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ABSTRACT: Recently presented as a rapid and eco-friendly manufacturing
method for thermoset polymers and composites, frontal polymerization (FP)
experiences thermo-chemical instabilities under certain conditions, leading to
visible patterns and spatially dependent material properties. Through numerical
analyses and experiments, we demonstrate how the front velocity, temperature,
and instability in the frontal polymerization of cyclooctadiene are affected by
the presence of poly(caprolactone) microparticles homogeneously mixed with
the resin. The phase transformation associated with the melting of the
microparticles absorbs some of the exothermic reaction energy generated by the
FP, reduces the amplitude and order of the thermal instabilities, and suppresses
the front velocity and temperatures. Experimental measurements validate
predictions of the dependence of the front velocity and temperature on the microparticle volume fraction provided by the proposed
homogenized reaction−diffusion model.

■ INTRODUCTION

Recently introduced as a rapid, energy-efficient, eco-friendly,
out-of-autoclave alternative to conventional bulk-polymer-
ization-based manufacturing for thermoset composites,1 frontal
polymerization (FP) is based on the self-sustaining process
associated with the propagation of a sharp polymerization front
driven by the exothermic reaction taking place in the
thermosetting resin.2−5

The key features of the FP-based manufacturing process,
including the front temperature and velocity, are sensitive to
many factors, including the formulation of the resin,6−11 the
presence of a thermally conductive reinforcing phase,12−15 the
environmental temperature,16−18 and pressure.19,20 All of these
factors have been shown to affect the morphology and
properties of the resultant polymer.21−24

In most cases, the polymerization front propagates in a
steady fashion, leading to the manufacturing of polymeric
materials with homogeneous properties. However, under
certain conditions,25−27 thermo-chemical instabilities are
observed in the front propagation, characterized by highly
transient front temperatures and velocities. These instabilities
have been reported in previous studies as pulsating,28−30

spinning,2,31,32 and fingering instabilities.33 The ultimate
objective of this work is to harness these thermal instabilities
by changing the process conditions through the tuning of the
reaction and thermal transport, leading to spontaneous and
controllable patterns and spatially dependent morphological,
chemical, optical, and mechanical properties in the polymer.34

The numerical and experimental study presented hereafter
has two main goals: (1) to investigate how the introduction of
microparticles with a melting temperature below the front
temperature affects the front velocity and temperature in the
FP of cyclooctadiene (COD) through the conversion of some
of the reaction heat into energy absorbed by the phase-
transforming microparticles; and (2) to show how the
amplitude and wavelength of FP-driven thermal instabilities
can be tuned by the presence of phase-transforming micro-
particles, thereby providing a potential methodology to achieve
patterning in thermoset polymers and composites. Poly-
(caprolactone) (PCL) with a combination of proper melting
point ∼60 °C, large melting enthalpy 139 J/g, and high
compatibility with the COD is expected to interact with the
polymerizing front effectively and hence selected as the
demonstrative phase-transforming material in the present
study. The effects of the environmental temperature and the
volume fraction of microparticles on the front velocity and
temperature are investigated through a one-dimensional (1D)
parametric numerical study, whose results are confirmed by
theoretical predictions and experimental observations. In
particular, we show how heat absorption associated with
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phase-transforming microparticles reduces the amplitude,
wavelength, and order of the pulsating instabilities and
describe this effect in terms of a reduction of the Zeldovich
number35 used in previous studies to characterize the onset
and order of FP-driven instabilities.

■ COMPUTATIONAL AND EXPERIMENTAL
METHODS

Modeling of FP in the Presence of Phase-Changing
Microparticles. FP in Neat COD Resin. FP in a neat COD
resin (denoted hereafter by the subscript r) in a two-
dimensional (2-D) domain can be described by the following
reaction−diffusion partial differential equations (PDEs)
written in terms of the temperature T (in K) and degree of
cure α (nondimensional) fieldsl
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In eq 1, κr (in W/(m·K)), Cp,r (in J/(kg·K)), and ρr (in kg/
m3), respectively, denote the thermal conductivity, heat
capacity, and density of COD and are listed in the first row
of Table 1,34,36 while Hr (in J/kg) is the amount of heat

generated by the exothermic reaction of the resin. The second
relation approximates the cure kinetics of COD written with
the generalized Prout−Tompkins model,34 with Ar (in/s), Er
(in J/mol), and R (= 8.314 J/(mol·K)), respectively, denoting
the pre-exponential factor, activation energy, and ideal gas
constant. n and m correspond to the reaction order. These
parameters are summarized in the first row of Table 2.

