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Abstract

Relative to other additive manufacturing (AM) modalities, vat photopolymerization (VP) offers
designers superior surface finish, feature resolution, and throughput. However, poor interlayer
network formation can limit a VP-printed part’s tensile strength along the build axis. We
demonstrate that incorporation of carbamate bonds capable of undergoing dissociative exchange
reactions provides improved interlayer network formation in VP-printed urethane acrylate
polymers. In the presence of dibutyltin dilaurate (DBTDL) catalyst, exchange of these carbamate
bonds enables rapid stress relaxation with an activation energy of 133 kJ/mol, consistent with a
dissociative bond exchange process. Annealed XY tensile samples containing catalyst demonstrate
a 25% decrease in Young’s modulus attributed to statistical changes in network topology, while
samples without catalyst show no observable effect. Annealed ZX tensile samples printed with
layers perpendicular to tensile load demonstrate an increase in elongation at break indicative of
self-healing. The strain at break for samples containing catalyst increase from 33.9% to 56.0%
after annealing but decreases from 48.1% to 32.1% after annealing in samples without catalyst.
This thermally activated bond exchange process improves the performance of VP-printed materials
via self-healing across layers and provides a means to change the Young’s modulus after printing.
Thus, the incorporation of carbamate bonds and appropriate catalysts in the VP-printing process
provides a robust platform for enhancing material properties and performance.



Introduction

Incorporation of dynamic covalent bonds into additively manufactured polymers has recently been
employed to address weak layer interfaces perpendicular to the loading direction.! Historically,
this mode of material failure has been addressed by processing innovations like infrared pre-
heating,?> z-pinning,’ and multi-axis printing,* or by chemistry innovations like incorporating
increased van der Waals® or supramolecular interactions.®® More recently, dynamic covalent
processes such as Diels-Alder reactions,!®!? transesterification,'>'* disulfide exchange!> or
boronate ester exchange'® triggered after printing have conferred improved interlayer strength.
Initial reports focused on the AM of dynamic thermoplastics via fused filament fabrication
(FFF),'%!! with more recent reports focusing on AM of thermosets via direct ink writing,'® and vat

photopolymerization (VP), also referred to as stereolithography (SLA).!4-16

Although a variety of AM techniques are used to produce tailored polyurethane materials

for biomedical applications,'’

most dynamic systems require incorporation of ester, disulfide, or
Diels-Alder linkages. Many of these covalent adaptable network (CAN) linkages are more labile
than carbamate bonds, which could cause creep under certain conditions, analogous to polymers
linked via weakly associated supramolecular interactions.! Fortunately, recent efforts have studied
the mechanism of associative and dissociative carbamate exchange in cross-linked polyurethane
networks, demonstrating the carbamate bond itself to be dynamic at elevated temperatures.!'
Indeed, this exchange process was recently employed to improve the properties of materials in
polymer powder bed fusion AM processes.'” Here we extend the utility of carbamate exchange

mediated self-healing to VP-printed materials. This process will enable interfacial layer healing in

VP-printed thermoset polyurethanes, broadening the use of commercial urethane acrylate materials



in this process without requiring the design of new resins that incorporate more labile dynamic

bonds.

Although dynamic covalent chemistry has been demonstrated to perform self-healing of
materials and allow VP-printed materials to be recycled,'*!> the effect of thermally annealing VP-
printed CANs post-print has not rigorously been explored. Previous reports of VP-printed
polyester CANs showed a stiffening of materials following a thermal cure; however, these were
not compared with catalyst-free control samples.'* Annealing has previously been applied in the
context of polymers to help drive polymerization reactions to completion, and remove solvent;?’
however, the effect of thermally activated bond exchange processes on topological defects in
polymers has only recently been studied. In non-dynamic polymer hydrogel systems, eliminating
polymer loops increased the shear elastic moduli (G’) by up to 600%.2!2> More recently,
eliminating loop defects in acrylic diblock copolymer CANs via vinylogous urethane exchange
provided an increase in elastically effective cross-links.?* Further theoretical work predicts that

polymers containing loop defects relax stress faster than networks in which loops cannot form.?*

