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SUMMARY

The research performed under AFOSR grant FA9550-15-1-0087, Regeneration of
Structural Materials in Adaptive Response to External Stimuli, focuses on the
development of regenerative structural materials in response to environmental stimuli.
This research is also part of the AFOSR Center of Excellence on Self-Healing
Regeneration and Remodeling (grant FA9550-16-1-0017). The program is highly
interdisciplinary and collaborative, spanning materials science, chemistry, mechanics and
advanced modeling at the University of lllinois and the University of Chicago. A total of
25 archival papers were published, including high impact publications in Nature and
Nature Chemistry. Two patent applications were published. The research in this program
addresses the entire life cycle of multifunctional composites materials, from developing
new methods of manufacturing, to healing and regeneration following extensive damage,
to imparting dynamic adaptability and ultimately remodeling of polymeric materials (Fig.
1). The research is divided into two main themes: (1) Dynamically adaptable vascular
remodeling and growth of polymers and (2) Rapid manufacturing of multifunctional
composites. Key technical accomplishments from each theme are summarized in this
report.
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Figure 1. The Center of Excellence in Self-Healing, Regeneration, and Structural
Remodeling addresses the entire lifecycle of multifunctional composite materials [1].
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RESEARCH RESULTS

1. Synthetic Regeneration and Remodeling
1.1. Mechanochemical Materials Remodeling

We have fabricated novel polymeric materials that respond to mechanical force and
strengthen themselves. In particular, we have developed polymerization and crosslinking
reactions that can be activated and controlled by means of the piezoelectric effect [2-4].
We have shown that piezochemical reduction of a Cu'-based pre-catalyst initiates a step-
growth polymerization via a copper catalyzed azide-alkyne cycloaddition (copper “click”
reaction) to form a linear polytriazole. We then expanded our toolset of mechano-click
reactions by synthesizing a linear polyurethane with pendant azide groups that is
crosslinked mechanochemically using the same chemistry to form a solid organogel (Fig.
2). We are working to apply these mechano-click reactions in solid composites, thus
showing that this chemistry can be used to effectively strengthen a polymeric material.
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Figure 2. Ultrasound mediated polymer crosslinking using mechano-click reaction (a)
Components of pre-crosslinked polyurethane-trialkyne mixture; (b) Photographs
depicting the starting reaction mixture (left) and the solid polymer gel obtained after
sonication (right).

1.2 Structural Remodeling

We have developed a synthetic system that uses reaction and diffusion to both grow new
material via polymerization and remove material through polymer chain breakage -
mimicking the process of bone remodeling in a synthetic system [5-8]. We first
demonstrated reaction-diffusion based control of irreversible etching through the use of
an etchant and a diffusible inhibitor [8]. Tetrabutylammonium fluoride (TBAF) was used
to break the Si-O-Si bonds of poly-dimethylsiloxane (PDMS) and remove material from
the surface in areas of high TBAF concentration. Using triethoxy methyl silane (TEMS)
allowed the location and rate of etching around a channel to be controlled. While affording
diffusion-based control of structure, the TBAF/TEMS system was limited to removing

()
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existing material. In order to add material, we initiated polymerization of
octamethylcyclotetrasiloxane with TBAF, thus establishing a competition between
polymerization and F- mediated chain scission. Controlling this competition allows a
dynamic structural equilibrium to be established where the polymer growth rate (addition
of material) is balanced with the polymer scission rate (removal of material) on the initial
structure. Use of a small amount of D4 dimer (D4-D4), linked via a methylene bridge,
results in a cross-linked, structurally stable material. The resulting material is chemically
dynamic and capable of reshaping its structure in response to diffusion gradients,
facilitating both structural changes and structural homeostasis, approximating the
mechanism of bone remodeling (Fig. 3). Adjusting the conditions of the reactions taking
place, features can be added to and removed from a surface dynamically using the same

reagents.
‘V,’ | |

Figure 3. Concurrent growth and removal. Cross section (a) and top down (b) view
of a shifting channel. Concurrent growth (blue) and removal (red) caused a shift of
the channel through space, maintaining the general shape and size.
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1.3 Regeneration of Large-Scale Damage

