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Frontal polymerization (FP) is a solvent-free, energy-efficient process
where a self-propagating polymerization reaction with a characteristic
sharp temperature gradient at the front head propagates through the
resin to provide the curing conditions. It relies on the enthalpic
balance, which spreads the reaction to unreacted resin in the
neighborhood. Therefore, the FP is sensitive to the presence of
non-reactive volumes, such as boundaries, fillers, or other additives,
that retain heat from the front but produce no enthalpy in return.
On the other hand, the front's high temperature could be used to
initiate other processes, such as foaming, incorporating them into a
simple single-step fabrication procedure. This study used silica
particles of two different sizes (14 nm and 200-300 nm) in an
epoxy-based FP foam as a representative filler to probe the con-
straints imposed by non-reactive additives. The presence of parti-
cles visibly hindered the front propagation, increased the foam
density and even corrupted the frontal regime in some cases. We
show that preheating or chemical composition changes are viable
approaches to address the fillers’ adverse effects. Furthermore, we
present evidence that the reduced reaction enthalpy caused by
silica nanoparticles, was balanced by the lower heat capacity of our
model system. At the same time, the front hindrance was attributed
to changes in reaction kinetics and the heat distribution around the
front. These results set up essential narratives for the design and
practical applications of frontally polymerized foams with non-
reactive fillers.

1. Introduction

Frontal polymerization (FP) is a special polymerization process
where once initiated at one location, can propagate from the
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New concepts

This manuscript establishes basic narratives for designing and imple-
menting fillers in frontally polymerized (FP) foams. New fundamental
insights into the thermodynamics and kinetical effects induced by micro-
and nanoparticles to frontal polymerization are presented. FP foams are
favored for energy-efficient curing, high conversion, and good mechanical
performance. However, adding particles to an FP formulation may
require adjustments to maintain the frontal regime of polymerization
by restoring the enthalpic balance. The three main phases of FP are the
preheating ahead of the front, the front head with maximum
temperature, and the heat retention after the front passes. All three
processes are significantly affected by the presence of particles. We
demonstrate new design strategies addressing these challenges
preventing this field from further expansion. Either the formulation
could be preheated before the initiation, the reaction rate can be
accelerated by adding more initiator, or the reaction enthalpy might be
increased by adjusting the monomer composition. These results open a
way toward innovative composite and nanocomposite FP foams. This new
class of materials can combine simple and efficient processing,
lightweight structure, mechanical robustness, and advanced properties,
such as thermal or electrical conductivity, introduced by functional
nanofillers.

initiation site through the volume of the uncured resin via the
exotherm generated during the cure. As the curing proceeds,
the evolving excess heat locally self-initiates the reaction in
nearby regions. This process is repeated until the propagating
polymerization creates a front with a characteristic sharp
temperature gradient. These curing conditions are far more
energy efficient than thermal curing® while not suffering from
the short potlife of chemically cured formulations.” At the
same time, the solvent-free FP conditions generate minimum
waste and offer specific unique properties compared to bulk
polymerization, such as higher conversion, better mechanical
performance, or chemical resistance.” Moreover, the front
could initiate other processes such as in-situ synthesis of
nanoparticles® or foaming.” These parameters make the FP a
good candidate for environmentally friendly and sustainable
processing methods, especially in combination with green
chemistries.*”
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The frontal regime is governed by the enthalpic balance
between heat generation, consumption, and losses to the
environment and simultaneous processes.” The heterogeneous
materials near the reaction front may absorb and retain the
excess reaction enthalpy while producing no reaction enthalpy
in return. Hence, the FP is sensitive to boundary conditions and
unreactive volume, e.g., fillers. Even a tiny variation of activa-
tion energy may have a prominent effect on the front velocity
and limit the maximum content of unreactive additives eligible
for achieving the FP conditions.® Insufficient, slow, or uneven
heat evolution causes the front to cool down and decelerate; it
may result in fingering or even disrupt the self-propagation.®*°
This could also originate from the increased cross-linking
density or slower diffusion in the system.? On the other hand,
too large excess heat promotes self-initiation, and the reaction
becomes more similar to standard bulk polymerization.

