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ABSTRACT: This review presents fundamental knowledge and recent
advances pertaining to research on the role of rheology in polymer processing,
highlights the knowledge gap between the function of rheology in various
processing operations and the importance of rheology in the development,
characterization, and assessment of the morphologies of polymeric materials,
and offers ideas for enhancing the processabilities of polymeric materials in
advanced processing operations. Rheology plays a crucial role in the
morphological evolution of polymer blends and composites, influencing the
type of morphology in the case of blends and the quality of dispersion in the
cases of both blends and composites. The rheological characteristics of
multiphase polymeric materials provide valuable information on the
morphologies of these materials, thereby rendering rheology an important
tool for morphological assessment. Although rheology extensively affects the
processabilities of polymeric materials in all processing operations, this review focuses on the roles of rheology in film blowing,
electrospinning, centrifugal jet spinning, and the three-dimensional printing of polymeric materials, which are advanced processing
operations that have gained significant research interest. This review offers a comprehensive overview of the fundamentals of
morphology development and the aforementioned processing techniques; moreover, it covers all vital aspects related to the tailoring
of the rheological characteristics of polymeric materials for achieving superior morphologies and high processabilities of these
materials in advanced processing operations. Thus, this article provides a direction for future advancements in polymer processing.
Furthermore, the superiority of elongational flow over shear flow in enhancing the quality of dispersion in multiphase polymeric
materials and the role of extensional rheology in the advanced processing operations of these materials, which have rarely been
discussed in previous reviews, have been critically analyzed in this review. In summary, this article offers new insights into the use of
rheology in material and product development during advanced polymer-processing operations.

1. INTRODUCTION
Polymer processing has significantly advanced from the basic
operations of mixing and molding to advanced manufacturing
techniques such as film blowing, foaming, three-dimensional
(3D) printing, and electrospinning. Rheology plays a crucial
role in all polymer-processing operations. The morphological
characteristics of polymer blends, composites, and nano-
composites are considerably influenced by the rheological
characteristics of the polymer(s) under the applied processing
conditions. Morphological characteristics, along with the
rheological characteristics of the resulting multiphase poly-
meric materials, affect the processabilities and product qualities
of subsequent advanced processing operations, including
foaming and blown film extrusion. Thus, in the advanced
processing of multiphase polymeric materials, rheology
performs a dual function. It not only directly influences the
ease of processing and quality of the achieved product but also
indirectly plays a vital role in the development of the
morphological characteristics of the materials being processed.
In addition to its role in processability and product quality,

rheology provides valuable information about the morpholo-
gies of polymeric materials. Although the function of rheology
in various processing operations has been reported by several
research groups, reviews that highlight the importance of
rheology in the development and characterization of the
morphologies of polymeric materials and assessment of the
processabilities of polymeric materials in advanced processing
techniques are limited. The present review aims at bridging
this knowledge gap. First, fundamental knowledge related to
the role of rheology in the development and assessment of the
morphologies of polymeric materials is discussed, and a
comprehensive and critical understanding of the crucial role of
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rheology in the processabilities of polymeric materials in
advanced processing techniques is provided. Notably, the
processing techniques discussed herein, namely film blowing,
electrospinning, centrifugal jet spinning, and 3D printing, have
recently gained significant importance in academic and
industrial research. Although foaming is an advanced
processing operation that is widely used in industry and
research, it has not been reviewed in this article as we have
systematically discussed the role of rheology in foaming in our
previous studies.1,2 This review mainly includes the following
topics. (a) Role of extensional rheology in the development of
the morphological characteristics of multiphase polymeric
systems: at equal elongation and shear rates, the mixing and
dispersion efficacies achieved in extensional flow are ten times
those attained in shear flow.3 Thus, extensional rheology not
only plays an important role in processing operations involving
stretching, such as foaming,4 film blowing,5 and thermoform-
ing,6 but may also be effectively utilized in melt processing to
achieve high qualities of dispersion and to process shear-
sensitive polymers without degradation.7 (b) Rheology as a
tool for morphological assessment: rheological characterization
can provide vital information on the morphological character-
istics of polymeric materials and can help predict the
morphologies of these materials before their morphological
characterization.8,9 (c) Function of rheology in the process-
abilities of polymeric materials: a comprehensive under-
standing of the rheological characteristics of polymeric
materials can assist in the selection of appropriate materials
and/or grades and processing conditions for achieving superior
processabilities of polymeric materials in various processing
operations.1

This review provides a critical overview of the role of
rheology in morphology developments and processabilities of
polymeric materials in advanced processing techniques and is
expected to offer a path for future developments in polymer
processing.

2. FUNDAMENTALS OF POLYMER MELT RHEOLOGY
2.1. Viscosity and Viscoelasticity. The viscosity of

Newtonian and non-Newtonian fluids is commonly described
by the “power-law”, given by eqs 1 and 2:

K n 1= (1)

K n= (2)

where η is the viscosity, γ̇ is the shear rate, σ is the shear stress,
and K and n are constants. For Newtonian fluids, n = 1 and K
becomes equal to η. For pseudoplastic or shear-thinning fluids,
n < 1, while for dilatant or shear-thickening fluids, n > 1.10

As observed in Figure 1(a), the viscosity versus shear rate
plot of a polymer melt comprises three distinct regions. At low
shear rates, flow is Newtonian. The viscosity at low shear rates
is known as the zero shear viscosity. At intermediate shear
rates, flow is pseudoplastic, whereas at higher shear rates, flow
is again Newtonian.

The shear rheological behavior of polymer melts can be
understood from the spatial orientation of the macromolecules.
When at rest, the spatial orientation of the polymer molecules
is completely random. This random orientation remains
undisturbed at low shear rates, which explains the first
Newtonian region. As the shear rate increases, the macro-
molecules start getting oriented in the direction of the
application of shear. A polymer system comprises molecules

of different chain lengths. The higher molecular weight
molecules need more energy to get oriented in the direction
of shear, unlike the lower molecular weight molecules, which
get oriented at relatively lower shear rates. Thus, with an
increased rate of shear, more and more molecules get oriented
in the direction of the application of shear, which leads to
reduced resistance to flow or lowering of viscosity with
increased shear rate. This explains the pseudoplasticity of
polymer melts in the intermediate shear region. When the
shear rate has increased sufficiently, all molecules are oriented,
and a further increase in shear rate does not result in increased
orientation. Thus, the viscosity does not reduce with an
increase in the shear rate in the high shear rate region. This
explains the second Newtonian region.11 Melt processing of
polymers is carried out at shear rates corresponding to the
shear thinning region to achieve improved flow without
causing degradation at excessively high shear rates.

Polymeric materials exhibit both viscosity and elasticity. In
the case of cross-linked rubbers, flow is not possible. However,
viscosity is manifested as a delayed response to a change in
stress. The viscoelasticity of a cross-linked rubber can be
qualitatively represented by a Voigt model [Figure 1(B)(a)],
which comprises a spring in parallel with a dashpot. The spring
is a linear elastic element, and the dashpot is a linear viscous
element. This assembly will always return to the rest length of
the spring when no force is acting on it. When a constant stress
s is applied to this assembly, the dashpot starts moving at a rate
of s/η, which is reduced asymptotically to zero as the stress is
gradually transferred to the spring. The stress on the viscous

Figure 1. (a) Polymer viscosity versus shear rate response.
Reproduced with permission from ref 13. Copyright 2018 Springer.
(b) Voigt model and (c) Maxwell model. Reproduced and modified
from ref 14. Copyright 2020 The Authors.
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element is the external stress minus the stress in the elastic
element. The rate of flow at any instant dεR/dt is the rate of
flow of the viscous element and is given by eq 3:

t
s Ed

d
R R=

(3)

Integration of eq 3 yields eq 4:
s
E

e1 (1 e )R
E t t( / ) /= [ ] =

(4)

where ε∞ = s/E is the deformation at infinite time and λ = η/E
is a time constant. Eq 4 is the equation for the flow curve for a
Voigt unit. This equation indicates a retarded elastic
deformation. As the time constant approaches zero, the
behavior becomes purely elastic.

The rheological behavior of an elastic liquid, such as a
polymer melt, can be qualitatively represented by a Maxwell
model [Figure 1(B)(b)], which comprises a spring and a
dashpot in series. Unlike the Voigt model, this assembly does
not have a unique reference length and deforms indefinitely
under the influence of an external force. This behavior is
similar to that of an un-cross-linked polymer above its glass
transition temperature (Tg)/melting point. The rate of flow in
such an assembly is given by eq 5:

t E
s
t

s
d
d

1 d
d

/= +
(5)

If a Maxwell unit is given a certain strain and is held constant,
the entire deformation will occur initially in the spring. But
with time, the flow will occur in the dashpot, and the stress will
dissipate gradually. Since strain is constant, dε/dt = 0 and the
residual stress after time t is obtained by integrating eq 5,
which gives

s s e t
0

/= (6)

where s0 is the original stress and λ = η/E is the relaxation time,
which is the time required for the stress to decrease to 1/e of
its original value. This is the equation for the relaxation curve
of a Maxwell unit. A Voigt unit does not exhibit any relaxation
mechanism under constant strain.

When a Maxwell unit is subjected to constant stress, ds/dt =
0, and the strain after time t may be obtained by integrating eq
5, which gives

v t0 0= + (7)

where ε0 = s/E and vo = s/(Eλ) is the creep rate. This is the
equation for the flow curve.10,12

Understanding the cause of polymeric materials’ elasticity
necessitates an insight into the molecular structure of
polymers. A polymer molecule may be visualized as a long
chain with many joints capable of rotation, thus imparting
flexibility to the molecule. The enhanced flexibility of these
macromolecules is responsible for several molecular config-
urations. A molecule will continuously change its configuration
at temperatures above Tg due to Brownian motion. However,
we can use statistical averages to describe the state of many
macromolecules. For example, at a given temperature, there
will be a unique value of the average end-to-end distance R of
the molecules of a polymer melt that is at equilibrium.
Deformation of the melt will change the average end-to-end
distance. But once the deformation is stopped, Brownian
motion will restore the average value of R to its equilibrium
value. This explains the elasticity of polymeric materials.10

The simplest category of viscoelastic behavior is linear
viscoelasticity. This behavior is observed when the deformation
is so small that the polymer molecules are disturbed from the
equilibrium configuration and entanglement to a negligible
extent.10 The linear viscoelastic properties of polymer melts are
determined using small amplitude oscillatory shear. In this
experiment, a thin test specimen is sheared, such that the shear
strain is a function of time and is given by eq 8:

t t( ) sin( )0= (8)

where γ0 is the strain amplitude and ω is the frequency. The
shear rate as a function of time can be determined by
differentiation of eq 8:

t t t( ) cos( ) cos( )0 0 0= = (9)

where γ̇0 is the shear rate amplitude. If γ0 is adequately small,
the stress can be determined using the Boltzmann super-
position principle and is given by eq 10:

t t( ) sin( )0= + (10)

where σ0 is the stress amplitude and δ is a phase shift known as
the mechanical loss angle.

The results of an oscillatory shear experiment can be
presented by plotting the amplitude ratio Gd (= σ0/γ0) and the
phase shift as functions of ω. However, these quantities are not
directly related to the material functions used to describe
viscoelasticity. This problem has been overcome by using a
trigonometric identity for writing eq 10 as

t G t G t( ) ( )sin( ) ( )cos( )0= [ + ] (11)

where G′(ω) and G″(ω) are the storage modulus and loss
modulus, respectively. These can be calculated using eqs 12
and 13:

G G cos( )d= (12)

G G sin( )d= (13)

In a purely elastic solid, because there is no viscous dissipation
and hence no phase shift, G″= 0. In a purely viscous liquid,
there is no energy storage and G′ = 0. Thus, G′(ω) is a
measure of elasticity and hence energy storage. G″(ω), on the
other hand, is a measure of viscosity and hence energy loss.10

It is at times convenient to consider G′(ω) and G″(ω) as
the real and imaginary components, respectively, of a complex
modulus G*(ω), given by eq 14:

G G iG( ) ( ) ( )* + (14)

Gd is the magnitude of G* and is given by eq 15:

G G G G( ) ( )d
0

0

2 2= = | *| = +
(15)

Alternatively, the results of small amplitude shear tests may be
represented using two functions η′(ω) and η″(ω), both having
the unit of viscosity:10

t t t( ) ( )cos( ) ( )sin( )0= [ + ] (16)

where η′ and η″ are given by eqs 17 and 18, respectively:

G( / )sin /0 0= = (17)

G( / )cos /0 0= = (18)

The complex viscosity η* is given by
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i( ) ( ) ( )* (19)

/ ( ) ( )0 0
2 2| *| = = + (20)

In an oscillatory shear test, the high-frequency region
corresponds to the short range, whereas the low-frequency
region corresponds to the long-time range. The frequency
sweep test offers insight into the internal structure of materials.
For example, a neat thermoplastic exhibits G″ > G′ in the
lower frequency region (predominance of liquidlike behavior),
a crossover point corresponding to G′ = G′′ and G′ > G″ in the
higher frequency region. The crossover frequency is equal to
the reciprocal of the relaxation time.15 In contrast, a clay
nanocomposite of the same polymer with a higher clay loading
exhibits predominance of G′ over the entire frequency range
with no crossover point because of pseudosolid-like behavior
brought about by prevented relaxation.16,17

2.2. Extensional Viscosity and Strain Hardening.
Extensional flow may be defined as a deformation involving
stretching along streamlines. The simplest extensional flow is a
uniaxial extension, which is an axisymmetric flow involving
stretching along the direction of the axis of symmetry. Another
axisymmetric extensional flow is the biaxial extension, which
involves compression in the direction of the axis of symmetry
and stretching in the radial direction. In addition, there are
many nonaxisymmetric extensional flows, such as “planar”
extension.11

For very small or slow deformations, linear viscoelasticity is
unifying since it provides relationships between material
functions that are measured using various kinds of

deformation. For example, according to this theory, the shear
stress growth coefficient η+(t) is independent of the shear rate.
Also, it specifies the relationship between η+(t) and the tensile
stress growth function ηE+(t), which is measured at the
beginning of a simple steady extension:

t t( ) 3 ( )E =+ +
(21)

Large deformations and deformations applied at a high rate do
not have any unifying theory. The response of a polymer melt
to such a deformation depends on the extent, rate, and kinetics
of the deformation. However, even at large strain rates, the
initial part of the ηE+(t) curve should obey eq 21 since the total
strain is less at small t values. For Newtonian flow, both shear
and extensional viscosity are constant and independent of time
and strain rate. They are related by the Trouton equation:18

3E = (22)

Thus, shear flow properties and linear viscoelasticity are often
used to gain a holistic understanding of the rheological
properties of polymers at small strains. However, there are
certain situations when two polymers have identical shear flow
properties but have different processabilities in processing
operations involving extension, such as foaming and film
blowing.19 For example, Meissner20 observed that in the film
blowing of three grades of LDPE, two of the grades had
identical performance but the third could not be drawn down
to the same extent as the others. The zero-shear viscosities of
the three grades were very similar. However, the extensional
stress growth behavior of the three grades was significantly
different, with the grade exhibiting the highest extensional

Figure 2. Schematic of the useful morphologies that can be produced by polymer−polymer melt blending. “Toughness and surface modification”,
“strength and thermal expansion”, “high flow, electrical conductivity, toughness, and stiffness”, and “Co-continuous” appear as “toughness, surface
modification”, “strength, thermal expansion”, “high flow, electrical conductivity, toughness, and stiffness”, and “Cocontinuous”, respectively.
Reproduced with permission from ref 23. Copyright 2000 Wiley.
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stress also being the one which could not be drawn down as
the others. The grades were ascribed to differences in the
extent of long-chain branching. The presence of long chain
branches in polymer molecules gives rise to strain hardening, in
which the stress increases more rapidly in comparison with the
prediction of the linear theory. Strain hardening can be
measured in terms of the strain hardening ratio (SHR), defined
by Ruinaard21 as the ratio between the maximum value of
elongational viscosity of the rheological melt extension (RME)
curve (at time tmax) and 3η0

+(t) of the dynamic mechanical
spectrometry (DMS) frequency sweep curve at time tmax.
Details of the RME method of determining elongational
viscosity can be found in reference.22 Thus, subtle changes in
molecular architecture, which may not affect the shear flow
properties of a polymer, might significantly alter its extensional
rheological properties.