Our team developed a novel two-stage chemistry for the restoration of lost material due
to large scale damage in thermoset polymers [9-10]. Unlike traditional self-healing
approaches, which are limited to the length scale of microcracks, the two-stage chemistry
circumvents gravity-driven loss of liquid healing agents at a damage site, thus enabling
autonomous self-healing of millimeter scale damage. Liquid healing agents are delivered
from an external reservoir to a damage site through a microvascular network. Upon
mixing, the two reactive fluids rapidly form a self-supporting gel which spans the width of
the damage. The swelling agent in the gel is liquid monomer, which subsequently
polymerizes to form a structural material (Fig. 4a).

We introduced the concept of segmented gas-liquid flow for improving the mixing of
microvascular healing agents [11]. In segmented gas-liquid flow, gas bubbles and liquid
slugs flow concurrently as discrete segments through a microchannel (Fig 4b). We

(6)
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successfully implemented segmented gas-liquid flow to deliver two-stage healing agents
for the restoration of large-scale damage in thermoset polymers (Fig. 4c). We found that
the mixing of the healing agents at a damage site is improved by using segmented gas-
liquid flow compared to alternative microvascular delivery strategies. We also increased
the maximum damage size that could be healed by 25% compared to laminar single-
phase flow (Fig. 4c).

Liquid A
Y\ |

\ z—(

\\’ = Gelation

/

Polymerization
~10°s

Liquid B ~10s
He

-

flow

{
——

5 mm
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(c)
Figure 4. Schematic of two-stage damage restoration in thermoset polymers. (a) Liquid
healing agents are segregated into two solutions. Upon mixing, the first stage gelation
reaction occurs on the order of seconds. The second stage polymerization reaction
occurs on the order of hours to restore the structural integrity of the material. (b, c)
Using segmented gas-liquid flow to deliver healing agents enhances mixing at the
damage site. The healing agents form a gel scaffold which spans the damage [11].

2. Rapid Manufacturing of Multifunctional Composites

We have developed a new manufacturing process that allows for near net-zero energy
fabrication of multifunctional thermosetting polymers and composites. Our approach
utilizes a frontal polymerization (FP) curing strategy, which substantially reduces
manufacturing burdens by employing the enthalpy of polymerization of the monomer to
provide the energy for materials synthesis, rather than requiring an external energy
source [12-13]. In FP (Fig. 5), a solution of monomer and latent initiator is heated locally
until the initiator is activated towards the polymerization of the monomer, producing heat
from the polymerization which further drives the reaction. This reaction-diffusion (RD)
system produces a propagating reaction wave that rapidly transforms the available
monomer into polymer. In the simplest 1D setting, the reaction-diffusion equations
describing the propagation of a polymerization front can be expressed in terms of the
following coupled thermo-chemical equations,

(7)
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where a and T are the degree of cure and temperature, respectively, Hy is the heat of
reaction, Ea is the activation energy, and k, p and c, respectively denote the thermal
conductivity, density and specific heat of the material. The second term of the first
equation corresponds to the heat generated by the exothermic reaction. The second
equation describes the cure kinetics model, i.e., the evolution of the degree of cure.

TEF

-

| 1cm
( | J l
FROMP [Ru] - n
" [Ru], P(OR)3
m
Dicyclopentadiene Poly(dicyclopentadiene)

(DCPD) (PDCPD)

Figure 5. Images of frontal ring opening metathesis polymerization (FROMP) of
dicyclopentadiene (DCPD) [14].

2.1 Enabling Chemistry

We invetigated the frontal ring-opening metathesis polymerization (FROMP) of
dicyclopentadiene (DCPD) that exhibits the high energy density, high reactivity, relatively
long pot life, and low viscosity required for the synthesis of high-performance thermosets
(Fig. 5) [14]. The resulting polydicyclopentadiene (pDCPD) is a cross-linked thermoset
polymer suitable for the fabrication of structural parts, owing to its high fracture toughness,
stiffness, and chemical resistance.

