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1. Introduction

Additive manufacturing (AM) refers to the process of developing 3D objects
through the deposition of material in an additive fashion.! Though originally
utilized for rapid prototyping, AM has recently seen an increase in usage as an
industrial manufacturing method due to its ability to produce complex geometries.>
With the advent of extrusion-based AM methods such as Big Area Additive
Manufacturing (BAAM), 3D printing of two-seat electric roadster cars® and wind
turbine blade molds* have been realized. Each example enabled larger print
volumes, faster print speeds, and decreased material expenses when compared to
traditional extrusion AM processes. BAAM operates similarly to the common 3D
printing method known as fused filament fabrication (FFF), whereby both methods
use thermoplastic polymers (pellets for BAAM, filament for FFF) that are melted
during extrusion and reconsolidated on the print bed.’ Thermoplastic polymers are
the only applicable polymers for these methods; thus, FFF and BAAM are reliant
upon polymer chain entanglement across the deposited layers, making printed
specimens susceptible to mechanical anisotropy.>~’ Mechanical anisotropy refers to
nonequivalent mechanical properties in the X, Y, and Z direction, with the Z
direction often being the weakest point resulting from the layer-by-layer fashion
of AM.

While first reported by Calvert et al.® in 1997, reactive AM (RAM) methods have
recently gained increasing relevance due to their ability to fabricate 3D specimens
via deposition, in situ polymerization, and subsequent post-cure of reactive inks.
RAM has also been used to address mechanical anisotropy, through which in situ
polymerization and post-cures of printed polymeric material promote interlayer
polymerization. Using reactive direct ink writing, Compton and Lewis’ observed
full coalescence of deposited layers in epoxy-based cellular composites following
the initial polymerization of reactive inks while printing and subsequent post-cures
1.1% introduced ambient reactive extrusion

(ARE) as a large-scale RAM process capable of printing thermoset materials,

to complete polymerization. Rios et a

wherein liquid monomers were individually stored and fed through a lightweight
mixing nozzle prior to deposition. Through ARE, thermal stresses common in other
AM methods were minimized due to ambient processing temperatures, while faster
print speeds and larger volumes were feasible using lightweight hardware. The in
situ cross-linking of the deposited reactive polymers yielded specimens that
exhibited a higher elongation at break when compared to nonreactive thermoplastic
specimens.'® In 2021, Uitz et al.!! established a version of ARE referred to as
reactive extrusion additive manufacturing, in which a commercially available,
reactive epoxy-amine system was simultaneously synthesized and printed.



Mechanical properties of the printed specimen in multiple orientations were
evaluated and reported as having isotropic (equivalent) tensile modulus and
ultimate strength, but anisotropic elongation at break and toughness. However, the
exothermic nature of the polymerization while printing caused variations in degree
of cure of the specimen, which led to variations in mechanical properties, causing
the authors to report the results as a function of fracture mechanism (brittle vs
ductile).!!

Many efforts have focused on the advancement of AM processes for enhanced
mechanical properties or producing large-scale parts. However, a simultaneous
thrust is necessary to not only expand the library of 3D-printable polymers, but also
understand the properties that deem materials printable. Polyurethanes (PUs) are
attractive polymers for AM due to their modular chemistry and multifaceted
tailorable properties. PUs are synthesized from the step growth polymerization of
diisocyanates, macroglycols (polyols), and diol chain extenders. More specifically,
PUs are characterized by the urethane repeat unit formed from the reaction
between isocyanate and hydroxyl functionalities.'>!* An extensive library of
commercialized PU monomers exists due to PU applications in several industries
(from biocompatible heart valves'* to rigid ski boots).!> Therefore, many AM
methods, such as stereolithography (SLA), FFF, and direct ink writing (DIW), have
designed and adapted PUs as printable materials.

