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A b s t r a c t  The steady-state morphol- 
ogy of an immiscible polymer blend 
in shear flow has been investigated 
by optical microscopy techniques. 
The blend is composed by poly-iso- 
butylene (PIB) and poly-dimethylsi- 
loxane (PDMS) of comparable vis- 
cosity. Experiments were performed 
by means of a home-made transpar- 
ent parallel plate device. The two 
plates can be independently counter- 
rotated, so that sheared droplets of 
the dispersed phase can be kept 
fixed with respect to the microscope 
point of view, and observed for long 
times. The distribution of drops and 
their average size were measured di- 
rectly during flow at different shear 
rates and for different blend compo- 
sitions. It was found that the aver- 
age drop size in steady-state condi- 
tions is a decreasing function of the 
applied shear rate, and does not de- 
pend on blend composition for vol- 

ume fractions up to 10%. Experi- 
ments have proved that, in the shear 
rate range which could be investi- 
gated, the stationary morphology is 
controlled only by coalescence phe- 
nomena, droplet breakup playing no 
role in determining the size of the 
dispersed phase. More generally, it 
has been shown that the steady-state 
morphology is a function not only 
of the physical parameters of the 
blend and of the shear rate, but also 
of the initial conditions applied to 
the blend. The steady-state results 
reported in this paper constitute the 
first direct experimental confirma- 
tion of theoretical models which de- 
scribe the mechanisms of shear-in- 
duced drop coalescence. 
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Introduction 

Blending of polymers is an efficient way to produce 
materials with specific properties (Utracki, 1989). 
Blending can be useful to obtain plastics with improved 
physical properties, such as rubber filled polymers (Wu, 
1987), or to increase melt processability, for example, 
when small amounts of a liquid crystalline polymer are 
added to a thermoplastic material to reduce its viscosity 
(Cogswell et al., 1983; Collyer, 1996). In all cases, the 
blend material properties are strongly affected by its lo- 
cal morphology. In fact, most polymers are thermodyna- 
mically incompatible (Krause, 1978), and the blending 
process gives rise to a heterogeneous microstructure 

which can be characterized by the size, shape and distri- 
bution of the constitutive domains. Typically, the blend 
morphology is formed by inclusions of one polymer 
(the dispersed phase) embedded in a matrix formed by 
the other polymer (the continuous phase). In static con- 
ditions, the dispersed inclusions generally assume a 
spherical drop shape, due to the action of the interfacial 
tension. 

The final morphology of a blend is determined by 
the flow conditions applied in the liquid state (Elmen- 
dorp, 1991). In a sufficiently concentrated system, two 
main flow-induced phenomena control the size of the 
morphology: one drop can deform and eventually 
breakup into smaller entities; conversely, two or more 
droplets can collide and eventually coalesce to form 
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one larger domain. The importance of flow conditions 
on blend morphology would make a direct observation 
of these phenomena highly desirable. This is not possi- 
ble for most commercial blends, because of lack of 
transparency of the components. Further experimental 
limits are connected to the intrinsic turbidity of the 
blends (due to light scattering generated by the dis- 
persed drops), and to the high processing temperatures. 
For these reasons, a huge number of literature studies 
has inferred the effect of flow on the morphology by 
examining the blend microstructure in the solid state, 
where different techniques (optical and electron micro- 
scopy, selective etching, etc.) are available. A classical 
example of such a research route can be found in the 
recent work by Sundararaj and Macosko (1995). Typi- 
cally, this "post-mortem" type of morphology evalua- 
tion is aimed at characterizing blends when processed 
in industrial conditions. For this reason, the majority of 
the literature data have been obtained for not well con- 
trolled flow conditions, such as those encountered in 
batch mixers (Favis and Chalifoux, 1987), capillary or 
slit dies (Rivera-Gast61um and Wagner, 1996), extruders 
(Utracki and Shi, 1992). In most cases, therefore, only 
qualitative relations between morphology size and flow 
parameters (e.g., shear rate) have been proposed. 

