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a b s t r a c t

Positron lifetime spectroscopy is used to develop a new approach to characterize the individual inter-
faces in ternary polymer blends and hence determine composition dependent miscibility level. This
approach has its genesis in KSR and KRZ models for the evaluation of hydrodynamic interaction
parameters (aij). The method successfully applied for binary blends (single interface) earlier is theoret-
ically modified for ternary blends and experimentally verified by measuring free volume content in
blends and their constituents. We have tested the efficacy of this method in two ternary blends namely
SAN/PVC/PMMA and SAN/EVA/PVC at different compositions. The effective hydrodynamic parameter aeff
evaluated using individual a values turns out to be handy in predicting the overall miscibility level of
a ternary blend. Results show that SAN/PVC/PMMA exhibits maximum aeff of �9.67 at composition 75/5/
20 and SAN/EVA/PVC shows �3.18 at 50/35/15 indicating that miscibility level is high at these compo-
sitions for these two blends. DSC and SEM studies have also been used to supplement positron results.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

When a polymer blend is produced by mixing, mostly the blend
phase separates into domains, in which one of the components is
enriched and the other is depleted. These spatially segregated
regions are separated by interfaces. On a larger length scale, one can
envisage the material as an ensemble of interfaces. The structure
and thermodynamics of these interfaces determine many practi-
cally important properties of the blend [1,2]. From the practical
perspective, ‘interface’ means the region between two phases for
example in a binary blend which is important and expected to
change with composition.

It is well known that most of the binary polymer blends are
found to be thermodynamically demixed due to the minuscule
repulsion between monomeric units of the long macromolecules
and this leads to a gain in entropy of mixing [2]. As a result, the
practical applications of such blends are limited due to the weak
interfacial adhesion. To improve the adhesion, another properly
chosen polymer is generally added which preferentially locates
itself at the interface between the two immiscible phases thereby
reduces the interfacial energy between phases. This is generally

termed as chemical compatibilization. A “ternary polymer blend”
results, if the compatibilizer is in good amount in the blend. Now,
the degree of complexity has increased in an already complex
system of binary blend [3]. There have been few studies reported
on ternary blends so far [4e16]. In these studies, miscibility of the
pairs was considered as an important property of blend system.
However, rarely 100% miscibility is achieved and this becomes
detrimental to the successful application of the blend. Therefore,
one needs to understand in greater detail miscibility particularly
at the molecular level. There have been several attempts to study
miscibility of a large number of blends, binary or ternary and these
studies were mainly relying on techniques such as Differential
Scanning Calorimetric measurements [4e6,8,14], Viscometric
measurements [11], SEM [8], TEM [4], Turbidity measurements [8]
and so on. On the theoretical front, a number of thermodynamic
theories have been developed to explain the miscibility in polymer
blends, with limited success in predicting miscibility behavior in
detail at the microscopic level [17]. Added to this misery, none of
the techniques used in the study of blends so far is proficient
enough to endow a way to gaze at all the interfaces in blends like
ternary, their composition dependence etc. Additionally, it is
evident from literature that for understanding miscibility levels in
ternary blends, separate experiments were conducted in which
the individual interfaces were characterized by constructing the
respective binary blends [11,18]. The inferences on ternary blends
drawn from such experiments however are indirect due to the fact
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that the characteristics of three interfaces in a real ternary blend is
certainly different and more complicated than assessing from
three separate interfaces of constructed binary blends.

The compatibilization is known to enhance dispersion, decrease
interfacial tension, and strengthen the interface adhesion either
through increased specific interactions [1] or through increased
frictional forces at the interface. All these results to increased
miscibility level of the blend. As the number of interfaces becomes
more than one like in ternary blends (binary blend-one, ternary
blend-three), the complexity of the problem is compounded.
Suppose one of the interfaces shows that the respective two
components are compatible or miscible, other interfaces might
show that the respective components are incompatible or immis-
cible, the net result is that the blend system exhibits poor physical
properties. To be able to address these issues i.e., to understand the
interfaces at the microscopic level in a better way, which will help
to device methods to improve the compatibility between immis-
cible components through a suitable compatibilizer or some other
route. As of now, information on individual interfaces in ternary
polymer blends is not available.

