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Abstract

Thermoset composites are excellent candidates for material extrusion because they shear thin
during extrusion but retain their shape once deposited via a yield stress. However, thermal
post-curing is often required to solidify these materials, which can destabilize printed parts.
Elevated temperatures can decrease the rheological properties responsible for stabilizing the
printed structure before crosslinking solidifies the material. These properties, namely the storage
modulus and yield stress, must therefore be characterized as a function of temperature and extent
of reaction for various filler loadings. This work utilizes rheo-Raman spectroscopy to measure the
storage modulus and dynamic yield stress as a function of temperature and conversion in epoxy-
amine resins with fumed silica mass fractions up to 10 %. Both rheological properties are sensitive
to conversion and particle loading, but only the dynamic yield stress is reduced by elevated
temperatures early in the cure. Notably, the dynamic yield stress increases with conversion well
before the chemical gel point. These findings motivate a two-step cure protocol that starts at a

low temperature to mitigate the drop in dynamic yield stress, then ramps up to a high temperature
when the dynamic yield stress is no longer at risk of decreasing to rapidly drive conversion to

near completion. The results suggests that structural stability can be improved without resorting to
increasing filler content, which limits control over the final properties, laying the groundwork for
future studies to evaluate the stability improvements provided by the multi-step curing schedules.
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1 Introduction

The unique yield stress and shear-thinning behavior of thermoset composite resins has
enabled a wide variety of thermally post-cured material extrusion (also known as direct
ink writing), but the limited structural stability provided by the rheological properties of
these resins has restricted their application to the benchtop scale [1-13]. Adding more
nanofiller to the thermoset matrix can improve shape retention and structural stability, but
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this can make the material more resistant to extrusion [14]. Therefore, efforts to print

larger parts typically utilize in-process curing to overcome structural instability [13, 15-33];
however, the scale that necessitates this more complicated approach remains in question.
The evolving rheological properties of thermoset composite resins during thermal post-
curing, one of the most widespread and simplest alternatives to in-process curing, must be
characterized to address this question. Properties do not necessarily monotonically increase
during the curing process. Once heat is applied, rheological properties can drop below their
room-temperature value before crosslinking can solidify the material [34-38], resulting in
collapse of prints that remained stable during the room-temperature printing process [39-
41]. Clearly, temperature effects and crosslinking compete to govern rheological properties,
and therefore structural stability. To determine the maximum feasible scale of thermally
post-cured material extrusion and tailor curing schedules to enhance it, the relationship
between extent of reaction, temperature, and rheological properties must be elucidated.

The extent of reaction, often measured as conversion, can be monitored using infrared

or Raman spectroscopy [42, 43]. These techniques are typically applied independently

of rheological testing. Variations between sample composition and thermal conditions

can significantly affect reaction kinetics, leading to uncertainty when correlating
spectroscopically measured conversion and rheological properties of separate samples [44—
47]. To address this issue, several multimodal rheometers have been developed which
incorporate infrared [44-51] or Raman spectrometers [52-56] to simultaneously control
temperature, measure rheological properties, and monitor conversion for a single sample.
These simultaneous measurements provide a promising way to directly link the rheological
properties that are key to structural stability with the thermal curing of printable thermoset
composite resins.

Many printable composite resins are formulated by adding filler particles, like fumed silica
[3-6, 13, 18-20, 22-24, 30, 40, 57-59], to a thermoset matrix. These particles can form a
fractal, stress-supporting network within the thermoset, creating a shear-thinning physical
gel that exhibits thixotropy [60], a storage modulus (G”) that exceeds the loss modulus (G*)
in the linear viscoelastic regime, and a yield stress (z,). The storage modulus and yield stress
have been experimentally linked to collapse in material extrusion [57, 58]. Increasing filler
content is one way to increase these properties and enhance stability, but this approach has
two important disadvantages. First, the material becomes harder to extrude, decreasing the
maximum processing speed. Second, the final properties are constrained by the amount of
filler required to maintain stability. The temperature dependence of thermoset properties [34,
35, 39] suggest that tailoring the curing schedule may provide an alternative way to improve
stability without changing the filler content or implementing in-process curing. Executing
this approach requires knowledge of how the yield stress and storage modulus evolve with
temperature and conversion. The storage modulus can be tracked using small amplitude
oscillatory shear (SAQS), but tracking the yield stress is less straightforward. Flow must be
achieved to measure the yield stress, which introduces thixotropic effects on any subsequent
testing. Obtaining the evolution of the yield stress is a key challenge that may uncover what
governs structural stability during the cure.
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The present work uses amine-cured epoxies with a range of fumed silica content to achieve
two goals. First, to determine which rheological property causes collapse during curing, we
conducted simultaneous measurements of rheology and Raman spectroscopy using a rheo-
Raman instrument [54]. Using a novel protocol designed to minimize thixotropic effects,
we found that the yield stress is highly sensitive to temperature and is likely the cause of
collapse. Second, we used the resulting conversion-temperature-yield stress relationship to
design a curing schedule to maintain the yield stress and structural stability while preserving
processing speed and promoting final conversion. This demonstration suggests that stability
during the cure can be improved without increasing filler content. By directly linking
rheological properties to temperature and conversion, this work builds a framework to
understand the size limitations caused by structural instability during thermal post-curing
and presents a method to control temperature to avoid drops in properties associated with
instability.

