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Abstract

A hypothesis providing a guideline for the development of immiscible polymer blends with co-continuous phase structure at very low

critical volume fraction of one component is postulated and experimentally verified. Based on a number of simplifying assumptions the

following relation was derived: fcr ¼ kðl _gÞ12z=ðupbÞ
z where l _g is a Deborah number and upb is a dimensionless break-up time. The equation

parameters, k and z are constant that depend on the flow field hence on the blending equipment. For the studies an internal mixer with

Walzenkneter-type 30 mixing shafts was used. For this equipment the experimental values of the equation parameters, k ¼ 1801 and

z ¼ 2:01; were found.
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1. Introduction

Most properties of immiscible polymer blends depend on

the morphology or the two-phase structure [1]. There is a

great diversity of immiscible polymer blends morphology,

but, from the point of view of the performance, they may be

divided into two categories: (1) blends with discrete phase

structure (DPS, or drop-in matrix), and (2) blends with

bicontinuous phase structures (BPS, or co-continuous). In

the latter case, phases A and B form co-continuous,

interpenetrating structures, which Sperling and his co-

workers labeled a ‘thermoplastic IPN’ [2]. In BPS, when the

correlation length of the phase structure is much smaller

than a minimum characteristic sample length, universal

relationships can be found for a series of properties (e.g.

elastic modulus, electrical conductivity, permeability, etc.).

These may be cast in a form of the ‘power-law’ expression:

P 2 Pcr / ðf2 fcrÞ
x; where P is a property, e.g. a modulus

or electrical conductivity, Pcr is the value of P at the critical

volume fraction, x is a universal exponent, f is the volume

fraction of one blend component and fcr is its threshold

volume fraction (critical volume fraction) for the formation

of infinite bicontinuous structure [3,4].

As early as in 1967, Starita [5] found that mixing

polystyrene (PS) with a small amount of polyethylene (PE)

in an elastic melt extruder (EME) could lead to formation of

a co-continuous structure. In 1980, Thornton et al. [6] wrote

that “if PS and PE are melt blended in an EME and the

extrudate is then immersed in toluene, the PS is solution

extracted leaving behind the PE in a form that somewhat

resembles an open-cell foam, indicating that the PS was a

continuous phase in the open cells of the PE. This two-phase

interpenetrating network morphology has been found even

in extreme cases, such as when 1% PE is blended with 99%

PS and when the PS is solvent extracted a fine, three-

dimensional (3D) cobweb of PE remains”.

A number of other publications reported BPS in PE/PS

blends [7–13]. For example, Fayt et al. [7] stated that: “The

PE network formed during melt processing is rapidly

disrupted into dispersed particles upon heating the blends at

200 8C for only a few minutes”. The same group has been

studying the stabilizing effects of addition of diblock

copolymers to these blends [8].

Several papers have considered the so-called phase

inversion phenomenon and its prediction. For low viscosity

A/B mixtures, e.g. A/B ¼ oil/water, one observes that at

low volume fraction of A discrete drops of A are formed in a

continuum of B. When the volume fraction of A is gradually

increased, at a critical phase inversion volume fraction a co-

continuity may be found, then the structure changes to B
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drops being dispersed in A matrix. Thus, in the mixtures of

Newtonian liquids the phase inversion takes place over a

narrow range of volume fraction leading to unambiguous

determination of fcr. By contrast, in polymer blends the

phase inversion occurs over a rather broad interval, with

bicontinuous phase separating the two DPS regions

[14–19].

In the description of the bicontinuous structure, a ‘co-

continuity mapping’ may be helpful. The term, coined by

Utracki [20], defines the volume fractions of A and B within

the phase inversion region: FI;A;FI;B ! 1; where the co-

continuity index of A is FI;A and co-continuity index of B is

FI;B; as shown in Fig. 1. In other words, within the phase

inversion region of blend compositions all polymer A and

all polymer B may participate in co-continuous structures

and the volume fraction of the DPS is identical to zero:

FDPS ; 0:

Recently, Steinmann et al. examined the phase inversion

theories [21]. The authors had concluded that a modified

version of a theory published by Utracki [20] offers the best

description of data. The authors defined the phase inversion

volume fraction, f2I; by the minimum when plotting a form

factor vs. volume fraction. This may be considered an

alternative, operational definition of f2I:

