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Rapid energy-efficient manufacturing of polymers 
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Thermoset polymers and composite materials are integral to 
today’s aerospace, automotive, marine and energy industries and 
will be vital to the next generation of lightweight, energy-efficient 
structures in these enterprises, owing to their excellent specific 
stiffness and strength, thermal stability and chemical resistance1–5. 
The manufacture of high-performance thermoset components 
requires the monomer to be cured at high temperatures (around 
180 °C) for several hours, under a combined external pressure and 
internal vacuum6. Curing is generally accomplished using large 
autoclaves or ovens that scale in size with the component. Hence 
this traditional curing approach is slow, requires a large amount 
of energy and involves substantial capital investment6,7. Frontal 
polymerization is a promising alternative curing strategy, in which 
a self-propagating exothermic reaction wave transforms liquid 
monomers to fully cured polymers. We report here the frontal 
polymerization of a high-performance thermoset polymer that 
allows the rapid fabrication of parts with microscale features, 
three-dimensional printed structures and carbon-fibre-reinforced 
polymer composites. Precise control of the polymerization kinetics 
at both ambient and elevated temperatures allows stable monomer 
solutions to transform into fully cured polymers within seconds, 
reducing energy requirements and cure times by several orders of 
magnitude compared with conventional oven or autoclave curing 
approaches. The resulting polymer and composite parts possess 
similar mechanical properties to those cured conventionally. This 
curing strategy greatly improves the efficiency of manufacturing 
of high-performance polymers and composites, and is widely 
applicable to many industries.

Present technologies for manufacturing high-performance thermo-
set and fibre-reinforced polymer composite (FRPC) parts rely on curing 
in large, expensive autoclaves or ovens. For example, curing a small 
section of the Boeing 787’s carbon fibre/epoxy fuselage is estimated 
to require 350 gigajoules (GJ) of energy during its eight-hour cure 
cycle, producing more than 80 tons of carbon dioxide7. Consequently, 
there has been much interest in producing these materials with less 
energy, reducing their cost and environmental impact and furthering 
their application in commercial markets6,8–11. Frontal polymerization 
is a promising curing strategy that substantially reduces manufactur-
ing burdens by using the enthalpy of polymerization to provide the 
energy for materials synthesis, rather than requiring an external energy 
source12. In frontal polymerization, a solution of a monomer and a 
latent initiator is heated locally until the initiator is activated for polym-
erization of the monomer, producing heat from the polymerization 
that further drives the reaction. The autoactivation process produces a 
propagating reaction wave that rapidly transforms the available mono-
mer into polymer. Frontal polymerization has been used to synthesize a 
variety of polymeric materials, including functionally graded polymers, 
nanocomposites, hydrogels, sensory materials and FRPCs13–21. Most 
of the materials used in frontal polymerization to date, however, are 

unsuitable for high-performance applications. For example, although 
acrylate monomers possess the requisite energy density and reactivity  
to frontally polymerize, the mechanical properties of the resulting  
polymers are greatly inferior to those used in structural FRPCs. By con-
trast, epoxy monomers produce mechanically robust polymers, but are 
challenging to frontally polymerize because of their lower reactivity20,22.  
Moreover, it is essential for successful manufacturing of FRPCs that the 
liquid monomer be stable and essentially free of background polymeri-
zation at room temperature. These requirements motivate the develop-
ment of frontal-polymerization chemistry with a controllable and 
stable processing window, a high energy density and reactivity, and a 
mechani cally and thermally robust polymer product.

Here, we demonstrate that well-controlled frontal polymerization 
facilitates the rapid production of high-performance thermoset and 
FRPC parts with minimal energy input. Furthermore, the process is 
compatible with commonly used manufacturing techniques and pro-
duces high-quality thermoset materials. Frontal curing of FRPCs is 
challenging because a high volume fraction of fibres is necessary to 
produce a composite material with good mechanical properties, yet 
the corresponding reduction in resin content reduces the exother-
mic energy density available for frontal polymerization. As such, the 
frontal-polymerization chemistry must have a high molar enthalpy of 
polymerization and sufficiently high rate of polymerization to prevent 
frontal quenching. Fabricating small components with frontal polym-
erization is similarly challenging because much of the heat of polym-
erization is lost to the environment through air or tooling surfaces23,24.

The frontal ring-opening metathesis polymerization (FROMP) of 
dicyclopentadiene (DCPD) using a thermally activated ruthenium 
catalyst exhibits the high energy density, high reactivity and low vis-
cosity required for the synthesis of high-performance thermosets 
(Fig. 1a). The resulting polydicyclopentadiene (pDCPD) is a cross-
linked thermoset polymer that is suitable for the fabrication of durable 
resin and FRPC parts, owing to its high fracture toughness, impact 
resistance, stiffness and chemical resistance25–27. However, FROMP 
chemistry has been severely limited in the past by its short pot life of 
less than 30 minutes28,29. Recently, we demonstrated that inhibitors of 
the alkyl phosphite family substantially extend the room-temperature 
liquid-processing window for FROMP of DCPD up to 30 hours30. Here, 
we use phosphite-inhibited FROMP of DCPD to efficiently fabricate 
neat pDCPD and carbon FRPC structures. Compared with conven-
tional curing, our frontal-polymerization strategy reduces energy 
requirements by more than ten orders of magnitude for large compo-
nents (Fig. 1b).