To this end, we find a novel approach to explain the miscibility
level in polymer blends using free volume results. The existence of
free volume in polymers was postulated by Doolittle [19]. There is
whole lot of data available on free volume in polymers [20e24] and
in few binary polymer blends as well [25e34]. To date, Positron
Lifetime Spectroscopy (PLS) has been proved to be a versatile and
accurate method of measuring the nanometer sized free volume
sites and their relative concentration because of its sensitivity and
selectivity. However, in polymer blends the information on the
interfacial properties could not be obtained by mere measurement
of free volume, since the fractional free volume (Fv) obtained from
PLS provides free volume of the entire blend and the changes
occurring in one of the phases of an immiscible blend or at the
interface, is not revealed. Therefore, it is imperative that a new
method for assessing the interfacial properties of polymer blends is
to be found. In this regard, a new method was developed by
exploiting the usefulness of hydrodynamic interaction between the
constituents of binary blends particularly at the interface [31]. This
method owes its success to Wolf et al. [35,36] work who used the
concept of KirkwoodeRisemanneZimm (KRZ) model [37] which
was an extension of the KargineSlonimskyeRouse (KSR) model
[38] for polymer/solvent systems. This formalism introduces two
parameters measured from viscosity data: They are geometric
factor (g), which depends on the molecular arrangement and
architecture of the blend, and the second parameter hydrodynamic
interaction parameter (a) considered as a measure of excess friction
generated between the blend constituents at the interface. These
two parameters can be deduced using the viscometric data of blend
and its constituents. The extension of KSR model by Zimm is
a significant advancement that ‘hydrodynamic interaction’ is taken
into account that influences the viscoelastic behavior of the system
in liquid phase or solid phase which excludes specific interactions.

That means it is due to the mechanical interactions between
polymeric chains at the segmental level [39]. This treatment is
equal to the assumption that each monomer is a point source of
friction in the solvent [40] and a accounts for the friction at the
interface. Furthermore, due to friction associated with the visco-
elastic flow, energy dissipation occurs at the interface which also
depends on the composition of the polymer and solvent in the
system. Using these basic ideas, this method of Wolf et al. [35,36]
was later modified by Ranganathaiah et al. [31] for polymer/poly-
mer binary mixtures in solid phase characterized by single inter-
face, using the concept that free volume and viscosity are inversely
related [41]. It is also known that for the solid polymer blend, it is
free volume that is easily measurable not the viscosity. It shall be
noted that even in the solid phase, the polymer or the polymer
blend exhibits viscoelastic properties and as far as the flow
dynamics of polymer/solvent system is considered it is justifiable
for the solid phase as well. However the level of hydrodynamic
interactions will be on a smaller scale compared to polymer/solvent
system. The efficacy of the method had been checked by Ranga-
nathaiah’s group for few binary blend systems [30e34] by calcu-
lating the hydrodynamic interaction parameter in terms of free
volume data obtained from positron lifetime spectroscopy.
However, the same approach is not directly applicable to ternary
systems as the number of interfaces involved between the
constituents is three and hence needed modification. For ternary
polymer blends, because of three distinct interfaces, three hydro-
dynamic interaction parameters, one for each interface, are to be
associated to characterize such a system. So, the required mathe-
matical formulations for three a’s (a12, a23 and a31) have been
derived and put to experimental test in this work. Using this
method, we have investigated two ternary blend systems namely
(1) SAN/PVC/PMMA and (2) SAN/EVA/PVC for different composi-
tions. The individual a’s so derived are used to compute an effective
aeff, using simple additive rule so that present results could be
easily compared with literature results. We find this value is very
handy in deciding the given ternary blend asmiscible or immiscible
and is in good agreement with literature reports.

2. Experimental

2.1. Sample preparation

Polymer samples used in the preparation of ternary blends and
some relevant information on them is given in Table 1. Blends of
SAN/PVC/PMMA and SAN/EVA/PVC of different compositions were
prepared by conventional solution casting technique. The weighed
fractions of SAN, PVC and PMMAwere dissolved in tetrahydrofuran
at 60 �C in four combinations (a) 20/65/15, (b) 75/5/20, (c) 15/50/35
and (d) 5/50/45, and each solution was cast onto a clean and flat
glass plate. The solvent was allowed to evaporate at room
temperature for 4 days and then the samples were dried in an oven
at 60 �C to remove any traces of the solvent left in the sample. The

Table 1
Characteristics of materials used in the present study.

Sample Supplier Specifications

Molecular Weight (g/mol) Density (g/cc) Tg (�C)

Poly(styrene-co-acrylonitrile)
(SAN)

SigmaeAldrich Chemicals Ltd,
Bangalore, India.

AN content - 25% 1,65,000 1.08 106

Poly(vinyl chloride) (PVC) SigmaeAldrich Chemicals Ltd,
Bangalore, India.

43,000 1.34 74

Poly(methyl methacrylate)
(PMMA)

SigmaeAldrich Chemicals Ltd,
Bangalore, India.

15,000 1.2 84

Poly(ethylene-co-vinyl acetate)
(EVA)

Lanxess India Private Limited,
New Delhi

VA content - 45% 2,00,000 0.99 �20
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neat films so obtained were approximately 1 mm thick. Similarly,
blend samples of SAN/EVA/PVC of two combinations (a) 50/35/15
and (b) 70/15/15 were dissolved in tetrahydrofuran and prepared in
the same way described above and dried at 60 �C. All the samples
were stored in a desiccator before actual use in experiments.

2.2. Measurements

2.2.1. Differential scanning calorimetry (DSC)
The glass-transition temperature of the homopolymers and

their blends of different compositions were measured using
a Universal VA.7A TA Instruments DSC Q 200 connected to a liquid
nitrogen cooling accessory with a nitrogen purge. For the DSC scan,
roughly 10mg samples were used at a heating rate 10 �C/min, in the
temperature range 30 �Ce120 �C for SAN/PVC/PMMA blends and
from �40 �C to 120 �C for the blend samples of SAN/EVA/PVC.