The use of PUs in multiple AM processes highlights their processing versatility; for
example, 3D-printed PUs have targeted numerous applications, such as the use of
photo-polymerizable PUs (SLA) as elastic scaffolds for tissue engineering'® or PU
inks for sustainable DIW printing strategies.!” Thermoplastic PUs (TPUs), a
common feedstock for FFF, are commercially available as flexible filament, though
they are often difficult to successfully print and require specialized TPU-FFF print
heads.!® In addition to PU modularity, PUs have an extensive history in reactive
metering strategies, such as the use of reactive extrusion (REX) to simultaneously
polymerize and extrude TPUs!'®2! or through reaction injection molding (RIM) of
PUs.?? The two-feed strategy common in REX and RIM has been adapted for
reactive inkjet printing, in which reactive monomer inks, consisting of a hydroxyl
side and isocyanate side, were consecutively deposited as sub-nanoliter droplets to
yield urethane linkages across the layers.?»** However, in the study by Krdber et
al.,? the solid PU prints were on the micron scale and required 3 to 5 min of cure
time. This excessive cure time, by AM standards, was required to prevent the flow
of initial layers prior to subsequent layer deposition. Though reactive ink jetting
was successful for small PU prints and beneficial for applications that require
higher spatial resolution, it was not broadly industrially relevant.



Open literature regarding the in situ polymerization of PUs using ARE remains
sparse, despite PU modularity and an extensive history with REX-based processing
techniques. Moreover, the relationship between polymer design and resultant
chemorheological properties adapted for ARE is underexplored. Herein, we
demonstrate the influence and importance of different PU components, such as
additive concentrations, for achieving critical chemorheological properties required
for in situ PU polymerization during 3D printing. Chemorheological properties of
PUs containing systematically increased additive concentrations were first
evaluated prior to demonstration and analysis of a representative PU printed via
ARE. The twofold approach to quantitatively evaluating PU chemorheological
properties for correlation with ARE PU print quality is highlighted in Figure 1.
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Figure 1. Experimental evaluation and 3D printing strategy for ARE of PUs. (A) Dual-
component syringe with static mixer used for chemorheological characterization. (B) Two-
component feed strategy of reactive components that begin polymerization upon mixing
immediately prior to deposition. (C) Idealized chemorheological results compared to ARE
print quality. (D) Image of ARE-3D printed PU consisting of three layers (192 mm long, 71
mm wide, and 4 mm high).



2. Materials and Methods

2.1 Materials

Polymeric 4,4’-diphenylmethane diisocyanate (pMDI) (Covestro, Desmodur VL
R20, My ~ 400 g/mol), 1,4-butanediol (BD) (Sigma Aldrich), and dibutyltin
dilaurate (DBTDL) (TCI Chemicals) were used as received. Polytetramethylene
ether glycol (PTMEG) (Sigma Aldrich, M, = 1000 g/mol) was dried under vacuum
at 100 °C for a minimum of 3 h prior to use. Untreated, fumed colloidal silica (FS)
(Strem Chemical, 99+%, specific surface area S.r = 400 m?/g) was heated under
vacuum at 150 °C for 4 h to remove moisture, cooled to ambient temperature under
vacuum, and stored in desiccators until used. Desmodur VL R20 was generously
donated by Covestro.

2.2 Synthesis of Fumed Silica-Polyurethanes Using Dual-
Component Syringe

Synthesized PUs for this study specifically corresponded to a 1:1 volumetric feed
ratio of hydroxide (OH) to isocyanate (NCO) to enable use of a two-component
syringe equipped with a static mixer to mimic ARE printing. pMDI (5.6 g, 14.4
mmol) and FS (0 [0.0 wt%], 0.13 g [2.5 wt%], 0.26 g [5.0 wt%], or 0.39 g [7.5
wt%]) were added to a scintillation vial and rigorously mixed using a high-velocity
vortex mixer; pMDI and FS mixture was then syringed into one cartridge of the
dual-component syringe (Sulzer Mixpac AA 050-01-10-01). DBTDL (0.032 g,
0.05 mmol) was added to a separate scintillation vial using a micropipette. PTMEG
(3.0 g, 3 mmol), BD (1.4 g, 15.8 mmol), and FS (0 [0.0 wt%], 0.13 g [2.5 wt%],
0.26 g [5.0 wt%], or 0.39 g [7.5 wt%]) were subsequently added to the scintillation
vial, then mixed using a high-velocity vortex mixer, prior to syringing the mixture
into the second cartridge of the dual component syringe. Care was taken to
minimize trapped air when loading each cartridge; prior to each experimental
characterization, air was evacuated by individually compressing each cartridge
until no voids were present. Sulzer Mixpac static mixers (MAH 03-16S) were used
for all experimental studies.

