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Abstract

We show that poly(ethylene oxide) (PEO) solutions formulated using solvent mixtures of
acetonitrile (AcN) and water can be centrifugally-spun into fibers. We find that spinnability and
fiber morphology depend on solvent choice if polymer concentration, solution shear rheology,
the number of entanglements, extensional relaxation time, and the parameters for centrifugal
spinning are nearly matched. We obtain an intrinsic spinnability map by contrasting the
measured shear relaxation time with the evaporation rate determined using thermogravimetric
analysis (TGA). Finally, we chart a processability map for centrifugal spinning by plotting
extensional relaxation time, measured using a closed-cell dripping-onto-substrate (DoS)
rheometry, against the time-of-flight (from the nozzle to the collector) by scaling both the
timescales with an evaporation time. The processability map incorporates the influence of
centrifugal spinning speed, nozzle diameter, distance from the collector, ambient conditions,
and solvent and polymer properties, establishing an imitable paradigm for distinguishing
between spinnable and sprayable formulations.



INTRODUCTION

Centrifugal force spinning (CFS) has fast emerged as a method for producing
continuous fibers or filaments from polymer solutions and melts, often with additives that
enhance the functionality of resulting nonwoven structures.'* Cotton candy as a product
highlights the ease, rate, flexibility, and allure of this fiber/nonwoven manufacturing process
and its scalability. Many recent studies focus on centrifugal spinning polymer solutions*”’ to
take advantage of room temperature processing and the possibility of producing finer fibers
without the need for superfine nozzles, melt-processable polymers, and methods like
electrospinning that require high voltage sources and work with a limited range of solvents.!-*
8.9 However, a combination of complex free-surface flow and instabilities, non-Newtonian fluid
properties that change due to evaporation or solidification, mass or heat transfer (often both),
as well as polymer stretching, orientation and crystallization, accompany the formation of
centrifugally spun fibers.!%!* The coupling of multiple transport processes and non-Newtonian
fluid mechanics present formidable challenges to creating a CFS processability map and
connecting spinnability, heuristically identified with the ability to make fibers with the process
and material parameters. Several theoretical and simulation studies probe the influence of non-
Newtonian rheology and fluid mechanics in dictating the initiation, extension, and thinning of
the spiraling jet from a fast-rotating spinneret or nozzle, the role of viscoelastic free surface
flows and instabilities, and the influence of evaporation or solidification process.!®!* The
significant impact of process parameters like spinning speed, nozzle shape and size, distance to
the collector and airflow, and varying polymer concentration and molecular weight on fiber
diameter and morphology are tabulated and discussed in several experimental and theoretical
studies.! +7- 1918 However, fundamental questions remain about the impact of solvent choice,
through influence on rheological response, especially to extensional flows and evaporation, in

dictating spinnability, motivating this study.



Here, we highlight the influence of changing solvent properties on spinnability and final
fiber morphology under matched processing conditions by formulating the spinning dopes as
solutions of 3 wt.% and 5 wt.% PEO in acetonitrile (AcN) and water mixtures. Variation in
AcN weight fraction influences the volatility, surface tension, density, viscosity, dielectric
constant, and polymer-solvent interactions. Several centrifugal force spinning (CFS) (and
likewise, electrospinning (ES)) studies have explored the influence of the solvent choice on the
morphology of fibers formed by poly(ethylene terephthalate) (PET), poly(vinyl pyrrolidone)
(PVP), and polylactide (PLA),'* 320 and PEO fibers?!?, Still, the use of neither
electrospinning nor CFS is described before for making fibers from PEO solutions formulated
in AcN:H>O solvent mixtures. The choice of PEO solutions is motivated by three factors.
Firstly, the formation, morphology, and properties of PEO fibers are the focus of many
fundamental studies.!> 3 3 10 15 2437 Secondly, fibers formed by PEO alone, using PEO to
enhance spinnability, or containing PEO blended with other polymers, particles, or proteins,
are considered suitable for applications ranging from drug delivery, antimicrobial filters, battery
separators, photovoltaics, and separation membranes.?* 23 3%-34-40 Thirdly, we have extensively
characterized shear, and extensional rheology response of aqueous PEO solutions,*'**> and
recently showed, that PEO fiber mats centrifugally spun with entangled PEO solutions in pure

AcN rival crystallinity and mechanical properties of electrospun PEO fibers.*¢

This contribution identifies and discusses the timescales for solvent loss and fiber
formation, compared to several intrinsic timescales in the problem, to construct a processability
map. The time-of-flight from the nozzle to the collector depends on the rotational rate, the
distance between the collector and the spinneret, and the trajectory of the spiraling jet. It can be
compared to (liquid) jet-fiber (solid) transformation time, #;. For solution-CFS, the molecular
diffusion within the drying polymer solution jet and hydrodynamic processes that assist in

solvent vapor removal from fiber surface set the evaporation-based time, #jr. In melt-CFS, the