Phosphite-inhibited DCPD containing second-generation Grubbs’ 
catalyst (GC2) slowly transforms at room temperature from a liquid 
to a viscoelastic gel. Remarkably, the gelation of the monomer does 
not result in concomitant spontaneous polymerization, as observed 
with previous FROMP chemistries. Tuning the inhibitor concentration 
allows access to a range of rheological profiles between the low-viscosity 
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liquid and free-standing elastomeric gel, all of which frontally poly-
merize upon thermal activation (Fig. 1c). These free-standing gels are 
deformable and easily embossed; the resulting patterned gel structure 
can be quickly fixed into a rigid pDCPD structure via FROMP (Fig. 2a–c  
and Supplementary Video 1). Moreover, when the liquid monomer 
is poured onto a micropatterned substrate, peeled off in the gel stage, 
and polymerized by FROMP, a high-fidelity replica is produced in one 
step (Fig. 2d, e).

The gel is amenable to three-dimensional (3D) printing during the 
high-viscosity fluid stage, whereby the viscous liquid is extruded from 

a print head and frontally polymerized immediately upon exiting the 
nozzle, allowing for the simultaneous free-form printing and curing of 
thermoset polymers (Fig. 2f and Supplementary Video 2). Matching the 
print-head velocity to the front velocity allows for the manufacture of 
free-form complex architectures that are not possible with traditional 
additive manufacturing approaches (Fig. 2g, h). Once printing is com-
plete, the part is fully cured (Extended Data Fig. 1c) and there is no 
need for further processing.

In marked contrast with traditional autoclave processing, we can 
fabricate FRPC parts in less than 5 minutes through FROMP of woven 
carbon fibres infused with the monomer solution (Fig. 2i, j). The very 
low viscosity of the liquid monomer at room temperature (~1.5 cP) 
allows the resin to be rapidly infused into continuous-fibre layups 
that have a high volume fraction of fibres via out-of-autoclave pro-
cessing techniques such as vacuum-assisted resin-transfer moulding 
(VARTM). FROMP is triggered by briefly powering a resistive heating 
wire embedded in the layup, which provides sufficient thermoelectric 
stimulus (Fig. 3a and Supplementary Video 3). The high reactivity of 
DCPD facilitates FROMP in thin FRPC laminates with up to 50 vol% 
fibre reinforcement, while remarkably reducing the manufacturing 
time and required energy. We can further reduce the manufacturing 
time by using multiple triggering points (Fig. 3b and Supplementary 
Video 4) or by propagating the reaction through the thickness using 
a resistive heater underneath the layup (Fig. 3c and Supplementary 
Video 5). However, commensurately more triggering energy is required 
in these configurations (Fig. 3a–c). We expected the relatively low  
volume fraction of monomers in the FRPCs to reduce the frontal  
velocity. Surprisingly, however, the frontal velocity in the FROMP-FRPC  
(9.8 cm min−1) was higher than that observed in neat resin for the 
same formulation (7.5 cm min−1). We surmise that the carbon fibre 
conducts heat from the exothermic reaction and preheats a region of 
monomer ahead of the front, accelerating the reaction and producing 
a higher frontal velocity.

Numerical simulation of a carbon-fibre bundle, or tow, in the resin 
supports this hypothesis. Using a simple model system—which consists 
of a single carbon-fibre tow made of 3,000 individual fibres suspended 
in neat resin—we observe that the carbon fibres accelerate FROMP 
and produce a distinct change in the front shape from flat to conical 
(Fig. 3d, e). To provide analytical insight, we carried out numerical 
simu lations of the thermochemical problem using a transient, non-
linear finite-element solver. We used an adaptive meshing scheme to 
capture the sharp gradients in temperature and degree of cure in the 
immediate vicinity of the propagating polymerization front. As shown 
by the computed thermal solutions in Fig. 3d, e, the higher thermal 
conductivity of the fibre tow changes the thermal field ahead of the 
front, thereby modifying the shape and speed of the front. The numer-
ical solver provides useful insights into FROMP by creating a direct 
link between the cure kinetics model and FROMP propagation. For 
example, simulations of multipoint initiation predict a temperature 
spike upon front convergence, because the heat of reaction is no longer 
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curing via frontal polymerization and conventional curing. Given that the 
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curing of a section of the Boeing 787 fuselage by FROMP (red square) 
reduces the energy consumption by ten orders of magnitude compared 
with conventional techniques. c, In the technique used here, the FROMP 
solution is triggered to polymerize in its liquid stage, or allowed to form a 
gel at room temperature and later activated. In both cases, a rapid FROMP 
reaction transforms the liquid or gel into a durable thermoset polymer.
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conducted away from the front. This thermal overshoot is observed in 
two-point initiation experiments (Fig. 3b), and, if excessive, may lead to 
material degradation near the location of merging fronts. Optimization 
strategies for the manufacture of FRPCs with minimum curing time 
and required energy coupled with high quality will require similar com-
putational modelling approaches.