Due to the above-mentioned experimental difficul- 
ties, in situ morphology measurements of polymer 
blends in well controlled flow conditions are relatively 
scarce in the literature. Starting from the pioneering 
work of Taylor (1934), optical microscopy techniques 
have been applied to study the deformation and break- 
up of droplets both in shear and elongational flow (see, 
for example, Chaffey et al., 1965; Karam and Bellinger, 
1968; Gauthier et al., 1971; Chin and Han, 1980). All 
these studies, however, have been focused on the case 
of isolated drops. As a consequence, only deformation 
and breakup phenomena were considered, since coales- 
cence, by definition, can only take place in concen- 
trated blends. Multi-drop systems have been investi- 
gated by light scattering methods (Lingaae-Jorgensen 
and Utracki, 1991). Such a technique, however, is lim- 
ited to low concentrations of the dispersed phase (about 
1%), due to multiple scattering. Even in this case, there- 
fore, coalescence is expected to play a minor role. 
More recently, Takahashi and Noda (1995) performed 
optical microscopy measurements of the average drop 
size in a model polymer blend undergoing steady shear 
flow. Although limited to the single case of a 50% 
blend composition, their results provided the first direct 
evidence of the role that both coalescence and breakup 
phenomena play in determining the flowing blend mor- 
phology. 

In the attempt to directly relate the microstructure of 
relatively concentrated blends to the flow conditions, in 
this paper we performed real-time, in situ observations 
of the morphology of an immiscible polymer blend un- 

dergoing steady shear flow. Experiments have been car- 
ried out on a model btend constituted of poly-isobu- 
tylene and poly-dimethylsiloxane, both liquids at room 
temperature. The drop size distribution generated under 
controlled steady-state shear flow has been quantita- 
tively measured. Experimental results have been com- 
pared with existing theories for both coalescence and 
breakup, in order to clarify the effects of the two mech- 
anisms on the size of the blend morphology in steady- 
state conditions. It must be mentioned here that the 
same model blend has been used by Vinckier et al. 
(1996) to probe the flow-induced morphology by means 
of rheological measurements. 

Experimental 

Incompatible blends were prepared from poly-isobu- 
tylene (PIB, ParapoI 1300 from Exxon) and poly-di- 
methylsiloxane (PDMS, Rhodorsil 47V200000 from 
Rh6ne-Poulenc). These model polymers were selected 
because they are transparent liquids at room tempera- 
ture. Additionally, a relatively large difference in their 
refractive index (An~0.09, see Table 1) guarantees an 
easy, direct observation of the interface and of its evolu- 
tion during flow by optical microscopy techniques. At 
the same time, their viscosity is sufficiently high so as 
to make their blend behavior similar to that of commer- 
cial thermoplastic systems. 

Blends of PIB and PDMS were prepared by two dif- 
ferent techniques. In one case, the two components 
were fed to a miniature, Kenics-type static mixer (Cole- 
Parmer) by means of two independent syringe pumps 
(Harvard Apparatus, mod. 909). By suitably setting the 
pump flow rate, blends of the desired composition 
could be obtained. In the other case, blends were pre- 
pared by hand-mixing small weighted amounts of the 
two polymers in a beaker with a spatula. Blends pro- 
duced by the first technique were completely free of air 
bubbles, whereas those produced by hand-mixing incor- 
porated much air, which was removed by an overnight 
stay under vacuum. The manual procedure generated a 
better dispersed blend, with drops mostly in the micron 
and sub-micron size range, whereas the static mixer 
was able to produce a droplet mean size in the range 
3-10 gin. Blends prepared With both methods were used, 
and no influence of the mixing procedure on the final 
results was observed. Four PIB/PDMS blends were 
prepared, indicated by 2.5/97.5, 5/95, 10/90, 90/10, the 
first number representing the percent volume composi- 
tion of PIB, and the second one the complementary 
PDMS content. 

Table 1 reports the main physical properties of PIB 
and PDMS at the reference temperature of 23 °C. A 
more complete characterization of the rheology of the 
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Table 1 Physical properties of the PIB/PDMS system at T=23°C 

Newtonian density Refractive Interfacial 
viscosity t/o p index n tension 
(Pa s) (kg/m 3) (N/m) 

PIB 93 894 1.499 3.0x10_3 
PDMS 197 971 1.406 
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Fig. 1 Schematic view of the counter-rotating parallel plate apparatus 

pure components and of their interfacial behavior can 
be found elsewhere (Sigillo et al. 1997). The zero shear 
rate viscosity of PDMS is about two times that of PIB, 
and in all the experiments reported in this paper the 
shear rate never exceeded the Newtonian limit for both 
polymers. Dynamic experiments showed also that 
PDMS is characterized by an elasticity higher than PIB, 
although its absolute value remains very low at frequen- 
cies corresponding to the low shear rate limit. It can be 
concluded that, at least in the shear rate range used in 
the experiments, the two polymers can be regarded as 
Newtonian. 

