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Abstract

In this paper we investigate the relationships between flow and morphology in immiscible diluted non-Newtonian (LDPE and PA6) blends.
Both rheological and rheo-optical techniques have been used. The effect of a steady shear flow on the blend microstructure has been studied at
various shear rates. Moreover, the effects of a compatibilizing agent on rheology and morphology have been analysed. The compatibilizer causes
decrease of average drop sizes and stabilization of the blend morphology during a steady shear flow. An attempt to relate the evolution of the
volume-average radius with flow has been carried out by following the approach generally pursued for Newtonian polymer blends. The rescaling
of both the capillary number and the viscosity ratio by using the shear-rate-dependent viscosity of blend constituents allows to roughly estimate
the shear rate wherein severe drop break-up phenomena occur for the uncompatibilized system. Conversely, quantitative discrepancies between
experimental data and theoretical expectations have been found for compatibilized blend. The coarsening behaviour in the early stages of an
annealing process at rest has been studied, and simple model has been proposed to describe the volume average drop radius growth rate.
The coalescence suppression detected for the compatibilized blend could be due to the shielding effect related to the presence of the copolymer
layers at the interface between the phases.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer blending has gained much interest in the last years
because it offers a simple way to tailor the properties of a poly-
meric material without investing in new chemistry. Polymer
blends constitute over 30% of polymer consumption, and with
an annual growth rate of about 9%, nearly constant in the last
years, their role in the polymer industry can only increase [1].
Immiscible liquideliquid suspensions are frequently encoun-
tered in food processing, pharmaceutical manufacturing, cos-
metic field and plastic technology. The final properties of an
immiscible polymer blend strongly depend on its morphology.
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The rheology of blend constituents and the flow history deter-
mine the small-scale arrangement of the phases. The micro-
structure of a blend affects its rheological, optical and
transport properties. The interplay between flow and morphol-
ogy of a blend results complex, and there might be flow con-
ditions in which multiple steady-state morphology can exist
[2]. Further complications occur when either the blend constit-
uents are non-Newtonian or compatibilizing agents are added
to the blend. The control and the prediction of the blend
morphology is therefore of great importance, and the accurate
setting of the flow conditions experienced by the material
during the process represents a critical issue.

The flow-induced morphology evolution of polymer blends
has been the subject of many studies, and several successes of
theories have been pursued in understanding the microstruc-
tural changes and the rheological features of such complex
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fluids. Two opposite processes determine the morphology of
an immiscible polymer blend: break-up and coalescence. If
the flow exceeds a critical value, the drops break-up and the
average drop size decreases. Conversely, the collision of pairs
of droplets can result in their coalescence, causing coarsening
of the blend microstructure. The use of emulsion models
allows studying the morphology of a polymer blend by analy-
sing its linear viscoelastic spectrum [3,4]. Although these
theories can be derived for a distribution of droplet sizes, the
use of the volume-average droplet radius, RV, is generally con-
sidered sufficient to describe the blend microstructure. In the
previous years, rheo-optical techniques have supplied a power-
ful tool for the study of flow-induced morphology of multi-
phase systems directly during flow.

The dynamics of Newtonian drops in Newtonian matrices
have been deeply investigated since the pioneering investiga-
tions by Taylor [5,6]. The approach classically pursued in
order to relate flow and morphology of polymer blends reduces
to the analysis of two dimensionless parameters, i.e. the capil-
lary number, Ca ¼ hm _gD=2G, and the viscosity ratio, p ¼
hd=hm. Here D is the droplet diameter, G is the interfacial
tension, h is the shear viscosity, and the subscripts ‘‘m’’ and
‘‘d’’ refer to the matrix and the dispersed phase, respectively.
In extreme synthesis, at a fixed p, the drop will break-up
when a critical capillary number, Cacr will be reached. The
master curve for single drop break-up is usually referred to
as the Grace’s curve [7]. Several authors have tried to
recover a simple relationship for either non-Newtonian blends
or concentrated emulsions [8e10], but lack of theories and
constitutive model still exist for such systems. Moreover,
the use of compatibilizing agents, often employed to stabilize
the morphology of the blends [11,12], introduces further com-
plications to the definition of general rules able to relate the
material characteristics and the process conditions to the final
blend morphology.