2 Materials and methods

2.1 Material formulation

Epon 826 (Hexion, Ohio, USA),2 a diglycidy! ether of bisphenol A (DGEBA) epoxy resin,
and Jeffamine D-230 (Huntsman Corporation, Texas, USA) were purchased and used as-
received. The chemical structures of these materials are shown in Figure 1. Epon 826 has

a functionality of two, with an epoxide equivalent mass ranging from (178 to 186) g/eq.
Jeffamine D-230 has a functionality of four, with an amine hydrogen equivalent mass of

60 g/eq. Stoichiometric formulations were prepared by combining 3 g of Epon 826 with

1 g of Jeffamine D-230. Previous works on similar DGEBA-amine systems report the

glass transition temperature of the fully cured material to range from (80 to 91.4) °C [68—
71]. Composite resins were formulated by adding CAB-O-SIL TS-720 (Cabot Corporation,
Massachusetts, USA), a hydrophobic fumed silica surface treated with polydimethylsiloxane
(PDMS), to the epoxy-amine system. The primary particle size of CAB-O-SIL TS-720
ranges from (7 to 40) nm [72-74]. Primary particles interact to form aggregates on the
order of 100 nm [73, 75]. Depending on the fumed silica volume fraction, fumed silica
aggregates can agglomerate through particle-particle interactions to form a physical gel
(with a fractal, stress-supporting network) that exhibits a nonzero storage modulus and yield
stress [5, 57, 60-67]. Three resins with fumed silica mass fractions of 0 % (“neat”), 5 %,
and 10 % were studied here. Previous research has shown that Epon 826 with either 5 %

or 10 % fumed silica exhibits the key parameters needed for material extrusion additive
manufacturing. Both filled resins shear thin, allowing for extrusion at low pressures, and
exhibit a yield stress, enabling shape retention after deposition at room temperature [5, 57,
58, 76]. Although the behavior of both filled resins suggests excellent printability, only the
resin filled with 10 % was printed in previous studies. A preliminary printing experiment
on a custom-built printer [77], shown in Figure S1, confirmed that the 5 % fumed silica
resin could be printed up to at least 10 mm in height using a 0.872 mm tapered nozzle. The

2Certain commercial equipment, instruments, or materials are identified in this paper in order to specify the experimental procedure
adequately. Such identification is not intended to imply recommendation or endorsement by the National Institute of Standards and
Technology, nor is it intended to imply that the materials or equipment identified are necessarily the best available for the purpose.
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fumed silica content was varied here to evaluate how filler content affects the evolution of
rheological properties during curing at elevated temperatures.

Prior to preparing the resins, Epon 826 was heated in an oven at 55 °C (if crystals were
visible) for approximately 25 min until crystals were no longer observed, then cooled to
room temperature. To prepare the resins, the epoxy and amine were added to a 10 cm3 cup
and mixed at a rotational frequency of 25 s1 for 180 s in a centrifugal planetary mixer
(Speedmixer DAC 400.2 VAC-P, FlackTek, Inc., South Carolina, USA). Fumed silica was
then added to the epoxy-amine and mixed at 25 s~1 for 90 s. Then, material was scraped off
the walls of the cup, recombined, and remixed at 25 s~1 for 90 s to improve homogeneity.
The cup remained cool to the touch after each mixing step, indicating that the mixing did not
accelerate the reaction by heating the material.

To evaluate behavior in the absence of crosslinking, additional composite resins were
formulated without the amine curing agent. The resin with 5 % fumed silica was mixed
using the same protocol described in the previous paragraph (two rounds of mixing at 25 s™1
for 90 s). At 10 %, the fumed silica was harder to disperse without the low viscosity curing
agent. Therefore, this formulation was mixed at 25 s~ for 90 s three times, followed by 42
s~1 for 90 s twice.

2.2 Rheo-Raman measurements

Simultaneous rheological and Raman measurements were performed using the rheo-Raman
microscope described in previous work [54]. This instrument consists of a temperature-
controlled rheometer (HAAKE MARS, Thermo Fisher Scientific, Massachusetts, USA) with
a transparent base and custom optical train that allows a Raman microscope (DXR, Thermo
Fisher Scientific, Massachusetts, USA) to capture spectra during rheological measurements.
Raman spectra were obtained using a 10 mW laser with a wavelength of 532 nm.

Samples were measured using disposable parallel plates. The upper plate was a 20

mm diameter aluminum plate, and a disposable lower plate was created by adhering a
temperature resistant quartz sheet (7784N11, McMaster-Carr Supply Company, USA) to the
transparent rheometer base plate using high tack fish glue (Luthiers Mercantile International
Inc., USA) (Figure S2). Both the quartz sheet and the fish glue exhibit negligible Raman
scattering compared to the resins studied here. The fish glue is water soluble, so the reusable
transparent base was removed from the quartz sheet and the cured sample by leaving

it in water overnight. The compliance of the fish glue causes error in the measurement

of the dynamic moduli, which can be quantified using analysis presented by McKenna

and coworkers [78]. Figure S3 presents the error, which is small before gelation, given

the parameters listed in Table S1-S2. Corrections have only been made for the SAOS
results presented here. The dynamic yield stress measurements were not corrected because
they exceed the linear viscoelastic regime where SAOS measurements become unreliable.
Further, almost all the dynamic yield stress measurements were captured before gelation
where the error is low.

SAOS experiments were conducted on the neat resin at a gap height of 1 mm and isothermal
temperatures of 70 °C and 100 °C. These temperatures are below and above the reported
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glass transition temperature of the fully cured material, respectively. This approach shows
how curing at lower temperature affects rheological properties early in the cure but may
induce vitrification and reduce conversion late in the cure. The resin was loaded between
the plates near room temperature, heated to the prescribed cure temperature at a rate of
10 °C/min, then held at temperature for approximately 4 h. SAOS data was obtained from
the start of the temperature ramp at a frequency of 1 Hz and strain amplitude, y, of 0.005.
Raman spectra were captured from the start of the temperature ramp. Each spectrum was
averaged from two consecutive 5 s exposures.

