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ABSTRACT: Cure blowing is a fiber manufacturing process
whereby simultaneous extrusion and photopolymerization of a
liquid monomer mixture produces nonwoven fibers of cross-linked
polymers at room temperature with little or no solvent. Using a
lab-scale die resembling that used in commercial melt blowing
processes, we demonstrate the dependence of final cure blown
fiber morphology on a competitive interplay of three categories of
parameters corresponding to the photopolymerization kinetics,
monomer mixture fluid properties, and process operating
conditions, by quantifying and comparing the respective character-
istic timescales for vitrification, fluid relaxation, and fiber flight. By constructing timescale-dependent morphology maps for two
chemically distinct model systems, these timescales are found to account for the observed fiber morphology transitions irrespective
of the photopolymerization mechanism. These morphology maps furnish a predictive tool for implementing different
photopolymerization chemistries to achieve cure blown fibers with prescribed morphologies and properties for a wide array of
applications.
KEYWORDS: nonwovens, photopolymerization, cross-linking, vitrification, polymer processing

■ INTRODUCTION
Nonwoven fibrous mats comprise randomly oriented fibers
held together by physical entanglements and contact forces
without weaving or knitting.1 Nonwoven products currently
constitute a $50 billion industry with an annual growth rate of
∼6%. The growth of the nonwovens industry can be attributed
to a myriad of applications such as disposable medical and
safety products,2,3 catalytic and energy storage systems,4,5

filtration media,6−8 and tissue engineering scaffolds.9,10 A few
examples of very common nonwoven-based commodity
products that society uses on a regular basis are absorbent
media in diapers, scouring webs for kitchen cleaning, protective
face masks and respirators, hospital gowns, filtration media in
room air purifying and HVAC systems, and acoustic panels in
automotive and aerospace industries. A majority of these
applications rely on the lightweight, high specific surface area,
and porous characteristics of these nonwoven mats. Since the
extent of surface area per volume in a nonwoven mat varies
inversely with the diameter (A/V ∼ 1/d), technological
advances in recent years have focused on enabling production
of nonwoven mats comprising micron and submicron fiber
sizes. A large number of companies, such as 3M, DuPont,
Kimberly-Clark, Procter & Gamble, Freudenberg, Johns
Manville, and Cummins, have a large portfolio of commercial
products that leverage nonwovens technology.
Conventional nonwovens production techniques typically

involve transforming a preformed, thermoplastic feed into a

processable melt or solution state either by heating (e.g., melt
spinning and melt blowing)11,12 or by solvent addition (e.g.,
electrospinning).1,8,13 The processable feed is subsequently
drawn by an extensional force into liquid filaments, which
solidify upon cooling below the polymer solidification
temperature (e.g., a glass transition (Tg) or crystallization
temperature (Tc)) or on rapid solvent evaporation. The large
energy demands associated with these high-temperature
processes and the volatile organic compound (VOC)
emissions associated with added organic solvents have recently
driven significant efforts to develop sustainable and environ-
mentally friendly, nonwovens manufacturing processes. More-
over, commercial production of nonwovens using melt- and
solution-based approaches are primarily limited to thermo-
plastic feedstocks, since thermosets cannot be easily trans-
formed into a processable state. However, cross-linked
thermoset nonwoven fibers are attractive targets since they
offer superior thermal and chemical resistance with tailorable
mechanical properties suitable for high-performance applica-
tions. For example, the high upper-service temperatures of
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thermoset materials unlock applications of nonwovens as high-
temperature filtration and catalyst-support media.
To address limitations of conventional fiber manufacturing

techniques, we previously reported methods for producing
cross-linked fibers by simultaneous spinning and photo-
polymerization of liquid monomers at ambient conditions
using electrospinning14−18 and centrifugal spinning.19−21 In
these studies, photoreactive mixtures of multifunctional liquid
monomers were drawn into liquid fiber jets at room
temperature containing little or no organic solvent using
electrostatic or centrifugal forces, respectively, followed by
rapid in-flight UV-initiated photopolymerization to yield solid
fibers. Photopolymerization thus enabled formation of cross-
linked fibers with tunable mechanical properties and excellent
thermal and chemical stabilities.16−18,21 Furthermore, the use
of non-volatile liquid monomer mixtures obviates the require-
ments of high temperatures or organic solvents for fiber
processing. However, electrospinning and centrifugal spinning
are much less common in industrial nonwoven production. In
contrast, micron-sized fibers produced by melt blowing
processes constitute >10% of the global nonwovens market.12

Therefore, the prospect of integrating UV photopolymeriza-
tion with conventional melt blowing offers an attractive
opportunity for producing cross-linked fibers in a more
sustainable, high-throughput manner.
Recently, we reported the first “cure blowing” process to

produce cross-linked nonwovens at room temperature by
integrating in situ photopolymerization with a fiber spinning
process closely resembling melt blowing.22 During cure
blowing, a photocurable liquid mixture comprising multifunc-
tional thiol and acrylate monomers, free-radical photoinitiators,
and viscoelasticity modifiers are extruded through a die orifice
and drawn by ambient temperature, high-velocity air jets into
liquid filaments. During flight toward a collector, the liquid
filaments undergo rapid photo-cross-linking upon UV
irradiation to generate solid, continuous, amorphous fibers.
Preliminary studies revealed that the resulting fiber morphol-
ogies were governed by a convoluted, interdependent
parameter space arising from the contributions of photo-
polymerization kinetics, monomer mixture fluid properties, and
process operating conditions. For example, the interplay of
process parameters such as air flow and monomer delivery
rates, UV exposure time, and monomer mixture viscoelasticity
triggered a fiber morphology transition from non-fused,
uniform fibers to fibers with fused junctions and/or surface
undulations at smaller diameters.22 While formation of fused
fibers stems from a competition between photopolymerization
kinetics and UV exposure time, the onset of surface
undulations arises from competing elastic and surface
tension-driven stresses inherent to the viscoelastic liquid
filament formed during fiber drawing. However, our studies
indicated that analyses based only on the four aforementioned
parameters do not fully describe the observed fiber
morphology transitions. Therefore, a more thorough and
comprehensive analysis is necessary to understand the
fundamental origins of these fiber morphology transitions.
Note that intentionally forming fiber mats with fused junctions
may be beneficial in certain applications. Often, the as-
processed nonwoven mats are subjected to chemical or thermal
bonding processes to introduce fiber fusions in a controlled
manner to improve the mat integrity and mechanical
properties. Therefore, the ability to form fiber mats having
fused junctions produced in a single step offers manufacturing

advantages. A fundamental understanding of fiber morphology
transitions is necessary to enable formation of fused junctions
in an effective and reproducible manner.
A prior report by Fang et al. quantitatively analyzed the

impact of different processing parameters on the resulting final
fiber morphologies obtained by reactive centrifugal spinning in
terms of three characteristic timescales: gel time, fluid
relaxation time, and fiber flight time.19 Since the interplay of
photopolymerization kinetics and monomer mixture fluid
properties central to reactive centrifugal spinning closely
resembles that of cure blowing, their approach serves as a
conceptual foundation for developing a detailed understanding
of the fundamental principles of cure blowing. Notably, Fang et
al. only examined a thiol-acrylate model system that reacts
through mixed step- and chain-growth mechanisms.19−21

