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Abstract

The role of fluid elasticity in the formation of fibers from polymer solution by electrospinning is investigated. Model solutions with different
degrees of elasticity were prepared by blending small amounts of high molecular weight polyethylene oxide (PEO) with concentrated aqueous
solutions of low molecular weight polyethylene glycol (PEG). The elastic properties of these solutions, such as extensional viscosity and the
longest relaxation time, were measured using the capillary breakup extensional rheometer (CaBER). The formation of beads-on-string and
uniform fiber morphologies during electrospinning was observed for a series of solutions having the same polymer concentration, surface tension,
zero shear viscosity, and conductivity but different degrees of elasticity. A high degree of elasticity is observed to arrest the breakup of the jet into
droplets by the Rayleigh instability and in some cases to suppress the instability altogether. We examine the susceptibility of the jet to the Rayleigh
instability in two ways. First, a Deborah number, defined as the ratio of the fluid relaxation time to the instability growth time, is shown to correlate
with the arrest of droplet breakup, giving rise to electrospinning rather than electrospraying. Second, a critical value of elastic stress in the jet,
expressed as a function of jet radius and capillary number, is shown to indicate complete suppression of the Rayleigh instability and the transition

from ‘beads-on-string’ to uniform fiber morphology.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Electrospinning is a process that employs electrostatic
forces to produce fibers with diameters ranging from a few
microns to tens of nanometers. Recently, electrospun fibers
have attracted great attention due to their potential applications
in nanocomposites [1,2], biomedical engineering [3,4],
protective clothing [5], sensors [6,7], magneto-responsive
fibers [8], and superhydrophobic membranes [9,10]. In at
least one case, the performance of the resulting material was
shown to depend strongly on fiber morphology [11].

Although the process of electrospinning is relatively easy to
implement, many polymer solutions are not readily electrospun
into the uniform fibers usually desired. Electrospinning of
uniform fibers can become problematic when the polymer
solution is too dilute, due to limited solubility of the polymer,
for example, or when the polymer chains are either short or
rigid [12]. In these cases, experience suggests that the lack of
elasticity of the solution prevents the formation of uniform
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fibers; instead, droplets or necklace-like structures know as
‘beads-on-string’ are formed [13—15]. The common remedy for
this problem is to formulate the spin solution with a second
polymer whose purpose is to impart greater elasticity to the
solution, rendering it electrospinnable [16,17]. The added
polymer may form a network of entanglements, making the
solution more elastic and electrospinnable into uniform fibers.
For this to happen, the polymer concentration should be well
above the critical overlap concentration, c*. The link between
the formation of entanglements in solution and their
electrospinnability has been established previously [18-21].
However, the presence of entanglements is a sufficient but not a
necessary condition for the polymer fluid to demonstrate strong
elastic properties. The elastic response can also be achieved at
lower polymer concentration if the relaxation time of the fluid
is longer than the time of extensional deformation. This kind of
elastic behavior is typical of Boger fluids that show high
elasticity at concentrations well below c¢* [22,23].

The formation of droplets and the ‘beads-on-string’
morphology in electrospinning has a lot in common with the
phenomenon of laminar jet breakup due to surface tension
[24-26]. A Newtonian liquid jet breaks into droplets due to the
Rayleigh instability driven by the surface tension forces. To the
contrary, a viscoelastic jet tends to take longer time to break
up or does not break up at all, forming a ‘beads-on-string’
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structure or preserving its uniformity. The build up of the
extensional stress stabilizes the jet and retards or arrests the
Rayleigh instability. This extensional stress in the jet
determines the final breakup mechanism [26]. A linear stability
analysis of electrically forced jets has been performed to
illuminate the competition between different modes of
instability in an electrified fluid jet [27-31]. Hohman et al.
predicted three competing instabilities: the Rayleigh mode, a
new, axisymmetric conducting mode, and the whipping mode
(sometimes called ‘bending’ mode) [27]. The dominant mode
of instability depends on the material properties of the fluid and
on the operating parameters of the process. Reneker et al. have
modeled the whipping mode as an Earnshaw type instability
due to electrostatic repulsion, stabilized by surface tension and
viscoelastic forces [29]. It is noteworthy that the whipping
mode can exist in the absence of viscoelasticity and other
competing modes can take place simultaneously, as is the case
for an electrified water jet [32,33]. Regardless whether the
electrified jet consists of a Newtonian fluid or a viscoelastic
fluid, if the Rayleigh break-up instability is not suppressed, the
jet can result in a ‘beads-on-string’ structure and ultimately
breaks up into droplets.

