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Abstract

Phase morphology development in ternary uncompatibilized and reactively compatibilized blends based on polyamide 6 (PA6), polypropylene

(PP) and polystyrene (PS) has been investigated. Reactive compatibilization of the blends has been performed using two reactive precursors;

maleic anhydride grafted polypropylene (PP-g-MA) and styrene maleic anhydride copolymer (SMA) for PA6/PP and PA6/PS pairs, respectively.

For comparison purposes, uncompatibilized and reactively compatibilized PA6/PP and PA6/PS binary blends, were first investigated. All the

blends were melt-blended using a co-rotating twin-screw extruder. The phase morphology investigated using scanning electron microscope

(SEM) and selective solvent extraction tests revealed that PA6/PP/PS blends having a weight percent composition of 70/15/15 is constituted from

polyamide 6 matrix in which are dispersed composite droplets of PP core encapsulated by PS phase. Whereas, a co-continuous three-phase

morphology was formed in the blends having a composition of 40/30/30. This morphology has been significantly affected by the reactive

compatibilization. In the compatibilized PA6/(PP/PP–MA)/(PS/SMA) blends, PA6 phase was no more continuous but gets finely dispersed in the

PS continuous phase. The DSC measurements confirmed the dispersed character of the PA6 phase. Indeed, in the compatibilized PA6/(PP/PP–

MA)/(PS/SMA) blends where the PA6 particle size was smaller than 1 mm, the bulk crystallization temperature of PA6 (188 8C) was completely

suppressed and a new crystallization peak emerges at a lower temperature of 93 8C as a result of homogeneous nucleation of PA6.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In spite of the huge number of studies devoted to the

compatibilization of binary polymer blends, only few deal with

blends containing three or more components [1–13]. To avoid

confusion with the vocabulary used in literature to identify

‘ternary blends’, in this report a ‘ternary blend’ is constituted of

three different immiscible components, which are non-reactive

towards each other. Many ternary blends considered in literature

contain at least two miscible phases and/or one of the

components is a compatibilizer. Typical examples are acryloni-

trile–butadiene–styrene/poly(phenylene ether)/polystyrene

(ABS/PPE/PS) [1], PPE/PS/SAN (styrene–acrylonitrile) [2],

polycarbonate/polyvinylidienefluoride/polymethylmethacrylate
0032-3861/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
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[4]. Compatibilization of the first two blends is similar to

classical binary blends as PPE is miscible with PS at all

proportions. The styrene phase of the ABS or that of the SAN

copolymer ensures compatibilization with the (PPE/PS) phase

provided that the acrylonitrile content is appropriately adjusted.

Polyolefin based blends including low-density polyethylene

(LDPE), linear low-density polyethylene (LLDPE), high-

density polyethylene (HDPE) and polypropylene (PP) are

among the components of multicomponent blends reported in

literature [10]. A ternary blend containing LDPE, HDPE and

PP immiscible components has been reactively compatibilized

using liquid polybutadiene (PB), maleated or not, and a dialkyl

peroxide as a free radical initiator. Liquid PB without

functional groups was an effective compatibilizer for

the virgin polyolefins, while maleated PB was necessary for

the blends prepared from recycled polyolefin. In this case, the

reactively generated copolymers, which ensured compatibili-

zation were not identified and their structures were poorly

controlled. The control of the process of free radical chain

attack is not possible under melt-compounding operation.
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Fig. 1. Schematic representation of the strategy of compatibilization used for

PA6/PP/PS ternary blends.
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Ha et al. studied the effect of a pair of compatibilizers including

chlorinated polyethylene (CPE) and ethylene–propylene

rubber (EPR) on the ternary blends of HDPE, PP and

poly(vinyl chloride) HDPE/PP/PVC at a fixed composition of

(80/10/10) [12]. The resulting phase morphology was not

clearly described, but a significant improvement in impact

strength of the compatibilized blends was claimed. A

quaternary blend composed of immiscible LDPE/PVC/PP/PS

in the ratio of 70/10/10/10 was compatibilized using a mixture

of chlorinated polyethylene (CPE), ethylene–propylene–diene

monomer (EPDM) and styrene–butadiene–styrene (SBS)

copolymer. The accent was put on the investigation of the

ultimate mechanical properties of the blends including the

impact strength, the tensile strength to break and the elongation

to break. The compatibilized blends showed a significant

improvement in the mechanical properties when peroxide was

added to the compatibilizing mixture. Unfortunately, the

authors did not provide a clear view on the phase morphology

developed when the four immiscible polymers are melt-mixed

together in the presence of a ternary compatibilizing mixture.

One of the challenges met in considering ternary blends is

the investigation and understanding of the phase morphology

developed [14–19]. A composite (droplet-in-droplet) phase

morphology was formed when a ternary immiscible blend

containing HDPE, PS and PMMA was melt-mixed so that the

HDPE phase constitutes the matrix and the PS and the PMMA

components the dispersed phases [14]. The effect of the

molecular weight of each of the PS or the PMMA on droplet

encapsulation was investigated. It was shown that depending

on the molecular weight of the PS and PMMA, PS could be

made to encapsulate PMMA and PMMA could also be made to

encapsulate PS.

Hobbs et al. used Harkin’s spreading coefficient concept [20]

to interpret their observations on the phase morphology of

different ternary blends. The use of this coefficient allowed a

correct prediction of the phase morphologies developed in the

system of multicomponent blends considered by the authors [17].

