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Vinyl ester (VE) resin is widely used as a thermosetting polymer for structural materials because of its high
mechanical properties and excellent chemical resistance. Using additive manufacturing to produce high-
performance VE structures with dimensional scalability and material efficiency has gained interest from both
research and industry, however it is challenging due to the limitations of current techniques. In this work, a
modified setup of direct ink writing (DIW) with ultraviolet (UV)-thermal dual curing is made compatible with
commercially available VE resins thickened by 4 wt% fumed silica to fabricate three-dimensional structures with
outstanding mechanical properties. The in-situ UV curing during DIW partially solidifies the resin to provide the
structural shape, and subsequent thermal curing allows for a high degree of crosslinking. The printed and dual
cured VE nanocomposites have a Young’s modulus of 3.7 GPa and a tensile strength of approximately 80 MPa,
which outperforms conventionally molded neat VE cured with methyl ethyl ketone peroxide (MEKP) by about
10% and also indistinguishable from the tensile properties of molded VE nanocomposites with the same
composition. The fracture toughness of the printed and dual cured VE nanocomposites is also 16% higher than
the molded neat VE with MEKP curing due to the superior interfacial bonding between DIW infill paths and the
additional 4 wt% fumed silica for toughening, and similar to the molded VE nanocomposites with the same
composition. Along with the outstanding mechanical properties, the scalability and resolution of the DIW
technique with dual curing is demonstrated by printing a 100 mm long wrench and a microscale lattice, thus
showing the potential of this technique in additive manufacturing of high-performance VE structures.

1. Introduction

Vinyl ester resin, or simply vinyl ester (VE), is a thermosetting
polymer that possesses outstanding mechanical properties and excellent
resistance to chemicals and moisture [1,2]. It is widely used in appli-
cations such as boats, infrastructure, and aircraft due to its superior
mechanical strength, light weight, rapid cure, latency and low cost [3,
4]. The traditional method for manufacturing three-dimensional (3D)
structures comprised of thermosetting polymers is typically a molding
process which involves high energy consumption and expensive molds.
The recent advances in additive manufacturing, which are being
increasingly applied in the automotive [5], aerospace engineering [6],
biomaterials [7] and electronics industries [8], have led to extensive
research interest and provide potential methods to manufacture ther-
mosetting polymers in a scalable and cost-efficient way.

Among the various additive manufacturing techniques, vat photo-
polymerization, which uses a laser to photopolymerize a vat of resin
layer by layer, is the most common method used to manufacture ther-
mosetting polymers [9]. Typical resins used for vat photopolymerization
include polyacrylate and epoxy monomers [9,10]. However, this tech-
nique has also been expanded to include elastomers and polymer
ceramic composites [11,12]. In addition, researchers have applied vat
photopolymerization to manufacture 3D VE structures by synthesizing
VE resin with proper photo initiators. For example, Heller et al. inves-
tigated different VE-based monomers and synthesized suitable resin
compositions for application in vat photopolymerization, which were
used to build 3D biostructures [13]. The curing behavior of the novel
VE-based resin for vat photopolymerization was further characterized
by Hofstetter et al., who summarized the guidelines for using vat pho-
topolymerization to fabricate VE structures and provided working
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Fig. 1. (a) A modified UV-assisted DIW setup. (b) Cross-section view of the UV-assisted printing process (dark zone indicated with a black circle).

curves to correlate exposure, cure depth, double bond conversion and
storage modulus [14]. Although these recent developments allowed for
the fabrication of small-scale VE-based low toxicity biostructures using
vat photopolymerization, manufacturing bulk VE structures to utilize its
high mechanical properties as an engineering material has not yet been
studied. In addition, vat photopolymerization requires a full vat of
photocurable resin for operation which is not material-efficient and
limits the development of new applicable resins. Direct ink writing
(DIW), on the other hand, is an additive manufacturing technique that
utilizes the rheological behavior (shear thinning) of the viscoelastic
resin to form solid or semi-solid structures, with an optional post-curing
process to allow for crosslinking [15]. Compared to vat photo-
polymerization, the amount of material required for DIW only depends
on the volume of the final product, which ensures material efficiency.
Moreover, DIW has been applied to fabricate 3D structures from
different types of materials, such as thermosets [16], functional poly-
mers [17], and polymer nanocomposites [18,19]. In spite of the wide
range of applicable materials, DIW has strict requirements for the
rheological behavior of the printing ink, which has limitations to process
low viscosity resins like VE.