phase transition kinetics due to cooling below crystallization and glass transition temperatures
set solidification-based time, #m, and in reactive-CFS, polymerization reaction kinetics
determine the reaction-limited time, #;.!> '® The spiraling liquid jet undergoes drawing and
thinning primarily under the influence of stresses contributed by inertia, centrifugal forces,
capillarity, viscoelasticity, and aerodynamic drag.!%!3-!® The interplay of different stresses can
drive or delay the formation and growth of a capillarity-driven instability that must be controlled
and understood to obtain continuous fibers rather than drops. The challenges in quantifying
nonlinear rheology, non-Newtonian fluid mechanics, and pinching dynamics that influence
dispensing of rheologically complex fluids led Clasen er al*’ to christen a potential
processability map as “a map of misery”. However, the fiber formation from polymer solutions
additionally involves mass transfer considerations, though concentration-dependent and
humidity-influenced phase behavior can also play a role. A review of theoretical models of CFS
or ES (or any fiber spinning techniques),”!'% 1% 4% 4% and the previous attempts at describing

spinnability or stringiness,®!> 18- 48-52

presents us with a formidable array of parameters
appearing in coupled, intricate transport equations, with additional nonlinearities introduced by

viscoelasticity, free surfaces, and evaporation from mobile jets.

Here, we set ourselves the task of abstracting, charting, and presenting a pragmatic and
easily computable processability map based on the timescales that can be measured
experimentally and estimated theoretically in a straightforward manner. We characterized the
shear rheology response using torsional rheometry and identified the unentangled and entangled
regimes by examining the concentration-dependent variation in zero shear viscosity. We
obtained a measure of shear relaxation time form the onset of shear thinning, and determined
the extensional relaxation time using dripping-onto-substrate (DoS) rheometry.*!-#+ 33 5% The
DoS rheometry setup, design considerations, specific advantages contrasted to other

extensional rheology methods, and various approaches to analyzing datasets are detailed in our



41-45, 53-61

previous contributions, and in several recent studies.®”””! The measured extensional

relaxation time, A usually differs in magnitude and concentration-dependent variation from
the shear relaxation time due to the role played by stretched chain hydrodynamics.#!-4> 61, 72-83
The response to extensional deformations is relevant for fiber spinning as well as any jetting or
spraying applications. We opted for closed-cell DoS rheometry to minimize evaporation, as
volatile entangled polymers solutions exhibit strong concentration-dependent variation in
rheology. We also measured the evaporative mass loss as a function of time using
thermogravimetric analysis (TGA). Finally, we show that plotting shear relaxation time against
TGA-based evaporation rate produces an intrinsic spinnability map with sufficient contrast for
identification of spinnable regime using CFS with matched processing conditions. Finally, we
outline a pragmatic processability map that incorporates the influence of processing conditions

and extensional rheology effects by choosing extensional relaxation time and time-of-flight

scaled with relative evaporation time as coordinates.

MATERIALS AND METHODS

Poly(ethylene oxide) or PEO of molecular weight, My, = 600 kg/mol (Sigma-Aldrich)
was dissolved in acetonitrile (AcN) solvent (HPLC grade, VWR chemicals) under mild mixing
conditions, as long flexible chains are known to be prone to chain scission. The molecular
weight of PEO was checked before and after mixing, and no differences were observed. We
spun PEO fibers using a bespoke centrifugal force spinning (CFS) set-up designed at Hasselt
University with the flexibility for changing nozzle type and material and with shifting and
lifting mechanisms that allow control over nozzle-collector distance.!” *® The influence of
nozzle properties and rotational speed on fiber formation and morphology are detailed in a
previous contribution.!” We centrifugally spun fibers for a range of PEO concentrations with
matched processing parameters like rotational speed (4000 rpm), temperature (298 K), distance

to the collector (12 cm), and nozzle diameter (0.6 mm). The SEM images were acquired using



a ZEISS Gemini 450 (Zeiss, Zaventem, Belgium). The fiber diameter and standard deviation
were analyzed in ImageJ. Mass loss as a function of time for the polymer solutions as measured
using thermogravimetric analysis (TGA) using Q50 apparatus (TA Instruments, New Castle,
DE, USA) at a fixed temperature of 25°C and under a nitrogen atmosphere, with a flow rate of
90 mL/min. The steady shear viscosity was characterized using cone-and-plate geometry (50
mm diameter, 1° cone angle) on an Anton Paar MCR 302 Rheometer (torque range 107 - 200

mN-m), and we checked that the polymer solutions utilized on both sides of the Atlantic had

similar shear rheology response. The steady shear viscosity, n(y)=rt,,/y was calculated from

the measured shear stress, 7, from imposed shear rates in the range of }7= 0.01-10° s!. The

temperature was maintained using a Peltier element, and we used a solvent trap to minimize the

influence of solvent evaporation on the measurements.

