
Rheol Acta (2007) 46:1197–1209
DOI 10.1007/s00397-007-0208-5

ORIGINAL CONTRIBUTION

Recoverable deformation and morphology
after uniaxial elongation of a polystyrene/linear
low density polyethylene blend

Ulrich A. Handge · Kenzo Okamoto ·
Helmut Münstedt

Received: 22 July 2006 / Accepted: 4 May 2007 / Published online: 18 June 2007
© Springer-Verlag 2007

Abstract The transient recoverable deformation ra-
tio after melt elongation at various elongational rates
and maximum elongations was investigated for pure
polystyrene and for a 85 wt.% polystyrene/15 wt.%
linear low density polyethylene (PS/LLDPE 85:15)
blend at a temperature of 170 oC. The ratio p of the
zero shear rate viscosity of LLDPE to that of PS is
p = 0.059 ≈ 1 :17. Retraction of the elongated LLDPE
droplets back to spheres and end-pinching is observed
during recovery. A simple additive rule is applied in
order to extract the contribution of the recovery of
the elongated droplets from the total recovery of the
blend. In that way, the recoverable portion of the
PS/LLDPE blend induced by the interfacial tension
is determined and compared with the results of a
theory based on an effective medium approximation.
The effective medium approximation reproduces well
the time scale of the experimental data. In addition,
the trends that the recoverable deformation increases
with elongational rate and maximum elongation are
captured by the theoretical approach.
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Introduction

The increasing technological use of polymer blends
has entailed a large interest in understanding the
flow properties of multiphase polymer systems. Con-
sequently, the rheological properties of melts of two-
phase polymer blends are currently the focus of
many theoretical and experimental studies. In these
works, the interplay between the morphology and
the flow properties of polymer blends is investi-
gated in shear and elongational flows. A key para-
meter is the interfacial tension between the two
polymers which contributes to the viscoelasticity of the
blend. The linear viscoelastic properties of blends of
two immiscible polymers are generally well described
by the model of Palierne (1990) which is widely applied
in order to predict the storage and the loss modu-
lus of these polymer blends (Graebling et al. 1993;
Vinckier et al. 1996; Minale et al. 1997; Okamoto
et al. 1997, 1999b; Jacobs et al. 1999; Fahrländer
and Friedrich 1999). In the nonlinear regime, ex-
perimental investigations of continuous shear flow
(Takahashi et al. 1994a,b; Takahashi and Noda 1995;
Vinckier et al. 1997), step shear strain experiments
(Okamoto et al. 1999a; Iza and Bousmina 2000) and
recovery experiments in shear (Thornton et al. 1980;
Gronski et al. 1996) were reported. The theoreti-
cal models of Doi and Ohta (1991), Wagner et al.
(1999), Almusallam et al. (2000) and Wetzel and
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Tucker (2001) partially describe the results of the
continuous shear and the step shear strain experi-
ments (Takahashi et al. 1994a,b; Vinckier et al. 1997;
Okamoto et al. 1999a). On the other hand, only a
few studies explored rheological properties of polymer
blends in elongation. Therefore, theoretical and exper-
imental investigations on the elongation of blends of
immiscible polymers in the molten state are presently
undertaken in order to elucidate the behavior of
polymer blends during this basic mode of deforma-
tion (Levitt et al. 1997; Mechbal and Bousmina 2004;
Heindl 2005; Handge and Pötschke 2004; Handge 2005;
Oosterlink et al. 2005; Filipe et al. 2006).

In this article, the focus lies on the influence of the
interfacial tension on the recovery of a blend of the
two immiscible polymers PS and LLDPE after elon-
gation in the molten state. Recovery experiments of
a blend of two immiscible polymers after shear creep
and elongation were performed by Gramespacher and
Meissner (1995, 1997). The blend components were PS
and poly(methyl methacrylate) (PMMA), and the max-
imum weight fraction of the minor phase was 20 wt.%.
Handge and Pötschke (2004) investigated the transient
recovery of PS/PMMA blends with much larger weight
fractions and with a co-continuous structure and a
droplet morphology, respectively. The ratio p of the
zero shear rate viscosities of PMMA to PS at measuring
temperature was p = 0.55 and thus not far away from
unity.

A theoretical approach to model the recovery of
two-phase polymer blends is described by Handge
(2003). In this model, an effective medium approxi-
mation is applied with effective values of the Hencky
strain rates of the disperse and the matrix phase. In
addition, it is assumed that the disperse and the matrix
phase are Newtonian fluids. The model agrees well with
experimental data for PS/PMMA blends with a vis-
cosity ratio not far from unity (Handge 2003; Handge
and Pötschke 2004). Until now, this has been the only
comparison between the theory based on the effective
medium approximation and experimental data. If the
viscosity of the drop phase is much smaller than the
viscosity of the matrix phase, additional effects can
occur. For example, the drops which were deformed
into a filament-like shape with a high surface area can
possibly break up during recovery.

