P ¥

i

Received: 3 November 2021

Revised: 27 January 2022

Accepted: 9 February 2022

DOI: 10.1002/amp2.10114

REVIEW

JOURNAL OF
ADVANCED

manuracturne WILEY

a0 PROCESSING

In-situ curing of 3D printed freestanding thermosets

Chongjie Gao' | Jingjing Qiu’ | Shiren Wang'?

'Department of Industrial and Systems
Engineering, Texas A&M University,
College Station, Texas, USA

*Department of Mechanical Engineering,
Texas Tech University, Lubbock,
Texas, USA

*Department of Materials and Science
Engineering, Texas A&M University,
College Station, Texas, USA

Correspondence

Shiren Wang, Department of Industrial
and Systems Engineering, Texas A&M
University, College Station, Texas, USA.
Email: s wang@tamu.edu

Funding information

National Science Foundation, Grant/
Award Numbers: CMMI-1933679, CMMI-
1934120

1 | INTRODUCTION

Abstract

Direct-ink-writing (DIW) provides a high-efficiency way for thermoset printing
while rapid in-situ curing has a significant role in manufacturing rate, quality,
performance, and flexibility. In this review, in-situ curing methods that can be
integrated into DIW were discussed, including frontal polymerization, electro-
magnetic heating, photochemistry, electron beam, and resistance heating
curing. The in-situ process monitoring and curing kinetic analysis technologies
such as differential scanning calorimetry (DSC), Raman spectroscopy, Fourier
transform infrared spectroscopy (FT-IR), broadband dielectric spectroscopy
(BDS), ultrasonic dynamic mechanical analysis (UDMA), fluorescence spec-
troscopy, were briefly presented. The working mechanism and features of
these characterization measurements are studied. Furthermore, machine
learning and other artificial intelligence tools used for the optimization of
printing materials, topology design, printing path, and defect detection sensi-
tivity are reviewed. Finally, some future research directions for the DIW and
in-situ curing of thermosets are addressed.
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manufacturing methods available for printing thermo-
sets, such as stereolithography (SLA), digital light

Polymer composite materials have demonstrated light-
weight, easy manufacturing, and outstanding mechanical
properties.' ! Particularly, thermosetting polymer com-
posites have attracted extensive attention due to their
chemical and corrosion resistance, thermal and environ-
mental stability, and high mechanical strength. Cur-
rently, they have been widely used in the aerospace,
automotive, energy, and defense industries.">>%! In
some scenarios, thermosets are even used to replace
metals and ceramics.!*”! Global thermoset demand is
expected to reach $31.7 billion by 2026.*°! Emerging
additive manufacturing (AM), mainly including 3D print-
ing, is considered as the next-generation manufacturing
method of thermosets due to the design flexibility, free-
form manufacturing process, reduced lead time, and neg-
ligible material waste. There are many additive

processing (DLP), continuous liquid interface production
(CLIP), filament fused fabrication (FFF), selective laser
sintering, and direct-ink-writing (DIW).!2%1012] Among
these approaches, DIW also referred to as robocasting, is
an extrusion-based 3D printing technology and provides
a high-efficiency way for material printing due to its low
cost and versatile capability. DIW has succeeded in print-
ing metals, ceramics, polymers, and even bioactive mate-
rials. It can also be applied for 3D printing of wearable
individual health monitoring devices and soft
robotics.!**"*”) Many fillers such as carbon nanotube, car-
bon fiber, graphene, and metal nanoparticles, can be eas-
ily added into the ink for improved properties or multi-
functionalities. !

Many curing methods for thermosets have been
implemented for decades.!*®°! The most popular way to
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cure thermosets is to utilize external heat, normally
through ovens under vacuum or inlet atmosphere. How-
ever, such oven curing needs hours to days of curing,
which results in an extensive energy consumption.?”!
Therefore, it is difficult to fit in the emerging DIW pro-
cess since oven curing has to be implemented upon the
completion of the printing.m] In contrast, in-situ curing
for thermosets has attracted increasing attention in
recent years.!”?! The in-situ curing of thermosets is criti-
cal for printing precision, final performance, and design/
manufacturing flexibility. Many in-situ curing methods
for thermosets have been developed. Based on the work-
ing principle, these methods can be categorized into three
main types, including (1) thermal-induced curing such as
resistance, induction, ultrasonic, and microwave, (2) irra-
diation curing such as infrared, laser electron beam (EB),
ultraviolet (UV), X-ray, and y-ray curing, and (3) exother-
mic frontal polymerization curing.[**'#23] However, not
all the curing methods can be employed for DIW and in-
situ curing of thermosets. Although DIW of thermosets
has been reported by some literature, it was usually
followed by X-ray or y-ray curing afterward. Based on the
working mechanism, these curing methods can also be
recategorized into five types, including frontal polymeri-
zation, electromagnetic heating, photochemistry, electron
beam, and resistance heating curing. The frontal curing
is based on the exothermic reaction of frontal polymeri-
zation. For the electromagnetic thermal in-situ curing,
microwave, laser, and photothermal curing methods are
introduced but the thermal additives for photothermal
curing are expensive. Electron beam curing is a kind of
irradiation method, and the resistance thermal method is
based on joule heating. The photochemistry method is
the UV curing method which is originally a kind of irra-
diation method.