In the past, FROMP chemistry has been severely limited by its short pot life of < 30
min [15,16]. We overcame pot life issues through the use of alkyl phosphite inhibitors,
which extended the room temperature liquid processing window for FROMP of DCPD up
to 30 h [17]. At room temperature, the phosphite is enthalpically favored to coordinate to
the metal center of the ruthenium alkylidene, which inhibits polymerization of DCPD. At

(8)
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high temperature, increased entropic effects favor phosphite dissociation and enable
ROMP to proceed with minimal hindrance. As a result, alkyl phosphite inhibition has
revealed slow background polymerization that manifests as a liquid to gel transition, while
maintaining high front velocities throughout the transition.

Trimethyl phosphite (TMP), triethyl phosphite (TEP), and tributyl phosphite (TBP) were
tested as inhibitors for FROMP at a range of concentrations between 0.3 and 8 equiv
(with respect to GC2) to explore their effects on frontal velocity and pot life. The
concentration of GC2 in DCPD was 100 ppm in all experiments. The pot life was
quantified as the time for the mixture to reach its gel point, determined as the crossover
of the shear storage and shear loss moduli from isothermal (temperature = 23 °C) bulk
rheology. As expected, in all cases, pot life increased as inhibitor concentration increased
(Fig. 6a). However, despite their structural similarity, the three alkyl phosphites inhibited
polymerization to different degrees. Samples inhibited with TBP exhibited the greatest
effect. Even with 0.3 equiv of TBP, the pot life was extended by 6-fold to about 1 h. With
8 equiv of TBP, the pot life was remarkably extended to over 30 h, by far the longest
FROMP pot life reported in the literature.

Frontal velocity shows an inverse trend to pot life; greater quantities of inhibitor
correspondingly reduce frontal velocity (Fig. 6b). However, unlike pot life, there was
essentially no difference in the effect of the three alkyl phosphites on frontal velocity.
Furthermore, the magnitude of reduction in frontal velocity is significantly smaller than the
magnitude of the increase in pot life. The addition of 1 equiv of TMP, TEP, or TBP reduced
the frontal velocity by only about 40%, while the pot lives of these systems were increased
by 700, 1500, and 2400%, respectively.

Phosphite-inhibited DCPD containing 2"¢ generation Grubbs’ catalyst 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

36
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Figure 6. Effect of alkyl phosphite inhibitors on (a) pot life of FROMP solutions
and (b) front velocity. Application of 8 equiv TBP to catalyst can increase pot life
by >140x. Error bars are standard deviation; N =3.
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access to a range of rheological profiles between low-viscosity liquid and free-standing
elastomeric gel, all of which frontally polymerize upon thermal activation. Successful
control of the chemistry and rheology enabled rapid fabrication of parts with microscale
features, 3D printed structures, and continuous carbon fiber-reinforced polymer (CFRP)
composites with excellent mechanical properties [14].

2.2 FROMP monomer design

To obtain better mechanical properties in composite manufacturing, hotter monomers
(i.e., more heat generated per unit time/volume) are highly desirable to compensate heat
loss while increasing the fiber volume fraction. Thus far, only DCPD has been reported
as the FROMP monomer (4). Systematic studies on other monomers not only expand the
toolbox of FROMP, but also guide new monomer design that further modifies the material
properties and advances the current system.

As shown in Scheme 1, we investigated thermodynamics, kinetics and frontal velocity
of different strained monomers to build structure-property relationship [18]. For
norbornene derivatives, there is a linear correlation between frontal velocity and heat
release rate which is experimentally determined as the product of enthalpy (kJ/g), density
(g/L) and rate constant (min"') of ROMP. However, the correlation is less satisfactory
when considering monomers with different ring nature. A more general and accurate
model that correlates frontal velocity with monomer properties is still under investigation.

R = Me R = Me
COOEt
COOR gy H "By CH,OMe H
; ) ; . 7 _COOEt
H Bu COOR Bu / H / CH,OMe H
Bn Bn H
oM H 9 O\ ?
e
bH bovwe MO é&(koj@o
H H H n H

n=23,4

Scheme 1. Investigated FROMP monomers.

