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Rapid manufacturing of thermosets via frontal polymerization is very attractive for thermosetting composites
due to the expected decarbonization and manufacturing flexibility with limited energy consumption; however, it
is challenging for 3D printing and frontal curing of highly-viscous thermoset composites (e.g., >100,000 mPa.s at
room temperature) because of the rheology requirement of the 3D printing process and limited pot life of frontal
curable resin inks under elevated temperature, which is usually used to reduce the viscosity of inks. We report an
in-situ combining materials-based 3D printing process for printing and in-situ frontal curing of highly viscous
thermosets. Specifically, an ultrasonic atomizer sprays the curing agent solution during the printing process to
achieve an in-situ mixing with the resin oligomers at a microscale level. Multiphysics simulation indicated the
curing degree distribution through the thickness direction and a printing window is provided depending on the
extrusion deposition rate, the deposition layer thickness, and the ultrasonic sprayer amplitude. Further experi-
ments were carried out, and it was found that the frontal velocity increased, and the frontal temperature
remained almost unchanged with the rise of the ultrasonic amplitude. The curing degree and curing uniformity
were improved with the increase of the ultrasonic amplitude but decreased with the increase of the printing layer
thickness. Samples with different ultrasonic amplitudes and extrusion layer thicknesses were printed, and their
mechanical properties were tested. The tensile strength and Young's modulus of novolac epoxy resin reached
47.56 MPa and 2.19 GPa, respectively. The feasibility of this method for composite printing was demonstrated.
At a 5 wt% loading of short fibers, the tensile strength and Young's modulus of as-printed composites reached
66.71 MPa and 3.65 GPa. This method provides a fast and energy-efficient way to manufacture highly viscous
thermosets and their composites.

1. Introduction

Molding, followed by thermal curing in an oven or autoclaves, is a
standard fabrication method for high-performance thermosets, but it is
energy-intensive, expensive, and time-consuming [1-5]. It was reported
that the energy consumption for oven curing Boeing 787 fuselage made
by thermoset-based composites is around 350 GJ, and the curing time
takes over 8 h [6]. Therefore, the rapid manufacturing of thermosets
with minimum energy consumption has received much attention from
both the industry and academia [7-10]. Frontal polymerization is an
exothermic reaction initiated by a small amount of heat. It leads to self-
sustainable reaction waves without any external energy supply and is
considered an energy-efficient curing method for thermosets

[1,8,11,12]. Frontal polymerization was integrated into additive
manufacturing of thermosets by Robertson et al. in 2018 while frontal
polymerization has been demonstrated since 1972 [13,14]. With this
energy-efficient manufacturing method, Robertson et al. reported the
fabrication of dicyclopentadiene (DCPD) and carbon fiber-reinforced
DCPD. Zhang et al. investigated the catalytic effects of carbon-based
nanomaterials on the frontal reaction during the additive
manufacturing of epoxy. They concluded that carbon nanotubes (CNTs)
and graphene oxide (GO) could reduce the activation energy of frontal
polymerization significantly [15]. Uitz et al. developed a reactive
extrusion system in which the resin and curing agents were stored in
separate reservoirs and mixed during the printing to start the frontal
polymerization. The tensile modulus and ultimate strength of printed
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parts are isotropic [16].