In situ morphology measurements were performed 
on a home-made apparatus (schematically depicted in 
Fig. 1), constituted by two rotating optical windows of 
50mm diameter and 3 mm thickness (Melles Griot 
BK7). Each plate is glued on top of a hollow cylindri- 
cal holder, which screws into the central hole of a tilt- 
ing journal bearing. The precision screw controls the 
vertical movement of the plates, and it is used to set the 
sample gap thickness; the tilting of the beatings is ad- 
justed to guarantee parallelism (better than 10 gm) be- 

tween the plates. The beating itself seats in the central 
hole of a circular steel plate, which rotates on a periph- 
eral, high precision circular rail. Each rotating unit is 
belt-driven by a computer-controlled step motor. A 
gearbox coupled to the motor, along with the belt re- 
duction ratio, determines a rotation speed of the plates 
in the range 0.01-0.5 rad/s. The two rotation units can 
move along precision rectilinear rails, which are used to 
set the coaxiality of the two independent rotation axes 
to better than 5 gm. 

Microscopic observations during flow were per- 
formed by means of a B/W CCD camera (Hitachi KP- 
ME1, 768x493 pixels), attached to a microscope tube 
(Melles Griot 04 TCF 002). Transmitted light through 
the sample was provided by an adapted microscope 
lamp (Zeiss Axioscope 100 W) equipped with a long 
working distance condenser (Zeiss LD Kondensor, 
0.3 H). Three objectives (Zeiss Achroplan, 10x and 20x 
magnification, and Leitz, long working distance, 32x 
magnification) were used, depending on the size of the 
dispersed phase. The microscope and the lamp can be 
moved simultaneously around the plates, thus allowing 
observations at different radial locations. Images were 
recorded on tape (professional SVHS recorder Pana- 
sonic AG 7355) for later analysis, which was carried 
out by a PC-hosted frame grabber (Data Translation 
DT-2867-LC) equipped with a suitable software (Global 
Lab Image by Data Translation). 

The counter-rotation of the two plates makes it possi- 
ble to follow flow-induced events (such as deformation, 
breakup, coalescence) on the same drops for an ideally 
indefinite time (in practice, mechanical misalignments 
limit this "freezing effect" to a finite, though long, 
time). The idea of using two plates moving in opposing 
directions to directly observe sheared liquids is not new. 
Taylor (1934) generated a shear flow between two oppo- 
sitely translating bands. Karam and Bellinger (1968), 
among others, used counter-rotating cylinders to observe 
the deformation and breakup of droplets in Couette shear 
flow. More recently, Levitt et al. (1996) studied the ef- 
fects of elasticity on the deformation behavior of isolated 
polymer droplets by means of a counter-rotating plate 
device similar to the one used in this work. As will be 
specified in a following section, the possibility of fixing 
the deformed drops with respect to the microscope point 
of view has been exploited to investigate the possible 
occurrence of migration phenomena. 

Experimental results 

Experimental procedure 

In a typical experiment, the blend was loaded in the 
apparatus and the gap between plates was set. A 
"clearing" flow condition was then applied, that is, a 
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Fig. 2 Morphology of a 10/90 PIB/PDMS blend. Step-down from 3 
to 0.3 s -1. The image has been taken at 3000 strain units after step- 
down. The bar on the left represents a length of 20 gm 

high rotation speed of the plates was imposed (typically, 
for a 1 mm gap, a shear rate at the edge of ca. 25 s -1 
is obtained) for a time of at least 10 rain. Under these 
conditions, the blend rapidly became very turbid and 
drops of the dispersed phase could not be recognized 
through the microscope, since most of them fell in the 
sub-micron size range. The rotation speed was then 
stepped down, and the morphology evolution was ob- 
served. Since for a parallel plate geometry the shear rate 
increases linearly along the plate radius, the morphology 
at different shear rates could be explored by simply mov- 
ing the microscope at different radial positions along the 
sample. After step-down the sample turbidity decreased 
gradually, and larger droplets began to appear, thus con- 
firming that the dominant phenomenon taking place in 
the blend was coalescence. For shear rates larger than 
1 s -1 and concentrations greater than ca. 10%, however, 
the microscope images did not allow a quantitative anal- 
ysis of the morphology. In fact, either a shear rate too 
high generated droplets too small to be measured, or 
high concentrations made the dispersed phase too 
"crowded". In both cases the blend was too turbid for 
an accurate size measurement. 

A typical microscope image of the blend morphol- 
ogy is shown in Fig. 2 for a 10/90 blend. The blend has 
been "cleared" at 3 s-l; after that, the shear rate has 
been stepped down to 0.3 s -1. The image has been 
taken after 3000 strain units, that is, 10000 s after step- 
down. Droplets of PIB in the PDMS phase are clearly 
seen in Fig. 2. Their number and diameter can be easily 
obtained by the image processing software. 