2.2.2. Scanning electron microscopy (SEM)
The morphological studies of the blend samples have been

carried out using the LEICA S 4401 scanning electron microscope
operated at 10 kV with magnification of 1000� by coating the
samples with gold alloy. This is just to check the surface
morphology of the samples and positron results on the other hand
provide information on the bulk of the samples.

2.2.3. Positron lifetime spectroscopy (PLS)
A brief description of positron lifetime spectroscopy is provided

in the following paragraph. Positron, the antiparticle of electron,
when injected from a radioactive source into a material medium
like polymers, loses its kinetic energy through inelastic collisions
within 1-2 ps time and gets thermalized. The thermalized positron
will then annihilate with an electron of the medium either through
free annihilation with a lifetime of about 200 ps or from trapped
site like defects or voids and annihilate with a lifetime of about
200e500 ps or form a bound state with an electron called posi-
tronium (Ps) atom. Positronium comes with two spin states: para-
positronium (p-Ps), with anti-parallel spins of eþ e� pair and ortho-
Positronium (o-Ps), with parallel spins. The p-Ps annihilates into
two g photons with a lifetime of 125 ps and o-Ps annihilates into
three g photons with a lifetime of 140 ns in free space. However, in
molecular media such as polymers, the positron of o-Psmay pick up
an electron of opposite spin from the surrounding medium and
annihilates through a quick channel called pick-off annihilation,
and its lifetime gets reduced to a few nanoseconds from 140 ns. The
o-Ps localizes in free volume holes of polymers [42] and annihilates
from these sites, and as such makes it the microprobe of free
volume holes. The o-Ps pick-off lifetime (s3) and its intensity (I3) are
a measure of the free-volume size and their relative concentration
respectively [42] since lifetime of o-Ps depends on the overlap of
the Ps wave function with the electron wave function of the free-
volume cavity and its intensity on the probability of o-Ps forma-
tion in the medium of study.

2.2.3.1. Lifetime measurements. In the present study, Positron Life-
time Spectrometer (PLS) consisting of a fastefast coincidence
system with conically shaped BaF2 scintillators (Scionix, Holland)
coupled to photomultiplier tubes of type XP2020/Q having quartz
window as detectors were used to record the lifetime spectra. The
lifetime spectrometer had a time resolution of 220 ps. Two identical
pieces of the sample were placed on either side of a 17-mCi 22Na
positron source, which was deposited onto a pure kapton foil of
12.7 mm thick. This source-sample sandwich was placed between
the two detectors to record the spectra. Each spectrum with more
than a million counts was recorded in a period of 1e2 h at room
temperature. The source correction term and instrumental time

resolution were estimated from the lifetime spectrum of a well-
annealed aluminum using the program RESOLUTION [43]. All the
acquired lifetime spectra were analyzed into three lifetime
components using the computer program PATFIT-88 [43]. The
samples were prepared in the same way twice and all the
measurements (DSC, SEM and PLS) were done twice to check the
reproducibility.

3. Results & discussion

3.1. DSC results

Characterization of the glass-transition temperature (Tg) of
a blend is a commonly used method in the study of polymer blend
miscibility. A miscible blend normally exhibits single Tg character-
istic of a single phase of the systemwhereas, phase-separated blend

Fig. 1. DSC scans of SAN/PVC/PMMA blends for compositions (a) (20/65/15), (b) (75/5/
20), (c) (15/50/35) and (d) (5/50/45).

Fig. 2. DSC scans of SAN/EVA/PVC blends for compositions (a) (50/35/15) and (b) (70/
15/15).
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exhibits multiple glass transitions. The measured DSC thermo
grams of the blends SAN/PVC/PMMA and SAN/EVA/PVC are shown
in Fig. 1 and Fig. 2 respectively. For the blend SAN/PVC/PMMA, the
DSC traces show a single Tg for the composition (75/5/20) and (5/
50/45) at around 95 �C and 81 �C respectively indicating single
phase nature of the blend. On the other hand, composition (20/65/
15) shows three distinct Tgs around 74 �C, 84 �C and 102 �C which
correspond to the Tgs of blend constituents and for (15/50/35)
composition, two Tgs at around 78 �C and 94 �C are observed sug-
gesting phase separated nature and the blend is immiscible. Simi-
larly for the blend SAN/EVA/PVC, the composition (50/35/15)
exhibits single Tg at about 81 �C suggestive of single phase and the
blend is miscible whereas composition (70/15/15) exhibits two Tgs
at around 44 �C and 81 �C indicating the blend is immiscible.
However, this method is of limited use when the glass-transition
temperatures of the component polymers of the blend are close to
each other (within 20 �C) in which case inference might be
misleading sometimes due to overlap of the Tgs of the components.
Another point to be noted of this technique is its sensitivity. It is
sensitive only to heterogeneities with domain sizes larger than
15 nm [17,44] and below this it is not accurate, and thirdly this
method fails to differentiate composition dependent miscibility
level [31,44].