Filled resins required a modified SAOS protocol. The filled resins are sensitive to shear
history [57], so a conditioning step was added before the temperature ramp to control the
initial state of the filled resins. Conditioning included shearing at a rate of 0.1 s71 for 120 s
and holding the material in the linear viscoelastic regime (y < 0.002) for 120 s to allow it to
equilibrate before ramping to the isothermal temperature. The addition of the fumed silica
particles increased turbidity in the sample, decreasing the intensity of the Raman signal.
Therefore, two consecutive 30 s spectra were averaged together for each reported spectrum.
These parameters are summarized in Table S3 of the Supplementary Material.

Oscillatory shear stress amplitude sweeps were conducted on filled resins at room
temperature and during curing. These sweeps were performed at a frequency of 1 Hz and

at magnitudes ranging from 1 Pa to 10° Pa. The amplitude increments and stress ranges
used for these measurements depended on fumed silica loading. These values are provided
in Table S4 of the Supplementary Material. As shown in [57], higher amounts of large
amplitude oscillatory shear result in greater thixotropic hysteresis for resins filled with
fumed silica. Therefore, these large stresses should be limited to reduce thixotropic effects
throughout these measurements. Stress sweeps were terminated when tan 6 > 1 (i.e., when
the shear loss modulus, G”’, exceeded the shear storage modulus, G’), and the dynamic
yield stress was measured from the logarithmically interpolated intersection of G and G
(interpolations are illustrated by the lines in Supplementary Material Videos S1-S4). After
each sweep, the filled resin was allowed to recover for 120 s, while being monitored under
SAOS. To reduce the contribution of shear history to differences in the dynamic yield stress
at room temperature and the cure temperature, six measurements were conducted at room
temperature before the sample was heated to the cure temperature and the dynamic yield
stress measurements were resumed. The Raman spectra acquisition settings were identical to
those used during SAOS measurements of the filled systems.

2.3 Rheology without curing agent

A single stress amplitude sweep was conducted on each filled resin without curing agent at
room temperature and 100 °C. The same conditioning protocol (steady shear at 0.1 s™1 for
120 s, followed by 120 s of equilibration), stress amplitude values (Table S4), frequency (1
Hz), and termination criterion (5 > 1) were used. After termination, recovery was observed
for 900 s. To avoid thixotropic effects, separate samples were used for each temperature.
However, each sample was taken from the same batch to eliminate differences caused by
batch-to-batch variation.
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The data associated with this paper is available at ref. [79].

3 Results

3.1 Calculating conversion from the Raman spectra

3.2 SAOS

Raman spectra of the neat resin curing at 70 °C are shown in Figure 2a after baseline
correction using the adaptive iteratively reweighted penalized least squares (airPLS)
algorithm from Zhang et al. [80]. To correct for absolute intensity variations during curing
we normalize each spectrum by the integrated intensity of the gem-dimethyl peak centered
at 1187 cm™L. The gem-dimethyl group does not take part in the reaction, and therefore

this normalization allows for quantitative comparison of Raman spectra taken at different
points throughout the reaction [42, 43, 55, 56, 81]. The normalized Raman spectra exhibit
a decrease in peak intensity in the region of the spectrum associated with the epoxy ring
stretching vibrational modes. These peaks (located at approximately 1230 cm™1 and 1255
cm™1) [42, 43, 52, 56, 81, 82] were fit using two Gaussians and a linear baseline to measure
the integrated intensity as a function of time I(z) (Figure 2b). In the spectra shown here (and
throughout this work), r = 0 s represents the time when the rheometer first reached the cure
temperature. The integrated intensity allows the conversion a to be tracked throughout the
experiment using the following equation

_ I(t) — IFC

a=1 [:_IFC

(@)
where 1, is the integrated intensity of the epoxy peaks when no crosslinking has occurred
and I, is the integrated intensity of the epoxy peaks after the material has been fully cured.
1, is approximated by taking the maximum integrated intensity observed in all samples of

a given rheological test set. I cannot be assumed to be 0 because functional groups that

do not take part in the epoxy-amine reaction also generate responses in this wavenumber
range [56, 82]. Therefore, I,. is found by measuring the Raman spectrum of a neat sample
of approximately 14 mm x 8 mm x 1 mm that was cured in a silicone mold at 110 °C for 24
h to ensure the material reached full cure.

Figure 3a shows the evolution of the storage modulus during curing for both neat and filled
resins at the two cure temperatures. Although the initial G’ of the neat resin is below the
rheometer measurement threshold (approximately 30 Pa), the material stiffens as the resin
cures and G’ increases by orders of magnitude at a rate dictated by the cure temperature.
At 100 °C, the storage modulus of the neat resin exhibits a rapid increase around 900 s,
then plateaus to magnitudes below 107 Pa. The storage modulus of the neat resin cured at
70 °C exhibits a double-sigmoidal time dependence characterized by an initial rise in G’
near 4000 s, an intermediate period when the modulus is of order 10 Pa, and a final rise
in G’ to magnitudes exceeding 107 Pa. The transitions occur at approximately the same
time for the filled resins, indicating that the fumed silica does not significantly affect the
rheological signature of the crosslinking process. However, the addition of fumed silica
generates a resolvable G’ at early times in the cure process that increases by more than an
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order of magnitude when the particle loading doubles from 5 % to 10 %, which is likely
due to interparticle interactions of the fumed silica [5, 57, 60-67]. Cure temperature has a
negligible effect on the magnitude of G’ early in the cure, as evidenced from the overlap in
storage moduli for a given fumed silica loading with G, the storage modulus measured at
room temperature prior to curing.

