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Frontal polymerization (FP) is an out-of-autoclave, self-sustaining cure process that enables rapid and energy-
efficient manufacturing of composites compared to conventional processes. Prior FP demonstrations for both
polymer and composite materials rely on one polymerization front to achieve full cure. In this work, we
investigate the effect of multiple polymerization fronts on the composite cure time, quality, and mechanical
performance. Localized void formation, panel thickness increase, and thermal spike are measured between two

merging fronts and observed to have a detrimental impact on composite performance. Numerical simulations
guide the mitigation of the thermal spike by modifying the layup from thermally insulated boundaries (TIB)
to thermally conductive boundaries (TCB). Panels manufactured with TCB successfully mitigate all adverse
phenomena at the merging fronts, leading to improved composite mechanical properties. A 5-fold reduction
in cure time from ca. 5 min for one-front TIB panels to ca. 1 min for two-front TCB panels is achieved.

1. Introduction

The use of thermoset composites as structural components contin-
ues to grow across transportation and energy sectors due to robust
mechanical, thermal, and chemical properties for reduced weight [1-
4]. Despite these benefits, the equipment, energy, and time demands
associated with composite manufacturing [5-7] drive up cost and limit
market growth [8-10].

Strategies that exploit ‘snap-cure’ resins [11-14], heated molds [15—
171, and frontal polymerization (FP) [18-24] shorten the composite
cure cycle from hours to minutes compared to conventional bulk
curing. Snap-cure resins and heated molds require a constant exter-
nal energy source to achieve sufficiently high temperatures to fully
cure the composite matrix. The size of the composite part is thereby
limited by the size of the external energy source. In contrast, frontal
polymerization (FP) is a fast and self-driven curing process sustained
by the exothermic polymerization of the matrix. The FP process is
initiated by a local heat trigger that polymerizes the matrix monomer.
Heat produced from the initial reaction polymerizes adjacent monomer,
forming a self-propagating polymerization wave or front. Previously,
we demonstrated the rapid FP of carbon-fiber-reinforced polymer
(CFRP) composites using one and two in-plane heat triggers as well

as a through-thickness heat trigger [21]. Use of multiple triggers
(i.e. fronts) achieved faster composite cure times compared to the one-
trigger case [21], encouraging further investigation into multiple-front
polymerization [25].

Faster cure times achieved by multiple fronts have potential ap-
plication for manufacturing larger composites and higher volumes of
production. Since the FP process does not require external energy
input beyond the initial heat trigger, multiple-front polymerization also
promises significant energy savings. No reports thus far have studied
the effect of multiple fronts on the cured components.

Here, we investigate the quality and performance of CFRP compos-
ites cured by multiple-front polymerization. Composite front character-
istics (temperature and velocity), cure time, quality (void content and
thickness uniformity), and performance (glass transition temperature
and tensile properties) are evaluated for one-front and two-front trigger
configurations and compared to a conventional bulk-cured aerospace-
grade epoxy composite. The merging location of multiple fronts is also
modeled computationally and predictions helped understand the role of
thermally insulated or thermally conductive boundaries for producing
high quality composites.

* Corresponding author at: Department of Materials Science and Engineering, University of Illinois, Urbana, IL, 61801, United States.

E-mail address: n-sottos@illinois.edu (N.R. Sottos).

https://doi.org/10.1016/j.compositesa.2022.106931

Received 9 November 2021; Received in revised form 9 March 2022; Accepted 16 March 2022

Available online 31 March 2022
1359-835X/© 2022 Elsevier Ltd. All rights reserved.


http://www.elsevier.com/locate/compositesa
http://www.elsevier.com/locate/compositesa
mailto:n-sottos@illinois.edu
https://doi.org/10.1016/j.compositesa.2022.106931
https://doi.org/10.1016/j.compositesa.2022.106931
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesa.2022.106931&domain=pdf

P.J. Centellas et al.

(a) (b)

FROMP ! " .
GC2, TBP Resin dams
DCPD pDCPD P
X
() ResiT inlet Vaccum outlets

Resin inljf/Heat trigger

@ 4
Vacuunyipx —7CF laminate

Composites Part A 158 (2022) 106931

Vacuum outlets

Permeable layer
Vacuum bags

Tool plate

Fig. 1. Composite manufacturing via frontal polymerization (FP). (a) Scheme for frontal ring-opening metathesis polymerization (FROMP) of dicyclopentadiene (DCPD)-based liquid
resin. (b) Side view and (c) top view schematic representation of double-bag vacuum-assisted resin transfer molding (VARTM) layup drawn to scale. Woven fabric is infused with

liquid DCPD resin. A resistive heater is briefly powered to initiate a polymerization front.