The influences of numerous solution properties, including
shear viscosity, polymer concentration, solution conductivity,
and surface tension, on fiber morphology have been investi-
gated experimentally [13—15,34]. Although researchers have
recognized the important role of elasticity in electrospinning
[15,20,31,35,36], its impact on the fiber morphology has not
been studied systematically due to the difficulty of maintaining
other solution properties constant while changing the elasticity.
In a study by Theron et al., the fluid relaxation time was
measured, but no conclusion regarding the role of the elasticity
was drawn [35]. Gupta et al. used the dimensionless quantity
c[n] (where c is the polymer concentration in solution and [7] is
the intrinsic viscosity) to describe fluid elasticity, and studied
the formation of electrospun fibers in three different
concentration regimes (dilute, semi-dilute, concentrated)
[15]. In this paper, we present a study of several series of
polymer solutions that have the same shear viscosity,
concentration, conductivity, and surface tension, but different
degrees of elasticity, in order to isolate and reveal the role of
elastic effects in electrospinning.

2. Experimental section

Liquids with constant shear viscosity and different degrees
of elasticity are known as Boger fluids [22]. In this study,
the test fluids are aqueous analogs of Boger fluids developed
by Dontula et al. [23]. Poly(ethylene oxide) (PEO) and
poly(ethylene glycol) (PEG) of various molecular weights
were purchased from the Aldrich Chemical Co. Molecular
weights were determined by gel permeation chromatography.
The weight average molecular weights (g/mol) of the PEO
samples used were: 672 k, 772 k, 920 k, 954 k and 1030 k. For
PEG, the molecular weight was 10 k. All chemicals were used
as received without further purification. Appropriate amounts
of PEO were first dissolved in de-ionized water to make a very

dilute solution, and then PEG was added to the solution.
Several series of solutions with the same PEO and PEG
concentrations but with PEO of different molecular weights
were made. Porter and Johnson reported an entanglement
transition for molten PEG at an average molecular weight
M. =10k g/mol (determined by viscosity—shear correlation)
[37]. Simply correcting for dilution the critical concentration
for chain entanglement in solution, ¢*=(M_.p)/M (where p is
the density of PEO) [21], lies above 1 wt% for all of the
molecular weights used here. Alternatively, c¢* can be
estimated using ¢* = 3M/(41tN, AR;), where N, is the Avogadro
number, and knowledge of the dependence of the radius of
gyration R, on molecular weight M for PEO in a solution
of PEG and water. For dilute solutions of PEO in water,
Rg20.215MO‘583 (/f\) [38]. For the PEO molecular weights
used here, c* determined by this method lies between 0.12 and
0.17 wt%, and around 4% for PEG. However, the solvent
quality of the PEG/water solutions used here is not as good as
that of pure water [23], so these critical concentrations would
all be shifted significantly upwards towards higher concen-
trations in the current work. Most importantly, however, all of
the solutions used here where devoid of any entanglement
transition and completely Newtonian when tested in shear.
Addition of small amounts of PEO imparts elasticity to the
PEG solutions, which are otherwise inelastic. The relatively
high concentration of PEG masks the viscous contributions of
PEO so that the solutions employed here are non-shear-
thinning and the shear viscosity is entirely Newtonian. This
makes it possible to control the shear and extensional
viscosities of the solutions used in this work independently.