The critical gel point of a crosslinking material is best defined by the frequency-
independence of the loss tangent, as shown by Winter and Chambon [62, 83—89]. However,
some filled systems, like the physical gels presented here, do not exhibit the rheological
signature of a critical gel [62, 90-93], and it is therefore necessary to use alternative metrics
based on ¢"" (Figure 3b) and tan s (Figure 3c). Enns and Gillham presented an alternative
metric to approximate both gelation and vitrification that uses G’ versus time — gelation
occurs at the “shoulder”, and vitrification occurs at the peak [94]. A clearly visible shoulder
in G is observed near 1000 s for samples cured at the higher temperature, while a more
gradual shoulder is seen around 5000 s for the samples cured at the lower temperature
independent of particle loading. A vitrification peak in G'* occurs for samples cured at 70
°C at a cure time (about 10000 s) that is also independent of particle loading. Vitrification
is expected under these conditions since the lower cure temperature falls below the glass
transition temperature of the fully cured material, whereas the higher cure temperature
exceeds the fully cured glass transition temperature [68—71, 94]. Figure 3b also reveals a
large reduction in G’ after reaching the cure temperature, as shown by comparing G’ to Gy,
the loss modulus measured at room temperature prior to curing.

Critical rheological transitions are also observed in the time evolution of tan 5 for the

filled resins (Figure 3c), which exhibits local maxima at similar times where gelation and
vitrification are observed via G'. A gelation peak is absent from the tan s of the neat resin;
instead, gelation (measured from G’’) occurs near the time when tan s approaches unity [95].
This is consistent with critical percolation via chemical crosslinking in a reactive system
with balanced stoichiometry [83-85]. Although the magnitude of tan s varies prior to the gel
point, tan s follows dynamics governed by the cure temperature, and not particle loading,
after gelation.

Figure 3d presents the evolution of conversion during curing. The reaction occurs faster

at 100 °C than 70 °C, in agreement with the rheological measurements. Additionally, the
higher temperature results in greater final conversion because it avoids vitrification which
causes the reaction to become diffusion-limited [94]. At each temperature the kinetics and
overall conversion is independent of filler loading. This reconfirms that reaction kinetics are
not particularly sensitive to the fumed silica content. Hydroxyl groups — which are known

to catalyze the reaction [52, 96] and exist on the surface of the fumed silica — are covered

by a PDMS surface treatment, rendering the fumed silica chemically inert. This insensitivity
enables experiments at different filler concentrations that are independent of changes in
kinetics.

Simultaneous measurement enables rheological properties to be described as a function of
conversion. The conversion was first smoothed using an 11-point centered moving average,
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then interpolated at the times rheological properties were measured. Assuming the shoulder
in G corresponds to gelation, Figure 4a shows that the gel point occurs at an average
conversion of 0.69 + 0.02 and is largely independent of cure temperature and particle
loading. This conversion exceeds the prediction from Flory-Stockmeyer theory, which for a
diepoxy-diamine blend should occur when conversion reaches 0.58. Gelation at conversion
beyond the Flory-Stockmeyer prediction is not uncommon and has been observed in prior
studies on diepoxy-diamine resins [94, 95]. This disagreement is attributed to intramolecular
bonding and dangling chains that occur in real systems, which do not contribute to the
formation of a space-spanning network and are not accounted for in the theory [95, 97]. The
peak in G indicates that vitrification occurs at an approximate conversion of 0.85 when the
samples are cured at 70 °C.

Figure 4b reveals that the stiffening of the filled resins is primarily due to the crosslinking
reaction occurring in the matrix. Prior to vitrification, G’ shows similar dependence on « at
both cure temperatures, with the initial rise in G’ occurring in all samples when 0.6 < « < 0.8.
Since fumed silica is an inert filler, it does little to modify the conversion dependence of

the modulus in this region. Much larger differences occur upon vitrification of the materials
cured at 70 °C with the storage modulus exceeding 107 Pa at a reduced final conversion
around 0.9. The materials cured at 100 °C do not experience vitrification and are able to
reach conversion much closer to 1. Although vitrification is not expected to affect structural
stability, it affects final conversion which plays a role in the final mechanical properties.

3.3 Stress sweeps

At stresses exceeding the yield stress a material will deform readily, and we expect this
parameter to be a function of temperature and the extent of reaction. Characterizing the
yield stress as a function of conversion during crosslinking requires time-resolved rheometry
that 1) is rapid and 2) does not significantly perturb the filled resin microstructure. What
constitutes “rapid” can be considered from the concept of a mutation number developed by
Winter and coworkers [87, 98]: the timescale of the measurement should be short relative

to the timescale over which the material is changing. Measurements of the yield stress

can also probe well into steady flow or nonlinear oscillatory regimes where structure is
necessarily broken down and a requisite recovery time must be performed after the test

to allow the structure to re-form [57]. Although these recovery periods do not affect the
mutation number, they do affect the rate at which measurements can be repeated and

should be minimized to improve the time resolution of the data. Given the need for rapid
measurements, we can neglect methods using steady flow, start-up flows, creep, or stress
relaxation, since these could require long times and be difficult to assess as the material
evolves with additional curing. The kinetic crosslinking process also provides challenges for
oscillatory measurements depending on how the yield stress is measured. Methods that use
G’ or G" as a function of amplitude to determine a yield stress (such as the maximum in G”’
[99] or the deviation from linear viscoelasticity [62, 89] determined by the intersection of
the low- and high-stress G’ dependencies [99]) require multiple amplitude measurements to
ensure accuracy, which often leads to long measurement times [99].
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We avoid long measurement timescales by defining a dynamic yield stress (z,) from the

G’ — G crossover [89] during oscillatory stress amplitude sweeps at a frequency of 1 Hz.
Under these conditions, we can define a mutation number as N,, = At d(Inz;)/ ot [87], where
At is the time duration for the measurement at the stress amplitude where the crossover
occurs (i.e., the total time required to measure the moduli at the last amplitude below and the
first amplitude above ;). For the results shown below, the maximum N, is approximately
0.05 (Figure S4), which satisfies the criterion N,, < 0.1 for negligible mutation effects during
the measurement. As defined here, this dynamic yield stress is often the largest reported
“yield stress” from rheological measurements [99] and is an overestimate of the static

yield stress (i.e., the stress associated with the onset of nonlinearities [89]) that governs
structural collapse of printed parts caused by yielding [57]. However, determining the

onset of nonlinearities requires multiple measurements in the linear range to identify where
deviations from linearity first occur, which requires much longer At than the duration used to
measure the z, defined here. The high amplitude stresses used in quantifying z, necessarily
break down the network that generates the yield stress, and we therefore incorporate a 120 s
rest period between amplitude sweeps to allow for network regeneration. During this period,
G’ shows a fast initial recovery, then begins to plateau. The stress sweeps used to measure z,
and the recovery periods are included in the Supplementary Material (Videos S1-S4).