In this study, the transient recovery after elonga-
tion of a polystyrene/linear low density polyethylene
(PS/LLDPE) blend with an initial droplet morphology
in the molten state is reported. The weight fraction of
the LLDPE in the blend was 15 wt.%. The recoverable
portion induced by the interfacial tension was extracted
from the total recovery of the blend and compared

with the results of the effective medium approximation.
In the present work, the time-dependence of recovery
after deformation at various elongational rates and
maximum elongations and the morphology develop-
ment of a PS/LLDPE blend is investigated. In com-
parison to the studies of Gramespacher and Meissner
(1997) and Handge and Pötschke (2004) on PS/PMMA
blends, another blend component was used resulting in
a ratio of the zero shear rate viscosities of p = 0.059 ≈
1 :17, i.e. much smaller than that of the PS/PMMA
system.

Experiments

Materials

The components of the blend are the polystyrene PS
158K (BASF, Germany) and the linear low density
polyethylene Escorene LLN 1001 XV (Exxon Chem-
ical, USA). The glass transition temperatures Tg, the
melting temperatures Tm, the number averages of the
molecular weight Mn, the weight averages of the mole-
cular weight Mw and the zero shear rate viscosities
η0 at a temperature of T = 170 oC of these polymers
are summarized in Table 1. The interfacial tension �

between PS and LLDPE at T = 170 oC was deter-
mined as 5.0 mNm−1 by measuring the surface tension
of the components and by the harmonic-mean equation
(Heindl et al. 2004; Wu 1982). The blend was prepared
by a twin screw extruder at around T = 200 oC. The
composition ratio of PS/LLDPE was 85:15 by weight
which corresponds to 83:17 by volume. Other charac-
teristics of the components and details of the prepa-
ration procedure of the blend are reported by Heindl
et al. (2004) and Heindl (2005).

Dynamic mechanical measurements

The storage and the loss modulus G′ and G′′ of the
blend components and the blend as a function of the
angular frequency ω were determined using a rotational
rheometer (Gemini, TA Instruments, USA) with a
parallel-plates geometry at T = 170 oC. The diameter
of the plates was 25 mm, and the gap was set to 1.55 mm.

Table 1 Characteristics of the blend components

Tg Tm Mn Mw η0 at 170 oC
(oC) (oC) (g/mol) (g/mol) (Pa s)

PS 95 - 200,000 330,000 230,000
LLDPE ≈ –110 120 62,000 150,000 13,600
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A nitrogen gas atmosphere was used during the mea-
surements to minimize the degradation of the sample.
The strain amplitude was chosen as 0.003 for the pure
PS and the blend, and as 0.06 for the pure LLDPE. The
angular frequency ω was varied between 10−2 s−1 and
102 s−1.

Uniaxial elongation and recovery

Uniaxial elongation and recovery experiments were
carried out with the Münstedt-type extensional
rheometer (Münstedt 1979; Münstedt et al. 1998)
at T = 170 oC. The diameter and the length of the
samples ranged between 4.5 and 6 mm and between 25
and 27 mm, respectively. The samples were elongated
at different constant Hencky strain rates ε̇ to various
maximum stretch ratios λmax. The Hencky strain rates
were chosen as 0.01 s−1, 0.1 s−1 and 0.5 s−1 and the
maximum stretch ratios of elongation λmax were 4.0, 7.4
and 12.0 which correspond to the maximum Hencky
strains εmax = ln (λmax) of 1.4, 2.0 and 2.5.

After elongation, the recovery measurements were
performed as follows: At the end of elongation at the
time t = tmax = εmax/ε̇, the span length of the sample is
very rapidly decreased by an amount �L which results
in a bending of the sample and in setting the tensile
stress to zero at the same time. Due to recovery, the
sample length decreases. The time �t′ until the sample
has attained its straight geometry again is taken as the
time needed for the recovery of the sample by �L.
Repeating this procedure m times, the dependence of
the sample length L(t′) on the recovery time t′ = t −
tmax is determined by

L(t′) = Lmax −
m∑

k=1

�Lk (1)

with

t′ =
m∑

k=1

�t′k. (2)

In our series of experiments typical values were
1 ≤ m ≤ 60, 0 cm ≤ �Lk ≤ 16 cm, and 0.7 s ≤ �tk ≤
700 s. In Eq. 1 the sample length at the beginning of the
recovery experiment is denoted by Lmax. The transient
recovered stretch ratio λr(t′) follows from