The overall objective of this study is to investigate the
relationships between flow and morphology of diluted LDPE/
PA6 (97/3 wt/wt) with and without compatibilizer. The steady
and dynamic flow behaviour of materials was studied by means
of a rotational rheometer. The microstructure of the blends was
investigated through a rheo-optical apparatus. First, the effect
of a steady flow field was investigated qualitatively, by analy-
sing the evolution of drop size distributions as a function of
the shear rate and of the presence of the compatibilizer. Then,
an attempt to relate the flow to the final blend phase morphology
was carried out starting from the classical approaches. In spite
of the low dispersed phase concentration of studied blends,
some coalescence phenomena have been detected during rheo-
optical investigations. Coalescence makes difficult to get fine
polymer blend microstructures. It was shown that a dispersed
phase concentration of 0.5e1 wt% can give rise to flow-
induced coalescence phenomena [13]. A quiescent annealing
process can cause coarsening of the blend morphology because
of interfacial relaxation. The drop size growth is faster at the
beginning of the annealing, and it progressively decreases
with time. The coalescence process in state of rest was investi-
gated, and a simple model was derived for the coarsening rate.
2. Experimental

2.1. Materials and blending

The blend investigated in this work consisted of a low-
density polyethylene (LDPE) as continuous phase, and a poly-
amide (PA6) as dispersed phase. The LDPE (Riblene FF20,
kindly supplied by Polimeri Europa, Milano (Italy)) has a
molecular weight of about 50.000 g/mol, a density of 0.922 g/
cm3 at 23 �C and MFI of 0.8 g/10 min at 190 �C. The PA6,
kindly supplied by Snia Tecnopolimeri (Milano, Italy), has a
molecular weight of about 17.000 g/mol, a density of 1.13 g/
cm3, an intrinsic viscosity of 1.45 dL/g (measured at 25 �C in
85% formic acid) and contents of amine and carboxyl end
groups of 34 and 35 meq/kg, respectively. An ethyleneeacrylic
acid copolymer (ESCOR 500, supplied by Exxon-Mobile
Chemical Mediterranea) was used as compatibilizer. It contains
6% of acrylic acid and it has a MFI of 0.2 g/min at 190 �C.
ESCOR 500 acts as compatibilizing agent by promoting strong
interactions between free carboxylic groups of the copolymer
and functional amide and amine groups of PA6. These inter-
actions cause the reduction of the interfacial tension owing to
the contemporaneous presence of two functional groups: the
ethylene, interacting with the polyethylene matrix, and the free
carboxylic groups, miscible in the dispersed polyamide phase.
A good compatibilization efficiency of Escor 5001 has been
noticed from X-ray studies, optical and scanning electron mi-
croscopy and microhardness measurements performed upon
blends constituted by the same polymers used in this work
[14e16]. The addition of 1 phr of Escor causes a reduction of
interfacial tension of about 35% respect to the uncompatibilized
blend.

Blends of LDPE, PA6 and the compatibilizer were prepared
by the following procedure. Pellets of LDPE and PA6 in a 97/3
wt/wt ratio, previously dried at 90 �C for 16 h, were blended
into a Haake mixer (Rheocord 600p) at 240 �C and 30 rpm.
For compatibilized systems, an amount of 1 phr of Escor
5001 was added. The blends were mixed for about 4 min until
a constant torque at the rotor axis was reached, and the mate-
rials were quenched in cold water at the end of the process. A
reasonable extent of the grafting reactions of compatibilizer
has been found for these mixing conditions [17]. The sample
compositions are summarized in Table 1 together with the
interfacial tensions as derived by Minkova et al. through the
breaking thread method [18].

2.2. Characterization and data analysis

A strain-controlled rotational rheometer was used for rheo-
logical experiments (mod. ARES L.S., Rheometric Scien-
tific�). All tests were carried out by using 25 mm parallel
plates in inert atmosphere (gaseous nitrogen) at T¼ 240 �C.
Linear dynamic measurements (strain amplitude of 2%)
were performed in order to investigate the rheological behav-
iour in oscillatory flow. The range of investigated frequencies
was from u¼ 0.1 to 100 rad s�1. Linearity checks have shown
that the viscoelastic behaviour of the blends to be linear up to
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strain amplitude of 7% for all the frequencies used. Due to the
onset of melt-fracture phenomena occurring at high shear
rates, the steady-state shear behaviour was investigated by
testing the materials from _g ¼ 0:1 to 15:85 s�1. The measure-
ment time was established by monitoring the transient stress,
s(t), in step rate experiments. A strain g ¼ _gt ¼ 100 was
found to get quite stable stress profiles.