Guo et al. have modified these concepts by the introduction of

both the interfacial tensions and the interfacial areas of the blend

to predict the phase structures of different ternary [18] and

quaternary [19] polymer blends of polyethylene (PE), poly-

propylene (PP), polystyrene (PS) and poly(methy1 methacrylate)

(PMMA). The phase morphology of a PP/HDPE/PS (70/20/10)

blend having a separation-type phase morphology (HDPECPS)

has changed by the addition of 1 wt% poly(styrene-b-ethylene)

(S–E) block copolymer to an encapsulation-type (PS encapsu-

lated by HDPE). The encapsulation of the PS by PE was more

complete when 3% S–E block copolymer is added to this system.

When HDPE was the matrix in the 70/20/10 HDPE/PP/PS

ternary blend, PS particles were encapsulated by PP phase [18].

By addition of 2 wt% of the S–E block copolymer PS and PP

phases were dispersed separately in the HDPE matrix. In this

work, the theoretical predictions were in a good agreement with

the experimental results.

In the present study, two ternary blends were investigated

including 70/15/15 and 40/30/30 PA6/PS/PP. Reactive compa-

tibilization was ensured using two reactive precursors; maleic
anhydride grafted polypropylene (PP–MA) for PA/PP and

styrene-co-maleic anhydride (SMA) for PA/PS pair. Note that

polyamide is reactive towards these two precursors via its amine

end groups. Numerous studies have reported on the compatibi-

lization of polyamides using maleated polymers [21–28]. The

efficiency of compatibilization which results from the generation

in situ of the graft copolymer was proved by the observed particle

size reduction of the minor phase [29–31].

The aim of this study is to understand and identify the phase

morphology developed in a blend having three immiscible

components when appropriate compatibilizers are in situ

generated during the melt-blending operation. The ultimate

objective is to state with respect to the components ‘which is

which’ when the phase morphology is characterized. In Fig. 1

is illustrated a scheme showing the components considered in

the design of the ternary blends and the compatibilizing system

used for their reactive compatibilization.
2. Experimental

2.1. Materials

The polyamide 6 used is Akulon K134 supplied by DSM

Research; (MnZ35,000, TmZ221 8C, TcZ188 8C, a melt-

viscosity of 296 Pa s (260 8C, 100 rad/s). The polypropylene is

a Borealis grade having the following characteristics: MFIZ
12 g/10 min, TmZ163 8C and TcZ122 8C, a melt-viscosity of

229 Pa s (260 8C and 100 rad/s). The polystyrene is Styron

660-7 grade from DOW Chemical having a MFIZ7 g/10 min,

TgZ109 8C, a melt-viscosity of 149 Pa s (260 8C, 100 rad/s).

Two grades of maleic anhydride grafted polypropylene

PP–MA2 and PP–MA8 having 2 and 8 wt% maleic anhydride

group, respectively, have been used as reactive precursors for

the compatibilization of PA6 and PP blends. PP-MA2 is

Exxelor PO 1020 from Exxon Mobile, and PP-MA8 is Epolene

E43 from Eastman Kodak. Styrene maleic anhydride copoly-

mer SMA2 containing 2 wt% of maleic anhydride was supplied

by Bayer. The PP-MA precursors were purified from ungrafted

residue of MA monomer by dissolution in hot toluene and

successive precipitation in acetone.

2.2. Blends preparation

The blends were prepared using a twin-screw mini-extruder

(DSM-Research, The Netherlands). It consists of a mixing

chamber with a capacity of 15 ml and two co-rotating conical



Table 1

Binary and ternary blends prepared

Blends Composition (wt%)

Uncompatibilized

PA6/PS 85/15; 70/30

PA6/PP 85/15; 70/30

PA6/PP/PS 70/15/15; 40/30/30

Compatibilized

PA6/(PS/SMA2) 85/(12.5/2.5); 70/(25/5)

PA6/(PP/PP–MA2) 85/(12.5/2.5); 70/(25/5)

PA6/(PP/PP–MA8) 85/(12.5/2.5); 70/(25/5)

PA6/(PP/PP–MA2)/(PS/SMA2) 70/(12.5/2.5)/(12.5/2.5);

40/(25/5)/(25/5)

PA6/(PP/PP–MA8)/(PS/SMA2) 70/(12.5/2.5)/(12.5/2.5);

40/(25/5)/(25/5)
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screws. By means of a re-circulation channel within the mixing

chamber and a valve to open the mixing chamber, the residence

time can be varied. The mixing chamber can be saturated with

nitrogen gas during melt blending to avoid oxidative

degradation of the components. The extrusion temperature

was kept constant at 260 8C, the screw speed was fixed at

100 rpm after all the ingredients were fed into the barrel. The

blending was carried out for 10 min. Prior to blending PA6 was

vacuum dried. The mixing time is recorded from the moment

all the dry-premixed components were fed into the extruder.

The series of blends prepared are listed in Table 1.
2.3. Phase morphology characterization

Two types of surfaces, a cryofractured and cryosmoothed

where a phase or two were etched using a selective solvent, were

observed using scanning electron microscopy. The cryosmooth-

ing was performed at a temperature of K100 8C using a

ultramicrotome (Leica Ultracut UCT) equipped with a glass

knife.

Knowing that co-continuity index of blend components

depends on the thickness of the blend extracted [32] the

samples for the selective extraction have been prepared from

the strands of the blends with the thickness of 2–3 mm and with

the weight of 20–40 mg.