In the previous reports, the frontal curable inks, which consist of
monomers and initiators, were applied to achieve the in-situ curing in-
tegrated additive manufacturing of thermosets and their composites
[17,18]. However, the reported printing process is only suitable for low-
viscosity resin and is carried out at the ambient temperature or low-
temperature [18-20]. 3D printing of highly viscous resin with in-situ
frontal curing remains a significant challenge because of the rheology
requirement of the direct ink printing process. Another challenge is the
dispersion of the frontal curing agents into the highly viscous resin since
the common method of mixing the resin with curing agents is to dissolve
the resin and curing agents into the solvent and evaporate the solvent or
reduce the viscosity of the resin under elevated temperature and then
mix with the curing agents. As a result, the pot life of frontal curable inks
is very limited [18]. For example, mixing the curing agent with such
viscous resins at 70 °C led to an extremely short pot life, <4 min, which
does not allow to have sufficient time to load resins to the printer and
print. Highly viscous thermosets, especially novolac epoxy, are recog-
nized as a high-temperature resin widely applied in the flame retard-
ancy, aerospace, and tooling industries, but the viscosity is extremely
high, >100,000 mPa.s at 35 °C, making it difficult to be printed [21-23].
Daniel et al. reported a new additive manufacturing process that in-
tegrates direct ink writing (DIW) and vat photopolymerization (VP) to
print highly viscous photoresins. Although the printing resolution is very
high and polyimide photoresin with a viscosity of 770,000 mPa.s could
be printed by their hybrid system, a post-thermal treatment process is
required [24]. Gunduz et al. developed a direct ink-based additive
manufacturing method using ultrasonic vibrations to manufacture het-
erogeneous materials for biomedical and structural applications [25].
The polymer clay material shows an extremely high viscosity
(>100,000 mPa.s) and indicates difficult printability under room tem-
perature. However, pure resin without fillers seems difficult to be
printed out, and the printing resolution still remains a problem. Liu et al.
created an acoustic liquefaction method to print ultrahigh-viscosity
resin by enhancing the flow of yield stress fluids [26]. However, the
printing system is very complex.

In this study, we demonstrated a collaborative printing method for
highly-viscous resins by ultrasonic spraying of curing agents and
extrusion deposition of thermosets and their composite inks to achieve
in-situ mixing of resins and curing agents. The effect of the spraying
amplitude and printing layer thickness on the frontal velocity and
frontal temperature were studied. The curing degree and curing uni-
formity of printed samples were characterized. The tensile strength and
Young's modulus of the printed samples were also analyzed. Besides,
discontinuous carbon fibers (d-CF) and microballoons reinforced com-
posites were manufactured by this novel printing method. The roles of
the fillers in the composites were explored. The mechanical properties of
the printed composites were characterized.

2. Materials and methods
2.1. Materials

DEN 438, a commercialized novolac epoxy resin, was purchased
from Dow. 1,1,2,2-tetraphenyl-1,2-ethanediol (noted as I-TI) was pur-
chased from Sigma Aldrich as the thermal initiator. Bis[4-(tert-butyl)
phenyl] iodonium Tetra(nonflour-tert-butoxy) aluminate (noted as I-Al)
was purchased from TCI as the cationic photoinitiator [27]. Acetone was
purchased from Sigma Aldrich as the solvent. Phenolic microballoon
(particle size: 5-127 pm) and discontinuous carbon fiber (d-CFs, T800)
with an average diameter of 8 pm were kindly provided by the National
Aeronautics and Space Administration (NASA). All the chemicals were
used as received.
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2.2. Ink and curing agent solution preparation

The pure thermoset inks were prepared directly by the pure novolac
epoxy, and composites inks were formulated by adding 1 wt%, 3 wt%, 5
wt% d-CF, and 1 wt% glass microballoon as nanofillers. To prevent the
agglomeration of nanofillers, the pure polymers were heated to 110 °C
to ensure the fluidity of inks, and nanofillers were mixed with the heated
inks by the magnetic stir. Then the mixtures were moved to the sonicator
to enhance the dispersion of nanofillers for 24 h. A cylinder heater was
submerged into the sink to heat water to ensure the temperature was at
85 °C. The curing agent solution was prepared by mixing I-AI and I-TI
with a mole ratio of 2 to 0.1 in acetone.

