibilised blend contains a large number of bigger isation of some of the block copolymers at the interface
particles. The variation of the polydispersity indBy(D,) results in a lowering of the interfacial energy between the
as a function of EPM-g-MA is presented in Fig. 13. Itis seen two immiscible homopolymers. In addition the interface
that the polydispersity index decreases with increasing region between the homopolymers is broadened leading to
concentration of EPM-g-MA followed by a levelling off an increase of the turning back entropy of the polymer
tendency at higher concentration. chains. The net effect of both contributions is to decrease
the total free energy. Localisation of the copolymer however
3.5. Comparison of the experimental compatibilisation data "€Sults in a decrease in the entropy and ultimately limits the
with theory amount of copolymer at the interface. The separation of the
two blocks into the corresponding homopolymer phases
Noolandi et al. [57-59] and Leibler [60] have proposed gives a decrease in the energy of interaction of the two
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Fig. 14. Effect of volume fraction of EPM-g-MA on the domain size reduction of 10/90 EPM/nylon blend.

blocks with each as well as a large decrease in the interac-expression showed an exponential dependence of interfacial
tion energy of the oriented blocks with the homopolymers, tension reduction on the block copolymer molecular weight.
both with respect to the corresponding interactions when the Noolandi and Hong further suggested that both copolymer
copolymer is either of the bulk phases. The separation of themolecular weight and concentration are equally important in
blocks and the consequent stretching of the blocks into reducing the interfacial tension. They noted that the inter-
corresponding homopolymers also cause a decreases ofacial tension surface is bounded by a critical micelle
entropy. However, the main contributions to the interfacial concentration curve as blocks of large molecular weight
tension reduction is the entropy loss of the copolymer that tend to form micelles in the bulk of the homopolymer
localises at the interface. The loss of conformational entropy phases. Therefore, the theoretical treatment of Noolandi
of both the copolymer and homopolymer chains at the inter- and Hong is valid only for concentrations below CMC.
face was shown to contribute very little to the interfacial For concentrations below CMC, the interfacial tension is
tension reduction. An analytical expression for the interfa- expected to decrease linearly with copolymer concentration,
cial tension reduction was derived by Noolandi and Hong by whereas for concentrations higher than CMC a levelling off
neglecting the loss of conformational entropy. According to is expected.

their equation [57-59],

Ay = dD[(U2x D, + VZ) — UZ, expZoxPp/2)],  (8)
whered is the width at half height of the copolymer profile
reduced by the Kuhn statistical segment lengththe bulk
copolymer volume fraction of the copolymer in the system,
®, the bulk volume fraction of polymer A or B is the
degree of polymerisation of the copolymer agdis the

Noolandi further suggested that in the absence of a
solvent Eq. (8) reduces to

Ay = d® U2y + VZ, — UZ, expZex/2)]. )

Although the theory was developed for the action of a
symmetrical diblock copolymer, A-b-B, in incompatible

binary blends(A/B), it can be very well applied to other
systems too where the compatibilising action is not strictly
by the addition of block copolymers [49,52]. As the inter-

Flory—Huggins interaction parameter between A and B facial tension reduction is directly proportional to the part-

segments. Numerical

solutions based on the aboveicle size reduction at low volume fraction of the dispersed
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Fig. 15. Schematic representation of the coalescence behaviour.

phase, as suggested by Wu [39], it can be argued that
AD = Kd® [1/2y + VZ; expZ:x/2)], (10

whereK is a proportionality constant.

The plot of domain size reduction as a function of the
volume fraction of the EPM-g-MA for the 10/90 EPM/nylon
blend is shown in Fig. 14. It can be seen that at low EPM-g-
MA concentration (below CMCXAD decreases almost line-
arly with increasing EPM-g-MA volume fraction, whereas
at higher concentration (above CMC) a levelling off is
observed, in agreement with the predictions of Noolandi
and Hong. In this analysis, it is very important to mention
that in the 10/90 EPM/nylon blend, it is believed that the
added EPM-g-MA reacts almost completely with the amino
end group of nylon. In fact in 10/90 EPM/nylon blend there
are large number of amino groups to react with the