Utracki’s derivation [20] is based on the assumption that

in a mixture of two immiscible liquids (treated as ‘emulsion

of A in B and that of B in A’), at a specific composition:

f2I ¼ 1 2 f1I; the flow behavior is the same, independent

whether one starts with diluting liquid-1 with liquid-2 or

vice-versa. Thus, equating the constant stress viscosities of

the two polymer blends, h1 ¼ h2; where the shear viscosity

hi is taken at s12 ¼ constant; leads to a simple predictive

dependence:

h1=h2 ¼ ðfm 2 f2IÞ=ðfm 2 f1IÞ
� �½h�fm ð1Þ

The condition: f2I ¼ f1I ¼ 1 defines the phase-inversion

volume fraction, where the two co-continuity curves in Fig.

1 cross. The other volume fraction parameter, fm .
1 2 fperc is the classical ‘maximum packing volume

fraction’ in relative viscosity description of the two-phase

flows. For emulsions its value is related to the percolation

threshold volume fraction, fperc, which in turn depends on

the type of flow—for random 3D mixing the theory predicts

that fperc ø 0:156 while for uniaxial stretching flows in 1D

its value is about eight times smaller: fperc ¼ 0:019: The

last quantity in the relation, the intrinsic viscosity [h ], is a

measure of the hydrodynamic volume of the dispersed

phase. According to Oldroyd, for the emulsions its value

ranges from 1 to 2.5, depending on several viscosity ratios,

specified by the theory [22,23]. It is noteworthy that during

flow of a immiscible binary blend the constant velocity

gradient is discontinuous at the interphase—only the stress

is continuous across the interface, thus for the multiphase

system, the persistent use of the viscosity vs. rate of

deformation plots is fundamentally wrong.

Relatively few papers deal with the volume fraction

interval, where the bicontinuous phases can be found

[14–19]. Lyngaae-Jørgensen et al. [15] assumed that co-

continuous structures might be formed as a result of a break-

up and coalescence processes. The authors tried to predict

the formation of infinite structures considering the number

of contacts between domains and the probability that while

Nomenclature

a characteristic dimension

k, k1, k2, k3 constants

p aspect ratio

P coagulation probability

tc contact time

x exponent in Eq. (2)

z exponent in Eq. (8)

_g shear rate

hA viscosity of phase A

hB viscosity of phase B

hD viscosity of dispersed (minor) phase

hC viscosity of continuous (major) phase

uc time of coagulation

ub break-up time

upb dimensionless break up time

upd dimensionless equilibrium deformation time

k capillarity number

k p reduced capillarity number

kcr critical value of capillarity number

l p viscosity ratio (hD/hC)

l characteristic time

n interfacial tension coefficient

s12 shear stress

f volume fraction

fcr critical volume fraction for BPS formation

FI,A continuity index of phase A: volume fraction

of polymer A being a part of BPS

FI,B continuity index of phase B

Fig. 1. Degree of co-continuity as a function of the volume fraction for

HDPE-1 in its blends with PS (Polysor, Polystyrene-210,

h0ð180 8CÞ ¼ 25 kPa) [14].
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in direct contact they would develop strong links one to

another that result in coalescence. Posthuma de Boer and co-

workers [16–18,24] developed a theory predicting a

concentration range where fully bicontinuous structures

may be expected (in the nomenclature used in the present

paper, this is the interval where both phase A and phase B

are co-continuous, i.e. FI;A ¼ FI;B ¼ 1).

A necessary condition for the formation of a co-

continuous structure is that the rate of coagulation is non-

zero. In analogy to Elmendorp’s [25] nomenclature, we call

this case Region II, (in contrast with Region I where the rate

of coalescence ¼ 0). Elmendorp considered the case of two

Newtonian drops contacting each other in a simple shear

flow field, thus at infinite dilution. A more general theory

has not been developed, but Region II may be defined as one

where, for a random 3D flow of well-dispersed immiscible

polymer blends, the rate of coalescence – 0. It may take a

long time for a polymer blend to reach an invariant structure

during flow.

Considering the ephemeral phase co-continuity for

Newtonian systems, one may argue that the wide range of

volume fractions, where the bicontinuous phase mor-

phologies are observed in polymer blends, represent a

transient state—had the shearing continued for longer

period the structures would disintegrated into DPS. Owing

to thermal stability of polymers in the molten state, one may

not be able to refute such an argument by experiments.

However, during the present studies, some blends with dual

phase morphology under steady-state flow remained stable

for hours.