We characterized the extensional rheology response of the PEO solutions using
dripping-onto-substrate (DoS) rheometry. A finite volume of fluid is dispensed through a
stainless-steel nozzle and is deposited on a clean glass substrate at a height H below the nozzle.
The nozzle radius is kept constant for all experiments for the PEO solutions with outer diameter,

2R, =2.108mm and an inner diameter of p = 1.6mm . The fluid is pumped at a low and fixed

flow rate (Q = 0.02 mL/min) and an aspect ratio of H/Dy = 3. The imaging system includes a
light source, a diffuser, a high-speed camera (Fastcam SA3 with a Nikkor 3.1 x zoom (18-25
mm) lens), and an attached macro lens to improve magnification at the frame rates used (8000
— 25000 frames per second). We used a closed transparent cell to carry out experiments in an
atmosphere saturated with solvent vapor. Even though we find that evaporation exercises
negligible influence for unentangled aqueous solutions, a closed cell is needed for volatile,
entangled (VE) polymer solutions that display strong concentration-dependent change in
rheology. The DoS videos are analyzed with ImageJ and specially written MATLAB codes to

determine the minimum neck radius as a function of time.



RESULTS AND DISCUSSION

Centrifugal force spinning of PEO fibers from AcN:H;O solutions: A home-built
centrifugal fiber spinning set-up, included in Figure la as a labeled photograph, was used to
produce fibers from PEO solutions prepared in AcN:H>O solvent mixtures. The set-up consists
of two symmetrically mounted nozzles and the possibility to move pillars or raise base provides
an adjustable collector-nozzle distance, as detailed previously!”. Figure 1b shows a snapshot
highlighting the deposition process, whereas Figure 1¢ shows a fiber mat after collection. Fibers
were centrifugally spun with matched processing parameters and similar environmental
conditions. The rotational speed, collector distance, and nozzle diameter were set at fixed values

0f' 4000 rpm, 12 cm, and 0.6 mm, respectively.
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Figure 1. Centrifugal force spinning apparatus used for prepared PEO fiber mats. (a)
Photograph of the home-built centrifugal force spinning or rotary jet spinning set-up. The labels
mark the critical parts of the apparatus, including an injector, a spinneret, a DC motor, and the
electronics that allow control over the rotational speed. b) A snapshot showing the fiber
spinning process that deposits continuous fibers on the collectors. ¢) Image shows an example
of a fiber mat formed with the collected fibers.

The centrifugal spinning of PEO solutions in pure acetonitrile produced a spray of

droplets for ¢ <2 wt. %, beaded fibers for 2 - 3 wt. %, and continuous fibers for 4 - 6 wt. %.



Centrifugal forces generated by the chosen processing parameters produce insufficient stress to
create continuous jets for polymer concentration beyond 6 wt.%. Thus, the spinnability range
of PEO/AcN solutions for centrifugal fiber spinning at 4000 rpm lies between 2 and 6 wt. %.
We spun PEO solutions in AcN:H2O solvent mixtures to evaluate solvent composition, which
leads to a variation in material properties like surface tension, solvent viscosity, and vapor
pressure, which impacts spinnability and fiber morphology. For this comparison, we used
matched processing parameters like rotational speed (4000 rpm), temperature (298 K), distance
to the collector (12 cm), and nozzle diameter (0.6 mm). Figure 2 shows SEM images of fibers
obtained by centrifugal force spinning for ¢ = 3 wt. % and ¢ = 5 wt. % polymer solutions in

four solvent mixtures as well as pure AcN as a solvent.

No Fibers
% IM €

No Fibers
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Figure 2. SEM images of the centrifugally spun PEO fibers. In each row, the concentration
of AcN added to the solvent mixture increases from left to the right. In contrast, each column
compares the influence of change in polymer concentration for the indicated mixed solvent.
The scale bar is 20 microns.

Solutions prepared in pure water yielded only a spray of droplets, whereas in pure AcN,
continuous fibers form. No fibers form if the AcN fraction is below 50% of the solvent, few
beads on the fiber web appear if PEO with ¢ = 3 wt.% in 50%, 60%, and pure AcN is
centrifugally-spun. PEO solutions with 90:10 AcN:H>O have reduced the bead formation,
whereas the 75:25 solvent mixture shows the complete disappearance of beads. The fiber
diameters of the 90:10 and 75:25 solvent compositions are comparable, but the 60:40 and 50:50

AcN:H>0 solvent mixtures show finer diameters. Solutions with 5 wt. % PEO show no fibers



for AcN fraction below 50%, a few beads for 50:50 AcN:H»O, and continuous fibers for solvent
mixture with AcN fraction equal to and above 60%. The fiber diameters appear comparable for
the 90:10 and 75:25 solvent mixtures, and lower diameters appear for 60:40 and 50:50
AcN:H>0. Assuming the differences are caused by rheology and evaporation effects, we made

the measurements described next.