(a)

(c)

Fig. 16. SEM micrographs showing the evolution of the morphology as a function of annealing time for 30/70 EPM/nylon blend containing 20 wt.% of EPM-g-

S. Thomas, G. Groeninckx / Polymer 40 (1999) 5799-5819

relatively few anhydride groups present (0.6 mol.% only)
in EPM-g-MA. Therefore, a proportionate amount of
EPM-g-nylon must have been formed as a result of the
reaction. As the melt viscosity of the nylon phase is very
low, the formed graft copolymer can easily diffuse towards
the blend interface. Similar observations regarding the
mobility of graft copolymer formed during reactive com-
patibilisation have been recently reported by Dedecker
and Groeninckx in the case of reactively compatibilised
nylon6/PMMA/SMA blend systems [47]. Therefore, the
plotting of EPM-g-MA in theX axis of Fig. 14 instead of
EPM-g-nylon is justified.

3.6. Phase coarsening (coalescence) of molten blend under
quiescent conditions

Coalescence or phase coarsening in Newtonian systems
has been a topic of considerable research interest for the last
several years. While collision and coalescence probability
can be predicted with a reasonable degree of certainty in
Newtonian systems, only crude estimates are available in
the case of viscoelastic systems like polymer blends. The
course of coalescence in a molten quiescent polymer blend
is often described as a four step process. The first step

(b)

MA at a temperature of 27Q: (a) 30 min. annealing, (b) 60 min. annealing, (c) 90min. annealing, (d) 120 min. annealing.
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Fig. 17. Effect of annealing on the number average domain diameter of uncompatibilised and compatibilised (20 wt.% EPM-g-MA) 30/70 EPM/nylon blend.

concerns the approach of the droplets as a result of the flow
field or Brownian motions in a quiescent blend. It is to be
noted that the higher the concentration of the dispersed
phase, the closer the droplets, and the higher the probability
of collision. In practice the first step is important only in
systems where the volume fraction of the dispersed phase is
lower than 10%. At high concentration of the dispersed
phase, many droplets practically touch each other because &
the percolation threshold for a system of spheres is at 15.6
volume percent. The second step for coalescence is the so-
called deformation of the droplets. In the third step the
matrix film ruptures at the thinnest spot by the formation
of a hole. Finally the drops merge together to from one
single droplet. This is schematically presented in Fig. 15. ;
In the present study the phase coarsening of the quiescent A%
blend was followed under isothermal conditions at an
annealing temperature of 270 as a function of time for
the 30/70 EPM/nylon blend containing 20 wt.% of EPM-g-
MA. The purpose of this experiment was to follow the

3

30c20e 1 0min250/100M v

Uncompatibilised Compatibilised

@ 0 'R
“: *%H:

narrow interface broad interface

high interfacial tension low interfacial tension

larger domain size smaller domain size (b)
highly mobile interface less mobile interface

Fig. 19. SEM micrographs showing the morphology of 30/70 EPM/nylon
Fig. 18. Schematic model illustrating the interface of uncompatibilised and blend containing 20 wt.% of EPM-g-MA as a function of the molecular
reactively compatibilised blends. weight of the nylon matrix: (aM,, = 15 000; (b)M,, = 44 000.
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Fig. 20. Effect of molecular weight of nylon on the number average domain diameter of 30/70 EPM/nylon blend containing 20 wt% EPM-g-MA.