The purpose of the present work is to elucidate the

formation of BPS in blends with low critical volume

fraction, and to predict the conditions for formation of such

bicontinuous structure.

2. Hypothesis

According to the percolation theory a bicontinuous-

phase structure (BPS) can be created in a finely dispersed

immiscible polymer blend, when the volume fraction of the

minor component exceeds a critical value, fcr [15]:

fcr . Kp2x ð2Þ

In Eq. (2): K is an equation constant, p is the aspect

ratio of dispersed particles and x is a power-law

exponent with value between 1 and 2. For blends with

the aspect ratio close to 1 (nearly spherical drops) K-

value was found to be numerically nearly identical to

fcr ¼ 0:156 in 3D [15]. Thus, for spherical ‘precursors’

in strictly immiscible blends the critical volume fraction

at which the BPS starts percolating throughout the

whole sample is fcr ø 0:16: The expression assumes

that a close contact between two domains causes a

strong link to form between them.

Starting from infinite dilution and increasing the volume

fraction of minor phase the necessary and critical conditions

under which a BPS are first formed are: (1) long fibers with

the largest possible aspect ratio are formed (Eq. (2)), and (2)

the fibers coagulate before they break up. Consequently the

lowest critical volume fraction will be found when at

constant stress the diameter of a domain is as small as

possible. To find a BPS structure in the final product the

fibers must form a network. This is achieved when the

break-up time is longer than that for coagulation and a BPS

structure survives the treatments it receives after it is

formed.

It is postulated that if the time for coagulation ðucÞ of two

contacting long ellipsoidal domains (nearly cylindrical, or

of an arbitrary spaghetti-like shape) are smaller than or

equal to the time to break of a cylindrical liquid domain (ub),

uc # ub; a BPS may form. Consequently, (for Regime II,

, 1 , hD=hC # 3:8; fcr # 0:16 and for shear-dominated

flows, _gq _1; _g . _gcr) the critical condition for BPS

formation is:

uc ¼ ub ð3Þ

As shown in Fig. 2 of Ref. [26], the normalized break-up

time upb depends on the viscosity ratio lp ; hD=hC (hD and

hC is the viscosity of the dispersed and continuous phase,

respectively). The normalization was:

upb ; ub _g=k ¼ ubðn _g=s12aÞ ð4Þ

The capillarity number: k ; s12a=n; where s12 is the shear

stress, a is a characteristic dimension, n is the interfacial

tension coefficient and _g is the shear rate. Analysis of

experimental data published by Grace, and by Elemans

indicated a simple dependence: upb ¼ 99:31ðlpÞ0:355; 1 #

lp # 3:8 [26].

The time to coalescence should be proportional to the

contact time, tc, and the coagulation probability, P:

uc / tcP ð5Þ

For a spaghetti-like domain in contact with another

spaghetti-like domain tc may be written as ðp= _gÞ: The

probability of coagulation, P, scales with ðp=l _gÞ; where l is

Fig. 2. Flow curves at 180 8C as measured shear stress for a set value of

shear rate.
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a characteristic time constant. Thus, from Eqs. (3)–(5):

uc / ðp= _gÞðp=l _gÞ / upbðk= _gÞ; or

p2 ¼ k1u
p
bðl _gÞk ð6Þ

where k1 is the proportionality factor. When blending is

carried out in dilute systems, the capillarity number, k, at or

near steady state in simple shear flow ðlp , critical valueÞ

and extensional flow slowly varies with l p [25,26].

Consequently Eq. (6) simplifies further by absorbing k

into k1. Thus, Eq. (6) predicts that the aspect ratio of

deformed particles at the dynamic equilibrium ðuc ¼ ubÞ is

nearly independent of viscosity ratio ½p / ðlpÞ0:177� and

proportional to the square root of the deforming energy ½p /ffiffiffiffiffiffi
s12 _g

p
�:

From Eq. (2) the critical condition for BPS formation

may be expressed as: k2fcrp
xP ; 1; or k2fcrp

xþ1=l _g ¼ 1;

where k2 is another constant. Incorporation of p from Eq. (6)

leads to:

fcr ¼ kðl _gÞðupbl _gÞ
2xþ1=2 ð7Þ

where k ¼ constant. Finally, re-defining a new exponent:

z ¼ ðx þ 1Þ=2; the critical condition for BPS formation in

Regime II may be written as:

fcr ¼ kðupbÞ
2zðl _gÞ12z ð8Þ

The necessary condition for the expression given in Eq. (8)

is that a drop is deformed to fiber-like structures before it

breaks into small droplets.