To determine the blend components co-continuity, samples

of known weight were stirred in a selective solvent 7 days to

extract the respective phase. Formic acid used to etch the PA6

phase (at 50 8C), xylene for the PP phase (at 90 8C) and

chloroform for PS phase (at 50 8C). After extraction procedure

the samples were dried in the vacuum oven at a temperature of

80 8C for a one day and the mass of the samples was

determined. The phase co-continuity is quantified based on the

ratio of the extracted fraction to the initially present fraction of

the same species using the expression:

% cocontinuity ‘X’ phase

Z
Sample weightKweight after extraction of ‘X’ phase

weight of ‘X’ phase before extraction

!100%

where ‘X’ is PA6, PP or PS phase.
After etching and drying procedure, the samples were

coated with gold using Balzers sputtering device. The obtained

digital SEM micrographs of the cryosmoothed surfaces were

analyzed for the determination of number average diameter of

the dispersed particles using a Leica QWin image analysis

software. An average of 300–500 particles were collected from

several micrographs. The characteristic number average

particle diameters ð �DnÞ are given where the composition had

a matrix/droplet morphology and the average sizes were not

corrected for the fact that not all droplets were cut at their

largest cross-section.

2.4. Differential scanning calorimetry (DSC)

DSC measurements were performed using DSC Pyris 1

series (Perkin Elmer). The temperature and heat flow

calibrations were performed using indium (TmZ156.6 8C)

and tin (TmZ231.88 8C) at a heating and a cooling rate of G
10 8C/min. Empty pan measurements were performed at the

beginning of each series of tests. The sample was heated at a

heating rate of 40 8C to a temperature of 260 8C where it is kept

for 5 min to remove thermal history. Then, the sample was

cooled down at K10 8C/min to 0 8C. Subsequent melting scans

were recorded at a heating rate of 10 8C/min. In all the cases the

sample weight was about 6 mg.

2.5. Rheological measurements

The dynamic viscosity of the raw materials was measured

using a DSR dynamic rheometer of Rheometrics. Molded discs

from the various materials of 1 mm thick and 25 mm of

diameter were used. The viscosity was measured at a

temperature of 260 8C and a frequency sweep from 100 to

1 rad/s. Prior to testing, the samples were checked for their

linear viscoelastic behavior by carrying out a strain sweep test

at a fixed frequency of 1 rad/s.

3. Results and discussion

3.1. PA6/PP and PA6/PS binary blends

Prior to the study of the ternary PA6/PP/PS blends a

complete view on the phase morphology development and

compatibilization of the individual uncompatibilized and

compatibilized PA6/PP and PA6/PS binary blends is necessary.

Figs. 2 and 3 show the SEM micrographs of the non-

compatibilized binary PA6/PS and PA6/PP blends. As

expected, both polystyrene and polypropylene are immiscible

with polyamide 6 [18]. The interfacial adhesion between PS

particles and PA6 matrix in PA6/PS blend (Fig. 2(a) and (a 0))or

PP particles and PA6 matrix in the PA6/PP blend (Fig. 3(a) and

(a 0)) is very poor. Indeed, all the particles debonded from the

matrix are clearly loose on the cryofractured surfaces. The

surfaces of the particles are smooth without any visible

roughness (the surface roughness of particles is usually

expected in case of good interfacial adhesion between the

particles and the matrix).



Fig. 2. Morphology of the 85PA6/15PS (a, b) and 70PA6/30PS (a 0, b 0) blends: (a, a 0) cryofractured surface, (b, b 0) cryosmoothed and PS phase extracted using

chloroform, (c, c 0) particle size distribution.
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As shown in Table 2, average particle sizes of 1.8 and 2 mm

are obtained in the absence of compatibilizer in 85PA6/15PS

and 70PA6/30PS blends, respectively. This particle size

increase upon the increase of the minor phase content is

expected since the process of particle–particle coalescence

is favored by increasing the minor phase concentration.

Similarly, the particle size distribution of PS phase gets

broader when the minor phase concentration is increased

(compare histograms c and c 0 in Fig. 2). Fig. 3 illustrates the

phase morphology of 85PA6/15PP and 70PA6/30PP
uncompatibilized blends. The former blend exhibits an average

particle size of 2.3 mm. Whereas, as expected, coarser PP

particles having an average diameter of 3.2 mm are obtained in

the latter blend. For the same reasons of favored coalescence, a

broader particle size distribution is observed in the blends

containing 30 wt% PP compared to blends containing only

15 wt% (compare histograms c and c 0 of Fig. 3).

Note that the average particle size in PA6/PS is smaller than

that in PA6/PP blend at both compositions investigated

(Table 2). This picture of particle size difference does not



Fig. 3. Morphology of the 85PA6/15PP (a, b) and 70PA6/30PP (a 0, b 0) blends: (a, a 0) cryofractured surface, (b, b 0) cryosmoothed surfaces and (c, c 0) particle size

distribution.

Table 2

The value of number average particle size ð �DnÞ for the uncompatibilized and

compatibilized binary blends

Uncompatibilized

blends

�Dn ðmmÞ

Composition 85/15 Composition 70/30

PA6/PS 1.8 2.0

PA6/PP 2.3 3.2

Compatibilized

blends

�Dn; ðmmÞ

Composition 85/(12.5/2.5) Composition 70/(25/5)

PA6/(PS/SMA2) 0.6 0.4

PA6/(PP/PPMA2) 2.0 3.0

PA6/(PP/PPMA8) 0.8 0.8
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translate the equality in the interfacial tensions between the two

pairs (Table 3: sPA6/PPysPA6/PS), but is rather due to the

significant difference in the viscosity ratio between the two

pairs.