The electrospinning apparatus consisted of two parallel
aluminum disks (12 cm diameter) at a separation of up to 1 m,
arranged in a vertical configuration. The disks serve to provide
a uniform electric field and prevent corona discharge at the
spinneret. A stainless steel capillary tube (1.6 mm OD, 1 mm
ID) (the ‘spinneret’), was inserted through the center of the
upper disk (7 mm protrusion length). A Teflon® feedline
connected the stainless steel capillary tube to a syringe that was
filled with solution. A syringe pump (Harvard Apparatus PHD
2000) controlled the feed rate to the stainless steel capillary
tube. A power supply (Gamma High Voltage Research ES-
30P) was connected to the upper disk to provide the driving
potential. An adjustable insulated stand was used to support the
lower disk (the ‘collector’). A 1.0 MQ resistor connecting the
lower disk and the grounding wire provided the voltage drop
required to measure the small currents observed during
electrospinning. A digital multimeter (Fluke 85 III) was used
to measure the voltage drop between the disk and the ground,
which was then converted to current using Ohm’s law.

The lower disk was positioned at a sufficient distance
(35-50 cm) from the spinneret such that the fibers formed were
dry when they hit the collector. The strength of the electric field
was adjusted to obtain steady state jetting, such that the pulling
rate was not too fast or too slow to cause interruption of the
jetting, and the whipping instability persisted. Some PEO/PEG
solutions can be electrospun over a wide range of flow rates
(0.01-2 ml/min), but others have a relatively narrow operating
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window. In this study, we fixed the flow rate at 0.025 ml/min,
which was the minimum workable flow rate for all the
solutions.

The profile of the straight jet during electrospinning before
the onset of instability was captured with a digital camera
(Nikon D70) that was fitted with a macro-lens system (either a
BALPRO 1 system from NOVOFLEX or a K2 lens from
Infinity) and mounted on an adjustable tripod with laser
positioning. The combined primary and digital magnification
was 1500X. Fig. 1 shows a photograph of the jet near the nozzle
and the subsequent image after processing to reveal the profile of
the jet. Additional images of the jet taken at successively greater
distances from the nozzle were combined to form a composite
image of the jet complete from the nozzle to the onset of
instability. The jet diameter as a function of position was
obtained using image processing software (Image-J, National
Institutes of Health, http://rsb.info.nih.gov/ij/).

Surface tension measurements were performed using a
tensiometer (Kruss-10). The electrical conductivity of the
fluids was measured using a conductivity meter (Cole-Parmer-
19820). Shear viscosity measurements were performed in a
cone-plate viscometer (TA Instruments AR2000). Scanning
electron microscopy (JOEL SEM 6320) was used to observe
the fiber morphology. Each sample was coated with a layer
(10 nm thick) of gold before observation.

A capillary breakup extensional rheometer (Thermo Haake
CaBER 1) was used to characterize the extensional properties
of the solution. The CaBER is a filament-stretching device that
monitors the diameter at the mid-point of a fluid filament as it

4791

thins under action of the capillary force. The Hencky strain, &,
and the apparent extensional viscosity, 7.y, are defined as
follows [39-41]

_ Dy
e=2In (Dmid(f)> (1)
g
Text = 4D pa(0))/dt @

where Dg is the initial diameter of the unstretched fluid
filament, D.,;q(¢#) is the time-dependent diameter of the
stretched fluid filament at the mid-point, and ¢ is the surface
tension. The CaBER 1 can measure Hencky strains up to 12.7.
The time evolution of D,,;4(f) data can be modeled using the
following equation [41]

113
Duiat) = Dy (017 e )
4o

where G is the elastic modulus, D; the initial midpoint
diameter just after stretching, and A, the characteristic time
scale of viscoelastic stress growth in uniaxial elongational
flow, henceforth called the fluid relaxation time. The above
equation stems from the balance between the capillary forces,
which create extra pressure on the surface of the uniform
cylindrical jet and cause it to extend uniaxially, and
viscoelasticity, which resists the deformation caused by the
capillary forces.