However, other widely used photochemistries exhibit distinct
photopolymerization mechanisms. For example, thiol-ene and
(meth)acrylate photochemistries react exclusively by step-
growth and chain-growth mechanisms, respectively.25−30

Different photopolymerization mechanisms yield distinct
cross-linked network characteristics, which translate into
variable material properties. For instance, chain-growth
systems typically yield higher modulus yet brittle materials,
in contrast to more ductile, lower modulus materials obtained
by similar step-growth systems. Implementation of different
photochemistries may enable production of cross-linked fibers
with tunable mechanical and physical properties suitable for a
wider range of applications. However, the scope of the analysis
developed by Fang et al. and its validity in different
photopolymerization systems remain untested.19

Herein, we systematically and comprehensively investigate
cure blowing fundamentals by extending the approach
reported by Fang et al. for reactive centrifugal spinning.19

We develop an analytical framework that describes the origins
of fiber morphology transitions due to the different competing
features of cure blowing irrespective of the photopolymeriza-
tion mechanism of the monomer feed mixture, a key difference
to the previous approach reported by Fang et al. The
universality of this approach is investigated in the context of
two reactive model systems, thiol-acrylate and thiol-ene
chemistries, which photopolymerize by mixed step- and
chain-growth and exclusively step-growth mechanisms, re-
spectively. Thiol-acrylate polymerization involves reaction of
thiyl radicals that add across the C�C bond of acrylates to
generate carbon radicals that can react with other −SH groups
in a step-growth manner or undergo a chain-growth reaction
with other C�C acrylate groups.23,24 In contrast, thiol-ene
polymerization only involves step-growth reactions between
thiyl radicals and C�C functional groups because the C�C
bonds cannot undergo chain-growth reactions with carbon
radicals.25−28 To elucidate the origins of fiber morphology
transitions, the interplay of process parameters related to the
photopolymerization kinetics, monomer mixture fluid proper-
ties, and process operating conditions is quantified and
compared using morphology maps constructed in terms of
the characteristic timescales inherent to cure blowing.

■ EXPERIMENTAL SECTION
Materials. Dipentaerythritol pentaacrylate (DPPA, contains ≤650

ppm MEHQ inhibitor), pentaerythritol tetrakis(3-mercaptopropio-
nate) (PETT, >95%), 1,3,5-triallylisocyanurate (TAIC, 98%), poly-
(ethylene oxide) (PEO, Mv = 106 g/mol), and ethyl acetate
(anhydrous, 99.8%) were purchased from Millipore-Sigma. Omnirad
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2100 (a mixture of 90−95 wt % ethyl phenyl(2,4,6-trimethylbenzoyl)-
phosphinate and 5−10 wt % phenyl bis(2,4,6-trimethylbenzoyl)-
phosphine oxide) was provided by IGM Resins. All chemicals were
used as received. The chemical structures of the monomers and
photoinitiator are provided in Figure 1.

Monomer Feed Mixture Preparation. A specified amount of
PEO was first dissolved in PETT at 80 °C for 4 h. PETT was chosen
since its lower viscosity aids complete PEO dissolution. This mixture
was then added to a predetermined amount of DPPA (or TAIC),
maintaining a constant molar ratio between thiol and acrylate
functional groups (or thiol and ene functional groups). Finally,
requisite amounts of ethyl acetate and the photoinitiator (Omnirad
2100) were added, followed by vortex mixing for 5 min. Ethyl acetate
serves as a nonreactive diluent to modify the monomer mixture
viscosity, while trace amounts of high molecular weight PEO acts as
an elasticity modifier to enhance the elastic properties of the
monomer mixture without significantly altering its viscosity. Omnirad
2100 was used as the free-radical photoinitiator, primarily due to its
365 nm peak absorbance wavelength that matches the output
spectrum of the light source. A typical DPPA−PETT monomer
mixture comprised 64 wt % DPPA, 19 wt % PETT, 5 wt % Omnirad
2100, and 12 wt % ethyl acetate. Similarly, a typical TAIC−PETT
monomer mixture comprised 37 wt % TAIC, 54 wt % PETT, 5 wt %
Omnirad 2100, and 4 wt % ethyl acetate. In both cases, the PEO
content was maintained at 500 ppm based on the total mass of the
reactive monomers, unless otherwise noted. The prepared mixture
was then loaded into a 5 mL syringe masked with a black tape to
avoid premature cross-linking by stray light during fiber spinning. All
these steps were performed in a room with overhead light filtering to
further minimize the effects of ambient light during sample
preparation.

Cure Blowing Apparatus. A schematic of the lab-scale cure
blowing apparatus is shown in Figure 2 (see ref 22 for additional
details).22 In this study, the monomer delivery rate was modulated
from 0.075 to 0.25 mL/min while the air flow rate was varied from 0.5
to 2 standard cubic feet per minute (SCFM), which translates to an
air velocity of 32 to 155 m/s at the die face. The distance between the
die face and the edge of the illuminated region was maintained at 4
cm. As illustrated in Figure 2, two UV-grade mirrors (Thorlabs, Inc.)
with an average reflectance >90% over the range λ = 250−450 nm
provided additional reflected light to drive photopolymerization. The
effective incident light intensities (i.e., incident + reflected) for cure
blowing experiments using the thiol-acrylate and thiol-ene model
systems were maintained at 1.4 and 1 W/cm2, respectively, in the
same plane as the fiber path as measured by a FieldMaxII radiometer
(Coherent, Inc.). The actual light intensities in the fiber path plane
were measured by a radiometer both before and after reflection from
the mirrors to account for the loss of light intensities upon reflection
and accurately determine the effective light intensities. The composite
light spot formed at the plane of the fiber path was approximately 12
cm in length.