Thus, it may be summarized that the high molecular weight
and complexities in the molecular structure are responsible for
the complex rheological behavior of polymeric materials. The
influence of rheology on morphology development and
processability in advanced processing operations have been
discussed in the subsequent sections.

3. ROLE OF RHEOLOGY IN THE DEVELOPMENT OF
THE MORPHOLOGIES OF POLYMERIC MATERIALS
3.1. Polymer Blends. 3.1.1. Fundamentals of the

Morphology Developments of Polymer Blends. Majority of
immiscible polymer blends are produced in extruders. Melt
blending can generate a broad spectrum of morphologies
ranging from droplet/matrix to fibrillar, lamellar, and
cocontinuous (Figure 2). Control over morphology is essential
for achieving polymer blends with the required properties.

During melt blending, the softening polymer experiences
high shear stress in the mixing equipment, which results in
sheets of the dispersed phase. Scott and Macosko24,25 proved
the formation of these sheets by quenching the samples in a
batch mixer followed by selectively dissolving the polymer
matrix in an appropriate solvent. In their opinion, the dispersed
sheets or ribbons lose their stabilities under the influences of
flow and interfacial tension. Moreover, holes are created in the
ribbons. Sizes and concentrations of these holes increase until a
fragile lace structure is produced, which breaks into particles
with irregular shapes. These particles further disintegrate into
almost spherical particles. This mechanism rapidly generates
small dispersed-phase particles with sizes similar to those of the
particles achieved via prolonged mixing. Prolonged mixing
essentially reduces the size distributions of the largest particles.

Sheeting mechanism is followed during melt processing in
single-screw extruders,26 twin-screw extruders (TSEs),27 and
small cup and rotor mixers.27 The dispersed-phase particles are
stretched into sheets and ribbons, which further break into
cylinders.27 These cylindrical particles disintegrate into
droplets due to Rayleigh-type instabilities. Knowledge of the
dimensions of the developed cylindrical particles is critical to
accurately predict the size distributions of the corresponding
droplets. Morphological characteristics of polymer blends are
substantially influenced by the quenching time. Thus, to
appropriately assess polymer mixing, the polymer blends
should be quickly quenched within a minute of their formation.
Otherwise, the change in morphology during quenching must
be considered, and this may not be relevant to mixing.
Compared to the cases of large mixers, where the stress levels
vary, the shear stress levels in small mixers are uniform. Both
higher and lower stress levels are required for the effective

Figure 3. Schematic of the morphology development of polymer blends during melt blending. Reproduced with permission from ref 23. Copyright
2000 Wiley.
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mixing of polymers during the production of polymer blends.
At higher stress levels, particles with extended shapes are
generated by the stretching of the dispersed phase. These
particles experience instabilities and rupture at lower stress
levels. In a small mixer, the dispersed phase is subjected to only
one stress level, and thus, particles with highly extended shapes
are obtained. Similar dispersions are produced in TSEs and
internal mixers at comparable maximum shear rates. At
comparable shear rates, similar dispersions of reactive blends
are created in all mixers. However, small mixers exhibit inferior
performances in forming a dispersion with superior quality
during the processing of high-viscosity uncompatibilized
blends. In these cases, the processing conditions must be
altered for effective mixing. Additionally, Sundararaj et al.28,29

demonstrated that sheets were produced by the shearing of
large molten droplets at adequately high shear rates. They
reported that micrometer thick sheets were formed from
millimeter-sized pellets under the action of shear in the parallel
disc geometry. Extensional flow was not necessary for the
creation of sheets. Disintegration of the pellets occurred in
three ways: (i) stretching of the pellets into cylinders having
droplets at the ends; (ii) extension of sheets that produced
fingers at the edges; and (iii) stretching of the pellets into thin
sheets that ruptured because of the creation of holes. A
schematic of the breaking of these pellets was formulated using
the Deborah number and the ratio of the first normal stress
difference of the continuous phase to the restoring stress of the
dispersed phase (droplet). The restoring stress of the droplet
was the summation of the surface stress induced by interfacial
tension and the first normal stress difference of the droplet.
Numerous jointly acting stress levels were needed for the
disintegration of the dispersed particles. The dispersed
particles were affinely stretched in the higher-stress region.
This was followed by their relaxation and breakage in the
lower-stress region. Interfacial reaction stabilized the dispersed
particles, and when the reaction produced a viscous, elastic
shell surrounding the large, dispersed domains, ease of particle
disintegration decreased. In these cases, stable sheets were
generated by stretching, and subsequent hole formation did
not take place.30

Figure 3 shows a schematic of the evolution of the
morphologies of polymer blends from sheets to fibers to
droplets during the melt blending of polymers.

Morphological characteristics of immiscible polymer blends
are significantly governed by rheology, which is discussed in
the next section.

3.1.1.1. Role of Rheology. The classical method of
predicting the final sizes of dispersed particles in immiscible
polymer blends is based on the fundamental process of
breakup of isolated particles in a flow-field of the continuous
phase. This process is influenced by the capillary number (Ca)
(represented by eq 23):

C R R
a m= =

(23)

where τ is the shear stress, ηm is the viscosity of the continuous
phase, γ̇ is the shear rate, σ is the interfacial tension, and R is
the particle radius. When Ca exceeds a critical value, Cacrit, τ
overrules the interfacial stress, and the particle is stretched
until it ruptures. The diameter of the produced droplet (Bmin)
is given by eq 24:

B
C2 a

m
min

crit=
(24)

In the case of the rupture of Newtonian droplets in stationary
flow, Cacrit is affected by the type of flow and the viscosity ratio
λ (represented by eq 25).31

d

m

=
(25)

where ηd is the viscosity of the dispersed phase.
These findings are valid only for isolated particles.

Nevertheless, during melt blending, several particles are very
close to each other. This can lead to their coalescence, thereby
increasing the sizes of the dispersed particles. Furthermore, the
Cacrit values obtained in the above-mentioned study indicate
the conditions for droplet stability in stationary flow. However,
during the melt blending of polymers, the dispersed phase
undergoes nonstationary deformation. When the Ca values are
sufficiently high, the dispersed particles are elongated into long
threads, which eventually disintegrate into a series of
droplets.32,33 Elongation reduces the diameter of the stretching
droplet, thereby lowering the local Ca until Cacrit for the
breakup of the elongated thread is reached (Cacrit = 1).33 Then,
the elongated thread disintegrates according to the Raleigh
mechanism, forming a line of droplets with diameters
approximately twice the thickness of the thread undergoing
rupture.34

Hence, the final sizes of the dispersed particles are regulated
by the total deformations of the original particles. Thread
diameter (Bthread) is dependent on the total amount of strain
exerted (γ = γ̇t) and is presented by eq 26:

B
R2

(1 )thread

0

2 1/4= +
(26)

where R0 is the original particle radius based on the
assumption of affine deformation. This affine deformation is
feasible under the action of shear only if Ca/Cacrit > 2.35 In the
case of extensional flow, affine deformation is possible only if
Ca/Cacrit > 5.33 Nevertheless, in most polymer-processing
equipment, the shear flow overrules because sustaining
elongation for an extended period of time is difficult.

Rupture of the thread based on the Raleigh mechanism
occurs only if the residence time of the thread exceeds the time
needed for the disintegration of the thread. The breakup time
tb can be calculated using eq 27, which is based on Tomotika’s
theory:36
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where α0 is the amplitude of the initial disturbance, generally in
the range of 10−7−10−9 m,36,37 and Ωm is a function of λ.38
However, as eq 27 is only applicable to Newtonian fluids at
rest, it is valid for the melt blending of polymers. Stretching
stabilizes the liquid thread against breakup, thereby forming
thinner threads.37 Droplet coalescence increases the average
particle size, rendering the predictions of eqs 24 and 26 invalid.
Coalescence takes place only when the concentration of the
dispersed phase is sufficiently high and when the particle radius
is not higher than the critical radius.33

The above-mentioned theories are only applicable to
dispersed particles and threads and are not valid to their
initial formations. In the early stages of the melt blending of
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polymers, a rapid change, involving the creation of striated
structures, in morphology takes place.25,26,29,39−41 According
to Plochocki,39 this change occurs by an “abrasion”
mechanism. Macosko et al.25,29,41 suggested a “sheeting”
mechanism, in which molten pellets are stretched into ribbons
or “sheets”. Sundararaj et al.28 presented the various conditions
of the development of “sheets” or threads. According to them,
the production of sheets and threads was governed by the ratio
of normal stresses and the Deborah number. They proposed
that sheets were readily generated in shear flow, and threads
were exclusively produced at low shear rates (<5 s−1). Sheets
were not converted into threads because interfacial forces were
usually inadequate to significantly alter the shapes of the
sheets.29,32

Shear flow decreases the sheet thickness until the sheet is
ruptured by interfacial disturbances. The reduction in the sheet
thickness can be calculated as described hereinafter.42 A sphere
with the initial radius R0 will be converted into a ribbon
(“sheet”) under a shear-flow field. The width of the ribbon will
be R0, whereas the thickness Bsheet will be considerably less;
nevertheless, both the ribbon and sheet will have equal
volumes. Bsheet is represented by eq 28 when γ ≫ 1.34

B
R

2
3

(1 )sheet

0

2 1/2= +
(28)

The dependence of Bsheet on total deformation is depicted in
Figure 4. Bsheet significantly and rapidly decreases with
deformation than in the case of Bthread.

At a certain thickness, the rupture of the sheet starts by the
creation of holes. This breakage may be caused by the
interfacial instabilities developed in the laminar structures in
the course of flow43 or contamination of the blend.41 Sizes of
the holes increase because of interfacial forces, and eventually
coalescence takes place, generating a network of filaments.
Threads and droplets are produced by the rupture of this
network26 depending on the processing conditions. The final
sizes of the dispersed particles are of the same order of
magnitude as the final sheet thickness. Hence, eq 28 can be
used to predict the final sizes of the dispersed particles. The

sizes of the particles typically obtained after melt blending of
the polymers are actually predicted to be 0.1−1 mm by eq 28
(Figure 4). Therefore, a “sheeting” mechanism can elucidate
the rapid decrease in the sizes of particles during the melt
blending of polymers.25,26,29,39−41 Thus, shear flow is efficient
for achieving dispersion as it reduces the striation thickness by
rupturing the sheets into dispersed particles. The decrease in
the sizes of particles by the elongation of threads followed by
their disintegration into droplets is considerably less effective
in this regard.

When the concentrations of the dispersed particles exceed
1%, the particles collide and the particle size increases because
of coalescence. The final particle size is controlled by the
equilibrium between droplet coalescence and formation
because of the breakage of fibers.27 Coalescence may be
minimized using compatibilizers. The mechanism of compa-
tibilization is beyond the scope of this review.

In their studies on the production of polyethylene (PE)/
polystyrene (PS) blends, Willemse et al.34 reported the
prevalence of the “sheeting mechanism” in both single-screw
extrusion and static mixing. The particle size rapidly decreased,
in accordance with the theoretical prediction. After breakup,
further significant lowering of particle size was not observed.
The type of morphology was governed by the stabilities of the
fibers generated after the rupture of sheets. Fibrillar
morphology was achieved when Ca exceeded one. Lower
values of Ca resulted in the formation of droplet-matrix
morphology. The final particle size was independent of Ca.
The development of fibrillar morphology is enhanced under an
elongational flow field, as discussed in the next section.

The most efficient mixing in the production of a
cocontinuous structure via shear is accomplished when the
viscosities and volume fractions of the two blend components
are equal. Equal volume fractions maximize the opportunity for
achieving connectivity between these components. However,
in the majority of blends, the viscosities of these phases are not
equal. The phase possessing lower viscosity has the tendency
to remain continuous as this leads to minimum energy
dissipation during flow. This tendency can be overcome if the
volume fraction of the phase having higher viscosity is
enhanced to the same extent as the difference between the
viscosities of the phases. Consequently, cocontinuity of phases
with different viscosities can be achieved.

The composition corresponding to phase inversion can be
determined via several equations. Eq 29 represents the
relationship between the phase inversion composition and
the volume fractions and viscosities of components:44,45

11,PI

2,PI

2

1

×
(29)

where ηi and φi,PI are the viscosity and volume fraction,
respectively, of the component i at phase inversion. As λ =
η1/η2 and φ1, PI = 1 − φ2, PI, eq 29 can be written as

1
12,PI =

+ (30)

λ should be calculated using the viscosities at the shear stress
employed during melt blending.46−48 As polymer blends are
frequently produced in torque rheometers or similar processing
devices, Avgeropoulos et al.49,50 utilized the torque ratio τ1/τ2
as an alternative to λ.