We hypothesized dynamic covalent bonds would similarly alter the mechanical properties
of VP-printed CANs upon annealing via changes in polymer topology due to the dynamic nature
of the carbamate cross-links. Here, we study both the self-healing at layer interfaces and changes
in Young’s moduli of thin-film and VP-printed urethane acrylates that undergo dissociative
carbamate exchange in the presence of a tin catalyst. The tin-catalyzed mechanism allows a direct
comparison of films printed with and without catalyst to differentiate the effects of thermal
conversion and thermal stress relaxation on VP-printed material properties. The relative magnitude
of these two competing effects changes as a consequence of initial UV exposure intensity during

the VP-printing process. Upon annealing, we observe evidence of self-healing via SEM of fracture



surfaces and an increased strain at break in ZX tensile samples (21.1% increase) compared to a
decrease in control samples without catalyst (16.0% decrease). Additionally, we find that the
Young’s modulus decreases for samples containing catalyst, whereas the modulus of control
samples without catalyst are unchanged. This has many important implications, one being that the
stiffness of VP-printed materials can be tuned via incorporation of dynamic covalent bonds while

maintaining their structural integrity.

Results and Discussion

Cross-linker Synthesis.

An acrylate crosslinker containing carbamate bonds (1) was synthesized via the reaction of toluene
diisocyanate with 2-hydroxyethyl acrylate in the presence of a dibutyltin dilaurate (DBTDL)
catalyst (Scheme S1). The crosslinker 1, could be isolated in 98% yield as a fine white powder
with (<1 ppm) residual tin as determined by elemental analysis (ICP-OES) following an optimized
workup procedure. To prevent unwanted photopolymerization, 1 was stored in a -18 °C freezer in

the absence of light.

Thin-Film Polymer Synthesis.

To prepare a photopolymerizable resin IN-15, 8.16 g of crosslinker (1) was dissolved in 32.6 mL
of butyl acrylate which produces a resin where 15% of the acrylates come from the crosslinker.
This sample was directly compared with IC-15 which is prepared with the addition of DBTDL
that enables thermally-activated carbamate exchange. Samples labeled with an IC- or IN- contain
crosslinker that was isolated and purified before use. As an alternative method, the crosslinker

could also be prepared in-situ with butyl acrylate as the reaction solvent. This eliminates the need



for a crosslinker purification step as long as the final resin contains DBTDL. Additional monomer
and DBTDL were added at various mole ratios to prepare resins C-5, C-10, C-15, and C-20 (See
SI). Samples labeled with a C- contain crosslinker synthesized in-situ before diluting with butyl
acrylate and adding DBTDL. We observed nearly identical properties from samples C-15 and IC-
15 which are synthesized via two different methods but result in the same final resin composition.
Prior to photopolymerization, diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO)
photoinitiator was added at 2 wt. % to all resins and sonicated to dissolve. To generate thin-film
specimens, the resin was photopolymerized under a Bevili Color 80W UV LED Nail Curing

Chamber in between glass slides to minimize radical inhibition via oxygen (Figure 1).
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Figure 1. Butyl acrylate and (1) are photopolymerized with 2 wt. % TPO to form urethane acrylate
cross-linked networks.

Photopolymerization kinetics were monitored via Fourier transform infrared spectroscopy
(FTIR, Figure 2A). Resins were cured for 0-60 seconds followed by analysis via FTIR (Figure
S3). Following literature precedent, the acrylate C=C double bond absorption intensity at 810 cm’!
was measured relative to the unchanging C=0 absorption intensity at 1727 cm™! to calculate
acrylate double bond conversion.?>?% The conversion of acrylate C=C double bonds appears
complete, relative to the detection limit of the spectrometer, after 20 seconds. Nevertheless, in
order to ensure full photopolymerization, a cure time of 60 seconds was used for model thin-films

(Figure S4). Differential Scanning Calorimetry (DSC) was also used to assess the completeness of



film curing. The Tg of films IC-15 and IN-15 cured for 60 seconds were compared with films
cured for 10 minutes on each side. We find that the 7 does not significantly increase between
curing conditions, corroborating the FTIR results that 60 seconds is a sufficient curing time for
model thin-films photopolymerized in the nail curing chamber (Figure S5).