Recently, a modified DIW process with the addition of in-situ ultra-
violet (UV) light curing that partially cures the printing ink for solidi-
fication during the DIW process was developed to expand the range of
DIW applicable resins, which has been successfully demonstrated for the
fabrication of architectures from epoxy [20,21], bismaleimide [22],
carbon nanotubes/polymer nanocomposite [23], and even SiOC ceramic
with the assistance of polysiloxane resin [24]. The in-situ UV curing
allows for the use of low viscosity resins in the DIW process by partially
curing the resin for solidification to maintain a structural shape, which is
often then accompanied by a subsequent thermal curing step to induce a
high degree of crosslinking, thus forming a UV-thermal dual curing
process [25]. Such a technique has the potential of overcoming the
challenges and limitations encountered when trying to additively
manufacture high mechanical performance structures using low vis-
cosity resins. Therefore, dual curing DIW can produce thermosetting
structures capable of both high dimensional accuracy and excellent
mechanical properties, which makes it a potential additive
manufacturing technique for unsaturated thermosetting resins, such as
VE.

This research is the first demonstration of using a modified setup of
DIW with UV-thermal dual curing to fabricate high-performance VE 3D
structures. The printing ink was based on commercially available VE

resin thickened by fumed silica, which is a common rheological additive
for resins [26], to obtain a balance between printability and final ma-
terial stiffness. The dual curing process was characterized by performing
Fourier-transform infrared spectroscopy (FTIR), differential scanning
calorimetry (DSC), and dynamic mechanical analysis (DMA), while the
mechanical properties of the final products were measured through
tensile tests and single-edge-notch bending tests (SENB). Thermogravi-
metric analysis (TGA) was also performed on molded and printed sam-
ples to characterize the thermal stability of different VE resins. Finally, a
100 mm long wrench was fabricated to demonstrate the capability of
producing bulk VE nanocomposite 3D structures, and a microscale lat-
tice was printed to show its high printing resolution, thus proving this
dual curing DIW method is a scalable technique to additively manu-
facture VE or other unsaturated resins.

2. Materials and methods
2.1. Printing ink preparation and rheological characterization

In order to study the printing ink rheology, 0-5 wt% fumed silica was
added to the VE resin for resin thickening. For example, to prepare 10 g
of printing ink with 4 wt% fumed silica, 9.255 g of VE resin (1110, Fibre
Glast) was weighed in a vial, and then 0.4 g of fumed silica (CAB-O-SIL,
CABOT) was added to the same vial along with 0.02 g poly-
vinylpyrrolidone (PVP) (average My ~ 1300,000, Sigma Aldrich),
which acts as a surfactant for better dispersion. The printing ink was
magnetically stirred for 30 min until a uniform suspension was obtained.
Then 0.2 g of diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO,
Sigma Aldrich) was added as a photoinitiator, then the printing ink was
stirred for another 30 min. Finally, 0.125 g of tert-Butyl peroxybenzoate
(TBPB, 98%, Alfa Aesar) was added to the printing ink as a latent
thermal radical initiator, which has a self-accelerating decomposition
temperature (SADT) of 65.8 °C [32]. The printing ink was then stirred
again for 30 min after which it could be used for printing or stored in a
refrigerator (0 °C lifespan for approximately one week). Finally, the
rheology behavior of the printing ink with different fumed silica content
was characterized using a parallel-plate rheometer (Discovery HR20, TA
Instruments), with an oscillation frequency sweep from 0.1 to 100 Hz, at
30 °C.

DIW Setup with Dual Curing.

First, the VE-based printing ink was loaded in a 10 mL syringe with a
dispensing needle (32-gauge to 20-gauge, inner diameter ranges from
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Table 1

The abbreviations of the different samples used in this work.
Abbreviation Definition
UVE Uncured neat VE
UVE-TBPB Uncured VE with TBPB
UVE-MEKP Uncured VE with MEKP
MVE-TBPB Molded VE cured with TBPB
MVE-MEKP Molded VE cured with MEKP
MVE/FS Molded VE/fumed silica nanocomposite
PPVE/FS Printed and photo cured VE/fumed silica
PDVE/FS Printed and dual cured VE/fumed silica

0.10 mm to 0.61 mm), which was pneumatically controlled by a high
precision dispenser (Ultimus V, Nordson EFD) as illustrated in Fig. 1a. A
fiber optic ring light guide (Dolan-Jenner) was installed on a custom-
designed holder, which connected the syringe and the fiber optics to a
Cartesian gantry system (AGS1500, Aerotech). UV light (280-395 nm
wavelength) was generated by a high-intensity light-curing system
(BlueWave 200, Dymax) and guided through the fiber optic ring to
deliver uniform UV radiation to the printing substrate. A glass plate
covered with masking tape was used as the printing substrate for easy
detachment of the sample from the substrate after the print was
completed. After the UV-assisted DIW stage, a subsequential thermal
curing process for 2 h in an oven at 100 °C was applied to samples for
further crosslinking.