Figure 4. Diameter of the thread and thickness of the sheet in the case
of affine deformation of a pellet with a 3 mm thickness into a thread
(eq 26) or a sheet (eq 28), respectively. Reproduced with permission
from 34. Copyright 1999 Elsevier Science Ltd.
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The basic equation was applicable to blends when λ was
near unity.51−54 Nevertheless, significant deviations occurred
when λ was not close to unity.47,55,56 Thus, the equation was
modified by several research groups to obtain a better match
between the theoretical predictions and experimental observa-
tions. For example, in their investigations on the polypropylene
(PP)/ethylene−propylene rubber (EPR) and PS/styrene−
butadiene rubber (SBR) blends produced in an internal mixer,
Ho et al.57 used an exponent and a prefactor and obtained eq
31:

1.22( / )1,PI

2,PI
1 2

0.29=
(31)

Kitayama et al.58 reported that an appropriate match between
the theoretical and experimental observations of uncompatibi-
lized polyamide 6 (PA6)/styrene−acrylonitrile (SAN) copoly-
mer blends was achieved when the coefficient in eq 31 was
altered:

0.887( / )1,PI

2,PI
1 2

0.29=
(32)

where 1 = PA6 and 2 = SAN. Everaert et al.59 observed that eq
33 was applicable to the PP/(PS/poly(2,6-dimethyl-1,4-
phenylene oxide (PPO)) blend system:

( / )1,PI

2,PI
1 2

0.3=
(33)

where 1 = PP and 2 represent different compositions of
miscible PS/PPO blends.

Utracki47 employed an approach involving intrinsic viscosity
([η]) and the maximum packing volume fraction φmax. He
considered the viscosity−concentration behavior and specu-
lated that blend viscosities were equal when the polymer 2 was
added to the polymer 1 and vice versa at the phase inversion
composition. Furthermore, he employed a relation suggested
by Krieger and Dougherty for monodispersed hard spheres and
proposed eq 34, which was simplified to eq 35 for 0.1 < λ < 10.
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where [η] was regarded as 1.9 for spherical domains and φmax
= 0.84.

Interfacial viscosity or interfacial tension effects can also be
considered using other equations for [η].47 The validity of the
equation was determined by comparing literature data acquired
under numerous mixing conditions using different λ
determination methods.30 The results were in better agreement
with the experimental data than those predicted by eq 30,
specifically when the λ values were not close to unity.47,51,56

Thus, the morphological characteristics of immiscible blends
are significantly regulated by the rheological properties of the
blend components. Rheology governs both the kind of blend
morphology and the dispersed particle size. Ca and λ are of
considerable importance in the evolution of the morphologies
of blends. Elongational flow also facilitates morphology
development of blends. The role of extensional rheology in
the morphology development of blends is explained in the
subsequent section.

3.1.1.1.1. Role of Extensional Rheology. Shear flow exhibits
lower energy efficiencies in both dispersive and distributive
mixings when compared with those of elongational flow.60−62

Moreover, melt droplets of high-λ-blends are more efficiently
broken under an extensional flow field than under a shear flow
field.63−66 According to Luciani and Utracki,67 the higher
efficacy of elongational flow field in causing improved
dispersion in blends is more significant when λ is 3.8 or
higher. In recent years, substantial research, such as the use of
extensional mixing elements (EMEs) in single-screw60,68,69 and
TSEs,70,71 has been performed on the development of
processing equipment that imparts elongational flow. The
unique nonscrew devices called vane extruders (VEs),
comprising several vane plasticizing and conveying units72,73

and eccentric rotor extruders (EREs), are regulated by
elongational flow.74,75 Extensional flow fields are usually
generated in converging channels. Yang et al.76 designed a
triangle-arrayed triple-screw extruder (TTSE) possessing three
mesh zones and a convergence−divergence central zone, which
were responsible for the creation of a complicated flow field.
The melt in the central zone experienced high axial flow
velocity. The axial pressure gradient caused the fluid to flow
out. Furthermore, some of the melt in the central region was
forced into the mesh zones by the screw tips. Thus, the

Figure 5. Schematic of the possible mechanism of the droplet-to-fibril transition in immiscible blends subjected to elongational flow: (A)
deformation of the original particles of the dispersed phase and (B) formation of microfibrillar structures. Reproduced from ref 82. Copyright 2020
The Authors.
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material in the TTSE alternatively experienced shear and
extensional flow fields. The researchers processed polyamide-
66 (PA66)/PPO blends with high λ values in the TTSE and
compared the morphological characteristics and mechanical
properties of the acquired blends with those of the TSE-
processed blends with the same composition. The blends
processed in the TTSE possessed smaller dispersed particles,
leading to better mechanical properties of the blends. The
superior morphologies of the blends processed in the TTSE
were ascribed to the extensional flow field. Therefore, the
researchers demonstrated that the extensional flow was more
effective than the shear flow in the blending of polymers with
high λ values.

Carson et al.77,78 introduced a static EME into a TSE and
examined the PP/PS blends with λ values in the range of 0.3−
10 processed in this TSE; results revealed that the generation
of elongational flow improved the dispersion of particles over
the entire viscosity range when compared with the case of the
shear flow field of a standard TSE. Thus, the researchers
demonstrated that elongational flow enhanced the dispersion
of particles during the blending of polymers with different λ.

Extensional flow is effective for the development of fibrillar
morphology.79−81 He et al.80 produced a supertough polylactic
acid (PLA)/thermoplastic poly(ester)urethane (TPU) blend
with 25 wt % TPU using a continuous elongational flow field in
an ERE. The blend comprised in situ-generated aligned TPU
nanofibers and favorable interfacial adhesion.

Figure 5 depicts a schematic of a plausible mechanism that
explains the droplet-to-fibril transition occurring in immiscible
blends when they are subjected to extensional flow. Under an
elongational flow field, the polymer molecules of the matrix
phase exhibit the tendency to orient and align themselves in
the direction of flow. The particles of the dispersed phase also
deform, creating elongated structures aligned in the direction
of stretching (Figure 5A). When Cacrit is reached, these
elongated structures disintegrate, forming small droplets.
These droplets are further deformed in extensional flow,
eventually generating microfibrils aligned in the direction of
flow (Figure 5B).82

In their studies on low-density PE (LDPE)/PA6 blends,
Mistretta et al.83 observed that the blend samples prepared
under an elongational flow field without a compatibilizer
exhibited superior mechanical properties comparable to those
of the samples achieved using a compatibilizer (ethylene-
glycidyl methacrylate) under a shear flow field. The excellent
mechanical properties of the samples acquired under the
elongational flow field were attributed to the orientations of
molecules during extensional flow.

Hedegaard et al.84 analyzed the role of extensional rheology
in the development of a cocontinuous morphology. They
produced cocontinuous blends of PE and PLA. The exten-
sional and shear rheological properties of PE and PLA were
independently varied by tuning the long-chain branching.
Branching significantly enhanced the zero-shear and exten-
sional viscosities; however, it did not change the shear viscosity
at the shear rates usually employed during mixing. Use of a
branched polymer facilitated the percolation of the other blend
component into a continuous structure with less material.
When a linear/linear blend was replaced by a branched/
branched blend, the range of compositions affording
cocontinuity broadened from 39−59 to 25−76 vol %. This
was ascribed to the ability of a strain-hardening polymeric
matrix to promote elongation and thus percolation of the

minor phase. Particle size reduced in the presence of a small
amount of strain hardening as this facilitated the creation of
narrow structures and stabilized the acquired morphology.
After being annealed, all blends demonstrated a rate of
morphological coarsening inversely proportional to the zero-
shear rate viscosity, indicating that the coarsening of the blend
morphology was controlled by shear rheology instead of
extensional rheology.

Thus, it may be concluded that during the melt blending of
polymers, extensional flow facilitates the achievement of
superior dispersion, specifically when the λ values of the
polymers being blended are high. Furthermore, extensional
rheology plays a vital role in the construction of fibrillar
morphology and may influence the development of coconti-
nuity. More research needs to be conducted on the role of
extensional rheology in the establishment of cocontinuity.
3.2. Polymer Composites and Nanocomposites.

3.2.1. Basics of Morphology Development. During the
processing of discontinuous fiber-reinforced composites,
shear induces the alignment of fibers in the flow direction.
In contrast, stretching leads to the alignment of fibers in the
direction of stretch. In injection molding, the skin, which is the
layer in contact with the mold walls, contains fibers aligned in
the flow direction because of shear. Below the skin, the
polymer melt with suspended fibers continues to be sheared,
which aligns the fibers along the lines of shear. At the core, that
is, the center of the melt, the shear rate is low, and the flow is
predominantly elongational, leading to fiber alignment in the
transverse direction. Hence, in an injection-molded discontin-
uous fiber-reinforced composite, the fibers in the center of the
product are aligned transverse to the direction of flow, whereas
those near the edges of the product are aligned parallel to the
direction of flow.85,86

During the injection molding of fiber-reinforced composites,
the injection speed substantially influences the alignments of
fibers. Slower speed results in higher alignments of fibers in the
flow direction. This is due to the fact that during slower mold
filling, thicker solid layers are generated in the proximity of the
cold mold surface, leading to a sharper velocity gradient in the
direction of layer thickness. This consequently results in a
predominant shear flow, which enhances fiber alignment in the
direction of flow.86,87

A major cause of concern in the injection molding of fiber-
reinforced thermoplastics is extensive fiber attrition during
molding, which may lower the number-average fiber length
from 12 mm to a value as low as 1 mm.88 Gupta et al.89 and
von Turkovich et al.90 have demonstrated that fiber breakage
occurs throughout the plasticating unit. The extent of fiber
breakage depends on various factors such as screw design,
shear rate, melt viscosity, and fiber volume fraction.91

The factors causing fiber attrition include fiber−fiber
interactions, fiber−machine interactions, and the rheological
characteristics of the matrix.90 The first two factors rely on the
collisions of fibers with neighboring objects and are often
minor factors.92 Because of their rotation during downstream
flow under the influence of shear, the fibers undergo a
significant number of collisions with an increase in their
volume fraction, resulting in more considerable attrition.93,94

Fiber−fiber interactions take place at relatively high fiber
contents. With an increase in the aspect ratios of fibers, the
extent of interactions occurring at a specific fiber content
increases.95 Abrasion of the processing equipment during the
processing of fiber-reinforced thermoplastics is indicative of
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fiber−machine interactions and their roles in fiber attrition.96

Melt rheology substantially affects fiber breakage during
composite processing. Fibers experience stresses because of
shear and extension. During shear flow, the rotating fibers are
subjected to deforming forces. Fiber attrition occurs when the
critical shear stress is reached, leading to buckling of the
fibers.97−99 The critical shear stress is influenced by the elastic
moduli and aspect ratios of the fibers. During pure elongational
flow, typically, the fibers do not break.100 Nevertheless, in most
processing equipment, both shear and elongational flows take
place. The role of rheology in fiber attrition is discussed in the
next section.

During the extrusion of fiber-reinforced composites, the
application of convergent dies results in a high extent of fiber
orientation in the direction of flow. Moreover, the use of a
breaker plate between the extruder screw and convergent die
further enhances the extent of fiber orientation as the breaker
plate increases the shear flow. The highest extent of fiber
alignment is obtained when the breaker plate is positioned at
the entry point to the convergence zone.101

Similar to the case of injection molding, fiber attrition is a
major problem encountered during the extrusion of fiber-
reinforced thermoplastics. The mechanisms of fiber attrition
are common for both processing techniques. The shapes of the
polymer granules being fed into the extruder affect the amount
of fiber breakage because of the occurrence of the fiber−
polymer interaction during the crushing of the fibers by the
solid polymer particles. Bigg102 has demonstrated that
breakage is more prominent with pellets than with powder
when processing is performed in a single-screw extruder.
Additionally, a higher extent of breakage occurs in a TSE than
that in a single-screw extruder. This can be attributed to the
higher shear forces experienced by the fibers in the melting
zone of the TSE. The fiber length in this zone is approximately
50% of the initial fiber length.90 Lunt and Shortall103,104 have
reported that fiber breakage in the melting zone mainly occurs
in the thin film between the solid bed and barrel wall.
Furthermore, fiber length is influenced by the fiber content and
viscosity of the melt. Similar to the case of injection molding,
fiber−polymer interaction is the predominant cause of fiber
attrition.105,106

Melt processing of polymer nanocomposites is governed by
the thermodynamic interaction between polymer molecules
and nanoparticles. In the cases of clays, the migration of the
polymer molecules into clay galleries is also important.107,108

The dispersion quality achieved during melt blending is
regulated by the enthalpic interaction between the polymer
molecules and nanoparticles and by the processing conditions.
Favorable enthalpic interactions are crucial for realizing
nanolevel dispersion, and in the absence of these interactions,
microcomposites are formed. Optimum processing conditions
are of equal importance.109 Paul et al.110,111 have reported that
during the production of polymer/clay nanocomposites,
intercalation/exfoliation is regulated by shear, resulting in the
separation/peeling of the platelets of clay tactoids by the
combination of mechanical and chemical forces. This theory is

different from the conventional theory,108,112 according to
which upon entering the clay galleries, the macromolecules
enhance the d-spacing between platelets, thereby overcoming
the van der Waals forces between them, causing the separation
of platelets. The mechanism of peeling and function of shear in
the generation of polymer/clay nanocomposites have also been
investigated by other researchers.113,114 The roles of both high
shear rate and longer residence time in the achievement of high
delamination have been reported by Treece et al.116 and Zhu
et al.117

3.2.1.1. Role of Rheology. The properties of short-fiber
composites are significantly governed by the fiber orientation
distribution acquired during processing, which is consequently
influenced by the flow behavior of the fiber suspension. Thus,
understanding the flow behavior of the fiber suspension with
respect to the fiber orientation is necessary for the optimization
of mold design and processing conditions to maximize the
composites performance.118,119

Similar to polymer melts and solutions, fiber suspensions
exhibit characteristics, including the Weissenberg effect, shear
thinning, and viscoelasticity, of non-Newtonian fluids.120−122