In order to verify that a steady-state morphology had 
been obtained, images of the sheared blend were taken 
at different times. The average size of the distribution 
was measured each time over a population of at least 
150 droplets. Steady-state conditions were considered to 

be reached when no further change of the average drop 
size with time could be detected. Due to the extremely 
long transient times, experienced in particular at low 
concentrations and low shear rates (Vinckier et al., 
1997), the attainment of a steady-shear morphology was 
verified over times of the order of some days. 

The blend morphology has been characterized by its 
size distribution function f(D), or by the corresponding 
cumulative distribution F(D), where D is the drop di- 
ameter. Once f(D) is known, average quantities can be 
computed. In particular, use will be made of the num- 
ber-average and volume-average diameters, Dn and Dv, 
defined as: 

1 
Dn= Z f ( D i )  D i = - ~ Z  niDi (1) 

i i 

f _ 2i D 4 

= ~ i  f (Di) Vi ~-~i ni D~ (2)  

In Eqs. (1) and (2) Di is the diameter of a generic drop, 
N is the total number of droplets, and rt i and V,. are the 
total number and total volume of the drops of diameter 
Di, respectively. 

Sources of error 

Particular care has been taken in evaluating possible 
sources of error in the morphology measurements. End 
effects have been investigated by doing microscopy ob- 
servations both near the sample edge and in the center 
of the rotating plates. Observations at the edge showed 
that some air bubbles were incorporated into the liquid, 
but remained confined in a thin layer of about 1 mm 
near the surface. Morphology measurements, therefore, 
excluded a radial region of about 5 mm from the edge. 
Similarly, measurements were not performed in a circle 
of about 5 mm around the plate center of rotation. In 
this region the shear rate is always relatively low, and 
the initial "cleating" procedure was not able to produce 
a sufficiently fine morphology. The distribution of 
drops determined during sample loading was found to 
persist even after sheafing for long times at the maxi- 
mum rotation speed, leading to unreproducible results 
in this region. The central area of the plates was also 
avoided in view of the possible spurious effects that the 
high curvature of the streamlines could generate on the 
deformation, breakup and coalescence phenomena. 
Since the clearance between the microscope objective 
and the plate holder limited the observations to a maxi- 
mum radius of 20 mm, actual measurements were per- 
formed in a region defined by 5<r<20, where r is the 
plate radius in mm units. 

The possibility of counter-rotating the two plates was 
used to investigate possible migration effects in the 
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blend. The density difference Ap between the dispersed 
and the continuous phase could generate sedimentation 
or buoyancy of the droplets, depending on the sign of 
Ap. At the same time, the curvature of the streamlines 
in the flow field could be responsible for the inward or 
outward migration of the drops. Migration along the 
radial direction was theoretically predicted by Chaffey 
et al, (1965). They found that, for Newtonian liquids of 
matching density, drops should move inwards or out- 
wards depending on whether the ratio p = qd/~m between 
the drop and the matrix viscosity is respectively larger 
or smaller than about 0.14. The same authors, however, 
were not able to confirm their prediction, since they 
found erratic, unreproducible experimental results. 

The absence of migration effects of both types was 
verified by shearing a 5/95 blend at constant shear rate 
for long times. Drops of different sizes were focused 
under the microscope, and the rotation speed of the 
plates was set so as to keep the droplets within the 
objective field of view. Shear rates in the range 0.06- 
1.0 s -1 were applied. After several hours, no evidence 
of buoyancy could be found, as confirmed by the fact 
that the drops remained well focused by the micro- 
scope. Since drops could be seen to remain within the 
microscope field of view, systematic radial migration 
could also be excluded. 

Another possible source of error in measuring the 
blend morphology is related to the fact that the droplets 
are deformed, under the action of shear, into elongated 
objects. Since the sample is observed along the gap 
thickness, that is, the velocity gradient direction, only a 
projection of the deformed drop is obsdrvable, and no 
accurate information on its actual size can be extracted 
from the image. This problem has been already pointed 
out by Takahashi and Noda (1995), who decided to use 
the small axis of the elongated drop as a measure of its 
size. In the present work, the droplet size was not mea- 
sured directly during flow. On the contrary, images like 
that of Fig. 2 were obtained by stopping the flow only 
for a very short time (about 5 s), so that droplets could 
relax to the spherical shape, and their diameter could be 
measured. The flow was then resumed immediately 
after image acquisition. By repeating this procedure on 
different blends at different shear rates, it was carefully 
verified that this "stop-and-go" method did not interfere 
with the shear-induced morphology evolution. In fact, 
neither drop breakup nor coalescence were ever ob- 
served during the short time spent by the blend at rest. 