Time-Resolved Fourier Transform Infrared Spectroscopy.
Photopolymerization kinetics of thiol-acrylate and thiol-ene monomer
mixtures were studied by time-resolved Fourier transform infrared
(TR-FTIR) spectroscopy using a Thermo Fisher Scientific Nicolet
6700 FTIR spectrometer equipped with a KBr beam splitter and
MCT-A detector in rapid scan mode. To minimize effects of ambient
light, a drop of freshly prepared monomer mixture was spin-coated
onto a NaCl window to obtain a thin film in a room with overhead
light filtering (“an orange-lighted room”). This sample was loaded
into the spectrometer using a custom-made horizontal transmission
accessory. The sample was continuously purged with zero-grade air
and a series scan was taken under ambient conditions with a time
resolution of 0.04 s and a spectral resolution of 14.73 cm−1. Each
sample was allowed to rest within the FTIR accessory with no light
exposure for ∼30 s, after which the light source was activated. The
same light source as that used for fiber spinning experiments was used
for TR-FTIR studies. The fractional conversions of C�C double
bonds in both the model monomer feed mixtures were quantified by
the reduction in areas of the acrylate double bond stretching (1630
cm−1) and ene vinylic hydrogen stretching (3115 cm−1) peaks during
UV illumination.23−25 The double bond conversion was then
calculated by

= ×
A A

A
%conversion 100t0

0 (1)

where A0 and At are the respective peak areas at t = 0 s (prior to light
exposure) and at a given UV irradiation time.

Dynamic Mechanical Analysis. The glass transition temperature
(Tg) evolution of partially cured thermosets was measured with a TA
Instruments RSA-G2 solids analyzer using the tension geometry.
Temperature sweeps were conducted at a frequency ω = 1 Hz, strain
|γ| = 1%, and a heating rate of 3 °C/min to obtain the loss tangent
(tan δ) as a function of temperature. The temperature corresponding

Figure 1. Chemical structures of the reactive monomers and
photoinitiator. (a) Dipentaerythritol pentaacrylate (DPPA), (b)
pentaerythritol tetrakis (3-mercaptopropionate) (PETT), (c) 1,3,5-
triallylisocyanurate (TAIC), and (d) Omnirad 2100: composed of
90−95 wt % of ethyl phenyl (2,4,6-trimethylbenzoyl)-phosphinate
(left) and 5−10 wt % of phenyl bis(2,4,6-trimethylbenzoyl)-
phosphine oxide (right).

Figure 2. Schematic representation of the lab-scale cure blowing apparatus used in this study.
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to the peak in the tan δ curve was taken as Tg. Heating was stopped as
soon as the tan δ peak was observed to minimize additional thermal
curing during the temperature sweep studies. Consequently, the Tg
measured in a second heating scan was never observed to deviate
more than ∼5−7 °C from the Tg measured in the first heating scan.
Additionally, temperature changes of monomer mixture films during
photopolymerization due to the reaction exotherm were measured
using an MT-29/1HT Needle Microprobe (Physitemp Instruments)
attached to a Microtherma 2 High Precision Type T Thermocouple
Meter (ThermoWorks).
Capillary Breakup Extensional Rheometry and Shear

Rheometry. Viscosities of the monomers and their mixtures were
measured with a stress-controlled AR-G2 rheometer (TA Instru-
ments, Inc.). Steady-state shear experiments were performed using a
parallel-plate geometry with a 40 mm diameter upper plate on a
Peltier lower stage at 25 °C. Steady-state shear viscosities were
measured over the range of shear rates γ̇ = 0.1−100 s−1. The elastic
nature of the monomer feed was characterized using a CaBER 1
capillary breakup extensional rheometer (HAAKE) equipped with 4
mm diameter parallel plates.31 A laser micrometer with 1000 Hz
resolution recorded the filament diameter evolution produced by a
step stretch. The fluid relaxation time was determined by fitting the
exponential decay of the filament diameter using the elastic fluid
mode.31,32 The photoinitiator was not added to the monomer
mixtures to avoid unwanted curing under ambient light during
measurements. We assumed that the low photoinitiator content (≤5
wt %) does not considerably alter the monomer mixture
viscoelasticity. Monomer mixture samples were immediately charac-
terized after preparation.
Scanning Electron Microscopy and Visible Light Micros-

copy. Cure blown fibers were imaged with a Nikon Optiphot visible
light microscope (VLM) equipped with a Canon SL1 digital camera
and a Hitachi S-4700 FE-SEM. For VLM, the fiber samples were
sandwiched between two glass slides and imaged in transmission light
illumination mode. For FE-SEM, the fiber samples were coated with
an ∼7 nm layer of iridium using an ACE600 Coater prior to imaging.

■ RESULTS AND DISCUSSION
Parameters Governing Cure Blowing. From the cure

blowing apparatus shown in Figure 2, the key processing steps
are: (i) extrusion of the photoreactive monomer mixture feed
through the die, (ii) rapid liquid filament drawing by ambient
temperature high-velocity air jets, (iii) solidification of the
liquid fiber during flight by UV-initiated photopolymerization
and cross-linking, and (iv) fiber collection. Each step crucially
depends on several parameters that collectively regulate the
final fiber characteristics. Table 1 lists the control parameters in

cure blowing, which may essentially be grouped into three
major categories representing: (i) monomer chemistry and
reactive feed composition that specify the underlying photo-
polymerization kinetics, (ii) monomer mixture fluid properties
that governs the formation and stability of the liquid filament,
and (iii) process operating conditions, such as the air flow rate
and monomer delivery rate, that influence the extent of fiber

drawing and fiber flight time. These three categories of
parameters are also interrelated in a convoluted manner. For
example, changing the functionality and/or the molar ratio of
the monomers affects both the photopolymerization kinetics
and the viscoelastic properties of the reactive monomer
mixture. Furthermore, the interplay of the categories of
parameters vitally dictates the final fiber morphology. For
example, Figure 3a,b highlights a morphology transition from

non-fused fibers to fibers with significantly more fused
junctions at higher air flow rates; the latter conditions
correspond to shorter UV exposure times. The onset of fiber
fusion arises from an imbalance between the photopolymeriza-
tion kinetics (i.e., the time necessary for sufficient photo-cross-
linking) and process operating conditions (i.e., the UV
exposure time available during cure blowing). As a result,
incompletely cured fiber surfaces predominate and are
susceptible to uncontrolled, random fiber fusion after
deposition at the collector. Additionally, Figure 3a,c reveals
another type of morphology transition from uniform to non-
uniform fiber diameters that is characterized by periodic
surface undulations upon reduction of the PEO elasticity
modifier content in the monomer feed. The onset of surface
undulations stems from surface tension-driven stresses that
overwhelm the opposing extensional stresses inherent in the
viscoelastic liquid fiber. If sufficient elastic properties are not
imparted to the liquid monomer mixture by adding small
amounts of a high molecular weight PEO, the growth of
surface instabilities becomes unavoidable during liquid fiber
flight prior to photopolymerization and solidification. As a
result, periodic surface undulations and even “beads-on-string”
morphologies appear and can be arrested by covalent bond
formation and cross-linking.
The aforementioned fiber morphology transitions exemplify

the critical competition between the three categories of
parameters that dictate the final cure blown fiber morphology.
One way to better quantify these competing features is to
condense the contributions of each category of parameters in
Table 1 into their respective characteristic timescales.
Consequently, combinations of these characteristic timescales
can essentially describe the entire cure blowing process, while