The shear rate generated in the mini twin-screw extruder

using a screw rotation speed of 100 rpm has been approximated

to 100 sK1 [33,34]. Hence, the ratios are calculated from the

dynamic data at 100 rad/s.

As shown in Fig. 4 polypropylene is more viscous than

polystyrene by factor of 1.52.

As a compatibilizer precursor for the PA6/PS blends styrene

maleic anhydride was used which is miscible with PS over the

whole composition range [35]. As illustrated in Table 2 or

Fig. 5, the addition of 2.5 wt% of the reactive precursor SMA2



Table 3

Calculated values and literature data of the interfacial tensions between PA6, PP and PS homopolymers

Interfacial tension

(mN/m)

Calculated Literature data

sPA6/PP 13.64 13.3 [42] 13.61 [40] 7.8 [42] 15.4–16.3 [47] 12.4 [48]

(250 8C) (230 8C) (250 8C) (260 8C) (225 8C)

sPA6/PS 13.72 20.0 [45] 7.3 [46] 10 [49] 7.63 [44]

(230 8C) (240 8C) (230 8C) (230 8C)

sPP/PS 2.26 2.0 [43] 4.8 [41] 6.46 [50] 6.25 [51] 4.3 [41]

(260 8C) (200 8C) (200 8C) (200 8C) (230 8C)
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containing 2 wt% of maleic anhydride to the PA6/PS binary

blend reduced significantly the average dimension of the PS

dispersed phase at both blend compositions. The sizes of the PS

particles are reduced by factors of 3 and 5 in 85/15 and 70/30

compatibilized blends, respectively. The particle size distri-

bution gets narrower than that in uncompatibilized blends. That

is a clear indication of the in situ generation of the grafted PA6-

g-PS copolymer during melt-blending as a result of the amine–

maleic anhydride imidation reaction [21,29,36].

In contrast, the PP-MA2 which also contains 2 wt% of

maleic anhydride groups does not produce comparable (as

SMA2 in PA6/PS) extent of size reduction of the PP particles in

PA6/PP compatibilized blend (Fig. 6). Only a slight phase size

decrease is recorded in the 85/15 blend (2 mm compared to

2.3 mm in uncompatibilized blend). In fact, at equivalent

maleic anhydride content and total amount of precursor, SMA2

produces dispersed particles that are much smaller in the PA6/

PS blend than those formed from PP-MA2 compatibilizer

precursor in the PA6/PP blend. Probably SMA2 copolymer

might easily diffuse and reacts at the interface with the PA6

than does PP–MA2. When the MA content was increased to

8 wt% (PP–MA8) the compatibilizing effect is tremendous

compared to PP–MA2, but still remains less efficient than

SMA2 in PA6/PS (Table 2, Fig. 7). Note that the particle size

distribution induced by PP–MA8 exhibits a bimodal pattern

due to the formation of larger and non-spherical particles as

visible in the SEM picture of Fig. 7(b 0).
1000
 PA6
 PP
 PS
3.2. PA6/PP/PS ternary blends

Two blend compositions were considered including a

70PA6/15PS/15PP where droplets of PP and PS are expected

in a PA6 matrix, and a 40PA6/30PS/30PP where phase co-

continuity was aimed at.
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Fig. 4. Viscosity vs. frequency for the pure polymers at 260 8C.
3.2.1. 70PA6/15PP/15PS blends

An example of the morphologies resulting from the melt-

compounding of uncompatibilized 70PA6/15PP/15PS is shown

in Fig. 8. The cryofractured surface shown in Fig. 8(a) reveals

the existence of encapsulated droplets dispersed in PA6 matrix.

The shells surrounding the core particles are broken upon the

cryofracturing of the sample. From this picture one is not able

to indicate which phase is where? In Fig. 8(b) is presented a

SEM picture of a cryosmoothed surface of the same blend

where polystyrene phase was removed using chloroform. This

test evidences that polystyrene constitutes the shell of
the encapsulated structures and the core is the polypropylene

phase. The average shell thickness is less than 1 mm but larger

than 0.2 mm. A close observation of the SEM micrograph

reveals that isolated polystyrene particles (see white circles) as

well as partly encapsulated polypropylene particles (see dashed

circles) were also formed during the blend compounding.

According to Hobbs et al. [17] it is possible to predict

qualitatively the type of the phase morphology developed in a

ternary immiscible polymer blend by using the concept of the

spreading coefficient as initially introduced by Harkin [20].

Indeed for our case the ternary blend has PA6 as a matrix

and two dispersed phases; PP and PS. The spreading coefficient

lPP/PS of PP phase on PS phase is:

lPP=PS Z sPA6=PS KsPA6=PP KsPP=PS (1)

where sij is the interfacial tension between i and j components.

If lPP/PS is positive, then PP phase will encapsulate PS

phase. Similarly, if lPS/PP (Eq. (2)) is positive then PS phase

will encapsulate PP phase.

lPS=PP Z sPA6=PP KsPA6=PS KsPS=PP (2)

If both lPP/PS and lPS/PP are negative, the PP and the PS phases

will remain separately dispersed (isolated) in PA6 matrix.