λr(t′) = Lmax/L(t′). (3)

Characterization of morphology

The morphology of the PS/LLDPE 85:15 blend was
observed (1) before elongation, (2) at the maximum
stretch ratio λmax = 7.4 for all the strain rates applied

and (3) during recovery after elongation at ε̇ = 0.1 s−1

up to λmax = 7.4 and λmax = 12.0. The elongated sam-
ples were quenched at the maximum strain and during
recovery at recovery times t′ = 60, 120, 240 and 480 s.
After quenching, the samples were fractured in liquid
nitrogen. The quenching time roughly was 5 s which
is much smaller than the interfacial relaxation time
τint ≈ 62 s. In the initial stage, the stretched polymer
chains recoil much faster than the extended drops. The
fractured surfaces were analyzed by a scanning electron
microscope (SEM, LEO 435VP, Carl Zeiss, Germany).
In order to determine the droplet radius before elonga-
tion, the radii ri of the N spherical segments (holes) due
to the droplets on the fractured surfaces were deter-
mined. The radius ri corresponds to the radius of a cross
section of the ith droplet. Goldsmith (1967) analytically
calculated the relation between the visible particle size
distribution in a thin slice and the distribution of the
true droplet radius. In our case, the fractured surface
roughly corresponds to a slice of zero thickness. Then
the number average 〈Rn〉 and the volume average 〈Rv〉
of the true droplet radius distribution can be estimated
by (Goldsmith 1967)

〈Rn〉 = 4〈rn〉/π (4)

〈Rv〉 = 32〈rs〉/(9π), (5)

where 〈rn〉 = (1/N)
∑N

i=1 ri denotes the measured num-
ber average and 〈rs〉 = ∑N

i=1 r3
i /

∑N
i=1 r2

i the measured
area average of the droplet radius. Equation 4 assumes
a monodisperse particle size distribution, and Eq. 5
follows from Goldsmith (1967) for zero slice thickness
and 〈Rv〉 = m4/(2m3) where m3 and m4 are the 3rd
resp. 4th moment of the true particle diameter distribu-
tion. The general forms of Eqs. 4 and 5 were derived
in detail by Goldsmith (1967). Taking into account
the experimental scatter because of a finite number of
drops, Eqs. 4 and 5 achieve a sufficient accuracy for our
investigations.

To determine the stretch ratio λd of the droplets at
maximum strain, the samples were quenched and frac-
tured perpendicular and parallel to the loading direc-
tion. Assuming that a droplet with an initial radius of r0

is deformed into an ellipsoidal shape with the principal
axes a = r0λd and b = c = r0λ

−1/2
d , estimated values for

the stretch ratio λd of the droplets at maximum strain
εmax were obtained using

λd(t′ = 0) = (
r̄/r̄perp

)2
, (6)

where r̄ is the average radius of the cross sections
of the droplets on the surface of the sample before
elongation and r̄perp denotes the average of the radii
of the cross sections of the droplets on the surfaces of
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the elongated samples which were fractured perpendic-
ular to the loading direction. The estimated λd(t′ = 0)

using the number averages follows from λd,n(t′ = 0) =
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Fig. 1 Storage and loss modulus G′ and G′′ at T = 170 oC as
a function of angular frequency ω for (a) the blend components
and (b) pure PS and the PS/LLDPE 85:15 blend
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Fig. 2 Transient elongational viscosity η+
E(t, ε̇) of (a) pure PS and

(b) the PS/LLDPE 85:15 blend for three different Hencky strain
rates ε̇ at T = 170 oC. The Hencky strain rate is indicated

(〈rn〉/〈rperp,n〉)2, and the estimated λd(t′ = 0) using the
area averages is given by λd,s(t′ = 0) = (〈rs〉/〈rperp,s〉)2.
Here the indices n and s refer to the number average
and the area average, respectively. The uncertainty of
λd(t′ = 0) calculated by Eq. 6 is at least 10% because
the droplets are generally not cut in their center, but
at random positions, the stretch ratio depends on the
initial radius of each droplet, and the droplet size distri-
bution is not monodisperse.