2. Methodology
2.1. Materials

A low-viscosity resin based on dicyclopentadiene was used for
all FP composites and prepared according to the procedure outlined
by Robertson et al. [21]. Dicyclopentadiene (DCPD), 5-ethylidene-2-
norbornene (ENB), second-generation Grubbs’ catalyst (GC2), phenyl-
cyclohexane (PCH), and tributyl phosphite inhibitor (TBP) were pur-
chased from Sigma-Aldrich and used as received without further pu-
rification. DCPD was first melted in an oven at 50 °C, then mixed
with 5 wt% ENB to depress its melting point. We refer to this 95/5
DCPD/ENB solution as DCPD resin hereafter. The resin was then de-
gassed at 100 kPa vacuum pressure overnight. In a separate container,
115 mg of GC2 was dissolved in 5.75 mL of PCH in a sonication bath
for 40 min. We then added 10 pL of TBP (0.3 molar equivalent with
respect to GC2) to the sonicated solution. The solution was mixed with
180 g of the DCPD resin (10,000 molar equivalents with respect to
GC2). Once prepared, the resin solution was immediately infused into
the composite layup. A heat trigger initiated the frontal ring-opening
metathesis polymerization (FROMP) of DCPD into fully crosslinked
polydicyclopentadiene (pDCPD) (Fig. 1a).

2.2. Double-bag vacuum-assisted resin-transfer molding (VARTM) layup

All composites were fabricated using a double-bag vacuum-assisted
resin-transfer molding (VARTM) processing technique with 12 plies of
30 x 30 cm? Toray T300 carbon fiber fabric (2 x 2 twill weave, tow size
3,000, areal density 204 g m~2). The VARTM layup was prepared on a
flat tool plate of variable material. A vacuum equal to 6.5 kPa (absolute
pressure) was applied on the inner bag using a vacuum pump to
infuse the dry carbon fiber (CF) laminate with the liquid resin solution.
A stronger vacuum of 0.05 kPa (absolute pressure) was applied on
the outer bag using a second vacuum pump to compact the laminate
and produce composites with ca. 50% fiber volume fraction. One or
more flexible resistive heaters (2.5 x 30 cm?, OMEGALUX®, model
SRFG-112/10, 120 W) were connected to an AC power supply (Staco

Energy Products Co., model L1010) and secured on the surface of the
VARTM layup (Fig. 1b). Once the resin infused the fabric, the heater(s)
were powered for ca. 35 s to initiate polymerization. After FROMP
was initiated, the power was turned off and polymerization front(s)
self-propagated through the remaining laminate volume (Fig. 1c).

2.3. FROMP with thermally insulated boundaries (TIB)

One-front and two-front composite panels were fabricated using the
double-bag VARTM layup with thermally insulated boundaries (TIB).
The VARTM layup was prepared on an insulator tool plate (448-D, Fibre
Glast Developments Corp., thermal conductivity = 0.03 W m~! K1,
thermal diffusivity = 0.2 mm? s~!, 25 mm thick) and the experiments
were carried out at room temperature (Fig. 2a, b). The low thermal
conductivity (x) and diffusivity (4) of the insulator plate and ambient
air minimized heat losses during cure and prevented quenching of the
front.

The two-front test was accomplished by connecting two identical
resistive heaters in parallel to a power supply and securing them onto
the layup surface at opposing ends, i.e. near the resin inlet and vacuum
outlet (Fig. 2b). Once the dry laminate was infused with the liquid
resin solution, both heaters were briefly powered to initiate two linear
polymerization fronts. The two traveling fronts converged at the mid-
length of the 30 cm long laminate; hereafter, this region is referred to
as the merged interface.

