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Abstract

The morphology development during phase inversion 
of a polymer blend is studied under model experimental 
conditions. Samples with the major component suspended 
in a continuous matrix of the minor component were 
prepared and subjected to isothermal, steady shear flow. The 
resulting morphological changes, culminating in phase 
inversion, are examined as a function of strain for a PS/PE 
and a PE/PCL blend of similar viscosity ratios. In addition, 
phase inversion occurred in certain samples in the absence 
of flow. The blend characteristics that govern the incidence 
of phase inversion under quiescent conditions are 
investigated.

Introduction

When a polymer blend is compounded in a batch 
intensive mixer or a twin-screw extruder, the components 
soften from pellets or powder into a viscoelastic fluid. The 
individual components generally undergo this rheological 
transformation at different rates. Whichever component 
softens first often forms a continuous phase. In the more 
frequently studied scenario, the major component initially 
forms the continuous phase and remains continuous 
throughout the compounding process. Recently, some 
works have focused on the opposite case, where the minor 
component initially forms the continuous phase, then 
becomes dispersed in the major component later in the 
compounding process. The transformation from a 
morphology of component A encapsulating component B 
to a morphology of component B encapsulating component 
A is termed a phase inversion.

Since phase inversion was first reported by Shih (1) in 
1991, a number of works have shed more light on this 
phenomenon. Its dependence on materials properties, 

viscosity ratio (2,3) and relative transition temperatures (4) 
in particular, has been investigated. So too have been the 
effects of processing parameters, such as temperature 

profile (,,5) and degree of fill ().  Lastly, the effect of blend 
composition, specifically minor-component () and 
compatibilizer concentration (), has been explored. These 
studies all used batch intensive mixers. Thus, the polymers 
simultaneously softened and were deformed in a complex 
combination of shear and extensional flow during 
compounding. The limiting case of phase inversion in 
isothermal, steady shear flow has received less attention.

The morphology development during phase inversion 
of a model polystyrene/polyethylene blend under 

isothermal, steady shear flow has been described (6). 
Sample disks were prepared with a specific initial 
morphology: major-component pellets encapsulated by the 
minor-component matrix. The samples were allowed to 
equilibrate at the processing temperature before they were 
sheared in a parallel-disk fixture. It was shown that phase 
inversion does not require a combination of shear and 
extensional flow fields. The sequential stages of 
morphology development during phase inversion were 
identified. In addition, phase inversion was not observed 
under quiescent conditions. This work extends the previous 
investigation by delving into the effect of the absolute 
viscosity and the relative elasticity of the components on 
the morphology development and its dependence on total 
strain. Additional experiments on phase inversion under 
quiescent conditions will also be discussed here. 

Experiments

Materials

Polyethylenes (PE) from Eastman Chemical were used 
as the major component; polycaprolactone (PCL) from 
Union Carbide served as the minor component. The PE 
used for the steady-shear-flow experiments has a viscosity 

at the processing temperature of 8,300 Pa·s and 0.5 s-1. At 

strain rates below 0.5 s-1, the polycaprolactone is 
Newtonian, with a viscosity of 510 Pa·s. Additional 
polyethylenes were used in the zero-strain experiments. 



They had zero-shear viscosities of 1,400 Pa·s and 70 Pa·s. 
A second polycaprolactone, with a zero-shear viscosity of 
4900 Pa·s, was also used in the zero-strain experiments. 
The polystyrene/polyethylene blend from () used 
polystyrene (PS) from Amoco as the major component and 
polyethylene from Dow Chemical as the minor 
component. The PS has a viscosity of 57,000 Pa·s at 

0.5 s-1 and a zero-shear viscosity of 120,000 Pa·s. The PE 

has a viscosity of 4,000 Pa·s at 0.5 s-1 and a zero-shear 
viscosity of 4,400 Pa·s.Where necessary, the polymers 
will be referred to as PE-x or PCL-x, where x is the zero-
shear viscosity. The PE/PCL blends contained 16 vol.% of 
the PCL, the same minor-component concentration as in 
the previously reported polystyrene/polyethylene blend. 
This volume fraction corresponds 20 wt.% PCL in the 
PCL/PE blends. The PCL/PE and PS/PE blends 
respectively have viscosity ratios of 16 and 14 at the 

representative strain rate of 0.5 s-1.