3.2. SEM Photomicrographs

Scanning electron micrographs of the blend systems SAN/PVC/
PMMA and SAN/EVA/PVC are shown in Fig. 3aed and Fig. 4a and
b respectively. From Fig. 3a and c it can be seen that the composi-
tions (20/65/15) and (15/50/35) of SAN/PVC/PMMA, display phase

separated morphology which is possibly due to agglomeration of
like polymer domains (dispersed phases) whereas the composi-
tions (75/5/20) (3c) and (5/50/45) (3d) show no signs of phase
separation. This can be attributed to homogenous dispersion of the
dispersed phases in the matrix. These results are in support of DSC
scan results. From Fig. 4a and b, it can be seen that the composition
(50/35/15) (4a) of the blend SAN/EVA/PVC, shows no phase sepa-
ration whereas the composition (70/15/15) (4b) exhibits phase
separated morphology. Again these results are in support of the
respective DSC scan results discussed above. The phase separations
are due to interfacial boundaries and the possible reasons for
observed phase morphology will be described along with free
volume results.

3.3. Free volume results

3.3.1. Analysis of positron lifetime spectra
The acquired spectra of both pure polymers and ternary poly-

mer blend samples were resolved into three lifetime components
s1, s2, and s3 with intensities I1, I2 and I3 respectively, with the
variance of fit around unity. These resolved components of the
positron lifetimes are generally attributed to three states of posi-
tron annihilation: The shortest lifetime component, s1, with
intensity I1 can be attributed to p-Ps annihilations and free positron
annihilations. The second lifetime component, s2, with intensity I2
is due to annihilation of positrons trapped at the defects present in
the crystalline regions or at the crystallineeamorphous boundaries.
The longest lived component, s3, with intensity I3 is due to the pick-
off annihilation of o-Ps in the free volume sites present mainly in
the amorphous regions as well as in the interface regions of the

Fig. 3. (a) The scanning electron microscopy image of SAN/PVC/PMMA (20/65/15) blend. (b) The scanning electron microscopy image of SAN/PVC/PMMA (75/5/20) blend. (c) The
scanning electron microscopy image of SAN/PVC/PMMA (15/50/35) blend. (d) The scanning electron microscopy image of SAN/PVC/PMMA (5/50/45) blend.
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polymer blends. In polymers, among the three lifetime compo-
nents, the o-Ps pick-off lifetime s3 with intensity I3 is important
because s3 is related to the average free volume hole size and I3 is
considered as a measure of the relative concentration of free
volume holes. I3 also represents the probability of o-Ps formation in
polymers and their blends [45]. We have used Nakanishi et al. [46]
simple relation connecting o-Ps lifetime s3 and free volume hole is
as given below

ðs3Þ�1 ¼ 2
�
1� R

Ro
þ 1
2p

sin
�
2pR
Ro

��
ns�1 (1)

where, Ro ¼ RþDR and DR is a fitting parameter. The best-fitted
value of DR for all known data is 1.656 Å. The average free
volume holes size Vf is then evaluated as Vf ¼ (4/3) pR3 and the
fractional free volume as FV ¼ CI3Vf where C is a constant and its
value is taken as 0.0018Å�3 [42].

The obtained s3 values of the respective pure polymers and the
blends (from the analysis of the Positron lifetime spectra) are used
to calculate the free volume hole radius R, free volume Vf and
fractional free volume Fv as per equation (1) and the following
expressions. The fractional free volumes are labeled as FV1, FV2 and
FV3 respectively for pure polymers and FVB for the respective
blends. The values so derived are tabulated in Table 2 for the pure
polymers SAN, PVC, PMMA and EVA and their blends SAN/PVC/
PMMA and SAN/EVA/PVC. Also, a plot of fractional free volume FV
of the pure polymers SAN, PVC, PMMA and their blends is shown in
Fig. 5. As can be seen from this figure, PVC has the least fractional
free volume (FV) due to the presence of Cl which inhibits Ps

formation in the system resulting in o-Ps intensity drastically
reduced and this is true for other halogen containing polymers. The
polymer PMMA has the highest FV. For blends, we observe the FVB
of a particular composition is closer to the FV of its matrix.

As pointed out in earlier works [30e34], Fv has limitations and it
will not reveal what is the situation at the interface since it
represents the average fractional free volume of the blend as
a whole. This led to the development of a new method of charac-
terizing the interfaces in polymer blends from free volume data
[31e34]. In this accomplishment the theory given by Wolf et al.
[35,36] for polymer/solvent system is the basis. According to this
the excess viscosities in a ternary system (Dlnh) can be defined as

Dln h ¼ ln h� f1ln h11 � f2ln h22 � f3ln h33 (2)

where, h is the viscosity of the ternary polymer mixture, h11 ¼ h1,
h22 ¼ h2, h33 ¼ h3 are the viscosities of the components 1, 2 and 3
respectively with volume fractions f1, f2 and f3.