Figure 5 shows z, as a function of time for the filled resins. Negative times correspond to
repeated amplitude sweeps performed at room temperature, prior to heating the sample to
the cure temperature (where 1 = 0 s once the cure temperature is reached). The dynamic yield
stress decreases after the first room-temperature measurement for all samples, indicating
that these systems do not achieve complete recovery between measurements. However,

all samples reach or approach a reduced steady state value of =, during the repeated
room-temperature sweeps. The steady state =, provides a measurement that accounts for
shear history and a better comparison for the dynamic yield stress measurements conducted
on partially recovered material at the elevated cure temperatures. Ideally, yield stress tests
would be conducted only when the material has recovered to its initial state. However, this is
impractical for this material system because the recovery period is extremely long. Previous
work shows that at room temperature, the storage modulus of these composite resins without
curing agent is far from full recovery, even after 15 minutes [57]. For the filled resins

with 5 % fumed silica a steady state value of z, near 102 Pa is observed. Doubling the
particle loading to 10 % fumed silica increases the dynamic yield stress by about an order

of magnitude at room temperature with a steady state value of z, near 103 Pa. Heating to the
cure temperature reveals a decrease in z, from the steady state values at room temperature,
and this effect is exacerbated by higher temperatures and increased particle loadings. For

the 5 % fumed silica filled resins, heating to 100 °C causes a 30 % decrease in =, while
heating to the lower cure temperature leads to a negligible decrease in the yield stress. The
decrease in z, is exacerbated for the 10 % fumed silica filled resins, which shows a 65 %

to 70 % decrease at both cure temperatures. For the resin with 10 % fumed silica, there is
only a small difference in the first yield stress measured at 70 °C and 100 °C. This could be
the result of batch-to-batch variation in the resin, which leads to differences in the applied
shear history. It could also be caused by the additional crosslinking experienced at the higher
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temperature before measurements could be taken. Temperature was ramped at 10 °C/min for
both tests, meaning that the material cured at 100 °C experienced 3 more minutes at elevated
temperature before the first yield stress measurement.

The strong temperature dependence and nonmonotonic response of z, is due largely to the
fact that the material is well outside the linear viscoelastic response range of the filled resin.
Because the network structure must be ruptured to measure z,, the dynamic yield stress
depends both on the structure of the broken fumed silica network and the properties of the
curing resin that forms the matrix. The dramatic decrease in =, immediately after reaching
the cure temperature is most likely due to a sharp decrease in the resin viscosity at higher
temperatures, as shown by comparing G”’ to G, in Figure 3b and Figure 4a, as well as the
steady shear measurements of Davis et al. [34]. Significant additional work is required to
fully understand why filler content and temperature have the presented effects on the yield
stress. Experiments that vary the recovery period would provide insight into the role of
thixotropy in these types of tests. Varying filler size and shape may also reveal how these
factors affect the yield stress evolution and thixotropy at elevated temperatures. However,
these studies fall outside the scope of the current work and warrant their own dedicated
study.

Figure 6 shows a selection of the stress sweeps used to generate Figure 5. Note that a
dynamic yield stress is only reported in Figure 5 when a crossover in G’ — G’ is observed:;
once 7, exceeds the maximum applied stress for each particle loading (2000 Pa for 5

% fumed silica and 10000 Pa for 10 % fumed silica) the value is no longer reported,
although we can assume that =, exceeds those stresses. Once at the cure temperature, z,
initially increases, but the growth in z, depends strongly on both particle loading and cure
temperature. In general, filled resins cured at 100 °C show a rapid increase in z, above the
values measured at room temperature, and after 1000 s the dynamic yield stress exceeds the
measurement range. Curing at 70 °C reveals a slower increase in z, with a local maximum
in the dynamic yield stress near 2000 s for both filled resins. Figure 6a,b shows that at

this point the loss modulus of the resin begins to grow much more quickly than the storage
modulus. This behavior is so strong in the resin with 5 % fumed silica (Figure 6a) that

at 2771 s, G overtakes G’ at 80 Pa, even though there is no decrease is G'. In short, this
crossover is believed to be caused by reaction kinetics rather than yielding and is therefore
not believed to indicate reduced structural stability. Between the measurement at 2771 s and
4254 s, the stress sweeps were terminated at the first stress tested, because G>> was greater
than G’ (i.e., 6 > 1). At 4254 s, G’ finally reaches a value greater than G**, however, the
moduli do not crossover below the maximum stress tested (2000 Pa). Thus, z, is assumed to
be greater than 2000 Pa after 4254 s.

Although the stress sweeps rupture the network structure of the composite resins, the
additional stress does not appear to significantly affect the liquid to solid transition or

the reaction kinetics. Figure S5 plots the conversion evolution during the stress sweep
experiments (Figure 7d) over that of the SAOS experiments (Figure 3d) and shows that

the stress sweep experiments do not significantly change the reaction kinetics. Further, the
evolution of moduli measurements at the end of each recovery period (Figure 7a—c) matches
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that of the SAOS tests presented in Figure 3a—c. However, the resins that experienced flow
exhibit lower moduli and higher tan s, which is to be expected after network rupture. When
cured at 70 °C, the storage modulus also decreases slightly just before gelation (Figure 7a),
indicating that the material does not achieve full recovery during the recovery period. This is
only true immediately before the gel point and is expected because the loss modulus (as well
as viscosity and relaxation time) increases rapidly immediately prior to gelation (Figure 7b
and Figure S6). Longer recovery periods may allow for full recovery but would reduce the
number of yield stress measurements in these quickly evolving resins.