2.3 Preparation of Polyurethanes for In Situ Polymerization and
3D Printing

A Hyrel 3D Engine SR FFF printer fitted with a Hyrel 3D SMH-2 Extruder was
adapted to accommodate a multicomponent reactive liquid feed system to prepare
a series of filled and unfilled PUs for this research. A simplified schematic is
provided in Figure 2; the physical lab-scale ARE printer is shown in Figure A-1. A



two-component approach was used to synthesize/print PUs where the OH
component was composed of premixed stoichiometric amounts of polyol, chain
extender, and catalyst while NCO was composed of only the isocyanate. Two Cole
Parmer Masterflex Easy-Load L/S peristaltic pumps paired with flexible Saint
Gobain Tygon PVC S3 tubing were used to supply reactive material to the manifold
with static mixer. Tubing with 3/32-inch inner diameter (ID), 7/32-inch outer
diameter (OD) was used to supply OH, while larger-diameter tubing (1/8-inch ID,
1/4-inch OD) was used to supply NCO at a higher flow rate. Tubing was affixed to
the SMH-2 Extruder via 1/8-inch hose ID barbed fittings. Disposable Sulzer
Mixpac MAH 03-178S static mixers (16 mixing elements, 3.2-mm ID, and 74 mm
overall length) were used as the static mixers for all PU prints.

Heating Mantle
with Round Manifold with

Bottom Flask Static Mixer

Peristaltic

Hyrel 3D Flexible
Engine SR Tubing

@b

Figure 2. Lab-scale ARE 3D printing assembly utilizing two peristaltic pumps and modified
Hyrel 3D Engine SR.

®
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In a typical reaction, DBTDL (600 ppm tin, 1.27 g, 2.02 mmol), BD (57.07 g,
633.21 mmol), PTMEG (119.62 g, 119.62 mmol), and FS (10.5 g) were added to a
flame-dried, one-neck 500 mL round-bottom flask to prepare the OH component.
The mixture was blended rigorously with an overhead mixer to distribute the fumed
silica. A dried stir bar was then added to the mixture, heated to 60 °C, and degassed
overnight. Prior to printing, the mixture was cooled to 25 °C and stirred
continuously throughout the print to ensure homogeneous mixing. pMDI (222.04
g, 575.69 mmol) and FS (10.5 g) were added to a separate flame-dried 500-mL
round-bottom flask to prepare the NCO component. The mixture was blended
rigorously with an overhead mixer to distribute the fumed silica prior to adding a
dried stir bar and degassing overnight at 25 °C. An isocyanate index of [NCO]/[OH]
=1.03 and 5.0 wt% FS was targeted, thus the pumps were calibrated to a mass flow
ratio of 0.81 (OH):1 (NCO). Calibration was achieved by determining the mass of
deposited material in a 30-s period to determine mass flow rates; a minimum of



three pump settings were evaluated, and mass flow rates were determined a
minimum of three times to establish an average of each trial. While printing, both
OH and NCO were held at a constant temperature of 25 °C in Chemglass Digital
Magnetic Hot Plate Stirrers with 500-mL Optitherm Reaction Blocks.

2.4 Rheological Experiments

A TA Instruments ARES G2 rheometer operated in a strain-control mode with 25-
mm-diameter aluminum parallel plates, and a 1-mm constant gap was used for all
experiments. Small amplitude oscillatory shear experiments were performed at
25 °C, 10 rad/s, and 1% strain. A Sulzer Mixpac dual-component syringe (AA 050-
01-10-01) with 1:1 volumetric cartridges equipped with Sulzer Mixpac static mixer
(MAH 03-16S) was used to deposit reactive material directly onto the parallel
plates. Reactive materials were separated until extrusion through the static mixer to
deposit material directly on the parallel plates; this corresponded to approximately

I at

30 s between mixing and experimental start. Flow sweeps from 1 to 100 s~
25 °C were performed to study the influence FS loading level on monomeric
viscosities. Frequency sweeps from 1072 to 10° rad/s at 25 °C were conducted to

observe the elastic and viscous response of monomers.