Table 1. Classification of Cure Blowing Processing
Parameters

photopolymerization
kinetics

monomer mixture fluid
properties

process operating
conditions

monomer functionality viscosity UV dosage
molar ratio of

monomers
elasticity air flow rate

monomer reactivity surface tension monomer delivery
rate

UV dosage die geometry

Figure 3. Representative SEM images showing the transition of fiber
morphology from (a) non-fused to (b) fused fibers on increasing the
air flow rate from 0.5 to 1.5 SCFM and (a) uniform to (c) non-
uniform fiber diameters on reducing PEO elasticity modifier content
in the monomer feed mixture from 760 to 300 ppm.
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order-of-magnitude comparisons between them may also
provide further insights into the origins of the observed fiber
morphology transitions. The following sections introduce the
relevant timescales for each category of parameters, along with
the characterization methods used for their estimation.
Photopolymerization Kinetics and Vitrification Time.

Photopolymerization kinetics are a critical aspect of cure
blowing, since sufficient photo-cross-linking of the liquid fiber
jet during flight is crucial to obtaining well-cured, uniform
fibers. The photopolymerization kinetics depend on system-
specific variables, such as monomer functionality and reactivity,
molar ratio of the thiol and ene functional groups, UV dose,
and photoinitiator content (Table 1). The monomer identity is
also a key factor since it dictates the photopolymerization
mechanism. Photopolymerizations typically occur through
three types of mechanisms: pure chain-growth (e.g., (meth)-
acrylates)),29,30 pure step-growth (e.g., thiol-ene and thiol-
yne),26,27,33,34 and mixed step- and chain-growth (e.g., thiol-
acrylate).23−25,35 Each mechanism translates into a distinct
cross-linked network topology. For example, pure chain-
growth networks produced by (meth)acrylate monomers
form by rapid chain-extension reactions leading to a more
heterogenous network with a high cross-link density and a
wide distribution of chain lengths between cross-links.30,36,37 In
contrast, pure step-growth networks exhibit successive
propagation and chain-transfer reactions that generate a
more homogenous network with uniform chain lengths
between cross-links.18,26 Notably, distinct network evolution
mechanisms are expected to produce different extents of liquid
fiber jet solidification during in situ photopolymerization, in
turn impacting the final morphology of cure blown fibers. In
this study, we focused on thiol-acrylate and thiol-ene model
systems, which exhibit mixed step- and chain-growth and pure
step-growth mechanisms, respectively.
A commonly used parameter to describe the evolution of a

cross-linked network during photopolymerization is the gel
point.33,35 The gel point is defined as the critical extent of the
reaction at which a continuous, infinite network first appears,
and the polymerization time required to reach the gel point is
defined as the gel time. For a mixed chain- and step-growth
polymerized network, the gel point in terms of fractional
conversion of the acrylate C�C bonds, pα, can be calculated
from the following equation:15,35

+

+ =

r
f

k
k

p f f

r
k
k

p

2
( 1) ( 1)( 1)

1
1

1

acrylate
CC

CS
acrylate SH

CC

CS

2i
k
jjjjj

y
{
zzzzz (2)

where r = [−SH]/[C�C], facrylate and f SH are the acrylate and
thiol monomer functionalities, respectively, and kCC/kCS is the
ratio of the propagation rate constant for acrylate homo-
polymerization to the acrylate-to-thiol chain-transfer rate
constant, which is reported to be ∼1.5.23 In this study, the
thiol to acrylate functional group molar ratio was maintained at
[−SH]:[C�C] = 1:4. Previous reports have demonstrated
that for the selected thiol and acrylate monomers, this 1:4
molar ratio suppresses oxygen inhibition without noticeably
slowing the reaction kinetics.14 Moreover, the 1:4 molar ratio
of thiol to acrylate functional groups leads to approximately
equal rates of consumption of both functional groups, which is
an assumption in the derivation of eq 2.38 Excess of acrylate

functional groups are necessary since they participate in both
chain-growth and chain-transfer reactions, whereas thiol
groups only participate in chain-transfer reactions.
For networks derived from a pure step-growth mechanism,

the gel point in terms of the fractional conversion of C�C
bonds, pα, can be calculated using the Flory−Stockmayer
equation:33

=p
r f f

1
(1 )(1 )ene SH (3)

where r = [−SH]/[C�C] and fene and f SH are the ene and
thiol monomer functionalities, respectively. A value of r = 1
was maintained, since the inability of the ene functionality to
undergo chain-growth ensures equal rates of consumption of
both functional groups during chain-transfer polymeriza-
tion.18,26,39

Using eqs 2 and 3, the pα values for the thiol-acrylate and
thiol-ene model systems were, respectively, calculated to be
∼2% of the acrylate conversion and ∼41% of ene conversion.
The considerable delay in gelation (higher pα) for thiol-ene
photochemistry is attributed to the pure step-growth
mechanism; the absence of a rapid chain-growth reaction
delays the first appearance of an infinite cross-linked network.
The thiol-acrylate and thiol-ene photopolymerization kinetics
were monitored using TR-FTIR (see the Experimental Section
for details). In the remaining discussion, reaction conversion
for either model systems refers to the C�C double bond
conversion therein. The conversion versus time data and
calculated pα values were used to estimate the respective gel
times (tgel) corresponding to the light intensities used in cure
blowing. The tgel values for the thiol-acrylate and thiol-ene
systems were estimated to be ∼3 and ∼35 ms, respectively.
The detailed procedure for tgel estimation using TR-FTIR has
been reported previously and is also provided in the
Supporting Information.19,22 Intuitively, the delayed gel time
of the thiol-ene system suggests that difficulties could arise in
obtaining well-cured fibers from cure blowing. However, the
thiol-ene monomer mixture could be readily cure blown, and it
exhibited a similar morphology transition as in the
aforementioned thiol-acrylate system. These observations
suggest that tgel may not be an appropriate timescale for
describing cure blown fiber morphology transitions of
monomer feeds that operate by different photopolymerization
mechanisms. Therefore, an alternative timescale must be
considered to account for differences in the photopolymeriza-
tion characteristics of cross-linked networks evolving through
distinct mechanisms. Note that, since Fang et al. studied only a
thiol-acrylate model system, the necessity of an alternative
timescale instead of the gel time was not apparent nor
considered.19