2.3. Collaborative printing

The collaborative printing system consisted of three parts: a DIW 3D
printer (Allevi 1), a syringe pump (Cole-Parmer EW-74900-85), and an
ultrasonic atomizer (UCL120 with ultrasonic generator), as shown in
Fig. 1 (a). The inks were loaded into a 5 mL syringe, and the extruder
was heated to 65 °C to reduce the viscosity of the novolac epoxy resin.
Molecular structures of the novolac epoxy and the initiators are illus-
trated in Fig. S1. The curing agent solution was loaded into a 2 mL sy-
ringe and placed on the syringe pump. One of the ultrasonic nozzle inlets
was connected to the curing agent syringe by a plastic tube, and another
was connected to the air gas pump to regulate the direction of the
spraying droplets, as depicted in Fig. 1 (b). A strip heater (6’3", 180 W
from Mcmaster-Carr) with a temperature controller (PM6L1AJ-
AAAABBS from Watlow) was placed beneath the substrate as a heat
supply. The 14-gauge needle was applied to print the resin with a self-
equilibrating printing strategy [28]. The layer thicknesses were set to
0.05, 0.1, 0.25, and 0.5 mm. The flow rates of the curing agent solution
were changed based on the printing thickness. The ultrasonic ampli-
tudes were adjusted by the ultrasonic generator, and four amplitudes
(0.01, 0.02, 0.04, 0.08) were tried for the printing process. The heating
bed was set and kept at 90 °C to initiate frontal polymerization reaction
and compensate for the heat dissipation caused by solvent evaporation
during the printing process. The ultrasonic atomizer was opened 3 s
before the printing to ensure the continuation of the spraying process.
Fig. 1(c) shows the printed neat resin, d-CF thermoset composites, and
microballon thermoset composites. The printed neat resin samples were
numbered from S1 to S8, as shown in Table 1.

2.4. Characterization

2.4.1. Ultrasonic spraying process characterization

The diameters of the curing agent droplets were measured by an
optical microscope (OLYMPUS, Model: BX51TRF). The sizes of the
droplets were calculated by the software integrated with the micro-
scope. The droplet size distribution was analyzed by ImageJ. At least 3
figures for each sample were analyzed, and average values were applied
in this study.

2.4.2. Curing degree and curing uniformity

Differential scanning calorimetry (DSC, model: Q20, TA Instruments
equipped with a CFL-50 cooling system) was applied to check the curing
degree of novolac epoxy. 3-4 mg uncured resin specimens and 8-10 mg
cured samples were obtained randomly and weighed in aluminum her-
metic pans and heated from 50 to 235 °C with a heating rate of 10 °C
min . The curing degree was calculated by the following equation [29]:

Hr
o= {17<E>} x 100%

where H, is the heat of the reaction, H; is the residual heat of the reaction
[28]. At least 5 DSC data from the same sample were applied to obtain
the standard derivation (SD) of the curing degree to analyze the curing
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Fig. 1. (a) Schematic of collaborative printing of
highly-viscous thermosets with concurrent extru-
sion deposition of resins and ultrasonic spraying of
curing agent, (b) Schematic of ultrasonic atomizer
for curing agent solution, (¢) The printed tensile
bars of neat thermosets and their composites (i:
neat novolac epoxy, ii: d-CF novolac epoxy com-
posites, iii: microballoon novolac epoxy compos-
ites, Scale bar: 10 mm, all the samples were
printed under ultrasonic amplitude of 0.08 and
layer thickness of 0.1 mm).
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Table 1
Printed neat resin samples.
Sample Ultrasonic Layer Sample Ultrasonic Layer
number amplitude thickness number amplitude thickness
(mm) (mm)
S1 0.01 0.1 S5 0.08 0.05
S2 0.02 0.1 S6 0.08 0.1
S3 0.04 0.1 S7 0.08 0.25
S4 0.08 0.1 S8 0.08 0.5

variation caused by different amplitudes and printing layer thicknesses.

2.4.3. Mechanical property testing

The tensile test specimens were prepared according to ASTM 638
Type V, and then tested by Instron 3345 tensile machine (Instron Cor-
poration, MA, USA) with a 2 kN load cell. The cross-section area of the
samples was measured before the tests, and the tensile test speed was set
to 10 mm min~". The tensile bar was gripped with sandpaper to increase
the friction between the sample and the grip. The tensile strength and
Young's modulus can be derived through the strain-stress curve. All
specimens were tested after 3D printing without any post-treatment. All
the measurements were conducted 3 times for each data point in this
study. As a control, oven-cured samples were manufactured by the
traditional molding method.

2.4.4. Rheological, frontal temperature, and velocity characterization
The rheology behaviors of the neat resin and composite inks were
characterized by Anton Paar Physica MCR-301 rheometer. The infrared
(IR) camera from FLIR (Model: A325sc) was used to record the tem-
perature during the frontal polymerization. The frontal velocity was
calculated from the distance traveled by the frontal wave. The IR camera

was calibrated by the procedures in the literature [29].