2.5 Real-Time Fourier Transform Infrared Spectroscopy

In situ tracking of all PU reaction progressions was performed in the spectral range
of 600-4000 cm ™! on a PerkinElmer Frontier IR spectrometer in transmission mode
with a 10° transmission accessory from Pike Technologies using sodium chloride
(NaCl) plates at ambient conditions. Spectra were co-averaged over 10 scans at
2 cm ! resolution for an average of approximately 11 s per scan. Peaks indicative
of PU polymerization were tracked at the following wave numbers: 3500 cm !
(primary alcohol), 3300 cm™! (secondary amine), and 2260 cm ! (isocyanate
functionality), all referenced to C-H stretching observed from 2800 to 3100 cm ' to
normalize the results. The degree of conversion (DOC) for each polymerization
was determined using Equation 1, where A4, is the normalized area under the
isocyanate peak at ¢ and Ay is the normalized area under the isocyanate peak at
experimental start.>> Reactive PUs were syringed directly onto the NaCl plate and
spread into a thin film using a razor blade prior to experimental start.

poc = (1- Af/AO) £ 100% . (1)



3. Results and Discussion

3.1 Chemorheological Considerations of Polyurethanes for
Reactive AM

Successful ARE printing is dependent on achieving balanced chemorheological
properties, which encompass viscoelastic behavior of the reacting material as it
transitions from the monomeric to polymeric state.’® Monomer reactivity is
important for controlling fast cure kinetics, high initial viscosity, and adequate
modulus at deposition. Deposited, partially cured material must develop gel
strength rapidly (on the time scale of print speed) to prevent initial layers from
sagging under the weight of subsequent layers. This resistance to sag, herein
referred to as dimensional stability, is defined as the ability of the reacting material
to retain its intended geometric shape upon deposition, resisting flow (in the X, Y-
directions), and sag (in the Z-direction). Theoretically, this would correspond to a
critical zero-shear viscosity (to reduce significant flow at deposition) and a critical
storage modulus (G’, to support subsequently deposited layers). These values are
also heavily influenced by the DOC at deposition, where it is well established that
viscosity increases with increasing molecular weight.?® A further consideration is
that the reactive monomer polymerization must also have a gel time longer than the
residence time of the mixing nozzle to avoid gelation within the static mixer print
head. High DOCs may also result in a diffusion-limited specimen that is spatially
locked and unable to react further,?” which implies that a system-dependent critical
extent of reaction exists. Above the critical DOC, minimal interlayer
polymerization is expected, thus decreasing achievable isotropic properties. When
considering these implications for dimensional stability and mechanical anisotropy,
the window for acceptable chemorheological properties narrows (Figure 3).
Ultimately, print-processing parameters, such as print speed (as it relates to time
between each deposited layer) and polymer design can be leveraged to navigate this
window, thus influencing the DOC of deposited layers.
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Figure 3. Idealized ARE printability requirements depicting critical viscosity/modulus for
attaining dimensional stability, critical extent of reaction for reducing mechanical anisotropy,
and idealized window for achieving both on a time scale commensurate with print speed that
can be targeted through kinetic control.

3.2 Evaluation of Monomer Processability for ARE

Rheological shear sweeps at ambient conditions were performed on each individual
component (NCO or OH functionality) containing various FS loading levels to
determine reasonable FS concentrations for processability (Figure 4). FS was added
on a weight basis of each reactive component (NCO or OH), where viscosity
increased with increased FS concentration. Differences in rheological responses
between the two components were observed, where the OH component containing
5+ wt% demonstrated shear thinning behavior, attributed to silica gel formation,
resulting from particle—particle hydrogen bonding.?®
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Figure 4. Rheological shear sweeps depicting FS influence on reactive components: (A)
hydroxyl components and (B) isocyanate component.