The AM process for thermosetting materials starts
from the design stage where the computational aided
design (CAD) model is developed and converted to g-
code before it is imported into a 3D printer to obtain the
final product. To get the part with desired performance,
various printing parameters need to be optimized. The
parameters are often adjusted manually based on the
experience of the operators and the working circum-
stances, which is time-consuming. More importantly,
many combinations of the parameters may lead to incon-
sistency in the printed parts.”*! To figure out those
issues, artificial intelligence (AI) such as machine learn-
ing (ML) and computer version, has been used to under-
stand the relationship between the performance of the
printed thermosets and the process parameters at differ-
ent stages of the DIW process.”>?” Though some
reviews have reported the machine learning application
in the DIW process, most of them have focused on the

noncontact DIW, powder bed fusion (PBF), directed
energy deposition (DED), and fused filament deposition
(FDM).[2428-30] 1t i5 believed that these AI technologies
will help build the next-generation smart manufacturing
system and accelerate the industry 4.0.°!! Currently,
there are three stages that ML technologies can be
applied in additive manufacturing: material and topology
design, printing parameter optimization, and defect
detection, based on a DIW process.

Although there is some literature available about AM
processing of thermosetting polymer and composites,
almost all of them are focused on the printing methods
and resultant performance.*>**! Some reviews intro-
duced DIW of thermosets, but only focused on the ink
preparation.?! To the best of our knowledge, no literature
has been published to provide a systemic review regard-
ing the emerging DIW and in-situ curing of thermosets.
In this review, in-situ curing methods for DIW thermo-
sets are categorized into five types: frontal polymeriza-
tion, electromagnetic heating, resistance heating,
electron beam, and photochemistry curing, as shown in
Figure 1. The electromagnetic-based thermal curing
method includes microwave heating, photothermal, and
laser heating curing. The basic working mechanism,
advantages, and disadvantages of these in-situ curing
methods for DIW thermosets are reviewed and com-
pared. In addition, the in-situ cure monitoring and char-
acterization methods have been reported. To improve the
efficiency, performance, and quality of the DIW thermo-
setting parts, ML is applied in the design, manufacturing,
and quality stages. Some other state-of-art technologies,
such as computer vision, molecular dynamic
(MD) modeling, are also used to optimize the DIW for
thermosets. Finally, the research direction and prospect
for rapid and costless DIW in-situ cured method for ther-
moset polymer are listed.

2 | IN-SITU CURING-
INTEGRATED DIRECT WRITING

2.1 | Frontal polymerization in-situ
cured DIW thermosets

The frontal polymerization-based in-situ curing method
for thermosets is a novel curing strategy receiving much
attention in recent years. This curing method is based on
the frontal curing reaction in which the monomer and
the latent initiator are heated as far as the initiator
obtains sufficient energy to ignite the self-propagating
polymerization reaction.*>*°! The heat would be gener-
ated continuously by the polymerization reaction to fur-
ther sustain the reaction which converts the monomer
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FIGURE 1 The roadmap of
DIW and in-situ curing of
thermosets'>*~®!

into polymer networks. Most importantly, this reaction
consumes less energy by taking advantage of the
enthalpy of the chemical reaction rather than the exter-
nal energy.**! Figure 2A shows the images acquired in a
temporal sequence of a self-propagating polymerization

FIGURE 2 (A) The images
acquired in a temporal sequence
of a self-propagating
polymerization front.!*"!

(B) DIW of DCPD solution that
is extruded from the print head
and then immediately cured by
frontal polymerization.*!

(C) the DIW printer for the
DCPD printing.[“!! (D) the
schematic diagram of the REAM
setup*?!

o PROCESSING

front.[*! Robertson et al. reported DIW thermoset com-
posites cured by the frontal polymerization reaction, as
indicated in Figure 2B.1**! Their results indicated that the
polymer can be cured within seconds and the printed
part has a similar mechanical property to those cured by

(B)
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the conventional methods. Wang et al. reported DIW
thermosets cured by frontal thermal polymerization and
investigated how the printing parameters such as nozzle
pressure and operating temperature affect the thermal
conductivity and surface morphology of as-printed prod-
ucts. Figure 2C indicates the DIW printer for their
project. They concluded that there is no evident pattern
observed when the extrusion pressure is higher than
75 bar and the optimal curing temperature is 75°C.[*!]
Uitz et al. introduced a reactive extrusion AM (REAM)
process which is based on the frontal polymerization to
print isotropic thermosetting parts. The thermoset resin
and the curing agent were collected by separated reser-
voirs and mixed before DIW printing, as shown in
Figure 2D.!*?! The thermosets were deposited and cured
by frontal polymerization reaction without any external
energy. They also concluded that the tensile modulus and
ultimate strength are isotropic while the break elongation
and toughness are dependent on the printing orientation.

2.2 | Electromagnetic heating based
in-situ curing and DIW of thermosets

Electromagnetic thermal curing is the most common cur-
ing method for thermosets. Based on the energy resource,
it is typically divided into six types, including radiation
thermal curing (microwave, infrared, and laser), induction
thermal, ultrasonic thermal, and photothermal heat cur-
ing.[*>*3! Most of these methods can conduct in-situ curing
functions except induction thermal and ultrasonic heating
methods. Induction thermal curing is a process that the
eddy currents are generated when the electrically conduc-
tive material is exposed under a periodic alternating mag-
netic field.**! The polymer would be heated because of
the resistance loss of the eddy currents. According to the
working principle, induction thermal curing is only suit-
able for thermoplastic polymer printing instead of thermo-
setting polymer. Orlando et al developed a fused
deposition modeling (FDM)-based printer that is heated
by an induction system for printing ABS polymers.**! The
principle of ultrasonic heat curing is that the heat gener-
ated by mechanical vibration will be converted by the fric-
tional and viscoelastic effects.!*°! However, there are some
limitations for the fiber-reinforced composites cured by
ultrasonic heating due to the serious fiber disruption.!**!
Although a few studies are reporting the selective laser
sintering (SHS) of thermosetting composite, the materials
were mostly printed by DIW and then cured for hours by
infrared laser.l'™*”! Therefore, the truly efficient in-situ
curing methods for thermosetting polymers are limited to
(1) microwave thermal, (2) photothermal, and (3) laser
thermal curing methods.