Steady-state results. 10/90 blend 

Most experiments performed in this work have been 
carried out on blends of 10% PIB volume fraction. 
Results for this blend are presented in this section. The 
effect of blend composition and phase inversion on the 
morphology will be presented in a subsequent section. 
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Fig. 3 Cumulative number distribution function vs. drop diameter for 
a 10/90 PIB/PDMS blend. Steady-state morphology at a shear rate of 
0.26 s -1 

Figure 3 shows a typical example of the droplet cu- 
mulative distribution function in steady-state conditions; 
similar results have been found at all shear rates investi- 
gated. It is clear from Fig. 3 that the particle size does 
not follow a log-normal distribution. Rather, two dis- 
tinct slopes can be observed, indicating the presence of 
a bimodal distribution, with dominance of larger drop- 
lets. A similar behavior has been already observed in 
situations where flow-induced coalescence takes place 
in the blend (Rivera-Gast61um and Wagner, 1996; Sun- 
dararaj and Macosko, 1995). 

The size distribution function at steady-state is in 
any event relatively narrow. Indeed, it was found that 
the ratio between the volume-average and the number- 
average diameter, which can be taken as a global mea- 
sure of the size polydispersity, was always only slightly 
larger than one. It can be concluded that either Dn or 
Dv can be indifferently used as a measure of the aver- 
age size of the distribution. 

All experimental data obtained for the 10/90 blend are 
summarized in Fig. 4. Here, the number-average diameter 
is plotted as a function of shear rate. Symbols refer to dif- 
ferent experimental runs: in each of them, the size distri- 
bution was measured at selected radial positions, corre- 
sponding to different shear rates. By changing either the 
plate rotation speed or the gap thickness, the same shear 
rate could be obtained at a different radius. The data of 
Fig. 4 show the good reproducibility of the measure- 
ment. In particular, the results are not affected by a 
change of either rotation speed or sample thickness. This 
fact indirectly confirms the absence of radial drop migra- 
tion in the sheared blend, and indicates also that the 
steady-state morphology is not affected by the macro- 
scopic size of the sample. 
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Fig. 5 Number-average drop diameter as a function of shear rate for 
PIB/PDMS blends of different compositions 

Figure4 shows that the average steady-state drop 
size is a decreasing function of shear rate. From the 
qualitative point of view this is an expected result, as 
confirmed by several studies on the morphology of 
sheared blends (see, for example, Elmendorp and Van 
der Vegt, 1986; Wu, 1987; and more recently Tsai and 
Min, 1995; and Rivera-Gast61um and Wagner, 1996). 
All the literature data, however, with the exception of 
those by Takahashi and Noda (1995), have been ob- 
tained by analyzing the blend morphology after flow on 
solidified samples. 

The results of Fig. 4 can be directly compared with 
those obtained on the same blend by Vinckier et al. 
(1996). They estimated the average size of the same 
10/90 PIB/PDMS blend from dynamic rheological ex- 
periments performed after cessation of a steady shear 
flow. Good quantitative agreement is found in the over- 
lapping range of shear rates (compare Fig. 8 of Vinckier 
et al., 1996), at least when the viscoelastic data are 
translated into a volume-average drop size by using a 
direct fit of the Palieme model for Newtonian emul- 
sions (Palieme, 1990; Graebling et al., 1993). 

Effect of blend composition and phase inversion 

The effect of blend composition on the average drop 
size is shown in Fig. 5. Data for the 5/95 and 2.5/97.5 
blends are restricted to the high shear rate of the experi- 
mental window, due to the slow evolution kinetics of 
these more diluted systems (Vinckier et al., 1997). 

Figure 5 shows that the average drop size does not 
depend on blend composition at steady-state. This is 

somewhat surprising, and apparently not in agreement 
with typical results presented in the literature. One 
might expect that, by increasing the composition of the 
dispersed phase, the probability of collision between 
droplets would increase as well. This argument has 
been used, among others, by Elmendorp and Van Der 
Vegt (1986) and by Sundararaj and Macosko (1995) to 
justify the observed increase in average drop size as a 
function of concentration in flowing polymer blends. It 
must be said, however, that Elmendorp and Van der 
Vegt (1986) used a single screw extruder, and Sunda- 
raraj and Macosko (1995) used either a batch mixer or 
a twin screw extruder. In all cases, these apparatuses 
are characterized by complex flow fields, where both 
variable shear and extensional components are present. 
Furthermore, it can be argued that in these experiments 
the blend morphology has not reached real steady-state 
conditions. In fact, transient experiments show that long 
times are necessary to get a stationary morphology at 
constant shear rate, and that the kinetics are a strong 
(quadratic) function of blend composition (Vinckier et 
al., 1997). This point will be further considered in the 
following section. 