Generally, with an increase in filler content, the viscosities of
the composites increase. However, different types of relation-
ships between these two quantities have been reported in the
literature. These relationships depend on several factors such
as filler type and concentration.123−126 Moreover, this increase
in the viscosities of the composites is affected by the shear rate
or angular velocity.127−135 At low shear rates, the increase in
viscosity is substantially high. It can be hypothesized that an
increase in shear rate increases the alignments of fibers in the
flow direction. Consequently, the contributions of fibers to the
viscosities of the composites are reduced. At high fiber
contents, flow restrictions and even yielding behaviors are
noticed in the low-shear rate region. This has been attributed
to significant fiber−fiber interactions.123,132−135

Rheological characteristics of fiber suspensions are influ-
enced by fiber properties, fiber interactions, suspending fluid
properties, and the imposed flow field.120 The fiber
interactions rely on not only the volume fraction (VΦ) of the
fiber but also the aspect ratio (L/d, where L is the length of the
fiber and d is the diameter of the fiber) of the fiber.136

According to Kerekes and Schell,137,138 the crowding factor Nc
is presented by eq 36:
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Different parameters, for example, nL3 and nL2d, where n is the
number of fibers per unit volume of suspension, have been
used to classify fiber suspensions. For suspensions with rodlike
particles, VΦ is represented by eq 37:

V n
L

nd Ld
4

2 2=
(37)

Fiber suspensions are classified into three categories: dilute,
semidilute, and semiconcentrated (Table 1):136,137

Table 1. Classification of Fiber Suspensions

crowding factor category type of fiber contact

nL3 ≪ 1 Nc < 1 dilute rare collision
nL3 > 1 or nL2d > 1 1 < Nc < 60 semidilute frequent collision
nL2d > 1 Nc > 60 semiconcentrated continuous contact
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In a dilute suspension, each fiber can freely rotate without
hindrance from the neighboring fibers. In a semidilute
suspension, the average separation between two adjacent
fibers is larger than the fiber diameter and less than the fiber
length. Although hydrodynamic interactions between fibers
become more prominent in semidilute suspensions, they do
not cause significant fiber−fiber interactions. In a semi-
concentrated suspension, the average separation between two
adjacent fibers is lower than the fiber diameter. This prevents
the independent rotation of the fiber, except around its axis of
symmetry. Any motion of a fiber must involve the motions of
all neighboring fibers.136

Jeffery139 examined dilute particle dynamics. He investigated
the movement of an elliptical particle in shear flow without
considering inertia. His analytical solutions can be employed to
describe the particle alignment, and his calculations reveal that
the particle undergoes rotation around the vorticity axis in an
orbit called Jeffery’s orbit. The orbits of blunt-ended particles,
such as rigid rods and fibers, are similar.140 According to
Jeffery’s theory, the fiber orientation (Φ, θ) in spherical
coordinates is presented by coupled differential equations, and
the solutions of these equations afford eqs 38 and 39:
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where Ar is the fiber aspect ratio, G is the shear rate, t is the
local time in the orbit, and C is a constant of integration called
the orbit constant. C can take any positive value. When C = 0,
the fiber is aligned along the z-axis and spinning in the vorticity
direction, exhibiting a “log-rolling” motion. When C → ∞, the
fiber is rotating in the xy-plane, tumbling in the plane of shear.
Particularly, a single fiber with a large Ar spends most of the
time aligned in the direction of flow and quickly flips every
half-period. When the shear stress reaches a steady state, a
pseudoequilibrium orientation of the fiber is attained, which
may gradually change after a short time span.140

Forgacs and Mason97,141 conducted experiments and
determined the average rotations of fibers in linear shear
flow. They examined both the dilute and semidilute
suspensions. They observed that the Jeffery’s theory provided
a suitable approximation for determining the fiber rotation
even in the semidilute suspension.

At low fiber concentrations, interfiber interaction is rare, and
the flow behavior is influenced by long-range hydrodynam-
ics.120 With an increase in the fiber concentration, the fiber−
fiber interaction can severely affect the fiber motion.142,143

Comparison of the results predicted by simulation studies
performed using the Jeffery’s equation and actual measurement
results of fiber orientation in an injection-molded part
indicated that the Jeffery’s equation overestimated the extent
of orientation and shear strain at which the steady state was
attained. Therefore, Folgar and Tucker144 modified the
Jeffery’s equation to include a term that explained the
inhibition of full alignment of the fiber. This term considers
the fiber−fiber interaction. The Folgar−Tucker model
improved the predictions of the steady-state fiber orientation.
Nevertheless, the estimation of the strain at which this
orientation was reached was not improved. Consequently,
Huynh145 introduced the strain reduction factor, explaining

that as the fibers moved in clusters, they experienced less strain
when compared with the case of the bulk. Other models used
in fiber suspension rheology for predicting the fiber orientation
are Kamal and Mutel’s model,146 the reduced strain closure
(RSC) model,147 and the anisotropic rotary diffusion (ARD)
model.148 On the basis of the ARD−RSC model,148 Tseng et
al.149,150 developed an improved ARD model combined with
the retarding principal model (iARD−RPR model) for
estimating the core−shell orientations of fibers in both short-
and long-fiber-reinforced composites. In a separate study,151

the researchers utilized the iARD−RPR model for injection
molding simulations to predict the orientations of fibers in
both short- and long-fiber-reinforced composites of two
different kinds of fibers (glass and carbon). Under the extreme
conditions of high fiber concentration and long fiber length,
the predicted orientation pattern comprised a thick core and
narrow shell. The estimated orientation was in accordance with
the experimental observations. Thus, the researchers demon-
strated the ability of the iARD−RPR model to predict
anisotropic fiber orientation in fiber-reinforced thermoplastics.

Several studies have been conducted on the simulation of
the suspensions of flexible fibers. Yamamoto and Matsuoka152

have described flexible fibers as chains of rigid spheres linked
with springs, exhibiting the potential to mimic the resistances
to twisting and bending. Chain connectivity is sustained by
constraints; thus, they presented equations that must be solved
along with the equations of motion. Ross and Klingenberg98

have defined flexible fibers as inextensible chains of rigid
prolate spheroids, linked by ball-and-socket joints. This model
can be representative of large aspect-ratio fibers with fewer
bodies, eliminating the need for iterative constraints for
maintaining fiber connectivity. This facilitates the simulation of
concentrated suspensions by simplifying the computations.
Schmid et al.153 have described flexible fibers as chains of
spherocylinders linked by ball-and-socket joints, which interact
via short-range repulsive and frictional forces. They have
demonstrated that the fiber equilibrium shape, flexibility, and
interfiber friction must be considered in the prediction of the
suspension microstructure and flocculation behavior. Switzer
III and Klingenberg120 have investigated the relationships
between fiber properties, fiber−fiber interactions, and the
resultant rheological characteristics using the model proposed
by Schmid et al.153 They have indicated that the rheological
characteristics are governed by the fiber suspension properties
including equilibrium shape, flexibility, aspect ratio, friction,
concentration of the fiber, and suspending fluid features. The
fibers have been defined as chains of interconnected rods
undergoing shear flow and exhibiting fiber−fiber interactions.
However, hydrodynamic interactions have not been consid-
ered. Lindstrom and Uesaka154−156 have conducted further
studies using the model proposed by Schmidt et al. with several
additions to include the influences of particle inertia,
noncreeping fiber−fluid interactions, hydrodynamic interac-
tions between fibers, and self-interactions of the suspension
microstructure and flocculation behavior. They also introduced
artificial dampening of the joints between fiber segments. The
new model demonstrated high numerical stability.

As predicted by hydrodynamic theories, the viscosity of a
suspension is presented by eq 40:

V1r 0= + (40)

̷w̷here μr is the relative viscosity, VΦ is the volume fraction of
the suspended particles, and α0 is a dimensionless factor that
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depends on the shapes, dimensions, and alignments of the
suspended particles.136 According to Burger,157 α0 for
cylindrical rods is represented by eq 41:
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where L/d is the aspect ratio of the rod and θ, Φ are the
spherical coordinates. Burger has neglected wall effects,
Brownian motion, slip, particle interactions, and the effects
of thickness and ends of cylindrical roads. Experimental studies
of Nawab and Mason158 indicate that the actual results are
approximately three times those predicted by Burger.
According to them, fiber curvature has a significant effect on
viscosity. Kitano et al.159 have reported an empirical relation-
ship between the relative viscosities and volume fractions of
several fillers, for instance, glass and carbon fibers. They have
observed that the use of different materials would result in
different suspension viscosities. Goto et al.121,160 have
experimentally determined the relationship between the
flexibilities of fibers and viscosity of the suspension. They

have demonstrated that the fibers with high flexibilities
exhibited higher viscosities than those of the stiffer fibers.

Suspensions of flexible fibers demonstrate the tendencies to
exhibit flocculation. During the manufacture of fiber-reinforced
composites, a homogeneous dispersion of fibers is required to
produce a uniform product. Flexible fibers tend to agglomerate
in a process called flocculation, generating spatially heteroge-
neous structures called fiber flocs.136

Flocculation occurs only if the fibers interact and is caused
by fiber−fiber interactions. Factors that affect flocculation
include aspect ratio, shape, and volume fraction of the fiber
and shear rate and nature of the fluid flow. In many fiber
suspensions, the major mechanisms of flocculation are
associated with mechanical and elastic effects.161,162 Mechan-
ical surface linkages form at the points of contact of irregularly
shaped fibers, resulting in entanglements. Additionally, fibers
may be fibrillated, and the fibrils may become mechanically
entwined. Elastic fiber interlocking takes place when flexible
fibers develop an elastic network. The viscous forces
experienced by the flowing fiber suspensions may induce the
elastic deformation of fibers. As the fibers attempt to relax, they
become constrained in elastically strained configurations
because of their interaction with other fibers. The fiber

Figure 6. Fiber length distributions of PA66/GF30 prepared in the (A) TSE and (B) TERE at the rotor speeds of 5, 20, and 30 r/min. Reproduced
with permission.166 Copyright 2021 Wiley.
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surfaces experience frictional forces proportional to the normal
force between fibers, and the normal force depends on fiber
flexibility.136

Numerous research groups110,111,113−117 have highlighted
the importance of shear in enhancing the quality of dispersion
of nanoparticles in a polymer matrix. Kalra et al.163 conducted
studies on the influence of shear flow on the quality of
dispersion of a polymer nanocomposite in which the
nanoparticle−nanoparticle interaction was higher than the
nanoparticle−polymer interaction. Thus, for the investigated
systems, the final state was always an agglomerated particle
cluster. Shear flow substantially affected the kinetics of
nanoparticle aggregation and aggregation time scale which
increased by up to 2 orders of magnitude due to the influence
of shear flow. Shear flow influenced the quality of dispersion in
two ways: it affected the diffusion coefficients of the
nanoparticles, and it caused rupture-like deformation of the
nanoparticles. For better understanding, the researchers varied
various factors such as the shear rate and lengths of the
polymer chains. The effect of shear flow on nanoparticle
diffusion was strongly dependent on the polymer chain length,
which affected the aggregation time scale. Therefore, the
researchers demonstrated the influence of shear on particle
agglomeration kinetics of polymer nanocomposites.

Thus, the flow behaviors of polymer/fiber suspensions under
the influence of shear significantly affect the quality of
dispersion and orientations, attrition, and flocculation of fibers,
thereby influencing the development of the morphologies of
discontinuous fiber-reinforced polymer composites. In the
cases of polymer nanocomposites, the quality of dispersion is
regulated by the shear and elongational flows. Elongational
flow facilitates morphology development of fiber-reinforced
polymer composites. The impacts of extensional rheology on
the morphology developments of polymer composites and
nanocomposites are reviewed in the subsequent section.

3.2.1.1.1. Role of Extensional Rheology. Production of
discontinuous fiber-reinforced polymer composites under an
extensional flow field leads to lower attrition of fibers as
compared to that in the case of fiber processing under a shear
flow field. The lower fiber attrition is achieved without
compromising the quality of dispersion and distributions of
fibers.164

Kugler et al.165 analyzed the influence of extensional
rheology on the orientations of fibers in discontinuous fiber-
reinforced polymer composites. They utilized a particle-based
mechanistic model for evaluating the alignments of fibers
under both shear and extensional flows. The mechanistic
model was validated using the experimental data acquired for
long-fiber-reinforced composites. The predictions of the model
matched the experimental results. Using the mechanistic
model, the researchers discovered that in the cases of short
fibers, the fiber orientation achieved in extensional flow was
independent of the fiber length, fiber volume content, and rate
of elongation. Nevertheless, the fiber orientation was slightly
dependent on the viscosity of the polymer matrix. On the basis
of these results, the researchers developed a novel flow-
dependent macroscopic model for estimating the fiber
orientation, which considered the effects of both elongational
and shear flows. The model was objective and exhibited better
performance than those of several fiber orientation models.
Thus, the researchers demonstrated the influence of exten-
sional flow on the orientation of fibers in fiber-reinforced
composites.

Guo et al.166 compared the morphological characteristics
and other properties of short-glass fiber-reinforced PA66
prepared under the elongational flow field generated in a twin-
ERE (TERE) with those of short-glass fiber-reinforced PA66
synthesized under the shear flow field in a conventional TSE.
They noticed that the composites produced in the TERE
exhibited less fiber attrition and better quality of fiber
dispersion than those of the composites produced in the
TSE (Figure 6), which resulted in better mechanical properties
of the composites fabricated in the TERE. The average lengths
of the dispersed fibers in the composites prepared in the TERE
were 3.2 times those of the composites synthesized in the TSE.
Wu et al.167 performed similar studies on short-glass fiber-
reinforced PA6 composites. Their results were similar to those
reported for the short-glass fiber-reinforced PA66 composites.
In their case, the average fiber length obtained in the case of
the TERE was 2.7 times that acquired in the case of the TSE.
The lowering of fiber attrition because of the replacement of a
shear flow field with an extensional flow field has also been
reported by Guo et al.168 in their studies on various polymer/
fiber systems. Thus, compared to a shear flow field, an
extensional flow field results in a better quality of dispersion
and lower attrition of fibers in discontinuous fiber-reinforced
polymer composites.