2.2.1 | Microwave heating based in-situ
curing and DIW of thermosets

Microwave radiation is medium energy radiation whose
frequency ranges from 300 MHz to approximately
300 GHz and the wavelength ranging from 1 to
10° mm." Microwave thermal curing works based on
the that the dielectric groups of polymers can convert the
radiation energy into molecular vibrations and generate
the micro-level heating via the diploe moment under the
interaction with the electromagnetic field, as shown in
Figure 3A.%) It is also considered the most efficient
volumetric thermal curing method as its very high pene-
tration depth./*”! Odom et al. demonstrated the feasibility
of applying the scanning microwave to cure additive
manufacturing thermoset by a novel deposition-and-scan
experiment. MWCNTs-loaded epoxy was deposited on
the substrate at a constant rate of 0.16 cm/s and being
exposed to microwave radiation of 1250 W. The sche-
matic diagram of the curing process is illustrated in
Figure 3B. Their results showed that the final curing tem-
perature can reach 125°C very quickly.l*” Li et al. pres-
ented a new 3D printing method with temperature
control by incorporating the prediction model and step-
proportional-integral-derivative control technology. The
results indicated that the microwave could achieve
instantaneous and volumetric heating for the continuous
carbon fiber-reinforced thermosets and the printing
speed increased with the microwave power, as shown in
Figure 3C. Moreover, this microwave curing method can
reduce the temperature deviation to obtain a consistent
tensile strength up to 358 MPa.!**!

2.2.2 | Photothermal heating based in-situ
curing and DIW of thermosets

The addition of photothermal agents into thermosetting
ink is another way to achieve electromagnetic thermal-
induced in-situ curing for thermosets. These nanofillers
can convert other energy such as photonic or electromag-
netic energy into heat to initiate the curing process.!'®
Photothermal curing is the most popular one and it is a
process that composite ink is cured by plasmonic heating
via the photothermal effect of metal nanoparticles,
carbon-based nanomaterials, and metallic carbon
nanotube.!**-3 Table 1 shows the photothermal conver-
sion efficiency of the nanomaterials which can be applied
for curing thermosets. From the data in Table 2, the
highest conversion efficiency of carbon-based material is
only around 67%. This efficiency was achieved at
0.2 W/cm? with a concentration of carbon-based material
as 1 g/L, which is much higher than that of the Au
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FIGURE 3 (A) Schematic A)
illustration of the material with

Dipole Molecule

Microwave Radiation
(Alternating Electromagnetic Field)

dipole molecules under
radiation in an alternating
electromagnetic field,™

(B) schematic diagram of
scanning microwave curing o
process, 2! (C) relationship &, <3 Q@ &
between microwave power and S G~

printing speed.[**! (D) Colormap N1 '
of temperature distribution

under microwave curing ©)
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TABLE 1 The photothermal conversion efficiency of materials used in thermoset curing
Optical resource Photothermal conversion
Materials Size of materials wavelength (nm) efficiency (%) Reference
Gold nanoparticle 4.98 + 0.59 to 50.09 + 2.34 nm 532 ~65-80.3 [54]
Graphene 150 to 3000 nm (60% sample with a 808, 980 ~ 67 ~ 63 [55]
thickness of 1 atomic layer)
Metallic carbon OD = 808 nm 808 ~ 76 [56]
nanotube
Graphene oxide 300-700 nm (60% sample with a 808, 980 ~ 58 ~ 35 [55]
thickness of 1 atomic layer)
Hollow Au-Ag alloy Sub-100 nm 808 80.4 [57]
nano urchins
Au nanorod Length: 54.20 + 2.85 nm 750 90.6 [58]
Width: 16.37 + 1.25 nm
Au@Pt nanorod Length: 60.07 + 4.17 nm 810 94.8 [58]

Width: 21.97 + 1.40 nm

nanomaterials. Figure 2A shows the estimated tempera-
ture versus time for conventional (filled triangles) and
photothermal (open circles) curing of epoxy with Au
nanoparticles.[szl Photothermal heating provided a faster
temperature increase than conventional heating when the
heat is applied at the shaded region. The gold
nanoparticles or gold-based nanocomposites can achieve a
photothermal conversion efficiency of around 94%. The
suspension solution can be heated to around 65°C at a
very short time, as shown in Figure 4B. However, the syn-
thesis process of gold nanomaterials is very complex, and
the price of gold is very expensive up to $65/g.[*
Although a large amount of literature reported that they

can reach very high temperature and reach high conver-
sion efficiency, the radiation time is still very long even at
a high irradiation power (2 W/cm?), which consumes too
much energy.l>>7%* Therefore, even the photothermal
curing ink for DIW can be in-situ cured, it is not a cost-
effective way for the curing of thermosetting polymers.

2.2.3 | Laser heating based in-situ curing
and DIW of thermosets

Laser heating based in-situ curing is based on the conver-
sion of the electromagnetic energy into heat through the
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TABLE 2
curing methods of thermosets

Energy consumption or power input for in-situ

In-situ curing Energy consumed or

method power input References
Frontal Around 6 J/cm? [35]
polymerization
Electromagnetic ~ 200-600 W at 2.45 GHz [1,56,59]
heating frequency (Microwave)
Around 0.2 W/cm?
(Photothermal)
18 W (Lasering heating for
silicone elastomers)
Resistance 1.53 Wh/cm? [60]
thermal
Electron beam 0.22 Wh/cm? [37,61]
radiation
Photochemical 8 W/cm? [62]

molecular resonance vibration.!°>®®! A CO, laser genera-
tor is usually applied during the curing process. Porter
et al. customized an extruder and DIW printer for
thermal curable viscous silicone elastomers, as shown in
Figure 5A.17! The relationship between the mechanical
properties and the curing parameters such as layer thick-
ness, laser power, laser raster spacing, print speed, and
laser spot area was investigated. Their results showed
that layer thickness is the most important factor in stiff-
ness (0.73%/%). Parupelli et al. compared the perfor-
mance of the DIW thermosets cured by oven and laser
curing.®™ Figure 5B is the multi-axis robot printer
equipped with the extrusion system, laser curing system,
and jetting system. The thermosets could be cured within
1 min while it took more than 2 h in the furnace. The
optimal curing parameters were obtained at a 4-pass laser
at a power of 18 W. The mechanical properties of the as-
printed part are comparable to those of the bulk material.
Zhu et al. studied the laser-based DIW thermosets with

r.—Au NRs
Au@Pt

Water750nm

Water 810nm/

real-time FTIR monitoring, as indicated in Figure 5C.[”