(b)

Fig. 1. Photograph of the jet near the nozzle. (The nozzle diameter is 1.6 mm). (a) Actual photographic image. (b) Subsequent image after processing to reveal the

profile of the jet.
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3. Results and discussion
3.1. Solution characterization

Eight series of PEO/PEG solutions with concentrations
ranging from 8 to 42 wt% PEG and 0.1 to 0.2 wt% PEO were
prepared. These solutions were characterized as reported in
Table 1. Fig. 2 is a typical plot of shear viscosity versus shear
rate for three of these series of solutions. This plot and others
like it confirm that all of our solutions behave like Newtonian
fluids, with shear viscosities being independent of the
shear rate. Within each series of solutions, the average shear
viscosity does not vary by more than 0.05 Pas. The surface
tensions of all solutions are in the narrow range of
52-61 mN/m; the surface tension declines slightly at higher
concentrations of PEG. The conductivities all fall within the

relatively narrow range of 49-56 uS/cm as well. The
extensional properties were obtained from the time evolution
of the fluid filament diameter in the CaBER. Fig. 3(a) shows the
results of the filament diameter evolution for one of the series
(Series B1) of PEO/PEG solution. The relaxation times of the
fluids were determined from numerical fits to the filament
diameter in the range of exponential thinning, as shown in
Fig. 3 (a). The plots of apparent extensional viscosity as a
function of Hencky strain indicate that the strain hardening
effect is more pronounced for solutions containing higher
molecular weight PEO. Fig. 3 (b) shows the dramatic increase
in the apparent extensional viscosity with Hencky strain. An
increase in the molecular weight of PEO does not change the
shear viscosity significantly. Meanwhile, the relaxation time
and the extensional viscosity can increase by two and three
orders of magnitude, respectively. For PEG solutions without

Table 1
Solution properties and fiber morphologies of PEO/PEG solutions
Sample series PEO M,, Relaxation Elastic Extensinal Average shear  Surface Conductivity Fiber morphology
and concen- (g/mol) time (s) modulus stress at viscosity tension (uS/cm) (fiber diameter, pm)
trations G (Pa) hy (Pa) (Pas) (mN/M)
Al: 672,000 0.016 6.2 262 0.096 57.2 54.3 Beads-on-string
32 wt% PEG 772,000 0.044 1.8 552 0.093 58.6 53.6 Beads-on-string
0.1 wt% PEO 920,000 0.072 2.1 325 0.099 57.3 554 Beads-on-string
954,000 0.10 29 565 0.097 55.5 54.9 Uniform (2.7)
1,030,000 0.26 1.0 540 0.100 56.3 55.2 Uniform (3.4)
A2: 672,000 0.025 3.6 298 0.090 58.5 534 Beads-on-string
32 wt% PEG 772,000 0.054 2.5 859 0.102 55.7 56.3 Beads-on-string
0.2 wt% PEO 920,000 0.11 3.7 479 0.100 57.6 533 Fiber, few beads
954,000 0.16 2.8 276 0.116 57.1 52.8 Uniform (5.1)
1,030,000 0.29 1.4 212 0.123 58.0 54.2 Uniform (6.6)
BI: 672,000 0.023 5.4 619 0.134 56.7 53.9 Beads-on-string
37 wt% PEG 772,000 0.046 2.1 588 0.141 56.2 56.2 Beads-on-string
0.1 wt% PEO 920,000 0.077 2.5 847 0.141 54.6 543 Beads-on-string
954,000 0.13 2.7 759 0.146 55.0 532 Uniform (3.1)
1,030,000 0.27 1.8 1422 0.133 539 55.6 Uniform (2.7)
B2: 672,000 0.037 3.4 428 0.161 553 534 Beads-on-string
37 wt% PEG 772,000 0.11 1.8 639 0.150 559 53.5 Uniform (2.6)
0.2 wt% PEO 920,000 0.14 1.6 584 0.159 54.1 56.7 Uniform (4.4)
954,000 0.21 1.6 266 0.167 53.1 51.2 Uniform (8.9)
1,030,000 0.29 2.6 359 0.176 54.2 55.6 Uniform (8.9)
Cl: 672,000 0.034 4.2 593 0.242 52.3 53.5 Beads-on-string
42 wt% PEG 772,000 0.080 1.6 1001 0.230 529 54.5 Beads-on-string
0.2 wt% PEO 920,000 0.10 29 471 0.216 54.2 52.1 Fiber, few beads
954,000 0.16 2.7 524 0.236 532 53.8 Uniform (2.7)
1,030,000 0.28 2.4 760 0.230 51.0 54.8 Uniform (3.1)
C2: 672,000 0.049 53 357 0.259 52.6 53.1 Beads-on-string
42 wt% PEG 772,000 0.15 1.8 298 0.270 55.7 53.6 Uniform (3.6)
0.2 wt% PEO 920,000 0.18 22 782 0.273 53.1 54.0 Uniform (4.1)
954,000 0.21 2.8 5972 0.295 532 529 Uniform (4.3)
1,030,000 0.56 2.3 10,000 0.252 52.7 543 Uniform (9.5)
D1: 672,000 NA NA NA 0.02 61.4 51.1 Beads-on-string
20 wt% PEG 772,000 0.017 3.0 124 0.02 61.6 51.5 Beads-on-string
0.1 wt% PEO 920,000 0.029 1.6 524 0.02 61.1 50.1 Beads-on-string
954,000 0.067 14 205 0.02 60.0 51.2 Beads-on-string
1,030,000 0.10 1.6 295 0.03 60.5 52.8 Uniform (3.2)
D1: 672,000 NA NA NA 0.01 62.6 49.2 Beads-on-string
8 wt% PEG 772,000 NA NA NA 0.01 63.1 50.3 Beads-on-string
0.1 wt% PEO 920,000 ~0.01 NA NA 0.01 62.9 50.1 Beads-on-string
954,000 0.031 2.5 315 0.01 61.8 50.2 Beads-on-string
1,030,000 0.068 1.3 229 0.01 62.1 52.1 Beads-on-string
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Fig. 2. The shear-viscosity of PEO/PEG solutions containing 0.1 wt % PEO.
There are five solutions with different PEO molecular weights within each
series (see Table 1 for details).
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Fig. 3. Extensional properties of PEO/PEG solution (Series B1): (a) filament
diameter evolution for the five different molecular weights of PEO. Solid
lines are the best fits to Eq. (3). (b) Extensional viscosity. (O: 672k, [(1: 772 k,
01920k, A: 954k, ¥: 1030 k).