We can gain a better understanding of the nonmonotonic response of ¢, via the conversion
dependence shown in Figure 8. The room-temperature z, is represented by a shaded region
labeled =", which corresponds to the final room-temperature dynamic yield stress measured
before the isothermal cure. These results reveal that, unlike the storage and loss moduli
shown in Figure 4, the dynamic yield stress depends on both cure temperature and particle
loading. The samples cured at the lower temperature achieve z, > =" at a lower conversion
compared to the filled resins cured at 100 °C, despite the significantly faster conversion
kinetics at higher temperatures. The dynamic yield stress is also much more sensitive to
conversion early in the cure process (a < 0.3) than the linear viscoelastic properties — there
is little change in G’ or G’ in this conversion range in Figure 4. The maximum in ¢, for

the samples cured at 70 °C occurs near « = 0.4, which (according to Figure 4a) is also
where G’ begins to significantly increase in the filled resins. This indicates that the viscous
response of the particle network is an important contribution to the dynamic yield stresses
measured here. Values of z, exceed the measurement threshold at or below a conversion of
0.7 independent of temperature and particle loading, indicating that the dynamic yield stress
sharply increases when a chemically crosslinked network is formed in the resin.

The dynamic yield stress measurements reveal a strong temperature and conversion
sensitivity that is not evident in the SAOS results. These results again highlight the
sensitivity of the nonlinear regime to changes in structure and morphology. In addition,
the results shown in Figure 8 suggest simple processing strategies to mitigate detrimental
changes in material properties, which will be discussed in the following section.

Stress sweeps on the filled resins without curing agent, in Figure 9, illustrate the effects of
temperature in the absence of crosslinking. The linear viscoelastic storage modulus (Figure
9a,c) of the uncured material is more sensitive to temperature than indicated by Figure 3a.
This finding suggests that small amounts of crosslinking contribute to the storage modulus,
making it insensitive to temperature early in the cure. Figure 9a,c also show that the dynamic
yield stress is highly dependent on temperature for both filled resins. For the resin with 5

% fumed silica, the yield stress drops from 217 Pa at room temperature to 70 Pa at 100 °C.
Likewise, the resin with 10 % fumed silica drops from 1575 Pa at room temperature to 461
Pa at 100 °C. This finding suggests that the drop in yield stress observed in Figure 5 cannot
be solely attributed to thixotropic effects and does represent the temperature sensitivity of
the yield stress. The normalized recovered storage modulus (i.e., the storage modulus during
recovery divided by the storage modulus in the linear viscoelastic regime from the stress
sweeps in Figure 9a,c) is presented in Figure 9b,d. For both resins at room temperature,
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the storage modulus only recovers to between 70 % and 75 % of its original value after

900 s (i.e., 15 min). At 100 °C, both resins exceed 85 % recovery after 120 s (the recovery
time used in experiments) and virtually fully recover after 900 s. This means that the
thixotropic timescale is longer than 900 s at room temperature but becomes much shorter at
elevated temperature. This finding further suggests that the thixotropic effects are small at
elevated temperatures and the drop in yield stress can be primarily attributed to temperature
sensitivity.

3.4 Application

The rheology-conversion results shown in Figure 4 and Figure 8 motivate a two-step cure
schedule that mitigates the drop in dynamic yield stress during curing and achieves a high
conversion. Here, we focus on the 5 % fumed silica filled resin which shows a negligible
decrease in the dynamic yield stress upon heating to 70 °C but vitrifies at later times. The
results from Figure 8 were used to determine the conversion at which the dynamic yield
stress exceeds 7" at 100 °C, which occurs at a conversion of approximately 0.36. Therefore,
a two-step cure process where the filled resin is first cured at the lower cure temperature,
then post-cured at the higher cure temperature once the conversion exceeds 0.36 should
avoid detrimental losses in material properties while increasing the final conversion.

Figure 10 compares the two-step cure with the previously presented isothermal results for
the 5 % fumed silica filled resin. Figure 10a shows that the dynamic yield stress in the

first step of the two-step cure follows that of the isothermal cure at 70 °C with a negligible
decrease from the room-temperature value. After ramping to 100 °C, the dynamic yield
stress remains above z;". This result suggests that the two-step cure improves structural
stability compared to an isothermal cure at 100 °C. Figure 10b shows that during the

first step, the two-step cure reacts at the same rate as the 70 °C isothermal cure. After
ramping to 100 °C, the reaction accelerates and reaches a greater final conversion than the
isothermal cure at 70 °C, illustrating two key benefits of the two-step cure. The material
cured isothermally at 70 °C reaches a maximum conversion around 0.9 in about 12500 s,
whereas the two-step cure reaches the same level of conversion in only 4000 s. The two-step
cure takes less than a third of the time, saving more than 2 hours. Figure 10c shows that

the two-step cure avoids the vitrification peak of the isothermal cure at 70 °C that halts

the reaction. This explains why the two-step cure achieved greater conversion than the
isothermal cure at 70 °C. Finally, Figure 10d shows that the storage modulus of the two-step
cure mirrors behavior at both temperatures until the curves diverge due to vitrification,
where the two-step cure follows behavior at 100 °C.