2.4.5. Numerical simulation

A numerical simulation was conducted to reveal the curing process
along the thickness direction. The curing degree among the thickness
direction was predicted to guide the layer thickness selection for 3D
printing. The model layer number was set to 5 with a single layer
thickness of 0.1 mm. A reactivity gradient was established based on the
thickness. The behavior of the frontal wave was described by coupling of
thermal diffusion and Arrhenius reaction kinetics [31,32]. The frontal
polymerization could be simulated by the following two partial differ-
ential equations (PDE) [13,31]:

T wde_ o or
Ko TP TPy

oa E "o !
E:Aexp( —ﬁ>(1 —a)'a {(1 +exp(Cla—a)))

where T (x, t) is the temperature (K); a % (x,t) represents the curing
degree; k (W m™! K1) represents the thermal conductivity; G U kg !
K1) is the specific heat; p (kg m~3) is density; H (J kg’l) is the total
enthalpy of the reaction; A is the pre-exponential factor, E is the acti-
vation energy, R is the universal gas constant, and n and m are the two
orders of reaction constants correlated with the Prout-Tompkins model
for autoactivation effects [33]. C and a, are the constants obtained from
literature and experimental results [34]. Another simulation was con-
ducted to understand the effect of nanofillers on the thermal behavior of
the frontal curable ink. More details about the simulation can be found
in the supporting information.
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3. Results and discussion

The collaborative printing of the novolac epoxy resin and its com-
posites are illustrated in Fig. 1 (a). The inks were pneumatically driven
through the extrusion nozzle, where the air pressure was set at 5-15 psi
depending on the viscosity of the inks. Meanwhile, the ultrasonic nozzle
was set at 45-degree against the deposition needle to ensure the effective
in-situ mixing of oligomer and curing agents. The heat bed was kept at
90 °C to compensate for the heat dissipation due to the solvent evapo-
ration during the spraying process and to initiate frontal polymerization.
The separated storage of ink and curing agent can dramatically improve
the pot life of the ink. The mechanism of the frontal reaction is based on
the radical-induced cationic polymerization reaction, as shown in Fig. 2
(a). During the frontal polymerization reaction, the thermal labile bonds
in [-TI are broken by local heat and generate radicals. Subsequently, the
radicals from I-TI induce Lewis acid by interacting with nucleophiles
from I-Al for the epoxide ring-opening reaction. Due to the high viscosity
of the inks at room temperature, the extruder needs to be heated to
improve the flowability of the inks. An empirical viscosity of inks of 10
to 10° mPa.s is recommended for the printing process at a shear rate of
about 0.1 s™! [35-37]. Fig. S2 shows the viscosity evolution of novolac
epoxy resin from 35 °C to 95 °C [38]. At ambient temperature, the
novolac epoxy resin is in a semisolid state and shows an extreme vis-
cosity of >1 x 10 mPa.s, which is unsuitable for 3D printing. Some
researchers tried to mix novolac epoxy resin with other low viscous resin
or a diluent, such as Erisys GE-11, to improve the processability of the
novolac epoxy resin [39]. However, this approach typically sacrifices
the performance of the novolac epoxy resin [40,41]. With the increase of
temperature, the viscosity of the resin decreases significantly. The
rheological behavior of the neat resin at 65 °C in various shear rates is
illustrated in Fig. 2 (b). When the temperature is set at 65 °C, there is no
evident shear-thinning phenomenon, but the viscosity reduces a little bit
with the increasing shear rate. The inks could flow smoothly from the