Steady shear viscosity and relaxation time of PEO/AcN solutions: Steady shear viscosity as
a function of shear rate, y, is plotted in Figure 3a for 5 wt.% PEO solutions. The rate-dependent
viscosity datasets, with a Newtonian plateau at low shear rate followed by shear thinning
response, observed at all concentrations (see black solid lines in Figure3a), are captured using

184

the Carreau model®* expression:

ny) =1ne + % (D
A+ /70)?) 2

Here, 1, and 7, correspond to the rate-independent zero shear viscosity and the infinite shear
rate viscosity, respectively. Defining ., as equal to the solvent mixture viscosity reduces the
total number of free parameters to three. The exponent n quantifies the power law dependence
of the viscosity at intermediate shear rates and a critical shear rate, y,, captures the onset of the
power law region that allows the computation of the shear relaxation time, A, = y; 1. Zero-
shear viscosity, ng values as a function of PEO concentration in pure water and pure acetonitrile
solutions are shown in Figure 3b. Aqueous PEO solutions exhibit higher viscosity than PEO in
acetonitrile solutions at matched concentrations. Three regimes identified for the aqueous PEO
solutions show 1o o ¢* with k = 1, 2, and 4.4. The respective three powers correspond to the
dilute, semi-dilute, unentangled and semi-dilute, entangled regimes.®> Graphically, the
entanglement concentration, ¢, & 1.8 wt. % appears to be comparable in both solvents,

implying that 3 wt.% and 5 wt.% PEO solutions used in this study lie in the entangled regime.
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Figure 3. Influence of AcN fraction on shear rheology response of PEQO solutions. (a)
Steady shear viscosity as a function of shear rate for 5 wt.% PEO solutions displays an AcN
weight fraction dependent variation and shear thinning response. The Carreau model fits are
shown as solid black lines. (b) A concentration-dependent increase in zero shear viscosity as a
function of PEO in pure water shows larger values than pure acetonitrile solutions at matched
concentrations. (c) Shear relaxation time and (d) zero shear viscosity of 3 and 5 wt.% PEO
solutions as a function of AcN fraction in solvent mixtures display a non-monotonic variation.

Figure 3c and Figure 3d respectively show apparent shear relaxation time, A, = y; ! and
zero shear viscosity values, extracted from the Carreau model fit to steady shear viscosity. Both
1Mo and A, exhibit a non-monotonic variation as a function of the AcN:H>O ratio with a dip at
75:25 and 90:10. Previous studies attribute a similar dip to the changes in polymer conformation
due to the variation of hydrogen-bonding interactions and preferential adsorption/hydration of
PEO as a function of the water content in the binary mixtures.’® Entangled PEO solutions in
acetonitrile appear to form continuous fibers. In contrast, the entangled aqueous PEO solutions

form a jet that splashes off the collector even though the zero shear viscosity of aqueous

solutions is higher. Even though many studies on spinnability (mainly in electrospinning

10



87-89 our

context) argue that spinnable solutions tend to form above entanglement concentration,
observations show that solutions with similar state of overlap and entanglements, as well
comparable shear viscosity, can display dramatically distinct spinnability and fiber

morphology, implying that the role of extensional rheology and solidification process needs to

be evaluated, as discussed in the next two sections.

Extensional relaxation time of entangled PEO solutions: The set-up for DoS
rheometry is shown in the schematic included as Figure 4a. The DoS rheometry protocols rely
on the visualization and analysis of capillarity-driven pinching dynamics of liquid necks, in
analogy with other capillarity-based techniques, like CaBER (Capillary break-up extensional

rheometer) and other stretched liquid bridges,”**® dripping,® % 10

or jetting-based
rheometry.!?-19 Figure 4b shows the neck shapes and shape evolution for three AcN:H,O
ratios. Three snapshots of the image sequence from the last stage before pinch-off exhibit the
pronounced cylindrical filament shape. We contrast neck shapes observed at the same scaled
radius at an early stage. Even though the shear viscosity of PEO solutions in pure water are
higher than the pure AcN at matched concentrations, the overall filament lifespan appears to be
longer in AcN added solutions, requiring the use of specific time intervals for each solvent. The
radius evolution plots in Figure 4c initially display a viscocapillary (VC) response with a linear
decrease in neck radius, followed by an elastocapillary (EC) regime that displays an
exponentially slow decay in the radius. The EC regime results from an interplay of capillarity
and nonlinear viscoelastic stresses that arise in response to extensional flows associated with
streamwise velocity gradients in the pinching necks. The simplest EC expression by Entov and
coworkers, that is rederived or discussed in studies based on the Oldroyd-B model’* 101 104. 107-
12 yses the shear modulus, G and shear relaxation time, Ag as parameters. It thus lacks due

consideration of additional effects including non-Hookean elastic response, finite extensibility,

and conformation-dependent drag that arise in response to strong flows for both unentangled

11



and entangled solutions. 4244, 78-84, 90, 113

(introduced by Dinic and Sharma*®)
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distinct from the corresponding shear values.