Nanoparticles and other nanomaterials represent a specific
category of fillers with pronounced interfacial effects.” They are
favored for nanoreinforcement,’® functional additivation,'**
and, generally, a simple modification of properties.'® Davtyan,
et al. reported an almost negligible effect of silica nanoparticles
(NPs) on the front propagation and temperature of PMMA/methyl
methacrylate solution up to the concentration corresponding to
the NP aggregation limit."” On the other hand, larger or aggre-
gated particles caused a far more pronounced front hindrance.
Interestingly, Davtyan, et al. also documented an improved NP
dispersion after the FP. A strong shear field is usually required to
achieve a good NP dispersion, e.g., in a twin screw extruder'® or
ultrasonication-induced cavitation.*®*° Nanosilica particles were
also found to stabilize the front and suppress fingering.” Such
observation has great practical importance because the quality of
NP dispersion directly influences the material properties.>* For
instance, the mechanical and thermal properties stem from the
immobilized and frustrated polymer layer adsorbed around the
NPs*” that experience the nanoconfinement effect.”®

Finally, nanocomposite foams represent a broad category of
lightweight materials. NPs and other nanofillers are often used
to control the foam morphology, reducing the cell size through
enhanced cell nucleation®*?® or introducing functional proper-
ties such as electric conductivity.”” However, NPs also have a
complex effect on mechanical deformation and fracture due to
the combined nanoconfinement effect from soft and stiff
inclusions represented by the voids and the nanoparticles.>®
In the only previous attempt known to the authors, the FP has
been deployed to fabricate polymer foams by including a
physical blowing agent into a standard FP formulation.® The
morphology of FP foams was controlled by the concentration
and type of the blowing agent. At the same time, the tempera-
ture and viscosity gradient at the front head resulted in a
prominent anisotropy of the foam cells.” We note that this
single-step procedure might be better suited for fabricating
anisotropic foams at a large scale than the templating pro-
cesses.”® Nonetheless, the vaporization of a physical blowing
agent retained heat from the front, compromising its stability.>
This factor limits the versatility of this approach, especially in
combinations with other non-reactive additives.

2990 | Mater. Horiz., 2023, 10, 2989-2996

View Article Online

Materials Horizons

Instead, an exothermic chemical blowing agent may prove a
more viable solution for achieving low foam density and a high
polymerization rate. The current study presents frontally poly-
merized foams based on a thermosetting epoxy resin. An
azodicarbonamide-based blowing agent started the foaming
near the polymerization temperature, and two sizes of silica
particles (14 nm and 200-300 nm) were used as representative
filler. The particles caused an apparent front hindrance man-
ifested by a slower front propagation rate and increased foam
density. A detailed insight into the thermodynamics by modu-
lated DSC suggested that the nanoparticles lowered the reac-
tion heat. Yet, it was countered by the reduced heat capacity of
the nano-filled formulation. Thus, the crucial role in the front
hindrance was attributed to reaction kinetics and heat distribu-
tion around the front. Thermal imaging was used to evaluate
the front temperature gradients, to separate the contributions
in three regions - preheating ahead of the front, the front head
with maximum temperature, and the heat retention after the
front passes. All three regions were significantly affected by the
presence of particles. The presented results set up basic narra-
tives for the design and implementation of nanoparticles into
the frontally polymerized foams.

2. Materials and methods
Materials

The basic FP formulation used in this study is a patented
technology of the BASF company and the University of Massa-
chusetts Amherst. The main components were the 3,4-epoxy-
cyclohexylmethyl 3,4-epoxycyclohexanecarboxylate (ECC, Sigma
Aldrich, Germany) and bisphenol A diglycidyl ether (DGEBA,
Olin Epoxy, USA) monomers in the ratio of 60:40. It further
contained 2.5% of the p-(octyloxyphenyl)phenyliodonium hexa-
fluoroantimonate (IOC, Gelest, USA) photoinitiator, 2.5% of the
1,1,2,2-tetraphenyl-1,2-ethanediol (Sigma Aldrich, Germany),
0.5% of the azodicarbonamide based RAZ-P foaming agent
(Reedy Chemicals, USA), and 1% of the DC-193 stabilizer
(Dow Silicon, USA). The 3% IOC and 70:30 ECC:DGEBA
samples were varied from the basic FP formulation by adjusting
the IOC concentration and the monomer ratio, respectively.
Silica particles with an average size of 14 nm and 200-300 nm
were supplied from Sigma Aldrich (Germany) and used as
obtained.