Photorheology measurements to characterize the curing kinetics of C-5 and C-15 resins
show rapid curing and a high cured storage modulus (Figure 2B). Both resins exhibited cross-over
times below 3 seconds, which is sufficiently fast for use in VP printing. As expected, the C-15

resin had a higher cured modulus than the C-5 resin due to the additional crosslinker incorporation.
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Figure 2. Urethane acrylate curing kinetics were observed via (A) FTIR and (B) photorheology.
Photorheology measurements of the C-5 and C-15 resin showed extremely rapid gelation. UV
irradiation began at 60s.

By varying the crosslinker concentration (samples C-5, C-10, C-15, and C-20), the tensile
strength of the resulting photopolymer was tuned from 0.277 to 3.34 MPa (Figure S6, Table S3).
As the percent incorporation of the crosslinker increases, the calculated M, between crosslinkers
(see SI for details) varies from 1630 g/mol to 369 g/mol. This change is accompanied by a change
in Tg from -38 °C to 5 °C, as determined by DSC and DMTA (Figure S7-10, Table S4). Gel
fractions of the photopolymerized samples were determined by swelling in CH2Clz for 48 hours
followed by drying the polymers at room temperature under 20 mtorr vacuum for 48 hours. Swell
tests of the photopolymerized samples show over 97% gel fraction of the material (Table S4).

Notably, all urethane acrylate thin-films containing DBTDL catalyst relax stress at elevated



temperatures (Figure S11, Table S5). Subsequent experiments use the IC-15 and IN-15 resins,
which provide desirable tensile properties without approaching the solubility limit of crosslinker
in resin at room temperature.

We hypothesized that annealing the urethane acrylate photopolymers would result in the
increased formation of covalent bonds across the layers of a VP-printed structure due to a thermally
activated carbamate exchange process (Figure 3A). Based on prior studies, the most likely
mechanism for carbamate exchange is the transient reversion of carbamate groups to isocyanates
and alcohols, which reform into new carbamate linkages. Notably, the tin catalysts employed in
dissociative carbamate exchange processes are deactivated in the presence of excess free alcohol.'®
Therefore, this limits the scope of monomers that can be used to ones that do not contain alcohols
and informed the choice of butyl acrylate as the monomer in this study. The carbamate bond
exchange process is commonly characterized via stress relaxation analysis (SRA). Thus, to
develop appropriate annealing conditions, SRA was used to characterize the rate of topological
reorganization in IC-15 thin-films at different temperatures (Figure 3B, Figure S6). The
characteristic relaxation times (t*) are plotted vs. 1000/T to determine an activation energy of 133
kJ/mol for the dissociative carbamate exchange process (Figure 3C). This activation energy is
consistent with activation energies reported for dissociative carbamate exchange in polyether
polyurethane (143 kJ/mol) and polyester polyurethane (144 kJ/mol) systems,?’” and higher than
activation energies observed in the alcohol-mediated associative transcarbamoylation exchange in
polyhydroxyurethanes (111 kJ/mol).?® Based on the absence of free alcohols and the
experimentally determined activation energy, the exchange mechanism is thought to be

dissociative. IN-15 thin-films prepared without the DBTDL catalyst do not relax stress



significantly in similar timeframes, corroborating previous findings that the DBTDL catalyst is

required for rapid carbamate reversion reactions.
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Figure 3. (A) Dissociative carbamate exchange mechanism of stress relaxation, (B) stress
relaxation curves of IC-15 at different temperatures, (C) Arrhenius plot to determine activation
energy.