2.4. FROMP with thermally conductive boundaries (TCB)

Two-front composites were also prepared using the double-bag
VARTM layup with thermally conductive boundaries (TCB). The
VARTM layup was prepared on an aluminum plate (x = 202 W m~!
K1, 4 = 85 mm? s~!, 6 mm thick) and then preheated to ca. 45 °C.
The preheated layup was then infused with the room temperature resin
solution. After infusion, a second preheated aluminum plate (at ca.
45 °C) was placed on top of the layup to apply an external pressure
(P) of 0.6 kPa onto the layup surface (Fig. 3). Once the two fronts
were initiated, the resin temperature (7;,) was tracked during the cure
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Fig. 2. Side view (first row) and top view (second row) schematic representations of (a) one- and (b) two-heat-trigger layups with thermally insulated boundaries (TIB). Powering
two heat triggers initiates two simultaneous fronts near the resin inlet (normalized length, x = 0) and outlet (x = 1) that merge at the panel mid-length (x = 0.5), i.e. the merged
interface (dotted red line). The propagation of the exothermic fronts (in the direction of the white arrows) was visualized using an infrared camera focused on the layup surface

(third row).

process by thermocouples secured on the CF laminate surface. The
targeted 7T, was determined experimentally; when T, < 30 °C the
two fronts quenched and when T, > 50 °C the laminate underwent
bulk polymerization. Therefore, the target 7, was selected as 40 °C
(measured T, = 42 + 1.2 °C) for all TCB tests.

2.5. Bulk cure of epoxy composites

The FROMP composite panels were compared to the bulk-cured pD-
CPD and aerospace-grade bisphenol A epoxy composites reported in our
previous work [21]. Bulk-cured pDCPD composites were comprised of
the same constituents used in FROMP experiments and fabricated via a
conventional wet layup technique. The panels were cured in a hydraulic
press (MTP-13, Tetrahedron) for 24 h at room temperature, 2 h at
70 °C, and 1.5 h at 170 °C. The resin matrix used for epoxy composites
was a solution of Araldite LY 8605 resin and Aradur 8605 hardener
(100/35 weight ratio) and the reinforcement was the same CF used in
FROMP experiments. Panels were fabricated using a conventional wet
layup technique and cured in a hydraulic press (MTP-13, Tetrahedron).
The cure cycle was 24 h at room temperature, 2 h at 121 °C, and 3 h
at 177 °C.

2.6. Material characterization

Temperature was measured in-situ during FROMP curing with T-
type thermocouples (TMQSS, Omega) embedded on the top surface
of the CF laminate and spaced 1.5 cm apart. The peak temperature
recorded by each thermocouple was defined as the front temperature
(Tt,0ne) at that thermocouple position. The velocity of the front propaga-
tion was calculated from the slope of the best-fit trendline (m) for front
position versus time data (Fig. 4). The cure time was defined as the time
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Fig. 3. Side view (top row) and top view (bottom row) schematic representations
of two-front composites prepared using a VARTM layup with thermally conductive
boundaries (TCB) by replacing the insulator tooling with two aluminum plates.

x=0 x=1

required for the front to progress from the resin inlet to the vacuum
outlet for one-front cases or to the panel mid-length for two-front cases.
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Table 1
Comparison of tensile strength for FROMP specimens.?

Composites Part A 158 (2022) 106931

Specimen Number of specimen Fiber volume fraction (%) Tensile strength (MPa)
One front TIB 17 52.0 + 0.2 618 + 12
Two fronts TIB 17 47.3 + 0.5" 557 + 22
Two fronts TCB 12 49.5 + 0.1 656 + 12
Bulk-cured pDCPD [21] 10 51.1 + 1.3 672 + 12
Bulk-cured epoxy [21] 8 522 + 1.2 748 + 50

aError represents one standard deviation.

bFiber volume fraction near the panel outlet. Lower fiber volume fraction of 42.8 + 0.4% calculated near the merged interface
due to the formation of a resin rich layer on the composite surface.
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Fig. 4. Position of the front as a function of time for one-front TIB (gray), two-front
TIB (red), and two-front TCB (blue) representative composites. The slope of the linear
fit (m) was defined as the front velocity. The two-front TIB panel showed an increase
in front velocity as the front neared the merged interface (located at 15 cm).