()

Therefore, we use the following modified expression

) o

as it accounts for the onset of EC at ¢ , and computes an apparent extensional modulus, G

E
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Figure 4. Pinching dynamics and extensional relaxation times of PEO in AcN:H>O
mixtures. (a) Dripping-onto-Substrate (DoS) schematics include an imaging and dispensing
system. DoS involves the visualization and analysis of an unstable liquid neck formed by a
finite volume of fluid released onto a fixed substrate (zoomed-in image shows the closed cell).
(b) Snapshots show neck shape evolution of 5 wt.% PEO in three AcN:H>O / water mixtures.
The first column corresponds to the neck shape at a matched R/Ro = 0.45. The last three columns
with time steps of 34.5, 40, and 36 ms for 0, 50, and 100 AcN content, respectively, highlight
the slender cylindrical filament characteristic of an EC response. (¢) Radius evolution data
acquired using dripping-onto-substrate (DoS) rheometry plotted on a semilog scale show a
pronounced elastocapillary regime and AcN concentration-dependent variation in the filament
lifespan. (d) Extensional relaxation time as a function of the AcN fraction shows a
nonmonotonic behavior that mimics the variation observed for shear relaxation time.

12



The extensional relaxation time, Ay values measured for the 5 wt.% solutions, included
in Figure 4d, correlate well with shear relaxation time, A; and we find that chain dynamics and
rheology are not influenced substantially by change in AcN concentration. Furthermore, the
extensional relaxation time, Ay < A for these entangled PEO solutions (both 3 and 5 wt.%
solutions). The lower value of A for entangled solutions is attributed to the influence of
disentanglement and high stretch of the chains, contributed by non-Hookean elasticity, finite
extensibility, and conformation-dependent drag.®® 412! In contrast, dilute polymer solutions
display Az > A attributed to the dramatic change in conformation, particularly for highly
flexible, highly extensible polymers like PEO that can undergo coil stretch-transition in
response to extensional flow, leads to longer extensional relaxation time, for, as detailed

elsewhere.‘”’ 43, 44, 72-75, 79, 80

As the unique advantages of DoS rheometry lie in facilitating the characterization of
low viscosity (<100 mPa.s) and low elasticity formulations (beyond the range of techniques),
most of the published studies describe extensional relaxation time of unentangled polymer
solutions #1-44; 33-36, 60-63, 65, 67, 122 FEyen though a few DoS rheometry studies explore the
extensional rheology of the entangled solutions of polysaccharides and polyelectrolytes,* 3457
there are no previous DoS rheometry studies of the entangled solutions of uncharged polymers,
explored herein for the PEO solutions. However, the CaBER measurements carried out with
aqueous PEO solutions also display 1z < A, values, in agreement with Figure 4b. It is well-
established that the knowledge of rate-dependent shear viscosity is not adequate to estimate or
predict the strain and strain-rate dependent extensional viscosity (also referred to as tensile
growth coefficient), ny = ng(t, €) of even solutions and melts of bare polymers, and shear
thinning polymer solutions can exhibit pronounced extensional hardening,*!-#4: 51, 33-56.90, 123, 124
Our preliminary studies using dripping-onto-substrate (DoS) rheometry protocols reveal that

these entangled solutions also display strain hardening in response to extensional flows. A more

13



detailed investigation of polymer concentration-dependent variation in shear and extensional
rheology response for these PEO solutions in AcN:H>O is underway, and therefore, here we
keep focus only on the estimation and comparison of the extensional relaxation time values,

and relevance for assessing spinnability.

Evaporation timescales of AcN:H2O solvent mixtures: To contrast the differences in solvent
loss over time in centrifugal spinning, we measured the mass loss from 30 mg of PEO solutions
(with 5 wt. % polymer added) as a function of time using thermogravimetric analysis (TGA).
The plots of mass loss as a function of time included in Figure 5a show that increasing the AcN
fraction speeds up the solvent removal process. We can analyze the evaporation data using a
simple mass transfer model that accounts for diffusion-limited mass transfer within the polymer
solution and a boundary condition that incorporates the role of outside airflow using a mass
transfer coefficient, as detailed in Sharma et al.'?> 126 While the model description becomes less
realistic at later stages when the formation of polymer-rich shell impacts the diffusivity itself,
the experimental datasets and plots include the effect of such a shell. Nevertheless, inspired by
the simplified model, '** 12 we fit the mass loss data with an exponential decay function and
estimate an evaporation time, t,,rc4 from the decay constant. The t,,r¢4 values obtained from
TGA data are plotted in Figure 5b and include the influence of solvent diffusivity within the
liquid layer and the mass transfer coefficient that itself depends on the flow velocity and
material properties of the surrounding gas phase. Here we used a nitrogen atmosphere and flow
rate of 90 mL/min. However, the measurement of solvent evaporation time using TGA involves
no convective flow within the solution that can emulate flows that arise during fiber spinning
and dispensing or coating processes. As the mass transfer coefficient depends on the sample
geometry and ambient conditions (temperature, humidity, and gas velocity field), a suitable
conversion factor is needed to determine mass loss during fiber spinning from TGA data.

Additionally, during spinning, the rate of mass loss is influenced by changes in macromolecular

14



conformation (stretching) and orientation. Nevertheless, the evaporation timescale extracted

from TGA measurements (Figure 5) characterizes the intrinsic differences in the evaporative

loss of the solvent under matched conditions.
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Figure 5. Mass loss and evaporation time are influenced by solvent choice. (a) Mass loss as
a function of time (symbols) as measured using TGA (Q50 apparatus, TA Instruments, New
Castle, DE, USA) at a fixed temperature of 25 °C and under a nitrogen atmosphere. The dotted
line fits an exponential decay function of the form c(t) = A exp (—t/teyrca) to the mass loss
data for 5 wt. % PEO solutions in different solvent compositions. (b) Evaporation time
computed using TGA data, illustrating how the addition of AcN significantly decreases the
solidification time compared to aqueous solutions.