evolution of the morphology as a function of time. The weight of nylon increases, more finer domain size is
morphologies of the compatibilised 30/70 EPM/nylon achieved. The molecular weight effect on blend morphology
blend annealed for 30, 60, 90 and 120 min are given in can be explained based on the fact that as the molecular
Figs. 16a—d, respectively. It can be seen from Fig. 17 that weight of the matrix increases, the viscosity of the matrix
the number average domain diameter is unaffected byincreases and this leads to the finer distribution of the minor
annealing in the case of compatibilised blends. However phase in the major one. The polydispersity was also found to
in the case of the uncompatibilised blends, the domain decrease with increasing molecular weight. The influence of
size increases dramatically as a function of time [61]; the molecular weight of nylon matrix on the morphology and
rate of growth was found to be much faster at longer times. properties of various nylon /rubber blends has been studied
These observations clearly indicate that the graft copolymer by Paul and co-workers [62]; they observed a decrease in
stabilises the morphology against coalescence. This hasdomain size of the dispersed phase with increasing
been further presented with the aid of a schematic model molecular weight.
given in Fig. 18. In the case of compatibilised blends, the
copolymer is located at the blend interface and a shell of 3 g Fracture surface morphology and extent of interface
block copolymer is formed around the dispersed phase. Thiszghesion
in fact leads to a broad, stable and less mobile interface
which can resist coalescence. It has already been reported that in the case of immiscible
blends comprised of a crystalline and amorphous compo-
nent, depending on whether the crystalline material is the
dispersed phase or matrix, high levels of voiding or good
apparent contact respectively could be obtained [63]. In
The morphology of 30/70 compatibilised EPM/ nylon view of this, we have examined the fracture surface
blend as a function of molecular weight of nylon matrix morphology of 30/70 and 70/30 EPM/nylon blends contain-
phase is given in Figs. 19a,b. The number average domaining 2.5 wt.% of EPM-g-MA (Fig. 21). No signs of inter-
diameter is presented as a function of molecular weight of facial voiding could be observed. The dispersed phase is
nylon in Fig. 20. It can be understood that as the molecular well bonded with the matrix. In contrast, the fracture

3.7. Influence of the molecular weight of nylon matrix on
dispersed phase size
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Fig. 21. SEM micrographs showing the fracture surfaces: (a) 30/70 EPM/
nylon blend containing 2.5wt.% of EPM-g-MA, (b) 70/30 EPM/nylon
blend containing 2.5 wt.% of EPM-g-MA.

surfaces of uncompatibilised 30/70 and 70/30 blends
showed high extent of void formation and debonding [61].
These observations clearly indicate that compatibilisation
enhances interfacial adhesion between the phases.

3.9. Effect of mode of addition of the compatibiliser

In order to study the influence of mode of addition of
EPM-g-MA, the blending operations were carried out in
four different ways: These include:

() Nylon, EPM rubber and EPM-g-MA were added
together into the extruder and then mixed

(i) Both nylon and EPM were preblended for three
minutes and then EPM-g-MA was added into the blend
(iii) EPM-g-MA was preblended with the minor EPM
phase for 3 min (EPM master batch) and then mixed
with the nylon phase

(iv) EPM-g-MA was preblended with the major contin-
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Table 3
Effect of order of addition of compatibiliser on the morphology of 20/80/10
EPM/Nylon/EPM-g-MA blend

Mode of addition Dy(m) Dy(pm) D,/Dy
Added into blend 1.02 1.54 1.50
Nylon masterbatch 2.03 3.42 1.68
EPM masterbatch 0.50 0.620 1.24
Mixed together (simultaneous) 0.61 0.92 1.50

The morphology of the 20/80 EPM/nylon blend containing
10 wt.% of EPM-g-MA for the case (i), (ii), (iii); and (iv) are
given in Figs. 22a—d respectively. The results are presented
in Table 3. It is interesting to note that the most finer and
uniform dispersion is obtained when the EPM-g-MA was
preblended with the minor EPM phase. The size of the
domains increases in the order case (iixase ()< case

(i) < case (iv); case (iv) was the worst. This has been
further explained in Fig. 23 with a schematic model. In
fact a two-step mixing process in which the EPM-g-MA is
mixed with the EPM phase (EPM master batch) gives more
opportunity for the EPM-g-MA to diffuse towards the blend
interface. In this method of mixing, the EPM-g-MA is
forced to be at the blend interface. This will lead to a situa-
tion where the EPM-g-MA can react with the amino end
group of nylon at the interface and the resulting graft
copolymer will be easily located at the blend interface.
Interestingly the polydispersity was lowest in this case
(Table 3). In contrast, when the EPM-g-MA is pre-mixed
with the nylon phase at high temperature (nylon master
batch), the graft copolymer is already generated as result
of the reaction between the amino end group of nylon and
MA group of EPM-g-MA. This graft copolymer has to
diffuse into the blend interface during the final mixing
with the EPM rubber. It is believed that only a very small
fraction of the graft copolymer will be able to reach the
interface in such a situation. Most of the graft copolymer
will be located in the bulk nylon phase where they will give
rise to micellar aggregation as depicted in Fig. 23d. There-
fore this mode of mixing, (iv) gives a coarser morphology.
We would like to further comment that in an industrial scale
the first method (i) i.e.; simultaneous addition all the com-
ponents together into the extruder is the most feasible
one which in fact gives a morphology comparable to the
situation in case (iii).