2.2. Dual curing process characterization

The abbreviations of the different samples used in this work are
defined in Table 1 with their recipes listed in Table S1, and the following
sections only use the abbreviations for simplicity. Among those, four
different types of samples were used in the dual curing process charac-
terization: MVE-MEKP using 1.25 wt% methyl ethyl ketone peroxide
(MEKP, Fibre Glast), MVE-TBPB using 1.25 wt% TBPB, PPVE/FS (4 wt%
fumed silica), and PDVE/FS (4 wt% fumed silica). Both types of molded
neat VE samples were cured in an oven at 100 °C for 2 h, which was the
same as the thermal curing stage for the PDVE/FS sample. Following the
cure, multiple characterization methods were used to characterize the
extent of cure and mechanical properties of the polymer. FTIR was
performed using a Nicolet iS50 FTIR spectrometer with a Smart iTR
Attenuated Total Reflectance (ATR) accessory on UVE and samples
cured using the different curing processes. To measure the degree of cure
a differential scanning calorimeter (Q2000, TA Instruments) was used to
measure the heat of full curing reaction (AHy,y) for uncured resins and
the residual curing heat (AHpesigyqr) for the cured samples from different
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curing processes, with a temperature ramp from 25 °C to 250 °C at a rate
of 5°C min’’. To measure the glass transition temperature (T,) of the
cured samples from the different curing processes, DMA (Q800, TA In-
struments) in tension mode was applied to 30 mm x 7 mm x 1.5 mm
rectangular samples with a 1 Hz sinusoidal strain of 0.05% amplitude
and a temperature ramp from 25 °C to 200 °C at a rate of 5 °C min*. The
glass transition temperature was then determined based on the storage
modulus curve.

2.3. Mechanical tests and thermogravimetric analysis

Tensile tests were performed on VE samples according to ASTM
D638, using an Instron 5982 universal testing system with a 100 kN load
cell. The loading rate used in the tensile tests was 1.0 mm/min. Due to
the high viscosity of the nanocomposite resin with 4 wt% fumed silica,
the reference group MVE/FS samples were cured inside an autoclave
with 30 psi (207 kPa) pressure at 100 °C for 2 h, to squeeze out the
bubbles formed during the molding process. Considering the potential
anisotropic material property of the PDVE/FS samples, samples printed
with all 0°, all 90°, and 0°/90° alternating infill directions were tested
and compared with molded samples. For all sample configurations, 6
specimens were tested to meet the statistics requirement for average and
standard deviation calculations. Fracture toughness (critical-stress-in-
tensity factor, Kj.) measurements were conducted using a single-edge-
notch bending (SENB) setup according to ASTM D5045-99, with sam-
ple dimensions shown in Fig. S1 and a loading rate of 10 mm/min.
Surface morphology characterizations were performed using a field-
emission scanning electron microscope (SEM, JEOL 2010F) and an
atomic force microscope (AFM, Park Systems XE-70) in the non-contact
mode. Thermogravimetric analysis (TGA) was applied to different cured
samples using a thermal analyzer (Q600 SDT, TA Instruments), in the
temperature range from 30 °C to 700 °C with a ramping rate of
15 °C min™.

3. Results and discussion
3.1. Design of DIW with dual curing

A novel UV-assisted DIW setup was designed in this research. A fiber
optic ring light guide was installed on the Cartesian gantry system to
provide uniform in-situ UV radiation, along with a syringe filled with
printing ink placed at the center of the fiber optic ring. The syringe and
dispensing needle were covered by a cone-shaped aluminum shield to
form a dark zone around the needle tip (Fig. 1b) to avoid curing the resin
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Fig. 2. (a) Complex viscosity of the printing ink with 0-5 wt% fumed silica under different oscillation frequencies. (b) Shear modulus G’ and G’ of the printing ink

with 0-5 wt% fumed silica under different oscillation frequencies.
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Fig. 3. Storage modulus of the printed and dual cured samples with 0-4 wt%
fumed silica content at 25 °C.

at the tip. For comparison, existing UV-assisted DIW setups have either a
UV light beam focused on the tip of the needle [22], which has the
potential to clog the needle due to the resin curing at the tip, or a
separate UV light which cures the resin only after each layer is
completed [17,21], thus reducing the printing speed. The new setup
proposed in this work has continuous and uniform UV radiation during
the printing process and a UV shield to avoid tip clogging, thus providing
both manufacturing efficiency and reliability (Fig. S2). Samples printed
via this UV-assisted DIW were partially cured having a high stiffness and
a precise 3D shape, and a subsequential thermal curing process for 2 h in
an oven at 100 °C was applied to complete the material curing and
obtain the full potential of the stiffness and strength.