A Cambridge Shearing System CSS450 (Linkam�) was
employed to investigate the evolutions of blend morphology
soon after a steady shear flow. The apparatus consists of a ro-
tating 30 mm parallel-plate device coupled with an optical mi-
croscope (mod. Axioskop 2, Carl Zeiss Inc.). The lower slide
connected to a motor is able to submit the sample to various
flow fields. The samples were submitted to steady shear flows
from 0.0631 s�1 to 1.585 s�1. Relevant droplet break-up phe-
nomena occurring at higher shear rates cause a reduction in
image definition when focusing inside the samples, making
difficult the subsequent image analyses. The duration of the
flows was set to get strains comparable with those of rheolog-
ical measurements. Stopped the flow and waited few seconds
for the drops to retract their spherical shape, it has been pro-
vided to the image acquisition. A camera (Pulnix TMC-76S)
connected to a digital acquisition board (Frame Grabber
PCI-1409) captured the images of the samples after flow.
Observations were performed in transmitted light by using
various combinations of objective lenses. The micrographs
were subsequently analysed by means of a software for droplet
recognition and measurement. The basic steps of image anal-
ysis are detection of droplet edges, removing of continuous
phase and measurement of particle sizes. Although the dura-
tion of rheo-optical analyses was contained within a maximum
of w200 s, some quiescent coarsening process has been
detected during the image acquiring. Therefore, investigations
were performed to evaluate the drop size evolutions at rest by
monitoring the blend morphology during annealing at 240 �C.

In order to get reliable information about the morphology
of the blends, a statistical analysis was performed on drop
size data. Many drops were measured by analysing various
images for each test condition. Moreover, more than one im-
age was acquired at different depths within the same sample.
In agreement with the results of Caserta et al. [19], the drop
sizes were found to be quite uniform throughout the sample
thickness. Considering that each blend micrograph contains
on average 30/100 dispersed PA6 domains, about 500 droplets
were measured for each test condition. The Paine’s approach
was adopted in order to estimate the sampling error [20].
For particle systems with log-normal distribution of particle

Table 1

Blend compositions and interfacial tensions

Blend composition [wt%] Code name Interfacial

tension (mN/m)

LDPE/PA6 100/0 P1 e

LDPE/PA6 0/100 P2 e
LDPE/PA6 97/3 P12 0.0125a

LDPE/PA6/Escor 5001 97/3/1 phr P12E 0.0075a

a Data from Minkova et al. [18].
diameters, a critical number of object, Ncrit, has to be sampled
to avoid dramatic sampling error:

Ncrit ¼ expP1:5þ 5:5 lnðGSDÞ þ 7:5 ln2ðGSDÞR ð1Þ

where GSD is the geometrical standard deviation of the log-
normal distribution. When N> Ncrit, particles have been
sampled, the percentage error in the volumetric mean diameter
Dv can be reliably estimated, while for N< Ncrit the GSD is
seriously and systematically underestimated. The geometrical
standard deviation of our samples was found to vary between
1.4 and 1.7, leading to values of Ncrit from w102 to w103 to
be in the Paine’s acceptable region. The data were rejected
when N< Ncrit drops were available and further experiments
were performed.

3. Results and discussion

3.1. Steady shear behaviour

The steady response of Newtonian blends at low shear rate
and low volume fraction is well described by the model of
Choi and Schowalter, predicting an increase of the blend vis-
cosity with respect to the neat matrix whatever the viscosity of
the dispersed phase [21]. The steady-state shear behaviour of
non-Newtonian polymer blends is more complex: the viscosity
may follow a logarithmic mixing rule ðlog h ¼

P
Fi ln hiÞ, or

it may fall well below the mixing rule [21,22].
The viscosities of the blends and pure constituents are

shown in Fig. 1.
A pseudo-Newtonian plateau characterizes the flow behav-

iour of PA6, while the LDPE is shear-thinning in the range of
shear rates investigated. This causes the crossover of the vis-
cosity curves of blend constituents at _gw7 s�1, making the
viscosity ratio p dependent on the shear rate.

The flow curves of the blends are rather similar to those of
the LDPE. The presence of the PA6 second phase causes a ver-
tical shift of the curves without significantly affecting the
shear-rate dependence of the viscosity. The blend P12 follows

Fig. 1. Steady shear viscosities of blends (: P12, ; P12E) and pure compo-

nents (, P1, B P2). The solid line is the prediction of the log-additivity rule.
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quite well the log-additivity rule, indicated by the solid line.
The compatibilized system shows positive deviations from
the log-additivity rule in the whole range of investigated shear
rates. The increase of the viscosity with respect to the pure
LDPE matrix can be attributed to several reasons, such as
the enhancing of the dispersion promoted by the compatibil-
izer, the increase of the total apparent volume of the dispersed
phase due to the compatibilizer layer attached to the drop
surfaces, the increase of interaction among the droplets and
the stiffening of the interface.