Figure 5 shows also that no qualitative changes in 
the size vs. shear rate behavior are observed when the 
two phases are inverted. Droplets of PDMS in the con- 
tinuous PIB matrix seem to be only slightly larger than 
PIB drops at the same shear rate. This result is also in 
agreement with those obtained by Vinckier et al. (1996) 
from dynamic rheological tests. 

As a final remark it must be said that, for all shear 
rates and compositions investigated, no fibrillar struc- 
tures were observed during flow in steady-state condi- 
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dons. Even the largest droplets appeared only slightly 
elongated, and they all relaxed to the spherical shape 
after stopping the flow. This point is of importance in 
evaluating the physical mechanisms leading to the sta- 
tionary morphology, as will be discussed below. 

Discussion 

The experimental results presented in the previous sec- 
tion can be summarized as follows: i) after a step-down 
in shear rate the average size of the blend increases, in- 
dicating that coalescence events control the transient 
evolution of the morphology; ii) when steady-state con- 
ditions are reached, the drop size is a decreasing func- 
tion of shear rate; iii) the steady-state size does not de- 
pend upon blend composition, at least when PIB is the 
dispersed phase and its volume fraction is less than 
10%; iv) no fibrillar domains are observed over the 
whole range of shear rates and compositions investi- 
gated. In order to interpret these results, both physical 
phenomena taking place in a sheared blend, that is, 
breakup and coalescence, must be considered. 

The breakup of a single droplet of diameter D in 
shear flow is controlled by the balance between viscous 
and interfacial stresses. The resulting dimensionless pa- 
rameter is the well known Capillary number, Ca: 

Ca -/~m ~D 2o- (3) 

For small Ca, the two stresses balance each other, 
which results in a deformed drop; for large Ca, viscous 
Stresses dominate, causing the irreversible deformation 
of the drop, which will eventually breakup into smaller 
domains. A critical Capillary number, Cac marks the se- 
paration between these two possible situations. Esti- 
mates for Cac have been first given by Taylor (1934). 
Decades later, Grace (1982) experimentally measured 
Cac over a wide range of shear rates and viscosity ra- 
tios. His results showed that Cac is a strong function of 
the viscosity ratio, p, and reaches a minimum for p ~ 1. 
This means that the most favorable conditions for 
breakup are found when the dispersed and the continu- 
ous phase have about the same viscosity. In the range 
p<l ,  the results of Grace substantially confirmed the 
theoretical predictions derived earlier by Acrivos and 
Lo (1978). 

Since Ca~ depends only on the viscosity ratio, a criti- 
cal diameter Dc can be defined at each shear rate such 
that, for D<Dc, drops will only deform, whereas for 
D>Dc breakup will take place. According to Eq. (3), Dc 
can be expressed as: 

2o- 1 
Dc = Cac ( p ) - - -  (4) 
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Fig. 6 Number-average drop diameter as a function of the group 
rl,~ )/a for blends having PIB as the dispersed phase. Symbols are 
experimental data. Broken line: Dc for breakup, Eq. (4) in the text. 
Solid line: Janssen model for coalescence, Eq. (5) in the text. The two 
dotted line represents an ideal "trajectory" of the morphology evolu- 
tion during the step-down experiment 

When plotted on a log-log plot of the drop diameter 
against the quantity llm )/G, Eq. (4) is a straight line of 
slope -1, whose absolute position is determined by the 
value of Cac, that is, by the blend viscosity ratio. For 
PIB/PDMS blends, where PIB is the dispersed phase, 
Eq. (4) is shown in Fig. 6. In this case, the viscosity 
ratio (see Table 1) is p=0.47. For this value of p the 
data of Grace (1982), as well as single drop experi- 
ments on the same system used in this work (Guido, 
1996), indicate a value of Cac of about 0.6. 