3.2. Optimization of printing ink compositions

Neat VE resin has low viscosity at room temperature due to the
presence of approximately 35-45 wt% styrene as a reactive diluent. This
limits the DIW ability when using a needle size larger than 24-gauge
(inner diameter 0.30 mm) since the resin is continuously dispensed
out of the needle due to its own weight, without any applied pressure.
Consequently, VE resins thickened by different weight fractions of
fumed silica were tested to optimize the printing ink rheology and
stiffness of the printed samples. To improve the dispersion of the fumed
silica, 0.2 wt% PVP was also added as a surfactant to the VE resin. Fig. 2a
shows the complex viscosity of the printing inks with 0-5 wt% fumed
silica under different oscillation frequencies. From the figure, each of the
printing inks exhibit a shear thinning behavior, where the complex
viscosity decreases as the oscillation frequency increases. The addition
of fumed silica increases the complex viscosity under all tested oscilla-
tion frequencies. Especially when increasing the fumed silica content
from 4 wt% to 5 wt%, the complex viscosity rises drastically, which
changes from 1648 Pas® to 4840 Pas at 0.1 Hz low frequency.
Although high viscosity ink with shear thinning behavior is desired for
DIW, printing ink with 5 wt% or more fumed silica has extremely high
viscosity at low frequency and requires large torque for stirring, which
restricts the mixing performance of the magnetic stirring used to obtain
a uniform suspension (supplementary video: Printing ink viscosity with
different fumed silica content.mov). Shear storage modulus (G’) and loss
modulus (G’’) are also important rheological properties of printing inks.
For DIW, the printability requires G’ exceeding G’ at low oscillation
frequency, indicating a more elastic or solid-like rheological behavior
[19,27,28]. According to Fig. 2b, printing inks with 2 wt% or more
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Fig. 4. Chemical structures of the VE resin.

fumed silica exhibit higher G’ than G’* at 0.1 Hz oscillation frequency,
satisfying the printability requirement on shear modulus. In addition,
the shear yield stress (zy), which is denoted by the shear stress where G’
equals G”’, is another property that quantifies the DIW printability [19].
The 7, values of printing inks with 2 wt% or more fumed silica are listed
in Fig. 2b, where higher fumed silica content results in higher 7, which
allows for the printed structure to deform elastically like a solid under a
large shear stress without any permanent shape change. However, in this
research, the modified UV-assisted DIW setup does not have such strict
requirements on the printing ink rheological behavior due to the addi-
tional UV-triggered radical curing reaction outside the dark zone for
solidification. On the other hand, the stiffness of the printed and dual
cured samples, which is represented by the storage modulus at 25 °C,
exhibits a gradual improvement as the fumed silica content increases
(Fig. 3). Therefore, fumed silica not only acts as a resin thickener, but
also provides additional mechanical reinforcement to the cured poly-
mer. It should be noted that printing ink with 5 wt% fumed silica was
not used for the DIW to produce dual cured samples, due to the difficulty
in obtaining a uniform suspension. By considering the printing ink
rheology, mixing difficulty and cured sample stiffness, ink with 4 wt%
fumed silica was used to print samples for further mechanical charac-
terization. In addition to the thickener and surfactant, 2 wt% TPO was
added as a photoinitiator and 1.25 wt% TBPB was added as a latent
thermal radical initiator for dual curing. It should be noted that the
thermal radical initiator recommended by the manufacturer for VE
molding process is MEKP, but it is not suitable for additive
manufacturing because the curing reaction takes place at room tem-
perature. Thus, latent TBPB was selected for DIW and all resultant me-
chanical characterization, while MVE-MEKP, MVE-TBPB, and MVE/FS
nanocomposite with the same formula as the DIW printing ink act as
reference groups. However, MVE/FS nanocomposite was only thermally
cured, because the insufficient UV light penetration depth cannot pro-
vide a uniform degree of cure for the molded samples.

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2021.102180.

3.3. Analysis of dual curing process

The chemical structures of the VE resin used in this research, which
contains both VE and styrene (ST), are shown in Fig. 4.

The curing process of the printing ink was first characterized by
performing FTIR on UVE, PPVE/FS, PDVE/FS, MVE-TBPB and MVE-
MEKP samples. Fig. 5a shows the comparison of the four FTIR spectra
in the wavenumber range of 650-1000 cm™’. The curing of the VE resin,
which consists of both ST and VE monomers, can be determined by
monitoring the relative change in the amount of carbon-carbon double
bonds (C=C) in both monomers during the curing reaction. The ab-
sorption peak at 910 cm™ corresponds to the wagging of the CHy in the
vinyl group of the ST monomers, while the absorption peak at 945 cm™!
is the bending of the C-H bond in the vinyl group of the VE monomers
[29-31]. Since the change in absorbance intensity from FTIR can also be
influenced by the sample thickness, the absorption peaks for the bending


https://doi.org/10.1016/j.addma.2021.102180

R. Tu and H.A. Sodano

( a) C=C c=C C-H C-H

inVE inST in VE in ST
1

PPVE/FS

PDVE/FS

Absorbance (a.u.)

MVE-TBPB

1000 95b 900 850 800 750 700 650

Wavenumber (cm™)

(b)

Additive Manufacturing 46 (2021) 102180

Q.
e }
2
£
- UVE-TBPB
S
L
e A UVE-MEKP
>
= PPVE/FS
2
Q -
= PDVE/FS
(0]
o
MVE-TBPB

25 50 75 100 125 150 175 200
Temperature (°C)

Fig. 5. (a) FTIR spectra of uncured, molded, and printed VE samples (curve deconvolution was performed on the cream-color boxed region). (b) DSC scans for

uncured, molded, and printed VE samples from 25 °C to 200 °C.