They claimed that the laser can improve the scalability of
the DIW process, and the diameter of the deposition fila-
ment can reach up to 4 mm.

2.3 | Resistance thermal in-situ curing
and DIW of thermosets

Another route to in-situ cure thermoset is to integrate the
electrothermal material like carbon fiber or graphene
which can convert the electric energy into heat via joule
heating of the polymer composites.'®® Xian et al. incorpo-
rated the graphene material into the polymer matrix to
take advantage of the joule heating to achieve in-situ
thermal curing for thermoset polymer. As shown in
Figure 5A, the results indicated that the critical loading
of graphene nanoplates (GNP) is 8.5 wt% and the net-
works of GNP in the thermoset matrix can be used as a
nano heater when there is electric current passed
through it. It was also demonstrated that this curing
method provides other benefits such as faster heating
speed, more uniform curing, and higher energy efficiency
compared with the conventional oven curing process.'>)
Mas et al. also presented in-situ curing thermosets
through joule heating. The nanocarbon materials (CNTs
and graphene) were dispersed into the epoxy resin and
cured by controlling the electric power. It is believed that
this method can be applied to the composite manufactur-
ing!®! Shi et al. proposed a novel electrothermal-
triggered flooded curing method for thermosets.®” After
DIW printing of a CNTs porous structure, the structure
was dipped into liquid epoxy resin, as shown in
Figure 5B. By changing the current through the CNTs,
the polymer would be infiltrated and cured in a short
time. They also demonstrated that this method could
remove the residual bubble of the polymer by controlling
the viscosity of the polymer. Shi et al. used the robot arm
to print and in-situ cure continuous carbon fiber

FIGURE 4 (A) The
temperature change with time
for different curing methods.*?!
(B) the temperature change with
the irradiation time for the gold
nanocomposite suspension
solution!*®!
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FIGURE 5 (A) Laser in-situ curing setup for DIW of thermosets. [47] (B) The multi-axis robot printer equipping with the extrusion

system, laser curing system, and jetting system.!*”! (C) Schematic illustration of laser-DIW and in-situ FTIR photorheology monitoring

thermosetting composites.!*®! The printed part has high
mechanical strength (810 MPa) and modulus (108 GPa)
(Figure 6).

2.4 | EBirradiation based in-situ curing
and DIW thermosets

Irradiation curing is a process that the radiation-sensitive
thermosets are ionized under high-energy radiation
which includes y-ray, UV, EB, and X-ray.'*! The ionic or
free radical molecular from the deposition of the
radiation-sensitive polymer is generated to start the cur-
ing process, which is quite different from the thermal
curing process where an initiator or catalyst must be
added to the polymer system to initiate the curing reac-
tion. The y-ray and X-ray radiation curing have been
applied in the industry since the 70s.%7%) And the two
radiation curing methods wusually are wused to

[67]

manufacture high thickness parts with a thickness of
more than 300 mm due to their ultra-energy which can
be greater than 100 keV.!”" The radiation frequency has
an order of 10’ GHz, and the wavelength is less than
10~° mm.!"! The curing equipment system typically needs
a huge power supply and a complex cooling system. As a
result, there has been no literature reported yet about in-
situ cured DIW thermoset by y-ray or X-ray. Although
UV curing is theoretically also an irradiation curing
method, the radicals are induced by the photos. In this
review, the UV curing method will be listed alone as the
new category as a photochemistry-based curing method.
EB curing method is one of the irradiation curing
methods that the electron beam is applied on the
radiation-sensitive polymer surface and transfers ade-
quate energy to decompose the polymer, which generates
ionic or free radical to initiate the curing reaction.**! EB
is very popular in rapid manufacturing because of its
high curing rate and cost-saving features.*”! Various
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(A)

FIGURE 6 (A) Thermal images showing the temperature variation of the GNP/epoxy composite with time during the curing process.
[60]

(B) the DIW and electrothermal-triggered flooded curing process for thermosets
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FIGURE 7 (A) The penetration thickness in prepregs under the irradiation of 125 keV.[?! (B) the relationship between the curing
degree of composites and the irradiation power.!”?! (C) the schematic setup of a low-energy EB cured printing process for fabricating a

conductive continuous carbon fiber mesh on the surface of a wind-turbine blade

types of thermosetting polymers have been proven their
EB curable capability, which includes acrylics, urethane
acrylates, bismaleimides, and epoxy resins. Most of
those thermosets are cured through the free radical reac-
tion except the epoxy resin. The irradiation power of the
EB is proportional to the thickness of the materials. Due
to the attenuation of the irradiation among the thick-
ness, the curing degree of the polymer composites will
be affected significantly. However, high power emitter
can be applied to improve the curing degree or cure the
whole thickness. Figure 7A shows the penetration thick-
ness in prepregs under the irradiation of 125 keV and
Figure 7B provides the relationship between the curing
degree of composites and the irradiation power.”?! The
results show that the curing degree increased slowly
when the irradiation is below 5¥10° rd. There is a signifi-
cant increase of curing degree between the 5*10° rd and
9*10° rd and it is no obvious increase after reaching
9*10° rd. Wang et al. proposed a rapid curing process
through low-energy EB radiation to DIW the continuous

[37]

carbon fiber-reinforced thermosets as the protection sys-
tem for wind-turbine blades as shown in Figure 7C.57!
They DIW the continuous carbon fiber by modifying the
FFF technology in which the thermosets are printed,
and in-situ cured by the low-energy EB radiation. The
thermoset composites were fabricated by DIW and cured
instantaneously with a high carbon fiber content
(around 58 wt.%) at room temperature at a high speed.
The artificial lightning strike tests indicated that the
printed thermoset-carbon fiber composite protector
remained a 90.1% residual strength after 100 kA current
damage.!”]