Although this concept was successful to predict the phase

morphologies claimed [17–19], it fails in our case because the

development of the phase morphologies in polymer melt

depends also on other key factors such as the viscosity and

elasticity of the blend. The use of the interfacial tension alone



Fig. 5. Morphology of PS phase extracted surfaces using chloroform of: (a) 85PA6/(12.5/2.5)(PS/SMA2), (b) 70PA6/(25/5)(PS/SMA2) blends, (b, b 0) particle size

distribution.

Fig. 6. Morphology of cryo-smoothed surfaces of: (a) 85PA6/(12.5/2.5)(PP/PP–MA2), (b) 70PA6/(25/5)(PP/PP–MA2) blends, (b, b 0) particle size distribution.
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Fig. 7. Morphology of cryosmoothed surfaces of: (a) 85PA6/(12.5/2.5)(PP/PP–MA8), (b) 70PA6/(25/5)(PP/PP–MA8) blends, (b, b 0) particle size distribution.
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for the prediction of the type of phase morphologies in

immiscible polymer melt can be successful in blend

components having closer melt viscosities. The application of

these equations using values of the interfacial tensions

calculated based on the surface tension data by using harmonic

mean equation [37], or obtained from literature [37–49]

(Table 3) for each pairs of components, was not able to predict

the type of phase morphology observed in our present system.

The interfacial tension were calculated for the three

polymer–polymer interface present in the blends, i.e.

PA6/PP, PA6/PS and PP/PS using expression:

s12 Z s1 Cs2 K
4sd

1sd
2

sd
1 Csd

2

K
4s

p
1s

p
2

s
p
1 Cs

p
2

(3)

where sij is the interfacial tension between the components i

and j. si is the surface tension of component i, sd
i is the

dispersive fraction of the surface tension of component i and s
p
i

is the polar fraction of the surface tension of component i.

In this work, interfacial tension values between the two

blend components were estimated from the surface tension

values and polarities obtained from literature data [37–39] and

extrapolated to the compounding temperature of the com-

ponents (260 8C) using the values of dsi/dT. Extrapolation of

the surface tensions values for blend components has been

carried out using:

si Z
vsi

vT
T CKi (4)
From the values obtained and assuming that si Zs
p
i Csd

i , we

can derivate the data for calculating of interfacial tension at

260 8C, which is highlighted below:

Polymer si (mN/M) s
p
i ðmN=mÞ sd

i ðmN=mÞ dsi/dT

(mN/m/8C)

PA6 36.42 13.2 23.22 K0.065

PP 15.94 0.37 15.57 K0.056

PS 23.44 0.168 22.272 K0.072
In fact, in all cases the spreading coefficient was negative

which means that PP and PS should be separately dispersed in

the PA6 matrix. That was the opposite of the observed phase

morphologies in which polystyrene was encapsulating the

polypropylene phase (Fig. 8).

As known the equilibrium phase structure of a multiphase

system is determined not by interfacial tension alone, but

rather by the interfacial free energy which represents

combination of interfacial tension and interfacial areas [18].

Guo et al. have modified Hobbs phase concepts to include

both interfacial tension and interfacial areas, and have

successfully used the resulting expressions to predict phase

morphologies in a ternary [18] and quaternary [19] systems.

Based on the modified phase concept the phase morphology of

the multicomponent blend system will be that which has the

lowest free energy.

The interfacial free energies of the PA6/PP/PS ternary blend

(where PA6 is a matrix phase) for different phase structures can



Fig. 8. Morphology of the ternary 70PA6/15PP/15PS blends: (a) cryofractured,

(b) chloroform extracted surfaces.
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also be calculated by using the following equations:

X
Aigij

� �
PPCPS

Z ð4pÞ1=3 n1=3
PP

VPP

VPS

� �2=3

gPA6=PP Cn1=3
PP gPA6=PS

� �
ð3VPSÞ

2=3

X
Aigij

� �
PP=PS

Z ð4pÞ1=3 n1=3
PP 1 C

VPP

VPS

� �2=3

gPA6=PP Cn1=3
PS gPP=PS

� �
ð3VPSÞ

2=3

(5)

X
Aigij

� �
PS=PP

Z ð4pÞ1=3 n1=3
PP

VPP

VPS

� �2=3

gPP=PS

�

Cn1=3
PS 1 C

VPP

VPS

� �2=3

gPA6=PS

�
ð3VPSÞ

2=3

where nPP and nPS are number of the particles of PP and PS

phases in the system, gij is the interfacial tension values

between i and j components, VPP/VPS is the volume ratio of PP

and PS phases.
For the simplicity we have assumed that the number of the

PP and PS particles is the same, i.e. nPPZnPSZn and volume

ratio of the phases is unit, i.e. VPPZVPSZV. Interfacial tension

values used were taken from the Table 3.

Using these assumptions we can rewrite above mentioned

equations for the three possible phase structures where PA6 is a

matrix phase:

X
Aigij

� �
PPCPS

Z ð36pnV2Þ1=3ðgPA6=PP CgPA6=PSÞ

X
Aigij

� �
PP=PS

Z ð36pnV2Þ1=3ð22=3gPA6=PP CgPP=PSÞ (6)

X
Aigij

� �
PS=PP

Z ð36pnV2Þ1=3 gPP=PS C22=3
gPA6=PS

� 	

Now, it is clear that the value of interfacial free energies

depends on interfacial tension values. In that case the structure

of PPCPS in a PA6 matrix has a highest value. The lowest

interfacial free energy value belongs to a structure of PP/PS.