Table 2
Fraction of conversion of both ST and VE monomers for different samples.
ast Ay
PPVE/FS 66.8% 41.8%
PDVE/FS 95.3% 73.5%
MVE-TBPB 91.5% 72.1%
MVE-MEKP 92.3% 72.2%

of the aromatic C-H bond of the ST monomers (around 700 cm™') and
the bending of the aromatic C-H bond of the VE monomers (around
830 cm™) can be used for the correction of absorbance intensity due to
sample thickness [29-31]. According to a previous study by Brill and
Palmese [29], Egs. (1a) and (1b) can be used to calculate the fraction of
converted ST and VE monomers:

A910 cured A700 uncured

asr =1 — : X ———— (1a)
Ag00,cured A910,uncured
A94S cured A830 uncured

ayp =1— : x — (1b)
Agzocured  Avas uncured

where agr and ayg are the fraction of conversion of the ST and VE
monomers, respectively, and A is the peak absorbance intensity corre-
sponding to the subscripted wavenumber (cm™) and sample type. It
should be noted in the cured samples, the absorption peaks at 910 cm’™
and 945 cm™! do not have sharp peak shapes due to the relatively low
amount of C=C that exists in the cured samples. Therefore, curve

Table 3
Heat of curing reaction and degree of cure calculated based on DSC data.

AHgy AHesidual Degree of cure
UVE-TBPB 337.3Jg"! / /
UVE-MEKP 332.3J¢g! / /
PPVE/FS / 68.1Jg? 79.6%
PDVE/FS / 33Jg" 99.0%
MVE-TBPB / 0Jg? 100%
MVE-MEKP / 0Jg?! 100%

deconvolution of the FTIR spectra using a Voigt profile was performed
for the wavenumber range from 870 cm™ to 970 cm™! to obtain the peak
absorbances at 910 cm™ and 945 cm! while accounting for the baseline
contribution. For reference, the deconvolution is shown in Fig. S3.
Table 2 lists the results for PPVE/FS, PDVE/FS, MVE-TBPB and MVE-
MEKP samples, which indicates that photo cured samples exhibit a
lower fraction of conversion of both monomers relative to the dual cured
or molded samples. Thus, the results confirm that the resin is not fully
cured using only photo curing. This is mainly due to the limited pene-
tration depth of UV light and the low exposure time for each layer during
the DIW process. However, PDVE/FS samples show a fraction of con-
version of both monomers at the same level as those of the reference
MVE-TBPB and MVE-MEKP samples, with a ST conversion fractions
more than 90%. The combination of these results indicate that the dual
curing process can achieve a high degree of cure for the VE resin. It
should be noted that the fraction of conversion of VE monomers is
limited to about 70%, even for the manufacturer recommended MVE-
MEKP samples, which is attributed to the relatively small size of the
ST monomer which provides higher mobility, compared with the longer
monomer chain of the VE monomer that limits diffusion for further
polymerization.

Fig. 5b shows the DSC scans for UVE-TBPB, UVE-MEKP, PPVE/FS,
PDVE/FS, reference MVE-TBPB and MVE-MEKP samples, where the
exothermal heat flow peaks indicate the heat generated during the
curing reaction. While UVE-MEKP has a curing reaction that begins at
room temperature, the curing reaction of UVE-TBPB begins at around
70 °C, which is above the self-accelerating decomposition temperature
of TBPB, and it also has another shallow exothermal reaction peak from
100 °C to 140 °C caused by the rapid self-decomposition of the residual
TBPB [32,33]. The PPVE/FS samples also exhibit a broad but shallow
exothermal peak during the DSC scans, which indicates the existence of
a residual curing reaction. The residual curing of the PPVE/FS samples
starts at around 40 °C, which is lower than UVE-TBPB, due to the re-
sidual photo-initiated free radicals in the PPVE/FS samples having
higher mobility at elevated temperatures for further polymerization.
Similarly, the shallow exothermal reaction peak in the printed and photo
cured sample from 100 °C to 140 °C is the rapid self-decomposition of
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Fig. 6. (a) Storage modulus of the five types of samples in the temperature range from 30 °C to 180 °C. (b) Tan 5 of the five types of samples in the temperature range

from 30 °C to 180 °C.

the residual TBPB. On the other hand, the PDVE/FS samples show no
clear exothermal peak during DSC scans like the reference MVE-TBPB or
MVE-MEKP, suggesting the samples are fully cured. By integrating the
heat flow peak over the curing reaction duration, the heat of the full
curing reaction (AHgy) for uncured resin and the residual curing heat
(AHpesigua)) for cured samples and the degree of cure is calculated
following Eq. (2) and listed in Table 3.
AHresidual

of cure=1————— (2)

Degree
AHgy

It should be noted that the heat of the full curing reaction measured
for the UVE-TBPB or UVE-MEKP is within a 2% difference regardless of
the initiator; thus, their average (334.8 J g'1) is used for the degree of
cure calculation. While the PPVE/FS samples only have 79.6% degree of
cure, the PDVE/FS samples have close to 100% degree of cure like the
reference MVE-TBPB and MVE-MEKP, which is consistent with the re-
sults from FTIR. Both FTIR and DSC characterization results show that
samples produced by DIW with dual curing produce fully cured samples,
which is comparable to the MVE-MEKP samples according to the
manufacturer recommendations.