3.2. Linear viscoelastic behaviour

The linear viscoelastic behaviour of an immiscible polymer
blend during oscillatory flow shows an additional relaxation
process at low frequencies related to the tendency of the
droplets to relax back to a spherical shape under the influence
of interfacial tension. The time scale of such a process is
tD f RhmG. If the elastic relaxation times of the matrix and
droplet fluids are much shorter than tD, then the droplet
contribution will appear as a shoulder at low frequencies in
a logelog plot of the storage shear modulus G0 vs. u. The
presence of the droplets has only a small effect on the loss
shear modulus G00. The response of a polymer blend at high
frequencies draws down from the direct contribution of the
components [23].

The linear viscoelastic moduli of the blends and pure
constituents are shown in Fig. 2 as a function of frequency.

At high frequencies, the data reported in Fig. 2 follow the
same trend of steady shear viscosity, the moduli of the blends
being higher or lower than those of the LDPE, respectively
depending on the presence or absence of the compatibilizing
agent. However, the dependence of G0 on u for both blends
at low frequencies becomes weaker than that of pure LDPE
matrix, as shown in detail in the insets of Fig. 2. This indicates
the emergence of additional elasticity related to the perturba-
tion of the shape of the dispersed phase.

3.3. Evolution of drop size distributions
after flow e results

The drop size distributions in state of rest for blends P12
and P12E are shown in Fig. 3, together with the micrographs
of the samples. The compatibilizer causes the decrease of
the volumetric mean diameter from Dv z 13.9 mm (P12) to
Dv z 10.1 mm (P12E). The solid lines of Fig. 3 have been
obtained by fitting a log-normal distribution to the experimen-
tal data.

Two opposite processes determine the average size of a
group of droplets subjected to a steady shear flow: break-up
and coalescence. The evolutions of the cumulative drop size
distributions soon after steady shear flows at various shear
rates are reported in Fig. 4. The volumetric mean diameters
after each flow are summarized in Table 2.

A broadening of the P12 size distribution mainly occurs
after the flow at lowest shear rate. Such a feature draws from
the concomitance of break-up and coalescence processes,
making the average drop size almost constant in such a weak
flow field. With increasing the shear rate, the flow starts to
clearly affect the P12 blend microstructure and the PA6 drop
size distributions progressively shifts toward small diameters,
indicating more and more relevant drop break-up phenomena.
Interestingly, this trend is coupled with the appearance of big
diameter tails at the highest shear rate. The emerging of such
positive skewness suggests the occurrence of coalescence phe-
nomena overlapping to the break-up process, as a consequence
of the poor stability of too small PA6 droplets in the blend
without compatibilizer. The compatibilizer causes stabilization
of the microstructure after shear flows up to _g ¼ 0:251 s�1.
Above this value, the drop size distributions get narrow and
evolve toward smaller diameters with increasing shear rate.
The lowering of interfacial tension ensured by the compatibil-
izer stabilizes the small PA6 droplets at high shear rates, and
the absence of big diameter tails at high shear rates suggests
the absence of relevant coalescence phenomena observed
for the blend P12.

Finally, the polydispersity indices (Dv/Dn) of the blends are
in the range of 1.1e1.5. For the sake of simplicity, we assume

Fig. 2. Dynamic storage (a) and loss (b) moduli as a function of frequency for

blends (: P12, ; P12E) and pure components (, P1, B P2). The magni-

fications of G0(u) and G00(u) at low frequencies are reported in the insets.
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Fig. 3. Drop size distributions and micrographs of P12 (a) and P12E (b) samples before any flow. The solid lines represent the best fit of experimental data with

a log-normal distribution. Two micrographs of the samples are shown in the insets.

Fig. 4. Cumulative drop size distributions for P12 (a) and P12E (b) blends soon after steady shear flows at _g ¼ 0:063 s�1 (,), 0.1 s�1 (C), 0.251 s�1 (-), 0.631

(B) and 1.585 s�1 (�). The solid lines represent the cumulative size distributions of the samples before any flow.
our materials as systems of randomly distributed monodis-
perse spherical particles with radius Rv.

3.4. Evolution of drop size distributions
after flow e discussion

In order to reach a better understanding of the break-up
and coalescence mechanisms governing the flow-induced

Table 2

Volumetric mean diameters after steady shear flows at various shear rates

P12 P12E

Shear rate (1/s) Dv (mm) GSD Dv (mm) GSD

Rest 6.98 0.90 5.05 0.77

0.063 7.00 1.03 5.03 0.87

0.1 5.30 0.51 5.00 0.68

0.251 4.90 0.69 3.90 0.58

0.631 4.01 0.67 2.77 0.56

1.585 1.81 0.52 1.64 0.48
blend microstructure, the two processes have to be analysed
separately.