Processability diagram based on the evaporation timescale, relaxation times, and time-of-
flight: The collection of fibers on the collector requires the formation of a stable spiraling jet
that undergoes solidification before instability growth and before reaching the collector. The
consideration leads to the identification of at least three crucial, relevant timescales: instability
growth time, evaporation time, and time-of-flight. The growth of sinusoidal instability as well
as pinching dynamics of necks of viscous fluids depends on the interplay of viscous stress and

capillary pressure, with a characteristic time known as the viscocapillary time, t,,. = 19Dy /0,

and a dimensionless viscosity, expressed as Ohnesorge number, Oh = n/,/paD, that equals to

'DRS/O'.L)O’ 101, 104, 127 The

intrinsic elastocapillary number, Ec = A;0 /19Dy = 0 /G D, captures the influence of capillary

the ratio of viscocapillary time, #,. to inertiocapillary time, t;. =

stresses in comparison with elastic stresses on capillary-driven instability growth.?® 128 Table 1

15



lists the values of these timescales and dimensionless groups obtained from the knowledge of
shear rheology response, and includes timescales obtained using evaporation rate (TGA) and
extensional rheology (DoS) measurements. The values listed in Table 1 show that shear
viscosity changes by nearly a factor of three, surface tension changes by almost a factor of 2,
and hence #,. values remain roughly unchanged as the AcN fraction is varied. But as the
relaxation time values change by no more than a factor of 2, the values of Ec also remain
roughly unchanged as the AcN fraction is varied. Table 1 shows that only evaporation rate

shows a considerable variation as a function of the AcN fraction.

Table 1: Influence of solvent composition on rheology and evaporation

AcN Mo As AE tvc Ec tevrGa tevraa De;s
fraction | [Pas] [s] [s] [s] [s] tevTGA 100
100 1.06 0.084 0.022 0.018 4.6 6.15 1 0.0137

90 0.83 | 0.061 | 0.0112 | 0.014 43 7.55 1.23 0.0081
75 1.13 | 0.056 | 0.0122 | 0.019 2.9 8.42 1.37 0.0067
60 2.61 | 0.011 | 0.0247 | 0.045 2.9 11.8 1.92 0.0110
50 342 | 0.16 | 0.0280 | 0.059 2.8 17.6 2.86 0.0091
25 3.25 0.16 | 0.0355 | 0.049 3.3 42.6 6.93 0.0038
0 329 | 0.14 | 0.0169 | 0.028 4.9 73.1 11.9 0.0019

Several researchers have outlined processability maps by contrasting different

1.1 constructed an “operating

timescales, length scales or forces in the problem. Ren et a
diagram” using a plot of Oh against a Weissenberg number, Wi = A,y (compares relaxation
time to the timescale equal to the inverse of deformation rate). In contrast, Golecki et al.,'®
directly plotted centrifugal spinning RPM against viscosity values. However, our experimental
results that show spinnability is quite different even if shear viscosity, relaxation time, and RPM
are nearly matched, implying that both approaches are not suitable for evaluating spinnability

as a function of solvent choice. Previously, Ren et al.!* discussed the correlation between the

diameter of centrifugally-spun fibers and this ratio, they called an elasticity processability
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number (P, = As/teyqp). However, Ren et al."* did not contrast these two intrinsic timescales
to determine spinnability. Even though Golecki et al.'® discussed the role of evaporation, in
their framework, matched viscosity and RPM lead to similar spinnability, in striking contrast
with our observations. The “operating diagram” suggested by Fang et al. for reactive CFS,"
contrasts the timescale for UV-induced polymerization and the extensional relaxation time, Ag

along with time-of-flight. However, Fang et al. '

relied on adding a large molecular weight
PEO to dramatically enhance Az. In contrast, Table 1 shows all solutions used here for a fixed
PEO concentration have comparable values of Az that are proportional, but slightly lower in
magnitude, compared with the corresponding values of A;. However, the evaporation time

appears to have a twelve-fold variation and hence appears to induce the observed large variation

in spinnability as a function of solvent composition.