The microrheology has been formulated for the infinitely

diluted mixtures of Newtonian liquids. It defines the

conditions for fiber formation and break-up in terms of the

viscosity ratio, (lp ; hD=hC; the reduced capillarity num-

ber, kp ; k=kcr ¼ ðsija=nÞ=kcr; and reduced time, up ;
u _g=k; where kcr is a critical value. From the point of view

of drop deformation and break there are four regions of the

reduced capillarity numbers k p [26]:

for 0:1 . kp droplets do not deform,

for 0:1 , kp , 1 droplets deform, but they do not break,

for 1 , kp , 2 droplets deform then split into two

primary droplets,

for kp . 2 droplets deform into stable filaments.

Thus, for kp . 2; drops of the minor phase deform

affinely with the matrix into long fibers and the phase co-

continuity is obtained. When subsequently the deforming

stress decreases, causing k p to fall below 2, the fiber

disintegrates under the influence of the capillary instability.

The co-continuous structure has been observed for mixtures

of Newtonian liquids in Couette geometry, suggesting that

formation of BPS is a general phenomenon, related to stress

(thus, to coalescence and break-up time interrelation) and

not to viscoelasticity.

Similarly as with k p, the drop deformability also depends

on the viscosity ratio lp ; hD=hC and the break-up time, upb:

When values of k p and u p are within the range required for

drop break up, the mechanism of rupture depends on l p. In

shear four regions have been identified:

for 0:1 q lp small droplets are shed from sigmoidal

drops—tip spinning,

for 0:1 , lp , 1 drop breaks into two principal and odd

number of satellite droplets,

for 1 , lp , 3:8 drop deforms into fiber, which then

disintegrate into small droplets,

for lp . 3:8 drops deform, but they do not break.

The microrheology also specifies the reduced time scale

for the equilibrium deformation ðupdÞ and for break-up of

fibers when k p falls below 2, upd ¼ 25 and upbðl
pÞ # 160;

respectively.

The microrheology gives a simple prescription for

developing co-continuity of phases in Newtonian systems:

kp . 2; 1 , lp , 3:8; and upd $ 25: In others than Couette

geometry, these conditions may not guarantee the BPS

formation in infinitely diluted blends.

3. Experimental

3.1. Materials

Series of blends of two commercial PS with three high

density polyethylenes (HDPE), two polydimethyl siloxanes

(PDMS) and polymethylmethacrylate (PMMA) were pre-

pared. The materials characteristic is given in Tables 1 and

2. The steady state shear flow behavior of these resins at

180 8C was determined using Rheometrics RDII in the

parallel plates geometry (low shear rates) and in Rosand

capillary rheometer (high shear rates). The flow curves in a

form of shear stress vs. shear rate for these (neat) polymers

are shown in Fig. 2.

3.2. Blend preparation

The blend constituents were dried in a vacuum oven at

50–60 8C for a week. The blending was carried out in a

Brabender Plasticorder (chamber volume of ca. 33 ml and a

Walzerkneter Type 30 mixing shafts) at 180 8C and 20 rpm

for 15–20 min. After mixing, the chamber was opened and

the sample was air-cooled. For solvent extractions the

specimens were cut from the cooled blend into a well-

defined shape, or alternatively they were molded into 1 or

2 mm thick sheets using a hydraulic press at 200 8C. The

influence of mixing time and rotation speed on the bi-

continuity index were studied for PS blended with 2.2 or

10 vol% HDPE-3.

The measurements using scanning electron microscope

(SEM), size exclusion chromatography (SEC) and rheome-

try were carried out according to well-described procedures

[14].
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3.3. Solvent extraction

These tests quantified the degree of phase co-continuity

for the blend. It was immediately evident whether the

insoluble component was self-supporting after extraction or

not. The following selective solvents were used:

† For PS in PS/HDPE blends: tetrahydrofuran (THF) and

as a u-solvent cyclohexane at 40 8C.

† For PMMA/PS blends formic acid as a solvent for

PMMA and cyclohexane at 40 8C for PS.

† For PMMA in PMMA/HDPE blends formic acid and

THF.

† For PDMS hexane at room temperature.