added PEO, the relaxation times were too short to determine by
CaBER (4,<0.005 s).

3.2. Formation of beads-on-string morphology

During electrospinning, an electrically charged jet is
emitted from the tip of the spinneret. Under appropriate
operating conditions, as it accelerates in the external electric
field, the jet experiences an instability that leads to whipping
and stretching of the jet. Table 2 presents a typical set of
processing conditions for Series B1. In general, lower electric
field strengths are required to maintain steady spinning for
more elastic solutions. The distance from the nozzle to the
onset of whipping is also longer for more elastic solutions.
When the jet dries and reaches the collector, it forms a solid
fiber mat. However, for some spin solutions, only fibers
exhibiting the ‘beads-on-string’ morphology were obtained.
Fig. 4 shows the morphology of the electrospun fibers from
solutions in Series B1. It illustrates the effect of increasing
elasticity on the fiber morphology with increasing molecular
weight of PEO. For fluids with low relaxation time or low
extensional viscosity, the formation of ‘beads-on-string’ takes
place.

The Rayleigh instability driven by the surface tension is the
cause for the formation of ‘beads-on-string’ structure in these
cases. This instability can be slowed down or suppressed by the
viscoelastic behavior of the fluid jet. One way to quantify this
competition between the instability growth and the viscoelastic
response is to compare the respective time scales. The
viscoelastic response of a polymer fluid can be described by
its relaxation time, A,. The relevant time scale for the instability
growth is the inverse of the instability growth rate. According
to Chang, the maximum dimensionless growth rate of a
viscoelastic jet wy.x corresponding to the fastest growing
Rayleigh instability is given by the following expression [42]

1
Wmax —
2 /2Ca(1 + 38+/Cal2)

where S=1/(1+GAy/us) is the retardation number, g is the
solvent viscosity, Ca = (pvz)/(arg) is the capillary number, ry is
the characteristic length, v=p/(Sp) is the characteristic
viscosity, p is the density, ¢ is the surface tension, and G is
the elastic modulus of the fluid. We introduce the ratio of the