Copolymerization in FROMP allows for systematic modification of material properties
while maintaining the benefits of our current system such as low cost of endo-DCPD
monomer and excellent mechanical properties of PDCPD. Due to relatively low ring strain
of cyclopentene, ring-opening of cyclopentenyl C=C bond is thermodynamically
unfavorable (5), and the degree of cross-linking in the resulting PDCPD is low. One
approach to increase cross-linking density and enhance the tensile strength is to
introduce dinorbornenyl cross-linker.

Based on structure-property relationship studies of FROMP monomers, cross-linker 2
with the ester linkage is designed to possess a high front velocity, which is measured to

(10)
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be 0.96 mm/s, close to endo-DCPD (1.00 mm/s). Copolymerization of endo-DCPD and
cross-linker 2 is expected to tune the mechanical properties while propagating at a
velocity between the velocities of the two individual monomers according to the Rule of
Mixtures. This assumption holds for FROMP with co-monomer 1 (Fig. 7a). However, as
shown in Fig. 7b, a non-monotonic increase was observed with the increase in cross-
linker loading, which does not conform to the Rule of Mixtures.

A similar response was also observed with cross-linker 3 which has a much lower
frontal velocity of 0.6 mm/s (Fig. 7c). The unusual behavior is hypothesized to result from
the proximity of two norbornenyl rings. This hypothesis is supported by the steady
decrease in frontal velocity when copolymerizing with cross-linker 4, where the two rings
are further apart (Fig. 7d). This study not only demonstrates an alternative approach to
modify material properties without compromising on frontal velocity, but also provides
mechanistic insights on interactions of strained rings in FROMP.
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Figure 7. Frontal velocities in copolymerization of endo-DCPD with
(a) monomer 1, (b) cross-linker 2, (c) cross-linker 3 and
(d) cross-linker 4 at different co-monomer ratios [18].
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2.3 FP Curing of Fiber Reinforced Composites

In our demonstration of FP composite curing, we fabricated carbon fiber reinforced
polymer matrix (CFRP) panels in less than 5 min by FROMP [14]. The very low viscosity
of the liquid monomer at room temperatures (ca. 1.5 cP) allows for rapid infusion of the
resin into high fiber volume fraction continuous fiber layups via out-of-autoclave
processing techniques such as vacuum-assisted resin transfer molding (VARTM). Once
resin completely infused the fabric stack, a constant electric current was applied across
the resistive wire until FP initiated in the layup and then the power was turned off (Fig.
8a). A 10 cm x 20 cm CFRP panel was manufactured in two minutes, which would
otherwise take more than 10 hours to cure using conventional techniques. These
composites had high fiber volume fraction (¢ =0.51) and low void content (0.2%).

a b c

In-plane FP: one wire In-plane FP: two wires Through-thickness FP
—_— S P
=ronttFF—"— &==front=FfFront=s %
Tool Tool Heater
400 400 400
< 300 < 300 < 300
F 5 :
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2 100 2 100 2 100;
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©
o
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Figure 8. FP manufacturing of CFRP. a) IR images of FP of CFRP panel produced
by a single edge trigger b) Fully cured CFRP panel after 2 min. b) Mechanical
properties of FRPCs produced with FP-DCPD compared to oven cure bisphenol A
(BPA) epoxy [14].
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We also explored other triggering methods to further reduce the manufacturing time.
Using two resistive wires (i.e. two initiation points) on opposite sides of the layup reduced
the manufacturing time by half (Fig. 8b). Alternatively, a heating pad was placed
underneath the layup to cure the composite through the thickness; using this curing
strategy, we could manufacture a 10 cm x 20 cm panel in 32 s (Fig. 8c). In the two-point
trigger layup (Fig. 8b), we measured a thermal spike where the two fronts merged via in
situ infrared imaging. Post-fabrication, we also measured non-uniform panel thickness
and increased voids at this same merged front interface. Placement of a thermally
conductive constraint over the merged front region serves to minimize void formation.
Additionally, the metal constraint aids in quenching the thermal spike and improving
thickness uniformity at the merged interface.