A closer look at the typical sequence of network evolution
during photopolymerization (Figure 4) for model systems with
cured-state glass transition temperatures (Tgs) above room
temperature reveals that the reactive monomer mixture
undergoes two major network development events, gelation
and vitrification.29,40,41 At the gelation point, liquid monomers
transform into a rubbery gel phase that fixes the fibrillar shape.
At this point, significant amounts of unreacted functional
groups remain (∼98% for thiol-acrylate and ∼59% for thiol-
ene) that continue to react and further develop the cross-
linked network. However, network densification in the
postgelation state is associated with reductions in the free
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volume and mobilities of the unreacted functional groups. At
the vitrification point, the mobility restriction of the unreacted
functional groups reaches a critical point where photo-
polymerization becomes severely diffusion-limited. Conse-
quently, further cross-linking cannot occur since the residual
functional groups essentially remain trapped within the
network. Thus, vitrification marks the transformation of the
rubbery phase to a glassy state.41,42 Note that for model
systems with cured-state Tg below room temperature, the
transition into a glassy state is likely to be dominant over
gelation characteristics. For the thiol-acrylate and thiol-ene
model systems reported in this study, vitrification drives the
transition of the cross-linked network into a glassy state.
Therefore, the diffusion-limited trapping of unreacted func-
tional groups in the glassy state is unavoidable for the
experimental conditions in our studies. In this glassy network
state, the trapped functional groups do not have the ability to
migrate to the fiber surface. However, it has been widely
reported that if a partially cross-linked network is subsequently
heated beyond its Tg, the diffusion-limitation effect reduces
and remaining functional groups may further cross-link upon
appropriate reaction reinitiation.
Evolution of the cross-linked network can be correlated

experimentally with the photopolymerization kinetics by
tracking the change in the conversion rate as a function of
the fractional conversion for the thiol-acrylate and thiol-ene
model systems (Figure 5).29,43,44 The progression of photo-
polymerization may be divided into three distinct reaction
regimes: autoacceleration, autodeceleration, and severe dif-
fusion-limitation. At early reaction times, a sharp increase in
the conversion rate was observed, which is attributed to the
dominance of free-radical initiation and propagation over

termination reactions. The reduced mobility of the growing
chains impedes radical termination while the significantly
higher mobility of the smaller monomers results in an
autoacceleration phenomenon known as the “Trommsdorff
effect”.36,40,43−45 Network gelation in this regime also
contributes to this autoacceleration effect. At some point
after gelation, the continuing network densification concom-
itantly reduces the mobility of the reactive monomers leading
to slower radical propagation that manifests as a conversion
rate maximum. Moreover, Figure 5 reveals that the magnitude
of the conversion rate maximum for the thiol-ene system is ∼6
times that of the thiol-acrylate system. This observation is
corroborated by previous reports by Reddy et al., which
revealed greater propagation and chain-transfer reaction
constants for the thiol-ene photochemistry (kp ∼ 2.1 × 106
L/mol s, and kct ∼ 2.1 × 105 L/mol s) as compared to the
propagation, chain-transfer, and chain-growth reaction con-
stants for thiol-acrylate photochemistry (kp ∼ 1.2 × 106 L/mol
s, kct ∼ 0.8 × 105 L/mol s, and kcg ∼ 1.1 × 105 L/mol s).25

Thus, a faster photopolymerization rate was observed for the
thiol-ene model system despite the ene monomer being
trifunctional compared to the pentafunctional acrylate. Beyond
this peak in the conversion rate, the photopolymerization
gradually becomes diffusion-controlled, resulting in a deceler-
ation of the rate of photopolymerization.43−45 Finally, the third
regime marks the onset of vitrification where the conversion
rate rapidly approaches zero as severe diffusion-limitations in
the cross-linked network restrict further reactions of residual
functionalities.43−45 Notably, Figure 5 indicates that the
conversion rate maximum and the onset of vitrification were
both observed at a higher C�C conversion for the thiol-ene
system. This observation may be attributed to the delayed
gelation of the step-growth network formed in the thiol-ene
system (∼41% C�C conversion) as compared to the early
gelation in the thiol-acrylate system (∼2% C�C conversion)
due to the additional chain-growth reactions. Consequently,
mobility restrictions for the unreacted monomers develop later
in a step-growth network, thereby allowing the photo-
polymerization to proceed to a higher conversion.
Evolution of the network during photo-cross-linking

suggests that cure blown fibers exhibiting fused junctions are
likely photopolymerized beyond the gel point, thus maintain-
ing their fibrillar shapes. However, they lack a sufficiently high
conversion to have vitrified into solids and thus the mobilities
of the residual monomers near the fiber surfaces enable
formation of fused junctions after deposition on a collector. In

Figure 4. (a) Schematic representation of the network growth during
photopolymerization of a thiol-acrylate model system where
unreacted liquid monomers (left) progress through gelation (middle)
and vitrification (right) events to yield a solid, cross-linked network.

Figure 5. Conversion rate as a function of C�C fractional conversion obtained from TR-FTIR studies during the photopolymerization of (left)
thiol-acrylate and (right) thiol-ene model systems. Both photopolymerizations were performed at a light intensity of 5 mW/cm2 using monomer
mixtures containing a 6 wt % photoinitiator.
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contrast, non-fused fibers are likely vitrified where the residual
functional groups are trapped within the cross-linked network,
thereby preventing further reaction that would have caused
fiber surface fusion on contact. Therefore, the vitrification time
may be a more appropriate timescale for representing the
photopolymerization parameters that underly the non-fused to
fused fiber morphology transition.
While the gel point is well defined in terms of the relevant

kinetic parameters in eqs 2 and 3, the onset of vitrification
depends on parameters such as light intensity, monomer
mixture composition, etc., since they regulate the extent of
mobility restrictions encountered by the evolving network
during photo-cross-linking. Thus, it is extremely difficult to
apply a theoretical treatment to accurately estimate a
phenomenological event such as vitrification. In this study,
we used Tg of the evolving network to estimate the vitrification
times for both thiol-acrylate and thiol-ene model systems.46−48

With advancing photopolymerization, growth of a network
translates into an increasing Tg. At the vitrification point, Tg of
the cross-linked material exceeds the curing temperature
(Tcure), since Tcure < Tg implies that the cross-linked network
transforms into a glassy state that kinetically traps the reactive
species to prevent further cross-linking. Similar correlations
between Tg and the vitrification point are also well-known for
thermally initiated cross-linked networks such as epoxy-amine
and epoxy-anhydride thermosets.49−52