To simulate the positive x-direction FP in the domain 0 ≤ x
≤ l, 0 ≤ y ≤ w, we adopt the following initial and boundary
conditionsl

m
oooooooooooo
n
oooooooooooo

α α
= ≤ ≤ ≤ ≤
= ≤ ≤ ≤ ≤
= ≤ ≤ ≤ ≤

∂
∂ = ≤ ≤ >

T x y T x l y w

x y x l y w

T y t T y w t t

T
x

y t y w t t

( , , 0) , 0 , 0

( , , 0) , 0 , 0

(0, , ) , 0 , 0

(0, , ) 0 0 ,

0

0

trig trig

trig
(2)

where T0 (set at 23 °C), α0 (= 0.01), Ttrig (= 175 °C), and ttrig
(= 5 s), respectively, denote the initial temperature, the initial
degree of cure, the triggering temperature, and the triggering
time. Adiabatic boundary conditions are applied at all other
boundaries. The multiphysics object-oriented simulation
environment (MOOSE),38 an open-source C++ finite element
solver that incorporates robust mesh and time step adaptivity
modules needed to capture the sharp gradients in the vicinity
of the moving front, is adopted in the simulations described
hereafter.
Figure 1a presents thermal and degree-of-cure solutions

along the front propagating x-direction at different times t,
with the temperature T normalized as θ = −

−
T T
T T

0

f 0
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= + α−T T H
Cf 0
(1 )

p

r 0

,r
denotes the “stable” temperature behind

the front. The profiles of temperature and degree of cure show
the presence of thermal instabilities leading to substantial
thermal spikes (θ > 1) as shown in the inset. Since the
chemical reaction is driven by the Arrhenius term in the cure
kinetics model described by eq 1, the thermal front is always
slightly ahead of the degree-of-cure front.
As shown in Figure 1b, these thermal instabilities are also

associated with a complex pulsating evolution of the width of
the thermal front defined by Lθ = max(θ)/max(dθ/dx)17

around its average value =θL 0.29 mm denoted by the solid
horizontal line.

Discrete and Homogenized Models of FP in COD Mixed
with PCL Microparticles. We investigate the applicability of a
homogenized model of FP in nano-particle-filled COD by
performing first a set of simulations of FP in a domain
composed of discrete PCL particles of increasingly smaller size
embedded in a COD resin (Figure 2a).
The solution in discrete phase-changing PCL particles

(denoted hereafter with the subscript p) is obtained with the
aid of the following melting−diffusion model describing the
evolution of the degree of melting δl
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In the first equation, Hp denotes the melting enthalpy and the
negative sign reflects the endothermic nature of the melting
process. The second equation approximates the phase
transition of the PCL as a first-order kinetic model, where
Ap and Ep, respectively, stand for the pre-exponential constant
and the activation energy of the melting process.37,39 The
thermal properties and melting kinetics parameters are listed in
Tables 1 and 2, respectively.
Equations 1 in the COD resin and eq 3 in the part of the

domain occupied by the embedded PCL particles are solved in
the rectangular domain shown schematically in Figure 2a while
maintaining the particle volume fraction ϕ fixed (ϕ = 0.1). The
discrete model simulations involve a domain length l = 20 mm
and three pairs of particle radius r and domain width w values
(given in mm): (r, w) = (0.125, 1), (0.0625, 0.5), and
(0.03125, 0.25). The evolution of the front location xf defined
as the location where α = 0.5 along the mid-line (dashed
horizontal line (y = 0.5 w) in Figure 2a) is shown in Figure 2b,
with the particle radius normalized by the average front width

Table 1. Thermal Conductivity, Density, and Heat Capacity
of COD and PCL34,36

κ (W/(m·K)) ρ (kg/m3) Cp (J/(kg·K))

COD resin (r) 0.133 882.0 1838.5
PCL particles (p) 0.140 1145 1409.5

The Cp,p variation in PCL caused by the phase transition is not
considered.