In Fig. 6 the same data of Fig. 5 are replotted in 
terms of the new variable t/m )/o-. It is clear that the 
average size of the droplets falls well below the critical 
curve for breakup, immediately suggesting that breakup 
phenomena are not effective in determining the steady- 
state morphology of the blend. One can assume that 
after the step-down in shear rate, coalescence events 
generate an increase in the average drop size, but this 
growth stops without producing droplets large enough 
to be again broken up by the action of flow. This 
picture can also justify the experimental observation 
(already reported above) that no fibrillar structures are 
observed under stationary conditions. Indeed, if the 
drop size remains sufficiently small at a given shear 
rate, the corresponding Cac will never be reached, and 
no drops would undergo an irreversible deformation. 

The hypothesis that drop breakup does not take 
place in the sheared blend has been confirmed by per- 
forming the following experiment. A steady-state mor- 
phology has been obtained at a fixed shear rate, accord- 
ing to the step-down experimental procedure. Then, 
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Fig. 7 Number-average diameter as a function of shear rate for a 
i0/90 blend in a sequence o f  succesive step-ups in shear rate. The 
solid line is the limiting condition for breakup, Eq. (4) in the text 

gradual step-ups in shear rate have been imposed on the 
sample, and the average steady-state size has been cor- 
respondingly measured. The results of this experiment 
are shown in Fig. 7, for a 10/90 blend, in terms of num- 
ber-average diameter vs. shear rate. Here, the starting 
point is the stationary morphology at 0.2 s -I. Sub- 
sequent setp-ups to 0.3 and 0.4 s -I do not show any 
change in the average drop size. Only when the shear 
rate is further stepped up to 0.5 s -1, a clear decrease in 
the average size can be observed. It should be noticed 
that the error bars in Fig. 7 correspond to twice the 
standard deviation of the distribution, and that the de- 
creasing straight line represents again the critical diame- 
ter for breakup, as predicted from Eq. (4). The optical 
observations show that, only when the shear rate 
approaches the value for which the measured diameter 
satisfies Eq. (4), elongated filaments begin to form, and 
breakup of the larger drops takes place. As a conse- 
quence, the average diameter decreases and the distribu- 
tion broadens, as confirmed by the larger error bar at 
0.5 S -1. 

The experiment reported in Fig. 7 constitutes the fi- 
nal evidence that, at least in the conditions investigated 
here, the steady-state morphology is not affected by 
breakup phenomena. As a consequence, only coales- 
cence events are of importance under these conditions. 
Such a physical situation has been already predicted by 
Elmendorp and Van der Vegt (1986), who proposed a 
model for drop coalescence in Newtonian dispersions 
undergoing simple shear flow. For simplicity, all drops 
are assumed to have the same diameter. Coalescence is 
generated by collisions between droplet pairs moving at 
different relative velocities in the flow field. Not all col- 

lisions, however, are effective in producing coalescence, 
which takes place only when the draining of the contin- 
uous phase "trapped" between the drops is fast enough. 
The authors assumed coalescence only when the liquid 
gap between two droplets, h, would fall below a critical 
value, ho during the approaching stage. The predictions 
of the model showed that the probability of coalescence 
is a function of the Capillary number Ca, of the critical 
gap ho of the nature of the interface, but also of the ab- 
solute size of the droplets. In particular, all other param- 
eters being fixed, the model predicted that coalescence 
does not take place when the drop diameter exceeds a 
limiting value, Dooal, and that such a diameter is a de- 
creasing function of the applied shear rate. 

The model of Elmendorp and Van der Vegt (1986) 
was derived only for the limiting cases of fully mobile 
and fully immobile interfaces. Furthermore, a closed- 
form relationship between Dooal and the shear rate was 
not derived. More recently, an improved model has 
been proposed by Janssen (1993), which incorporates 
the more realistic assumption of partially mobile inter- 
faces, thus accounting also for a finite viscosity ratio. 
The model provides the following explicit expression 
for Dcoal: 

a 4 ? 
Deoal = 2p-? hc (5)  

Equation (5) implies a power-law dependence of 
Dco~l on the characteristic group ~/m )/o-, with an expo- 
nent of-0.6. 

In Fig. 6 the predictions of Eq. (5) are directly com- 
pared to the experimental data for blends where PIB is 
the dispersed phase. The solid line is the best fit of the 
Janssen model, where the critical thickness hc is taken 
as the only adjustable parameter. The number-average 
diameter correctly follows the power-law dependence 
expressed by Eq. (5). Quantitative agreement is ob- 
tained with a value of critical thickness given by 
hc=0.2 ~tm. Although very few data are available in the 
literature for hc, the value can be considered as reason- 
able. Indeed, a value of hc=0.05 gin is reported for 
drops coalescing on a flat surface in water/oil systems 
(MacKay and Mason, 1963). 