Carefully selecting the phosphite inhibitor and its concentration ena-
bles us to control room-temperature rheological profiles as well as fron-
tal velocity (Fig. 4a). Figure 4b divides the rheological characteristics of 
a particular formulation into three regimes. Prior to the gel point, liquid 
FROMP is suitable for a wide variety of infusion techniques that require 
a low-viscosity resin. After the gel point, the material exhibits increased 
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5 minutes using about 750 J of energy.
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two embedded wires (opposite ends) ignites 
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curing in half the time (about 1 minute). 
c, Heating the layup from below ignites a front 
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and completes the cure in about 30 seconds. 
Still images are captured using a thermal 
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5 cm. d, A propagating FROMP reaction wave 
captured experimentally and via simulation. The 
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convex in the direction of propagation (left to 
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elasticity, enabling access to additional processing techniques. During 
the first part of the post-gelation regime, the monomer solution is a vis-
cous liquid suitable for 3D printing (vide supra). It exhibits shear thin-
ning behaviour (Extended Data Fig. 1d) and is readily extruded from a 
print head under pressure. In the latter stages of this regime, the mate-
rial forms a free-standing gel that is resistant to plastic flow. This stage 
is useful for casting micropatterns and imprinting (vide supra). The 
regime ends with a secondary vitrification transition that corresponds 
to the point at which there is no longer sufficient chemical energy in 
the reactive formulation to sustain FROMP. For larger concentrations 
of tributyl phosphite (TBP), this transition occurs more than 40 hours 
after mixing at 23 °C, providing sufficient time for manufacturing. For 
stiff gel applications, a trimethyl phosphite (TMP) formulation that 
gels quickly may be desirable. For 3D printing and composite manu-
facturing, a longer processing window is desired; therefore, TBP or 
triethyl phosphite (TEP) should be used at the highest concentration 
that still enables FROMP.

We monitored the residual exotherm by differential scanning  
calorimetry (DSC) during room-temperature curing, to examine the 
effect of gelation on the cure profile and to correlate the rheological 
transitions with the degree of cure (Fig. 4b). We found that there is a 
slight shift of the exothermic peak to lower temperatures as the curing 
proceeds, and that the peak broadens substantially (Extended Data 
Fig. 1a). This behaviour suggests that the reactive formulation becomes 
more sensitive to increases in temperature during gelation; this sen-
sitivity facilitates frontal polymerization in the partially cured state. 
The increase in reactivity may result from the formation of new cata-
lyst species in situ, as seen in 31P nuclear magnetic resonance (NMR) 
spectroscopy of the gelled material30. The pDCPD produced after both 
liquid and gel FROMP exhibits a minimal residual exotherm, indicating 
that a complete cure is achieved (Extended Data Fig. 1b).

FROMP-cured pDCPD exhibits comparable mechanical proper-
ties to conventionally (oven) cured pDCPD. The tensile strength and 
stiffness of pDCPD that has been frontally polymerized from both 
the liquid and the gel stage indicate that frontal polymerization pro-
vides the energy necessary for complete cross-linking of the monomer 
(Fig. 4c). Comparing the tensile properties of pDCPD with those of an 
aerospace-grade bisphenol A (BPA) epoxy system indicates that this 
new curing strategy and matrix resin produce polymers suitable for 
use in high-performance applications. In fact, the enhanced fracture 
toughness of FROMP-pDCPD compared with BPA epoxy (Fig. 4d) may 
provide high-performance composites with superior energy absorption 
and fatigue resistance27.

Frontally polymerized FRPCs also exhibit mechanical properties 
comparable to those of FRPCs manufactured using a conventional  
aerospace-grade BPA epoxy system (Fig. 4e). The carbon fibre used in 
our FRPCs was surface-treated to allow interaction with epoxy func-
tional groups; we envisage that greater tensile properties for pDCPD-
FRPCs should be made possible by tailoring the interfacial interaction 
of the carbon fibre and pDCPD through proper fibre surface treat-
ments. We attribute the slightly lower tensile strength of FROMP-cured 
compared with conventionally cured pDCPD composite specimens to 
the lower degree of cross-linking, resulting from heat loss through the 
fibre reinforcement and tooling (Extended Data Table 2).

In conclusion, we have developed and demonstrated a new frontal 
polymerization curing method for the rapid, energy-efficient manu-
facturing of thermoset pDCPD and FRPCs. This method is applicable 
to moulding, imprinting, 3D printing and resin-infusion techniques, 
and the resulting polymers and carbon-fibre-reinforced polymer 
composites exhibit excellent mechanical properties, comparable to 
those of materials produced by conventional techniques. We envisage 
that the controlled frontal polymerization of high-quality resins will 

100

101

102

103

104

105

106

107

Time (h)

M
od

ul
us

 (P
a)

0

100

200

300

400

500

R
esid

ual heat of p
olym

erization (J g
–1)0 5 10 15 20 25 30 35 40 45

0

1

2

3

4

5

6

7

8

 TMP
 TEP
 TBP

Fr
on

ta
l v

el
oc

ity
 (c

m
 m

in
–1

)

Gel time (h)

a b

0.0

0.5

1.0

1.5

2.0

2.5

3.0  Young’s modulus Tensile strength

Y
ou

ng
’s

 m
od

ul
us

 (G
P

a)

10

20

30

40

50

60

 

Tensile strength (M
P

a)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 F
ra

ct
ur

e 
to

ug
hn

es
s,

K
IC

 (M
P

a 
m

1/
2 )