The viscosity ratio and the capillary number govern the
flow-induced break-up process. For a single Newtonian drop-
let, the plot of Cacr vs. p gives a critical curve for break-up
with a vertical asymptote for p w 4 [7]. de Bruijn derived
the following semiempirical equation for the limiting curve
for break-up [24]:

log Cacr ¼�0:506� 0:0995 log p

þ 0:124ðlog pÞ2� 0:115

log p� log 4:08
ð2Þ

For very diluted blends, the steady drop size gives a capil-
lary number close to the critical value for break-up, Cacr. For
Newtonian diluted blends, in which hm is independent on the
shear rate, this means that when morphological equilibrium is
reached, the equilibrium droplet radius R scales with _g�1.
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The break-up process competes with coalescence phenom-
ena during flow. In order for two drops coalesce into one, they
must collide for a time large enough to make possible the
drainage of the matrix film between the approaching droplets.
During a shear flow, the duration of collision can be set to _g�1,
while different expressions for the drainage time have been
proposed depending on the interfacial mobility (fully mobile
interface, FMI, suitable when p� 1; partially mobile, PMI,
proper for p w 1; immobile interface, IMI, appropriate when
p� 1) [25e27]. By equating the drainage time to the collision
time, one gets an expression for the critical drop size below
which coalescence occurs. The following limiting curves
have been obtained:

FMI R ln

�
R

hc

�
¼ 2

3

G

hm _g
ð3Þ

PMI R¼
�

4ffiffiffi
3
p hc

p

�0:4�
G

hm _g

�0:6

ð4Þ

IMI R¼
�

32

9

�0:25�
hcG

hm _g

�0:5

ð5Þ

In the previous expressions, hc is the critical distance between
the drops at which the matrix film separating the particles
breaks and coalescence occur. The distance hc depends on
Van der Waals forces and is approximated to hc¼ [(AR)/
(8pG)]1/3, where A is the Hamaker constant [26].

Once the shear rate is fixed, the flow is able to break only
droplets with diameter greater than a critical value. On the
other hand, two drops can only coalesce if their average size
is smaller than a critical one. The minimum drop size for
break-up and the maximum drop size for coalescence does
not coincide. The limiting break-up and coalescence curves
overlay at a critical shear rate, _gcr, above which the blend
microstructure is a unique function of shear rate. Multiple
pseudo-steady states are instead possible below _gcr depending
on the flow history [2].

The previous limiting curves for break-up and coalescence
do not consider any shear-rate dependence of the blend con-
stituents. This makes Eqs. (2)e(5) unsuitable for the blends
studied in this work, due to their markedly shear-thinning
behaviour.

Jensen et al. showed experimentally that the critical capillary
number in simple shear flow decreases with increasing droplet
concentration. Their break-up data are well described by the
single-drop results (Eq. (2)) but with the shear-rate-
dependent dispersion viscosity, hbð _gÞ, replacing the matrix vis-
cosity [8]. The rationale for this arises from the assumption that
the forces exerted on a single droplet immersed in a
concentrated emulsion is approximately proportional to the vis-
cosity of the surrounding emulsion (mean field approximation).
Furthermore, the Jansen’s approach allows take into account the
shear-thinning behaviour of their concentrated emulsions.

The shear-rate dependence of the blends studied in this
work arises from the intrinsic non-Newtonian feature of both
the pure constituents. The simplest way to account for this is
to rescale the limiting break-up and coalescence curves by
using the shear-rate-dependent viscosities of both the matrix,
hmð _gÞ, and the dispersed phase, hdð _gÞ.

The rescaled values of the viscosity ratio vary between 0.35
and 1.5 for P12 and between 0.27 and 1.27 for P12E. In these
ranges, the limiting break-up curve is rather flat (see Eq. (2)),
and the common value of Ca*¼ 0.717 was used to derive the
equilibrium droplet radius R:

R¼
Cacr

�
_g
�
G

hmð _gÞ
1

_g
y

0:717G

hmð _gÞ
1

_g
ð6Þ

The shear-thinning behaviour of the matrix reduces the
scaling dependence Rf _g�1 of Newtonian blends. Moreover,
the presence of the compatibilizer causes lowering of the
limiting break-up curve as a consequence of the lowering of
interfacial tension G.

The rescaled viscosity ratio for both the blends varies
around 1, suggesting the rescaling of the PMI limiting curve
for coalescence (Eq. (4)), at least for the blend P12. On the
other hand, the employ of Eq. (4) could be inadequate for
the blend P12E, in which a decrease in mobility of the inter-
face occurs due to the drag of compatibilizer molecules to
the periphery approaching areas of the droplets (Marangoni ef-
fect) [28,29]. This mechanism has qualitatively the same influ-
ence on the matrix drainage as an increase in viscosity of the
dispersed phase. Therefore, for P12E blend we propose the
rescaling of the IMI limiting curve for coalescence (Eq. (5)).