Based on the temperature dependent stress relaxation results, two annealing conditions
were selected: 1 hour at 160 °C and 24 hours at 120 °C. Both of these annealing conditions are
over ten times t* at the given temperature, thus allowing for significant bond exchange to occur.
Although stress relaxation is most rapid at elevated temperatures, the thin-films begin to discolor
at extended annealing times (Figure S12-13). We attempted to chemically characterize this
discoloration process by comparing FTIR spectra of thin-films pre- and post-anneal. However, no
discernible changes could be observed (Figure S14). Thermogravimetric analysis (TGA) shows
that films begin to irreversibly decompose at temperatures above 240 °C; however, holding at a
temperature of 160 °C results in negligible mass loss (Figure S15-18). Thus, annealing at 160 °C

for 1 hour hastens stress relaxation in the catalyst-containing IC-15 samples while avoiding film



degradation and minimizing discoloration. Control samples of IN-15 were subject to the same

annealing conditions to isolate the effect of thermal annealing on carbamate exchange.

Mechanical Properties After Annealing

We observe that annealing the model thin-film samples containing catalyst results in a decrease in
the Young’s modulus and stiffness of the polymers, whereas annealing samples without catalyst
results in no change (Figure 4, Table 1, Figure S19-20). The Young’s modulus of IC-15 thin-films
decreases from 3.09 + 0.08 MPa to 2.33 + 0.07 MPa when annealed at 120 °C for 24 hours, whereas
the Young’s modulus of IN-15 thin-films stays constant (3.19 £ 0.08 MPa to 3.15 £ 0.11 MPa)
under similar annealing conditions. One plausible explanation is that the DBTDL causes carbamate
reversion reactions without re-forming new carbamate bonds, which would decrease network
cross-linking and lead to higher strain at break. However, DMTA data obtained before and after
annealing appear identical (Figure 4C), indicating that this is unlikely. Thus, we hypothesize that
either a removal of internal stresses or rearrangement of the polymer topology via introduction of
loop defects is responsible for this decrease in Young’s modulus while maintaining network
connectivity. Indeed, theoretical studies have speculated that the modulus of CANs could be
switched by annealing under conditions favoring different loop statistics, in contrast with

thermoset elastomers possessing a fixed loop content.?*
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Figure 4. (A) Comparison of Young’s moduli for polymer thin-films of IC-15 with catalyst
(shades of purple) and IN-15 without catalyst (shades of blue) at different annealing conditions.
Annealing at 120 °C was performed for 24 hours, and annealing at 160 °C was performed for 1
hour. (B) Representative tensile testing data of polymer thin-films of IC-15 and IN-15 at different

annealing conditions noted in A. (C) DMTA of polymer thin-films of IC-15 pre- and post-
annealing.

Table 1. Tensile properties of the polymer thin-film networks pre- and post-anneal.

Polymer o, (MPa) o, (MPa) | o; (MPa) & (%) As- & (%) & (%) | E(MPa)As- | E(MPa) | E(MPa)
As- Annealed | Annealed | Synthesized | Annealed | Annealed | Synthesized | Annealed | Annealed
Synthesized 120 °C, 160 °C, 120 °C, 160 °C, 120 °C, 160 °C,
24 hr 1 hr 24 hr 1 hr 24 hr 1 hr
IC-15 1.469 + 1.140 £ 1.283 + 47.58 + 4882+ | 52,13+ 3.09 + 233+ 2.46 =
Thin- 0.109 0.068 0.088 3.04 3.02 2.31 0.08 0.07 0.09
films
IN-15 1.383 + 1.460 + 1.433 + 4336+ 4629+ | 48.44 + 3.19+ 3.15+ 295+
Thin- 0.137 0.134 0.224 3.60 4.15 6.96 0.08 0.11 0.07
films
VP Printing

Tensile bars were printed using top-down Mask-Projection (MP) VP, also referred to as
Stereolithography (SLA) or Digital Light Processing (DLP), to assess the improved interlayer
network formation hypothesis and to evaluate the effect of stress relaxation on VP-printed parts.
Compared to model thin-films cured at a set thickness and UV flux, the mechanical properties of

VP-printed materials are dependent on printing parameters, including the amount of UV exposure
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each layer receives, the layer thickness, and any UV post-curing. These observations are consistent
with literature reports of (meth)acrylate resins printed with variable UV exposure conditions
producing different network crosslinked densities, where higher exposures produce parts with a
higher modulus and 7,.>° This effect has also been observed in polyurethane acrylates with a
threefold increase in elastic modulus based on a fourfold increase in light intensity.3° Recent work
on a VP-printed thiol-ene resin further explores the relationship between light intensity at a
constant dose and local conversion using nanocylinder-tipped atomic force microscopy and a rheo-

Raman microscope.>!