DMA was then applied to PPVE/FS, PDVE/FS, MVE-TBPB, MVE-
MEKP and MVE/FS samples to determine the viscoelastic properties. For
reference, Fig. S4 shows the different colors of the cured samples where
the PPVE/FS sample initially has a creamy pink color which changes to a
green-amber color after the thermal curing with TBPB as the radical
initiator. The storage modulus results in Fig. 6a shows that with only the
first step photo curing, the partially cured PPVE/FS sample has 95%
storage modulus at room temperature relative to the MVE-TBPB sample,
84% relative to the MVE-MEKP sample, or 79% relative to the MVE/FS
sample. However, the PPVE/FS sample has a transition from a glassy
state to a rubbery state at a much lower temperature, which starts at
around 60 °C, compared to all molded samples. The rubbery state of the
PPVE/FS sample has two different stages (Fig. 6a): stage 1 from 80 °C to
115 °C, which is distinct from the molded samples (also shows a tan &
shoulder in Fig. 6b); and stage 2 above 130 °C, which is similar to all
three molded samples. The distinct stage 1 can be explained by the
further curing of the VE due to the higher mobility of the residual photo-
initiated free radicals during the DMA temperature ramp. In contrast,
the PDVE/FS sample shows a 21% and 7% higher storage modulus at
room temperature relative to the MVE-TBPB and MVE-MEKP samples,
respectively, and only 2% lower than the storage modulus of MVE/FS
sample. Furthermore, the transition from glassy to rubbery state of the

Table 4

Glass transition temperatures (Tg) of five types of

samples.
Sample Type Ty
MVE-TBPB 97.7 °C
MVE-MEKP 126.9 °C
MVE/FS 117.4°C
PPVE/FS 73.6 °C
PDVE/FS 108.2°C

PDVE/FS sample happens at a higher temperature relative to the PPVE/
FS sample. The glass transition temperatures (Ty) for the five types of
samples defined by the storage modulus curves are listed in Table 4. The
PDVE/FS sample (using TBPB as the thermal radical initiator) has a
10 °C increase in T; compared to the MVE-TBPB sample, which is
explained by the contribution from the fumed silica and surfactant PVP
that restrain the polymer chain movement at high temperatures. How-
ever, the T, of the PDVE/FS sample is still lower than MVE/FS and MVE-
MEKP, possibly caused by the different initiator chemistry or the photo
curing process that reduces the overall crosslinking density.

3.4. Mechanical properties of the PDVE/FS nanocomposites

After the dual curing process for DIW of VE resin was characterized,
tensile tests and SENB tests were performed to measure the mechanical
properties of the PDVE/FS samples. To note that, the reference groups
for mechanical testing are MVE-TBPB, MVE-MEKP, and MVE/FS, to
compare the mechanical properties of PDVE/FS with commercially
available neat VE and the molded VE/fumed silica nanocomposites with
the same formula as the printing ink. For the tensile tests, since addi-
tively manufactured parts often have anisotropic mechanical properties
due to the directionality of infill paths [34,35], samples printed with all
0° (parallel to the loading axis), all 90° (perpendicular to the loading
axis), and 0°/90° alternating infill directions were tested and compared
with molded samples. Fig. 7a shows that PDVE/FS has a Young’s
modulus 20% higher than MVE-TBPB and 10% higher than MVE-MEKP,
regardless of the infill direction. One-way ANOVA analysis (a = 0.05)
also proves that the Young’s modulus of the PDVE/FS samples does not
depend on the infill direction, and has no significant difference
compared to MVE/FS samples. The tensile strength of the 0° samples is
the highest among all infill directions at 20% and 8% higher than the
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Fig. 7. Tensile test results for MVE-TBPB, MVE-MEKP, MVE/FS, and PDVE/FS with different infill directions: (a) Young’s modulus; (b) tensile strength; (c) elon-

gation at break; (d) typical stress-strain curves.

MVE-TBPB and MVE-MEKP samples, respectively, while the 90° samples
only have a 3% lower tensile strength compared to the MVE-MEKP
samples, still higher than the MVE-TBPB samples (Fig. 7b). Compared
to MVE/FS, while the 90° PDVE/FS has 8% lower tensile strength, both
the 0° and 0°/90° alternating samples have similar tensile strength as
MVE/FS. Although the tensile strength of PDVE/FS does depend on the
infill direction according to the one-way ANOVA analysis, the cause of
this slight anisotropy is not the low adhesion or weak bonding between
adjacent infill paths, but an increase in the probability of small bubbles
forming between infill paths during printing. Since the specimens used
for tensile testing are long and narrow, the 90° infill direction results in a
higher number of interfaces between infill paths, thus a higher proba-
bility of forming small bubbles relative to the 0° infill direction. These
small bubbles are defects and are form the location where failure is
initiated. The difference in tensile strength among all infill directions is
within 10%, which is less significant than the anisotropy due to weak
interfacial bonding [36]. The elongation at break of PDVE/FS does not
depend on the infill direction based on one-way ANOVA analysis
(@ = 0.05), and is similar to the elongation at break of MVE-TBPB and
MVE/FS, but lower than that of MVE-MEKP (Fig. 7c). Fig. 7d shows
typical stress-strain curves for the different types of samples, where
MEKP cured VE exhibits higher elongation at break than TBPB cured VE
(both molded and printed), due to the different curing kinetics of the two
radical initiators that cause the variation in number of interior defects
formed during the curing process.