(@ (b)
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nozzle and be deposited on the substrate continuously. The concentric
pattern was selected as the printing path because the continuous frontal
wave is required during the 3D printing process. A numerical simulation
was conducted to predict the relationship between curing degree and
printing layer thickness and guide the printing layer thickness selection.
The simulated curing distribution along the thickness direction (0.5
mm) is shown in Fig. 2 (c), and the curing degree decreases with increase
of the thickness. A self-equilibrium printing strategy was applied to
fabricate the specimens. A printing speed window, described in Fig. 2
(d), was estimated based on the fitting curve derived from the frontal
velocity at different amplitudes and layer thicknesses from Figs. 3 (a)
and 4 (a). Typically, the printing speed should match the rate of the
frontal polymerization reaction to ensure the synchronous curing of the
thermosets during the manufacturing process. When the printing speed
is lower than the frontal velocity, the frontal reaction would self-
equilibrate to follow the printing speed due to the low reactivity of
the inks [28]. A printing rate <3.5 cm min~! is preferred when the ul-
trasonic amplitude is 0.04, and layer thickness <0.3 mm is desired based
on the simulated curing degree distribution. To eliminate the effect of
printing speed on the performance of printed samples and provide
enough time for solvent evaporation, a printing speed of 3 cm min~* was
selected. The printing accuracy was analyzed by measuring the geom-
etry of the as-printed specimens compared to the original design, as
shown in Fig. S3. The dimensions of the geometry were obtained by a
caliper and the printed parts show a dimension deviation of around 8.5
%.

3.1. Ultrasonic spraying process

The amplitude of the ultrasonic atomizer could be controlled by the
ultrasonic generator. The amplitude describes the severity of the ultra-
sonic vibration and significantly affects the droplet generation [42]. The
effect of amplitudes on the number and the size of spraying droplets was
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Fig. 2. (a), The frontal curing reaction mechanism of DEN 438 resin, (b) The rheological behaviors of DEN 438 resin at 65 °C at different shear rates, (c) The
simulated curing distribution along the thickness direction (1 represents 100 % curing degree), (d) The printing speed window of 3D printing thermosets.
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Fig. 3. (a). The optical images of ultrasonic spraying droplets, (i): at 0.01 amplitude; (ii): at 0.02 amplitude; (iii): at 0.04 amplitude; (iv): at 0.08 amplitude, (b) The

relationship between the amplitude and droplet size and size distribution.

investigated, and 4 amplitudes, including 0.01, 0.02, 0.04, and 0.08,
were tried to spray the curing agent solution. Fig. 3 (a) are the optical
microscope images of the ultrasonic spraying curing agent droplets on
the glass plate. The image size is 2.5 mm x 2.5 mm and the spraying time
is 0.2 s. The insert pictures in Fig. 3 (a) describe the size distribution of
the droplets. The statistical results show that a higher amplitude gen-
erates more droplets than a low amplitude because more energy is
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applied to overcome the surface tension of the curing agent solution
[43]. The number of droplets at 0.01 amplitude is around 47, which is
approximately 40 % lower than the number at 0.02 amplitude. The
number of droplets increases significantly from about 79 to >200 when
the amplitude changes from 0.02 to 0.08, as shown in Fig. 3 (b). The
sizes of the ultrasonic spraying droplets show an opposite trend
compared to the number of droplets. Fig. 3 (b) gives the diameter
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Fig. 4. (a) The effect of amplitudes on frontal temperature and frontal velocity of frontal polymerization reaction, (b) DSC of the printed novolac epoxy resins with
different amplitudes (Sample 1-4), (c) The effect of amplitudes on curing degree and curing uniformity, (d) Young's modulus and tensile strength of printed samples

and the molded samples.
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distribution of the droplets. The figure shows a significant drop in the
size of droplets by around 61 %, from 178 to 70 mm when the amplitude
increases from 0.01 to 0.04. After that, the decreasing rate of the droplet
size becomes lower with the amplitude increasing from 0.04 to 0.08,
which shows a similar tendency reported by Manickam [44]. The
average size and SD of ultrasonic spraying droplets are shown in
Table S1, and more optical images of ultrasonic spraying droplets are
presented in Fig. S4. To eliminate the effect of the flow rate of the curing
agent solution on the size of the ultrasonic spraying droplets, three
different flow rates (0.1 mL/min, 0.25 mL/min, and 1 mL/min) were
tried, as presented in Fig. S5, which indicates that the flow rate has no
significant influence on the diameter of the curing agent droplets.