Enhancement of the quality of dispersion using an
extensional flow field instead of a shear flow field has also
been reported in studies on polymer nanocomposites. Wu et
al.169 conducted investigations on the natural rubber/carbon
black nanocomposites prepared in a biaxial ERE (BERE) based
on elongational rheology. Compared with the processing of
composites in an internal mixer, which is based on shear
rheology, the BERE processing requires a shorter mixing time
and lower unit energy and leads to superior quality of
dispersion and better mechanical properties of composites.
Furthermore, natural rubber, which is shear-sensitive, under-
went less degradation in BERE than that in the internal mixer,
resulting in higher molecular weight (MW) retention.
Therefore, the researchers have demonstrated that a polymer
nanocomposite produced by melt processing under an
elongational flow field exhibits superior mechanical properties
because of not only superior dispersion qualities of the
nanoparticles but also lower degradation of shear-sensitive
polymers. Researchers have reported the superior efficacy of
elongational flow field in the mixing of other nanofillers, such
as nanoclay170−173 and carbon nanotubes,170,174 in various
polymers.
3.3. Nanocomposites of Blends. Blending an immiscible

blend with filler results in a ternary composition with a
complex microstructure. The filler particles may be dispersed
in both blend components or selectively in one of the
components. Furthermore, its interfacial adhesion with the two
blend components will be different. Though not much work
has been done on the role of rheology in the evolution of the
morphology of these ternary polymeric materials, the limited
available literature brings forth important findings.

Feng et al.175 studied the influence of the viscosity ratio of
poly(methyl methacrylate)(PMMA)/PP on the equilibrium
location of carbon black (CB) particles. A ternary composition
having a PP:PMMA volume ratio of 2.75 and 10 wt % CB
content was prepared by melt processing all components in an
internal mixer. The viscosity ratio of the blend components
was varied using different PMMA grades. They observed that
when the viscosity of PMMA was much higher than PP, the
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particles of CB were selectively localized in PP, though they
should have been confined in the PMMA as per the prediction
based on the wetting parameter. This was ascribed to the
difficulty in the diffusion of the CB particles into the higher
viscosity PMMA phase. When the viscosity of PMMA was
lowered, the CB particles were found to be present at the
interface between the PP and the PMMA phases. At still lower
viscosities of PMMA, when the viscosity ratio was close to 1,
the filler particles were selectively localized in PMMA. Thus
the morphology of the ternary composition was profoundly
influenced by the viscosity ratio of the blend components.
Similar results were reported by Yuan et al.,176 in their studies
on multiwalled CNT (MWNT)-filled LDPE/poly(vinylidene
fluoride) blends when the CNTs were found to be localized in
the significantly lower viscosity LDPE phase.

Rafeie et al.177 conducted studies on linear low-density
polyethylene (LLDPE)/PVDF/graphene nanoplatelet (GnP)
composites having a 50/50 ratio of blend components,
prepared by the melt mixing in an internal mixer. The GNPs
were found to be selectively localized in the PVDF phase of a
cocontinuous blend morphology. In an earlier work178 on
blends of the same grades of LLDPE and PVDF prepared,
similarly, the researchers observed that the 50/50 blend
possessed a droplet/matrix morphology. The cocontinuous
morphology of the GnP-filled blends was ascribed to the
increase in viscosity ratio of the PVDF to the LLDPE due to
the selective localization of the GNPs in the PVDF phase.
Thus, the researchers demonstrated that the selective local-
ization of filler particles may also influence the blend
morphology nanofiller reinforced blends due to its influence
on the rheological properties of the system, as also reported by
other research groups.179,180

Cho et al.179 conducted studies on PP/PS/Cloisite 20A
nanocomposites prepared by melt mixing all components in a
TSE. On the basis of morphological studies on samples drawn
out of the TSE from various locations, the researchers
proposed a mechanism for the evolution of the morphology
of the ternary compositions. Initially, large PS domains were
present in the PP matrix, and the clay particles, either
aggregated or intercalated, were localized selectively either at
the interface to lower the interfacial tension of the system or in
the PS domains due to their higher compatibility with PS than
with PP. The PS domains deformed under shear and were
disintegrated into smaller droplets. Since the clay particles in
the PS domains served as defects and hence as points of stress
concentration, this breakup occurred at a lower capillary
number compared with the immiscible blends in the absence
of nanoclay. The nanoclay thus lowered the interfacial tension

of the PP/PS blend and facilitated the disintegration of the
large PS domains. This process continued until the clay
particles enveloped the interface adequately to prevent the
occurrence of coalescence. The researchers thus proposed that
nanoclay facilitates the development of a droplet/matrix blend
morphology by enabling the breakup of large domains at a
lower capillary number.

Aghjeh et al.181 conducted studies on PLA/ethylene vinyl
acetate (EVA) blends and their nanocomposites with Cloisite
30B, prepared by melt mixing in a TSE. PLA-rich blends in
which PLA formed the matrix had a coarser morphology than
EVA-rich blends. This was attributed to the lower viscosity of
PLA in comparison with EVA. The clay was found to be
selectively localized in the PLA phase, with some portions
present at the interface. The selective localization of clay in
PLA was ascribed to the greater affinity of Cloisite 30B for
PLA compared to EVA. SEM studies on the blend with 75 wt
% PLA content and its nanocomposite revealed that nanoclay
significantly reduced the dispersed particle size and poly-
dispersity. This was ascribed to the compatibilization effect of
clay and the influence of clay on the rheological properties of
the system. The selective localization of clay in the PLA phase
enhanced the viscosity of the PLA phase. It altered the
viscosity ratio of the blend components, facilitating the
evolution of a finer morphology with lower coalescence of
the dispersed droplets. The researchers thus clearly demon-
strated the role of rheology in the evolution of the morphology
of ternary compositions.

It may be summarized that the viscosity ratio of the blend
components profoundly influences the location of filler
particles in nanocomposites of blends. Selective localization
of the filler particles in one of the phases alters the viscosity
ratio of the blend components, which in turn impacts the blend
morphology.
3.4. Rheology as a Tool for the Evaluation of

Morphology. The morphological and rheological character-
istics of a polymeric material are closely associated, and
consequently, rheology can be used as a tool for estimating the
morphologies of polymer blends and nanocomposites.1,2 In his
investigations on melt dynamic rheology of blends, Maani8

reported that for a certain composition, compatibilized blends
demonstrated finer morphologies and higher complex
viscosities and storage moduli when compared with those of
uncompatibilized blends, which exhibited coarser morpholo-
gies. Li et al.182−184 used dynamic rheology to assess the
interfacial rigidity of blends having a stable morphology and a
rigid interface. A higher storage modulus value was taken as
indicative of greater interfacial rigidity and hence higher

Figure 7. SEM images of different SEBS/PS blends at 20,000 magnification: (a) SEBS/10PS, (b) SEBS/30PS, and (c) SEBS/50PS cryo-fractured
along the direction of extrusion. Reproduced from ref 187. Copyright 2018 The Authors.
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morphological stability of the blend. During their study on the
foaming behaviors of styrene−ethylene−butylene−styrene
(SEBS)/PS blends, Banerjee et al.185 described that for a
specific composition, a decrease in screw speed and an increase
in the residence time during melt processing resulted in a finer
blend morphology. These blends exhibited higher storage
moduli (G′) and complex viscosities (η*) than those of the
blends with coarser morphologies. They examined the
rheological and morphological characteristics of the SEBS/PS
blends with various compositions.186,187 Scanning electron
microscopy (SEM) studies (Figure 7) revealed that blends
with higher PS contents (30 and 50 wt %), denoted as SEBS/
30PS and SEBS/50 PS, respectively, demonstrated fibrillar
morphologies, contrary to the case of the blend containing 10
wt.% PS (SEBS/10PS). The fibrils were oriented in the flow
direction. Shear viscosities of these blends were lower than the
expected values. This was ascribed to additional slippage of the
SEBS chains caused by the oriented lower-viscosity PS fibrils,
which further corroborated the formation of a fibrillar
morphology. In the weighted relaxation spectrum (Figure 8),

neat SEBS and the SEBS/PS blends exhibited two modes of
relaxation as compared to the case of neat PS, which
demonstrated a single mode of relaxation. The two modes of
relaxation were assigned to the thermoplastic and elastomeric
phases, and the slower relaxation mode was ascribed to the
elastomeric phase. The researchers concluded that the slow
relaxation of the elastomeric phase led to a notable time-
dependent shrinkage of neat SEBS and the blends in the cases
of secondary processing methods.187 This inference was
supported by the findings of foaming studies.

Other researchers188−190 have also employed relaxation
spectrum to gain insights into the morphologies of polymer
blends. Souza and Demarquette188 performed studies on PP/
high-density PE (HDPE) blends. They observed that
compatibilization resulted in finer morphologies of the blends
and increased the form relaxation times of the dispersed
particles. The enhancement in the form relaxation time was
associated with the increased cohesive force between the
dispersed particles and matrix. In their investigations on
poly(methyl methacrylate) (PMMA)/PS blends, Gramespach-
er and Meissner189 reported that the weighted relaxation time
spectra of these blends exhibited an additional peak. This

additional peak was related to the interfacial tension between
the components of the blend. According to Vinckier et al.,190

the additional relaxation corresponded to the mechanical
response of the interface between PMMA and PS.

Both melt and solid dynamic rheologies have been used to
achieve an understanding of the microstructures of polymer
nanocomposites. Bhattacharya et al.191 conducted studies on
high-melt-strength PP/clay nanocomposites. They reported
that the percolation threshold (concentration of nanoclay that
corresponds to maximum delamination) could be determined
from the sudden changes in the slopes of the terminal regions
of melt dynamic rheology plots. In their investigations on
polymer/clay nanocomposites, Sinha Ray et al.16,17 have
attributed the lack of crossover frequency in the melt dynamic
rheology plot to pseudosolid-like behaviors of the nano-
composites caused by the inhibited relaxation. Yu et al.192 have
described the relationship between relaxations and variations in
the microstructure of the macromolecule. Researchers have
employed the glass transition temperature determined from
the tan δ peak of the dynamic mechanical analysis (DMA) plot
for estimating the chain confinement arising from the addition
of the nanofiller. A positive shift in the peak indicates the
lowering of segmental mobility by intercalation in the clay
galleries. Lowering of the height of the tan δ peak suggests
increased interfacial interaction with the nanofiller.193,194

Although shear rheology is relatively less significant in
evaluating the microstructures of macromolecules, it has also
been employed for understanding flow behaviors in terms of
the morphological characteristics of polymer blends and
nanocomposites. In their investigations on PP/nylon 6 blends,
Afshari et al.195 have represented a correlation between the
deviation of viscosity from the value predicted by the additive
rule of mixtures and the alteration in morphology due to
compatibilization. Additionally, the interaction between blend
components has been correlated with shear viscosity by other
researchers.196−198 A nanocomposite possessing a percolating
network of finely dispersed nanoparticles exhibits high shear
viscosity at low shear rates and a high shear thinning behavior
at high shear rates, which is attributed to the shear-induced
alignments of nanoparticles.199 A similar behavior of complex
viscosity is noticed in dynamic rheological studies. These
nanocomposites are characterized by pseudosolid-like behav-
iors at low frequencies.4

Thus, even prior to morphological analysis, we can use
rheology to gain an understanding of the quality of dispersion,
interfacial interactions, and relaxation behaviors of multiphase
polymeric materials.

4. RHEOLOGY IN ADVANCED
POLYMER-PROCESSING OPERATIONS
4.1. Blown Film Extrusion. 4.1.1. Fundamentals of

Blown Film Extrusion. In blown film extrusion, also known as
film blowing, an annular die is employed to extrude a molten
polymer tube. The tube is inflated into a thin cylindrical
bubble by blowing air via the die head. The bubble is cooled
and vertically pulled via collapsible guides and nip rolls, where
it is flattened. The layflat film is pulled downward over a
deflection pulley via drive rolls and is taken up by the winder
while maintaining a uniform takeoff speed.5,200 A typical blown
film extrusion line is depicted in Figure 9.

In film blowing, the blow-up ratio (BUR), draw-down ratio
(DDR), take-up ratio (TUR), and inhomogeneity index (r) are
presented by eqs 42, 43, 44, and 45, respectively:

Figure 8. Weighted relaxation spectra of SEBS, PS, and the SEBS/PS
blends. Reproduced from ref 187. Copyright 2018 The Authors.
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where v is the velocity of the take-up roll, v0 is the melt velocity
at the die exit, hav is the average film thickness, and S is the
standard deviation. Lower r values indicate the presence of
highly homogeneous films.5,201

4.1.2. Rheology in Blown Film Extrusion. Being a stretching
process, film blowing is substantially influenced by extensional
rheology. Researchers have demonstrated the importance of
extensional rheology in the blown film extrusion of various
polymeric materials. Polyethylene terephthalate (PET), a
polymer acknowledged for its packaging applications, has a
linear molecular structure, which is responsible for its inferior
melt strength and strain hardening behavior. This renders PET
unsuitable for blown film extrusion. Har̈th and Dörnhöfer201

investigated the enhancement of the extensional rheological
characteristics and, hence, the film blowability of PET caused
by the introduction of long-chain branches into PET. Long-
chain branches were grafted onto commercial PET molecules
via reactive extrusion. Studies were performed using two types
of chain extenders: pyromellitic dianhydride (PMDA) (0.1 and
0.25 wt %) and multifunctional epoxy (Joncryl ADR 4368)
(0.4 wt %). Complex viscosities and extensional rheological

properties of neat and modified PET (designated as PET-P0.1,
PET-P0.25, and PET-J0.4, where P and J denote modification
of PET with PMDA and Joncryl, respectively, and the
subsequent numerals represent the dose of the chain extender
used) were examined, and the acquired results were explained
based on the influences of the chain extender type on film
blowability and film quality, measured in terms of character-
istics including bubble stability and homogeneity of film
thickness. Figure 10 shows the complex viscosity curves.

Figure 9. Extrusion blown film line. Reproduced with permission from ref 200. Copyright 2008 Elsevier Science Ltd.

Figure 10. Magnitude of complex shear viscosity as a function of
angular frequency for PET modified with PMDA or Joncryl. The
vertical line represents the shear rate in the extruder during the film
blowing experiments. Reproduced from ref 201. Copyright 2020 The
Authors.
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Modification of PET with chain extenders enhanced the
viscosity of PET in the low-frequency region, and the modified
PET exhibited a more notable shear thinning behavior when
compared with that of neat PET. This rheological behavior was
ascribed to the broadening of the MW distribution and
increase in the average MW of PET because of chain extension
after modification, as indicated by the results of the light
scattering experiment.