Then, the viscosity of the mixture h can be expressed with the
assumption of additivity of frictions between like molecules
(h11 ¼ h1; h22 ¼ h2; h33 ¼ h3) and between those of unlike mole-
cules (h12, h23, h31) in terms of respective surface fractions U as:

Fig. 4. (a) The scanning electron microscopy image of SAN/EVA/PVC (50/35/15) blend. (b) The scanning electron microscopy image of SAN/EVA/PVC (70/15/15) blend.

Table 2
Ortho positronium lifetime results in SAN/PVC/PMMA and SAN/EVA/PVC ternary
blends.

Sample o-Ps lifetime
s3 � 0.01 (ns)

o-Ps intensity
I3 � 0.14 (%)

Free volume
hole size
Vf � 0.8 (Å3)

Fractional free
volume
FV � 0.03 (%)

SAN 2.10 16.96 107.09 3.27
PVC 1.97 5.32 94.74 0.91
PMMA 2.19 23.99 115.83 5.00
EVA 2.32 21.56 128.68 4.99
SAN/PVC/PMMA
(20/65/15) 2.06 6.72 103.34 1.25
(75/5/20) 2.09 17.45 106.12 3.33
(15/50/35) 2.10 8.22 107.46 1.59
(5/50/45) 2.11 10.05 107.79 1.95

SAN/EVA/PVC
(50/35/15) 2.11 13.04 108.41 2.54
(70/15/15) 2.05 14.15 102.26 2.61

Fig. 5. Plot of fractional free volume FV as a function of blend composition; Upper X-
axis for pure polymers and lower X-axis for ternary polymer blends.
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ln h ¼ U2
1ln h11 þ U2

2ln h22 þ U2
3ln h33 þ 2U1U2ln h12

þ 2U2U3ln h23 þ 2U3U1ln h31 (3)

whereU1, U2 andU3 are the surface fractions and they are related to
volume fractions (f1, f2 and f3) through,

U1 ¼ ð1þ g12Þð1þ g31Þf1
ð1þ g12Þð1þ g31Þf1 þ ð1þ g31Þf2 þ ð1þ g12Þf3

;

U2 ¼
�
1þ g23Þf2

ð1þ g12Þf1 þ ð1þ g23Þf2 þ f3

U3 ¼ f3
ð1þ g31Þf1 þ ð1þ g23Þf2 þ f3

(4)

Here, g quantifies the differences in the surface to volume ratios
of the components and is defined as [47]

g ¼ Fj=Vj

Fi=Vi
� 1 (5)

where, Fi, Fj and Vi, Vj are the molecular surfaces and volumes of
monomers. Wolf et.al., address g as the geometric parameter.

Now, we establish realistic expressions that allow calculation of
h12, h23, h31 from h11, h22, h33. By analogy with the relations for
binary system [35], we construct the expressions for the calculation
of viscosity between unlike molecules (h12, h23, h31) in terms of like
molecules (h11, h22, h33) (in the absence of specific thermodynamic
interactions), for ternary blend system as,

h12 ¼ exp½a12 þ b12ð1� U2 � U3Þ�ðh1h2Þ0:5
h23 ¼ exp½a23 þ b23ð1� U3 � U1Þ�ðh2h3Þ0:5
h31 ¼ exp½a31 þ b31ð1� U1 � U2Þ�ðh3h1Þ0:5

Here, a12, a23, a31 are the hydrodynamic interaction parameters
for respective interfaces and measures the excess friction devel-
oped at the interface (for instance from the changes in entangle-
ment density) in the limit of vanishing solvent concentration. bij
quantifies the alteration in the flow mechanism with composition
which is given by,

X3
i; j ¼ 1
j ¼ iþ 1

bij ¼ ½h�r
2
�
1þ gij

� � dij
2

� aij

where r is the density of the blend.
Here, the parameter dij is determined by the viscosities of the

pure components according to the relation [35]

X3
i; j ¼ 1
j ¼ iþ 1

dij ¼ ln hj � ln hi

Substituting the expressions for friction between unlike mole-
cules (h12, h23, h31) in equation (3), we get,

ln h ¼ U2
1ln h1 þ U2

2ln h2 þ U2
3ln h3 þ 2U1U2

�½a12 þ b12ð1� U2 � U3Þ� þ U1U2ðln h1 þ ln h2Þ
þ2U2U3 ½a23 þ b23ð1� U3 � U1Þ� þ U2U3ðln h2 þ ln h3Þ
þ2U3U1½a31 þ b31ð1� U1 � U2Þ�
þU3U1ðln h3 þ ln h1Þ (6)

By substituting the expressions for bij and dij into equation (6),
rearranging different terms, and using the concept that free volume
and viscosity are inversely related [19] yields the following equation:

1
DFV

¼ d1½f1 � U1ð1þ U1U2Þ� þ d2
h
U3

�
1� U2

2

�
� f3

i
� d3U

2
3U1

þ
X3

i; j ¼ 1
j ¼ iþ 1

he1=FVBrU2
i Uj

1þ gij
þ 2aijð1� UiÞUiUj

i

(7)

Here, the term on the left hand side is given by

1
DFV

¼ 1
FVB

� f1
FV1

� f2
FV2

� f3
FV3

(8)

where FVB, FV1, FV2, FV3 are the experimentally measured fractional
free volumes of the ternary blend, pure polymers (blend constitu-
ents) 1, 2 and 3 respectively and f1, f2 and f3 are the volume
fractions of the blend components 1, 2 and 3 respectively.