Here we postulate that to the first order, the intrinsic differences in the rheology and
evaporation of these entangled polymer solutions can be characterized in terms of the measured
shear relaxation time, A; (see Figure 3d) and the evaporation timescale determined from TGA
measurements, toyrea (Figure 5b) and listed in Table 1. In Figure 6a, we plot the values of A
against 1/t,,rc4 and we find that the continuous fibers appear above a critical value of the ratio
of two timescale, which we call an intrinsic spinnability Deborah number, Deg = A;/toprca-
Here we assume that the timescale over which the liquid jet develops an elastic shell in
centrifugal spinning would show a similar trend as observed for #.,7c4. To obtain a pragmatic
and minimalistic description, we proceed without computing the conversion factor, expected to
be a function of the processing conditions and macromolecular response. Hence, Des=0.006,
shown as a dotted line, marks the boundary between different regimes. As the sample placed in
a TGA pan has a film thickness ~ 0.4 mm, just a tenfold decrease in thickness could shift this
De; value by a hundredfold or more. Figure 6a shows that comparison of these two intrinsic

timescales allows the creation of an intrinsic spinnability map, such that the transitions between
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beaded fibers and no fibers, and between beaded and continuous fibers are demarcated by lines
corresponding to constant Des values. Such a spinnability map has not been discussed before,
and the captures observations for our experiments as the molecular weight, as well as processing
conditions, including centrifugation speed, ambient conditions (temperature and humidity),

nozzle to distance diameter, and nozzle size and properties, are left unchanged.
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Figure 6: Intrinsic spinnability diagram and a processability map. (a) Shear relaxation time
plotted against evaporation rate using the as-measured values obtained from the analysis of
steady shear viscosity and mass loss via evaporation in TGA shows distinct regions of spinnable
solutions above a certain De; values. (b) Comparison of three intrinsic timescales that capture
the difference in evaporation time, relaxation time associated with viscoelasticity of the
spinning drop, and time-of-flight set by processing conditions. Here a processability map
emerges with regions of continuous fibers self-selecting a quadrant with slower relaxation and
faster evaporation. Open symbols: no fibers, half-filled: (c) beaded fiber mats and closed
symbols: continuous fibers, as shown in (d). The scale bar is 100 microns.

However, after a careful examination of physicochemical processes underlying
spinnability, we infer that it would be helpful to supplement the intrinsic spinnability map based

on shear rheological and mass loss timescales measured with standard techniques, with a
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processability map, that explicitly accounts for the influence of time-of-flight that can be varied
simply by changing spinning speed or nozzle-collector distance and accounts for extensional
rheology response. We seek to draw a processability map that incorporates the influence of
evaporation (solvent properties or ambient conditions), time-of-flight (RPM and nozzle-
collector distance) and viscoelastic free surface flows (influenced by capillarity, elasticity, shear
viscosity, and extensional rheology response). In Figure 6b, we present such a processability
map sensitive to changes in the polymer (Mw, MWD, flexibility (determined by Kuhn segment
size and number), and extensibility (ratio of fully-stretched chain length to coil size) and
spinning conditions. The y-axis seeks to capture the influence of viscoelastic free surface flows
and instabilities, whereas the x-axis aims to capture the influence of processing conditions like
RPM and nozzle-collector distance. Here, we pick extensional relaxation time determined using
capillarity-driven flows as the relevant measure, and as the processing conditions and polymer
type are matched, we make a pragmatic estimate for evaporation time based on the value
measured using TGA but scaled down by assuming 60 times smaller thickness than used in the
TGA experiments. Here the choice of ratios of timescales is qualitatively inspired by the
operating diagram from Fang et al.'’> The y-axis includes an extensional Deborah number,
Dep = Ag/t,, defined as the ratio of the extensional relaxation time to an evaporation time, fe,.

The x-axis choice contrasts the 7., and time-of-flight, #7ign.

Figure 6b, together with Table 1, suggests that the distinction between beads, beaded
fibers (Figure 6c), and continuous fibers (see Figure 6d) here arise primarily due to the
significant difference in the evaporation rate, for the relaxation time values change only by a
factor of two, whereas evaporation rate changes by over twelve times. A closer look at viscosity
and relaxation times for aqueous solutions shows that centrifugal spinning under matched
conditions does provide a jet that neither dries nor breaks into drops before reaching the

collector. Increasing the distance between nozzle and collector increases time-of-flight,
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allowing centrifugal spinning from aqueous PEO solutions.!® The diameter of 5 wt.% PEO
solutions is greater than 3 wt.% solutions for matched solvent composition, and the change in
morphology from the mat with few beads to continuous fibers at each solvent composition
(shown in Figure 2) match quite well with the regimes identified in the processability map

chartered in Figure 6b.

We recognize that in centrifugal spinning (and likewise for electrospinning), solvent
evaporation 1s influenced by the flow field within the liquid jet and the complex airflow at the
jet surface. The mass loss occurs from a cylindrical filament that decreases in diameter over
time, and for some cases occurs from a cylinder that develops sinusoidal perturbations with
associated variation in local evaporation rate. Additionally, we anticipate that the evaporation
rate might be influenced by conformational changes of the polymers in response to extensional
flows that arise in a jet that is drawn and stretched, and necks formed between growing beads.
Thus, a rigorous and refined computation of 7., will require careful accounting of the following:
(a) mass transfer coefficient under fiber spinning conditions, that accounts for changes in jet
diameter, (b) the influence of polymer conformation and concentration while the jet travels
from nozzle to collector, and (c) the role of convection currents within and around the spiraling
jet, and interfacial flows and instabilities, among others. Likewise, we recognize that the shear
relaxation time, A only quantifies the dynamics and rheology of mildly perturbed chains. We
envision that Ay would capture the influence of polymer concentration or type, though we
recognize that the deformation history, transients, and deformation rates encountered during
fiber spinning need not be encountered or captured in most rheological measurements.
Therefore, we reason that the strong correlation between the measured Ag and A (see Figure
4d) allows the construction of an intrinsic spinnability map shown in Figure 6a. An accurate
and thorough assessment of the influence of change in polymer conformations and flow field

within jets and around them on the timescales associated with instability growth, mass loss, and
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overall time-of-flight is beyond the scope of present work. We speculate that such progress
would require benefit from CFS experiments with in-situ analysis of concentration variation
and flow fields, supplemented by computational fluid dynamics, with built-in nonlinear

rheological and transport models.