Sample preparation

All components of the FP formulation were mixed and stirred
for 1 hour at 60 °C. Particles were then added and homogenized
with a Branson Sonifier 450 (USA) for 4 minutes at 20% duty
cycle and the power set to 6. The formulation was poured into a
2 x 2" pre-cut rubber mold placed on a PTFE sheet and
initiated by a hot soldering iron (Weller WP 80, 80 W, 24 V,
setpoint 250 °C). The front propagated in the horizontal direc-
tion with no upper boundary.

This journal is © The Royal Society of Chemistry 2023
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Characterization

The foam density was measured using water as a working
medium with a pycnometer. The reaction enthalpy was
measured by a DSC Q200 (TA Instruments, USA) in hermetic
pans at a heating ramp of 10 °C min '. Modulated DSC
(M-DSC) was performed with the same instrument at the
heating ramp of 2 °C min~ ", modulation amplitude of 0.5 °C,
and a period of 60 s. The filler concentration was evaluated
by TGA (Q50, TA Instruments, USA) from the residual weight
after a 10 minute hold at 700 °C. The results were corrected
on the unfilled formulation’s residual weight of 0.48%.
Magellan 400 (FEI, Czech Republic) collected the SEM images
using a secondary electron detector on gold-coated samples
at the acceleration voltage of 2 kV.

Thermal imaging was performed with a FLIR A325sc
thermal camera on a front propagating through a 1 x 5”
mold. The maximum temperature and temperature profiles
were analyzed using the FLIR tools OEM software. The
preheating and cooling rate was evaluated by a linear fit of
7 different spots in the range of 37.5-100 °C and 40 °C
beyond the front temperature, respectively. Front velocity
was calculated from the peak temperature time and the
known distance of the selected points.

Front
propagation
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3. Results and discussion

The foam density is a basic property that can be related to the
engineering properties of the foam through micromechanics as
well as other physical properties. These will be discussed in a
separate publication, and it is not the focus of the current
investigation. For the model system presented herein, it was
established as 0.569 g cm ™ (Fig. 1). These FP foams feature a
tough skin layer near the boundaries with a relatively smooth
surface on top and the skin layer roughness on the bottom
being a function of the substrate the foam is generated on. In
contrast, the actual density of the foamed core is much lower.
Adding silica particles visibly hinders the front propagation
and increases the density of the foams. 1 vol% of the 14 nm
silica nanoparticles slow the reaction to the point that the front
cannot form at laboratory temperature. Only a tiny area near
the hot tip is cured (Fig. S1, ESIt). In this case, the frontal
regime can only be achieved by preheating the formulation in
an oven to 60 °C before the initiation. These results contradict
Davtyan’s conclusions that nanoparticles have negligible
impact on the front propagation.'’

Two strategies are employed to bring the filled foams’
densities down to the level of the basic formulation. Firstly,
the reaction rate is enhanced by increasing the IOC initiator

Fig. 1 Frontally polymerized foams. SEM images of the porosity in parallel (top right) and perpendicular (middle right) directions respective to the front
propagation. The density of the selected samples measured by a pycnometer (middle left). Images of the propagating front in time (bottom).
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concentration from 2.5 to 3%, assuming that the total reaction
enthalpy remains nearly unchanged thanks to the high mono-
mer conversions achieved by frontal polymerization.* Secondly,
the reaction enthalpy is boosted by adjusting the monomer
ratio from 60:40 to 70:30 ECC:DGEBA. We note that the
densities of unfilled foams also decrease in both cases (Fig. 1).

The critical parameter of all FP chemistries is maintaining
the front’s enthalpic balance. Thus, the reaction enthalpies are
measured by DSC (Fig. S3 left, ESIT). An entire DSC curve for the
standard FP foam formulation is displayed in Fig. S3 (ESIt)
right. It was previously reported that the reaction enthalpy
violates the simple rule of mixture.” Instead, the mixture
properties are predicted to lie between an upper bound defined
by the weighted arithmetic mean (WAM) and a lower bound
based on each component’s weighted harmonic mean (WHM).>
Moreover, the temperature ramp test and the small reaction
volume used for this measurement might not capture the
frontal conditions, yet we assume that the reaction enthalpies
scale accordingly. Nonetheless, the enthalpy recorded for the
70:30 ECC:DGEBA sample (508 J g™ ') is nearly identical to the
basic formulation (516 J g~') while the 3% IOC has even lower
value (486 ] g~ ', Fig. S3 left, ESI{). Interestingly, this trend is
discontinued in the samples filled with 0.1% of 200-300 nm
fumed silica. Instead, their enthalpies scale in the order Basic
formulation (437 J g ') < 3% I0C (477 J g~ ") ~ 70:30 ECC:
DGEBA (469 ] g '), corresponding well to their densities
(Fig. 1).