The extraction procedure was repeated several times to

constant weight of the resulting carcass.

The continuity index, Fi; has been defined as the volume

fraction of polymer i that is incorporated into an infinite

structure, relative to the total volume of that polymer in the

sample. Its value for PS was determined as the volume of PS

extracted from a specimen divided by the total PS volume in

it. For HDPE Fi was determined as the amount of PE in a

self-supporting cube after extraction, divided by the total

amount of PE in the cube. In some HDPE blends with small

volume fractions of HDPE (e.g. #6 vol%) the samples were

swollen in a selective solvent for the other blend component.

After drying the swollen sample collapsed, but remain in

one coherent piece with weight w1. The continuity index

was defined as w1 divided by the total HDPE content in the

sample.

3.4. Rheometry

To characterize the neat polymers two instruments were

used at T ¼ 180 8C. For the low deformation rates a

Rheometrics RDII with a parallel plates tooling was used

in a steady state deformation mode. For the high

deformation rates a Rosand double bore capillary rheometer

was employed.

4. Results

As reported earlier (see Fig. 1), blends of PS-1 with

either HDPE-1 or HDPE-2 had a relatively symmetrical co-

continuity index map with full 100% BPS of both phases

limited to a narrow range of composition in the vicinity of

fHDPE ø 0:42 [4,14]. By contrast, for PS-1/HDPE-3 blends,

in Fig. 3 100% BPS of both phases is observed for a wide

range of compositions, from fHDPE ø 0:02–0:67:

More precisely, samples of PS-1/HDPE-3 with a volume

fraction of 0.5 vol% after extraction with either THF or

cyclohexane collapsed into a powder, thus showing DPS

morphology. However, when the HDPE-3 content increased

to 1.4 and 2 vol%, HDPE swelled during extraction, but it

remained coherent thereafter. Thus, for this blend the

minimum volume fraction of the high viscosity component

in co-continuous blend is: 0:005 # fcr # 0:014: When the

HDPE-3content increased to about 6 vol%, the specimen

placed in THF swelled a little—the volume increased, but

the specimen remained in one piece. After extraction of the

PS-phase was completed the sample contracted to the final

Table 1

Characterization of high density polyethylene (HDPE) samples

Sample

HDPE-1 HDPE-2 HDPE-3 HDPE-4 PMMA

Manufacturer Neste Neste Neste Borealis Röhm & Haas

Grade DMDS 7028 DMDS 7007 DMDS 3415 Daplen MS6591 V920-100

r (kg/m3) 960 964 958 961–965 1190

MFI 28 7 0.1
�Mw (kg/mol) 60 97 320 89.2
�Mn (kg/mol) 7.1 11.6 29 44.6
�Mw= �Mn 8.5 8.4 10.9 2.0

h0 (kPa s) 0.350 1.9 110 2.7 220

r ¼ density; MFI ¼ melt flow index ISO 1133 conditions 4;(g/10 min); h0 ¼ viscosity at T ¼ 180 8C; the molecular weights of HDPE were determined by

high temperature SEC; antioxidant: Irganox 1010 (0.1 wt%) used in all HDPE formulations. The standard deviation for �Mw is ^3%.

Table 2

Characteristics of other polymers than HDPE

Polymer

PS-1 PS-2 PDMS-1 PDMS-2

Supplier Shell Shell Bayer Dow Corning

Grade/type N 3000 N 7000 M 1000000 SGM-IIL

Density (kg/m3) 1040 1040 970 970
�Mw (kg/mol) 283 207.0 600
�Mn (kg/mol) 108.8 103.6 331.5
�Mw= �Mn 2.6 3.3 2.0 1.8

h0 (kPa s), 180 8C 33 300 0.1 2.45

h0 (kPa s), 200 8C 2.2

r ¼ density; MFI ¼ melt flow index ISO 1133 conditions 4;(g/10 min);

h0 ¼ viscosity at T ¼ 180 8C; the molecular weights of HDPE were

determined by high temperature SEC; antioxidant: Irganox 1010 (0.1 wt%)

used in all HDPE formulations. The standard deviation for �Mw is ^3%.
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coherent, single piece, which then was dried to a constant

weight. Samples with HDPE-3 volume fraction:

fHDPE $ 6 vol% after extraction kept their original shape

(i.e. that of a cube). The swelling kinetics and the amount of

swelling were different in THF at room temperature than

that in cyclohexane at 40 8C. In the latter case the form

changes were smaller but the determined value of fcr was

not significant different.