Results

Figure 1 shows the storage and the loss modulus G′ and
G′′ of the blend components and the PS/LLDPE blend
as a function of the angular frequency ω at T = 170 oC.
The storage and the loss modulus of the PS and the
LLDPE attain a shape which is typical of polydisperse
polymers, see Fig. 1a. For ω < 0.05 rad s−1, the storage
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Fig. 3 Dependence of the recovered stretch ratio λr on recovery
time t′ for (a) PS and (b) the PS/LLDPE 85:15 blend at the
elongational rate ε̇ = 0.1 s−1 and the three maximum strains εmax.
The measurement temperature was T = 170 oC

modulus G′ of the blend is somewhat larger than G′
of the PS (Fig. 1b), although G′ of the LLDPE is
significantly smaller than G′ of the PS. This increase of
G′ can be interpreted as the onset of a shoulder and is
associated with an additional relaxation process caused
by the interfacial tension between the two blend com-
ponents (Palierne 1990; Graebling et al. 1993; Kitade
et al. 1997; Okamoto et al. 1999a). Such a behaviour is

commonly observed for blends of immiscible polymers.
In contrast to G′, the loss modulus G′′ of the blend only
moderately deviates from G′′ of the PS, see Fig. 1b.

In Fig. 2, the transient elongational viscosity
η+

E(t, ε̇) of the PS and the PS/LLDPE blend is pre-
sented. The experimental error of η+

E(t, ε̇) is about
10%. Whereas the PS and the blend behave lin-
early viscoelastic for ε̇ = 0.01 s−1, strain hardening
of the PS and the PS/LLDPE blend is observed
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Fig. 4 Dependence of the recovered stretch ratio λr on recovery
time t′ for (a) PS and (b) the PS/LLDPE 85:15 blend at the
elongational rate ε̇ = 0.5 s−1 and the three maximum strains εmax.
The measurement temperature was T = 170 oC
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Fig. 5 Dependence of the recovered stretch ratio λr on
recovery time t′ for (a) PS and (b) the PS/LLDPE 85:15 blend at
the elongational rate ε̇ = 0.01 s−1 and the three maximum strains
εmax. The measurement temperature was T = 170 oC

for ε̇ = 0.1 s−1 and ε̇ = 0.5 s−1. For the LLDPE strain
hardening was not found. The transient elongational
viscosity of the PS/LLDPE blend shows less strain hard-
ening than the PS. This reduction of strain-hardening is
caused by the low viscous LLDPE droplets in the blend.

Figure 3 presents the transient recovered stretch ra-
tio λr(t′) of the PS and the blend after elongation at ε̇ =
0.1 s−1 to various εmax values. The relative error of the
measurements is less than 5%. The recovered stretch
ratio λr increases with the recovery time t′ and attains
a stationary value λr,max at large times for the PS and

the blend. The transient recovered stretch ratio λr(t′)
and its plateau value λr,max increase with the maximum
elongation εmax applied. Comparing the data for the PS
and the blend shows that λr of the blend exceeds the
corresponding λr of the PS. In Figs. 4 and 5 the transient
recovered stretch ratios after elongations at ε̇ = 0.5 s−1

and ε̇ = 0.01 s−1 are plotted for PS and the blend. The
shape of λr(t′) at ε̇ = 0.5 s−1 and ε̇ = 0.01 s−1 is similar
to the shape of λr(t′) at ε̇ = 0.1 s−1 (cf. Fig. 3) for PS
and the PS/LLDPE 85:15 blend. A more quantitative
comparison of the data in Figs. 3 to 5 reveals that λr(t′)
increases with elongational rate ε̇. In addition, for a
constant Hencky strain rate the time t′ at which the
plateau of λr(t′) starts increases with εmax for both PS
and the PS/LLDPE 85:15 blend.

Figure 6 shows a typical scanning electron micro-
graph of the PS/LLDPE blend before elongation. The
LLDPE phase forms inclusions which are uni-
formly dispersed in the PS matrix. The shape of the
droplets before elongation is spherical with an aver-
age droplet radius 〈Rn〉 = 0.87 ± 0.17 μm and 〈Rv〉 =
1.12 ± 0.10 μm. During melt elongation of the blend,
the droplets are stretched. Figure 7a shows a cross
section of an elongated sample perpendicular to the
loading direction for ε̇ = 0.01 s−1 and εmax = 2.0. In
addition to the cross sections of the individual elon-
gated droplets, the coalescence of two neighboured
droplets is shown (see the arrow in Fig. 7a). Table 2
lists the number and the area average of the radii
of the cross sections of the droplets and the stretch
ratio of the droplets at εmax = 2.0. The number and the
area average radii 〈rperp,n〉 and 〈rperp,s〉 perpendicular to
the loading direction are much smaller than the radii
〈rn〉 = 0.68 ± 0.13 μm and 〈rs〉 = 0.99 ± 0.09 μm before

Fig. 6 Scanning electron micrograph of the PS/LLDPE 85:15
blend before elongation
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elongation. Figure 7b reveals that spherical ends are
formed at the tips of some elongated LLDPE droplets
which finally split off the stretched droplets. This phe-
nomenon is called “end-pinching” and leads to the
minimization of the interfacial energy. The evolution
of the shape of the droplets parallel to the elongation
direction during recovery is shown in Fig. 8 for ε̇ =
0.1 s−1 and εmax = 2.0. After t′ = 60 s of recovery, the
droplets attain an ellipsoidal shape with a large stretch
ratio, see Fig. 8a. The stretch ratio of the droplets
decreases with increasing recovery time t′ (cf. Figs. 8b
and c), since the interfacial tension causes the recovery
of the droplets to their initial spherical shape. At t′ =
480 s, the droplets have almost attained the spherical
geometry, again (Fig. 8d).