Void content of the cured composites was measured on polished
cross-sections of 30 mm x 10 mm samples cut along the panel length
and imaged with an optical digital microscope (VHX-5000, Keyence).
ImageJ software was used to calculate the ratio of total void area to
cross-sectional area for each polished sample. The composite panel
thickness was measured along the laminate length using a micrometer.
Fiber volume fraction (V;) was calculated as V; = %, where f, and p;
are CF fabric properties (areal weight and fiber density, respectively),
n is the number of plies, and t is the panel thickness. The fiber volume
fractions reported in Table 1 were averaged over the center 5 cm of
composite panels to correspond to the region measured by Instron video
extensometer during tensile testing.

Glass transition temperature (7,) was determined by dynamic me-
chanical analysis (DMA, TA Instruments RSA G2). Specimens
44 mm x 5 mm were cut parallel to the direction of front propagation
and from two panel locations: near the resin outlet and at the panel
mid-length (i.e. merged interface for two-front tests). DMA samples
were then loaded in a three-point bend fixture and oscillated at 0.01%
maximum strain at 1 Hz from 0 °C to 250 °C at 2 °C min~!. Degree-of-
cure (a) was characterized by differential scanning calorimetry (DSC)
by slicing 6 mg samples from DMA specimens (prior to testing) and
sealing in aluminum pans with hermetic lids. Residual exotherm was
measured by heating samples from —50 °C to 250 °C at 2 °C min~!
in a TA Instruments Q20 DSC with CFL-50 cooling system. The a was
calculated as ¢ = 1 — HiR, where H is the residual exotherm (corrected
for matrix mass) and Hy, is the enthalpy of reaction of the liquid resin
system.

2.7. Mechanical characterization

For all FROMP composites, tensile specimens were prepared and
tested according to ASTM D3039 to evaluate the effect of multiple-
front polymerization on the mechanical properties of produced lam-
inates. Previously reported bulk-cured pDCPD and epoxy composite
tensile properties were included for reference [21]. Rectangular sam-
ples 203 mm x 13 mm were cut from the center of composite pan-
els such that the loading direction was parallel to the direction of
front propagation. For two-front composites, the mid-length of the
tensile specimen corresponded to the merged interface. Tensile sam-
ples were end tabbed with G10 FR4 glass—fiber/epoxy tabs that were
45 mm X 13 mm x 0.2 mm with a 15° taper. End tabs and composite
surfaces were lightly roughened to improve grip, then adhered together
with JB weld adhesive and cured overnight at room temperature.
Tensile samples were tested on an Instron 5984 with a 2 mm min~!
crosshead speed.

Strain was measured with an Instron video extensometer over a
5 cm region at the center of the tensile specimen. Tensile strength was
calculated based on the maximum load achieved during testing and
average nominal cross-sectional area of the sample over the center 5 cm
region. Digital image correlation (DIC) was also used during testing to
measure strain fields at the sample mid-length (i.e. merged interface in
the two-front tests). DIC measurements were conducted by applying a
25 mm x 13 mm speckle pattern on the surface of the tensile specimens
prior to testing. Images of the patterned surface were captured using
a 5 megapixel camera at 1 Hz, then analyzed in a commercial DIC
software (Vic-2D) according to the process outlined in [26].

2.8. Computational modeling

To provide insight on the interaction between the merging poly-
merization fronts, we performed 1D and 2D simulations of FROMP in
CF/DCPD composites based on the following reaction—diffusion model
written in terms of the temperature, T (in K), and degree-of-cure, «
(non-dimensional), solutions [22]:

{ KV2T +5(1 — Vf)Hm‘;—j‘ =5C, &

da E Par, (€)]
dx _ Lt _om L
o A exp( RT A —)'a I+exp(cg(a—ag))’

where the overbar refers to the homogenized value of the composite
property, the subscript ‘m’ corresponds to the resin matrix, « (in
W m~! K1), p (in kg m=3), and C, (inJ kg~! K1) respectively
denote the thermal conductivity, density, and specific heat capacity,
H,, (in J kg~1) is the enthalpy of the reaction, and V; is the fiber
volume fraction. The second relation corresponds to the cure kinetics
model for which we adopted a modified Prout-Tompkins autocatalytic
model [27], where A (in s™1) is the Arrhenius time constant, E (in J
mol-1) is the activation energy, R (= 8.314 J mol~! K~!) is the universal
gas constant, and n, m, ¢y, and a4 are non-dimensional constants. Finite
element method simulations were performed using the Multiphysics
Object-Oriented Simulation Environment (MOOSE) to take advantage
of the framework’s robust mesh adaptivity needed to capture the high
temperature and degree-of-cure gradients present in the vicinity of the
moving polymerization front [25].
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Fig. 5. Representative optical micrographs taken at the cross-section of panel mid-length for specimens fabricated using (a) one front with TIB, (b) two fronts with TIB, and (c)

two fronts with TCB.