An example of the internal structure of extracted HDPE-

3/PS-1 ¼ 10/90 specimen is shown in Fig. 4. Here the

fractured surface, observed under SEM, shows extensive

fibrillation of the remaining HDPE-3 phase.

During the extraction of HDPE-3/PMMA blends with

formic acid the specimen did not change shape.

The influence of composition, mixing shafts rotation

speed and the mixing time on the development of co-

continuous morphology were studied using the HDPE-3/PS-

1 model blends. Results of these tests are shown in Table 3.

Mixing was carried out at T ¼ 180 8C in an internal mixer,

varying the mixing shafts rate of rotation from 5 to 120 rpm,

what roughly corresponds to the volume-average value of

shear rates: _g < 4–100 s21, respectively. Mixing time,

t ¼ 15–120 min was used and the shafts rotational speed

was N ¼ 5; 20, 50, 80, and 120 rpm.

As expected, the blend composition strongly affected the

final morphology. Thus, for blends containing 10 vol%

HDPE-3 stable BPS morphology was observed for the full

range of processing conditions, viz. rate of rotation

N ¼ 5–120 rpm, or mixing time up to 2 h. (longer mixing

time was avoided for fear of thermal degradation since

earlier investigations of PS and HDPE samples have shown

significant changes in molecular weight distribution at times

longer than ca. 2 h at 180 8C). Significantly different

behavior was observed for blends with 2.2 vol% HDPE-3.

The results are summarized in Table 3. Thus, high degree of

co-continuity (,100%) was observed for blends com-

pounded under relatively mild mixing conditions (time and

shaft speed), but low at the limiting low and high values.

Evidently, 2.2 vol% HDPE-3 is close to the critical

concentration for BPS formation, fcr: For these reasons the

relatively small variations of the processing conditions may

have a dramatic effect on morphology (e.g. high degree of

co-continuity in blends mixed at 120 rpm for 45 min, but

DPS morphology when mixed for additional 15 min). The

full drawn line in Fig. 3 corresponds to the relation:

fi;HDPE ¼ 5ðf2 0:01Þ0:45: where the exponent value is

‘universal’ and the constant (5) was found by fitting the

universal relation to experimental data [14]. The percolation

theory predicted the value of exponent as 0.45. The

derivation was carried out for spherical precursors, but

empirically good fits have been found for other precursor

shapes [4].

5. Discussion

The study demonstrates that blends with bi-continuous

phase structure might be formed at very low volume fraction

of the dispersed phase, fcr . 0:001: This would not be

surprising if the mixing was carried our in extensional flow

Fig. 3. Co-continuity index for HDPE-3 in its blends with PS-1: fi;HDPE3

and fi;PS as function of volume fraction of HDPE-3. (The different symbols

are for data measured by different operators.)

Fig. 4. SEM micrograph of a fractured surface of the HDPE-3/PS-

1 ¼ 10/90 blend, after PS extraction.

Table 3

Observed morphologies for HDPE-3/PS-1 ¼ 2.2 vol% blend

Shaft speed (rpm) Mixing time (min) Co-continuity index

5 15, 20, 30, 60 Low

20 15, 20, 30, 60 High

50 15, 20, 30, 60 High

80 15, 20, 30, 60 High

120 15 High

120 30 High

120 45 High

120 60 Zero

120 90 Zero

120 120 Zero
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[5,6], but it is rather unprecedented for that in shear. Three

approaches that may be used to explain the phenomenon are

(in historical order):

(1) The microrheological description of drops deform-

ability and break in infinitely diluted Newtonian liquid

mixtures.

(2) The rheological theory of phase inversion in immisci-

ble polymer blends.

(3) The postulated in this work, the probabilistic in nature,

relative rate of shear coalescence of dispersed drops vs.

their break-up.

(1) The microrheology describes deformation of a single

drop in a matrix (infinite dilution), thus it is unable to predict

concentration-related effects. However, this well researched

approach offers an excellent guidance how the individual

drops are affected by external variables. The derived

relations are valid at infinite dilution, but incorporation of

a dynamic coalescence model had extended their applica-

bility to blends comprising at least 10 vol% of the dispersed

phase [28].