Fig. 7 (a) Scanning electron micrograph perpendicular to the
loading direction of the PS/LLDPE 85:15 blend at εmax = 2.0
after elongation with ε̇ = 0.01 s−1. (b) Scanning electron mi-
crograph parallel to the loading direction of the PS/LLDPE
85:15 blend for ε̇ = 0.1 s−1 and εmax = 2.0 showing the formation
of spherical ends at the tips of the elongated droplets (“end-
pinching”, see the center of the circle)

Table 2 The number average 〈rperp,n〉 and the area average
〈rperp,s〉 of the radii of the cross-sections perpendicular to the
loading direction at maximum strain εmax = 2.0 for the three
different Hencky strain rates and the resulting stretch ratio
λd(t′ = 0) using Eq. 6

ε̇ 〈rperp,n〉 λd,n 〈rperp,s〉 λd,s

(s−1) (μm) (μm)

0.01 0.36 ± 0.04 3.6 0.43 ± 0.04 5.3
0.1 0.23 ± 0.02 8.7 0.32 ± 0.03 9.6
0.5 0.26 ± 0.04 6.8 0.32 ± 0.04 9.6

Discussion

Figure 9 presents the maximum recoverable stretch
ratio λr,max as a function of λmax for PS and the blend
at the three different Hencky strain rates ε̇. The value
of λr,max increases with λmax and ε̇ for PS and the blend.
The difference between λr,max of the blend and λr,max

of PS also increases with λmax which indicates that
the effect of the recovery of the deformed droplets is
more pronounced at higher λmax. This trend also agrees
with the results of morphological investigations during
recovery which show that the stretch ratio of the
droplets is larger for εmax = 2.5 than for εmax = 2.0.

The recoverable stretch ratio of the blend is strongly
influenced by the recovery of the PS matrix since the
molecular recovery of PS is not negligible compared
with the recovery of the blend (see Figs. 3 to 5 and
Fig. 9). In order to determine the recovery portion
which is caused solely by the interfacial tension, the
recovery of the PS matrix was subtracted from λr(t′)
and λr,max. If the contribution of the interfacial tension
to the recovery of the blend is known, the interfacial
tension induced recovery portion can be compared then
with the effective medium approximation of Handge
(2003). This model is based on the assumption that
the disperse and the matrix phase are Newtonian fluids
and consequently do not contribute to the recoverable
stretch by the recovery of the macromolecules.

In this work, a simple additive rule was applied as a
first approach. Such a procedure implies the assumption
that the molecular recovery of PS is independent of
the interfacial tension driven recovery. The recovered
stretch which is caused by the interfacial tension is
denoted by λint

r and the experimentally measured recov-
ered stretch of PS by λPS

r . The additive rule then reads

λint
r = λblend

r − (1 − 
)(λPS
r − 1), (7)

where λblend
r is the measured recovered stretch of the

blend (see Figs. 3 to 5) and 
 the volume fraction of
the LLDPE phase. In Eq. 7 the contribution of the
molecular recovery of LLDPE to the recovery of the
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Fig. 8 Scanning electron
micrographs of the
PS/LLDPE 85:15 blend for
ε̇=0.1 s−1 and εmax =2.0
at the recovery time
(a) t′ =60 s, (b) t′ =120 s,
(c) t′ =240 s and (d)
t′ =480 s. The arrows indicate
the direction of elongation

blend is neglected, as it was found to be very small
(Heindl 2005). Generally, the rheological properties of
a two-phase polymer blend are a nontrivial function
of the properties of the blend components and the
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Fig. 9 Maximum recoverable stretch ratio λr,max vs maximum
stretch ratio λmax = exp (εmax) for the three elongational rates ε̇.
The temperature was T = 170 oC

interface, cf. the linear viscoelastic theory of Palierne
(1990) which leads to λr(t′ → ∞) = exp [(τ1 − τ2)ε̇], see
the Appendix. However, our analysis of the data re-
vealed that after melt elongation to a large stretch ratio
the empirical Eq. 7 is an appropriate approach for the
nonlinear regime and also is in agreement with the data
of PS/PMMA blends at small t which were studied by
Handge and Pötschke (2004).