Table 2. Parameters Approximating the Cure Kinetics of
COD in eq 1 and the Melting Kinetics of PCL in eq 334,37

A (1/s) E(J/mol) H (J/kg) n m

COD resin (r) 2.13 × 1019 132 000 220 596 2.51 0.82
PCL particles (p) 4.94 × 1035 241 000 139 000
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θL introduced in Figure 1b. The initial degree of melting δ0 is
set as 0.01.
As apparent in Figure 2b, the predicted evolution of the

front location becomes independent of the particle size when
particles become smaller than about 20% of the front width.
This result suggests the introduction of a homogenized
reaction−melting−diffusion model that simultaneously cap-
tures the energy created by the exothermic polymerization of
the resin and the energy absorbed by the homogeneously
mixed microparticles asl
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The overbar quantities denote the homogenized material
properties defined byl
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As shown in Figure 2b, the front propagation predicted by the
homogenized model agrees well with that obtained with a
discrete model with PCL particles smaller than approximately
20% of the average thickness of the thermal front. This model

is thus adopted for all simulation results presented in the
remainder of this manuscript.

Experimental Section. Materials. 1,5 Cyclooctadiene
(COD) was purchased from Millipore-Sigma and was passed
through a 1 cm plug of basic alumina to remove the octadecyl
3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate stabilizer.
Poly(vinyl alcohol) (PVA, MW 13 000−23 000, 98% hydro-
lyzed), Tween-60, second-generation Grubbs catalyst (GC2),
phenylcyclohexane, and tributyl phosphite (TBP) inhibitor
were purchased from Sigma-Aldrich and used as received
without further purification. Poly(caprolactone) (PCL, MW
50 000) powder was purchased from polysciences.

Preparation of PCL Microparticles. The methodology for
the microparticle size reduction was adapted from Chen et al.40

In a typical preparation, 1.0 g of PCL dissolved in 20 mL of
methylene chloride composed the oil phase. This oil phase was
added dropwise into 200 mL of 3% PVA solution (external
aqueous phase) containing 0.05% of Tween-60 and stirred
overnight at 700 rpm to form an O/W emulsion and then
allow solvent evaporation. Finally, the produced microparticles
were collected by centrifugation, washed with distilled water,
and lyophilized by freeze-drying to obtain free-flowing
powderlike PCL microparticles.

Morphology Observation. The microparticles were dis-
persed in distilled water and air-dried onto a smooth silicon
wafer chip substrate, and observed using a Carl Zeiss Merlin
scanning electron microscope (SEM). Particle size distribution
was found by computer analysis using FIJI (ImageJ) to be 15.5
± 6.0 μm (count 212), below the threshold calculated for
applicability to the homogeneous model described in the
previous section.

Figure 1. Frontal polymerization of COD. (a) Profiles of normalized temperature θ and degree of cure α at several moments during the right-
traveling propagation of the polymerization front. (b) Pulsating evolution of the width Lθ of the thermal front, with the horizontal line denoting the
average value θL .

Figure 2. Discrete and homogenized models of FP in COD with PCL particles. (a) Schematics of discrete and homogenized models. (b)
Comparison between the evolution of the front position xf predicted by discrete and homogeneous models.
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Frontal Polymerization. In a typical experiment, 3.125 mg
of GC2 is weighed out into an Eppendorf tube and dissolved in
156.25 μL of phenylcyclohexane. One molar equivalent of TBP
inhibitor with respect to GC2 is added to the solution via a
volumetric syringe. Immediately prior to the combination, the
PCL microparticles are dispersed in the COD via thorough
vortexing and sonication. The catalyst/inhibitor solution is
then added to 5 mL of COD (10 000 molar equivalents with
respect to GC2) and mixed by inversions. Eight milliliters of
the COD-PCL mixture is added to a test tube. A K-type
thermocouple (Amprobe TMD-56) is submerged in the
mixture to collect data and monitor temperature, which is
controlled prior to initiation by submerging the test tube in
gently cooled or heated water. Once the target initial
temperature is reached, a soldering iron is used to initiate
the frontal ring-opening metathesis polymerization (FROMP)
reaction at the top of the volume, and the front propagates
toward the bottom of the tube.