For a ternary blend, an effective hydrodynamic parameter (aeff)
in terms of the individual a’s and volume fractions of the compo-
nent polymers can be evaluated for the purpose of comparison of
the existing literature data. This is evaluated using the relation

aeff ¼ ðf1 þ f2Þa12 þ ðf2 þ f3Þa23 þ ðf3 þ f1Þa31 (9)

where f1, f2, f3 have the same meaning as described earlier and
a12, a23, a31 are the hydrodynamic interaction parameters corre-
sponding to interfaces between polymer1-2, 2-3 and 3-1
respectively.

According to the definition of g, which can be evaluated from
the group contribution method [47] for the molecular architecture,
it was considered to be constant for a given pair of polymers (i.e.,
composition-independent). Since the free volume depends on the
molecular architecture of the system, and this definition of g needs
to be re-looked i.e., it has to be considered as a composition
dependent parameter. In case of binary polymer blends, it has
already been reported that g is not a composition-independent
parameter [31], and Wolf et al. [48] also had expressed the same
view and the relation given by Kapnistos et al. [49] was modified by
Ranganathaiah et al. [31] in terms of FV to determine the geometric
factor. Now for a mixture of three polymers, we modified the
expression to calculate parameter gij and this is written as

1
FVB

¼ f1
FV1

þ f2
FV2

þ f3
FV3

þ
X3

i; j ¼ 1
j ¼ iþ1

"�
1
FVj

� 1
FVi

��
gi jfjfi

1þgi jfj

�#
(10)

where the parameters carry the same meaning as defined earlier.
In case of miscible binary blends, the entanglements of polymer

chains generate additional friction at the interface, which results in
an increase of energy dissipation accompanied by reduction in
interfacial tension. This situation corresponds to good dispersion of
the dispersed phase in the matrix which leads to increased sites of
interaction between the constituent polymer chains. In terms of the
present model parameter a, it acquires larger negative values
indicating energy dissipation at the interface. In case of immiscible
blends, each polymer forms its own domain in the system results to
fewer contacts between chains of polymer 1 and 2. This situation
corresponds to less or no friction at the interface between the
chains of constituent polymers. For such systems a acquires values
equal to or greater than zero. Further, for a given pair of polymers,
a may become negative for some compositions and positive for
some compositions. Such systems are termed as partially miscible
systems. This is the general interpretation of the interfaces in terms
of a value and its sign.

Using the obtained FV(s) and the respective volume fractions f1,
f2, f3, the geometric factor gij are obtained by using equation (10).
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Using these gij, the surface fractions U1, U2 and U3 are calculated
using the equation (4). As per our calculation, the errors on FV(s),f1,
f2, f3, gij, U1, U2, U3, and the density of the blend r turns out to be
0.035% on FV(s), 0.002% on volume fractions, 5% on gij, 0.6% on
surface fractions, and 0.001% on density of the blend r.

We have used equation (7) to obtain the hydrodynamic inter-
action parameters aij for different blend systems and for different
composition. The calculation of error on aij turned out to be 7%.
Using these aij values and volume fractions of the blend constitu-
ents, an effective alpha (aeff) for a particular composition of the
ternary blend has been calculated according to equation (9). The
uncertainty on this aeff turns out to be 8%. These data are tabulated
in Table 3. In Fig. 6, we show the plot of hydrodynamic interaction
parameters aij for the ternary blend SAN/PVC/PMMA as a function
of PMMA wt. %. Here, the three hydrodynamic interaction param-
eters for the interfaces formed among the blend constituents are
designated as a12 for SAN/PVC, a23 for PVC/PMMA and a31 for
PMMA/SAN. As can be seen from Fig. 6 and data in Table 3, we
observe that the interface between SAN/PVC characterized by the
hydrodynamic interaction parameter a12 of the ternary blend SAN/
PVC/PMMA, exhibits positive values at the compositions (20/65/
15), (75/5/20), (15/50/35). Themagnitude and sign of a parameter is
used to explain interface characteristics as said above which is
exactly identical to that described in ref 31. Accordingly, positive
values of a12 means that the friction at the interface is negligibly
small and hence interfacial tension is high, so the adhesion at the
interface is weak. This also means SAN and PVC components are
incompatible at these compositions and the corresponding inter-
faces are that of an immiscible blend. At composition (75/5/20), in
which the concentration of PVC is only 5% and is the dispersed
phase, the a12 is 13.48 and this is highest positive value of all the
compositions of the two blends studied. This means for this
composition of SAN/PVC, interface is very weak due to high inter-
facial tension. Interestingly, we observe a negative value for a12
of �1.85 at composition (5/50/45) in which SAN becomes the
dispersed phase and PVC is the matrix. This suggest that the
repulsion between styrene and acrylonitrile groups of the SAN
copolymer provides PVC chains to slide in between them since PVC
is the matrix [50,51]. This in terms of friction, this means there is
some friction and the tension at the interface eases due to disper-
sion. The nature of the interface between SAN/PVC can be under-
stood from that in the binary blend SAN/PVC and it corresponds to
partially miscible means miscible over few compositions only
[11,52,53]. The second interface a23 between PVC/PMMA shows
positive values (3.56 and 0.27) for the compositions (20/65/15) and
(15/50/35) respectively and the inference of immiscible nature
holds good as derived from PVC/PMMA interface observed in
binary blend of this and is an immiscible blend. However, the
compositions (75/5/20) and (5/50/45) produce small negative
values of �0.31 and �1.48 for a23 respectively. This may be due to
limited favorable interactions between the carbonyl group of
PMMA and a- hydrogen of PVC (see Scheme 1) [54e57]. For (75/5/
20), PVC content is less compared to 20% of PMMA which is