Therefore, we would predict that the PS phase will be

encapsulated by the PP phase in such blends. But, again, in

our blends experimentally observed phase morphologies are

not in agreement with the theoretically predicted ones.

Note, as mentioned before we have assumed in our

predictions that the number of PP and PS particles is the

same, which may not be true in a real blend case. Although,

Guo et al. noted that the calculations based on a actual particle

sizes gives essentially the same results based on the assumption

of equal number of particles [17].

Addition of 2.5 wt% of each of SMA2 and PP–MA reactive

precursors for the compatibilization of PA6/PS and PA6/PP,

respectively, modified significantly the developed phase

morphology. The SEM micrographs of cryofractured surfaces

of 70PA6/(12.5/2.5)(PP/PP–MA2)/(12.5/2.5)(PS/SMA2)

blend is presented in Fig. 9(a). The selective etching of the

polystyrene phase from the cryosmoothed surfaces using

chloroform shows the remaining PP phase in PA6 matrix

(Fig. 9(b)). This picture reveals a mixed situation of phase

morphology, i.e. a part of PP particles are encapsulated by the

PS phase and a large number of isolated PS particles are visible

as dark holes. Note also that the encapsulated PP particles

exhibit a broad particle size distribution. A rough volume

estimation, shows that about 70% of the polystyrene phase

forms its own domains as isolated particles dispersed in the

PA6 matrix. By changing the PP–MA2 by a more functiona-

lized PP–MA containing 8 wt% of reactive maleic anhydride

groups (PP–MA8), the phase morphology exhibits a significant

change. The particle size of the dispersed phase is much

smaller than that of the blend modified with PP–MA2 (compare

Fig. 9(b) and (b 0)). The superiority of compatibilization

efficiency induced by PP–MA8 over PP–MA1 has been

demonstrated previously in a binary blend of PP with

polycyclohexylmethacrylate (PCHMA) containing amine

functionalized PS–NH2 [50]. Fig. 9(b 0) shows that the

encapsulation of PP particles by PS phase is partial (see circles

particles). Indeed, small particles of polystyrene are located

at the interface between the PP particles and the PA6 matrix.



Fig. 9. Morphology of the 70PA6/(12.5/2.5)(PP/PP–MA2)/(12.5/2.5)(PS/SMA2) (a, b) and 70PA6/(12.5/2.5)(PP/PP–MA8)/(12.5/2.5)(PS/SMA2) (a 0, b 0) blends:

(a, a 0) cryofractured, (b, b 0) cryosmoothed surfaces.
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No visible and neat PS shells are visible around the PP core.

The effect of the reactive compatibilization on the encapsula-

tion process is very clear. The reduction of the interfacial

tension between PA6 matrix and the PP or the PS phase could

cause separation between the PS and the PP particles. The

balance of interaction between the various immiscible pairs is

modified with respect to the uncompatibilized blends favoring

the PS phase to distribute separately in the PA6 matrix.

The in situ formed PS-g-PA6 copolymer resulting from the

grafting reaction between the polyamide molecules and the

styrene-co-maleic anhydride SMA2 stabilizes the PS particles

in the PA6 matrix.

3.2.2. 40PA6/30PP/30PS blends

In Fig. 10 are presented the SEM micrographs of

uncompatibilized 40PA6/30PP/30PS blends. The cryo-fracture

surfaces (Fig. 10(a)) show a complex phase morphology where

it is not possible to identify which phase is located where. In

Fig. 10(b) is shown a SEM micrograph of a cryosmoothed

surface of the same blend from which the polystyrene phase

was extracted using chloroform selective solvent. This solvent

treatment revealed that the PS phase constitutes a continuous

phase as indicated by the hollow continuous space in between

the other two phases. A few percentage of the PS phase is also

dispersed in the other phases. This picture does not allow to

indicate ‘which phase is which’ and where the sub-inclusions

of the PS phase are located? The chloroform-extracted sample

has been further treated with formic acid, a selective solvent

for the PA6 phase. Unfortunately, the remaining PP based
structure was not self-supporting and collapsed surfaces were

obtained that does not allow to characterize the state of the

phases. The SEM picture of Fig. 10(c) is obtained from a

sample where only PA6 was selectively extracted. It reveals

that the PA6 is in the form of droplets on the observed surface.

Does the PA6 phase form a dispersion or is it continuous? The

quantitative extraction experiments carried out on the same

blends using formic acid confirmed that PA6 is continuous

(Table 4). Indeed, almost all the PA6 phase was extracted from

the blend by the formic acid solvent (97%). That means that the

PA6 phase is certainly elongated in a network structure in the

extrusion direction as we have demonstrated recently in other

blend system [50]. It is thus clear that the three blend

components form a three phase-co-continuous morphology.

Furthermore, a close observation of the extraction data in

Table 4 reveals that in the blends of 40PA6/30PP/30PS about

3 wt% of polyamide are dispersed as sub-inclusions in the PP

phase.