While these results appear confusing, there are several
processes going on simultaneously, which the standard DSC
cannot distinguish. Moreover, the baseline of the heat flow
curve shifts as the heat capacity changes throughout the reac-
tion. On the other hand, a modulated DSC (M-DSC) can
separate the contributions of reversible and irreversible enthal-
pies (Fig. 2). Repeating the test several times while omitting
varying components of the formulation identifies the indivi-
dual peaks (Fig. S2, ESIt). The three most pronounced pro-
cesses are associated with the ECC and DGEBA polymerization,
which shall be treated separately,>® and the decomposition of
the foaming agent (Fig. 2). Glass transition, ECC evaporation
peak, and the changes in heat capacity throughout the reaction
(Fig. 2) are recognized in the much weaker reversible heat flow
signal.

Polymerization is the first process starting at the lowest
temperature (around 80 °C). The glass transition, which follows
at 97 °C for the standard formulation, is expected in this range
for an epoxy resin.*® An irreversible exothermic peak of foaming
appears with a maximum at 116.9 °C. Finally, the lighter and
more reactive ECC monomer ceases reaction at roughly 160 °C,
while the heavier and less reactive DGEBA monomer reacts
until roughly 220 °C. The results correlate well with the
expectation that the heavier monomer’s reaction is slower than
the lighter one’s.>® The reversible enthalpy peak at 116.3 °C is
attributed to the ECC evaporation (boiling point 170 °C)
because it is still present even in the absence of the foaming
agent. Yet, it is probably no coincidence that this peak aligns
near the maximum of the highly exothermic foaming (Fig. 2).
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Fig. 2 Total, reversible, and irreversible heat flow curve of the FP for-
mulation obtained by the modulated DSC. The inset shows an enlarged
detail of the reversible heat flow in the range of the reaction.

Further experiments are performed with the 3% IOC sample
because the standard formulation cannot frontally polymerize
in the presence of particles at the tested boundary conditions.
Adding 1 vol% of 14 nm silica nanoparticles is a representative
example probing the effect of filling. The recorded enthalpies
(total, reversible, irreversible), glass transition, and heat capa-
city at 50 °C for both samples are listed in Table S1 (ESIt). The
results are quite sensitive to the precise composition and the
monomer ratio, which is affected by the ECC evaporation upon
processing. Therefore, the filled and unfilled samples are
prepared from a single batch and processed together to achieve
high precision. Notably, the unfilled formulation is also ultra-
sonicated, although it has no practical meaning beyond main-
taining the same processing conditions. Silica nanoparticles
slightly influence the irreversible enthalpy (Fig. S4 left, ESIT).
The recorded change of 18.7 J g~ ' represents a decrease of
3.1%, exceeding the expectation based on the simple volume
replacement (Table S1, ESIt). While the onset of polymerization
is slightly hindered, the exothermic foaming peak is more
pronounced (Fig. S4 left, ESIt). A possible explanation is the
nanoparticle’s capability to catalyze the decomposition of the
foaming agent,*" but it could also increase due to the delayed
curing.*® The final part of the ECC and DGEBA reactions are
practically independent of the filling (Fig. S4 left, ESI).