Using Eq. 7, the experimental values for the
interfacial tension induced recovery portion λint

r (t′) are
determined (see Fig. 10). Similar to the experimen-
tal data of the blend, the λint

r (t′) values increase with
recovery time t′ and attain a plateau value λint

r,max at
long t′. Increasing the maximum elongation leads to
increasing λint

r (t′) values. Figure 11 presents the de-
pendence of the maximum interfacial tension driven
recovery λint

r,max on the maximum stretch ratio λmax. The
data reveal that λint

r,max increases with λmax for the three
different Hencky strain rates ε̇. The λint

r,max value for
ε̇ = 0.01 s−1 and λmax = 4.0 does not differ much from
the λint

r,max values obtained for the two higher strain rates
at the same λmax = 4.0. At higher λmax, the differences
become more pronounced, however. The λint

r,max values
for ε̇ = 0.1 s−1 and ε̇ = 0.5 s−1 almost superimpose.
Consequently, the contribution of the interfacial ten-
sion to the total recovery of the blend is similar for ε̇ =
0.1 s−1 and ε̇ = 0.5 s−1 and is much more pronounced
than for ε̇ = 0.01 s−1. This result can be explained by
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Fig. 10 Experimental
(symbols) and theoretical
(lines) transient interfacial
tension driven recovery
portion λint

r as a function
of recovery time t′ for (a)
ε̇ = 0.1 s−1, (b) ε̇ = 0.5 s−1,
and (c) ε̇ = 0.01 s−1 at
T = 170 oC. The maximum
Hencky strain εmax is
indicated. The experimental
data were calculated using
Eq. 7 and the theoretical
curves using Eqs. 9 and 10
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taking the transient capillary number CaE(t) in elonga-
tion into account

CaE(t) = η+
E(t, ε̇)〈Rn〉ε̇/(3�) (8)

which is plotted in Fig. 12. The transient capillary num-
ber CaE(t) is larger than 1 for ε̇ ≥ 0.1 s−1 and t ≥ 1.5 s.
For small deformations, such large CaE(t) values lead
to an affine deformation of the droplets during elonga-
tion, since for large CaE(t) and small deformations the
interfacial tension is negligible (Taylor 1934; Delaby
et al. 1994, 1995a). On the contrary, for ε̇ = 0.01 s−1

the capillary number CaE(t) is smaller than 0.6. Hence
for ε̇ = 0.01 s−1 the droplets are much less deformed
than for ε̇ ≥ 0.1 s−1. For ε̇ = 0.01 s−1 the stretch ratio
of the droplets strongly depends on CaE(t) (Taylor
1934; Delaby et al. 1994, 1995a). Since the interfacial
tension induced recovery is related to the extension
of the droplets and thus to CaE(t), the agreement of
the λint

r values for ε̇ = 0.1 s−1 and ε̇ = 0.5 s−1 supports

the results of Taylor (1934) and Delaby et al. (1994,
1995a) that the stretch ratio of the droplets is inde-
pendent of CaE(t) for CaE(t) 
 1. The similarity of the
droplet deformation at ε̇ = 0.1 s−1 and ε̇ = 0.5 s−1 was
directly shown by the analysis of the cross sections of
the elongated LLDPE particles at the maximum strain
εmax = 2.0. The number average radii were found as
0.23 ± 0.02 μm for ε̇ = 0.1 s−1, 0.26 ± 0.04 μm for ε̇ =
0.5 s−1 and 0.36 ± 0.04 μm for ε̇ = 0.01 s−1. These data
confirm our finding that the λint

r,max values of Eq. 7 are
equal for ε̇ = 0.1 s−1 and ε̇ = 0.5 s−1 and support the
validity of Eq. 7.

Theoretical description

The determination of the interfacial tension driven re-
covery portion λint

r allows to compare the experimental
data for the PS/LLDPE blend with the prediction of
the effective medium approximation (Handge 2003,
2004a). In this model, two time-evolution equations for
the stretch ratio of the sample λs = L(t′)/L0 and the
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Fig. 11 Maximum interfacial tension-driven recovery portion
λint

r,max (experimental data) as a function of maximum stretch ratio
λmax = exp (εmax) at T = 170 oC. The values of ε̇ are indicated

droplets λd(t′) were derived where L0 is the length of
the sample before elongation:

dλd/dt′ =
(

1 − λ
3/2
d

)
/[2τm(p + (1 − 
)λs/λd)] (9)

dλs/dt′ =
[

 + (1 − 
)

√

λs/λd

]
(λs/λd)dλd/dt′. (10)