Sample Preparation

The 6.5 mm-thick ( 40.8 mm-diameter disk samples 
were carefully prepared using compression molding. The 
minor component was first pressed into paper-thin sheets. 
The bottom of the mold was lined with a sheet. On this 
was alternately layered the major-component pellets and the 
minor-component sheets. There was a total of three major-
component layers. The pressure on the mold was gradually 

raised to 2.5 · 107 Pa and held for 3–15 minutes. The 
mold was then unloaded and air-cooled. The molding 
temperature for the PS/PE blend was 180˚C, while that for 
the PE/PCL blend was 100˚C.

The samples were subjected to steady shear flow in a 
Rheometrics ARES 600 strain rheometer using the cup-
and-plate geometry illustrated in Figure 1. The run 
temperature was 180˚C and the strain rate at the rim of the 

plate was 0.5 s-1. Runs to total strains at the rim of the 
plate of 100, 500, 1000, and 4000 were conducted. After 
each run, the fixture was unloaded within one minute and 
placed in liquid nitrogen. After complete cooling, the 
sample was removed from the fixture.

The disk sample was fractured into two halves at 
cryogenic temperatures. The resulting fracture surfaces were 
perpendicular to the shear direction. One half was exposed 
to methylene chloride in a Soxhlet extraction apparatus to 
selectively dissolve the PCL or PS phase. The remaining 
PE was examined in an Electroscan EM3 environmental 
scanning electron microscope at a magnification of 200(. 
Significant morphologies were studied at higher 
magnification.

Results and Discussion

Steady Shear Flow

A comparison of the observed morphologies as a 
function of strain for the PE/PCL blends in this study and 
the previously reported PS/PE blend are listed in . The 
sequence of events is the same for both blends. The major 
component initially deforms from pellets into sheets. 
These sheets break up into ribbons and drops. When the 
minor-component sheets separating the major-component 
domains thin to about 0.2 µm, the minor-component 
sheets break up and the major component begins to 
coalesce. The blend has become co-continuous. As strain 
continues to increase, the holes in the minor-component 
sheet lengthen in the direction of shear, forming a strand 
network. This network eventually breaks up into fibers and 
drops.

The largest difference between the morphology 
evolution of the two blends is the persistence of major-
component ribbons. Ribbons in the PS/PE blend coalesce 
by a strain of about 800. In contrast, the ribbons in the 
PE/PCL blend are still observed at a strain of 3000. This 
can be explained by the lower component viscosities and 
the higher relative elasticity of the major component, 
which at that point is dispersed, of the PE/PCL blend. The 
smaller matrix viscosity leads to a smaller capillary 
number, which then yields a smaller deformation. In 
addition, the PE is over 1,000 times more elastic than the 
PCL, based on their storage moduli. The PS is only three 
times more elastic than the PE. The high relative elasticity 
of the PE to the PCL is expected to reduce the deformation 
of the PE phase compared to that of the PS phase at the 
same strain. These effects can be combined by comparing 
the deforming force, the shear stress applied by the matrix 

(ηγ̇ ), to the restoring force, the first normal stress 

difference of the drop (2 ′G ). This stress ratio is 

2 ′G

ηγ̇
(1)

The stress ratio of the PE/PCL blend is eight times 
that of the PS/PE blend, indicating that the PE phase 
deforms less at the same strain.