Extensional viscosity curves for different elongation rates at
260 °C are depicted in Figure 11. The melt strengths of neat

PET and PET-P0.1 were significantly low for the measurement
of extensional viscosity. PET modified with chain extenders
demonstrated a distinct strain hardening behavior. Joncryl
substantially increased the strain hardening of PET as
compared to the case of PMDA. This was attributed to the
more efficient branched structure created by Joncryl. All
modified PET samples exhibited higher melt strengths than
that of neat PET. However, the extensibility of the Joncryl-
modified sample was lower than that of the PDMA-modified
sample, which was ascribed to the higher gel content of the
Joncryl-modified sample.

Bubble stability was qualitatively assessed by visual
inspection. Typically, three kinds of instabilities were
identified. The first instability was an axisymmetric periodic
variation of the bubble diameter. The second instability was
helical motion of the bubble, and the third instability was a
fluctuation in the frost line. Superpositions of these instabilities
were also observed. The first two types of instabilities exhibited
by neat PET are shown in Figure 12(a) and (b). Modification
of PET with the chain extenders resulted in a distinct
enhancement of bubble stability. Figure 12(c) depicts a stable
bubble formed by PET-P0.25. The samples demonstrated the
following order of bubble stability:

PET P0.25 PET J0.4 PET P0.1 neat PET> > >

The bubble of PET-J0.4 periodically broke down at high
TUR. This was assigned to the high gel content of the Joncryl-
modified sample. Despite the differences between the bubble
stabilities of neat and modified PET samples, the inhomoge-
neity indices of the films formed by neat PET and all the
modified PET samples, except for PET-J0.4, did not exhibit
any difference, thereby suggesting that film homogeneity was
not related to bubble stability. The PET-J0.4 film demon-
strated a lower inhomogeneity index, which was attributed to

Figure 11. Time-dependent elongational viscosities at different
elongational rates for PET-P0.25 and PET-J0.4. The PET0.25 curves
are shifted by 10 fold as indicated in the figure. Reproduced from ref
201. Copyright 2020 The Authors.

Figure 12. Images of (a) an axisymmetric periodic variation of the bubble diameter and (b) helical motion of the bubble for neat PET and (c) a
stable bubble of PET-P0.25. Reproduced from ref 201. Copyright 2020 The Authors.
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the notable strain hardening behavior and higher gel content of
PET-J0.4. Thus, the researchers indicated that the introduction
of long-chain branches into polymeric materials increases the
melt strengths and strain hardening behaviors of these
materials, thereby improving the film blowabilities of polymeric
materials.

Importance of extensional rheology in the blown film
extrusion of polymeric materials has been reported by several
research groups. In their studies on the film blowabilities of
LDPE, linear LDPE (LLDPE), and HDPE, Kanai and
White202 noticed that LDPE exhibited the highest bubble
stability, evaluated in terms of the width of the operating
window that produced a stable bubble, followed by those of
LLDPE and HDPE. The difference between the bubble
stabilities of the different grades of PE was ascribed to the
difference between the strain hardening behaviors of these
materials. The dependence of bubble stability on the strain
hardening and melt strength of the polymeric material has
been demonstrated by other researchers.5,203−207 Moreover,
strain hardening leads to films with higher uniformities in
thickness, that is, lower inhomogeneity indices.5,203,208

Compared with the case of extensional rheology, fewer
studies have been reported on the role of dynamic rheology in
the blown film extrusion of polymeric materials. According to
Ghijsels et al.,205 a balance of viscoelastic properties is required
for bubble stability (Figure 13). Carneiro et al.209 have

observed that polymers with low crossover frequencies exhibit
high elasticities and long relaxation times. These polymers tend
to form stable bubbles during blown film extrusion. de Almeida
et al.210 utilized the results of both extensional and dynamic
rheology to predict the film blowabilities of PS/high-impact PS
(HIPS) blends. According to them, both high melt strength
and low moduli and frequencies at the crossover point are
conducive for superior film blowability. In their investigations
on various grades of PE, Fang et al.211 noticed that higher
elasticity (namely, higher G′) resulted in higher bubble
stability. Furthermore, in their studies on PLA/LLDPE blends,
Singh et al.5 have reported the role of higher G′ in the

enhancement of bubble stability. The importance of both
extensional and dynamic rheologies in film blowing has been
highlighted by many researchers.5,205,210−212

Shear rheology is relatively less important in film blowing,
and few studies have reported its role in film blowing. In their
investigations on LDPE blown films, Zhu et al.213 have
observed that excessively high zero-shear viscosity and melt
elasticity may affect surface regularities of blown films. Micic
and Bhattacharya214 have also reported that very high shear
viscosity leads to bubble instability. Al-Itry et al.212 have
attributed the high film blowability of Joncryl-modified PLA to
the enhancement of both the shear and elongational properties
of PLA due to its modification with Joncryl. In their studies on
the blown film extrusion of bionanocomposites, Mistretta et
al.215 have stated the importance of appropriate shear viscosity
in the achievement of superior film blowability. The existing
studies indicate the possibility of the presence of a shear
viscosity window corresponding to optimum film blowability.
Nevertheless, more research is needed to reach any conclusion
in this regard.

Thus, high melt strength, strain hardening behavior, and
high storage modulus may result in superior processability
during the blown film extrusion of polymeric materials.
Additionally, a balance of viscoelastic properties possibly
leads to high film blowability. However, more research is
needed for a better understanding of the effects of
viscoelasticity and shear rheology on film blowability.
4.2. Electrospinning. 4.2.1. Basics of Electrospinning.

Electrospinning is a technique of producing nano- or
microsized continuous fibers from a solution or melt under a
strong electric field. The process is simple and easy to control
and can be scaled-up. Thus, it is an attractive option for the
synthesis of nanofibers of polymeric materials for a broad range
of applications such as in drug delivery, artificial tissues,
electronics, fuel cell membranes, and biosensors.216−218 Figure
14(A) shows a schematic of electrospinning. The correspond-
ing device comprises a high-voltage power supply, syringe
fitted with a needle, syringe pump containing the polymer
solution/melt, and grounded metal collector.218−220 Initially,
the polymer solution/melt remains at the needle tip because of
surface tension. When a high voltage (1−30 kV216) is applied
between the needle and the grounded metal collector, the
hemispherical surface of the liquid at the needle tip is
deformed into a cone called the Taylor cone.221,222 When the
electric field reaches a threshold value, the surface tension is
overcome by a repulsive electrostatic force, resulting in the
ejection of a polymer jet from the Taylor cone tip. The ejected
jet, traveling at a high speed toward the metal collector,
undergoes numerous electrically impelled bending instabilities
and slowly thins in air because of extension and solvent
evaporation. The charged jet is ultimately obtained on the
collector (Figure 14B) and forms a nonwoven web of
randomly oriented nanofibers (Figure 14C).219 Aligned
nanofibers (Figure 14E) can be developed either using a
slightly altered stationary collector or various dynamic
collectors,223 for instance, using a rotating drum collector at
very high speeds (Figure 14D). The diameters of the formed
fibers are influenced by several factors, such as rheological
characteristics of the solution/melt, surface tension, con-
ductivity, applied voltage, distance between the syringe and the
collector, temperature, air flow, and humidity.216,218

4.2.2. Rheology in Electrospinning. Rheology is of
significant importance in electrospinning. During the electro-

Figure 13. Schematic of a stable bubble during film blowing.
Reproduced with permission ref 210. Copyright 2017 Elsevier Science
Ltd.
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spinning of a polymer solution, the solution concentration
should be sufficient to create adequate chain entanglements for
the construction of fibers. At concentrations lower than the
entanglement concentration ce, the entanglement density is
inadequate for jet stabilization, resulting in beads instead of
fibers due to Rayleigh instability.224,225 The critical overlap
concentration c* and ce are two critical parameters of polymer
solutions. Below c*, the polymer molecules are in a dilute
regime, functioning as independent coils. At c* (presented by
eq 46), the polymer chains begin to interact and overlap
without entangling. Thus, c* signifies the end of the dilute
regime and onset of the semidilute unentangled regime.218,226

c
1*

[ ] (46)

where [η] is the intrinsic viscosity of the solution.
When the solution concentration is further increased to ce,

the chains form entanglements. Therefore, ce denotes the end
of the semidilute unentangled regime and the onset of the
semidilute entangled regime. ce can be obtained from the log−
log plot of specific viscosity (ηsp) (eq 47) versus solution
concentration.226 ce is the concentration above which ηsp
increases with respect to the concentration c in accordance
with c3.7 or c4.7 depending on the polymer/solvent pair.227

sp
0

0

=
(47)

where η and η0 are the viscosities of the solution and solvent,
respectively.

For concentrations above ce, an increase in solution viscosity
increases the diameters of the electrospun fibers.217 Fur-
thermore, a certain minimum concentration is necessary for
obtaining bead-free fibers.227 This concentration may be as low
as ce

228 or as high as 2−2.5ce.
229

In their studies on the electrospinning of nylon 66 solutions
in formic acid, Abbasi et al.230 reported a ce of 15 wt %. They
also stated a power-law relationship between [η] and c with the
exponent values of 2.0 and 3.3 for semidilute unentangled (c <
ce) and semidilute entangled (c > ce) regimes, respectively.
Fiber radius and uniformity were governed by viscosity.
Moreover, the average fiber diameter was related to zero-shear-
rate viscosity and normalized concentration (c/ce) in a power-
law relationship with the exponent values of 0.298 and 0.816,

respectively. The minimum concentration necessary for the
production of uniform bead-free fibers was ce. Thus, the
researchers established the dependence of the electrospinn-
abilities of polymer solutions, fiber diameter, and fiber quality
on solution viscosity. Electrospinning was not possible outside
this concentration window. Below the lower limit of the
concentration window, fibers were not formed because of the
lack of sufficient chain entanglements. The upper limit of the
concentration window was influenced by the extensional
viscosity of the solution.

Importance of viscosity in the electrospinning of polymer
melts and its effect on fiber diameter have also been
reported.231−234 As polymer melts are highly viscous and
electrospinnability is lower at very high viscosities, melt
electrospinning is more difficult than solution electrospin-
ning.235 Researchers have tried to overcome this challenge by
lowering the viscosities of polymer melts. In their studies on
the electrospinning of PP melt, Nayak et al.231 noticed that a
reduction in melt viscosity achieved by varying the amounts of
additives, including polyethylene glycol (PEG) and poly-
(dimethyl siloxane), decreased the fiber diameter. Larrondo
and St John Manley233 stated a reduction in fiber diameter
upon the lowering of melt viscosity by an increase in
temperature. Nazari and Garmabi236 observed that although
neat PLA was not melt-spinnable at 200 °C, lowering the melt
viscosity by blending PLA with PEG considerably enhanced
the melt spinnability of PLA. The researchers synthesized
fibers of 3−6 μm diameters using PLA/PEG blends containing
30 wt % PEG under the same conditions under which neat
PLA was not melt-spinnable.

The role of viscoelasticity in electrospinning has also been
discussed by researchers. According to Reneker et al.,237 during
the electrospinning of polymer solutions, the viscoelastic force
along the jet tends to stabilize the charged jet. Additionally, the
function of viscoelasticity in jet stabilization has been reported
by Regev et al.238 Theron et al.239 employed both the
previously reported linear Maxwell model237,240 and the
nonlinear upper-convected Maxwell model for analyzing the
viscoelasticities of polymer solutions during electrospinning.
Comparison of the simulation and experimental results
revealed that both models provided close descriptions of the
actual behaviors of polymer solution jets during electro-
spinning.

Figure 14. (A) Schematic of electrospinning. (B) A stationary metal collector. (C) Randomly oriented nanofibers acquired on the stationary
collector. (D) A rotating drum collector. (E) Uniaxially aligned nanofibers obtained on the rotating drum collector. Reproduced with permission
from ref 217. Copyright 2015 Elsevier Science Ltd.
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Yu et al.241 conducted theoretical and experimental
investigations on the influence of elasticity on electrospinning.
They used Boger fluids for experimental studies. They noticed
that high elasticity lowered the Rayleigh instability, thus
arresting the breakup of the jet into droplets and sometimes
completely suppressing the Rayleigh instability. A critical value
of elastic stress indicates the complete suppression of Rayleigh
instability and transformation of the beaded fiber morphology
to a uniform fiber morphology.

Thompson et al.242 employed an electrospinning theoretical
model to examine the effect of relaxation time on the diameters
of the fibers acquired during the electrospinning of polymer
solutions. The model predicted an increase in the final
diameters of the fibers with an increase in the relaxation time.
The predicted trend matched the experimental results reported
in the literature.241

In their investigations on the melt electrospinnabilities of
PLA/PEG blends, Nazari and Garmabi243 observed that under
the conditions utilized for electrospinning (spinning temper-
ature: 180 °C, flow rate: 0.5 cc/h, applied voltage: 40 kV, and
nozzle-to-collector distance: 10 cm), neat PLA and the blend
containing 5 wt % PEG were not electrospinnable due to their
high viscosities. The blends comprising 10−30 wt % PEG were
readily electrospun because of the lowering of the viscosity of
PLA at higher PEG contents. Among the various investigated
compositions, the blend containing 20 wt % PEG produced
fibers with the lowest diameters (4.8 ± 0.8 μm). The blends
consisting of more than 30 wt % PEG were not electro-
spinnable because of their low elasticities caused by their
higher PEG contents.

Carroll and Joo244 performed experimental and theoretical
studies on the electrospinning of Newtonian and viscoelastic
fluids. Viscoelastic models, such as Oldroyd-B and FENE-P, for
polymer solutions were used for theoretical studies. Experi-
ments were conducted on the Newtonian solutions of glycerol
comprising trace amounts of lithium chloride and viscoelastic
polyisobutylene (PIB)/polybutene (PB) Boger fluid. The
experimentally acquired jet profiles were compared with the
theoretical predictions for the conditions employed during the
experiment. The simulation results were in accordance with the
experimental results. The researchers noticed that an increase
in viscoelasticity led to a faster initial jet thinning. Never-
theless, with an increase in the distance of the collector from
the spinneret, the viscoelastic jets became thicker than the
Newtonian jets due to their higher extensional viscosities.