We investigated the effect conductive carbon fibers on the frontal polymerization (FP)
of dicyclopentadiene (DCPD). A parametric study for the front temperature and velocity
with fiber volume fractions from 0 — 47% was conducted (Fig. 9a and 9b). Liquid resin
was infused into a unidirectional continuous fiber layup using resin transfer molding
(RTM) processing technique. The FP reaction was triggered via point source through an
external power source.

Fabrication of higher volume fraction composites required additional compression of
the fabric preform and vacuum-assisted resin transfer molding (VARTM) processing
technique. The composite layup (Fig. 10a) used a continuous fabric preform containing a
resistive heater. Once infused with the liquid resin, a constant electric current was applied
to a resistive heater embedded in the layup which triggered the FP reaction and then
power was turned off. We have demonstrated successful manufacturing of high-
performance FRPCs with high volume fractions up to 63% and low void content (below
0.1%) (Figure10b).

200 3
. = Expermenta

-_— -_—

(o2} oo

o o

1 1
——

-

N
——

Front temperature (°C)
o B
o o
HH
Front velocity (mm/s)

N
1

-—
o
o
1
——

(o]
o

00 01 02 03 04 05 00 01 02 03 04 05
Fiber volume fraction Fiber volume fraction

(a) (b)

Figure 9. a) Experimental characterization of front temperature and b) front velocity
with varying fiber volume fractions.
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Finally, we characterized the mechanical properties and fracture toughness of neat
FP-DCPD and FRPC FP-DCPD panels and compared to the bulk-cured DCPD as well
as an aerospace-grade epoxy counterparts (Fig. 11). The tensile properties (i.e. stiffness
and strength) of FP-cured neat resin panels were comparable to those of bulk-cured
panels.

Figure 10. a) Schematic of the high fiber volume fraction composite layup. b)
Optical micrograph of composite sample at 500X magnification, demonstrating the
high consolidation of the fabric preform.
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Figure 11. a) FRPC produced by FP-DCPD. b) Mechanical properties of
FRPCs produced through oven cure of DCPD, FP-DCPD, and oven cure of an
aerospace-grade bisphenol A (BPA) epoxy.
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2.4 FP Freeform 4D Printing

By merging frontal polymerization (FP) with 3D printing, we were able to print and cure
thermoset inks concurrently (Fig. 12). The inhibited DCPD gel is amenable to 3D printing,
whereby the viscous gel 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. Matching the print head velocity to the front velocity allows
for the manufacture of free-form complex architectures not possible with traditional
additive manufacturing approaches (Fig. 12c). The polymerized segment of the filament
structurally supports the printed part during its fabrication and no post-processing is
required.

Peltier cooling

Fig. 12. (a) Schematic of the 3D printing assembly. (b) FP free form printing of a
helical geometry. (c) Zoomed image of FP front following the print nozzle [14].

Unlike traditional direct ink writing, the filament is viscoelastic only for a small amount
of time (< 10 s) and is rapidly solidified before any gravity-induced deflection can take
place. We have successfully printed cantilever structures with unprecedented aspect
ratios (length over diameter) of 115 (Fig. 13). Our technique has led to a marked
improvement over current direct ink writing techniques, where aspect ratio values are less
than 30 (6-8). The cross-section of the polymerized filament is shown in the inset of Fig.
13b, verifying that the filament retains a high degree of circularity. A range of free form
objects were printed (Fig. 14).

(15)
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Figure 13. a) Schematic of printing behavior for frontally polymerizable ink. Soft gel extruded
from the nozzle is immediately polymerized into a rigid thermoset by the front. b) Image of a
spanning filament that is printed. The aspect ratio is 115. Inset shows the cross-section of a
printed filament, which shows a high degree of circularity. Scale bar in the inset is 200 um.

5 mm

Spring helix Ball helix DCPD molecule

Figure 14. Example of free form 3D printing by frontal polymerization of DCPD.