Finally, examination of the PE/PCL blend yielded the 
mechanism for the formation of PE ribbons and drops. PS 
ribbon and drop formation was also observed previously (). 
However, it was difficult to ascertain the mechanism for 
producing these morphologies because the PS, which was 
the major component, was the polymer that was extracted. 
It was suggested that the morphologies could be formed by 
satellite drop formation as described by Rumscheidt and 

Mason (7). In contrast, it was the minor component, PCL, 
that was extracted from the PE/PCL blends. Figure 2 
shows a fracture surface at a total strain of 75 after the PCL 



has been dissolved away. The high concentration of PE, 
combined with the PCL being too thick to allow PE 
coalescence, produces highly contorted PE domains that can 
form a neck and break up into ribbons, strands and drops.

No Flow

The samples for the zero-strain experiments were 
prepared in much the same way as those for the steady-
shear-flow experiments except for two differences. First, 
instead of being sheared, the sample was simply held at 
180˚C for 2000 s, the runtime for the 1000-strain sample. 
Second, the samples were examined visually, rather than 
microscopically, to determine if phase inversion had 
occurred. Because this experiment was conducted in the zero 
strain-rate limit, the polymers can be treated as Newtonian 
fluids. Thus, the critical rheological parameters are the 
components’ zero-shear viscosities and the blend’s 
viscosity ratio.

These parameters and the experimental results for the 
various blends are summarized in . The incidence of phase 
inversion appears not to solely depend on the viscosity 
ratio. The two systems with PE-8500 did not phase invert 
with viscosity ratios of 1.7 and 17, yet the PE-1400/PCL-
510 blend with a viscosity ratio of 2.7 did. The major- or 
minor-component viscosity alone does not determine the 
occurrence of phase inversion either. For phase inversion to 
occur at zero strain, the minor-component film separating 
the major-component domains has to drain away, allowing 
the major-component domains to approach and coalesce. A 
high minor-component viscosity will inhibit this process. 
In addition, increasing the viscosity of the dispersed 

phase—the major component here—has been shown to 

decrease the rate of coalescence (8). Thus, it seems that 
some function of both component viscosities, and perhaps 
the viscosity ratio, controls the kinetics of phase inversion.

Conclusions

The morphology development during phase inversion 
under isothermal, steady shear flow of two blends with 
similar viscosity ratios are compared. The morphologies 
observed are the same. However, some strictly low-strain 
morphologies in the PS/PE blend persist until strains of 
greater than 3000 in the PE/PCL blend. This is attributed 
to the lower component viscosities and higher relative 
elasticity of the dispersed phase in the PE/PCL blend. The 
mechanism for the ribbon and drop formation by the major 
component has been determined. Finally, indications of a 
correlation between component viscosities and phase 
inversion under quiescent conditions have been found.
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Table 1. Morphology as a function of total strain in PS/PE and PE/PCL blends

Major-component morphologyMinor-component morphology Strain for PS/PE Strain for PE/PCL

pellets continuous 0 0

sheets continuous 40–70 10–100

ribbons and drops continuous 170–200 75–3200

begins to coalesce continuous sheet with holes 200–780 100–3500

continuous continuous strand network 500–3500 300–3500

continuous fibers and drops 1000–3500 1100–3500



Table . Summary of zero-strain experiments

System (major /minor) Major-component 
zero-shear viscosity 

(Pa·s)

Minor-component 
zero-shear viscosity 

(Pa·s)

Viscosity 
Ratio 

(major/minor)

Phase inversion after 
2000 s at zero strain?

PS / PE-4400 120,000 4,400 27 No

PE-8500 / PCL - 4900 8,500 4,900 1.7 No

PE-8500 / PCL-510 8,500 510 17 No

PE-1400 / PCL-4900 1,400 4,900 0.29 Yes (starting to)

PE-1400 / PCL-510 1,400 510 2.7 Yes

PE-70 / PCL-510 70 510 0.14 Yes
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Figure 1. Schematic diagram of the cup-and-plate fixture used to generate steady shear flow in these experiments.

Figure 2. Scanning electron micrograph showing a PE domain that has formed a neck which can break to form smaller PE 
domains.
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