■ RESULTS AND DISCUSSION
Numerical Results of Bulk and Frontal Polymer-

ization. The competition between the energy absorbed by the
melting of the particles and the energy generated by the
exothermic reaction in the COD resin can first be analyzed

within the context of bulk polymerization, i.e., in the absence
of the thermal diffusion term in eq 4. Results from these so-
called “0D simulations” based on the coupled ordinary
differential equations (ODEs) for the temperature T, COD
degree of cure α, and degree of PCL microparticle melt δ are
presented in Figure 3 for the parameter values listed in Tables
1 and 2, and for initial values (T0, α0, δ0) = (23 °C, 0.01, 0.01).
Figure 3a compares the evolution of the degree of melting δ

with the degree of cure α for seven values of the particle
volume fraction ϕ. In all cases, δ remains initially small as α
increases, leading to the early increase of the temperature T
(Figure 3b). When T approaches the melting temperature of
PCL (∼60 °C), the phase transformation of the particles is
initiated, reflected by a rapid increase of δ and a decrease in the
slope of the T − α curves. After the melting is completed (δ =
1), the exothermic reaction in the COD resumes. An increase
in ϕ corresponds to a reduction in the available heat of
reaction ρrHr(1 − ϕ) and an increase in the absorbed heat
ρpHpϕ due to the phase transformation of the particles.
As ϕ increases, the initiation of melting thus takes place at

higher values of α and the front temperature corresponding to
the completion of the curing of COD resin (α = 1) and the
melting of PCL (δ = 1) decreases. For this COD/PCL system,
the critical value of ϕ for which the available heat of reaction

Figure 3. Diffusion-free “bulk polymerization” of the COD/PCL system. Degree of cure α versus degree of melting δ (a) and versus temperature T
(b) for different values of the microparticle volume fraction ϕ.

Figure 4. FP in COD with PCL microparticles predicted by the homogenized model. (a, c) Profiles of the normalized temperature θ, the degree of
cure α, and the degree of melting δ for ϕ = 0.05 and 0.15. (b, d) Spatial profiles of the instantaneous front velocity νf and maximum temperature
Tmax.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.1c03899
J. Phys. Chem. B 2021, 125, 7537−7545

7540

https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03899?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03899?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03899?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03899?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03899?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03899?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03899?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03899?fig=fig4&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c03899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


equals the required heat absorption, i.e., for which ρrHr(1 −
ϕcrit) = ρpHpϕcrit is found to be ϕcrit = 0.55. As apparent in
Figure 3b, the system will become endothermic for ϕ > ϕcrit.
This simple “0D model” does not capture the sharp

gradients present in the vicinity of the front and the
contribution of the thermal diffusion process needed to drive
the frontal polymerization. To model the impact of PCL
microparticles on the propagation of the polymerization front,
we solve the system of coupled PDEs described by eq 4 in a
1D domain of length l = 40 mm, with the same thermal trigger
in eq 2.
Figure 4a,c presents snapshots of the profiles of temperature,

degree of cure, and degree of melting obtained for ϕ = 0.05
and 0.15. For this homogenized model, the normalized

temperature is defined as θ = −
−

T T
T T

0

f 0
, with Tf denoting the

front temperature obtained by

ρ ϕ ρ ϕ
ρ= +

− −
T T

H H

C

(1 )r

p
f 0

r p p

(6)