4)

Table 2
Processing conditions for Series B1
PEO M, Electric Electric Flight dis- Jet thinning
(g/mol) field current tance before  exponents
strength on jet the onset of
(V/m) (1072 A)  whipping
(mm)
BI: 672,000 6.00X10* 72.9 50 —0.27
37 wt% 772,000  3.13X10% 45.8 64 —0.30
PEG, 0.1 920,000 3.07x10* 51.7 82 —0.32
wt% 954,000 1.34x10* 32.1 150 —0.37
PEO 1,030,000 1.50x10* 20.0 210 —0.45
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Fig. 4. Deborah number and electrospun fiber morphologies for Series B1: (a) 672 k, De=1.2, ‘beads-on-string’ (b) 772 k, De=2.3, ‘beads-on-string’ (c) 920 k,
De=3.7, ‘beads-on-string’ (d) 954 k, De =6.1, uniform fibers (e) 1030 k, De=13.1, uniform fibers.

fluid relaxation time and instability growth time

Ay
_ p%Wmax

&)
also known as the Deborah number, De. Here t* = r(z)/v is the
characteristic time, by which w,,,x was rendered dimensionless
in Eq. (4) [42]. We take the initial radius of the electrified jet
(ro=0.8 mm) as the characteristic length. If the fluid relaxation
time is much greater than the instability growth time (De>> 1),
the capillary forces responsible for the Rayleigh instability
activate the elastic response, which in turn delays the jet break-
up. In this case capillary forces do not break the jet into the
drops like in the case of Newtonian fluids, but gradually
squeeze the fluid into the ‘beads’ connected by highly elastic
‘strings’. Only if the instability is completely suppressed by
elastic forces (conditions for which are discussed later) or
arrested at a very early stage of instability growth (very high
De) will the resulting fibers have the appearance of being
uniform. The Deborah numbers for all our PEO/PEG test fluids

are well above unity. None of the PEO/PEG fluid jets broke up
into droplets during electrospinning; only beads-on-strings or
uniform fibers were formed. Without added PEO, the PEG
solutions formed only droplets; their Deborah numbers are
estimated to be less than 0.2.

The fluids that have large Deborah numbers favor formation
of uniform fibers over the ‘beads-on-string’ morphology. The
results are summarized in Fig. 5 for all solution series as
functions of De and the dimensionless viscous number (or the
Ohnesorge number, Oh= w/(paRo)"?). The Ohnesorge number
demonstrates no visible correlation with bead-on-string or
uniform fibers, thus demonstrating that the Newtonian shear
viscosity does not determine the fiber morphology. On the
other hand, there is a strong dependence of fiber morphology on
the elastic effect; for De above 6, uniform fibers are generally
observed. As the fluid relaxation time is the major parameter
characterizing the fluid elasticity, we see a strong indication of
the elasticity as the material property controlling the fiber
morphology. To the best of our knowledge, our spin solutions
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Fig. 5. Dependence of fiber morphology on the Deborah number and the
Ohnesorge number for all solutions: solid symbols are uniform fibers; open
symbols are ‘beads-on-strings’. The dot-dashed line corresponds to De =6.

have the lowest shear viscosities of any solutions reported to
form uniform electrospun fibers.

3.3. Suppression of the Rayleigh instability and formation
of uniform fiber

Next, we discuss the role of the build up of the elastic stress
on the jet, caused by the extensional deformation, in
suppressing the Rayleigh instability. The charged fluid jet
exiting the spinneret travels in a straight path for a short
distance (the ‘steady jet’) before it undergoes whipping
instability. In this steady jet regime, it undergoes almost pure
extensional deformation that can trigger the elastic response of
the fluid and cause a build up of the elastic stresses in the jet. In
principle, such elastic response can completely suppress the
Rayleigh instability. The critical stress in the jet necessary for a
complete suppression of the Rayleigh instability can be
calculated theoretically. The actual elastic stress in the jet
can be estimated from our knowledge of the jet profile. Below
we analyze the correlation between these stresses to
demonstrate the role of elasticity in suppression of the
Rayleigh mode and in the formation of the uniform fibers.