Table 2

Cure time, front speed, and energy input to manufacture FROMP composites compared to bulk-cured composites."

Front velocity (cm min') Energy input (kJ)

Specimen Cure time (min)
One front TIB 54+ 0.7

Two fronts TIB 1.7 + 0.2

Two fronts TCB 1.1 + 0.1
Bulk-cured pDCPD [21] 380

Bulk-cured epoxy [21] 480

48 +£ 0.7 4
6.0 + 0.9° 8
10.4 £ 0.5 24
- 37,000
- 45,000

aError represents one standard deviation.

bEnergy input for FROMP tests were calculated based on power ratings given by the heater supplier. Energy input for epoxy
test was calculated based on measured energy consumption rates for a comparable thermal oven [8].

¢Front velocity accelerated when two fronts were in proximity to each other, leading to shorter cure time than calculated

with this value.
3. Results and discussion

Two-front composite panels were fabricated first using thermally
insulated tool plates (TIB), similar to the method used for one-front
panels [21]. Thermally conductive tool plates (TCB) were then adopted
to mitigate processing issues associated with merging fronts. Properties
of the two-front composites are compared to one-front composites
and conventional hot press cured pDCPD and epoxy composites. The
cure time, front velocity and required energy input for each of these
composites are summarized in Table 2, and fiber volume fraction and
tensile properties are summarized in Table 1.

3.1. Merged interface characterization

Cross-sections of one-front TIB composites revealed less than 0.5%
void content throughout the entire panel volume (Fig. 5a). In contrast,
two-front TIB composites had 2.0% (+1.8) void content at the merged
interface in addition to a resin-rich layer on the top surface of the
composite (Fig. 5b). The regions adjacent to the merged interface
showed less than 0.5% void content. The localization of voids at the
merged interface stemmed from the initiation of the second front that
partially blocked the vacuum outlet. The partially closed outlet resulted
in a greater volume of air, water, or other impurities to be entrapped
within a two-front panel compared to a one-front panel where the
vacuum outlet remained open for the duration of curing. We did not
attribute the void formation in two-front TIB composites to the front
temperature (maximum ca. 157 °C) because significantly hotter front
temperatures (ca. 215 °C) were measured for neat DCPD with minimal
voids in the cured polymer [21].

Table 3
Thermal conductivity, density, and specific heat capacity of DCPD and CF used for the
simulations.

K (Wm™ K1) p (kg m™3) C, U kg K1)
DCPD 0.15 980 1600
CF 10.45 1790 795
Table 4
Cure kinetics parameters of the Prout-Tompkins autocatalytic model Eq. (1) for DCPD.
n m cq ay A (™) E (kJ mol™) H, JgMh
1.72 0.77 14.48 0.41 8.55 el5 110.75 350.0

We measured a steady increase in panel thickness and correspond-
ing decrease in fiber volume fraction along the panel length of two-
front TIB composites, whereas one-front TIB composites showed thick-
ness uniformity throughout. The normalized thickness values plotted in
Fig. 6a were obtained by dividing the raw value at each normalized
panel location (x) by the average panel thickness near the vacuum
outlet (x = 1). The two-front TIB composites experienced a maximum
thickness increase of 30% at the merged interface (x = 0.5). The
thickness variation resulted from a combination of partial vacuum loss
and resin flow during frontal curing. The initiation of the second front
formed a section of solid material that partially blocked the vacuum
outlet. Some amount of excess resin was entrapped within the layup
and pushed ahead of the two fronts, accumulating at the panel mid-
length. A literature review on neat FP systems [28] attributes this flow
phenomenon to tension-driven convection at the interface between the
resin and a free surface. Another possible contributor to the flow is



P.J. Centellas et al.