For analysis of the VP-printed material under various print conditions without the
confounding effect of layer interfaces, XY tensile bars were printed with loading parallel to the
layer interfaces based on the ISO/ASTM 52921 standard.*? To accurately explore the mechanical
properties of VP-printed XY tensile bars from resins IC-15 and IN-15, UV exposure times for
each layer of 6 sec (low) and 20 sec (high) were used with an intensity of 14 mW/cm? at 405 nm,
as measured by an ILT800-UVF radiometer. The low exposure time was the minimum necessary
for adequate interlayer curing and part strength, while the high exposure time was the maximum
exposure before overcuring occurred, sacrificing feature resolution. Congruent with literature
precedent, over this range of UV exposures, the material properties were tuned from a “soft” to
“hard” sample exhibiting higher modulus, ultimate tensile strength (UTS), and 7 as measured by
tensile testing and DMA (Figure 5). Despite the slight increase in elastic modulus observed in the
high exposure printed sample relative to the model film samples, the VP-printed XY sample of
IC-15 demonstrates rapid stress relaxation at 160 °C comparable to the model films (153sec vs.
359 sec). The variations in exposure time per layer resulted in minimal discernable difference in

stress relaxation behavior (Low Exposure: 199 sec, High Exposure: 153 sec, High Exposure +

11



Postcure: 320 sec). Thus, the annealing conditions optimized for the model film system could be

applied to the VP-printed samples regardless of exposure time.
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Figure 5: (A) Tensile testing of VP-printed XY tensile bars (resin IC-15) at Low exposure (6 s
per layer), High exposure (20 s per layer), and High + Postcure (20 s per layer, followed by 20 min
in a UV chamber post-printing). (B) Stress relaxation data of VP-printed rectangular bars at 160

°C, prepared under the same conditions as A. (C) DMA of VP-printed objects at low exposure and
high exposure.

Analogous to the effect observed in model thin-films, pre- and post-anneal testing of XY
tensile bars printed from resin IC-15 (containing carbamate exchange catalyst) generally
demonstrate a decrease in Young’s modulus whereas samples printed from resin IN-15 (catalyst
free) show an increase (Figure 6, Figure S21-22, Table S7). For resins IC-15 and IN-15, both
“low” and “high” exposure samples were printed, annealed (Figure S23), and tested to observe the
effect of annealing on these two as-printed extremes. Upon annealing IC-15 XY tensile bars, the
“low” and “high” exposure samples annealed at 160 °C for 1 hour both exhibit a decrease in
Young’s modulus. When annealed at 120 °C for 24 hours, the “low” and “high” exposure IC-15

XY tensile bars do not exhibit a significant decrease in Young’s modulus. After annealing, the

12



catalyst-containing “low” exposure samples demonstrated an increase in both stress and strain,
whereas the “high” exposure samples demonstrated a decrease in stress and increase in strain at
break. For both sets of samples, annealing for 1 hour at 160 °C had a more pronounced effect than
annealing for 24 hours at 120 °C. Notably for these VP-printed XY samples, the stress relaxation
time was only characterized at 160 °C (Figure 5). Thus, observed differences based on annealing
condition might be due to incomplete stress relaxation at 120 °C based on slight differences
between the VP-printed samples and model thin-films. In contrast with these observed decreases
in Young’s modulus for VP-printed IC-15 samples, the post-anneal behavior of the “low” and
“high” exposure VP-printed IN-15 XY tensile bars demonstrated a slight increase in modulus after

annealing (Table S7).