3.2. Effect of ultrasonic amplitude

To understand and determine the effect of amplitudes on the frontal
curing-assisted 3D printing process, the impact of the amplitude on
frontal temperature and frontal velocity was measured first, as shown in
Fig. 4(a). The mechanical properties of the printed samples with
different ultrasonic amplitudes were examined, and the curing degree
and curing uniformity of the as-printed products were measured and
analyzed. The tensile specimens (Sample 1-4) were prepared by the
same layer thickness (0.1 mm) with different amplitudes (0.01, 0.02,
0.04, 0.08). At the ultrasonic amplitude of 0.01, Sample 1 shows a
frontal temperature of 250.6 °C, around 4 °C lower than other samples.
There is no apparent variation in the frontal temperature when the ul-
trasonic amplitude increases from 0.02 to 0.08. That maybe because the
droplet numbers keep growing with the amplitudes, and less heat is lost
before the front reaches the uncured region. Moreover, the frontal
temperature depends on the spraying rate and the resin and initiator
ratio. Since all the samples were printed with identical formulation and
spraying rate, the frontal temperatures remain similar. The only differ-
ence is regarded as the error generated by the IR camera. The frontal
velocity increases from around 4.2 to 4.7 cm min~! when the amplitude
increases from 0.01 to 0.08. The curing degrees of the samples were
calculated by accumulating the area under the curve in Fig. 4 (b)
through the equation presented in 2.4.2. The tensile strength and
Young's modulus of the printed and molded samples were measured and
compared, as depicted in Fig. 4 (d). In the figure, the tensile strength and
Young's modulus of the samples are marked by orange and green colors.
The uncured sample reacts enthalpy of 393.9 J/g, while Sample 1 shows
a reaction enthalpy of 88.8 J/g with a curing degree of 77.5 %. The
molded sample illustrates a tensile strength of around 59 MPa and
Young's modulus of about 2.9 GPa, which is 44.4 %, and 51.9 % higher
than the data of Sample 1. With the increase of the ultrasonic amplitude,
both tensile strength and Young's modulus of the printed samples in-
crease under the same printing layer thickness of 0.1 mm. When the
ultrasonic amplitude increases to 0.08, the tensile strength and Young's
modulus reach 47.56 MPa and 2.19 GPa, which is a 16.3 % and 15.9 %
improvement compared with Sample 1. This is because a higher ultra-
sonic amplitude would generate smaller size and more significant
number of curing agent droplets, further improving the curing degree of
printed samples. The curing degree of Sample 4 is around 87.5 % which
is 10 % higher than Sample 1. However, the curing degree of the molded
sample is 99.3 %, resulting from a better dispersion of the curing agent
in the resin and a more uniform curing reaction. The curing variation
resulting from the different sizes and numbers of the curing agent
droplets generated by ultrasonic amplitudes is characterized by the SD
of the curing degree, as shown in Fig. 4(c). When the amplitude is 0.01,
the SD of the curing degree for Sample 1 is 7.45 %, the highest value
among the 4 values. As the amplitude increases, the SD of the curing
degree exhibits a reducing trend though Sample 3 has a slightly higher
value than Sample 2. According to the results above, a higher amplitude
is applied, and a more uniformly cured sample is obtained.
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3.3. Effect of printing layer thickness

The effect of the printing layer thicknesses on frontal polymerization
was investigated then. The printing layer thicknesses were set at 0.05,
0.1, 0.25, and 0.5 mm, and 0.08 ultrasonic amplitude was selected for all
the samples (Sample 4 shares the same parameters as Sample 6). The
frontal temperature of Sample 5 is 253.6 °C which is close to Sample 6,
and Sample 7 and 8 show a similar frontal temperature at around 250 °C,
as shown in Fig. 5(a). This is consistent with the frontal temperature
obtained in Sample 1. The frontal velocity decreases with the rise of
layer thickness. The lowest frontal velocity is 3.98 cm min ! with a layer
thickness of 0.5 mm. The DSC data presented in Fig. 5 (b) were used to
calculate the curing degrees of printed samples. Fig. 5 (c) gives the
average curing degree and SD of the curing degree. Sample 5 demon-
strates a reaction enthalpy of 42.54 J/g and has the highest curing de-
gree of 89.2 %, with the smallest SD of curing degree at 3.91 % among
the 8 printed samples. Obviously, the curing degree decreases with the
augment of the printing layer thickness. Interestingly, the span of the
curing degree of Sample 5-8 is almost 20 %, which is twice more
prominent than that of Sample 1-4. Sample 8 has the lowest curing
degree at 70.7 % and the highest SD of curing degree at 14.77 %,
showing a more considerable curing uniformity variation generated by
other smaller printing layer thicknesses. Compared to Sample 1-4, the
SD of curing degree of Sample 5-8 varies from 3.91 % to 14.77 %,
resulting from the significant change in the printing layer thickness.
These results demonstrate that the printing layer thickness plays a more
critical role in curing uniformity than the ultrasonic amplitude. The
tensile strength and Young's modulus of Sample 5-8 also show a
reducing tendency while the printing layer thickness keeps increasing,
as shown in Fig. 5 (d). This is attributed to a more completed polymer
network forming when a higher curing degree of the sample is achieved,
and higher tensile strength is obtained. The tensile strength and Young's
modulus of Sample 5 are 47.73 MPa, almost the same as Sample 6, and
2.26 GPa, which is only a 3.2 % improvement from Sample 6. The lowest
tensile strength and Young's moduli are 37.9 MPa and 1.72 GPa from
Sample 8. The values decrease significantly by 9.83 MPa and 0.54 GPa,
respectively.

