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Abstract

Electrospinning has emerged as a powerful and cost-effective technique to produce
polymeric nanofibers for various technological applications. By subjecting the droplet
of either polymer solution or molten polymer to an external electric field produces a
strong tangential electric force which when exceeds the surface tension force creates
a jet of polymeric fluid. The electric force generates a strong extensional flow field
resulting in thinning of the jet. After traveling in a straight line path for a certain
distance, the thinned jet undergoes whipping motion during which the solidification
takes places leading to the collection of nanofibers at the bottom collector plate. Elec-
trospinning often suffers from an axisymmetric instability which manifests in the form
of thick-thin variations in fiber diameter along the fiber resulting in what is commonly
referred to as the beads-on-string morphology. In the present study, the axisymmetric
stability of an electrified jet is analyzed under electrospinning conditions using the
linear stability theory. The unstable axisymmetric mode is believed to be responsible
for the bead formation along the fibers, considered as a defect. This bead forma-
tion may be driven by two prevailing mechanisms, the classical capillary instability
and the conducting instability. While the former is governed by the surface tension
force, the latter is driven by the coupling of the electric field with the surface charges.
Contrary to previous studies, which oversimplifies the electrified jet as a cylindrical
jet with uniform radius, we analyze the stability of the realistic non-uniform thin-
ning jet as observed in electrospinning experiments. The analysis examines both the
Newtonian and the polymeric fluids with a finite electrical conductivity, modeled as
a leaky dielectric medium. The stability of the thinning jet profile, obtained us-
ing the 1D slender body model, is analyzed by imposing non-periodic axisymmetric
disturbances. The eigen-spectrum of the axisymmetric disturbance growth rate is con-
structed from the linearized disturbance equations discretized using the Chebyshev
collocation technique.

For the Newtonian fluids, the thinning jet is found to be relatively less unstable

than the uniform jet, which is attributed to the stabilizing role of extensional stress,
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in addition to the axial variation in surface charge density and electric field, present in
the non-uniform deforming jet, but ignored in the analysis of the uniform jet. The role
of various process and material parameters, like electric field, electrical conductivity,
surface tension, viscosity, is examined. The dominant mode for the thinning jet is
an oscillatory conducting mode driven by the field-charge coupling. The disturbance
energy balance finds the electric force to be the dominant force responsible for the
disturbance growth potentially leading to bead formation along the fiber.

The stability analysis is further extended to incorporate the polymer rheology for
two types of polymeric fluids, the low electrical conductivity PIB-based Boger fluid
and the highly conductive PEO solution in ethanol/water. For the former fluid, the
rheology is described using the Oldroyd-B model, suitable for unentangled polymers
under weak elongational flow. On the other hand, the highly conductive polymer
solution experiences a strong elongational flow due to very high axial electric force,
for which case the viscoelasticity is appropriately described using the eXtended Pom-
Pom (XPP) model, the nonlinear rheological model for entangled polymeric systems.
For both the reference fluids considered, the analysis finds that polymer addition
renders the jet stable and thus, suppresses bead formation during the straight jet
path of electrospinning. Also, the enhancement in fluid elasticity, characterized by
the flow Deborah number, plays a stabilizing role for the thinning jet of Oldroyd-B
fluid. However, for the XPP fluid, the fluid elasticity shows a rich behavior with
a stabilizing effect for moderate values of Deborah number, attributed to stretching
of polymer chains between the branch points, and a destabilizing effect for highly
elastic fluids, due to strain rate softening. Increasing the strain hardening effect in
the polymer solution tends to stabilize the electrospinning jet, potentially producing
smooth bead-less fibers. While the instability in low conductivity fluid is driven
by capillary forces, the instability in the highly conductive fluid is an oscillatory
conducting mode driven by the coupling of the surface charges and the axial electric
field.

Further, the high temperature electrospinning process is studied by incorporation
of the thermal effects. The heat transfer from the electrified jet to the surrounding
is incorporated for both Newtonian and polymeric fluids. For Newtonian fluids, the
cooling of the jet strongly enhances the viscosity of the fluid which tends to suppress
the axisymmetric instability. Upon increasing the heat transfer coefficient, the leading
growth rate of disturbances decreases and eventually changes its sign from positive to
negative for both kinds of axisymmetric modes, the classical Rayleigh-Plateau mode

and the conductivity mode. The stabilizing role of heat transfer is attributed to
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the development of stabilizing viscous stresses in the jet. For polymeric fluids, the
temperature dependence of both viscosity and relaxation time plays an important
role in stability behavior of the jet in melt electrospinning. As the polymer melt
analyzed, poly-lactic acid (PLA), is a low conductivity fluid with unentangled polymer
molecules, the viscoelasticity is described using the non-linear rheological Giesekus
constitutive model assuming very small axial conduction current. The growth rate
corresponding to the leading mode in the eigenspectrum is found to increase with
increasing surface tension forces and decrease with the enhanced external electric field.
Thus, the leading growth rate behavior suggests that the classical Rayleigh-Plateau
instability dominates over the conducting mode of instability for melt electrospinning.
Further, the role of non-isothermal conditions in the stability behavior is examined.
The convective heat transfer from electrified jet to the cooling ambiance leads to
thicker fibers with greater stability to axisymmetric disturbances. The stabilizing
effect of heat transfer is attributed mainly to the temperature sensitive fluid rheology.
In particular, the enhancement in polymer viscosity in the jet propagation direction
is responsible for the build up of stabilizing viscoelastic stress. The fluid elasticity,
denoted by the flow Deborah number, also tends to stabilize the electrified jet as
temperature drop along the flow increases the relaxation time of the polymer chains
leading to high polymeric stress associated with the stretched chains.

The electrospinning of polymer solution is accompanied with the evaporation of
solvent as the jet propagates towards the collector plate. As the jet thins due to electric
force, the solvent evaporation becomes significant due to increased surface area of the
jet. The modification in fluid rheology due to evaporation can play a significant role in
controlling the axisymmetric instability of the jet. Hence, the solvent evaporation is
incorporated in the stability analysis of the electrospinning jet of polymeric solution.
While evaporation leads to thinner fiber due to loss of solvent, the increased polymer
concentration builds up polymeric stresses leading to thicker fibers. The interplay of
these two opposite effects of evaporation is also reflected in the stability behavior.
The sensitivity of fluid rheology on its composition is found to play a dominant role
in suppressing the growth rate of axisymmetric disturbances. Thus, the undesirable
bead formation along the fiber can be eliminated by controlling the composition of
the jet along its path achieved by controlling the rate of solvent evaporation.

Overall, we perform linear stability analysis of a non-cylindrical jet which under-
goes thinning under electrospinning conditions to examine the axisymmetric instabil-
ity potentially leading to either thick-thin variations in fiber diameter or beads-on-

string morphology. The analysis is carried out for Newtonian fluids, polymer solution
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and polymer melt subjected to realistic electrospinning conditions. Comprehensive
knowledge of the stability behavior enables one to modify either the material prop-
erties or the processing conditions during electrospinning such that the axisymmetric

instability is suppressed.
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