Two effects are likely the cause of these observed changes in Young’s modulus for the VP-
printed XY tensile bars: 1) Stress relaxation decreases the elastic moduli of IC-15 XY tensile bars
via annealing defects while maintaining a set crosslink density, as observed in the model thin-films
(Figure 4). 2) A thermal cure increases the elastic moduli, as the increased temperature induces the
crosslinking of residual acrylate groups. This effect is more pronounced in the “low” exposure
samples as the short initial curing time leaves more unreacted acrylate groups. Supporting this
hypothesis, FTIR data of the SLA printed IN-15 samples initially show a small acrylate C=C peak
in the as-printed samples. This peak disappears upon annealing at 160 °C (Figure S24).
Furthermore, thermal rheology experiments using a step and hold to 160 °C and 120 °C on IN-15
resin demonstrate thermal curing with gelation observed in 330 s and 3900 s, respectively, with
moduli continuing to increase over an extended period of time at elevated temperatures (Figure
S25-27). Of note, we do not observe any unreacted acrylate C=C peaks in the as-printed samples

of IC-15. These samples only exhibit a decrease in Young’s modulus upon annealing. In contrast

13



with our results, previous studies on photopolymerized dynamic polyester networks, only showed
stiffening of materials following a thermal cure.'* However, these materials were not compared
with samples without transesterification catalyst present. Thus, the discrepancy in results may be
attributed to different dynamic bond linkages, the different mechanisms of bond dynamicity
(associative vs. dissociative), or difficulties distinguishing thermal curing effects from stress

relaxation effects, which we study here via inclusion/exclusion of carbamate exchange catalyst.
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Figure 6: (A) Illustration of XY tensile samples used to evaluate the effect of thermal annealing.
Tensile loading was parallel to the layer interfaces. (B-E) Representative tensile testing of VP-
printed XY tensile bars before and after thermal annealing at 160 °C for 1 hour or 120 °C for 24
hours. Samples were printed with (B) a 6 second exposure from resin IC-15, (C) a 20 second
exposure from resin IC-15, (D) a 6 second exposure from resin IN-15, (E) a 20 second exposure
from resin IN-15.

To further assess the role of UV exposure on tensile properties before and after annealing,
these VP-printed XY tensile sample results were compared with model thin-films photocured for
10 minutes on each side in the nail curing chamber (Figure S28, Table S8). Although the samples

cured for 60 seconds were observed to react to similar acrylate C=C bond conversion as films

cured for 10 minutes on each side as observable by FTIR, the tensile strength of the as-synthesized
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samples increased (IC-15 increased from 1.469 + 0.108 MPa to 1.739 = 0.063 MPa, and IN-15
increased from 1.383 £0.137 MPa to 1.854 = 0.215 MPa between 60 second and 10 minute cures,
respectively) (Figure S28, Table S8). Upon annealing, the model IC-15 thin-films cured for 10
minutes also exhibit a decrease in Young’s modulus, whereas the IN-15 films remain unchanged
(Figure S29). This result is in good agreement with VP-printed XY samples with additional UV
postcuring (see Supporting Information), which exhibit an increase in stress at break and decrease

in Young’s modulus upon annealing (Figure S30).

After probing the effects of the amount of UV exposure, carbamate exchange, and thermal
curing on the bulk-like XY samples, the effect of carbamate exchange on interlayer strength was
investigated. ZX samples were printed (see Supporting Information) with layers perpendicular to
the loading direction based on the ISO/ASTM 52921 standard (Figure 7A).3? Only high exposure
samples with additional UV postcuring were studied because these exposures produced the
greatest strength in the as-printed XY tests. Additionally, low exposure samples periodically
cracked during the annealing process whereas the high exposure samples did not. The ZX tensile
bars were studied after annealing at 160 °C for 1 hour because the 160 °C annealing conditions

showed better results than the 120 °C annealing conditions in the XY sample studies.

The profile of the IN-15 and IC-15 ZX sample tensile curves were distinct from the XY
tensile samples. It is hypothesized that the layer interfaces dominate the mechanical behavior of
the ZX samples leading to different tensile profiles and increased variation in mechanical
properties. Upon annealing, the ZX samples of IC-15 (containing catalyst) showed an increase in
the elongation at break (Figure 7B, Figure S31, Table S9) from 33.9 + 10.6% as-printed to 56.0 +
7.9% post-anneal (p>0.05). Changes in modulus (p=0.69) and UTS (p=0.08) were not statistically

significant. Conversely, the ZX samples of IN-15 (without catalyst), showed a decrease in the