Upon the substitution of 5 wt% of PP and 5 wt% of PS by

their respective compatibilizer precursors, i.e. PP–MA2 or PP–

MA8, and SMA2, respectively, the phase morphology has been

modified deeply. To identify which of the phases is where in

the blend, a compatibilized blend of 40PA6/(25/5)(PP/PP–

MA2)/(25/5)(PS/SMA2) is analyzed by SEM (Fig. 11). The

cryofractured surfaces observed (Fig. 11(a)) do not allow to

identify the phases. In Fig. 11(b) is shown a SEM picture of the

cryosmoothed surfaces of the same blends after extraction of

the PS phase. As it is seen, the remaining two phases,

polyamide and polypropylene, seem composed of a very dense



Fig. 10. Morphology of the 40PA6/30PP/30PS blend: (a) cryofractured, (b)

chloroform extracted, (c) formic acid extracted surfaces.

Table 4

Co-continuity index of 40PA6/30PP/30PS blend

Component Co-continuity index

PA6 96.9

PS 100.6

PP 103.7

Fig. 11. Morphology of the 40PA6/(25/5)(PP/PP–MA2)/(25/5)(PS/SMA2)

blend: (a) cryofractured, (b) chloroform extracted, (c) formic acid extracted

surfaces.
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and interconnected granular particles. Were these particles

precipitated as a layer after the removal of polystyrene phase or

do they constitute the bulk of polyamide or polypropylene

remaining phases? To address this question a further selective

extraction of phase is necessary. In Fig. 11(c) is illustrated a

SEM micrograph of the same blend where PA6 phase has been

removed using formic acid. The observed picture reveals very

useful information on the state of polyamide phase. Indeed, as
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indicated by the hollow black space on the picture, the

polyamide phase is mainly dispersed in PS phase and also

forms a layer in between PS an PP phases.

When the compatibilizer precursor for the PA6/PP polymer

pairs PP–MA2 is replaced by PP–MA8, containing 4 times

higher amount of maleic anhydride, the phase morphology

situation of the ternary blends is completely different.
Fig. 12. Morphology of the 40PA6/(25/5)(PP/PP–MA8)/(25/5)(PS/SMA2)

blend: (a) cryosmoothed and chloroform extracted, (b) formic acid extracted,

(c) PA6 phase extracted with formic acid after PS phase extraction with

chloroform.
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0
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Fig. 13. PA6 dispersed particles size distribution of 40PA6/(25/5)(PP/PP–MA)

/(25/5)(PS/SMA2) ternary compatibilized blends, in the presence of PP–MA2

and PP–MA8 compatibilizer precursors.
In Fig. 12(a) is shown the SEM picture of the same blends of

40PA6/(25/5)(PP/PP–MA8)/(25/5)(PS/SMA2) after extraction

of the PS phase using chloroform. The two remaining phases are

clearly visible but no distinction can be made between the PA6

and the PP phases. The SEM picture of the blend in which the

polyamide phase is extracted is shown in Fig. 12(b). It shows that

the PA6 phase is included as granules in one of the PP or PS

phase and also entrapped in between them as a thin layer.

In order to see where is included the PA6, this phase has

been extracted with formic acid from a sample from which PS

has already been removed. The SEM picture of that blend

shown in Fig. 12(c) reveals indeed that the PA6 is preferably

included in the PS phase (note that no holes are left on the PP

remaining phase). However, a significant difference lies in the

size of the granules of polyamide phase.

Indeed, in the blend of 40PA6/(25/5)(PP/PP–MA2)/(25/5)

(PS/SMA2) the PA6 phase have an average particle size of

0.5 mm, whereas in the same composition of 40PA6/(25/5)

(PP/PP–MA8)/(25/5)(PS/SMA2) blend the particle size is

almost 3 times larger. Fig. 13 reveals that not only the size

of the PA6 particles is larger in the case of the blend modified

with the combination of (PP–MA8, SMA2), but also their size

distribution is broader.

Now, it is clear that in the case of reactively compatibilized

PA6/(PP/PP–MA)/(PS/SMA2) ternary blends (having a com-

patibilization precursor PP–MA2 or PP–MA8) with 40/(25/5)
Table 5

The value of the average particle size for the uncompatibilized PA6/PP/PS and

compatibilized PA6/(PP/PP-MA)/(PS/SMA) blends

Component Composition Average particle size

of PA6 phase �Dn; ðmmÞ

PA6/PP/PS 40/30/30 Co-continuous

PA6/(PP/PPMA2)/

(PS/SMA2)

40/(25/5)/(25/5) 0.5

PA6/(PP/PPMA8)/

(PS/SMA2)

40/(25/5)/(25/5) 1.3
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Table 6

DSC data of pure crystallizable polymers and its binary and ternary blends

Blends Composition PA6 PP

Tc (8C) Tm (8C) Tc (8C) Tm (8C)

PA6 189 221 – –

PP – – 121 163

PA6/PP 70/30 188 221 122 163

PA6/PP/PPMA2 70/25/5 188 221 122 163

PA6/PP/PPMA8 70/25/5 188 221 122 163

PA6/PS/SMA2 70/30/0 189 221 – –

70/25/5 185 220 – –

PA6/PP/PS 70/15/15 187 220 113 161

40/30/30 187 221 112 159

PA6/(PP/PPMA2)/(PS/SMA2) 70/(12.5/2.5)/(12.5/2.5) 186 220 121 163

40/(25/5)/(25/5) 93 221 110 165

PA6/(PP/PPMA8)/(PS/SMA2) 70/(12.5/2.5)/(12.5/2.5) 183 219 121 163

40/(25/5)/(25/5) 185; 158; 109 217 119 162

T.S. Omonov et al. / Polymer 46 (2005) 12322–1233612334
/(25/5) composition, PS and PP phases form co-continuous

structures with PA6 phase mainly dispersed in PS and also

forms a layer in between them. However, substantial

differences in PA6 phase size differences exist between the

two blend compositions and also between blends modified with

PP–MA2 and PP–MA8 precursors.