The microrheology states that co-deformation (that even

for Newtonian system leads to formation of co-continuous

structure) is expected at high value of the capillarity ratio,

kp . 2; thus co-continuity is favored by high deforming

stress, large particle size and low interfacial tension

coefficient. Furthermore, the phase co-continuity is more

likely to take place when the viscosity of the minor phase is

higher than that of the matrix, 1 , lp , 3:8: Within this

range of lp a dynamic process determines the morphology,

as the theory predicts breaking of the elongated drop when

the shearing time exceeds the critical value up . upb ¼

99:31ðlpÞ0:355: Thus, for 1 , lp , 3:8 fibrillation and

break-up is expected when the k p and u p parameters

reach appropriate values. However, on a practical side, one

should not expect that deformation of a single drop into a

fiber would continue indefinitely. The stretching must reach

a limiting fiber diameter—any further stretching will cause

a break. For example when dilute PE/PS blends were

prepared in a twin-screw extruder, the fiber diameter

dfiber . 0:1 mm was observed. Evidently, the limiting

diameter depends on the type of flow field.

The microrheology can be used to explain the observed

co-continuity index for the HDPE-3/PS-1 blends reported in

Table 3. At low mixing speeds and short times there is

insufficient deformation of spherical drops to cause fibrilla-

tion hence the index is low. As the mixing speed and time

increases there is increasing amount of deformation that

result in formation of co-continuous structures. The process

of stretching the HDPE-3 fibers continues until a critical

value of u p is reached. The reduced blending time can be

calculated from the relation: up ¼ u _gn=s12d ø u½n=dhð _gÞ�:

At 120 rpm the average rate of shear is _g ø 100 s21, and at

that rate the matrix viscosity h ø 1 kPa s. The value of the

PS/PE interfacial tension coefficient was determined as

n ¼ 6:4 mN/m [29]. Assuming that the critical mixing time

is 50 min and that the critical value of the reduced mixing

time is the same for Newtonian and viscoelastic mixtures,

upb ¼ 99:31ðlpÞ0:355 . 162; the fiber diameter at break

d ¼ 0:13 mm was calculated. Blending in an internal

mixer is far removed from the smooth stretching of drop

in Couette geometry, where from the relation for upb comes

from. Surprisingly, in the case of HDPE-3 blended with PS-

1 at fcr ¼ 0:014; the fiber diameter at break was determined

as d ø 0:1–0:2 mm, which brackets the calculated value.

It is also important to consider the case of high viscosity

ratios, lp . 3:8: Here, under strictly shear flow the drop

might deform but not break (but breaking may take place in

extensional flow). The theory predicts that the major axis of

the deformed (prolate) drop is aligned in the flow direction.

The degree of deformation depends of the level of stress

transferred to the drop. Thus, within the limiting range

viscosity ratios, lp . 3:8; fibrillation is possible by

stretching the pre-existing drops either in shear or in

extensional flow field, provided that stress is sufficiently

large and the time of deformation sufficiently long.

(2) The rheological theory of phase inversion assumes

that, independently of the viscosity ratio, the emulsion

viscosity increases with concentration of the dispersed

phase. The derived Eq. (1) implies that the critical volume

fraction for the phase inversion must satisfy the inequality:

uperc # u2I # 1=2; thus in 3D shear flow mixing f2I $ 0:156

and in 1D extensional flow mixing u2I $ 0:019: The

derivation considers a single phase inversion concentration,

not a range of compositions where phase co-continuity can

be found because of the flow field heterogeneity, disparity

between the break-up and coalescence rate or other reasons

(e.g. related to the viscoelastic character of a given blend).

The derived dependence compared well with the exper-

imental mid-range concentrations for phase co-continuity.

The phase inversion theory suggests that to engender co-

continuity of phases at low concentration extensional flow

component during mixing should be maximized. Under the

extensional flow the phase inversion at 0:019 # fcr #

0:156 may be expected. However, since the experimental

values of ucr listed in Table 4 are as low as about 0.001, the

rheological theory of phase inversion cannot be used to

describe the observation. Evidently, there is another

mechanism responsible for co-continuity at such low

concentrations.

(3) The hypothesis presented in this paper assumes that a

critical condition for the phase co-continuity is that the rates

of coalescence and of break-up are the same: uc ¼ ub: When

this condition is not met, at sufficient time available, the

blends will either form well dispersed system or coalesce

into two segregated phases. According to Eq. (8) a plot of

logðfcr=l _gÞ vs. logðupbl _gÞ should be a straight line with

slope 2z and intercept log k: This indeed can be seen in

Fig. 5.