As before, the thermal front precedes the degree-of-cure front
since the cure kinetics is thermally driven. The profile in δ is
sharper than that in α indicating that the phase transition,
although being driven by the heat of reaction, takes place faster
than the polymerization as alluded to in Figure 3a. As apparent
in Figure 4c, the thermal front becomes less sharp and the
front velocity decreases as the particle volume fraction
increases.
The thermal spikes for which θ > 1 confirm the existence of

pulsating instabilities, as illustrated in Figure 4b,d, which
present the spatial variation of the maximum temperature Tmax
and front velocity νf along the path of the front. A direct
correlation can be observed between the peaks and valleys in
Tmax and νf. For the case ϕ = 0.05, we obtain a period-4
oscillation marked as I, II, III, and IV in Figure 4b. The
solution obtained for ϕ = 0.15 is quite different, with the
“repeating unit” of νf and Tmax displaying a period-2 oscillation
marked by I and II in Figure 4d. Moreover, as further discussed
in the next section, the average front velocity and temperature
are strongly affected by the particle volume fraction.

Figure 5. Effect of microparticle volume fraction ϕ and initial temperature T0 on the average front velocity vf (a) and the front temperature Tf (b).
Circles: numerical predictions; curves: analytical expressions with eq 6.

Figure 6. Effect of microparticle volume fraction ϕ and initial temperature T0 on FP-driven instabilities. Temperature ratio Tmax/Tf versus (a) ϕ
and (b) the Zeldovich number Z for five values of the initial temperature T0. The insets in (b) show the characteristic Tmax profile illustrating
different modes of front propagation including stable propagation (circles), period-2 instability (triangles), period-4 instability (squares), and
higher-order instability (stars). Dependence of the wavelength of instabilities λ on ϕ (c) and Z (d). The significance of the symbols in (d) is the
same as in (b).
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Effects of Initial Temperature and Microparticle
Volume Fraction. As shown earlier, the key features (front
velocity, temperature, and instabilities) of FP in the COD/
PCL system depend on the energy released by the chemical
reaction and the amount of heat absorbed by the phase
transition. We present hereafter the results of a parametric
study on the effects of the microparticle volume fraction and
the initial temperature of the resin on these key FP features.
Figure 5a,b present the dependence of the average front

velocity vf and of the front temperature Tf on the particle
volume fraction ϕ and the initial temperature T0, with vf
computed based on the time needed for the front to travel
between x = 10 and 30 mm. An increased amount of
microparticles rapidly slows down the front and strongly
reduces its temperature. Also, as expected, higher values of the
initial temperature lead to faster fronts.
The numerical results shown as symbols in Figure 5a can be

captured through the following analytical approximation ṽf for
the front velocity41−43
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with a form determined by the general Prout−Tompkins
model, and ε between 0 and 1 − α0 is the degree of cure at the
instantaneous energy release.43 The analytical values of the
front velocity provided by eq 7 (solid curves) agree well with

the numerical results (symbols) for all values of T0. Similarly,
Figure 5b shows a good agreement between the numerical
values of Tf (symbols) and the analytical expression given by
eq 6 (solid curves).
Turning our attention to the relationship between micro-

particle volume fraction and instabilities, we adopt the
temperature ratio Tmax/Tf (both expressed in K) to quantify
the amplitude of thermal instabilities. Figure 6 presents the
dependence of the temperature ratio on ϕ and T0, showing
that the addition of phase-changing particles rapidly reduces
and eventually eliminates (for ϕ ≥ 0.2) the FP-driven
instabilities. In addition, the higher the initial temperature of
the resin, the lower the amplitude of the thermal instabilities as
was observed in DCPD27 and methacrylic acid.44

A detailed analysis of these results yields three modes of
pulsating instabilities as illustrated in the insets of Figure 6b:
period-2 instabilities (triangles), period-4 instabilities
(squares), and higher-order instabilities (stars). The first
inset (circle) shows the stable propagation for reference.
Figure 6b shows how the temperature ratio Tmax/Tf relates

to the Zeldovich number, which has long been used to
characterize the onset of instability26,44,45

= −
Z

T T
T

E
RT

f 0

f

r

f (8)