The timescale for the growth of surface-tension-driven instabilities that lead to the
formation of beaded fibers (see Figure 6¢) or drop formation, and the formation of sinusoidal
beads as well as the late-stage evolution of fiber diameter are influenced by an interplay of
capillarity and viscoelasticity.” 192-196, 128,129 Sty dies of jetting of viscoelastic fluids show that
even though linear stability analysis predicts faster breakup than expected for Newtonian fluids
of same viscosity, the pre-shear or unrelaxed tension delays the onset of sinusoidal
perturbations.!%- 130-132 However, the drawing of jets and the late-stage pinching of necks or
ligaments between beads are both influenced by extensional rheology response.!?1-104. 128,133 e
infer that for volatile entangled (VE) polymer solutions, higher viscosity and unrelaxed tension
contribute to a delayed appearance of sinusoidal perturbations, and rapid increase in viscosity
on evaporation of volatile solvent stabilizes the jet. Furthermore, it appears that the prominent
influence of initial instability growth on fiber morphology underlies the success of operating
diagrams drawn using linear viscoelastic measures (like zero shear viscosity or shear relaxation

time) and to the paradigm that entanglements facilitate electrospinnability.37-8% 134,135

We posit
that the strong strain-hardening response and high Trouton ratios due to high extensibility of
high molecular weight, flexible polymers (like PEO) in unentangled solutions can substantially
delay pinching of necks and increase stringiness. The ultrahigh molecular weight, relatively

high extensibility polymers can thus display extensibility-enriched (EE) spinnability in absence

of entanglements, and many published examples show extensibility-enrichment provides

136-140 30, 135,

pathway to make polysaccharide fibers, and also fibers from unentangled solutions.

141 The choice of the ordinate in Figure 6b presents a straightforward corroboration of such
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extensibility-enrichment in spinnability. We also infer that if the time-of-flight is long enough,
a comparison of measured (or estimated) relaxation time and evaporation time facilitates

distinction between the spinnable and non-spinnable solutions.

CONCLUSIONS

This contribution shows that PEO fibers can be centrifugally spun using volatile,
entangled (VE) solutions formulated using acetonitrile-water mixtures. We find that changing
solvent properties by increasing AcN fraction influences spinnability and fiber morphology,
using experiments carried out with a home-built CFS set-up for matched rotational speed (4000
rpm), room temperature and humidity, nozzle type/size/material, and distance to the collector.
We find that the intrinsic spinnability map can be outlined using two measured timescales: the
shear relaxation time, determined using steady shear viscosity measured using torsional
rheometry and evaporation time, computed from the mass loss data acquired using
thermogravimetric analysis (TGA). We anticipate that the intrinsic spinnability map is most
suitable for the case described in this study that includes matched molecular weight and
processing conditions, and nearly comparable shear viscosity and shear and extensional
relaxation times despite variation in AcN fraction (or solvent composition). For fixed polymer
concentration, only evaporation rates show an order of magnitude variation that provide the
benchmark for determining spinnable cases. To provide a more generalized, but pragmatic
portrait of spinnability, we draw a processability map that incorporates the influence of
evaporation (solvent properties or ambient conditions), time-of-flight (RPM and nozzle-
collector distance) and viscoelastic free surface flows (influenced by capillarity, elasticity, shear
viscosity, and extensional rheology response) to identify spinnable formulations, and
distinguish between different beads, beaded fiber and continuous fiber morphologies. In the
processability map, we populate the y-axis with ratio of extensional relaxation time to

evaporation time, and the x-axis with the ratio of time-of-flight to evaporation time. We
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determined the extensional relaxation time using dripping-onto-substrate (DoS) rheometry to
capture the likely influence of extensional rheology, stretched chain hydrodynamics and
viscoelastic free surface flows and instabilities. We make a pragmatic estimate for evaporation
time based on the value measured using TGA. We anticipate that despite its apparent simplicity,
the processability map contains information comparable to a more rigorous portrait that
accounts influence of change in polymer concentration and conformation during spinning on
evaporation, instability growth and evolution, and chain relaxation timescales. Lastly, we
postulate that a processability map that incorporates the influence of extensional relaxation
time, evaporation time and processing time (time-of flight) can be utilized for designing and
controlling volatile entangled (VE) and extensibility-enriched (EE) spinnability, and

macromolecular engineering of spinnable formulations.
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