This opposite effect can only be explained if we consider the

adverse ‘parasite’ effect of the presence of the other reactive

system (PA6/PS/SMA2). We believe that as the MA content in

PP–MA is increased much more interactions with SMA2 have

taken place in the blend, restraining and limiting the efficiency

and availability of PP–MA8 at the PP/PA6 interface (Table 5).
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Fig. 14. DSC exotherms of: (a) pure components and uncompatibilized

70PA6/15PP/15PS and compatibilized 70PA6/(12.5/2.5)(PP/PP–MA2)

/(12.5/2.55)(PS/SMA2) 70PA6/(12.5/2.5)(PP/PP–MA8)/(12.5/2.55)(PS/SMA2)

blends; (b) pure components and uncompatibilized 40PA6/30PP/30PS, compa-

tibilized 40PA6/(25/5)(PP/PP–MA2)/(25/5)(PS/SMA2) and 40PA6/(25/5)

(PP/PP–MA8)/(25/5)(PS/SMA2) blends.
3.3. Crystallization of PA6 and PP in the ternary blends

As it can be seen from Table 6 and Fig. 14, the melting

points (Tm) and bulk crystallization temperatures (Tc) of the

PA6 and PP crystallizable homopolymers are 221 and 188 8C

for the PA6, and 163 and 122 8C for the PP phase,

respectively. These values have not changed in uncompatibi-

lized and compatibilized binary PA6/PP and PA6/PS blends

as well as in uncompatibilized ternary PA6/PP/PS blends. It is

now well known that the crystallization behavior of a

crystallizable polymer dispersed in a matrix depends on the

size of its particles. Overviews of crystallization phenomena

in a variety of immiscible polymer blends are given by

Frensch et al. [51] and Groeninckx et al. [52]. Recently, a

more quantitative study has been performed by Pompe et al.

[53] on reactively compatibilized PA/PP blends. Authors [54]

indicates that the crystallization of a droplets of minor phase

dispersed in a matrix can clearly be affected by the type and

miscibility of the compatibilizer used. In the 40PA6/(25/5)

(PP/PP–MA2)/(25/5)(PS/SMA2) blends having dispersed PA6

particles the average particle size of which is about 0.5 mm,

the crystallization exotherm appearing at TcZ188 8C, typical

of bulk PA6 has disappeared and a new exotherm appeared at

a temperature of 93 8C (Fig. 14(b), and Table 6). This has

also been observed by several other authors for reactively
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compatibilized PMMA/PA6 blends at a temperature within

90–100 8C range and for (PS/SMA2)/PA6 blends at 85 8C

[36,55,56].

The following explanation has been proposed for these

crystallization phenomena [54]. When the sample is composed

of a matrix/droplet phase morphology, heterogeneous nuclea-

tion of the crystallizable polymer (PA6 in this case) is restricted

to the volume of the droplet. Each droplet will crystallize

according to the number and type of heterogeneities present in

it. There is a correlation between the phase morphologies and

crystallization phenomena of the crystallizable component in a

blend. If the particles size distribution of the dispersed

component is broad, some fraction of the droplets can be

nucleated by the heterogeneities, whereas the droplets that do

not contain any heterogeneities (or are smaller enough than the

size of a heterogeneity) can undergo homogeneous nucleation

at a larger degree of supercooling (in this case at a temperature

of 93 8C).

In the 40PA6/(25/5)(PP/PP–MA8)/(25/5)(PS/SMA2)

blend compatibilized using the reactive precursors combi-

nation, (PP–MA8CSMA2), the average particle size is larger

(1.3 mm) and the size distribution is broader, multiple

fractionated crystallization of PA6 phase are observed at the

temperatures of 181, 158 and 109 8C (Fig. 14).

4. Conclusions

Melt blending of polyamide 6, polystyrene and polypropy-

lene homopolymers form immiscible ternary blend. Depending

on the composition either a dispersed encapsulated or not) or a

co-continuous three phase morphologies are developed.

Uncompatibilized ternary 70PA6/15PP/15PS blends exhibit

an encapsulated phase morphology having polypropylene cores

and polystyrene shells in opposition to the prediction of

Harkin’s spreading coefficient and free interfacial energy

concept. This failure was ascribed to the substantial differences

in viscosities between the dispersed components. The addition

of the two compatibilizing reactive system, i.e. maleic

anhydride grafted polypropylene and styrene-co-maleic anhy-

dride changed partly the situation but still encapsulated

structures were observed.

In the ternary blends having almost equal amount of PA6,

PP and PS (i.e. composition of 40PA/30PP/30PS) a three-phase

co-continuous morphology was developed. Their reactive

compatibilization using the reactive precursors mentioned

above caused the PA6 phase to get dispersed preferentially in

the polystyrene phase. The differences in PA6 particle size

observed by scanning electron microscopy were confirmed by

the crystallization behavior where the crystallization due to

heterogeneous nucleation has completely disappeared and new

crystallization exotherms resulting from homogeneous nuclea-

tion have emerged.
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