probably the reason for small value of a23 while for (5/50/45)
composition, PVC and PMMA are almost of the same amount
resulting to considerable number of interactions and hence
a slightly higher value of�1.48 for a23. This suggests that miscibility
level at this composition is still low and hence poor adhesion at the
interface, a fact in agreement with earlier experimental inferences
[56]. However, it is interesting to note that the third interface
characterized by a31 between PMMA/SAN of this ternary blend
exhibits negative values of �6.65, �21.48, �2.82 and �7.09
respectively at all the four compositions (20/65/15), (75/5/20), (15/
50/35) and (5/50/45) studied. Further (75/5/20) composition
produces the highest a31 value which for this blend could be
considered as the stronger interface (a31 ¼ �21.48) by comparison
and the two polymer components involved are highly miscible. As
per our prescription, this suggests increased friction at the interface
(highest negative value of a31) since it is well known mechanism
producing the binary blend of PMMA/SAN highly miscible due to
repulsive interaction between the styrene and acrylonitrile
segments of the SAN chains (see Scheme 1), and in the process SAN
chains are pushed apart and PMMA chains easily slide in between
them [31,58e61]. This observation agrees very well with literature
assertion that SAN/PMMA blend is miscible at all compositions
[58e61].

Now having understood on the individual interfaces character-
ized by a12, a23 and a31 of the ternary blend SAN/PVC/PMMA, let us
look at the observations made by other workers on this ternary
blend (8). From the present study we have the effective alpha
values deduced for each composition and these are plotted in Fig. 6
and also given in Table 3. It can be seen that at the compositions
(20/65/15) and (15/50/35), aeff become positive inferring that the
ternary blend SAN/PVC/PMMA is a phase separated and immiscible

Table 3
Hydrodynamic interaction parameters (a) for SAN/PVC/PMMA and SAN/EVA/PVC ternary polymer blends (in the last column numbers in the parenthesis indicate references of
works referred to).

Blend Composition g12 g23 g31 a12 a23 a31 aeff Inference from literature

SAN/PVC/PMMA (20/65/15) 0.76 3.74 �6.14 0.49 3.56 �6.65 0.55 Immiscible (8)
(75/5/20) 0.73 �4.60 �1.32 13.48 �0.31 �21.48 �9.67 Miscible (8)
(15/50/35) 1.99 0.35 �2.66 2.21 0.27 �2.82 0.12 Immiscible (8)
(5/50/45) �0.67 �0.40 �2.07 �1.85 �1.48 �7.09 �6.13 Miscible (8)

SAN/EVA/PVC (50/35/15) �1.97 �1.65 3.08 �0.74 �4.28 �0.61 �3.18 Miscible (11,53)
(70/15/15) �3.85 �3.98 0.48 1.35 0.09 �0.28 0.98 Immiscible (53)

Fig. 6. Plot of hydrodynamic interaction parameters a as a function of PMMA wt. (%)
for the ternary polymer blend SAN/PVC/PMMA.
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system at these compositions. Table 3 also provides the inferences
drawn for these compositions from available literature [8].
However, for the other two compositions i.e., (75/5/20) and (5/50/
45), the aeff parameter is negative suggesting that at these two
compositions the blends are miscible with varying level of misci-
bility. Table 3, provides comparison between present conclusions
with those from literature for these compositions [8] and we find
good agreement with these results.