3.4. Printing of thermoset composites

To demonstrate the feasibility of additive manufacturing of ther-
moset composites, d-CF and glass microballoon were applied to manu-
facture reinforced composites. The rheological behaviors of d-CF and
microballoon-filled inks were characterized to check the printability of
the inks, as shown in Fig. 6 (a). 1 wt%, 3 wt%, and 5 wt% d-CF were
mixed with epoxy ink, and only 1 wt% microballoon was tried because
of the dispersion issue of the glass nanosphere. Fig. S6 shows the optical
images of the composite inks and indicates a good dispersion of fillers in
inks. Adding d-CF increases the viscosity of the inks, and there is no
noticeable shear-thinning behavior of the 1 wt%, 3 wt% d-CF, and 1 wt%
microballoon ink. However, when the d-CF concentration reached 5 wt
%, an assertive shear-shinning behavior was observed, resulting from
forming a transient, interconnected 3D network of fibers in the presence
of the external shear. The viscous inks were dispensed and deposited on
the heated printing bed to initiate the frontal polymerization. The
novolac epoxy resins with 1 wt%, 3 wt%, 5 wt% d-CF, and 1 wt%
microballoon are marked as Sample 9, 10, 11, and 12, respectively. The
printing parameters of the composite samples are listed in Table 2, and
the frontal velocity of the composite ink is provided in Fig. S7. The ef-
fects of the d-CF and microballoon on the curing degree, curing uni-
formity, and mechanical property of the printed composites were
measured and analyzed. The curing degrees of the printed samples were
calculated by the DSC data, as shown in Fig. 6 (b). The strain-stress curve
of the printed thermoset composites are shown in Fig. 6 (c), and the
tensile strength and Young's modulus of the samples are presented in
Fig. 6 (d). Sample 12 (1 wt% microballoon DEN 438) shows a curing
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Fig. 5. (a) The effect of layer thickness on frontal temperature and frontal velocity of frontal polymerization reaction, (b) DSC of printed novolac epoxy resin with
different layer thickness (Sample 5-8), (c), The effect of printing layer thickness on curing degree and curing uniformity, (d) Tensile strength, and Young's modulus of

the printed samples.

degree of 86.3 %, slightly lower than the value of neat resin, and the SD
of the curing degree is around 6.9, which is also higher than the neat
resin, whose value is approximately 4.4. This maybe because the glass
nanosphere slows the heat transfer inside the frontal curable ink [45].
For the mechanical property, both tensile strength and Young's modulus
are lower than the CF-epoxy thermosets. This should be attributed to the
microballoon composites' low curing degree caused by their low thermal
conductivity and the geometry of the nanosphere [46]. With the addi-
tion of the d-CF, the frontal temperature, curing degree, tensile strength,
and Young's modulus of the composites keep increasing slightly at a rate
of 5 % until the concentration of the CF reaches 5 wt%. The high amount
of CF would be highly aligned with the shear forces along the printing
direction. As a result, the tensile strength and Young's modulus of
Sample 11 are 66.71 MPa and 3.65 GPa, which is about 26.4 % and 55.6
% improvement from Sample 10 where the CF is randomly distributed
[28]. The curing degree of Sample 11 is 92.1 %, which is 1.1 % smaller
than Sample 10. This may contribute to the fact that a higher amount of
d-CF (5 wt%) enhances heat dissipation during the frontal polymeriza-
tion process and further reduce the curing degree of Sample 11. The
overall curing uniformity of the d-CF-filled composites is around 4.64 %
which is lower than that of the microballoon-filled samples. Sample 12
shows an SD of curing degree at 6.94, which is even higher than the neat
epoxy resin because of the low heat transfer efficiency of the
microballoon-filled ink [47]. The simulated results show the tempera-
ture profiles along the thickness direction, as shown in Fig. S8 (a), where
i represents the 1 wt% microsphere-filled composites, ii means the neat