2.5 | Photochemical in-situ curing and
DIW of thermosets

UV curing is another in-situ curing process that UV light
is applied to initiate a photochemical reaction to covert
monomers into polymer networks.['®%3 There are several
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FIGURE 8 (A) An illustrative scheme of UV-assisted DIW process for the hybrid ink followed by thermal curing.ml (B) An illustrative
scheme of UV-DIW process for the hybrid ink containing polyimide.[”*! (C) A schematic diagram of the modified printer with dual curing

process.!””! (D) a schematic illustration of UV-assisted 3D printing of epoxy composites

advantages of UV curing such as low cost, high-energy
efficiency, and environment friendly. The drawback of
UV curing is that it has very limited penetration depth
and can only cure transparent printed parts. UV curing
is usually applied to assist DIW of thermosets and a
two-stage curing process is usually needed. In the UV-
assisted DIW (UV-DIW) thermoset process, as shown in
Figure 8A, the hybrid ink containing photocurable resin
and thermally curable epoxy resin was first cured by
UV to retain its geometry, and second-step curing is
followed such as thermal cure in an oven to obtain the
final product.’”>747778  Although some literature
reported one-step curing by UV, the penetration thick-
ness of UV is rather limited so that only small-scale
products can be fabricated by the UV curing
method.*®’”! Guo et al. proposed a novel polyimides
ink and printed by the UV-DIW method to solve the
shrinkage issue of printed polyimides.!”* Figure 8B indi-
cates the UV-DIW process for hybrid ink. The DIW pol-
yimide was cured by a fixed UV light and then treated
with an elevated temperature (up to 300°C) to initiate
the thermal imidization.

Tu et al. created a UV-thermal during the curing pro-
cess for vinyl ester (VE) resin printing.!”*! The first stage

[76]

UV curing would provide a structural geometry followed
by the second stage thermal curing to allow the thermo-
setting monomer to cross-link. Their modified DIW
printer is illustrated in Figure 8C. The printed thermo-
sets demonstrated outstanding properties, such as
Young's modulus of 3.7 GPa and the tensile strength of
80 MPa, which are higher than those of the molded neat
VE resin. Chen also proved a similar two-stage curing
process for epoxy in Figure 8D.1%! They introduced the
epoxy oligomer into the printing ink and the epoxy olig-
omer formed the interpenetrating polymer networks
and therefore achieved excellent shape memory
properties.

2.6 | Comparison of in-situ curing
methods of thermosets

There are five categories of in-situ curing methods
including frontal polymerization, electromagnetic
heating, electron beam irradiation, and photochemical
curing for thermosets. Among these methods, frontal
polymerization in-situ curing is the only method that an
external energy source is not required during the curing
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process except for the initiation process at the beginning
of the process because of its self-propagation features.
However, the initiator system is very complex in some
cases and the price of the highly efficient initiator is
expensive, for example, the price of bis[4-(tert-butyl) phe-
nyl] iodonium Tetra (nonafluoro-tert-butoxy) aluminate
is more than $200/g. The printing speed of frontal poly-
merization is decided by many factors such as initiator
system, initiator concentration, polymer, and inhibi-
tors.*>! The electromagnetic heating in-situ curing
methods are the most widely used ones with different
energy resources. There are many challenges to this
method. Firstly, microwave heating may cause uneven
curing because of the nonuniform power distribution
within the microwave cavities and further introduce the
hot spots and the wavelength of the microwave affects
the penetration depth.!**! For composite material curing,
especially the fiber-reinforced composites, reinforcing
fiber shielding may also cause uneven curing. Secondly,
photothermal heating is considered as an energy effi-
ciency in-situ curing method since the only input energy
resource is the optical light.!*?) But the heat conversion
efficiency of carbon-based materials (around 67%) is still
lower than the gold-based material (up to around 95%).
Moreover, the curing time is much longer than the con-
ventional curing method and the light wavelength must
be set at a specific value to achieve an optimal energy
conversion. Finally, laser heating can cure the polymer
within 1 min and the laser source is limited to the NIR-
laser.!””!

Resistance thermal in-situ curing provides another
energy efficiency method for in-situ curing of thermosets
and shows the feasibility for scalable production for ther-
mosets.|°®) However, this method can be only used for
carbon material thermosetting polymer composite other
than the pure thermosets which limit its application.
Electron beam irradiation holds a very high curing speed
at the ambient temperature and ease of material han-
dling. On other hand, the high-energy EB equipment is
very hard to incorporate into the 3D printing system due
to the complex system. The shield system made of special
materials is required.®” UV radiation curing is another
popular in-situ curing method due to its economic, cost-
saving features. But the low penetration depth signifi-
cantly restricts its application and UV cannot cure the
carbon fiber-reinforced thermosets because of the strong
absorbance of UV in the carbon fiber.[?!] Normally, UV is
applied in the open mold condition for transparent mate-
rials. All products manufactured by the in-situ curing
methods show comparable mechanical properties with
the conventional cured ones. Table 2 gives the energy
consumption or energy input for in-situ curing methods
of thermosets.