Previous research in ultraviolet dual-cure systems and filament winding processes [20, 21,
23, 36, 59, 100-102] suggests that drops in the viscoelastic properties can be mitigated if
the material has chemically gelled and formed a network before ramping to an elevated
temperature. We note that the conversion where the temperature can be increased in the
two-step procedure (a = 0.36) is well below the critical chemical gel point of approximately
0.7. Compared to a profile that increases cure temperature at the gel point, the presented
two-step cure spends significantly less time at the lower cure temperature, which reduces the
overall time necessary to drive the cure to completion. Figure 10b shows that it takes around
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4200 s for the 70 °C cure to reach a ~ 0.7, whereas the two-step cure only takes about 2400 s
to reach the same conversion. Therefore, ramping to 100 °C at a ~ 0.36 rather than 0.7 saves
approximately 1800 s (0.5 h).

To test the two-step cure profile in a more conventional curing system, we cure samples

of the 5 % fumed silica filled resin in an oven (Fisherbrand Isotemp Model 281A Vacuum
Oven, Fisher Scientific, Massachusetts, USA) using the two-step cure and under isothermal
conditions at 70 °C and 100 °C. The ramp rate of the oven (approximately 2.5 °C/min) is
slower than that applied by the rheometer (10 °C/min). All samples are allowed to cure for a
total of 3 h to enable comparison of their final conversion measured via Raman spectroscopy
(Figure 11). Therefore, the two-step cure samples were held for approximately 25 min at 70
°C until the conversion was expected to exceed 0.36 (according to Figure 8), then ramped to
100 °C over the course of 12 min, then post-cured for 143 min at 100 °C. As expected, the
70 °C samples reached the lowest average conversion, whereas the 100 °C samples reached
the highest average conversion. Confirming one of the key benefits of using the two-step
cure, the average conversion of the two-step samples exceeded that of the 70 °C samples by
0.07. Conversely, the average conversion of the two-step cure fell 0.03 below that of the 100
°C cure, which is most likely due to spending less time at 100 °C than the isothermally cured
sample. However, it is encouraging that the two-step cure results in conversion near the
isothermal 100 °C cure and well above the conversion of the 70 °C sample. These strategies
reduce the overall time and energy required to generate samples with a high degree of cure
without sacrificing rheological properties during cure.

4 Discussion

These results show that simultaneous characterization of rheological properties and
conversion can provide critical insight into the key factors governing mechanical stability
during curing, which have direct implications for curing freestanding structures in processes
like material extrusion. This understanding enables the design of curing schedules that
mitigate drops in properties associated with the structural stability of printed parts with
minimal reductions in curing speed and final conversion. The effects of temperature and
conversion on the minimum rheological properties suggest that thermal post-curing is the
limiting factor that determines the scale at which thermally post-cured material extrusion is
no longer feasible and in-process curing becomes necessary. While the present work does
not demonstrate the effects of tailored curing schedules on structural stability of printed
parts, it motivates and lays the groundwork for such experiments.

Here, we show that the uncured storage modulus increases when more filler is added,
resulting in filled resins that are more resistant to self-weight buckling [57]. Increasing
temperature does not appear to affect the storage modulus early in the cure (Figure 4b),
suggesting that stable printed parts are not likely to buckle during post-curing. However, the
storage modulus decreases slightly during the ramp to the isothermal temperature (Figure

S7). These minor decreases are inconsequential in the context of structural stability because

self-weight buckling scales with (G’)”3 [57]. The decreasing storage modulus plateaus when

the ramp exceeds approximately 50 °C. This behavior makes these compaosite resins resistant
to self-weight buckling during curing, providing little opportunity to tailor curing schedules
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to mitigate collapse. On the other hand, the dynamic yield stress is highly dependent on
temperature early in the cure. Since self-weight yielding scales linearly with the yield stress,
a reduction in the yield stress of 30 % corresponds to a 30 % reduction in the height that
can be sustained during thermal post-curing. Therefore, the relatively large decrease in yield
stress suggests that self-weight yielding is more likely to cause collapse while curing than
self-weight buckling [57, 58]. Increasing filler content increases the dynamic yield stress at
room temperature, improving structural stability during the printing process at the cost of
flow processability. However, the decrease in dynamic yield stress at elevated temperatures
becomes more pronounced as filler content increases. Thus, increasing filler content does
not improve structural stability during thermal post-curing as much as the room-temperature
dynamic yield stress indicates.

Our choice to measure the dynamic yield stress is motivated by the short measurement
duration relative to the rate at which rheological properties evolve during crosslinking.
However, the dynamic yield stress typically exceeds the stress at which the material stops
behaving elastically [99], potentially overestimating the material property that governs
stability in predictive models for material extrusion [57, 58]. An additional challenge is that
testing the dynamic yield stress necessarily destroys the microstructure that gives rise to the
material properties of interest. The recovery period between stress amplitude sweeps allows
for some re-formation of structure, but as the matrix resin approaches the critical gel, the
viscosity increases dramatically, and the timescales required for equilibration must therefore
also increase. Despite these limitations, the dynamic yield stress results for the two-step
cure process demonstrate that a tailored cure schedule developed from straightforward rheo-
Raman measurements can be used to avoid potentially detrimental reductions in rheological
properties. Epoxy-amine chemistry is well-developed with tunable reaction kinetics, and

a resin that cures more slowly while avoiding vitrification would allow for various yield
stress measurements and additional time for structural recovery. Such work warrants its own
dedicated study and is not addressed here.