Liquid
FROMP
DCPD

Gel
FROMP
DCPD

Oven cure
DCPD

Oven cure
BPA epoxy

Resin cure method

Liquid
FROMP
DCPD

Gel
FROMP
DCPD

Oven cure
DCPD

Oven cure
BPA epoxy

Resin cure method

Conventional
cure

DCPD

FROMP
DCPD

Conventional
cure

BPA epoxy

0

10

20

30

40

50

60

70
  

Composite production method

Y
ou

ng
’s

 m
od

ul
us

 (G
P

a)

0

100
200
300
400
500
600
700
800
900

 

Tensile strength (M
P

a)

c d e
 Young’s modulus Tensile strength

0 4 6 82 1412 1610

Increasing [P(OR)
3 ]

 G′
 G″
 Residual heat

Liquid FROMP Gel FROMP No FROMP
propagation3D printing

Fig. 4 | Characterization of the FROMP curing approach. a, Gel time 
and frontal velocity are controlled by the identity of the phosphite 
inhibitor (TMP, trimethyl phosphite; TEP, triethyl phosphite; TBP, tributyl 
phosphite) and its concentration (0.3, 0.5, 1, 2, 4 or 8 molar equivalents 
with respect to GC2 catalyst). FROMP is no longer observed with 9, 12 
or 14 molar equivalents of TMP, TEP and TBP, respectively. Error bars 
represent standard deviation from the mean (n = 3). b, Representative 
rheological and thermal behaviour for curing at room temperature (23 °C) 
of a FROMP solution containing 1 molar equivalent TBP inhibitor with 
respect to GC2 catalyst (highlighted yellow data point in a), showing 
three rheological regimes. The liquid FROMP stage is suitable for 
resin-infusion/transfer manufacturing. After gelation, both 3D printing 
and the macropatterning/micropatterning of gels are possible. After 
vitrification, FROMP is no longer possible. The residual heat at each stage 
is determined by DSC analysis. The initial data point at t = 0.19 hours 

indicates the total enthalpy of the reaction of dicyclopentadiene 
(Hr = 362.8 ± 13.1 J g−1). Error bars represent standard deviation from 
the mean (n = 3). G', storage modulus; G″, loss modulus. c, Young’s 
modulus and tensile strength for liquid FROMP, gel FROMP, and oven-
cured pDCPD. A bisphenol A (BPA) aerospace-grade epoxy is shown 
for comparison. Error bars represent standard deviation from the mean 
(n = 7). d, Mode I fracture toughness (KIC, where K is the stress intensity 
factor, I denotes ‘mode I crack opening’, and C denotes ‘critical’) for liquid 
FROMP (n = 5), gel FROMP (n = 5) and oven-cured pDCPD (n = 6) in 
comparison with BPA aerospace-grade epoxy (n = 8). Error bars represent 
standard deviation from the mean. e, Young’s modulus and tensile strength 
for conventional-cured (51% volume fraction; n = 10) and FROMP-
cured (51% volume fraction; n = 13) pDCPD-FRPCs in comparison with 
aerospace-grade (BPA) carbon/epoxy FRPC (52% volume fraction; n = 8). 
Error bars represent standard deviation from the mean.
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enable a variety of new manufacturing technologies—such as on-site,  
on-demand manufacturing, in-the-field repair of FRPCs and mould-
less production—owing to the spatiotemporal control over the curing 
process.

Online content
Any Methods, including any statements of data availability and Nature Research 
reporting summaries, along with any additional references and Source Data files, 
are available in the online version of the paper at https://doi.org/10.1038/s41586-
018-0054-x.
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MEthodS
Materials. Dicyclopentadiene (DCPD), 5-ethylidene-2-norbornene (ENB), 
second-generation Grubbs’ catalyst (GC2), phenylcyclohexane, and phosphite 
inhibitors (TMP, TEP and TBP) were purchased from Sigma-Aldrich and used 
as received without further purification. For all FRPC specimens, the fibre rein-
forcement is Toray T300 carbon fibre 2 × 2 twill weave fabric (tow size 3,000; 
areal density 204 g m−2). The resistive heating wire used to trigger FROMP in 
the manufacturing of neat resin panels and in FRPC manufacturing is a 26-gauge 
Kanthal wire (diameter 0.40 mm; resistivity 1.4 × 10−4 Ω cm).
Frontal polymerization. Given that DCPD is solid at room temperature, we first 
melt it in an oven at 35 °C and then add 5 wt.% ENB to depress the melting point. 
All references to DCPD herein refer to this 95/5 DCPD/ENB solution. This mixture 
is then degassed at 16 kPa overnight. In a typical experiment, we weigh out 3.21 mg 
GC2 into an Eppendorf tube and dissolve it in 400 μl phenylcyclohexane. We add 
an appropriate amount of phosphite inhibitor (0–14 molar equivalents with respect 
to GC2) to the solution via a volumetric syringe. The catalyst/inhibitor solution 
is then added to 5 g DCPD (10,000 molar equivalents with respect to GC2) and 
thoroughly mixed.