The T, of the 3% IOC is observed at a lower temperature
(95 °C, Fig. S4 right, ESIT) than in the standard formulation
(97 °C, Fig. 2) due to its faster curing. The filling was indifferent
to T, within the experimental error, keeping the value of 95 °C
(the device’s temperature accuracy is +0.05 °C and the tem-
perature precision is +0.1 °C). The peak attributed to ECC
evaporation is also pronounced by adding nanoparticles
(Fig. S4 right, ESIT), presumably due to the particle nucleation
effect, which eases the monomer evaporation. Nonetheless, the
most pronounced difference is the shift of the filled sample’s
baseline towards higher (less negative) levels of the reversible
heat flow (Fig. S4 right, ESIt). The baseline represents the heat

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Integral curves comparing the heat consumption and evolution of
the FP formulations as a function of temperature.

consumed by the sample’s heating and directly corresponds to
its heat capacity. The upshift manifests a drop in the heat
capacity of the filled sample from 1.927 J g ' K (measured at
50 °C) to 1.775 ] g ' K ', because it requires less enthalpy for
heating. Silica and other oxidic nanoparticles adhere well to
hydrophilic matrices,*® leading to the well-known nanoreinfor-
cement effect,>® increased viscosity,>* and the stiffening of the
formulation. In turn, a lower heat capacity is generally expected
from a more solid-like material due to the suppressed inner
motion. Nonetheless, it is essential to highlight that the lower
heat capacity fully compensates the losses in curing enthalpy
caused by the volume replacement. This principle may explain
the previously reported zero effect of nanoparticle additives on
frontal polymerization at low particle concentrations."”

The integral heat curves, i.e., the heat curves integrated over
the temperature (Fig. 3), clearly document this phenomenon.
The process starts with a heat consumption required for the
initial heat-up, and the trend only turns upwards to become
exothermic at the reaction onset (92.7 and 90.7 °C for the filled
and unfilled samples, respectively). The reaction enthalpy con-
tributes the same heat as required for the initial heating phase
at around 110 °C. This point marks the minimum temperature
which must be theoretically reached by the front’s head to
sustain the front. Though, the heat retention and losses push
this point to higher temperatures in real samples. Nonetheless,
the reaction continues until the maximum excess heat is
obtained near the temperature where the ECC stops reacting
with a distinct shoulder around the foaming temperature
(Fig. 3). Finally, the heat consumption phase is recovered when
the reaction enthalpy is (nearly) exhausted.

The integral curves for the filled and unfilled samples are
nearly identical up to approx. 125 °C, while a discrepancy
develops above this temperature (Fig. 3). The filled formulation
evolves more excess heat per unit weight, which could be
distributed into the neighboring areas to propagate the front.
The importance of the lowered heat capacity is superior to the
reduced reaction enthalpy (Table S1, ESIf). It is unclear how
much this conclusion relates to this specific case and could be

This journal is © The Royal Society of Chemistry 2023
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generalized to other nano-filled FP formulations. Nonetheless,
the results seemingly disapprove our initial observation that
nanoparticles hinder the front propagation while supporting
the conclusion of Davtyan, et al.’” An apparent drawback of the
low enthalpy-low capacity case is its higher sensitivity to boundary
conditions. The boundaries take away the same amount of heat
(at a given temperature), yet the filled formulation must donate it
by reacting larger mass/volume than the unfilled one. Never-
theless, a potential explanation of the observed difference may
be found in the curing kinetics. Free-radical polymerization of
acrylics, used by Davtyan, et al.,'” generally provide a faster curing
reaction than catatonically polymerized epoxies used in this study.
Moreover, Davtyan, et al. used a simple frontal polymerization,
but the azodicarbonamide foaming agent decomposition may
also interact with the nanoparticles.*' Indeed, our further evi-
dence suggests that the hindrance effect should be related to
kinetics rather than thermodynamics, as initially assumed.

The kinetics are assessed by thermal imaging of the propa-
gating front over a distance of 5”. The maximum temperature
sensed by the camera in the whole thermal image (Fig. 4 left)
and temperature profiles at several fixed points (Fig. 4 right) are
evaluated. The peak temperature times of the individual
points are combined with their known distance to obtain the
front velocity (Fig. S6 left, ESIf). Thermal imaging confirms
the subjective observation of particles slowing down the pro-
pagating front. Both samples filled with 1 vol% of silica
yield a similar drop in front velocity. It falls by 25-28% from
3.2 mm s for the unfilled formulation to 2.3 and 2.4 mm s~ *
for 14 nm and 200-300 nm particles, respectively. Polymer-
adsorbing particles contribute to the physical cross-linking.>*
Higher cross-linking density slows down the diffusion and,
thus, the front propagation.” However, scaling with the particle
size and surface area would be expected in such a case, which
contradicts the current results.