Multi-step cure profiles are common in thermoset composite resins and are often premised
on forming a crosslinked network to hold the material in place before stepping up to a higher
temperature [13, 20-24, 36, 59, 100-102]. However, these rheo-Raman measurements
demonstrate that the cure step can be performed well before critical gelation occurs, which
decreases the time required to cure these composite materials. We show that the dynamic
yield stress exceeds its room-temperature value well before critical gelation, indicating
that the material becomes protected from self-weight yielding before the gel point. The
resulting two-step cure profile is faster than a profile based on the gel point and still allows
us to avoid reductions in the rheological properties linked to structural instability without
increasing filler loading, which has been shown to be less effective than room-temperature
measurements indicate. Multi-step cure processing therefore offers an efficient method to
widen the composition and mechanical property space for filled thermoset resins used in
processes like thermally post-cured material extrusion. The success of this method builds
a foundation for future work that utilizes Raman capabilities to govern a feedback loop
that controls oven temperature to maintain structural stability and maximize curing speed
of printed parts. The optimal cure schedule also represents the limit at which thermally
post-cured material extrusion can produce stable structures for a given filler loading.
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5 Conclusion

Simultaneous measurements of rheology and Raman spectroscopy allow for direct
correlation between chemical crosslinking and the rheological properties that govern
structural stability, namely the storage modulus and yield stress. Early in the cure, the
storage modulus is sensitive to particle loading but not temperature, and rheo-Raman
measurements highlight the sensitivity of the modulus of filled resins to conversion near
gelation and vitrification of the resin matrix. Measurements of the dynamic yield stress
based on the G’ — G’ crossover reveal sensitivity to particle loading, temperature, and
conversion well below the gel point. Simultaneous characterization of the dynamic yield
stress and conversion enable the design of a curing schedule that eliminates the decrease in
dynamic yield stress while quickly driving the reaction to high conversion. Notably, the two-
step approach used here does not require gelation prior to the higher temperature post-cure,
enabling a more efficient curing process than indicated by previous thermoset composite
research. This approach provides an alternative to increasing filler content to improve
structural stability, which hinders flow processability, reduces control over final properties,
and is less effective than room-temperature measurements indicate. These findings help to
understand the scale at which thermally post-cured material extrusion is no longer feasible
and when in-process curing becomes necessary.

The systematic rheo-Raman evaluation of properties at different temperatures and filler
contents presented here builds a strong foundation for future work on thermosetting
materials. Studying the effects of different fillers, epoxies, or amines on the evolution

of properties would broaden understanding of how material formulation affects stability
during post-curing. Additionally, multi-frequency testing would provide more accurate
gel point measurements and better understanding of how rheological properties evolve

in relation to the gel point. Future work could also focus on rheo-Raman analysis at
more temperatures, which could enable the design of curing schedules that minimize
curing time by incorporating more than just two isothermal steps. These results could be
applied to use in situ Raman monitoring to control oven temperature during curing and
maximize processing speed. Finally, one of the most important next steps for the additive
manufacturing community is to print and cure parts to confirm that the conclusions made
from the rheo-Raman findings agree with observed structural stability.
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Figure 1:

Chemical structure of Epon 826 and Jeffamine D-230
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Figure 2:
Normalized Raman spectra of a neat resin curing at 70 °C. a) Spectra with labeled peaks of

interest. b) Detail view of the selected epoxy responses between 1200 cm~1 and 1300 cm™1
with individual Gaussian fits and linear baseline (dotted lines), their sum (solid line), and the
integrated intensity (shaded region). Curves have been vertically shifted to improve clarity.
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Figure 3:

Results of the SAOS experiments for each resin at each temperature. a) Storage modulus. b)
Loss modulus. ¢) Loss tangent. (Duplicate experiments indicate the uncertainty in the SAOS
measurements is less than 5 %. The uncertainty is insignificant on the logarithmic scale and
is not shown to improve visibility of the data). d) Conversion (the maximum uncertainty in
the conversion measurement was 0.0048 and is not shown to improve visibility). In a-c, the
lines connect each datapoint taken, whereas the symbols represent the down-sampled data
set to improve visibility of trends.
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Figure 4:

Moduli as a function of conversion. a) Loss modulus. b) Storage modulus. The maximum
uncertainty in the interpolated conversion measurement is 0.0036 and is not shown here to

improve visibility.
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Figure5:
Dynamic yield stress as a function of time. Negative time represents results before reaching

the isothermal temperature. Dashed lines represent the ramp to the isothermal temperature.
Positive time represents results after reaching the isothermal temperature. Error bars on the
dynamic yield stress measurements represent the uncertainty which is defined as half of the
difference between the experimentally applied stresses above and below the measured yield
stress.
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Evolution of the stress amplitude sweeps at selected times. a) 5 % fumed silica resin cured
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at 70 °C. b) 5 % fumed silica resin cured at 100 °C. c) 10 % fumed silica resin cured at 70
°C. d) 10 % fumed silica resin cured at 100 °C. Note: “r” refers to the averaged time at which
each sweep occurred. The sweeps labeled as negative time correspond to the first and final
sweep at room temperature.
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Figure7:

SAOS results at the end of the recovery period during the stress sweep experiments. a)
Storage modulus. b) Loss modulus. ¢) Loss tangent. d) Conversion.
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Figure 8:
Dynamic yield stress as a function of conversion. The maximum uncertainty in the

interpolated conversion measurement is 0.0048 and is not shown here to improve visibility.
The shaded region around 7" represents uncertainty.
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silica. d) Recovery of the resin with 10 % fumed silica.
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Rheo-Raman results of the 5 % fumed silica resin cured using the two-step cure and under
isothermal conditions (70 °C and 100 °C). a) Dynamic yield stress versus conversion (the
maximum uncertainty in the interpolated conversion measurement is 0.0048 and is not
shown here to improve visibility). b) Conversion versus time (the maximum uncertainty

in the conversion measurement is 0.0059 and is not shown here to improve visibility).

¢) Loss modulus, as measured at the end of the recovery period, versus conversion (the
maximum uncertainty in the conversion measurement is 0.0041 and is not shown here to
improve visibility). d) Storage modulus, as measured at the end of the recovery period,
versus conversion (the maximum uncertainty in the conversion measurement is 0.0041 and is
not shown here to improve visibility).
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Figure 11:
Final conversion of samples cured in the oven. Error bars indicate the standard deviation

based on two (for the 100 °C cure schedule) or three (for the 70 °C and 2-step schedules)
samples.
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