An independent check of the model of Janssen is 
shown in Fig. 8, where PDMS is now the dispersed 
phase. Since the viscosity ratio is in the case p=2.1, 
both limiting curves for breakup and coalescence, given 
by Eqs. (4) and (5), must be modified accordingly. By 
keeping the value of hc from the previous best fit, it is 
found in this case that the model of Janssen slightly un- 
derestimates the average droplet size, but the data still 
follow the expected power-law dependence from the 
group r/m ) /a .  It must be noticed that a regression of 
the data in Fig. 8 with Eq. (5) would yield a value of 
hc = 0.26 gm. 
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Fig. 8 Number-average drop diameter as a function of the group 
r/m ~,/G for a 90110 blend, having PDMS as the dispersed phase. Sym- 
bols and lines as in Fig. 6 

Fig. 6 shows that the two limiting curves for coales- 
cence and breakup will cross at some point. This means 
that, for sufficiently high values of shear rate, the mech- 
anism leading to steady-state will change from a "coa- 
lescence-controlled" to a "breakup-controlled" one. In 
fact, if a sufficiently high shear rate is imposed (in par- 
ticular, for the diagram in Fig. 6, if rlm )/a is greater 
than about 0.3), the limiting curve for breakup will be 
encountered first, and the size of the steady-state mor- 
phology will be limited by breakup events. Only in this 
case, therefore, a real "dynamic equilibrium" between 
coalescence and breakup is expected. Unfortunately, op- 
tical microscopy observations are unable to explore this 
range of the blend phase diagram, since the absolute 
size of dispersed phase is too small to be resolved by 
the microscopy images. Very recently, however, this hy- 
pothesis has been confirmed by indirect average size 
measurements from dynamic rheological experiments 
performed on a similar blend (Minale et al., 1996). 

To graphically summarize the physical behavior of 
the PIB/PDMS blend in the experimental conditions ap- 
plied in this work, one can again refer to Fig. 6. This 
figure (as the equivalent Fig. 8 for PDMS drops) repre- 
sents a sort of  "phase diagram" to predict the shear-in- 
duced morphology of PIB droplets in PDMS. Similar 
diagrams can be found in Elmendorp and Van der Vegt 
(1986) in Janssen (1993) and in Utracki and Shi (1992). 
In the present work, however, direct comparison is pro- 
vided for the first time with experimental data. 

When performing a step-down in shear rate, the ini- 
tial condition is represented by the black dot in the low- 
er-fight part of the figure: due to the high shear rate ap- 
plied to the system a small size morphology is devel- 
oped in the blend. When the shear rate is suddenly re- 
duced, the system is represented by the black dot in the 
lower-left side. The shear rate is now too low to induce 
anything but coalescence events: the system evolves by 
moving upwards along the vertical line, until it reaches 
the limiting diameter for coalescence. At this point, 
further coalescence is inhibited by the large drop size, 
but the latter is still too small to generate breakup. The 
system, therefore, sits in a "dead" steady-state condi- 
tion, which has been determined only by c%alescence. 

It can now also be understood why the stationary 
morphology does not depend on blend composition. 
This parameter, in fact, is expected to affect only the 
kinetics of the transient morphology evolution. Less 
concentrated blends will reach steady-state conditions in 
a longer time, but the final morphology will be always 
the same, once the quantity ~/m ~/~r has been fixed. 

To conclude this section, it must be pointed out that, 
as the magnitude of the group ~/m F/°- is increased, 

Conclusions 

The main result of this work is a clear and direct confir- 
mation of the important role played by coalescence in 
determining the morphology of a flowing blend. In par- 
ticular, experimental validation has been given for the 
first time to the theory developed by Elmendorp and 
Van der Vegt (1989), and later refined by Janssen 
(1993). Such a theory predicts that coalescence is inhib- 
ited, at low shear rates, when the drop size exceeds a 
critical value. As a consequence of the arrested drop 
size growth, breakup phenomena play no role in deter- 
mining the steady-state morphology, which is controlled 
by coalescence only. 

The experiments performed in this work have indeed 
confirmed the model predictions, and good quantitative 
agreement has been found between theory and experi- 
mental results. In the range of shear rates investigated, 
it was proved that the steady-state morphology of PIB/ 
PDMS blends is fully controlled only by coalescence. 
The experimental window where such a behavior is ob- 
served was found to depend on both the physical prop- 
erties of the system and the initial conditions imposed 
On the blend. On the contrary, as it can be also deduced 
by the model, the steady-state morphology was found 
not to depend on blend composition, at least in the con- 
centration range investigated. 
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