2.5 Numerical Modeling of Rapid Polymerization Fronts

Our experiments were guided by the numerical modeling of the FP process, both in the
neat DCPD resin as well as FPRC. We developed a nonlinear, transient finite element
solution of the thermo-chemical reaction-diffusion equations that was implemented in the
Multiphysics Object-Oriented Simulation Environment (MOOSE) to take advantage of the
mesh adaptivity capabilities needed to capture the very sharp gradients in temperature
and degree of cure present in the vicinity of the moving front [19]. We demonstrated the
ability of the MOOSE framework to model FP in a channel of DCPD monomer and to
capture the effect of a conductive fiber tow on the shape and speed of the front (Fig. 15).
For the CFRP, we validated the thermo-chemical model through a detailed comparison
between experimental measurements and numerical predictions of the dependence of
the front velocity on fiber volume fraction, ¢. The model was able to capture the initial
increase in front speed with ¢ due to the higher thermal conductivity of the carbon fibers,
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followed by the steady decrease due to the Experiment Simulation
reduction in the available heat of reaction as the ’ T — am
relative portion of resin decreases with further
increases in ¢.
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For modeling of composites, we developed

a homogenized reaction-diffusion model to Soid | Liad | == 0
capture the propagation of a FP front in  Experiment Simuaton -
unidirectional composites and then extended
the nonlinear, multi-physics finite element

solver developed to solve the homogenized
thermo-chemical model. The solver allows us to / :
obtain the temperature and degree of cure SO v
profiles during the FP-based composites
manufacturing process. Figure 16 shows the
degree of cure and the normalized temperature
profiles for unidirectional carbon fiber
composites made with DCPD and loaded with
20% and 40% fibers, indicating the impact of
carbon fibers on the speed and sharpness of
the polymerization front. Profiles of the
normalized temperature and degree of cure for the neat resin case (i.e., in the absence
of fibers) are also included in this figure for comparison.
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Figure 15. Propagation of a
polymerization  front in DCPD
captured experimentally and via
simulation. The bottom row shows
how the presence of a single carbon
fiber tow affects the shape of the front
(Scale bar is 4 mm).

We then complemented the 1-D simulations with 2-D studies where heat losses from
the composites layer to the surroundings are considered, as shown in Fig. 17 for the case
of $=0.3. By simulating a full sweep of fibers volume fractions in the unidirectional
carbon/DCPD composites, two different regimes were revealed. In the first one, which
corresponds to low values of the fiber volume fraction, the velocity of the polymerization
front increases with the fiber volume fraction due to the contribution of the thermally
conductive carbon fibers to the effective thermal conductivity of the composite. In the
second regime, the front velocity decreases with increasing fiber volume fraction due to
the increasing deficiency of monomer, which leads to a reduced heat source associated
with the exothermic reaction.

To validate the model, unidirectional composite panels with varying fiber volume
fraction were fabricated using an open molding system and frontal polymerization curing
technique. Figure 18 presents a comparison between the experimental results (red
square symbols) and the output of 1-D (black circles) and 2-D (blue triangles) numerical
studies. With increasing fiber volume fraction ¢, the experimental and 1D results diverge,
indicating the need to include the effect of the boundary conditions in the 2D simulations.
The 2-D results show a good match with the experimental measurements of the front
velocity and a better prediction of the maximum temperature associated with the front.
The temperature variation may be attributed to the position of thermocouples in the
composite layup, which are located at the surface of the composites not at the center as
in the simulations.
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Figure 16. (a) Degree of cure and normalized temperature profiles and (b) front location
versus time for three values of carbon fiber volume fraction: ¢= 0.0, 0.2, and 0.4.
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Figure 17. Temperature contours predicted by 2-D model during front propagation for
(@)t=2sand(b)t=8s, (¢ =0.3).
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Figure 18. Model Validation: Comparison of the dependence of the front velocity (a) and
maximum temperature (b) with respect to the fiber volume fraction ¢ obtained

experimentally (square symbols) and numerically using the 1D (circles) and 2D (triangles)
models.
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