(@) 1.6
® One front TIB
v Two fronts TIB
4
2 14| Two fronts TCB |
(0]
<
O
£
s 1.2¢ L
@
N
(]
: i
£ 10} i i3 ¢
prd
0‘8 L L L L L
0.30 0.35 0.40 0.45 0.50
Normalized length, x
(b) 220
® One front TIB
200F v Two fronts TIB 1
—~ >
O 180l Two fronts TCB ]
()]
S 160} L
g Y
3 140} v E
£ v v ¥
o 120} N § b L
€ 100} ¢ ¢ L3
L.
80} L
60 L L L L L
0.30 0.35 0.40 0.45 0.50

Normalized length, x

Fig. 6. (a) Normalized panel thickness and (b) in-situ front temperature measured at
the laminate surface as a function of normalized panel length (x). For both plots, x = 0
and x = 0.5 correspond to the resin inlet and panel mid-length, respectively. The two-
front TIB case showed an increase both in panel thickness and front temperature with
the greatest values occurring at the merged interface (x = 0.5). Error bars represent
one standard deviation from the mean (n = 3).

thermal expansion of the resin due to large thermal gradients during
curing.

We also observed an increase in front temperature for two-front
TIB panels similar to the thickness variation along the panel length.
A thermal spike of 157 °C (£5.5) occurred at the merged interface (x
= 0.5) (Fig. 6b). In contrast, the front temperature in one-front TIB
composites was nearly constant at 110 °C (£2.9). One contributor to
the formation of the thermal spike was the accumulation of excess
heat between two merging fronts that was no longer being dissipated
into uncured monomer. A second contributor to the higher temperature
was the increased panel thickness, i.e. the increased monomer volume,
along the panel length.

To understand the front temperature increase in the two-front TIB
panels, we performed 1D (adiabatic) simulations for one-front and two-
front cases. For the single-front case, these simulations were carried
out with a domain length of 10 cm and a thermal trigger of 210 °C
applied for 1 s at the left end of the domain. For the two-front case,
symmetry conditions were adopted to capture the interaction of the
two fronts in the middle of the domain. To explore the effects of
the fiber volume fraction (¥;) on the temperature rise at the merged
interface, we performed a set of 1D simulations based on a simple rule
of mixtures used to homogenize material properties in Eq. (1) [22,29].
These simulations were carried out over the range 0.0 < V; < 0.5 using
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Fig. 7. (a) Computational predictions of temperature evolution associated with a single
front (black curve) and two merging fronts (red curve) at the location of the front
merger for CF/DCPD composites with ¥; = 0.5. The separation between the two curves
prior to the onset of the thermal spike (starting at time t ~ 30 s) illustrates the
accelerated temperature rise due to the interaction between the two fronts. The green,
blue, and purple curves show the effect of the length of the TCB on the thermal spike.
(b) Computational predictions of maximum front temperature (normalized by the front
temperature of a single front obtained for V; = 0.5) as a function of the fiber volume
fraction for the single front (black curve) and two-front (red curve) cases.

the aforementioned 1D domain and trigger. The material properties for
the CF and DCPD resin used in these simulations are listed in Table 3,
while the cure kinetics parameters of the resin are provided in Table 4.

Fig. 7a presents the evolution of temperature for one-front (black
curve) and two-front (red curve) simulations when V; = 0.5. In addition
to the very rapid increase in temperature experienced at the exact front
merging location, the results show an earlier rise in temperature for two
fronts as they start interacting with each other. This acceleration of the
fronts near the merger location was also observed in experiments.

As illustrated in Fig. 7b, and in agreement with results presented
in [22], the maximum temperature (7,,,,) achieved in one-front and
two-front simulations decreased with V;. The normalized T,,, values
in Fig. 7b were obtained by dividing the front temperature recorded
at the center of the domain (location of the thermal spike for two-
front simulations) by the front temperature recorded for a one-front
simulation with ¥; = 0.5 (ca. 150 °C). Due to the adiabatic nature of the
1D simulations, the ratio of T, for two-front to one-front simulations
was ca. 1.6, which overestimated the experimentally observed value
of 1.3. This T}, ratio remains nearly constant for all simulated values
(0.0 < ¥; < 0.5) despite the effect of increasing fiber content on the
homogenized properties of the composite.
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3.2. Front acceleration near the merged interface