The experimental values of fcr and the viscosity ratio,

lp; are listed in Table 4. The other required variables were
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calculated as follows:

† The relation between upb and lp ¼ hD=hC was estimated

from Fig. 2 in Ref. [27]. For lp $ 4 the value of upb is not

defined by microrheology. Consequently the results for

blends with lp q 4 are not included in Fig. 5.

Experimentally, for different blends of this type fcr ¼

0:15–0:30 was observed [3,13,14,26].

† The relaxation time was calculated as l ¼

h0HMc=rRT ; where h0 is the zero shear viscosity of

the continuous phase, r is the density of the

continuous phase, R is the gas constant, T is absolute

temperature, the polydispersity ratio is H ¼ �Mw= �Mn;

and the critical molecular weight is twice as large as

the entanglement molecular weight Mc ¼ 2Me:

As Fig. 5 shows, the experimental data for the blends

with viscosity ratios: lp # 4 follow the predicted depen-

dence with the exponent, z ¼ 2:01; and the equation

constant, k ¼ 1801: The correlation coefficient is r ¼ 0:981:

Thus the estimated correlation for the internal mixer is:

fcr ¼ 1801=½ðupbÞ
2:01ðl _gÞ1:01�

This equation should be treated as an approximation

because:

† It builds on relatively few observations,

† It is based on a number of simplifying assumptions, e.g.

application of a drop break up theory, which is valid at

infinite dilution, and the assumption of a constant

capillarity number for the viscosity ratios less than 4.

However, these simplifying assumptions are making Eq.

(8) easy to use for predicting the conditions for co-

continuity of phases. Furthermore, the relation does not

contain difficult to measure morphological characteristics of

the blend (e.g. fiber diameter). Hopefully, the equation will

be a useful guide for the development of polymer blends

with low critical volume fraction. Unfortunately, the two

equation parameters are affected by the flow field, thus are

not universal, but depend on the mixing equipment.

The present hypothesis resulted in Eq. (8), which predicts

that fcr is inversely proportional to Deborah number raised

to exponent ðz 2 1Þ; and to the reduced time-to-break, upb;

raised to an exponent z. Since upb depends only on the

viscosity ratio and the Deborah number depends on the

shear rate, Eq. (8) should be used within the experimentally

verified limit of variables, 0:4 # ðl _gÞ # 164:

6. Conclusions

An expression (Eq. (8)) giving a relation between critical

volume fraction for BPS formation, a Deborah number, and

a dimensionless break-up time is found to be well followed

by the experimental data from internal mixer experiments.

Application of the developed expression to processing/

mixing equipment necessitates the estimation of the

exponent z, and the equation parameter k.

Table 4

Critical co-continuity composition for A/B and B/A polymer blends

Polymer A Polymer B fcr,A fcr,B (hA/hB)a h0,A (kPa s) h0,B (kPa s) (hB/hA)a l _g for B-phase

PS-1 PMMA 0.07–0.08 0.16–0.24 0.035 30 220 40 23

HDPE-3 PS-1 0.01 0.15–0.20 4 110 30 0.2 15

HDPE-3 PDMS-2 0.25 b 36 110 2.45 0.4

HDPE-4 PDMS-2 ,0.25 b ,1 2.7 2.45 ,1 0.4

HDPE-3 PMMA ,0.01 c 0.1 110 220 10 23

HDPE-3 PS-2 0.001d ,1 110 300 164

For PS-1/HDPE-3 blends where HDPE-3 constitutes the major phase: l _g ¼ 14:
a Viscosity ratio at constant stress at T ¼ 180 8C. The stress value was estimated as: s12 . _ghð _gÞ; where _g ø 20 s21 and hð _gÞ is the shear viscosity of the

major phase resin.
b PDMS are fluids at room temperature and fcr,B could not have been estimated by extraction.
c Depends on cooling rate (poor reproducibility).
d Difficult to get exact value. Evaluations: 0:001 # fcr , 0:005: The lowest estimate is used in Fig. 5 since the experimental procedure gives values that

are $ of the estimates because swelling pressure tends to destroy week networks.

Fig. 5. 2logðfcr=l _gÞ vs. logðupbl _gÞ for data from Table 4 and viscosity ratio:

lp , 4: Experimentally: 0:4 # ðl _gÞ # 164:
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