Using macrophotography, we imaged the jet radius as a
function of position, 4(z), from the nozzle to a point close to the
onset of instability, where the jet is too small to be captured by
the camera. Initially, the jet contracts rapidly near the exit of
the nozzle. Then it thins down slowly and its profile can be
described by a power law with a negative exponent ranging
from —0.27 for the least elastic fluids to —0.45 for the most
elastic fluids (Fig. 6). The jet radius, A;, is then obtained by
extrapolation to the distance from the nozzle where the
whipping instability was observed to begin. For more elastic
fluids the jet thins more slowly, and travels farther before it
undergoes whipping instability. Interestingly, we observe that
all of the jets in this work start whipping when their radii reach
10-20 pum. From the data on jet diameter, we calculate the

Diameter (mm) or Stress (Pa)

Position z, (mm)

Fig. 6. Jet profiles and stress profiles as functions of position along steady jet,
for Series B1. (O: 672k, [: 772k, ¢: 920k, A: 954k, *: 1030 k). Jet
diameter i(z): unfilled symbols; extensional stress 7,,: filled symbols.

Hencky strain rate at any point along the steady jet

. =20 0h(2)
€= Th(z)? 0z ©

where Q is the volumetric flow rate. The Hencky strain in the
steady jet is then determined by integration of Eq. (6). The
extensional stress in the jet is estimated to be

Ty = énext (7)

where 7., i1s the corresponding extensional viscosity at the
same Hencky strain as observed in the CaBER experiment.
Fig. 6 also shows that there is a large stress in the jet
immediately near the exit of the nozzle that stretches the jet
significantly and can trigger the viscoelastic response. For the
less elastic fluids, this initial stress relaxes downstream, away
from the nozzle. This relaxation is slower for more elastic
fluids, and in some cases, the stress even continues growing
along the jet.

To quantify this competition between the instability growth
and the viscoelastic response, we use the dimensionless
dispersion relation derived by Chang et al. for axisymmetric
instability in a cylindrical jet of a viscoelastic fluid [42]

o*h _

2ca =Y ®)

2 2 of B
w +350w—a <2Ca TZZ> +
where « is the instability growth rate, « is the instability
wavelength, £ is the jet radius, and 7, is the dimensionless
stress along the jet axis. From this equation, one obtains the
expression for the instability growth rate as a function of the
instability wavelength and the extensional stress in the jet:

e, \/98%at —a?4p, + 2 ad(1—a?)
2 2

w=— 9

If the discriminant of Eq. (8) is positive, the above
expression for the growth rate may be positive and real,
corresponding to unstable modes. This condition is satisfied if
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the extensional stress is not too large. The spectra of the
Rayleigh instability growth rate and the Rayleigh instability
wavelength at several different values of extensional stress are
shown in Fig. 7. For the jet to be unstable with respect to
Rayleigh instability, the extensional stress due to elastic
response must be less than the critical value given by the
following expression:

~ h
Taz, critieal = 5 (10)

From the absence of any ‘beads-on-string’ observations in
photographs of the straight jets, we know that the Rayleigh
instability, if it occurs, does so after the onset of whipping.
Furthermore, given the extension of the jet that occurs in the
whipping instability, it is reasonable to conclude that
the extensional stress in the jet is lower prior to the onset of
whipping than after. Therefore, an elastic jet in which the
Rayleigh instability is suppressed up to the onset of whipping
will likely remain uniform throughout the subsequent
stretching and drying processes; the ‘beads-on-string’ forma-
tion must take place in the whipping region under the condition
that the extensional stress remains below the critical value even
as the jet whips. To determine whether the stress near the onset
of whipping is at or above the critical value to suppress the
Rayleigh instability, we evaluate the stress at the axial location
where the whipping instability is observed to begin, and plot
this versus the theoretical critical stress evaluated using Eq. (7)
and the radius of the steady jet at the onset of whipping, A;.
Fig. 8 shows the actual stress on the jet at the onset of whipping
versus the critical stress needed to arrest the growth of the
Rayleigh instability, for all the PEG+ PEO solutions. For the
jets that have stress values comparable to or greater than
the critical value, the formation of uniform fibers is indeed
observed. On the other hand, the ‘beads-on-string’ morphology
is prevalent for those jets whose axial stress estimated at the
onset of whipping is lower than the critical value. This result