After all, the equilibrium drop radii derived by the rescaled
Eqs. (4) and (5) are

R¼
�

4ffiffiffi
3
p hc

hdð _gÞ=hmð _gÞ

�0:4�
G

hmð _gÞ _g

�0:6

ðfor P12Þ ð7Þ

R¼
�

32

9

�0:25�
hcG

hmð _gÞ _g

�0:5

ðfor P12EÞ ð8Þ

Eqs. (6)e(8) express the equilibrium droplet radius as
a function of shear rate. In order to test the previous scaling
models, we used the results of rheo-optical analysis discussed
before by considering the volume-average drop radius as
representative of the blends.

The volume-average radii of the blends, Rv, soon after the
shear flows at various shear rates are reported in Fig. 5 to-
gether with the rescaled limiting break-up and coalescence
curves (Eqs. (6)e(8)). For the sake of simplicity, the common
typical value for polymer blends of hc¼ 10�8 m was used in
Eqs. (7) and (8).

The low shear rate data of P12 blend fall in the hysteresis
region, where droplets too small to break-up and too large to
coalesce coexist. In spite of some broadening of drop size dis-
tributions, the average size of domains is quite stable in this
region. Once the limiting break-up curve is reached, relevant
break-up phenomena occur and the Rv decreases following
the rescaled critical curve for break-up.
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Fig. 5. Volumetric mean radii of P12 (a) and P12E (b) blends soon after shear flows at various shear rates. Solid and dashed lines are the limiting break-up (Eq. (6))

and coalescence curves (Eq. (7) for P12 and Eq. (8) for P12E).
The stabilization of morphology can be argued also for the
P12E blend, and relevant changes in drop sizes only occur at
high shear rate due to break-up phenomena. Nevertheless, an
underestimation of the rescaled break-up curve can be ob-
served for the compatibilized system. The experimental data
indicate dependence of Rv on _g weaker than that predicted by
Eq. (6). The presence of the compatibilizer is taken into ac-
count by introducing into Eq. (6) a reduced value of the inter-
facial tension G (see Table 1). This causes a simple lowering
of the limiting break-up curve, making the scaling model inap-
propriate to correctly describe the effects of the compatibilizer.
The discrepancies emerged between the scaling model and the
rheo-optical data may arise from the stiffness of the interphase
layer generally proposed to explain the increase of viscosity
commonly observed in compatibilized blends [1]. This effect
could hinder drop deformation causing a delay of break-up
process unpredictable by using Eq. (6).

In conclusion, although some disagreement has been found
for compatibilized blend, the rescaling of the capillary number
and the viscosity ratio by using the shear-rate-dependent vis-
cosities of blend constituents allows to roughly estimate the
shear rates at which relevant break-up phenomena occur.
Finally, we observe that a direct consequence of the shear-
thinning behaviour of the matrix phase is the flattening of
both the rescaled limiting curves. Therefore, the overlay of
limiting curves occurs at high shear rates. In other words, a
wide range of shear rate in which the domain sizes are not well
controlled by the flow characterizes the non-Newtonian blends
studied here. It is important to observe that, beside the effects
of flow history, the microstructure of the blends in this region
will strongly depend also on their initial morphology.

3.5. Coarsening behaviour during quiescent annealing

Provided that a blend is kept prolonged time in the molten
state, the size of dispersed phase increases because of interfa-
cial relaxation. The stability of blend microstructure at rest
was investigated by monitoring the drop size evolutions at
240 �C as a function of time. The blends were previously sub-
mitted to shear flow at high shear rates in order to induce se-
vere droplet break-up phenomena before starting the quiescent
annealing process.

The change in the average volume radius per unit time due
to coalescence is described by the following equation [30]:

dRv

dt
¼ fpðhÞRv

3t
ð9Þ

where f is the volume fraction of droplets with radius Rv, p(h)
is the probability that the distance between the surfaces of two
droplets is h, and t is the total coalescence time. In order to
evaluate the quiescent coalescence rate, both p(h) and t

have to be determined.
In general, the coalescence mechanisms at rest are de-

scribed in terms of evaporationecondensation (the so-called
Ostwald ripening) or Brownian coagulation processes
[30,31]. The coalescence process can be depicted as a sequence
of three stages:

1. Approach of two particles with radii R1 and R2

(R1¼ R2¼ R in the monodisperse case) and formation of
a parallel film between the drops with thickness h0.