3 | IN-SITU CURING
MONITORING AND CURE KINETICS
MEASUREMENT FOR THERMOSETS

In-situ curing monitoring is a direct method to observe
the curing condition of thermosets during the
manufacturing process since curing conditions are
extremely crucial for product performance.® A better
understanding of the thermoset curing features and the
whole cure cycle would improve the product quality and
help eliminate “trial-and-error” efforts in case of under-
curing or premature demolding. The information on the
curing process would be collected and analyzed in real-
time by in-situ core monitoring. Therefore, characteriza-
tion of the curing process for thermosets would assist to
optimize the curing parameters for better control and
prediction on the curing cycles of thermosets. The critical
processing parameters such as the nozzle time and nozzle
temperature for complete curing within a reduced cycle
time could be solved. An appropriate curing temperature
can also help avoid premature vitrification and over-high
temperature that may cause some undesirable side reac-
tions or degradation.!®*)

Typically, dynamic mechanical analysis (DMA) and
differential scanning calorimetry (DSC) cannot be
applied directly for in-situ curing monitoring since these
two measurements can only be operated under a specific
condition. DSC is used to determine the exothermic heat
caused by the curing process of thermosets and DMA can
monitor the change of the dynamic mechanical property
change during the curing process. These measurements
could offer valuable information such as curing heat,
glass transition temperature (Ty), initiation of the curing
process, maximum curing speed, the termination of the
curing process, and more importantly the curing degree
of the polymer.!** Figure 9A shows the isothermal DSC
curve change with time of pure PDMS at different tem-
peratures.[gzl The curing rate increases with increasing
the reaction temperature. In some cases, DSC is mea-
sured first as the baseline. Results from other characteri-
zation methods are compared with the baseline to further
confirm the curing condition. Raman spectroscopy is
used to monitor the rotational and vibrational transitions
within the molecules and detect the composition changes
of the materials during the curing process. Each chemical
bond has its unique rotational and vibrational informa-
tion and peaks among the spectrum corresponding to the
specific chemical bond can be identified.!®®!. Figure 9B
presents the Raman spectra of fiber-reinforced polymers
(FRPs) with time during the curing process at 80°C.[**!
The characteristic peak of the epoxide group at
1255 cm ™! red-shifted within 120 min to illustrate the
curing reaction process. The relative intensity of the peak
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is proportional to the concentration of the composition in
the sample. Other researchers also used the Raman spec-
tra to monitor the composition of the thermosets during
the curing process.'®” Optical fiber sensors can also in-
situ monitor the curing process such as Fourier transform
infrared spectroscopy (FT-IR), UV spectroscopy, and NIR
spectroscopy. The most popular one is the FT-IR which
can also record the curing state-changing by monitoring
the specific peaks in the spectra, as shown in Figure 9C
which is the FT-IR spectra of epoxy resin with time.®”!
The curing reaction extent can be determined by observ-
ing the appearance or disappearance of specific FT-IR
peaks. The peaks in 1860 and 1780 cm ' decreased with
time because of the depletion of the stretching of C=0
bonds from the hardener while the peak at 1740 cm !
increased with time due to the formation of the ester
groups during the curing process. Fluorescence spectros-
copy is also widely used for in-situ cure monitoring due
to its high sensitivity and nondestructive features.!*®°"]

> Pulser-receiver card |

This measurement is based on the interaction between
the fluorophore molecules and their surroundings. The
most significant feature is that there is a fluorescence
wavelength shift for some fluorescence dyes because of
the refractive index of thermosets increasing and their
dipolar mobility decreasing.!°*! Figure 9D presents a fluo-
rescence spectrum of epoxy resin during the curing pro-
cess.®! As the curing process proceeded, the
fluorescence intensity increased, as the arrow indicates.
Broadband dielectric spectroscopy (BDS), alterna-
tively named dielectric analysis (DEA) is also an impor-
tant measuring method for in-situ cure monitoring.!”!}
Figure 9E shows the curing stages observed by BDS.!*>%%]
The dielectric response is proportional to the ionic con-
ductivity of the impurity and chemicals applied in the
curing process. At the first stage, there was a decreasing
trend of the dielectric response due to the higher
mobility of the impurity. At the second stage, the cur-
ing reaction started improving the polymer viscosity
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increasing the impedance which follows the Arrhenius
kinetics rule. Finally, the solid-state diffusion governed
the region that a longer time is needed to finish the
curing process. However, the BDS measurement is
sometimes non-isothermal, and the preferred fre-
quency range is not broad as enough as expected.[*¥
Ultrasonic dynamic analysis (UDMA) as a high-
frequency extension of the DMA approach has received
significant attention.®>°® The velocity and attenuation
of the ultrasonic waves are measured in real-time to
provide the viscoelastic information of the polymer
networks to achieve cure monitoring. Figure 9F is a
schematic diagram of the ultrasonic cure monitoring
setup which consists of two ultrasonic probes.'*”) How-
ever, this kind of setup is expensive and very complex.
There are also some other technologies available for
curing monitoring such as piezoelectric sensors and
microdielectrometry.!°%:°7-%%!