Front velocities and cure times for one-front and two-front TIB
composites are compared in Table 2. The one-front cases exhibited
constant front velocities of ca. 5 cm min~! over the entire laminate
length of 30 cm. In contrast, the two-front cases exhibited higher front
velocities of ca. 6 cm min~! near the heat triggers (owing to lower
V;/higher monomer volume compared to the one-front panels) followed
by an increase in velocity when the two fronts came in proximity to
each other, i.e. nearing the merged interface (Fig. 4). Cure times were
less than 2 min for 30 x 30 cm? two-front TIB composites compared to
5.4 min for one-front TIB panels of identical dimensions — a nearly
3-fold reduction in cure time for minimal additional energy input
(Table 2). Numerical studies of similar FP systems have shown that
the front velocity is a function of the initial temperature of the resin,
front temperature, and monomer volume [22,25,30]. We hypothesized
that the buildup of a resin rich region was the primary driver for the
increase in front velocity in two-front TIB composites.

3.3. Effect of the merged interface on composite performance

One-front TIB composites exhibited a uniform glass transition tem-
perature (7, = 134 + 0.6 °C) throughout the panel volume corre-
sponding to a uniform degree-of-cure (« = 88 + 2.6%). For two-front
TIB composites, regions tested near the merged interface had a small,
but statistically significant increase in T, (138 + 0.5 °C) compared to
regions near the outlet (Tg =136 + 0.2 °C), with p = 0.03 (calculated by
one-way analysis of variance (ANOVA)). The higher T, at the merged
interface was attributed to further crosslinking due to the thermal spike
achieved during frontal curing, further supported by the small increase
in @ (92 + 1.0%) compared to the one-front TIB tests.

Optical images of representative fractured specimens and tensile
strengths for one-front and two-front TIB composites are shown in Fig. 8
and Table 1, respectively. Two-front TIB specimens had a 10% lower
average tensile strength compared to one-front TIB samples, which may
be attributed to the lower V; as well as the concentration of voids
at the mid-length of tensile specimens (corresponding to the merged
interface). One-front TIB samples developed a fairly uniform strain
field under tensile loading and failed at random locations along the
specimen length (Fig. 8a). In contrast, DIC analysis of two-front TIB
specimens showed consistent strain localization in the vicinity of the
merged interface followed by failure at this location (Fig. 8b). The
localized strain regions developed symmetrically about the merged
interface during loading and likely originated from the combined ef-
fects of aforementioned merging fronts phenomena. The consistent
failure behavior suggested that phenomena measured at the merged
interface contributed to the reduction in tensile strength in two-front
TIB specimens.

3.4. Two-front composites fabricated using thermally conductive boundaries
(TCB)

We improved the tensile properties in two-front composites by
mitigating the merged interface through modification of the layup
boundary conditions. Although several different configurations were
tested, here we discuss the most successful case for eliminating merged
interface phenomena: a two-front layup with thermally conductive
boundaries (TCB).

A simplified geometry of the modified two-front layup was simu-
lated to probe the impact of TCB on the predicted thermal spike in
the composite. As shown in Fig. 9a, the simulated problem consists
of the top half of a symmetric, 10 cm long, 1.5 mm thick CF/DCPD
composite panel (initially at 20 °C) with a 0.55 mm thick aluminum
plate (initially at 20 °C) of length L ., which was varied hereafter in
a parametric study. Fig. 9b presents three snapshots of the simulated
temperature field as the two fronts merge below the metal plate with

Composites Part A 158 (2022) 106931

M0.05

I 8XX
0.00

P

—1cm tFracture
MO0.05
I .
0.00
—1cm TFrécture
MO0.05

I 00

NS R

—1cm tFracture

Fig. 8. Strain field of specimens under tensile loading just before fracture (top row)
and optical image of specimens after fracture (bottom row) for (a) one-front TIB, (b)
two-front TIB, and (c) two-front TCB tests. Two-front TIB specimens consistently failed
at the merged interface.

L, cia = 1 cm. As expected, the hottest temperature values are obtained
at the bottom of the composite domain (z = 0) at the merging location
(x = 0). The evolution of the temperature in the middle of the domain
(x = z = 0) is compared for four values of L . As apparent in Fig. 7a,
the metal plate has two effects on the predicted thermal spike. Firstly,
the maximum temperature decreases as L, increases. Secondly, the
presence of the heat absorbing metallic layer also sharply reduces the
duration of the spike, leading to the rapid cooling of the composite
layer. Although simplified in the adopted geometry and boundary
conditions, these simulations confirm the ability of the metallic strip
to alleviate the thermal spike experienced by the composite material
during two-front polymerization.