Unless otherwise specified, the solution is frontally polymerized immediately 
after mixing. Different types and concentrations of inhibitor are used for each 
manufacturing technique to tune the reaction kinetics based on the requirements 
of the target application. The various inhibitor concentrations and resin incubation 
times are summarized in Extended Data Table 1.
FROMP of stiff gel. We use TBP (2 molar equivalents with respect to GC2) as the 
inhibitor for the free-standing gel specimens shown in Fig. 2a–c. The solution is 
poured into a flat glass plate mould with a polyurethane rubber gasket and allowed 
to polymerize for 18 hours at room temperature. The glass plates are then carefully 
removed and the free-standing gel is extracted from the mould. Gels are then 
either deformed by hand (Fig. 2a, b) or embossed with a plastic stamp (Fig. 2c) to 
create the pattern. A soldering iron is used to locally heat a single point on the gel, 
initiating the FROMP reaction.

For micropatterned specimens (Fig. 2d, e), a patterned silicon wafer is attached 
to a microscope glass slide using cyanoacrylate adhesive. A second microscope 
slide is used with a polyurethane rubber gasket to form a small glass plate mould. 
The same chemistry described previously for free-standing gel experiments is used 
to fill the mould and the solution is allowed to polymerize for 18 hours. The gel is 
carefully peeled off the micropatterned surface and examined via optical micros-
copy to confirm pattern transfer. The gel is then suspended pattern-side down 
between two microscope slides and FROMP is initiated by applying a soldering 
iron to one end of the sample.
Front velocity and temperature measurements. We measure the peak tempera-
ture during FROMP by inserting a T-type thermocouple (TMQSS, Omega) into 
the liquid resin, gel or FRPC specimens before initiating FROMP. For experiments 
performed in cylindrical test tubes, we insert the thermocouple into the centre 
of the test tube to reduce heat-transfer effects at the test-tube wall. Similarly, for 
experiments performed in composite layups, the thermocouple is inserted at the 
mid-plane of the layup.

Frontal propagation is tracked with a Canon EOS 7D digital camera or an FLIR 
SC620 thermal infrared camera. Front velocity is extracted from the slope of the 
best-fit trendline for front position versus time. We identify the front position by a 
colour change and refractive-index mismatch in optical images, or a sharp thermal 
gradient in infrared images.
Rheological measurements. Isothermal rheological measurements are performed 
using a TA Instruments AR-G2 rheometer equipped with 25-mm-diameter parallel 
aluminium plates and a solvent trap. An appropriate amount of phosphite inhi-
bitor (0–14 molar equivalents with respect to GC2) is dissolved in the monomer  
solution. Time-sweep measurements are performed at 23 °C with a strain of 0.1% 
and a frequency of 1 Hz. The gel times plotted in Fig. 4a correspond to the crossover  
of the storage modulus, G′, and loss modulus, G″, as shown in Fig. 4b. For the 
shear thinning behaviour of the 3D printable DCPD ink (Extended Data Fig. 1d), 
viscosity and stress data are obtained in a flow sweep test with descending shear 
rate at a fixed temperature of −5 °C.
Heat of reaction and degree of cure analysis. We carry out DSC measurements on 
a TA Instruments Q20 DSC equipped with a CFL-50 cooling system. Samples are 
transferred into aluminium hermetic DSC pans at room temperature and sealed. 
The sample mass is determined using an analytical balance (XPE205, Mettler-
Toledo). The mass of liquid resin samples is carefully maintained between 2 mg 
and 3 mg because of the highly exothermic nature of the studied reaction, as greater 
masses exceed the instrument’s ability to maintain a consistent temperature gradient.  
We determine cure profiles of liquid resins and gels at temperatures between  
−50 °C and 250 °C with constant ramp rates. The enthalpy of reaction is deter-
mined through the integration of heat flow over the exothermic peak after baseline 
correction. The specific heat capacity is determined between 25 °C and 200 °C by 
comparison with a sapphire standard.

3D printing. A DCPD/GC2 solution containing 0.5 molar equivalents of TEP 
with respect to GC2 is transferred into a 3 ml syringe barrel and left to stand at 
23.0 °C in an environmental test chamber (MicroClimate, Cincinnati Sub-Zero 
Products) for 160 minutes to allow the cross-linking of the ink mixture to form a 
viscous liquid. Ink in the syringe barrel is then sealed with a piston and is ready 
for printing. The 3D printer consists of an air-operated high pressure dispens-
ing tool (HP 3CC, Nordson EFD) mounted on a robotic motion-controlled stage 
(JL2000, Robocasting Enterprises). The pressure actuation and stage motion is 
simultaneously controlled via custom-designed software (RoboCAD 2.0). Air is 
supplied from a compressed air tank (Airgas) using a customized pressure con-
troller. The print bed consists of an aluminium plate heated by a polyimide film 
heater (KH-608, OMEGA) to 70 °C. Glass slides are placed on the print bed to 
capture the prints. The barrel housing is fitted with stainless-steel dispenser tips 
before printing (inner diameters between 0.25 mm and 1.55 mm; Nordson EFD).  
The ink barrel is inserted into the dispensing tool, then cooled down to −5 °C ± 3 °C  
by surrounding the dispensing tool with dry ice. A few seconds after DCPD ink is 
printed on the heated glass slide, the front initiates via the heated print bed. The 
front then propagates along the filament, following the print head during printing. 
The shear thinning behaviour of the gel (Extended Data Fig. 1d) is crucial for the 
3D printing of free-form structures. Using DSC, we estimate the degree of cure of 
the unprinted ink and printed specimen to be about 23.6% and 99.2%, respectively 
(Extended Data Fig. 1c).
Fabrication and testing of neat resin panels. We use a resin solution contain-
ing 1 molar equivalent of TBP with respect to GC2 for the fabrication of both 
FROMP-pDCPD and conventionally cured pDCPD resin panels. The resin 
mixture is degassed for 10 minutes at 10 kPa and then poured into cell casting 
moulds. We use a 215.9 mm × 203.2 mm × 6.4 mm U-shaped polyurethane 
spacer between two glass plates for tensile testing specimens, and a 139.7 mm 
× 127.0 mm × 9.5 mm U-shaped polyurethane spacer between two glass plates 
for fracture toughness specimens. Panels are manufactured using liquid FROMP, 
gel FROMP, and conventional (oven) cure. Liquid FROMP panels are initiated 
immediately by applying an electric current to a resistive wire placed along one 
edge of the mould. The power supply is turned off as soon as frontal propagation 
is observed, and remains off for the remainder of the propagation. We keep 
gel FROMP panels at 23 °C for approximately 6 hours, at which time the resin 
becomes a rubbery gel, before initiating the FROMP via a resistive wire placed 
along one edge of the mould. The power supply is turned off as soon as frontal 
propagation is observed, and remains off for the remainder of the propagation. 
Conventional-cured panels are cured for 24 hours at 30 °C, 2 hours at 70 °C and 
1.5 hours at 170 °C.