3
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1X T T T T
T2=0
Tz = a
0.5r 1
Tzz= a
8 0
T ,,=h/2Ca
0.5 | 1x=hica
-1 L L 1 L
0 0.2 0.4 0.6 0.8 1
a

Fig. 7. Plots of w versus « at several different stresses for one of the PEG+PEO
solutions at onset of whipping (37 wt% PEG+0.1 wt% PEO M,,=1030k, S=
0.215, Ca=758, h=1).
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Fig. 8. Plot of the extensional stress on the jet at the onset of the whipping
instability versus the critical stress for all PEG +PEO solutions. (Stress is in
Spv?/h? units.) Solid symbols are uniform fibers; open symbols are ‘beads-
on-strings’.

confirms the importance of elasticity for generating the
critical stress required to suppress the Rayleigh instability
and thereby generate uniform fibers, rather than beads-
on-string morphologies. It also suggests that the inequality
27,,Ca/h>1 offers a suitable criterion for the formation of
uniform fibers (Fig. 8).

4. Conclusions

We have investigated experimentally and theoretically the
role of fluid elasticity in electrospinning. The use of Boger
fluids for this investigation allowed us to evaluate the role of
fluid elasticity independently of the other fluid material
properties. Boger fluids exhibit Newtonian behavior under
shear and thus their elasticity is purely extensional. Experi-
mental solutions covering a broad range of elastic responses
and relaxation times were obtained by adding small amounts of
high molecular weight PEO to aqueous solutions of PEG.

All the PEO/PEG fluids used in this work led to the
formation of bead-on-string structures or uniform fibers. Only
the inelastic PEG solutions formed droplets. This observation
correlates with the fact that the Deborah number, defined here
as a ratio of fluid relaxation time to the instability growth time,
was always greater than one for the PEO/PEG solutions used in
the experiments, and less than one for the PEG solutions. In
such cases, the initial growth of the capillary-driven Rayleigh
instability, when it occurs, is always fast enough to trigger the
elastic response of the fluid. As the beads grow, they remain
connected by highly elastic ‘strings’ and do not experience the
final breakup into individual droplets. Such behavior is also
typical of uncharged jets of viscoelastic fluids. As these jets
dry, they too exhibit the beads-on-string morphology. Notably,
all of our 0.1 wt% PEO solutions exhibit values of c[7n] less
than 1.0.

In addition to capillary stresses, electrospun jets also exhibit
axial stresses due to action of the external electric field on
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the charged jet and to repulsion between charges on the jet.
If extensional deformation due to either of these electrical
stresses is fast compared to the inverse of the fluid relaxation
time, it will cause a buildup of the elastic stress in the fluid jet.
As was shown theoretically, if this stress reaches a critical
value, it can suppress the Rayleigh instability completely and
lead to formation of uniform fibers in electrospinning. In this
work, the elastic stress along the jet was estimated based on the
information about the jet profile and CaBER data. Comparison
of the experimentally determined elastic stresses with
theoretically derived critical stresses supports the idea that
uniform fibers can be formed during electrospinning as a
result of the complete suppression of the Rayleigh instability,
made possible by the build-up of elastic stress due to electrical
forces.

In closing, we emphasize that all of our experimental fluids
had concentrations of PEG and PEO below that where any
entanglement transition is observed and shear viscosities less
than 0.30 Pa s. The role of such fundamental fluid properties as
shear viscosity and presence of entanglements in setting the
morphology of the fibers produced in electrospinning has been
discussed in Refs. [14,18,19]. Our results clearly indicate that
the presence of entanglements is not required for the formation
of uniform fibers. We also observed no correlation between the
Newtonian viscosity of the fluid and the fiber morphology.
These observations point to the fact that fluid elasticity, as
measured by relaxation time, is the essential property
controlling the morphology of the fibers produced by
electrospinning.
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