Now it becomes very clear that the information on individual
interfaces in the ternary blends is not evident from any of the
earlier works and hence the present results are first of their kind in
this context. Another important point to be noted is that inferences
like phase separated, single phase, immiscible, miscible, fine
dispersion and coarse dispersion derived from DSC and SEM
results, could only help to infer for example the compositions (75/
5/20) and (5/50/45) of SAN/PVC/PMMA are miscible while
compositions (20/65/15) and (15/30/45) are immiscible: But one
cannot arrive at the result that the individual interfaces are
stronger, strong or weak which is an essential input for a researcher
to device methods to improve the properties of the ternary blends
through compatibilization by any of the suitable methods. If we
learn that one of the interfaces is very weak, only that interface can
be stabilized or compatibilized and such useful information comes
from the exploitation of hydrodynamic interactions resulting from
viscoelastic behavior of the blends even in solid phase. Further-
more, this method also provides a useful parameter like aeff,
through which level of miscibility for each composition can be
evaluated.

Let us now understand the results for the other ternary blend
namely SAN/EVA/PVC studied in this work. Characterization of the
interfaces in this system is same as the one described previously
and the results obtained are also tabulated in Table 3. Here the three
interfaces formed between the blend constituents are assigned as
a12 for SAN/EVA, a23 for EVA/PVC and a31 for PVC/SAN. From
Table 3, it can be seen that the interface between SAN/EVA char-
acterized by a12 is negative with a value of �0.74 at (50/35/15) and
positive with a value of 1.35 at (70/15/15). Similar arguments can be
used for SAN/PVC/PMMA ternary blend case also. For the compo-
sition (50/35/15) the friction generated at the interface seems to be
very small as indicated by a12 with a negative value of �0.74 which
further suggest the compatibility between the components SAN
and EVA is not high. However, literature results indicate that at 70/
30 of SAN/EVA is immiscible based on viscosity shear rate
measurement [11]. Since the compositions are different, we cannot
compare our results with data. The second interface i.e. between
EVA/PVC characterized by a23 of the ternary blend is negative with
a value of �4.28 for the same composition (50/35/15) whereas
slightly positive 0.09 at (70/15/15). In analogy with our earlier
description, the negative a23 (�4.28) indicates good compatibility
of the pair and increased friction at the interface and reduced
interface tension. Therefore, for this blend this is the strong inter-
face. The reason for this is as per literature, physical cross-linking

between EVA and PVC chains is possible and this appears to be
more for this composition [11]. However, for the composition (70/
15/15), a situation like a co-continuous phase in binary blend (equal
amounts of PVC and EVA) exists and the probability of the above
mentioned physical cross links may be very small and therefore a23
becomes positive [11,18]. The interface between SAN/PVC compo-
nents characterized by a31 are negative with values of �0.61
and �0.28 at both the compositions (50/35/15) and (70/15/15)
respectively. The small values of a31 is due to the repulsive inter-
action among the SAN segments and this might make way for PVC
chains to slide in [50,51]. The difference in magnitude of a31 is
attributed to the variation in SAN and PVC content. Earlier work on
the binary blend SAN/PVC concluded that the pair produces partial
miscible blend due to the reduction in physical cross links between
the pairs [11].

The calculated values of aeff for the ternary blend SAN/EVA/PVC
are shown in Table 3 and the inference is that this blend at (50/35/
15) composition is miscible [11,53]. The miscibility of the blend at
this composition is attributed to the physical cross links between
EVA and PVC chains [11] and the present results show that the
interface between responsible for this is characterized by a23. The
other composition (70/15/15), however, remains phase separated
system since aeff is positive. By comparison, our results agree with
those reported in literature [53] for this ternary blend. It is clear
from literature that for understanding of the ternary blends
miscibility levels, indirect experiments were carried out like for the
individual interfaces respective binary blends were constructed
and inferred based on this that a given ternary blend as miscible or
immiscible. Further such inferences are not correct since the situ-
ation of simultaneous presence of three interfaces in a real ternary
blend is different and more complicated due to three dimensional
microstructure compared to an individual interface that one finds
in binary blend. This laborious route is simplified remarkably by the
present method which provides information on the in situ indi-
vidual interfaces formed in ternary blends.

4. Conclusions

Based on the results discussed above, the following conclusions
are made:

1. It is evident that techniques like DSC and SEM widely used in
the study of miscibility in ternary polymer blends, fail to
provide information on individual interfaces. Therefore, we
could say they had limited success in predicting the composi-
tion dependent miscibility level of the system of study.

2. The fractional free volume (FV) obtained from PLS cannot by
itself capable of providing information on the individual
interfaces formed in ternary polymer blends.

3. Newly found hydrodynamic interaction approach using the
same FV obtained from PLS is found to serve as a method of
choice to characterize interfaces in ternary blends.

Scheme 1. Illustration of chemical structures of polymers used in the preparation of ternary blends.
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4. As of now, we believe this is the only method which provides
individual interface characteristics to infer that component
polymer 1 is miscible in polymer 2 but immiscible in polymer 3
which serves as a precursor to device methods to improve final
properties of the blend in question.

5. The ternary blend SAN/PVC/PMMA produces a maximum aeff
value of �9.67 at the composition (75/5/20) suggesting high
miscibility with strong interfaces. The second ternary blend
SAN/EVA/PVC at (50/35/15) composition has aeff value of �3.18
and by comparison with SAN/PVC/PMMA is less miscible and
EVA/PVC interface is responsible for this.
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