In Eqs. 9 and 10 τm = ηmr0/� and p = ηd/ηm hold,
where ηd and ηm denote the zero shear rate viscosities
of the droplet phase and the matrix phase, respectively.
The volume concentration of the disperse phase is given
by 
. The droplet size distribution before elongation
is assumed to be monodisperse with a droplet radius
r0 = 〈Rn〉 and the droplet shape to be ellipsoidal with
the principal axes a = r0λd and b = c = r0λ

−1/2
d during

deformation. At t′ = 0 we have λs(t′ = 0) = λmax. The
initial condition for λd is given by the true stretch ratio
of the droplets at maximum strain εmax. The analytical
calculations of Taylor (1934) and Delaby et al. (1994,
1995a) have shown that λd depends on the capillary
number CaNewt = ηmε̇r0/� for Newtonian fluids and
consequently on the applied Hencky strain rate ε̇. In
addition, the volume concentration 
 of the disperse
phase also influences the stretch ratio of the droplets.
For CaNewt � 1 we have (see Appendix)

λd(t′ = 0) = exp {5F(p)CaNewt[1 − exp (−tmax/τ1)]} (11)

and for CaNewt 
 1 (Delaby 1995b)

λd(t′ = 0) = 1 + 5(λmax − 1)/[2p + 3 − 2
(p − 1)] (12)

with F(p)=(19p + 16)/[40(p + 1) − 8
(5p + 2)], τ1 =
ηmr0 [2p + 3 − 2
(p − 1)] (19p + 16)/{4�[10(p + 1) −
2
(5p + 2)]} and tmax = εmax/ε̇.

Using a Runge-Kutta scheme, the time-evolution
equations 9 and 10 were numerically solved for
the parameters 
 = 0.17, p = 0.059, r0 = 0.9 μm, � =
5 mNm−1, ηm = 2.3 · 105 Pas and τm = 41.4 s of the
PS/LLDPE blend. The elongation experiments with
ε̇ = 0.01 s−1 correspond to CaNewt < 1 and the elonga-
tion experiments with ε̇ = 0.1 s−1 and ε̇ = 0.5 s−1 to
CaNewt 
 1. The theoretical prediction of the interfacial
tension driven recovery portion follows from λint

r (t′) =
Lmax/L(t′) = λmax/λs(t′).

In Fig. 10, the theoretical results for λint
r (t′) are plotted

and compared with the experimental data based on
Eq. 7. The numerical solution for λint

r equals one for
t′ = 0 and increases with recovery time t′ until it attains
a stationary value λint

r,max. Figure 10 reveals that the
time scale of recovery based on the numerical solution
agrees well with the time scale of the experimental
data. The stationary value of the interfacial tension
driven recovery portion increases with the maximum
Hencky strain εmax, both for the model prediction and
the experimental data. In addition, the results of the
effective medium approximation show an increase with
elongational rate ε̇ similar to the experimental λint

r data.
However, the absolute values of the solutions of Eqs. 9
and 10 exceed the corresponding experimental λint

r (t′)
values for ε̇ = 0.1 s−1 and ε̇ = 0.5 s−1. For ε̇ = 0.1 s−1

and ε̇ = 0.5 s−1 the deviations between theory and
experiment can be explained by various effects which
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Fig. 12 Transient capillary number CaE(t) in elongation of the
PS/LLDPE 85:15 blend for the three different Hencky strain
rates ε̇, see Eq. 8
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all indicate that the true λint
r values are larger than

the λint
r values obtained by Eq. 7. First, the investi-

gation of the morphology at maximum strain εmax (cf.
Fig. 7a) revealed that λd derived from Eq. 12 is larger
than the true stretch ratio λd at t′ = 0. For example,
we find λd,exp/λd,Eq.12 ≈ 8.7/10.3 = 0.84 for ε̇ = 0.1 s−1

and εmax = 2.0. Secondly, in contrast to the PS/PMMA
blends investigated by Gramespacher and Meissner
(1997) and Handge and Pötschke (2004) end-pinching
was observed for the PS/LLDPE blend, see Fig. 7b. The
end-pinching phenomenon is not taken into account by
the effective medium approximation, but influences the
time-dependent recovery. By end-pinching, a droplet
decreases the interfacial energy and the stretch ratio of
the droplet in such a way that it does not contribute
significantly to the total recovery of the blend. In ad-
dition, the term (1 − 
)λPS

r in Eq. 7 may overestimate
the contribution of the PS phase to the total recovery
of the blend, since shear deformation may occur in the
PS phase around the LLDPE particles (Delaby et al.
1994, 1995a). Finally, because of p � 1 the PS phase
in the blend is elongated with an average strain rate
which is smaller than the macroscopic strain rate ε̇ for
ε̇ ≥ 0.1 s−1. This reduction of the average strain rate
of the PS phase also leads to a molecular recovery of
the PS molecules which is smaller in the blend than
measured for PS alone; i.e., the recoverable portion
taken into account by the additive rule Eq. 7 is too high.