The fracture toughness (critical-stress-intensity factor, Kj.) of the
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Fig. 8. Fracture toughness (critical-stress-intensity factor) of the MVE-TBPB,
MVE-MEKP, MVE/FS, and PDVE/FS (0°/90°) samples.
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Fig. 9. (a) Optical microscope image of a fracture surface, where dark spots are few bubbles formed during printing. (b) SEM image of the fracture surface near the
notch. (c) SEM image of the fracture surface remote from the fracture origin. (d) High-magnification SEM image of the rough fracture surface and well-dispersed

fumed silica.

PDVE/FS was measured based on SENB tests and compared to MVE-
TBPB, MVE-MEKP, and MVE/FS, which is shown in Fig. 8. It should
be noted that since tensile test results have confirmed that the me-
chanical properties of the PDVE/FS show no significant dependence
(within 10% difference) on the infill directions, 0°/90° alternating infill
samples, which are the most practically used in the additive
manufacturing industry, were used for SENB tests. The measured frac-
ture toughness of the PDVE/FS samples is 5% higher than the MVE-TBPB
samples, and 16% higher than the MVE-MEKP samples (Fig. 8). Based on
the one-way ANOVA analysis (a = 0.05), the fracture toughness of the
PDVE/FS samples has negligible difference relative to the MVE/FS
samples. The high fracture toughness of the PDVE/FS is attributed to the
toughening effect of the 4 wt% fumed silica and improved interfacial
strength between the fumed silica and VE due to the 0.2 wt% high
molecular weight PVP. It should be noted that all measured fracture
toughness values of the different VE samples are slightly higher than the
fracture toughness of neat VE reported in other works [37-39] due to the
relatively low curing temperature and no post-curing process used in
this work which results in a lower degree of crosslinking and brittleness.
Fig. 9a shows an optical microscope image of the fracture surface of a
representative PDVE/FS sample with some faint concentric Wallner
lines, where the dark spots are few bubbles formed during DIW printing
as mentioned previously. However, there is no clear boundary between
infill paths that can be observed at the fracture surface, which confirms
that sufficient interfacial bonding occurs between adjacent paths during
printing. Fig. 9b and c are SEM images of the PDVE/FS fracture surface,
where a fracture origin surrounded with radiating mist and hackle re-
gions can be clearly identified, and the crack propagation direction can
be determined by the hackle marks remote from the fracture origin.
Fig. 9d is a high-magnification SEM image of the fracture surface, where
abundant well-dispersed fumed silica particles are present on the rough
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Fig. 10. TGA of the molded and printed samples.

surface to hinder the propagation of cracks, thus improving the fracture
toughness. A more detailed fractography analysis of the PDVE/FS
compared to the reference MVE-TBPB, MVE-MEKP and MVE/FS is
included in the Supporting Information document.

Both tensile and SENB test results show that the PDVE/FS has com-
parable or even higher mechanical properties relative to the molded
neat VE resins, and negligible difference compared to the molded
nanocomposites with the same composition. Compared to other additive
manufacturing methods for polymers, such as material extrusion and
original DIW, where the extruded material solidifies immediately before
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Fig. 11. (a) A PDVE/FS wrench. (b) The printed wrench was used to tighten a US 1/4-20 hex bolt. (¢) & (d) SEM images of the wrench surface. (e) & (f) AFM images

of the wrench surface.

joining the adjacent path for a sufficient interfacial bonding, the UV-
assisted DIW employed in this work uses paste-like semi-liquid ink
that can slowly flow around and fill gaps within the dark zone (Fig. 1b),
which is then subsequently cured by the UV light to form solid shapes,
thus ensuring good interfacial bonding. This alteration to the DIW pro-
cess, along with the strengthening effect from the 4 wt% fumed silica,
provide PDVE/FS with outstanding mechanical properties, while the
additive manufacturing nature also allows for scalability and design
freedom.