4 | PROCESS CONTROL AND
MONITORING OPTIMIZATION BY
STATE-OF-ART MACHINE
LEARNING FOR DIW THERMOSETS

ML has attracted attention for AM since these technolo-
gies can dramatically eliminate inconsistency problems
during and after the printing/curing process. With the
significantly increasing demand for the manufacturing of
products with complex geometry, machine learning has
been implemented to detect flaws of printed parts and
optimize their printing parameters.'”! Based on the ML
algorithms applied in AM, supervised learning, reinforce-
ment learning, and unsupervised learning are three main
methods that can help obtain the desired results by data
training or achieve the optimal products through mini-
mizing human supervision while maintaining satisfactory
performance. Except for the simple regression and sup-
port vector machine which are the most popular ones,
neural networks have also gained considerable attention
from researchers because of their ability to build complex
networks in the model and wide application in image rec-
ognition, self-driving, search engine, and language
processing. However, enough inputs with more detailed
information of the predicted condition are required by
neural networks to improve the accuracy and usability of
the model. This would bring another challenge that is
extracting the inputs in a rapid and sample way. For
instance, for the prediction of the DIW thermosets perfor-
mance based on the part geometry, neutral networks
need a rapid and automatic data acquisition of the prod-
uct images by computer vision. The application of ML for
the DIW thermosets is classified into three stages:

Material,
topology
design
Machine

Learning

FIGURE 10 The application of ML in the stages of DIW of
thermosets

material and topology design, printing parameter optimi-
zation, and performance and quality control, as illus-
trated in Figure 10. This part will follow these three
stages to give a brief review of ML in DIW and curing
control for thermosets.

41 | Material and topology design for
thermoset

Composites with excellent performance have been over
many decades. These high-performance materials were
designed and explored manually with thousands of possi-
ble combinations, which is time-consuming and chal-
lenging.!””) ML can reduce the burden of the calculation
and experiment and accelerate the discovery processing
of novel materials with desired properties. Yan et al pro-
posed a couple of methodologies to solve the small
dataset of the strain and stress results, inadequate struc-
ture information of multiscale and intractable feature of
fingerprinting based on the ML to assist the discovery of
novel thermoset shape memory polymers (TSMPs), as
present in Figure 11A.1'°! By applying the dual convolu-
tion model, linear notation Big SMILES for fingerprint-
ing, and a mixed 1D and 2D input model, 14 novel
TSMPs with better recovery stress were discovered
through 4459 samples. Also, a molecular dynamics model
was conducted to confirm one of the 14 new thermosets.
Gu et al studied the feasibility and capacity of ML to
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FIGURE 11 (A) The methodology of the discovery of TSMPs by ML.['®! (B) The overall flowchart describes the ML by applying a
linear model for an 8 by 8 system.!"®! (C) The hierarchical design construction and the application of ML.!*°?! (D) The application of TO
design in additive manufacturing.''°*! (E) The architecture of deep neural network for topology optimization.['®*! (F) The iterative process of

the SIMP TO optimization!'®*!

predict the mechanical property of composites.''°! They
proposed a new design methodology called De novo com-
posite design based on ML technology. The optimum
design parameters were generated with an efficient com-
putational cost and accuracy. Their results demonstrate
the feasibility of ML application in the field of composite
design and concluded that ML is a promising approach
for novel multifactional and customizable composite dis-
covery. Inspired by biomimicry, Gu et al designed a

hierarchical composite to achieve excellent mechanical
properties.'?! They came up with a model with a distinct
region of unit cell which is shown in Figure 11C. The
composite structure consists of a group of soft and stiff
blocks that are constructed to get the symmetric and
asymmetric mechanical behavior. A printed thermoset-
ting part was used to evaluate the ML-assisted design.
Topology design is a systematic technology that is used to
design high-performance structures and improve
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manufacturing efficiency with minimal and priori
designs.l'%°1%81  AM can significantly reduce the
manufacturing difficulty of some parts obtained from the
topology design with complicated shapes. As illustrated
in Figure 11D, the structure problem was optimized by
the topology design, and finally printed to get the final
product."'**! There are several challenges in the topology
optimization (TO) for the AM process.'> Many itera-
tions of a design are required by the traditional TO pro-
cess, however, the ML can output the desired design fast
by well-trained models through deep neural net-
works."1%! Chi et al. proposed a general ML-based for
deterministic topology optimization."*"! The framework
can improve the efficiency of large-scale design problems
significantly and retain accuracy at the same time. The
architecture of the neural network is shown in
Figure 11E. There is an encoder network that is com-
posed of six convolutional layers and a decoder

A)
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network that has the same structure in the model. A
final pixel-wise classification layer was followed. The
results demonstrated that the model has a good gener-
alization property and quick acceleration of the optimi-
zation process. Banga et al. also studied the deep
learning method to accelerate TO by the convolutional
neural network (CNN), as presented in Figure 11F.[**!
40% reduction of computation time and 96% improve-
ment of structural accuracies were achieved by the
well-trained network.

4.2 | Process optimization for
thermosets
Conventional process optimization methods, such as the

design of experiments are time-consuming and have too
many combinations of parameters, which makes the

(B)

[Packing molecules to form model system
\ = J

{ NVT (50 ps) system equilibration J
1 ;

‘t NPT (400 ps) system equilibration ]

4[ NPT (150ps) ]

Reached target
conversion degree

N

Multistep relaxation

L Charge;updatlng ]

Reactive pairs
~_ Withincutoff? _~
>

~—

e

Training Dataset Online Predicting
} ' :
5 £ Online monitoring
Feature Extraction - 1 detssets l

'

' | '

Feature Selection using H
Rai Forest : > Feature Extraction & Selection

'

v i v

Model Training : Model Testing
'
Learning Learning Learning ' Base Base Base
go 1 Algorithm 2 AIgo ;| Learner 1 Learner 2 Learner J
i
Weights Optimization . 3 Optimal weights
'
: ¢
' *
1 X 31
Offline Training : Predicted

'

Values 1/

FIGURE 12 (A) The combination of computer vision, neural network, and genetic algorithm for DIW thermosetting foam

materials.''®! (B) The flowchart of the curing process optimization process.!'!” (C) DIW printing system with monitoring system.

(D) The ML prediction modeling flow chart for surface roughness''*!