The front temperature (Fig. S6 right, ESIT) is calculated from
the average maximum temperature recorded by the thermal
camera at the steady front propagation phase (Fig. 4 left). We
note that the spatial resolution of thermal imaging is insuffi-
cient to evaluate the temperature of individual particles. More-
over, no other technique known to authors is available to
monitor temperature profiles at nanoscale precision inside
the formulation during the reaction. Therefore, no local tem-
perature variation near the silica surface was considered. The
front head of the 3% IOC formulation raises the temperature
from ambient conditions (~ 18 °C) to the maximum of 253.9 °C
in about 6-7 s. Silica reduces the front temperature to 236.7 and
238.6 °C mm s~ for 14 nm and 200-300 nm particles, respec-
tively (Fig. S6 right, ESIT). The drop by 17.2/15.3 °C corresponds
to roughly 7% of the total temperature change experienced at
the front head (~234 °C).

The recorded front temperatures mismatch the expectation
based on the M-DSC measurement (Fig. 3), where the filled
samples produce larger excess enthalpy. This observation
might be partially related to the M-DSC experimental setup,
which falls out of the FP conditions, and the heat distribution
around the front, as our further results suggest.
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Fig. 4 Maximum temperature (top left) and temperature profiles of the neat unfilled 3% IOC sample at selected fixed points (top right) of the frontal
polymerization recorder by thermal imaging (bottom). Temperature profiles of the filled samples can be found in Fig. S5 (ESI¥).

The initial heating rate ahead of the front (Fig. S7 left, ESIT)
is evaluated in the range of 37.5-100 °C according to the M-DSC
results (Fig. 3). While the unfilled formulation heats up at the
rate of 86.6 °C s, the silica-filled samples show the rate of 48.1
and 53.3 °C s~ ' for the 14 nm and 200-300 nm particles,
respectively. This variation by 44.5/38.5% exceeds the simple
expectation based on the different front velocities where the
change caused by particles is only 25-28% (Fig. S6 left, ESIt). It
suggests that the silica-filled formulations start to preheat
further ahead of the front, thus, heating a larger volume while
consuming more heat from the front head.

The post-curing curves are fitted with a linear regression at
40 °C beyond the peak temperature (Fig. S7 right, ESIT). This
approach might be a little oversimplistic, yet it provides a
single-parameter characteristic that could be easily used to
compare different samples. The 3% IOC, 1 vol% silica 14 nm,
and 1 vol% silica 200-300 nm samples’ cooling rates are 4.2,
2.2, and 2.4 °C s, respectively. Hence, the slower cooling rate
of the filled formulations further restrains the front head from
the heat supply since it is more retained behind the front.

Finally, we tested whether the shear gradient at the front
head could push particles. This could increase the particles’
local concentration ahead of the front and magnify the particle-
induced effects. Therefore, several specimens collected from
sites of an FP sample at varying distances from the initiation
point are tested by TGA (Fig. S7, ESIt). The residual weights are
corrected by the residual weight of unfilled matrix reference
and recalculated to volume ratios according to the silica
density. No significant variation in particle concentration is
found for either 14 nm or 200-300 nm particles, suggesting no
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such effect taking place regardless of the particle size (Fig. S7,
ESIt).

4. Conclusion

Adding particles to a FP formulation may require adjustments
to maintain the frontal regime of polymerization. Either the
formulation could be preheated before the initiation, the reac-
tion rate can be accelerated by adding more initiator, or the
reaction enthalpy might be increased by adjusting the mono-
mer composition. The lower reaction enthalpy of the filled
samples is countered by their reduced heat capacity, leading
to a greater excess enthalpy as recorded by modulated DSC. On
the other hand, thermal imaging reveals slower preheating,
front propagation, and cooling rates of the filled formulations.
It suggests that the excess energy spread into a larger area/
volume ahead of the front while more heat is retained
behind it.

These results follow the same trend as the change in front
temperature and velocity, yet the rate varied by a different
relative ratio than the other properties. It suggests that the
front velocity is not the only contribution to the other changes.
Finally, the front capability to push particles was tested with no
evidence for such behavior. The current results set up essential
narratives for the design and practical applications of frontally
polymerized foams with non-reactive fillers. Further work shall
focus on the anisotropic properties of these materials and the
morphological changes caused by the particular fillers.
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