We developed a strategy utilizing a powerful combination of
dynamic mechanical analysis (DMA) and TR-FTIR to monitor
the evolution of Tg and correlate it with the C�C double
bond conversion in monomer mixture films to estimate the
vitrification times. However, to obtain a well-resolved time
evolution of Tg and C�C conversion, DMA and TR-FTIR
experiments were performed at lower light intensities and
photoinitiator loadings in the cure blowing monomer mixtures
of both model systems to slow the photopolymerization
reactions. While the light intensity was maintained at 5 mW/
cm2, the photoinitiator contents were adjusted to 1.5 wt % for
thiol-acrylate and 0.5 wt % for thiol-ene systems such that the

Tg of the cured film is similar to the Tg of the cure blown fiber
mats, implying similar final network configurations. This
ensures comparable network evolution for the film and fiber
curing geometries. Approximately 100 μm thick films of the
reactive monomer mixtures of both model systems were coated
onto silicone strips as a support and photopolymerized for
different durations. The partially cured bilayer films were then
attached to the DMA clamps and oscillatory experiments were
conducted to measure the loss tangent (tan δ) as a function of
temperature (see Figure S1 for a schematic representation of
the experimental geometry). The temperature corresponding
to the peak of the tan δ curve was taken as the Tg of each
partially cured specimen.46 Figure 6a,b simultaneously shows
the time-dependent evolution of Tg and the C�C conversion
during photopolymerization for the thiol-acrylate and thiol-ene
systems. Figure 6a,b may be replotted to directly correlate Tg
with conversion as shown in Figure 6c,d, which shows that the
Tg versus conversion data fits relatively well to a linear
equation. The better quality of fit for the thiol-ene system
(Figure 6d) may be attributed to the more homogenous
network of a purely step-growth system, in contrast to the
heterogenous nature of a thiol-acrylate network (Figure 6c).
The conversion corresponding to the vitrification point for
both model systems can be determined from the Tg versus
conversion relation as the point at which Tg = Tcure. However,
the exothermic nature of free-radical polymerizations causes
the internal temperature to exceed the ambient temperature
and the maximum temperature is taken as Tcure.

50 To
determine Tcure, the temperature evolutions of both model
systems during photopolymerization were monitored using a
needle microprobe embedded in the uncured films of the
monomer mixtures. Tcure values for the thiol-acrylate and thiol-
ene systems were thus determined to be 40 and 34 °C,
respectively. From the linear fits shown in Figure 6c,d, the
conversions at vitrification corresponding to the measured Tcure
values were estimated to be ∼39 and ∼60% for the thiol-
acrylate and thiol-ene model systems, respectively. The higher
vitrification conversion for the thiol-ene system is supported by

Figure 6. Evolution of Tg and C�C conversion with time at a light intensity of 5 mW/cm2 and a photoinitiator content of (a) 1.5 wt % for the
thiol-acrylate and (b) 0.5 wt % for the thiol-ene model systems. (c, d) displays the variation of Tg with C�C conversion and the corresponding
linear fit equations obtained by replotting the Tg and C�C conversion versus time data shown in (a, b).

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.3c01083
ACS Appl. Polym. Mater. 2023, 5, 7841−7853

7847

https://pubs.acs.org/doi/suppl/10.1021/acsapm.3c01083/suppl_file/ap3c01083_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01083?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01083?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01083?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01083?fig=fig6&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.3c01083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the earlier observation on the evolution of the conversion rate
with the progress of photopolymerization (Figure 5).
The DMA and TR-FTIR analyses discussed above were

performed at much lower light intensity and photoinitiator
contents compared to the cure blowing experiments. There-
fore, the vitrification point data must be appropriately
extrapolated to estimate the vitrification times (tvit) for both
model systems at the actual process operating conditions. Note
that the final Tg of cross-linked thermosets photopolymerized
at a constant light intensity were observed to be similar
irrespective of the photoinitiator content. Therefore, the
estimated vitrification point values can be reasonably expected
to be invariant of the photoinitiator content in the monomer
mixture since Tg of a cross-linked network is a direct
manifestation of the conversion of the reactive groups. The
extrapolation analyses required additional TR-FTIR measure-
ments to ascertain the dependence of the photopolymerization
kinetics on the light intensity for proper extrapolation. TR-
FTIR studies were performed at lower light intensities ranging
from 38 to 250 mW/cm2 while maintaining a photoinitiator
content of 5 wt % (same as the cure blowing experiments) for
both thiol-acrylate and thiol-ene systems to obtain a well-
resolved time-dependent evolution of C�C conversion. For
conventional free-radical polymerizations with bimolecular
termination, the rate of polymerization (Rp) scales with the
rate of initiation (Ri) as Rp ∝ (Ri)1/2. For the photo-
polymerization chemistries used in this study, the initiation
rate is directly proportional to the light intensity (Ri ∝ I).30

Therefore, at the vitrification point (i.e., at a specific change in
the monomer concentration), tvit is proportional to I−1/2.
Figure 7 shows the variation of tvit values as a function of I−1/2

and the resulting linear fit equations that were used to estimate
tvit at the process light intensities. The tvit values for the thiol-
acrylate and thiol-ene systems were estimated to be 30 and 42
ms, respectively. Table 2 summarizes the results obtained from
the gelation and vitrification analyses of both thiol-acrylate and

thiol-ene model systems. In summary, the category of
parameters dictating the photopolymerization kinetics was
best quantified in terms of the vitrification time. Analyses based
on the two reactive model systems that exhibit distinct network
evolution mechanisms revealed that the previous under-
standing of the relation between the photopolymerization
kinetics and photopolymerized fiber morphology in terms of
the gel time is not universally valid. Comparison with other
characteristic timescales in the subsequent sections will further
highlight the validity of vitrification time as the relevant
photopolymerization timescale irrespective of the reaction
mechanism (vide infra).