2. Drainage of the matrix trapped between the drops up to
a critical distance hc for film rupture.

3. Evolution of the ‘neck’ to a coalesced sphere (merging).

The total coalescence time t is the sum of the durations of
each single stage.

Generally, two droplets approach due to Brownian motion,
buoyancy and Van der Waals forces. The drops of our blends
are large enough so that Brownian motion can be neglected.
Moreover, the high zero-shear viscosity of the matrix and
the small difference in blend constituent density make buoy-
ancy negligible. On the other hand, Van der Waals forces
become relevant when interparticle distances are very small,
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i.e. less than 1 mm. The average wall-to-wall distance h in
a randomly distributed monodisperse system (diameter Dv)
of spherical particles can be estimated as [32]

h

Dv

¼
�

1

3pf
þ 5

6

�1=2

�1 ð10Þ

For our typical value of Dvw10 mm, the wall-to-wall dis-
tance is of order of w10 mm, so that not even Van der Waals
forces can justify the approach of droplets. Hence, if quiescent
coalescence occurs, some alternative mechanism has to be
considered to start the coarsening process.

An image of P12 blend in the earlier stage of coalescence at
rest is shown in Fig. 6. The presence of two pairs of droplets in
contact can be observed. It is interesting to note the flattening
of the drop surfaces in the contact zone. The presence of such
droplets statistically in contact (i.e., at a distance h�D) at the
beginning of the annealing process could originate the quies-
cent coalescence process. If this idea holds, the duration of
first stage is negligible and the total coalescence time reduces
to the sum of drainage and merging times.

The drainage of the matrix trapped between the droplets is
the thinning process of the matrix film separating the two con-
tacting droplets. The film thickness decreases from h0, that is
the distance at which a drop ‘‘feels’’ another one, to a critical
distance hc for the film break-up. Both Van der Waals forces
and diffusion mechanisms have been proposed as the driven
processes of film drainage stage [30,33]. The flattening of
drop surfaces noticed in Fig. 6 could suggest that the gradients
in chemical potential causes non-Fickian diffusion and pro-
motes the film drainage. As soon as the matrix film is drained,
the droplets form a dumbbell-like particle that is not in ther-
modynamic equilibrium. The ‘‘8-shaped particle’’ retracts to
a sphere to minimize the interfacial area. On the other hand,
the merging of particles causes a viscous flow within both
the droplets and the surrounding matrix. This step will occur
only if an energetic gain is reached. The merging time, tmerge,
can be thus evaluated by equating the rate of interfacial energy

Fig. 6. Micrograph of P12 blend in the early stages of the quiescent annealing

process. Two couples of contacting droplets are shown in the boxes.
reduction and that of viscous dissipation due to the viscous
flow. Yu et al. derived the following relationship [30]:

tmerge ¼
Rh�

2
ffiffiffiffiffiffi
2G

3
p ð11Þ

where h*¼hmþ16hd is the bulk viscosity of the blend.
The total coalescence time t of Eq. (9) is given by

t¼ tapproachþ tdrainþ tmerge y tdrainþ tmerge. Nevertheless,
it has been shown that the drainage stage can be neglected
in comparison with the merging stage at the beginning of
the annealing process. At the later annealing process, tdrain

becomes increasingly important in the coalescence, but it
reaches at most the 10% of the total coalescence time [30].
Hence, we propose to roughly set t y tmerge into Eq. (9).

Fortenlý and �Zivný derived the following expression for the
probability distribution function of interparticle distances [34]:

pðhÞ ¼ 1� exp

�
� 9Fh

2ð1�FÞR

�
ð12Þ

Because we are roughly neglecting the draining stage, the
value of h in Eq. (12) has to be set to the critical distance
for film instability hc¼ [(AR)/(8pG)]1/3 [26].

By substituting Eqs. (11) and (12) into Eq. (9), the follow-
ing simplified relationship for the rate of coalescence at rest is
derived:

dRv

dt
y

1

3h�

"
F

 
1� exp

(
� 9F½ARv�1=3

½8pG�1=3
2ð1�FÞRv

)!
2
ffiffiffiffiffiffi
2G

3
p

#

ð13Þ

In the previous relationship, the Hamaker constant A is the
only unknown parameter, representative of the interactions
between the droplets, and it has been used as the fitting
parameter during the fitting of experimental data of droplet
coalescence.

The volume-average radii Rv at rest are reported in Fig. 7
for the blends as a function of time after shear flows at _g ¼
0:631 s�1 and 1.585 s�1, that are the highest shear rates of
rheo-optical analyses. The solid lines of Fig. 7 were obtained
by fitting Eq. (13) to the experimental data. The values of the
fitting parameters A are summarized in Table 3.

