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Motivation: Thermoset Polymer and Composite

Linear Lifecycle

Energy Intensive ‘ Thermoset Polymer
Manufacturing Composite Structures

autoclave

* Long cure times (hours) Stiffness ~ 102 GPa

g * Energy intensive (Gigajoules) Strength ~ 102 MPa
+ Energy scales with part size Service life ~ 30 years
REMAT



Motivation: Thermoset Polymer and Composite

Linear Lifecycle

Energy Intensive - Thermoset Polymer — Landfill
Composite Structures

Manufacturing (no end—of-life strategy)

autoclave

* Long cure times (hours) + Stiffness ~ 102GPa
g « Energy intensive (Gigajoules) « Strength ~ 102 MPa
* Energy scales with part size « Service life ~ 30 years
REMAT



Complex materials problems require collaboration
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Vision: Circularize the Lifecycle

of Thermoset Polymers
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Deconstructable Thermoset Networks
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frontal polymerization
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Autonomous Strategies for Life Cycle Extension
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Adapted from Patrick, J. et al., Nature (2018) 7
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Frontal Ring Opening Metathesis

Polymerization (FROMP)

Optical Video IR Video
of FP of FP
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Frontal Ring-Opening Metathesis

Polymerization (FROMP) of Dicyclopentadiene
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Alkyl Phosphites as FROMP Inhibitors
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Robertson, et al. ACS Macro Letters, 6 (2017)
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Control of DCPD Rheology

R Resin 3D printing
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Frontal Curing of Composites

« Vacuum Assisted Resin Transfer Molding (VARTM)
 Infusion of liquid DCPD resin into Toray T300 2x2 Twill carbon fabric
« Frontal polymerization triggered by heater along laminate edge
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Edge Triggered Frontal Cure of Composite Laminate

One front (in plane)

2\

35 X35 cm panel Corrugated part

Heat triggﬂ

Insulator plate

Vi~ 51% , Vyoia < 1%, Tg~134°C

A 10 cm X 20 cm panel cures in 2 min!

Robertson, et al., Nature, 557, 223 (2018)



Composite Properties

N
o

Young's Modulus (GPa)
N
o

Epoxy (left), FP DCPD (right)

w
o

-
o o

. |l Young's Modulus

| |[__] Tensile Strength
FP Oven Cure Oven Cure
DCPD DCPD BPA Epoxy

> Increase Tg

> Improve fiber/matrix interface

900
800
700
600
500
400
300
200
100

(edin) ybuans sjisua)

16



Through-Thickness Frontal Curing
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Vyas et al., Composites: Part A, 180, 108084 (2024) 17



Through Thickness Frontal Curing
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Frontal curing reduces manufacturing energy and time

Comparison of processing temperature and time
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» Up to 10 orders of magnitude reduction in energy consumed
» Up to 2 orders of magnitude reduction in time to cure
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Deconstruction Strategies for pDCPD Thermoset

Crosslinked network
(not deconstructable)
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Frontal Polymerization with Cleavable Comonomers

Investigated four different cleavable comonomers
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Screening Degradability of Comonomers

Deconstruction of copolymers:
Soak in 1.0M TBAF in THF or
1.0M HCI in CPME solution
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Lloyd, et al, ACS Appl. Eng. Mater. 2023, 1, 477—485 23




Effect of Cleavable Comonomer on pDCPD

Polymer Properties

Significant reduction in T, No effect on elastic modulus and yield at low concentrations
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Upcycling of Degradation Fragments
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Fiber Reinforced Composite with Cleavable Comonomer

Deconstructable Resin System
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Deconstruction of Composite Laminate

Immersion in 1M HCL in CPME for 16 hours

t=0Mm

Recovered carbon fabric and matrix
oligomeric fragments
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Regenerative Composite Manufacturing Cycle

VARTM

Carbon Fiber _> CF
Fabric Laminate

FP Cure
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Scale bars: 2 cm 28



Composite Properties After Upcycle

* Original: Generation 1 composite
with pristine carbon fabric + DCPD +
10 mol% iPrSi-7

* Recovered: Generation 2 composite
with recovered carbon fabric + DCPD
+ 10 mol% iPrSi-7

. Generation 1 composite with
pristine carbon fabric + DCPD + 10
mol% iPrSi-7 soaked in HCI for 24hrs

——k
= )
-
—

©
3
L
"
=
'g 1010
e
=
O
O
o
o
e
n

10°

—— QOriginal
— Recovered
Treated

15
1.0
Yy
-
05 =
10.0

0

50 100 150 200 250

Temperature (°C)

29



Summary

* Frontal polymerization enables rapid, energy efficient processing
of thermoset polymers and composites

» Successfully cured high Tg carbon-fiber reinforced composite in
less than 30 sec and achieved properties comparable to
autoclaved cured carbon/ epoxy composites.

Efficient Robust
Manufacture Performance

* Incorporation of cleavable comonomers enable deconstruction
and upcycling of thermoset pDCPD and composites.

« Successfully recovered fibers and reprocessed into new

composites. .

Triggered
Deconstruction
& Upcycling




Acknowledgements

AMS Group ga

U.S. DEPARTMENT OF L-s(-_-w - e

JENERGY BE

»n 4 :
B’
]

!

e

L

e

W __‘_' _'v‘i‘”'- " 4
I ‘%‘ ",:1’" ) 4 ‘A .,s‘T* B
J B 2 |
) 1% 3 2 ¢




Acknowledgements

U.S. DEPARTMENT OF

NS e
TN

[;oug Evan Julian Edgar
Robertson En Aw Dean Ivanoff Lloyd Cooper Mejia

Polette

Nil Sagar Mostafa Tyler
Centellas Goli Parikh Vyas Yourdkhni Price

32