15



elongation at break (Figure 7C, Figure S31, Table S9) from 48.1 + 13.9% as-printed to 32.1 +
7.85% post-anneal. UTS decreased from 1.63 = 0.26 MPa as-printed to 0.91 = 0.28 MPa post-
anneal (p>0.05). Changes in modulus (p=0.07) and elongation at break (p=0.12) were not
statistically significant. We attribute the increase in strain at break for the catalyst-containing
samples (22.1% increase compared to the 16.0% decrease in strain at break for samples without
catalyst) to dissociative carbamate exchange forming covalent bonds between the printed layer
interfaces, strengthening the material. We do not observe significant changes in Young’s modulus

in these ZX samples which could be a result of the layer interfaces dominating the observed

behavior.
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Figure 7: (A) Illustration of ZX tensile samples used to evaluate the effect of thermal annealing.
Tensile loading was perpendicular to the layer interfaces. (B) Representative tensile testing of SLA
printed (IC-15) ZX samples (containing catalyst) before (red) and after (green) thermal annealing.
(C) Representative tensile testing of SLA printed (IN-15) Z-samples (without catalyst) before (red)

and after (green) thermal annealing.

To further probe self-healing in the ZX samples, we characterized the fracture interfaces

of the pre- and post-anneal VP-printed tensile samples. Optical microscopy of post-failure ZX
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tensile bars shows rough failure surfaces where the effects of annealing cannot be distinguished
(Figure S32). In contrast, scanning electron microscopy (SEM) was more illustrative. As-printed
samples of IC-15 are observed to fracture cleanly along layer interfaces (Figure 8A-B), whereas
annealed samples of IC-15 are observed to have rougher fracture surfaces due to improved
covalent consolidation between VP-printed layers (Figure 8C-D). This observation is in contrast
with clean fracture surfaces observed in annealed samples of IN-15 (Figure S33). Thus, we
conclude from the tensile and microscopy data that carbamate exchange mediated self-healing has

occurred between the layer interfaces.

Figure 8. SEM of VP-printed ZX tensile bar fracture surfaces for (A, B) IC-15 as synthesized,
and (C, D) IC-15 annealed at 160 °C for 1 hour. Right panels (B,D) illustrate surface texture at
higher magnification.

In contrast with previous reports on the interfacial welding of polyesters, our observed
increase in strain at break of ZX samples occurs in the absence of an external applied pressure.
Previous reports find that compression molding is required to increase the amount of bonds that
come into contact for exchange.} Indeed, whereas disulfide-based CANSs can self-heal without an

external applied pressure,** CANs containing polyester linkages more similar in lability to
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carbamates consistently require either pressure or partial dissolution via solvent in order to
implement surface welding.’> We hypothesize that an applied external pressure during annealing
could further increase self-healing observed in the ZX samples, although this effect is beyond the

scope of this study.

Conclusions

VP-printed urethane acrylate networks undergo stress relaxation and thermal annealing in the
presence of a carbamate exchange catalyst such as DBTDL. In VP-printed XY tensile bars and
single layer polymer thin-films, the Young’s modulus decreases and can be tuned via thermal post-
processing. We demonstrate these effects on tensile bars VP-printed under high and low UV
exposure. Practical considerations for VP-printing under low UV exposure may result in
incomplete photopolymerization that is brought to completion via a thermal cure that increases the
modulus. On the other hand, catalyzed urethane exchange processes decrease the material’s
Young’s modulus by up to 25%, possibly via introduction of topological loops or relaxation of
internal stresses. Resins prepared without DBTDL catalyst served as a control to explore changes
in materials properties that lack dynamic bond exchange. In ZX tensile bars printed such that layers
are perpendicular to tensile load and interfacial layer effects dominate, thermal stress relaxation
processes improve the ZX tensile strain at break by self-healing between printed layers. The ability
of carbamate exchange to self-heal layer interfaces of VP-printed urethane resins and modulate
Young’s modulus post-print will increase the use of dissociative carbamate exchange in AM
processes. Given the ubiquity of urethane acrylates in coatings and as photo-cured resins, these

results have potential for broad impact on industrial applications.
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