For comparison, we also manufacture panels of an aerospace-grade bisphenol 
A (BPA) epoxy resin. A solution of Araldite LY 8605 (resin) and Aradur 8605  
(hardener) is mixed (100/35 weight ratio) and then degassed for 1 hour at an 
absolute pressure of 10 kPa. The epoxy system is poured into cell casting moulds 
similar to those used for the pDCPD panels. Samples are cured according to the 
manufacturer’s recommended cure cycle, which is 24 hours at room temperature, 
2 hours at 121 °C and 3 hours at 177 °C.

We cut dog-bone specimens for tensile testing from the manufactured panels 
following ASTM standard D638 type I dimensions. Tensile tests are conducted 
using an Instron 5984 with a 150 kN load cell and a video extensometer is used 
to measure the strain. Tests are performed at a crosshead speed of 5 mm min−1. 
We calculate Young’s moduli over a range of strains from 0.1% to 0.3%. Single-
edge-notch bending (SENB) specimens for fracture toughness experiments are 
machined from the panels following ASTM standard D5045. Fracture toughness 
tests are conducted using an Instron 8841 with a 1 kN load cell. Pre-cracks are 
created by tapping a razor blade into the edge notch of the sample with a hammer. 
We measure crack lengths optically, using an optical digital microscope (VHX-
5000, Keyence). A three-point bending fixture is used with a 12 cm span, and tests 
are conducted at a crosshead speed of 10 mm min−1. We calculate KIC according 
to the referred standard.
Fabrication and testing of composite parts. For all composite specimens, we 
use 12 plies of dry fabric. For FROMP-pDCPD composites, we mix 0.3 molar 
equivalents of TBP with respect to GC2 with the resin solution. A double-bagged 
VARTM technique is used to infuse the fabric with the liquid resin. To minimize 
heat loss during cure and to mitigate quenching of the front, we prepare the layup 
on a thermally insulating tool plate (448-D, Fibre Glast Developments Corp.).  
A low vacuum (64.3 kPa) is applied on the inner bag using a vacuum pump (2047B-
02, WelchTM DryFastTM) to infuse the resin. A 1.7 kPa vacuum is applied on 
the outer bag using a second vacuum pump to compact the layup for producing 
cured parts with a high volume fraction of fibres. To initiate FROMP, we place an 
electrically resistive wire within the fabric stack and connect it in series to a DC 
power source. Once resin completely infuses the fabric stack, we apply a constant 
electric current across the resistive wire until FROMP initiates in the layup, and 
then turn the power off.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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We evaluate the effect of three different curing modes on total cure time for a 
10 cm × 20 cm laminate (Fig. 3a–c). For the in-plane curing modes (Fig. 3a, b), a 
DC power supply powers the embedded wires for 20 seconds at 19 W per wire. For 
the through-thickness curing mode (Fig. 3c), an AC power supply (L1010, Staco 
Energy Products Co.) powers the surface heater (SRFG-408/10, OMEGALUX) for 
32 seconds at a maximum rating of 320 W. We use an FLIR SC620 thermal infrared 
camera to record the surface temperature of the layup and to measure the total cure 
time for each mode. Given that we carry out thermal imaging on the surface of 
the FRPC layup, we also embed a thermocouple inside the layup to measure the 
actual temperature of the FRPC during manufacturing. We found infrared readings 
to be lower than the actual laminate temperature by around 30 °C, owing to heat 
dissipation and radiation by the layup materials.

We prepare the corrugated composite panel (Fig. 2i) by stacking 12 plies of 
13 cm × 23 cm fabric on a custom metal tool plate. To minimize heat loss to the 
thermally conductive metal tooling during cure, we preheat the entire layup to  
50 °C in a convection oven before resin infusion. The layup is then removed from 
the oven and immediately infused with resin. Finally, FROMP is triggered using 
the thermal stimulus via the embedded resistive wire.