3.3 Chemorheological and Spectroscopic Studies of Fumed
Silica-Containing Polyurethanes

A two-component syringe, with one cartridge filled with pMDI and the other filled
with OH components, was equipped with a static mixer to mimic the feed strategy
for ARE printing. Qualitative evaluation of FS influence on dimensional stability
was obtained by observing differences in flow and height while dispensing FS-PUs
onto a Kapton film (Figure 5). An increased FS loading level resulted in an increase
in vertical height and change in shape.?” Substantial dimensional stability was
observed in the 7.5 and 9.0 wt% FS PUs, as they retained the shape of the static
mixer nozzle. However, it was hypothesized that an ideal FS concentration was
between 5.0 and 7.5 wt% to allow adequate diffusion and interaction between layers
for maximized interlayer polymerization.

é;gg 4 -~

——— oowt%Fspu ] 2.5wt%Fspu [—] s.ow%Fspu [—] 7.5w% Fspu | 9.0wt%Fspu

Figure 5. PUs prepared from two-component syringe containing increasing amounts of FS,
demonstrating increased dimensional stability with increasing FS.

In situ chemorheological properties were quantitatively characterized using the
two-component syringe to deposit stoichiometric quantities of NCO/OH directly
onto the parallel plates (Figure 6). Use of the two-component syringe minimized



time between the onset of polymerization and experimental data collection,
enabling comparison of chemorheological results to PU print quality and
characteristics. Initial attempts to characterize 9.0 wt% PUs were unsuccessful due
to high viscosities that limited processability. Results for the 0.0 to 7.5 wt% FS PUs
are tabulated in Table 1. Initial storage modulus (G’o) was observed to increase with
increasing FS concentration. Notably, G’ values were larger than initial loss
modulus (G”o) values for 5.0 and 7.5 wt% FS PUs, which indicated PUs were
initially elastically dominated.** This behavior was not observed in 0.0 and 2.5 wt%
FS PUs; rather, G’ is greater than G’¢ for these samples, which is typical for
reactive materials transitioning from a viscous monomeric state to an elastic
polymer. The initial elastic behavior observed in 5.0 and 7.5 wt% FS PUs was
attributed to the initial formation of physical gels composed of silica particles
interconnected through weak physical bonds. However, these gel times did not
translate to dimensional stability, and future work includes further investigation
into this unexpected trend.
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Figure 6. Chemorheological responses of PUs containing (A) 0.0 wt% FS, (B) 2.5 wt% FS, (C)
5.0 wt% FS, and (D) 7.5 wt% FS.
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Table 1.

Rheological results of FS-containing PUs.

safnllj)le Go G G no G/G” crossover
(Wt% FS PU) (Pa) (Pa) G” (Pas) (min)
0.0 6 92  0.07 9 51
2.5 100 539 0.19 55 17
5.0 942 500 1.88 107 27
7.5 2832 1003 2.82 300 28

PU reactivity was observed via real-time Fourier transform infrared (RT FTIR) by
monitoring consumption and formation of crucial chemical moieties. A
representative spectra of 2.5 wt% FS PU is shown in Figure 7A, where a distinct
decrease in isocyanate intensity at 2260 cm ' was observed as time progressed.
Spectra of the remaining FS PUs are provided in Figure A-3. DOC as a function of
time is provided in Figure 7B, where the inset figure denotes the first 2 min of
reaction. Due to the delay between initial formulation mixing and FTIR
experimental start time, only final DOCs are provided in Table 2 and increased with
increasing FS concentration.

A)

-NCO

Absorbance

—_—
R,
2% %

—
S8,5%, 59,50,
% 0% %0 %

Wavenumber (cm™)

B) 100
90

Degree of Conversion (%)

J—a— 5.0 wt% FS PU—»— 7.5 wt% FS PU
80 -
70
60 -|
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40
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—=— 0.0 wt% FS PU —e— 2.5 wt% FS PU

Time (min)

Figure 7. (A) Representative RT FTIR spectra for 2.5 wt% FS PU over 2 h. (B) Degree of
conversion vs. time obtained via RT FTIR for FS-containing PUs. Inset figure highlights the
differences in initial rate of reactions.

Table 2.