Conclusions

The dependence of the recovered stretch ratio λr on
the recovery time t′ at various elongational rates and
maximum elongations was investigated for PS and
a 85 wt.% PS/15 wt.% LLDPE blend at T = 170 oC.
The recovered stretch ratio of the PS and the blend
increases with recovery time and attains a station-
ary value at large recovery times. In addition, λr(t′)
increases with elongational rate ε̇ and maximum elon-
gation εmax for the PS and the blend. The comparison
of the transient recovery of the blend and of the PS
showed that the recovered stretch of the blend strongly
exceeds the corresponding λr(t′) value of the PS. The in-
vestigation of the morphology during recovery revealed
that the difference between the recovered stretch ratios
of the blend and of the PS results from the recovery
of elongated droplets driven by the interfacial tension
between PS and LLDPE. In addition to the retraction
of elongated LLDPE droplets to spheres, the formation
of small spherical ends at the tips of the elongated
droplets (the so-called end-pinching phenomenon) was
observed during recovery. A simple additive rule

expressed by Eq. 7 was used to extract the interfacial
tension driven recovery portion λint

r (t′) from the total
recovery λblend

r (t′) of the blend. The experimental data
for λint

r (t′) were compared with the results of the ef-
fective medium approximation of Handge (2003). The
model reproduces the basic trends of the experimental
data for various sets of elongational rates and maxi-
mum elongations, namely the time scale of recovery
and the increase of λint

r with ε̇ and εmax. The reasons
for the deviations of the absolute values determined
by the model and the experiments can be sought in the
unknown true stretch ratios of the droplets at maximum
elongation, the break-up of elongated droplets by end-
pinching and the unknown exact contribution of the
molecular recovery of the PS phase.
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Appendix Stretch ratio of droplets for small CaNewt

Stretch ratio of droplets for small CaNewt

Graebling et al. (1993) have shown that the model
of Palierne (1990) for a nondilute emulsion of two
Newtonian fluids with equally sized droplets of radius
r0 can be modelled by a Jeffreys model which consists
of a Maxwell element (spring constant G1 and dashpot
viscosity η1) in parallel with a dashpot of viscosity η2.
The following relations hold between the blend pa-
rameters 
, r0, �, ηm and p = ηd/ηm and the parame-
ters G1, τ1 = η1/G1 and τ2 = η1η2/[(η1 + η2)G1] of the
Jeffreys model (Graebling et al. 1993):

G1 = 20
�/{r0[2p + 3 − 2
(p − 1)]2} (13)

τ1 = ηmr0[2p + 3 − 2
(p − 1)](19p + 16)

/{4�[10(p + 1) − 2
(5p + 2)]} (14)

τ2 = ηmr0[2p + 3 + 3
(p − 1)](19p + 16)

/{4�[10(p + 1) + 3
(5p + 2)]}. (15)

If x1(t) denotes the elongation of the spring with elastic
constant G1, x̃1(t) the elongation of the dashhpot with
viscosity η1 and x0(t) = x1(t) + x̃1(t) the total elonga-
tion of the Jeffreys model, then the transient elongation
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of the spring during a startup flow at a constant elonga-
tional rate ẋ0 = constant for t ≥ 0 is

x1(t) = ẋ0τ1
[
1 − exp (−t/τ1)

]
. (16)

Comparing the surface energy of a stretched droplet
with the elastic energy of the spring, see Delaby
(1995b), one finds for the Hencky strain of a droplet
εd = ln λd = 5x1/[2p + 3 − 2
(p − 1)]. Then Eq. 16
leads to the stretch ratio of the droplets in a nondilute
emulsion at a low capillary number CaNewt = ηmε̇r0/�

by inserting the expression for τ1 and replacing ẋ0 by ε̇

into Eq. 16:

λd(t′ = 0) = exp {5F(p)CaNewt[1 − exp (−t/τ1)]}, (17)

with F(p) = (19p + 16)/[40(p + 1) − 8
(5p + 2)]. Fi-
nally, the equilibrium shear compliance J0

e of the Jef-
freys model can be also calculated (Vinckier et al.
1999) and is given by J0

e = (τ1 − τ2)/(η1 + η2). This
leads to the recoverable elongational Hencky strain
εr(t′ → ∞) = J0

e (η1 + η2)ε̇ = (τ1 − τ2)ε̇ in the linear vis-
coelastic regime (Laun and Münstedt 1978).
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