resin, and iii is the 1 wt% d-CF-filled composites. The layer thickness was
set at 0.1 mm. The temperature profiles on the spraying surface are
shown in Fig. S8 (b). Fig. S8 (a) and (b) show that the d-CF can enhance
heat transfer in the frontal polymerization direction because of its
excellent thermal conductivity. Therefore, the temperature profile of 1
wt% d-CF-epoxy is a little sharper than that of the neat resin and can
reach a higher temperature at around 257 °C. The results show a similar
trend with the frontal curing assisted 3D printing continuous carbon
fiber (c-CF) reinforced thermosets but not as sharp as the c-CF one due to
the heat transfer efficiency between the c¢-CF and d-CF [29]. A blunt
temperature gradient was observed for the neat resin, and the final
frontal temperature is 5 °C lower than the CF one, which is confirmed by
the experimental results. 1 wt% microballoon-epoxy had the lowest final
temperature with the longest time to get it in comparison with the other
two curves, as shown in Fig. S8 (a). This is due to the low thermal
conductivity of the glass sphere.

4. Conclusion

In this study, a novel additive manufacturing method for printing
and in-situ frontal curing of highly-viscous thermosets and composites
was reported. The frontal curing agent solution was sprayed by the ul-
trasonic atomizer to achieve an in-situ mixing with the resin oligomers
at a microscale level. The effect of the ultrasonic amplitude and printing
layer thickness on the frontal temperature and frontal velocity of the
frontal polymerization reaction were investigated. The curing degree,
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Fig. 6. (a). The rheological behaviors of composite ink of 65 °C at different shear rates. (b) DSC data of 3D printed composite samples (c) Strain-stress curve of the 3D
printed samples (d)Tensile strength and Young's modulus of the 3D printed composite samples.

Table 2
Printed composite samples.

Sample number Ultrasonic amplitude Layer thickness (mm) Filler Frontal temperature (°C) Degree of cure (%) SD of curing degree (%)
S9 0.08 0.1 1 wt% d-CF 254.8 87.9 4.62
S10 0.08 0.1 3 wt% d-CF 257.5 93.2 5.06
S11 0.08 0.1 5 wt% d-CF 255.3 92.1 4.24
S12 0.08 0.1 1wt%microballoon 250.3 86.3 6.94

curing uniformity, and mechanical property of printed samples were
measured and analyzed. From our results, the frontal velocity improves
with the rise of the ultrasonic amplitude, and decreases with the increase
of the layer thickness. When the ultrasonic amplitude increases to 0.08,
the tensile strength and Young's modulus reach 47.56 MPa and 2.19
GPa. Sample 5 demonstrates a reaction enthalpy of 42.54 J/g and has
the highest curing degree of 89.2 %, with the smallest SD of curing
degree at 3.91 among the 8 printed neat resin samples. The curing de-
gree decreases with the augment of the printing layer thickness, and the
printing layer thickness plays a more critical role in curing uniformity
than the ultrasonic amplitude. The application of this printing method
for composite manufacturing was demonstrated. d-CF and microballoon
were used as the fillers, and the performance of the printed composites
was characterized. When the d-CF concentration was 1 wt%, the com-
posites showed a tensile strength and Young's Modulus of 52.78 MPa and
2.35 GPa.

The highest tensile strength and Young's modulus of 66.71 MPa and
3.65 GPa were achieved with 5 wt% loading of d-CF. Further research
needs to modify the d-CF and glass microsphere to improve the

nanofillers' dispersion and enhance the mechanical performance of the
composites.
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