FS-PU rate of reaction and final degree of cure

Sample Final DOC at2 h
(wt% FS PU) (%)
0.0 75.6+3.9
2.5 76.7+ 1.7
5.0 83.4+52
7.5 87.9+74
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Lower initial rates of reaction for the FS-containing PUs were attributed to
decreased diffusivity of the reactive components due to the increased viscosity of
the reaction medium. This is observed in similar systems**? and decreased
concentration of reactive functionalities at higher FS concentrations. Surprisingly,
final DOC was not affected by the initial delay in polymerization imparted by FS,
as final DOC was observed to increase with increased FS concentration. This was
attributed to the delayed polymerization in higher FS-containing samples yielding
more leeway during sample preparation time—that is, less isocyanate was
consumed prior to the start of the RT FTIR experiment, which enabled more

consumption during the experimental progression (Figure A-4).

Through rheological and spectroscopic analysis, a relationship between FS loading
level in PUs and processability was established, wherein higher loading levels led
to a slower initial rate of reactions but higher final degree of cure. Leveraging FS
loading levels undoubtedly allows for reactive PUs to reach the required
dimensional stability and low anisotropy for successful ARE printing.

3.4 Simultaneous Polymerization and 3D Printing of
Polyurethanes

Correlating rheological and spectroscopic results provide a pathway for elucidating
and tailoring chemorheological properties to successfully print FS PUs via ARE.
Namely, 0.0 wt% FS PUs had the highest initial rate of reaction but longest gel
time, where we hypothesized that long gel times would lead to dimensional stability
issues. Conversely, increasing FS concentrations in PUs led to faster gel times of
16, 27, and 28 min for 2.5, 5.0, and 7.5 wt% FS PUs, respectively. FS PUs with
concentrations of 5.0 and 7.5 wt% demonstrated higher initial moduli and
viscosities, despite slower gel times compared to 2.5 wt% FS PUs. However, 7.5
wt% FS was above processability limitations of the printing setup and therefore
was not printed in this investigation. Our initial hypothesis that poor dimensional
stability would be observed for the 0.0 and 2.5 wt% FS PUs, due to longer gelation
times and lower initial viscosities/moduli, was demonstrated and can be observed
in the appendix (see Figures A-5 and A-6).

For all subsequent print trials, 5 wt% FS PUs were used to examine the influence
of increased initial viscosity/modulus, yet slower gelation time, on ARE
printability. PU specimens were printed at 100 mm/s print speed according to a
single-walled ovular geometry (Figure 8b). Printed specimen dimensions measured
80.6 mm long and 26.5 mm wide, with individual wall thicknesses of 4.60 mm;
targeted geometry is provided in Figure 8a. Though measured dimensions were
larger than targeted dimensions, 5.0 wt% FS PUs were capable of being
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successfully printed with vertical heights greater than 25 mm. Optimization of
reactive material properties, through increased initial viscosity and reactivity, is
envisioned to further enhance print quality and better match targeted print
dimensions. Small defects, namely the ripple along the bottom of the print, were
attributed to pump inconsistencies; nonetheless, the deposited PU could sufficiently
flow to overcome detrimental irregularities. Similarly, an optically lighter section
was observed at the top of the print. This was attributed to trapped CO., as a result
of side reactions between pMDI isocyanate and ambient moisture. The cross-
sectional area was analyzed via optical microscopy to better observe voids and the
layer regularity (Figure 9A), while ripples caused by flow inconsistencies were
imaged via profilometry (Figure 9B, C). Of importance, no distinct layer
boundaries were observed when analyzing the cross-sectional area, which indicated
good consolidation of the reactive polymer across the layer—layer interface. This
was further probed through scanning electron microscopy (SEM), where the
vertical cross-section displays three layers with no distinct interface observed at the
layer—layer boundary, further indicating coalescence of deposited layers (Figure
10). Moreover, no distinct FS agglomerates were observed. SEM energy dispersive
X-ray (EDX) and elemental mapping were used to observe the distribution of Si
throughout the print specimen (Figure 11). Elemental analysis indicated 60.2 wt%
C, 8.2 wt% N, 26.4 wt% O, 4.7 wt% Si, and 0.2 wt% Al and an even distribution
of Si throughout the imaged specimen.

+ > 20 mm

Figure 8. (a) Target print geometry and (b) demonstration of simultaneous polymerization
and printing of 5.0 wt% FS PU using ARE.
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5 mm

Figure 9. (A) Optical microscopy (OM) image depicting cross section of 5.0 wt% FS PU print
specimen. Observed voids were attributed to isocyanate side reactions. No distinct layer
boundaries were observed. Note: Two distinct vertical lines are present due to stitching of
three OM images together. (B) 3D height and (C) optical maps of 5.0 wt% FS PU specimen.