As apparent in that figure, the temperature ratio decreases with
Z and pulsating instabilities disappear for Z < 9.1. Moreover,
for 9.1 < Z < 9.75, period-2 pulsating instabilities are observed,
while period-4 and higher-order instabilities are obtained for Z
> 9.75. As microparticles suppress the FP-driven instabilities at
a higher ϕ, νf is also significantly reduced on compromise.
However, a larger νf can be maintained at a higher initial
temperature T0 (Figure S1).
Figure 6c focuses on the dependence of the wavelength λ of

these instabilities on ϕ and T0. An increase in particle content
leads to an increase in λ, defined as the average distance

Figure 7. Experiments of FP with PCL microparticles. (a) Optical images of FP with PCL microparticles in a test tube with a volume fraction of
microparticles ϕ = 0.1. The front is propagating downward (black arrows), transforming monomer (in pink) into a polymer (in yellow). (b) SEM
image of PCL microparticles with the scale bar representing 100 μm. A size distribution analysis indicates the averaged particle diameter d = 15.5 ±
6.0 μm. (c) Average front velocity vf and (d) front temperature Tf as functions of the microparticle volume fraction ϕ and the initial temperature
T0. The melting enthalpy Hp in analytical models is changed to 89 J/g.
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between adjacent peaks in the maximum temperature profile.
The discontinuous dependence of λ on Z presented in Figure
6d corresponds to the aforementioned transitions between
instability modes.
Experimental Validation. To verify the numerical

findings, experiments of FP with PCL microparticles were
performed in test tubes, as exemplified by Figure 7a, where the
volume fraction of microparticles ϕ = 0.1. At t = 0 s, a visible
front is triggered by a soldering iron, propagating downward at
an averaged velocity of ∼0.2 mm/s, transforming liquid COD
monomers (in pink) to solid polybutadiene (in yellow). After
FP, the samples are lacking visible defects. A scanning electron
microscope (SEM) photo of PCL microparticles is presented
in Figure 7b; the scale bar represents 100 μm. The size
distribution analysis indicates that the diameter of PCL
microparticles ranges from 4.3 to 29.2 μm with an averaged
particle diameter d of 15.5 ± 6.0 μm, which justifies the usage
of the homogeneous model in eq 4 (Figure 2b). Differential
scanning calorimetry (DSC) measurements are demonstrated
in Figure S2, which verify the melting kinetics approximated by
eq 3 but indicate a lower Hp of 89 ± 2.0 J/g compared to that
of PCL with 100% crystallinity (Table 1).
The instabilities with mm-sized wavelength λ explored with

numerical analyses are difficult to directly observe in
experiments due to insufficient resolutions and the exper-
imental results presented hereafter focus on the dependence of
the front velocity on the particle volume fraction and initial
temperature. Figure 7c shows that the average front velocity vf
measured in experiments (dots) increases with the initial
temperature T0 but decreases with the volume fraction ϕ of
PCL microparticles, as suggested by the numerical results.
Moreover, the experimental results of vf are highly consistent
with the analytical prediction given by eq 7 (solid lines).
According to Figure 7d, the trends of front temperature
measured by a thermocouple with T0 and ϕ generally agree
with numerical and analytical findings. However, the
experimental value is systematically lower than the analytical
prediction given by (eq 6) due to the heat loss to the
surroundings,46 which was not considered in the present
modeling work.

■ CONCLUSIONS
With the aid of numerical analyses and experiments, we have
shown how mixing PCL microparticles with a COD resin
affects the frontal polymerization process. A homogenized
model of the resin/phase-changing particle system has been
proposed and shown to be applicable for particle sizes inferior
to about 20% of the average thermal front thickness. A
parametric study has been carried out to investigate system-
atically the effects of the microparticle concentration and resin
initial temperature on the frontal polymerization of COD, and
in particular on the front velocity, temperature, and instability.
Good agreement was found between numerical results,
theoretical predictions, and experimental observations. These
results have illustrated how the FP-driven instabilities can be
harnessed by mixing endothermic phase-transforming micro-
particles, thereby provides a potential path for the efficient
manufacturing of polymer and polymeric-matrix composites
with controlled patterns and spatially dependent material
properties.
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