Monomer Mixture Viscoelasticity and Fluid Relaxa-
tion Time. The category of parameters corresponding to the
viscoelasticity of the monomer mixture feed also plays a key
role in dictating cure blown fiber morphology. In this study,
ethyl acetate was used as a nonreactive diluent to obtain a
homogenous monomer mixture and regulate the viscosity to
ensure extrusion and drawing of the monomer feed into liquid
fiber jets. Notably, ethyl acetate can also be replaced with non-
volatile reactive diluents, such as 1,6-hexanediol diacrylate, N-
vinylpyrrolidone, butyl acrylate, etc., to eliminate VOCs.
Additionally, a trace amount of high molecular weight PEO
(125−760 ppm) was added to the monomer mixture as an
elasticity modifier. Our initial studies demonstrated the critical
role of monomer mixture elasticity to facilitate drawing of
liquid fiber jets and to suppress the surface tension-driven
Rayleigh instabilities inherent to the elongated liquid jets prior
to in-flight photopolymerization.22,53−55 Fluid instabilities in
liquid fiber jets with insufficient extensional properties manifest
as periodic surface undulations and necking along the fiber
axis, which in extreme cases may cause complete breakup into
droplets.31,56−58

The extensional properties of the monomer mixtures may be
quantified by their characteristic fluid relaxation timescales, as
measured by capillary breakup extensional rheometry
(CaBER). CaBER, which is commonly used to study low
viscosity viscoelastic fluids (η < 1 Pa s), measures the elastic
response of a viscoelastic liquid filament to a capillary stress-
driven uniaxial extensional flow by tracking the time evolution
of the filament diameter.59−61 Figure 8 shows that the liquid
filaments generated from the monomer mixtures of both model
systems undergo rapid breakup in the absence of any resisting
extensional stresses within the filament (0 ppm lines). In
comparison, the addition of trace amounts of high MW PEO
enhances the elasticity of the monomer mixture such that the
resulting extensional stresses developed within the self-

Figure 7. Vitrification time as a function of light intensity obtained from the photopolymerization kinetics of (left) thiol-acrylate and (right) thiol-
ene model systems. The dashed lines represent the linear fit of the displayed data.

Table 2. Summary of Gelation and Vitrification Analyses in
Thiol-Acrylate and Thiol-Ene Cure Blowing Model Systems

thiol-acrylate thiol-ene

process light intensity 1.4 W/cm2 1.0 W/cm2

Tcure 40 °C 34 °C
gel point 2% C�C conversion 41% C�C conversion
gel time 3 ms 35 ms

vitrification point 39% C�C conversion 60% C�C conversion
vitrification time 30 ms 42 ms
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thinning filament can resist breakup for longer durations of
time. The exponential thinning of the filament can be
described by the elastic fluid model shown in eq 4, which is
obtained from the balance between the elasto-capillary stresses
in the liquid filament.31,61,62
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where D(t) is the time-dependent filament diameter measured
by a laser micrometer in CaBER, D0 is the initial filament
diameter, G is the elastic modulus, σ is the surface tension, and
λc is the characteristic relaxation time of the monomer
mixtures. The characteristic fluid relaxation times of the
monomer mixtures were extracted by fitting eq 4 to the
exponential region of the diameter decay profiles shown in
Figure 8. Table 3 lists the estimated fluid relaxation time values
as a function of the PEO content for both thiol-acrylate and
thiol-ene model systems.

Note that the filament thinning in CaBER is solely driven by
surface tension, whereas liquid fiber drawing in cure blowing
involves a considerable additional contribution from the drag
force imparted by the high-velocity air jets. Therefore, the
extensional rates encountered during cure blowing are
expected to be significantly higher than that achievable from
CaBER. Nevertheless, CaBER analysis still provides a semi-
quantitative evaluation of the transient viscoelastic response of
a rapidly thinning filament. The estimated fluid relaxation time
can be compared with other characteristic timescales to gain
insights into the transition of cure blown fiber morphology
from uniform to non-uniform fiber diameters.
Process Operating Conditions and Fiber Flight

Times. The two relevant fiber flight timescales that govern
fiber morphology in cure blowing are: (i) flight time to the
light spot and (ii) UV exposure time. The flight time to the

light spot is the time taken by the liquid fiber jet to travel from
the die face to the edge of the UV irradiation spot. In contrast,
the UV exposure time represents the duration of time the fiber
jet spends in the light spot, which is essentially the time
available for liquid fiber jet photopolymerization and solid-
ification prior to reaching the collector. Both fiber flight times
may be directly estimated from the air and fiber jet velocities
used in cure blowing and the location and size of the light spot.
Earlier studies investigated air velocity and fiber velocity

profiles in melt blowing both experimentally and theoretically
using die configurations closely resembling the cure blowing
die used in this study.63−68 Therefore, the general character-
istics of the velocity profiles observed in melt blowing can be
reasonably expected to be applicable for cure blowing as well.
In melt blowing, the air velocity is maximum at the die face and
decreases rapidly with the increasing distance from the die face
with a power law dependence.63,67 The maximum drag force
exerted on the fiber jet close to the die face results in maximum
fiber drawing and maximum fiber acceleration. As a result, the
fiber velocity increases rapidly up to a distance of ∼3−4 cm
from the die face, where it attains a maximum value similar in
magnitude to the air velocity. Beyond this point, the fiber
velocity continues to decay at the same rate as the air
velocity.63−65 Notably, high-speed photography studies of cure
blowing (Figure S2) revealed that maximum fiber jet thinning
occurs within 0.5 cm of the die face due to the considerably
lower viscosity of the monomer mixture feed (∼0.25 Pa s in
cure blowing compared to ∼25−150 Pa s for typical polymer
feed in melt blowing).12,69 Consequently, conservation of mass
of the liquid filament dictates that a maximum fiber jet velocity
will be achieved within 0.5 cm of the die face, which suggests
that the difference between the fiber velocity and air velocity
profiles in cure blowing would reduce to zero much closer to
the die face compared to melt blowing.
While the air velocity profile can be represented by a power

law model, mass and momentum balance equations applied to
a fiber jet in melt blowing reveal a complex dependence of the
fiber velocity on parameters such as the air velocity, fiber jet
diameter, and polymer melt viscoelasticity.68,70 As a result, it is
challenging to assess the roles of each relevant parameter and
analytically describe the fiber velocity profile. To the best of
our knowledge, no analytical models have been reported that
can appropriately summarize the fiber velocity. Therefore, we
utilized the air velocity profile as a limiting case to approximate
the cure blown fiber velocity. The previous discussion on the
enhanced fiber acceleration in cure bowing suggests that this

Figure 8. Evolution of the filament diameter during surface tension-driven self-thinning of the filaments generated from the monomer mixtures of
(left) thiol-acrylate and (right) thiol-ene model systems containing 760 ppm (diamond), 500 ppm (inverted triangle), 300 ppm (triangle), 125
ppm (circle), and 0 ppm (square) PEO, respectively. The solid lines represent the fits to the elastic fluid model.