An increase of Rv up to w20% can be argued only for the
P12 blend after submitted it to shear flows at 1.585 s�1, while
a substantial morphological stability during time emerges at
the lower shear rate. Though the data at _g ¼ 0:631 s�1 are
characterized by variations of drop size comparable with the
experimental uncertainty, we note that the values of the fitting
parameter A for P12 blend are similar and they do not depend
on the rate of the previous shear flow, only affecting the initial
drop sizes. Moreover, the values of fitting parameters are close
to the typical Hamaker constant for hydrocarbons (A of order
of 10�20 J [35]). Conversely, a great morphological stability
characterizes the compatibilized blend independently on the
pre-shear, or alternatively, independently on the initial drops
size. By analysing the data of Table 3, we note that the
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presence of the compatibilizer causes a decrease of A. This is
probably due to the presence of the copolymer at the interface
between the phases, causing a shielding effect between the dis-
persed phases. Finally, by investigating the dependences of the
model (Eq. (13)) on their parameters, a strong dependence on
both the A and the initial droplet radius has been noticed. On
the contrary, a negligible dependence on the interfacial tension
is emerged. The presence of the compatibilizer is mainly taken

Fig. 7. Average radii at rest for P12 (a) and P12E (b) blends as a function of

time. The blends were previously submitted to steady shear flows at _g ¼
0:631 s�1 (,) and _g ¼ 1:545 s�1 (B). The solid lines represent the estima-

tions of Eq. (13).

Table 3

Fitting parameters A obtained by fitting Eq. (13) to the experimental data of

Rv(t)

Material Pre-shear rate (1/s) A� 1020 (J)

P12 0.631 1.94

1.585 1.89

P12E 0.631 0.384

1.585 0.476
into account by the reduced values of the fitting parameter A,
taking into account the interactions between the droplets. This
means that smaller wall-to-wall distances (hc f A1/3) have to
be reached to induce coalescence in the compatibilized blend,
reducing the coalescence rate. However, it has to be stressed
that the simplified model proposed does not exclude the
occurrence of other mechanisms participating to coalescence
suppression in the compatibilized blend.

4. Conclusions

The relationships between flow and morphology of a diluted
LDPE/PA6 blend (97/3 wt/wt) have been studied by means of
rheological and rheo-optical techniques. In particular, the
effects related to different flow fields and the presence of
a compatibilizing agent were investigated.

The steady-state viscosity of the uncompatibilized system
follows quite well the log-additivity rule, while a relevant
positive deviation has been detected for the compatibilized
blend. The linear viscoelastic moduli follow the same trend
of the shear viscosity at high frequencies, the moduli of the
blends being higher or lower than those of the LDPE matrix
depending on, respectively, the presence or the absence of
the compatibilizing agent. At low frequencies, however, the
presence of the dispersed phase causes a slight enhancement
of the blend elasticity (G0). Such effect is more relevant for
the compatibilized system.

The rheo-optical analyses allowed studying the evolution of
drop size distributions soon after steady shear flows at differ-
ent shear rates. The qualitative analysis of drop size distribu-
tions indicates that the presence of compatibilizer causes
a stabilization of blend morphology for weak flow fields. Con-
versely, a broadening of the drop size distributions has been
detected for uncompatibilized blend at low shear rates. How-
ever, the drop sizes of both the blends decrease with increasing
the shear rate. The presence of high diameter tails character-
izes the uncompatibilized blend soon after a high shear rate
flow. This feature has not been observed in the presence of
the compatibilizer.

In order to relate more rigorously the external flow and the
blend morphology, rescaling of capillary number and viscosity
ratio has been performed. In particular, the shear-rate-depen-
dent viscosities of blend constituents have been used into the
classical critical curves for droplet break-up and coalescence
derived for Newtonian blends. This allowed to roughly esti-
mate the critical shear rates in order that relevant droplet
break-up occur for uncompatibilized blend. Conversely, an
underestimation of the equilibrium volumetric mean radius
has been found for compatibilized blend, indicative of stabili-
zation of the blend morphology in shear flow.

Finally, the coarsening behaviour during the earlier stages
of a quiescent annealing process has been investigated, and
a simplified model has been proposed to describe the coales-
cence phenomena occurring at rest. Though the experimental
data are affected by poor reliability, the morphological stabil-
ity emerged for compatibilized blend during a quiescent
annealing could be related to some shielding effect related
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to the presence of the copolymer at the interface between the
phases. This should cause decreasing of the Hamaker constant
of PA6 droplets on the basis of the coarsening process.
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