Researchers have also demonstrated the importance of
extensional rheology in electrospinning. Feng245 analyzed the
influences of extension thinning and thickening and strain
hardening on electrospinning by applying non-Newtonian
rheology to a theoretical model. For a purely extension-
thinning fluid, the behavior of a slightly stretched jet was
different from that of a highly stretched jet. The thinning
viscosity promoted the stretching of the slightly stretched jet
and impeded the stretching of the highly stretched jet. For a
fluid that exhibited extension thickening at lower strain rates
and thinning at higher strain rates, stretching was inhibited by
higher extensional viscosity for both slightly and highly
stretched jets. Strain hardening increased the stretching
upstream and lowered it downstream, eventually generating
thicker fibers. Therefore, the researchers clearly demonstrated
the influences of extensional viscosity and strain hardening on
fiber diameter.

In their studies on the electrospinning of PVA solutions,
Rwei and Huang246 observed that for PVA with a MW of
88,000, the concentration range corresponding to electro-
spinnable solutions was 6−14 wt %. The upper limit of this
concentration range was regulated by the elongational viscosity
of the solution. Each time the power-law index obtained during
the extension test exceeded one, spinning was not possible
regardless of the power-law index during shearing. On the basis
of this observation, the researchers have concluded that
elongational viscosity is a suitable indicator of electro-
spinnability.

In their investigations on the electrospinning of poly-
acrylonitrile (PAN) fibers, Liu et al.247 established the impact
of strain hardening on the fiber diameter. Strain-hardening
PAN electrospinning solutions were produced by incorporat-
ing ultrahigh-MW PAN (UHMWPAN) into medium-MW
PAN (MMWPAN) solutions. The solutions containing
UHMWPAN exhibited strain-hardening behaviors in capillary
breakup extensional rheometer extensional rheological tests
(Figure 15). Contrary to the solutions without UHMWPAN,

the strain-hardening solutions were stably electrospun at high
voltages and a constant source-target distance, generating
uniform PAN fibers with smaller diameters (270 nm as
compared to 496 nm for the nanofibers produced using
solutions without the strain hardening effect) without beads
(Figure 16). Thus, the researchers have demonstrated that
strain hardening behavior can facilitate the development of
superior quality nanofibers via electrospinning. The impor-
tance of extensional viscosity and strain hardening in
electrospinning has been discussed by several research-
ers.248−252

Therefore, knowledge of ce is crucial for the production of
nanofibers by the electrospinning of polymer solutions.
Electrospinnability, jet trajectory, and fiber diameter are
affected by the viscosity, elasticity, and strain hardening
behavior of the polymer solution, and a window corresponding
to the range of rheological characteristics that generate fibers of
acceptable qualities can be determined. By tailoring the
rheological characteristics of the solution/melt within this

Figure 15. Extensional viscosity as a function of Hencky strain for
PAN solutions (a) without UHMWPAN, (b) with 0.15 wt %
UHMWPAN, and (c) with 1 wt % UHMWPAN. Reproduced with
permission from ref 247. Copyright 2014 Springer.
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window, bead-free fibers with the required diameters may be
produced.
4.3. Centrifugal Jet Spinning. 4.3.1. Fundamentals of

Centrifugal Jet Spinning. Centrifugal jet spinning is a cost-
effective technique for preparing nanofibers at high speeds (up
to 0.5 g/min253). The process is more economical and safer

than electrospinning. Moreover, it has a higher production
rate.233 Centrifugal jet spinning is accomplished using a
spinning head containing the polymer melt or solution (Figure
17A). When the rotation speed reaches a critical value, the
surface tension of the spinning liquid is overcome by the
centrifugal force, resulting in the ejection of a liquid jet from

Figure 16. SEM images and fiber diameter distributions of the PAN nanofibers electrospun from the spinning solution (a) without UHMWPAN,
(b) with 0.15 wt % UHMWPAN, and (c) with 1 wt % UHMWPAN, and (d) representative SEM image of the beaded PAN nanofibers.
Reproduced with permission from ref 247. Copyright 2014 Springer.

Figure 17. (A) Schematic of a basic benchtop centrifugal spinning setup, (B) the path of a liquid jet ejected from the nozzle tip during centrifugal
spinning, and (C) SEM image of the PAN nanofibers prepared via centrifugal spinning. Reproduced with permission from ref 254. Copyright 2014
Taylor and Francis.
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the spinning head. The critical rotation speed is directly
proportional to the concentration of the solution.255 The
centrifugal force and air frictional force stretch the jet, leading
to nanofibers. The stretched jet is deposited on the collector
surface (Figure 17B), producing a nonwoven mat of nanofibers
(Figure 17C).254

4.3.2. Rheology in Centrifugal Jet Spinning. In their
studies on the synthesis of polyvinylpyrrolidone (PVP)/poly(L-
lactic acid) (PLLA) composite fibers via the centrifugal jet
spinning of polymer solution, Ren et al.253 noticed that the
product morphology was governed by the rheological
characteristics of the polymer solution along with the
centrifugal force acting on the solution jet. For a specific
solution viscosity, continuous fibers were formed only when
the centrifugal force was higher than a critical value. The
viscosity of the polymer solution was selected as a measure of
the extent of entanglement of the polymer chains: an increase
in the extent of entanglement increased the solution viscosity.
Inadequate chain entanglements lowered the flow resistance of
the jet to a level lower than that required to resist the breakup
of the jet below a certain rotation speed. In these cases, the
Plateau−Rayleigh instability caused the jet to split into a
stream of droplets to lower the surface tension. Thus, at a
certain rotation speed, a critical viscosity existed above which
the fibers were generated. When the extent of chain
entanglement was substantially high, the flow resistance of
the jet was extremely high for the jet to be stretched into fiber
assemblies. This indicated the presence of a viscosity range
within which fibers were produced at a specific rotation speed.
Within this viscosity range, the lowering of the polymer
concentration resulted in thinner fibers. Thus, the researchers
demonstrated the role of viscosity in the fabrication of fibers
via centrifugal jet spinning. Furthermore, in their investigations
on the centrifugal jet spinning of PA6 nanofibers, Hammami et
al.256 reported that with an increase in the fiber diameter, the
viscosity of the spinning solution enhanced.

Moreover, in their studies on PAN nanofibers produced by
centrifugal jet spinning, Lu et al.257 have demonstrated the
existence of a critical viscosity corresponding to c* and an
optimal viscosity range for the development of fibers at a
particular rotation speed. The researchers observed that at very
low c (c ≪ c*, semidilute unentangled regime), practically, no
chain entanglement occurred, rendering the formation of
nanofibers extremely difficult. When c was lower than but close
to c* (c < c*), fibers were formed; however, they were beaded
because of the absence of sufficient chain entanglements.
When c > c*, chain entanglement was adequate for the
production of uniform and continuous bead-free fibers.
Furthermore, an optimal concentration range that generated
continuous bead-free nanofibers existed. Beyond this optimal
range, stress relaxation time of the solution increased, which
impeded the evaporation of solvents and prevented jet
fracturing, stretching, and thinning. This resulted in an
increased fiber diameter, leading to the production of
micrometer-sized fibers. The researchers determined c* by
plotting the specific viscosity (evaluated from the zero-shear
viscosity) against polymer concentration for a series of PAN
solutions (Figure 18). The semidilute unentangled, semidilute
entangled, and concentrated regimes were determined from
the changes in the slopes, and c*, indicated by the onset of the
concentrated regime, was calculated to be 10 wt %.

The presence of a critical viscosity and an optimal viscosity
range for the formation of continuous bead-free fibers has also

been reported by other researchers. Merchiers et al.258 have
described the transformation of beaded fibers into continuous
bead-free fibers with an increase in viscosity near c*. With
further increase in viscosity, the diameters of the bead-free
fibers increased. In their investigations on the centrifugal jet
spinning of both PE solution and melt, Rogalski et al.259

reported that excessively high viscosity caused the blockage of
the die channels within the rotating spinneret. Optimal fiber
production occurred in the low Newtonian viscosity range of
1−10 Pa s.

In their attempt to predict the trajectory and radius of the
solution jet ejected during centrifugal jet spinning, Noroozi et
al.260 developed a string model for a Newtonian viscous curved
jet. They utilized a nonorthogonal curvilinear coordinate
system and included the effects of both air drag and solvent
evaporation on the trajectory and radius of the jet in their
analysis. In addition to the Newtonian fluid assumption, all
parameters considered in the analysis were actually involved in
the curved jet flow of the process, and these parameters (such
as viscosity, surface tension, mass diffusion into air, and
inertial, rotational, and aerodynamic effects) were introduced
as the dimensionless groups Rossby (Rb), Reynolds (Re),
Weber (We), Froude (Fr), Pećlet (Pe), air Reynolds (Re*),
and air Pećlet (Pe*) numbers and the collector radial position
(R). Comparison of the predictions of the model with the
experimental results reveals that the aerodynamic effects
should indeed be considered to accurately estimate the jet
trajectory and radius. A decrease in Rb resulted in a more rapid
thinning of the jet. Moreover, this caused a tighter wrapping of
the jet around the axis of rotation. Increases in Re, Re*, and R
resulted in a longer jet. A decrease in We led to a tighter
wrapping of the jet. Nevertheless, the influence of We on
solvent evaporation was minor. The effects of Pe and Pe* on
the jet trajectory were insignificant. Therefore, the researchers
demonstrated the influences of various rheological parameters
on the trajectory and radius of the jet during centrifugal jet
spinning.

Zhmayev et al.261 examined the influences of viscoelasticity,
driving force, and rate of flow on the geometry (dimensions

Figure 18. Specific viscosity versus polymer concentration profile for
PAN solutions. Changes in the slope denoted the onset of the
semidilute unentangled, semidilute entangled, and concentrated
regimes. c* was evaluated to be 10 wt %. Reproduced with permission
from ref 257. Copyright 2013 Elsevier Science Ltd.
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and shape) and thinning of the jet during centrifugal jet
spinning. They used viscoelastic PIB/PB Boger fluids with
various compositions, where PB is a Newtonian fluid. Initially,
high viscoelasticity resulted in a more rapid jet thinning.
However, this effect was strongly related to the angular
velocity. An increase in angular velocity retarded this thinning,
which was ascribed to the rapid enhancement in the
elongational viscosities of highly viscoelastic fluids. A decrease
in the flow rate increased the rate of initial thinning.
Viscoelasticity and centrifugal force considerably affected the
jet contour radii. Increase in viscoelasticity and angular velocity
lowered the maximum radius because of the generation of
elastic hoop stress. The researchers also conducted simulation
studies using the FENE-P model and compared the acquired
results with those of experimental studies. They discovered
that this model was suitable for predicting the thinning
behavior of the jet. Thus, these studies indicated the influence
of viscoelasticity on the jet during centrifugal spinning and
suitability of the FENE-P model for estimating jet thinning.

The effect of viscoelasticity on the centrifugal jet spinning of
polymer solutions was also investigated by Ren et al.262 They
identified three stages of spinning: jet initiation, jet extension,
and fiber formation. Theoretical and experimental studies were
performed on four different polymer solutions to understand
the influences of viscoelasticity on the different stages of the
process. Various dimensionless numbers including Deborah
number, Weissenberg number, Ca, and the Ohnesorge number
were employed for analysis. Experiments were conducted on
solutions having wide ranges of relaxation times, viscosities,
and solvent evaporation rates. When Ca was below 1, only
beads were produced. When Ca was higher than 2, uniform
fibers were obtained. Thus, fiber spinnability was controlled by
Ca. Fiber radius was affected by the elasticity of the solution
and rate of evaporation of the solvent. It was approximately a
power-law function of an elastic processability parameter that
linked filament thinning to solvent evaporation. The effects of
viscoelasticity on jet thinning and trajectory and fiber radius
during centrifugal jet spinning have also been reported by
other researchers.263−265

Very few studies have been reported on the role of
extensional rheology in the centrifugal jet spinning of polymer
solutions/melts. According to Mahalingam et al.,266 as the jet
leaves the spinneret, the elongational flow becomes predom-
inant and significantly influences molecular stretching. Even at
room temperature, a higher rotation speed enhances solvent
evaporation, which affects the extensional viscosity. This
change in extensional viscosity substantially impacts the final
fiber diameter and its distribution. Riahi267 developed a non-
Newtonian strain hardening model for nonlinear viscoelastic
polymeric fluid jet that considered the effects of different
extents of strain hardening. In accordance with the model, the
existence of strain hardening lowers the strain rate and
decreases the rotation speed, stretching, and rate of stretching
of the jet in the downstream direction away from the spinneret.
This also enhances the jet radius with an increase in the
distance from the spinneret. When strain hardening is
significant, the stretching rate approaches zero, considerably
thickening the jet. Moreover, in their investigations on
discretized modeling of centrifugal jet spinning, Divvela et
al.263 reported a similar finding. They stated that stretching of
polymer molecules increased the extensional viscosity, which
increased the jet radius in the final stage of spinning. Thus,
based on the few studies that are available, it may be

summarized that extensional rheology affects the fiber diameter
in centrifugal jet spinning. With an increase in elongational
viscosity and strain hardening, the fiber diameter increases.
Nevertheless, more research is required to develop a better
understanding of the influence of elongational rheology on the
spinnabilities of polymer solutions/melts by centrifugal jet
spinning.

Therefore, fiber spinnability and morphology in centrifugal
jet spinning are governed by the solution/melt viscosity. At a
certain rotation speed, bead-free continuous fibers are
produced only when the solution/melt viscosity is above a
critical value and within an optimal range. Jet thinning,
trajectory, and contour radii along with the final fiber radius are
regulated by the viscoelasticity of the solution/melt. With an
increase in elongational viscosity and strain hardening, the fiber
radius increases. Thus, an insight into the rheological
properties of the polymer melt or solution being spun is
essential to successfully synthesize defect-free nanofibers via
centrifugal jet spinning.
4.4. 3D Printing. 4.4.1. Basics of 3D Printing. 3D printing,

also known as additive manufacturing, rapid prototyping, or
solid free-form fabrication, is a technique of joining materials,
generally layer-by-layer, to produce objects from 3D model
data.268,269 As accurate control of the sizes and geometries of
products can be achieved via computer-aided design (CAD),
3D printing can be used to fabricate products with complex
geometries without the generation of waste, which typically
occurs in other manufacturing techniques. Furthermore, the
process is cost-effective as it does not require molds, the design
and manufacture of which can be expensive.270,271 This
technique utilizes a meshed 3D computer model that is
produced using the acquired image data or structures in a CAD
software. A surface tessellation language file is usually
developed. The mesh data is further sectioned into a build
file of two-dimensional layers, which is inserted into the 3D
printing machine.271

There are seven methods of 3D printing: material extrusion,
material jetting, binder jetting, vat polymerization, powder bed
fusion (PBF), directed energy deposition, and sheet
lamination.272 However, some of these methods are either
not cost-effective because of their equipment requirements (for
example, in the cases of directed energy deposition, material
and binder jetting, and PBF) or have limited accessibilities
(such as in the case of sheet lamination). Polymers are 3D
printed via PBF, vat polymerization, and material extrusion.
Among them, vat polymerization often employs toxic
chemicals and is not appropriate for the 3D printing of highly
filled polymers. Additionally, the parts printed by this method
typically require postprocessing, which increases the cost. The
PBF mode of 3D printing has two main limitations: the
equipment cost and requirement of powder feedstocks having
the necessary properties. Hence, material extrusion is the most
common route for the 3D printing of polymeric materials.
Material extrusion has many advantages, such as ready
availability, relatively inexpensive feedstocks, low energy
requirements, ease of operation and maintenance, and the
ability to 3D print highly filled polymeric systems, over PBF
and vat polymerization.273,274 The scope of this section of the
article is restricted to material extrusion of polymeric materials.