Two-front composite panels were manufactured using modified
thermally conductive boundaries (TCB) as shown in Fig. 3. Constrain-
ing the VARTM layup with rigid aluminum plates enforced thickness
uniformity throughout the panel volume (Fig. 6a). The combination of
rigid and thermally conductive boundaries also eliminated the thermal
spike, resulting in a uniform front temperature of 115 °C (+5.4)
which closely matched front temperatures achieved in one-front TIB
composites (Fig. 6b). We also achieved less than 0.5% void content
throughout the modified two-front panel volume, which we attributed
to the pressure applied on the layup surfaces that prevented expansion
of any entrapped impurities (Fig. 5c). Finally, a slight increase in T,
(137 + 0.2 °C) was measured in fully cured two-front TCB panels
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Fig. 9. (a) Schematic of the simulated composite (V; = 0.5) used to capture the effect of the metallic boundary (initially at 20 °C) on the thermal spike created by merging
fronts. Except for the duration of the thermal triggers applied on the left and right edges of the composite panel, all boundaries are assumed to be adiabatic. In all simulations,
the thickness of the metallic strip is kept constant, while the length of the strip (L,,,) is varied. The coordinate system is indicated by the dotted arrows. (b) Temperature (T)

contours obtained for L,

=1 cm. At t = 31.7 s, the fronts are steadily propagating towards each other. At t = 38.7 s, the fronts merge leading to a thermal peak of ca. 180 °C.

A second later, at t = 39.7 s, the temperature at the location of the front merger has been substantially reduced due to the heat absorbed by the metallic strip.

compared to one-front TIB panels (7, = 134 + 0.6 °C). Interestingly,
the elimination of the merged interface and slight increase in matrix
crosslinking in two-front TCB specimens resulted in ca. 6% increase in
tensile strength (656 + 12 MPa) compared to one-front TIB specimens
(618 + 12 MPa) (Table 1). As shown in Fig. 8c, two-front TCB tensile
samples also failed at random locations along the specimen length
similar to one-front TIB samples.

The mitigation of the merged interface eliminated the front accel-
eration observed in two-front TIB composites. Even without the front
acceleration, two-front TCB composites exhibited fast front velocities of
ca. 10 cm min~! (Fig. 4), thus achieving rapid cure times of ca. 1 min.
The cure times for two-front TCB composites were 5x faster than one-
front TIB composites and 1.5x faster than two-front TIB composites
for an additional order of magnitude in energy input. Compared to
bulk cured tests, two-front TCB tests achieved two and three orders
of magnitude cure time and energy savings, respectively (Table 2). We
hypothesized that the TCB tests achieved faster front velocities than TIB
tests due to the preheating of the resin (relationship previously reported
in a neat FP numerical study [30]) and/or the thermal properties of
the tool plate. The higher thermal diffusivity of the metal boundaries
(85 mm? s71) compared to insulator boundaries (0.2 mm? s~!) may
have accelerated the front at the laminate-boundary interfaces. In ad-
dition to producing composites with improved mechanical performance
and faster cure times, the TCB layup is compatible with existing tooling
in industry [31,32] and more complex trigger/front configurations.

4. Conclusions

We manufactured 30 x 30 cm? CF/pDCPD composite panels using
one front and two fronts to investigate the effect of multiple-front poly-
merization on composite quality and tensile strength. Two-front panels
manufactured using thermally insulated boundaries (TIB) achieved
faster cure times for minimal additional energy input compared to
one-front TIB panels. However, two-front TIB composites showed a
knockdown in tensile strength due to a localization of voids, thickness
increase, and thermal spike measured at the location of merging fronts
(i.e. merged interface). Computational modeling of the thermal interac-
tion between two fronts guided modification of the experimental layup
to mitigate merged interface phenomena. Manufacturing two-front pan-
els with thermally conductive boundaries (TCB) instead of insulated
boundaries effectively eliminated the merged interface and improved
the tensile strength compared to one-front TIB samples. Furthermore,
two-front TCB panels measured the fastest cure times of all FP tests of
ca. 1 min. Compared to conventional bulk-cured composites, two-front
TCB panels achieved two and three orders of magnitude cure time and
energy savings, respectively, for comparable tensile strengths.
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