4. Conclusions

The influence of reactive compatibilisation on the
morphology of immiscible EPM/nylon 6 blends was inves-
tigated as a function of composition, mixing time, tempera-
ture and annealing of the blends under quiescent state. The
morphology of the compatibilised blends was examined

uous nylon phase for 3 min (nylon master batch) and then over the entire composition range. The morphology indi-

mixed with the EPM minor phase.

cated a two-phase structure in which the high viscosity
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Fig. 22. SEM micrographs showing the influence mode of addition the morphology of 20/80 EPM/nylon blend containing 10 wt.% of EPM-g-MA: (a) nylon,
EPM rubber and EPM-g-MA were added together into the extruder and then mixed, (b) both nylon and EPM were preblended for three minutes and then EPM:
g-MA was added into the blend, (c) EPM-g-MA was preblended with the minor EPM phase for 3 min (EPM master batch) and then mixed with the nylon phase,
(d) EPM-g-MA was preblended with the major continuous nylon phase for 3 min (nylon master batch) and then mixed with the EPM minor phase.

EPM phase was dispersed as domains in the continuous low
viscosity nylon matrix up to 40 wt.% of the EPM concen-
tration. An interpenetrating co-continuous phase morphol-
ogy was obtained for 50/50 and 60/40 EPM/nylon
compositions. At high EPM concentrations-§0 wt.%),
the nylon phase was dispersed as domains in the continuous
> dispersed EPM phase EPM matrix. The size of the dispersed phase was found to
increase marginally with the increasing concentration of
—=-continuous Nylon phase that phase which is associated with coalescence. The coales-
cence was predominant only at higher concentration of the
Reactive compatibilization dispersed phase. The coalescence behaviour was much less
prominent in the reactively compatibilised blends as
compared to the uncompatibilised blends. It was observed
that the region of phase co-continuity was not affected by
the presence of the compatibliser. The morphology devel-
opment as a function of the mixing time indicated that the
system attains a stable morphology within 30 s of mixing.
Extending the time of mixing beyond 30 s has little effect on
Fig. 23. Schematic models illustrating the mode of mixing on blend the morphology; however, prolonged mixing beyond

morphology: (a) mixing all together (simultaneous addition), (b) added 10 min. led t(? Sh(?ar induced ?Oalescence- _
into blend, (c) EPM masterbatch, (d) nylon masterbatch. The domain size of the dispersed phase in the blend

micelle
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decreases with the
compatibiliser followed by a levelling off at higher
concentrations, which is an indication of interfacial
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the experimental data are in good agreement with the [23] Cimmino S, D'orazio L, Greco R, Maglio G, Malinconico M,

predictions of Noolandi and Hong. Isothermal annealing

experiments at high temperature were performed on the

Mancarella C, Martuscelli E, Palumbo R, Ragosta G. Polymer
1994;24:48.
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[27] Taylor GI. Proc R Soc London 1932;A 138:41.

of the dispersed EPM phase was found to decrease with[28] Taylor GI. Proc R Soc London 1934;A 146:501.

the increasing molecular weight of the nylon matrix

phase. The fracture surface morphology of the reac-

tively compatibilised blends indicated excellent adhe-

[29] Bartok W, Manson SG. J Colloid Sci 1958;13:393.

[30] Bartok W, Manson SG. J Colloid Sci 1959;14:13.

[31] Rumscheidt FD, Manson SG. J Colloid Sci 1961;16:238.
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of micro-voids irrespective of the nature of the
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continuous nylon phase.
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