[118]
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optimization process computationally costly.>>21'! As a
result, ML has also been applied to process optimization
to solve those challenges.!''?! This section will provide an
understanding of how the ML can be used to affect the
performance of the printed parts. Computer vision also
has a wide application in the industry and our daily life
such as self-driving, packing, and individual health moni-
toring.!'*>*4] Digital image correlation theory is to collect
the data of the structure displacement changing with time
to analyze and predict the printed product performance
and get the optimal printing parameters.'*! Roach et al.
developed a novel method to predict the mechanical
properties of DIW thermosetting foam replacement
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materials by training neural networks from the images of
the cross-section area and developing a computer vision
algorithm to investigate the relationship between images
and the mechanical properties, as shown in Figure 12A.
They developed a genetic algorithm (GA) to generate the
printing parameters for desired compression response of
DIW  thermosets. Besides, molecular dynamics
(MD) modeling simulator was created to simulate the
curing process for the thermosets.'?”) The simulation
consists of three stages including the pre-crosslinking,
crosslinking, and annealing stage, which is described in
Figure 12B. Kravchenko et al. studied the thermal strains
by a multi-scale model which can separate the cure

Machine Ground Machine
Z-difference Learning Truth Z-difference  Learning
(D) Image pre:)rccessing Origimll Image
Transform image :to pixel intensities
v
Set brightness
threshold
Transform into :ack-wh'ne image
v
Detect the line edges
_ |
Calculate the avtrage line width Detect the I:e overspray

v v

Calculate the average line roughness Calculate the average line overspray

(A) The schematic three-step framework (data generation, data preparation, and model building).*?*! (B) The concept

“patch” application for defect detection in ML.[*2*! (C) The BPNN neural network for in-situ monitoring of the printing process.'”! (D) The

flowchart of image processing for line edges and overspray!!2*!
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shrinkage and thermal expansion.™” They claimed that
this model can provide the optimal curing cycles which
have the minimum curing shrinkage. Friedrich et al.
applied the in-situ image analysis into the DIW.[''®]
Figure 12C is the DIW printing system with the monitor-
ing system and the right part showed the printing process
captured by a camera. The lubrication theory was
implemented to optimize the printing parameters and
experiments were conducted to evaluate the accuracy of
the theory and simulation. The extracted metrics such
as linear regression, Gaussian smoothing, and
nonlinear regression were used as the predictors to
optimize the printed part with gradient structures and
properties. Li et al. discussed the ML model for surface
roughness prediction for additive manufacturing. The
model includes offline model training and online pre-
diction, as shown in Figure 12D. The data was collected
by the sensor and trained by the ensemble ML model
which combined six different algorithms. The results
showed the model can predict the surface roughness of
printed parts precisely.

4.3 | Defect detection for thermosets
Various defects will be generated during the AM process
because of the improper printing parameters.'?'??! The
defect detection is typically obtained by inspection after the
printing, which is highly based on the experience of the
operator.[m‘m] As a result, the correction process may
take a long time and be inaccurate. An ML-assisted in-situ
monitoring system has been applied in defect detection
effectively.'?! Li et al. proposed a new framework based
on the ML model and synthetic dataset, as shown in
Figure 13A.11%%) The synthetic 3D defect point clouds were
applied to train the model and then the real production.
Instead of measuring the distance between the source and
target points clouds. A novel concept named “patch” was
proposed and used to capture the near-by point informa-
tion in the macro-level for the ML training which is pres-
ented in Figure 13B. Ogunsanya et al. studied the
backpropagation neural network model (BPNN) which is
shown in Figure 13C.7 A 90% accuracy was obtained for
droplet monitoring for injecting 3D printing. Zhang et al
also applied the ML for the overspray detection.!?*!

5 | CONCLUSION AND FUTURE
DIRECTION

DIW has been proven to be an effective way for fabricat-
ing high-performance thermosets in the automotive, aero-
space, defense, wind energy, and construction industry.

Rapid in-situ curing plays a crucial role in thermosets
manufacturing because of its energy-saving and scalable
features. Many in-curing methods have been developed
for thermoset curing but only some of them are success-
fully applied for real-time curing of DIW thermosets. The
current research progress of the in-situ curing method is
reviewed, and the disadvantages of those methods are dis-
cussed. Based on the working mechanism and energy
resource, in-situ curing methods are categorized into five
species including frontal polymerization, electromagnetic
heating, photochemistry, electron beam, and resistance
heating curing. The in-situ curing motioning, characteri-
zation, and cure kinetics research methods provided an
important pathway for the quality control of DIW thermo-
set products. Furthermore, ML technologies have been
applied to optimize the printing and curing processes. The
ML application in design, printing parameter optimiza-
tion, and defect detection area will provide a time-efficient
control and guideline to the whole DIW process.

For future manufacturing, the highly efficient power
source will become the leading in-situ curing energy
source. In addition, the development of sample radiation
generators instead of using current cumbersome setups
will significantly reduce the in-situ curing cycle. Consid-
ering the limited efficiency and relatively long curing
time of photothermal curing, some novel 2D material can
be added to improve the photothermal efficiency to accel-
erate the curing speed and temperature. The current
frontal curing method needs a complex initiator system,
and the pot life of the ink is limited. Therefore, one com-
ponent initiator would be a significant advance. Further-
more, when UV curing is used, more two-step curing
methods should be developed to overcome the limitation
of UV curing, and a more effective UV-sensitive initiator
needs to be developed. Most important of all, recent
reports suggest that 3D printing technology is gaining a
breakthrough and possibly reaching a take-off point
within the next decade. The trend toward this smart
manufacturing technology will become more focused on
the development of more smart material inks that can be
used for additive manufacturing. More computational
tools such as machine learning and artificial intelligence
have been applied to optimize the in-situ curing process
or search for a novel material/structure design. In the
future, additive manufacturing will be further combined
with artificial intelligence, machine learning, and digital
security to provide more efficient “make-on-demand”
and “make-on-site” experiences.
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