We manufacture conventionally cured pDCPD and epoxy composite panels as a 
control, for comparing the mechanical properties of the FROMP-cured composites. 
We fabricate these panels using a traditional wet-layup technique and then cure 
them in a hydraulic press (MTP-13, Tetrahedron) under constant applied platen 
force of 13.3 kN. The matrix material for the conventional-cured pDCPD-FRPCs is 
a resin formulation with a pot life of at least one hour (1.0 molar equivalents of TBP 
with respect to GC2). We use the same cure cycle as for the conventionally cured 
neat pDCPD panels. The matrix material and cure cycle for the epoxy composites 
are the same as for the neat epoxy panels described previously.

We determine the void content of the fabricated laminates by polishing the 
cross-sections of five to eight specimens taken from each FRPC panel, and imaging 
them using an optical digital microscope (VHX-5000, Keyence). These images are 
then analysed using ImageJ software to calculate the total void area to cross- 
sectional area ratios for each specimen. The void volume fraction for each panel is  
then taken as the average void volume fraction across the analysed specimens. The  
fibre volume fraction, Vf, of FRPC panels is calculated as =

ρ
V

f n

tf
A

f
, where fA is the  

areal weight of fabric, n is the number of plies, ρf is the fibre density and t is the  
average laminate thickness. The quality of different FRPC panels is summarized 
in Extended Data Table 2.

For the tensile tests, we tab carbon FRPC panels with G10 FR4 glass-fibre/epoxy 
end tabs that are 44.5 mm long, 0.20 mm thick and with a 20° taper. We roughen 
the surfaces of the end tabs and panels at the adjoining areas by lightly sandblasting 
them to increase mechanical grip, and adhere them to each other using JB Weld 
adhesive. The panels are then cut into tensile specimens with nominal dimen-
sions of 203.2 mm × 12.7 mm. We test composite specimens according to ASTM 
standard D3039 with a crosshead speed of 2 mm min−1 on an Instron 5984 with 
a 150 kN load cell and use an Instron video extensometer to measure the strain. 
Young’s moduli are calculated over a strain range from 0.3% to 0.6%.
Computational modelling. In an axisymmetric setting, the governing partial  
differential equations describing the FROMP reaction can be written as:
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where T (in K) and α (non-dimensional) respectively denote the temperature and 
the degree of cure; κ (in W m−1 K−1) denotes the thermal conductivity; Cp (in  
J kg−1 K−1) is the specific heat; ρ (in kg m−3) denotes the density; Hr (in J kg−1) 
is the total enthalpy of the reaction; r and z (in m) are the radial and longitudinal 
coordinates; and t (in s) is the time. The second equation corresponds to the cure 
kinetics model, with A (8.55 × 1015 s−1), E (110.75 kJ mol−1), R (8.314 J mol−1 K−1),  
n (1.7), and m (0.8) respectively denoting the pre-exponential factor, the acti-
vation energy, the universal gas constant, and two constants associated with the 

Prout–Tompkins model that account for the autoactivating effects. The model 
also includes an added diffusion factor with C = 14.5 and αc = 0.4 to describe the 
cure kinetics of the monomer along with the effects of diffusion31. We calculated 
the above constants by solving a nonlinear model-fitting optimization problem on 
the heat of reaction curves obtained by dynamic DSC experiments on a formu-
lation containing 0.5 molar equivalents of TBP with respect to GC2 catalyst. The 
above governing equations are completed by the following initial and boundary 
conditions:
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while adiabatic conditions are imposed at all other boundaries. T0 (23 °C) and α0 
(0.07) are respectively the initial temperature and the degree of cure of the mono-
mer solution. Ttrig is the trigger temperature. The physical and thermal properties 
used in this study are listed in Extended Data Table 3.

We conducted the numerical analysis using the Multiphysics Object-Oriented 
Simulation Environment (MOOSE)32, an open source C++ finite-element solver 
that includes mesh adaptivity capability. The system of nonlinear partial differ-
ential equations is solved at every time step using a combination of the implicit 
Euler time-stepping scheme and a preconditioned Jacobian-free Newton Krylov 
method33,34.

The first simulation presented in Fig. 3d involves the frontal polymerization of 
DCPD inside a glass tube (Extended Data Fig. 2a). The domain dimensions are 
length (L) = 7.5 mm, inner radius (a) = 5.5 mm and wall thickness (b) = 1 mm, with 
L chosen to be long enough to capture the quasi-steady-state propagation of the 
front. We use 151,470 four-node quadrilateral elements to discretize the domain 
at the beginning of the simulation, and apply a maximum refinement level of 9 
to adapt the mesh in the vicinity of the advancing front. The polymerization is 
initiated by applying a Ttrig of 210 °C, for a ttrig of 7 seconds, along the left edge of 
the domain (Extended Data Fig. 2a). Extended Data Fig. 2b, c depict the associated 
temperature contours during polymerization. The simulation yields a maximum 
temperature, Tmax, of 223 °C and a velocity of the polymerization front, V, of 6.4 cm 
min−1, in good agreement with the experimental results.