Table 3. Summary of the Fluid Relaxation Times of Model
Cure Blowing Monomer Mixtures as a Function of PEO
Additive Content

PEO content (ppm)

fluid relaxation time (ms)

thiol-acrylate thiol-ene

760 214 337
500 187 269
300 137 216
125 101 158
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approximation can provide reasonably accurate estimates of
the fiber flight times. The power law model developed by
Moore et al. to describe the air velocity profile observed in
melt blowing using a die geometry very similar to that used in
this study is defined as.63
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where v(z) isthe mean air velocity at a distance of z cm from
the die face along the fiber spinning axis, v0 is the mean air
velocity at the die face, and h is the sum of the orifice diameter
and total air knife gap, where h ≈ 0.5 cm for the cure blowing
die design used in this study. Air flow rates = 0.5−1.5 SCFM
used in cure blowing studies correspond to v0 = 32−109 m/s.
The flight times to the light spot and UV exposure times were
estimated by integrating eq 5 using proper integration limits
where the edge of the light spot is located 4 cm from the die
face and the total length of the light spot along the fiber
spinning axis is 12 cm. Table 4 lists the estimated values of the
flight times to the light spot and UV exposure times for the air
flow rates used in this cure blowing study.

Morphology Maps: Interdependence of the Charac-
teristic Timescales. The previous sections quantified the
competing timescales corresponding to the photopolymeriza-
tion kinetics, monomer mixture fluid properties, and process
operating conditions that dictate the ultimate outcomes of the
cure blowing process. Thus, the origins of the fiber
morphology transitions may be explained by comparing the
relative magnitudes of these characteristic timescales. For
instance, the transition from non-fused to fused fiber
morphology arises from the balance between vitrification
time and UV exposure time, since a smaller UV exposure time
compared to tvit implies insufficient curing of the liquid fiber

jets that render them susceptible to developing fused junctions
after deposition on the collector. Similarly, the propensity to
develop non-uniform surface undulations stems from the
balance between the fluid relaxation time and flight time to the
light spot, since fluid instability-driven surface undulations
evolve during liquid fiber jet flight prior to photopolymeriza-
tion. Thus, a longer fluid relaxation time compared to flight
time to the light spot suppresses the growth of surface
undulations in the liquid filaments and prevents formation of
nonunform fiber diameters.
Two-dimensional morphology maps can thus be phenom-

enologically constructed in terms of a “kinetic ratio” of UV
exposure time and tvit that delineates the non-fused to fused
morphology transition, and a “fluid stability ratio” of fluid
relaxation time to flight time to the light spot that specifies the
transition from uniform to non-uniform fiber diameters.
Multiple cure blowing experiments were performed for both
thiol-acrylate and thiol-ene model systems by varying the air
flow rate, monomer delivery rate, and PEO content in the
monomer mixtures. The resulting fiber morphologies were
imaged with a VLM and categorized into uniform non-fused,
uniform fused, and non-uniform fused fiber morphologies.
Figure 9 shows the morphology maps for both model systems
obtained at a monomer delivery rate of 0.25 mL/min. Note
that the shaded regions are intended as an approximate guide
to the eye only. The nonlinear nature of the domain
boundaries of the morphology maps further corroborates the
complex interplay of different timescales associated with cure
blowing in specifying the final fiber morphology. Comparison
of the morphology maps constructed for both thiol-acrylate
and thiol-ene model systems shows similar trends in fiber
morphology evolution with the kinetic and fluid stability ratios,
as well as similar magnitudes of the timescale ratios
corresponding to the domain boundaries. This indicates that
these characteristic timescale ratios that describe the physics
and photochemistry of cure blowing successfully capture
variations in fiber morphology irrespective of the photo-
polymerization mechanism. The lack of dependence on the
polymerization mechanism further validates the role of
vitrification as the primary cause for the photopolymerization
kinetics-driven morphology transition.
These morphology maps may also serve as a predictive guide

for implementation of new monomer chemistries in cure
blowing to obtain fibers with targeted morphologies. As shown
in Figure S3, a specific region within the morphology map can

Table 4. Fiber Flight Time to the Light Spot and UV
Exposure Times for Typical Cure Blowing Air Flow Rates

air flow rate
(SCFM) flight time to light spot (ms)

UV exposure time
(ms)

0.5 1.4 13.1
0.75 0.9 8.6
1 0.7 6.2
1.25 0.5 4.8
1.5 0.4 3.9

Figure 9. Representative morphology maps for (left) thiol-acrylate and (right) thiol-ene model systems obtained by correlating the cure blown fiber
morphology with the ratio of UV exposure time and vitrification time and the ratio of fluid relaxation time and flight time to the light spot. All the
data included in the morphology maps were obtained at a monomer delivery rate of 0.25 mL/min where the effective light intensities in the same
plane as the fiber path were maintained at 1.5 and 1 W/cm2 for the thiol-acrylate and thiol-ene model systems, respectively.
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be completely defined in terms of the four characteristic
timescales. Consequently, the relevant kinetic, material, and
process operating parameters can be tuned a priori to fiber
spinning to obtain the timescale values needed to obtain the
desired fiber morphologies. The ability to predictively
determine the necessary cure blowing parameters eliminates
the tiral-and-error determination of the appropriate process
conditions, enabling rapid real-world optimization of this high-
throughput nonwoven fabrication method.

■ CONCLUSIONS
A semiquantitative framework was developed to correlate the
interplay between different categories of parameters with cure
blown fiber morphologies, irrespective of the detailed
monomer chemistries and underlying mechanisms of cross-
linked network formation. This was accomplished by
summarizing the contribution of each of these categories in
terms of characteristic physical timescales, namely, the
vitrification time to describe the photopolymerization kinetics,
the fluid relaxation time representing the monomer mixture
viscoelastic properties, and the flight times (i.e., UV exposure
time and flight time to the light spot) to account for the
process operating conditions. Our studies suggest that the
vitrification time, rather than the gelation time, best embodies
the photopolymerization timescale governing the transition
from non-fused to fused fiber morphologies. Two-dimensional
morphology maps were constructed to associate cure blown
fiber morphologies with the estimated characteristic timescales
using a “kinetic ratio” of the UV exposure time and vitrification
time and a “fluid stability ratio” of the fluid relaxation time and
flight time to the light spot. Similarities in the morphology
maps obtained for thiol-acrylate and thiol-ene model systems
validate the choice of characteristic timescales to hold true
irrespective of the photopolymerization mechanism involved in
cure blown network formation. Furthermore, the morphology
maps provide a predictive framework that will enable rapid
identification and implementation of new monomer chem-
istries to the cure blowing process. Thus, this study lays the
foundation for the development of cure blowing as an
industrially relevant fiber manufacturing approach for produc-
ing cross-linked synthetic nonwovens with tailored chemical
and physical properties for a broad variety applications.
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