Material extrusion-based 3D printing comprises fused
filament fabrication (FFF), also called fused deposition
modeling (FDM) and 3D dispensing (3D microextrusion,
plotting, and fiber deposition). FFF is a standard technique of
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producing 3D polymer parts in industry. It involves the melting
of a solid thermoplastic filament followed by the deposition of
successive layers of the melt, which fuse to form a continuous
profile (Figure 19).275,276

Contrary to FFF, pellet-fed material extrusion-based 3D
printing does not require the preprocessing step of filament
preparation and hence demonstrates the advantages of lower
processing time and reduced risk of thermal decomposition.
This method is particularly suitable for the 3D printing of
thermally unstable polymers. Furthermore, the process can be
tailored to extrude multiple materials for producing printed
parts with compositional gradients.270

4.4.2. Rheology in 3D Printing. Assessment of the 3D
printabilities of materials has attracted the interest of
researchers for a long time. According to Duty et al.,277 a 3D
printable material should fulfill four criteria: (i) it must be
extrudable through a nozzle, (ii) the extrudate should exhibit
shape retention, (iii) the extrudate should be capable of
bridging a gap of a specific length, and (iv) the extrudate
should demonstrate geometric stability while being cooled to
room temperature.

Zawaski et al.278 have reported similar criteria for
“printability”. Nevertheless, they have hypothesized that any
3D printable material must be extrudable. On the basis of this
assumption, they have attributed more importance to the
deposition of the material, that is, maintenance of geometric
accuracy, creation of small features, and bridging the gap.
According to Vanzanella et al.,279 during FFF, the solidification
kinetics must compromise between two contrary requirements.
On the one hand, the material should gain a sufficient
consistency to enable the product to retain its geometry. On
the other hand, it should exhibit a liquidlike behavior for an
adequate time period to ensure optimal bonding between two
successive filament layers.

All criteria for the 3D printabilities of polymers are directly
related to the rheological characteristics of polymers. Thus,
regulation of the rheological characteristics of polymers as per
requirements via chemical modification of the polymer
molecules or their blending with other polymer(s) and/or
fillers is essential for constructing 3D-printed parts with the
desired geometries and properties. Moreover, a comprehensive
understanding of the thermorheological properties of the
materials used is necessary for optimizing the process
parameters and obtaining an insight into the processing−
property relationships.270,279

The most important rheological property that determines
the printability of a polymeric material in extrusion-based 3D
printing is melt viscosity. Typically, the shear rate in the
liquefier is very high.280 A higher extent of shear thinning is
favorable as shear thinning influences not only the ability of the
melt to be forced through the nozzle but also its ability to
acquire the required shape and structure after deposition.281 In
their investigations on FDM of PP/talc composites, Bertolino
et al.282 stated the importance of a strong shear thinning effect
for excellent 3D printability.

Knowledge of the ideal viscosity range can help predict the
printabilities of materials. The viscosity should be adequately
low for extrudability. Simultaneously, it should not be
extremely low such that the melt flows like a liquid after
being extruded. However, very few studies have been reported
on the evaluation of the printability window for extrusion-
based 3D printing. Additionally, no data is available on an
acceptable viscosity range for successful 3D printing. In this
regard, a simple approach is to compare the melt viscosity at
the operating shear rate with that of the melt of a successfully
3D-printed standard material at the same shear rate. If the
viscosities are similar, the material under consideration can be
regarded as 3D printable. The apparent shear rate γ̇app at the
nozzle wall can be determined from the volumetric flow rate Q
using eqs 48 and 49:

Q r v2= (48)

Q
r

4
app 3=

(49)

where v is the printing speed and r is the radius of the nozzle.
Thus, viscosity at the calculated shear rate can be evaluated

via rheological studies.281

In their studies on 3D printing of β-tricalcium phosphate
(TCP)-PLA composites by FFF, Elhattab et al.283 observed
that the lowering of viscosity caused by an increase in nozzle
temperature enhanced the melt flowability and interlayer
bonding between printed layers. They highlighted the
significance of the optimization of nozzle temperature for

Figure 19. Schematic of material extrusion. The components are
labeled as follows: (1) spooled material storage, (2) thermoplastic
filament, (3) horizontally movable heated deposition unit consisting
of (4) counter-rotating driving wheels, (5) a liquefier, (6) a nozzle,
(7) a structural element fabricated in a layer-by-layer manner, and (8)
a vertically movable build platform. Reproduced with permission from
ref 275. Copyright 2020 Wiley.
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achieving the viscosity required for successful 3D printing.
According to Bertolino et al.,282 during FDM, a high viscosity
can result in filament buckling, rendering the material
completely nonprintable.

Yield stress is another rheological characteristic of significant
importance in 3D printing. In their investigations on the FDM
of pure PP and PP/talc composites, Bertolino et al.282 noticed
that the absence of a yield stress caused drooling of the melt
from the nozzle and difficulty in the achievement of the desired
shape of the melt after extrusion. According to Gupta,284 a high
yield stress along with a strong shear thinning behavior
facilitates the retention of the required shape. Hu et al.285 have
also paid attention to the importance of yield stress in the
attainment of the melt with desired structural characteristics in
3D printing.

The role of viscoelasticity in 3D printing has been discussed
in literature. With an increase in the storage modulus of the
material, extrudability decreases and the nozzle of the 3D
printer may clog even before the commencement of printing.
Nevertheless, if the storage modulus is considerably low, the
structure may not acquire adequate rigidity, and the printed
structure may collapse because the deposited layers do not
have the rigidity required to withstand the weights of the
successive layers. Furthermore, the loss modulus should not be
extremely low such that the material freely drains upon being
extruded or fails to retain its shape. If the loss modulus is
higher than the storage modulus over the entire frequency
range used for rheological studies, the material usually
demonstrates adequate flowability and shape retention after
being printed.281,285,286

In their studies on extrusion-based 3D printing of PLLA,
poly(L-lactide-co-ε-caprolactone) (PCLA), poly(L-lactide-co-
glycolide) (PLGA), and poly(D,L-lactide-co-glycolide)
(PDLGA), Jain et al.287 reported that PLLA and PCLA with
higher MWs were printable and exhibited lower extents of
degradation before printing when compared with the cases of
PLGA and PDLGA. The lower 3D printabilities of PLGA and
PDGLA were ascribed to the higher complex viscosities and
elasticities of their melts.

In their investigations on the FFF of polyvinyl chloride−
acrylate copolymers, Peñas et al.288 demonstrated the
significance of viscoelasticity in 3D printing. The acrylates
used for copolymerization were butyl acrylate (BA), 2-ethyl
hexyl acrylate (EHA), and 2-heptyl propyl acrylate (2PHA).
They qualitatively assessed the adhesion performance of
copolymers in 3D printing based on the Dahlquist criterion
and used their findings for selecting a suitable temperature of
the printing substrate. Stress−relaxation experiments were
performed at various temperatures. The copolymers satisfied
the Dahlquist criterion at times below 1 s at 100 °C (Figure
20). In contrast, the relaxation moduli were higher at 40 °C,
indicating inadequate interlayer adhesion. On the basis of this
observation, 100 °C was chosen as a more appropriate
temperature for 3D printing as compared to 40 °C. Moreover,
the researchers observed lowering of printability at high melt
elasticities. Consequently, they established the roles of
viscoelasticity in the printabilities and structural integrities of
the printed products in FFF. Furthermore, they indicated the
application of rheological characterization in the selection of
suitable printing temperature.

In their modeling studies, Duty et al.277 analyzed the
function of viscoelasticity in extrusion-based 3D printing. They
proposed a viscoelastic model, termed as a “printability

model,” for evaluating the printabilities of materials in
numerous extrusion-based 3D printing techniques. The
model provided equations as “print criteria” for the conditions
that should be fulfilled for effective 3D printing. Several
materials were assessed using the printability model, and the
predictions were in accordance with the experimental
observations. Additionally, this model was a convenient tool
for identifying suitable printing conditions (such as deposition
temperature, flow rate, head speed, and limiting nozzle
diameter) and suggesting compositional changes during
material development.

However, very few studies have been reported on the role of
extensional rheology in extrusion-based 3D printing. According
to Das et al.,270 extensional viscosity influences die swell and
hence the extrudate shape. In their studies on the FFF of
carbon fiber-reinforced polymer composites, Heller et al.289

noticed that aligning stiff fibers along the extrudate enhanced
the elongational flow in the convergence zone of the nozzle,
significantly lowering the die swell during 3D printing.
Additionally, the impact of extensional flow on the die swell
was reported by Schuller et al.;290 nevertheless, they focused
more on shear-induced normal stress differences. Moreover,
the influences of extensional stresses on die swell in FDM were
stated by De Rosa et al.;291 however, detailed studies were not
conducted. The effect of extensional rheology on 3D
printability has also been reported by other researchers.292−294

However, a comprehensive understanding of this effect needs
to be developed.

Thus, it may be summarized that melts with lower viscosities
and elasticities, high yield stresses, strong shear thinning
behaviors, and minimum die swells generally exhibit out-
standing extrusion-based 3D printabilities. Nevertheless,
extremely low viscosity and elasticity may lead to liquidlike
flow of the melt after extrusion and inferior stiffnesses of the
printed layers, respectively. This necessitates the identification
of the windows of viscosity and elasticity for optimum 3D
printability. Consequently, more research is required in this
area.

Figure 20. Stress−relaxation experiments of the synthesized
copolymers at 40 °C (empty symbols) and 100 °C (filled symbols).
The green area highlights the zone where the welding is expected.
This zone is delimited by the Dahlquist criterion (3 × 105 Pa) and a
welding time of 1 s. Reproduced from ref 288. Copyright 2020 The
Authors.
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5. CONCLUSIONS AND FUTURE OUTLOOK
Herein, studies on the roles of rheology in the morphological
development and advanced processing of various polymeric
materials are reviewed. On the basis of the findings of these
studies, the following key facts are established: (a) Rheology
plays a crucial role in the morphological development of
polymeric materials. In the cases of blends, rheology governs
not only the type of morphology (droplet/matrix, fibrillar, or
cocontinuous) but also the sizes of the dispersed particles. Ca
and λ are the parameters of significant importance in the
evolution of blend morphology. Elongational flow facilitates
the attainment of a superior quality of dispersion and also plays
a crucial role in the evolution of fibrillar morphology. Flow
behaviors of polymer/fiber suspensions under the influence of
shear substantially affect the quality of dispersion and
orientation, attrition, and flocculation of fibers, thereby
influencing the development of the morphologies of
discontinuous fiber-reinforced polymer composites. Elonga-
tional flow lowers the rate of attrition of fibers. In the cases of
polymer nanocomposites, the quality of dispersion is
controlled by shear and elongational flows. Elongational flow
results in a superior quality of dispersion of nanoparticles
without degrading shear-sensitive polymeric matrices. Rheol-
ogy not only affects the evolution of morphology but also
provides vital information on the morphological characteristics
of polymer blends and nanocomposites. In fact, rheology can
serve as a tool for the assessment of the morphologies of
polymer blends and nanocomposites. (b) Viscoelasticity and
extensional rheological properties of polymeric materials
considerably influence their processabilities in film blowing.
High melt strength, strain hardening behavior, and high storage
modulus lead to stable bubbles and highly homogeneous film
thicknesses in blown film extrusion. (c) In both electro-
spinning and centrifugal jet spinning, the spinnability, jet
trajectory, and fiber diameter are affected by the viscosity,
elasticity, and strain hardening behavior of the polymer
solution/melt. For a specific electric field (electrospinning)/
rotation speed (centrifugal jet spinning), a window corre-
sponding to the range of rheological characteristics that
produce fibers of acceptable qualities can be determined. By
tailoring the rheological characteristics of the solution/melt
within this window, bead-free fibers with the required
diameters may be constructed. (d) Melts with lower viscosities
and elasticities, high yield stresses, strong shear thinning
behaviors, and minimum die swells typically demonstrate
excellent extrusion-based 3D printabilities. However, extremely
low viscosities and elasticities may result in liquidlike flow of
the melt after extrusion and inferior stiffnesses of the printed
layers, respectively. This necessitates the identification of the
windows of viscosity and elasticity for optimum 3D
printability.

Although a significant amount of research has already been
performed on the role of rheology in polymer processing, there
is considerable scope for research in certain areas. Knowledge
on the function of rheology in the evolution of the
morphologies of multiphase systems with three or more
components is limited. The role of rheology in the subsequent
advanced processing of these multiphase polymeric materials is
yet to be understood. Further investigation is needed on how a
balance of viscoelastic properties can lead to enhanced film
blowabilities. Additionally, the influence of shear rheology on
film blowability still needs to be understood. Moreover, a

systematic understanding of the functions of extensional
rheology in centrifugal jet spinning and 3D printing is yet to
be achieved.

Finally, it can be summarized that a comprehensive
knowledge of the role of rheology in advanced polymer-
processing operations will facilitate the enhancement of
polymer processability via the tailoring of rheological
characteristics via changes in the compositions of polymeric
materials and process parameters. Thus, extensive rheological
characterization of polymeric materials and correlation of the
corresponding results with their processabilities are imperative
for achieving superior product quality in advanced processing
operations.
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