To capture the effect of a carbon-fibre tow as a conductive element on the propa-
gation of the front, we perform a second simulation (Extended Data Fig. 2d), with 
tow radius (c) = 0.5 mm, and a, b and L the same as for the case without the tow. For 
this problem, the same mesh is used at the beginning of the simulation; however, 
a maximum refinement level of 12 is applied to capture the exceptionally sharp 
gradients associated with the large mismatch in thermal conductivities between the 
carbon-fibre tow and the DCPD resin (κCF/κresin = 68.75). The reaction is initiated 
by applying a Ttrig of 210 °C, for a ttrig of 7 seconds. Extended Data Fig. 2e, f, which 
present snapshots of the temperature contours during the frontal-polymerization 
event, clearly shows the effect of the conductive element on the front profile. The 
computed front velocity is 10% higher than in the neat resin case.
Data availability. The data that support the findings of this study are available 
from the corresponding author on reasonable request.
Code availability. We performed the simulations using MOOSE, an open-source 
C++ finite-element framework developed at Idaho National Laboratory (http://
mooseframework.org).

 
 31. Yang, G. & Lee, J. K. Curing kinetics and mechanical properties of endo-

dicyclopentadiene synthesized using different Grubbs’ catalysts. Ind. Eng. 
Chem. Res. 53, 3001–3011 (2014).

 32. Gaston, D., Newman, C., Hansen, G. & Lebrun-Grandié, D. MOOSE: a parallel 
computational framework for coupled systems of nonlinear equations.  
Nucl. Eng. Des. 239, 1768–1778 (2009).

 33. Knoll, D. A. & Keyes, D. E. Jacobian-free Newton–Krylov methods: a survey of 
approaches and applications. J. Comput. Phys. 193, 357–397 (2004).

 34. Pernice, M. & Walker, H. NITSOL: a Newton iterative solver for nonlinear 
systems. SIAM J. Sci. Comput. 19, 302–318 (1998).
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Extended Data Fig. 1 | Characterization of DCPD gel and pDCPD 
products. a, Heat of reaction, measured by DSC, for the formulation 
presented in Fig. 4b after ageing the resin at 23 °C for the indicated times. 
As the curing proceeds, the exothermic peak shifts slightly to lower 
temperatures and broadens. b, Heat of reaction of pDCPD specimens 
produced by liquid FROMP, gel FROMP and conventional (oven) cure 

approaches, indicating fully cured products with a degree of cure of 99.6%, 
99.6% and 99.7%, respectively. c, Heat of reaction of the gel before 3D 
printing and of a cured part after printing, measured by DSC. There is 
minimal heat of reaction in the printed polymer, indicating a 99.2% degree 
of cure. d, Rheological profile of the 3D printable gel, showing shear 
thinning behaviour.
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Extended Data Fig. 2 | Simulation of FROMP reaction. a, Schematic  
representation of the axisymmetric model of FROMP in a glass tube.  
b, c, Propagation of the reaction front in neat resin. d, Schematic 
representation of the axisymmetric model of FROMP in the presence of 

a carbon-fibre tow placed at the centre of the glass tube. e, f, Evolution of 
the location and profile of the polymerization front in the presence of a 
carbon-fibre tow.
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Extended data table 1 | Inhibitor concentration and resin incubation time for different manufacturing techniques and the corresponding 
front temperature and velocity

TMP: trimethyl phosphite; TEP: triethyl phosphite; TBP: tributyl phosphite.
*Front temperatures and velocities are highly dependent on the material and geometrical conditions used for each manufacturing technique. The values reported here correspond to the exact  
experimental conditions described in the Methods section.
†Front temperatures for a given concentration of phosphite inhibitor are similar regardless of the identity of the inhibitor.
‡The front temperature of the 3D printed filament is recorded using a thermal infrared camera, however, it is difficult to determine the exact temperature of the front due to the low distance between 
the heated substrate and printed material.

Manufacturing technique Inhibitor 
type 

Inhibitor 
concentration 
(molar equiv. 
to GC2) 

Resin incubation 
time 

Front temperature* 
(°C) 

Front velocity* 
(cm min-1) 

Liquid resin (gel time 
measurements) 

TMP, 
TEP, 
TBP 

0-14 < 1 min 
~ 215 (0.3-1 equiv.) 
~ 200 (2-4 equiv.) 
~ 175 (8 equiv.)† 

See Fig. 4a 

Stiff gel FROMP TBP 2 18 h @ room temp. 145 3.6 

3D printing TEP 0.5 160 min @ 23.0 °C 170‡ 9.6 

FROMP-pDCPD neat panel 
(liquid FROMP) TBP 1 < 1 min 216 6.8 

FROMP-pDCPD neat panel 
(gel FROMP) TBP 1 6 h 184 5.7 

Conventional-cured pDCPD 
neat panel TBP 1 < 1 min N/A N/A 

FROMP-pDCPD FRPC TBP 0.3 < 5 min 138 9.8 
Conventional-cured pDCPD 
FRPC TBP 1 < 5 min N/A N/A 
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Extended data table 2 | Comparison of FRPC panels made with different manufacturing techniques

Manufacturing technique Void content (%) Vf (%) Degree of cure 
(%) 

FROMP-pDCPD FRPC 0.15 ± 0.20 51.3 ± 1.0 80.5 ± 3.9 

Conventional-cured pDCPD FRPC 1.30 ± 0.56 51.1 ± 1.3 89.6 ± 1.3 

Conventional-cured epoxy FRPC 0.25 ± 0.15 52.2 ± 1.2 98.8 ± 1.7 
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Extended data table 3 | Physical and thermal properties of the various components used in computational modelling
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