Figure 10. SEM images of (A) cross section of 5.0 wt% FS PU cryofractured at the
layer-layer interface (vertically printed layers) and (B) cross section of 5.0 wt% FS PU
specimen with layers transverse to surface.
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Figure 11. SEM EDX of 5.0 wt% FS PU depicting random distribution of Si in addition
to mapping of O, N, and C.

FS loading levels were confirmed through thermogravimetric analysis (TGA) of
the printed PUs (Figure 12A); samples were obtained from the top, middle, and
bottom of the printed specimen to confirm the incorporation of FS across the entire
print. An average loading level of 4.68 wt% was determined, where the residual
weights at 900 °C (Wtooo °c) and onset of degradation (Tse), observed as the
temperature at 5% weight loss, are provided in Table 3 for each sample. Good
agreement was observed for both Tse, and Wtooo °c between the top and middle
specimens. The bottom samples had a lower Tse, and lower Wtooo °.c, which was
attributed to the equilibration of feeds over the duration of the print. All three
specimens displayed similar degradation profiles to the unfilled PU (Figure A-8)
with three primary degradation events occurring at approximately 315 °C, 425 °C,
and 570 °C that correspond to hard segment degradation and decomposition of
urethane bonds, degradation of the soft segment and ether linkages, and loss of
remaining volatile material and residual char, respectively.’*** As-printed samples
were analyzed with differential scanning calorimetry (DSC) to determine if samples
were under-cured, where a small residual exotherm was observed at 176.4 °C
(Figure A-9); therefore, specimens were post-cured at 160 °C for 2 h.
Thermomechanical properties and glass transition temperatures (T,’s) of as-printed
and post-cured specimens were obtained via dynamic mechanical analysis (DMA)
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(Figure 12B). Both specimens displayed two peaks in Tan 9, as is typical of PUs
displaying microphase separation, where the lower temperature Tan 9§ is indicative
of the soft segment Ty (Tg, ss) and the peak in Tan 6 observed at higher temperatures
is representative of the hard segment Ty (Tg, ns).>* Minimal differences were
observed for Tg, ss between the as-printed and post-cured samples, with Tg’s of
—75.9 °C £ 0.73 and —75.1 °C £ 0.36, respectively, which agreed well reported T;’s
of PTMEG 1000 (=77 °C).* A slight increase from 67.9 °C £ 1.9 to 74.1 °C £ 1.6
in Tg, us was observed following the post-cure. Full width at half maximums were
unable to be determined due to the sample yielding after traversing Tg, ns. While
printed specimens required a post-cure to fully complete polymerization, the post-
cure was minimal compared to similar printing methods that require elevated
temperatures and cure times. Therefore, this study provided the first demonstration
of simultaneous in situ polymerization and 3D printing of PUs, wherein specimens
with vertical heights over 25 mm were achieved, with minimal postprocessing

requirements.
A) 100] B) 10° , 04
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Figure 12. (A) Thermal degradation pathways of 5.0 wt% FS PU specimens from top,

middle, and bottom of print. (B) DMA of as-printed and post-cured PU print.

Table 3. TGA results of ARE printed PU.

Ts% Wtooo °c
(WY) (%)
Top 273+£2.6 493 +0.06
Middle 270.9+0.40 5.00+0.17
Bottom 2489+4.1 4.11+0.66

Sample
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4. Conclusion

Limitations of previous ARE literature reports were addressed by using a 1:1 dual-
component syringe equipped with a static mixer and PU composition that
corresponded to 1:1 volumetric feed ratios. Rheological characterization revealed
2.5 wt% FS PUs had the fastest gel time (16.7 min) and 0.0 wt% FS PUs had the
slowest (51 min), while 5.0 and 7.5 wt% FS PUs had gel times of 27 and 28 min,
respectively. While 0.0 and 2.5 wt% FS PUs did not form initial physical gels, 2.5
wt% FS PUs had the fastest gel time (16.7 min) and 0.0 wt% FS PUs had the slowest
(51 min). Complex interfacial reactions between the FS and the PU components
resulted in nonintuitive viscosity trends. RT FTIR results supported trends where
initial rates of isocyanate consumption decreased with increased FS concentration.

PUs containing 5.0 wt% FS were simultaneously synthesized and printed,
demonstrating consistent uniformity and agreement with targeted geometry, with
vertical heights of 25 mm. Post-print analysis of specimen cross section indicated
good coalescence of deposited layers, as no distinct layer-layer boundaries were
observed. Moreover, through SEM and elemental mapping, Si was shown to be
uniformly distributed throughout the specimen without distinct agglomerations,
while TGA results indicated good incorporation of FS at 4.68 wt%. Tg’s of as-
printed and post-cured specimen were determined via DMA, where minimal
differences in Tg ss was observed. A 6.2 °C increase in Ty s was observed
following a post-cure at 160 °C for 2 h, which indicated minimal postprocessing of
printed specimens was required to drive polymerization to completion. This study
demonstrated the ability to successfully simultaneously synthesize and 3D print
PUs using ARE.
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Hyrel 3D Engine SR

Figure A-1. Physical print platform used for this research.
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Figure A-2. Frequency sweep results of pMDI with PDMS-FS and U-FS, displaying silica
gel formation for pMDI + PDMS-FS and silica sol formation in pMDI + U-FS.
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Figure A-3. RT FTIR spectra obtained over 2 h for all FS-containing PUs.
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Figure A-4. First spectra (t = 0) of each PU sample depicting the presence of urethane
carbonyl. Urethane carbonyl band intensity and percentage of initial urethane carbonyl area
to initial isocyanate area decreased as FS concentration increased, which suggested a higher
concentration of urethane linkages was formed during the sample preparation time.

100 mm

0.0 wt% FS PUs 2.5 wt% FS PUs

100 mm

Single Layer

Figure A-5. (Left) Targeted single layer print geometry. (Middle) 0.0 wt% FS PU printed
specimen according to left geometry; loss of shape retention highly apparent around corners.
(Right) 2.5 wt% FS PU specimen printed according to targeted dimensions. Better shape
retention compared to 0.0 wt% FS PU specimen.

25



L=125mm

H=25
mm

10mm

Figure A-6. (Left) Targeted single layer ovular print geometry. (Middle) Aerial view of
2.5 wt% FS PU printed specimen according to left geometry. (Right) Front view of 2.5 wt%
FS PU specimen printed according to targeted dimensions. Significant “drips” indicated
material did not have sufficient initial viscosity to prevent dripping and flowing upon
deposition, despite 2.5 wt% FS PUs displaying the fastest gelation time observed rheologically.
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Figure A-7. Targeted single-walled ovular geometry.
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Figure A-8. Degradation profile of 0.0 wt% FS PU, depicting 0 wt% residual mass at 900 °C.
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Figure A-9. DSC thermograms of as-printed and post-cured 5.0 wt% FS PU. Small
residual exotherm observed at 176.4 °C with enthalpy of 9.17 J/g. Sample post-cured at
160 °C for 2 h prior to confirming no residual exotherm.
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List of Symbols, Abbreviations, and Acronyms

3D three-dimensional

AM additive manufacturing

ARE ambient reactive extrusion
BAAM Big Area Additive Manufacturing
BD 1,4-butanediol

DBTDL dibutyltin dilaurate

DIW direct ink writing

DMA dynamic mechanical analysis
DOC degree of conversion

DSC differential scanning calorimetry
EDX energy dispersive X-ray

FFF fused filament fabrication

FS fumed silica

ID inner diameter

IR infrared

NaCl sodium chloride

NCO isocyanate

OD outer diameter

OH hydroxide

OM optical microscopy

pMDI polymeric 4,4’-diphenylmethane diisocyanate
PTMEG polytetramethylene ether glycol
PU polyurethane

RAM reactive additive manufacturing
REX reactive extrusion

RIM reaction injection molding
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RT FTIR
SEM
SLA

Ty

TGA
TPU

real-time Fourier transform infrared
scanning electron microscopy
stereolithography

glass transition temperature
thermogravimetric analysis

thermoplastic polyurethane
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