3.5. Thermal stability of the PDVE/FS nanocomposites

Fig. 10 shows the thermal decomposition of MVE-TBPB, MVE-MEKP,
MVE/FS and PDVE/FS in air up to 700 °C, where MVE-TBPB and MVE-
MEKP have final weight percentage of 0% while MVE/FS and PDVE/FS
have around 4% silica left. Decomposition temperature (Ty), defined by
the temperature for a material to have at least 5% weight loss, can be
used to determine the thermal stability of the molded and printed VE
samples. PDVE/FS and MVE/FS have a T4 of 346 °C and 352 °C,

respectively, both about 5% lower than the T; of MVE-TBPB or MVE-
MEKP. This result indicates that the VE/fumed silica nanocomposites
have slightly lower thermal stability compared to the neat VE resins.
However, with the same temperature ramp rate (15 °C min) used in
TGA, the VE/fumed silica nanocomposites show a slower decomposition
rate than neat VE resins in the temperature range from 400 °C to 450 °C.

3.6. Printed 3D structures

As an additive manufacturing technique, DIW with UV-thermal dual
curing is capable of fabricating 3D structures with complex geometries.
Fig. 11a shows a PDVE/FS wrench with dimensions of approximately
100 mm in length and 3.5 mm in thickness, compared with the designed
shape shown on the top left to show the capability of this technique to
additively manufacture 3D structures with high dimensional accuracy.
The printed wrench is sufficiently strong and stiff to be practically used
for tightening a US 1/4-20 hex bolt (Fig. 11b). The surface morphology
of the printed wrench was characterized using both SEM and AFM im-
aging on the curved groove region of the wrench handle (Fig. S9, S10
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Fig. 12. (a) A printed microscale lattice to show high printing resolution. (b) Optical microscope image of the printed microscale lattice.

Table 5
Actual dimensions and errors of molded and printed samples.

MVE- MVE- MVE/ PDVE/FS (0°/
TBPB MEKP FS 90°)

Average (mm) 6.94 6.93 6.88 6.91

Standard Deviation (mm) 0.06 0.05 0.09 0.05

Relative Error to the -2.2% -2.3% -3.1% -2.7%

Designed Value

and S11). Fig. 11c is an SEM image that shows the overlapping of two
adjacent curved infill paths, which causes some visibly bumpy surface.
Fig. 11d is another zoomed-in SEM image showing some fumed silica-
rich (white dots) areas on the wrench surface. The more detailed sur-
face morphology is illustrated in Fig. 11e and f via AFM imaging, where
the localized surface roughness is caused by the agglomerated fumed
silica (bright spots). According to AFM, the root mean square roughness
of the printed wrench surface ranges from 3 to 24 nm, while the average
roughness ranges from 2 to 18 nm. Therefore, the printed surfaces are
generally smooth in a large scale while having some bumpy regions
around the infill path interfaces, and the surface roughness is also caused
by the agglomerated fumed silica.

In addition to the capability of printing high strength engineering
structures, the technique developed in this work also allows for high
resolution printing by using a micro precision nozzle (32-gauge, inner
diameter 100 um). Fig. 12a shows a printed 3D microscale lattice with
240 um thickness (20 pym thick each layer), where the printed line width
is approximately 100-120 um measured using optical microscope im-
aging (Fig. 12b). Therefore, DIW with the UV-thermal dual curing pro-
vides a scalable approach to additively manufacture VE nanocomposites
with excellent mechanical properties and high resolution.

3.7. Dimensional accuracy and printing speed

Dimensional accuracy is another important criterion to evaluate the
performance of an additive manufacturing method. Table 5 shows the
measured width and errors of MVE-TBPB, MVE-MEKP, MVE/FS and
PDVE/FS (0°/90°) bar-shape samples with a designed width of 7.1 mm,
where all of them exhibit a 2-3% lower width relative to the design
value due to inevitable cure shrinkage. However, by using a one-way
ANOVA analysis (a = 0.05), the resulting p-value of the four groups of
data is 0.48, which means no significant difference can be found among
these four types of samples. The statistic results show that the printed VE
has a similar dimensional accuracy compared to molded VE, while all VE
samples are subject to cure shrinkage.

In addition to the dimensional scalability that has been demonstrated
in the previous section, the scalability of an additive manufacturing
method is also related to the printing speed. For this DIW method with
dual curing, the printing speed depends on the needle size and the

10

moving speed but is limited by the UV curing rate of the resin. The layer
thickness is limited by the penetration depth of the UV light, according
to which we found 0.1 mm is the maximum layer thickness for adequate
UV curing. Table S2 shows a summary of the printing parameters that
were adopted in this work. When printing the 100 mm long wrench
sample, it took approximately 6 h using a 26-gauge needle and 0.05 mm
layer thickness to ensure printing resolution and quality, but it could be
reduced to 1.2 h if we used a 20-gauge needle and 0.1 mm layer thick-
ness. For even larger dimension prints, since the area of each layer is
bigger, the printing speed can be increased while still keeping an
adequate UV irradiation time for each layer to cure. We tested a printing
parameter set of 20-gauge needle, 0.5 mm infill path width, 0.1 mm
layer thickness, 28 mm/s moving speed and 1.8 psi (12.4 kPa) pressure
to print a 70 mm x 70 mm x 1 mm square, and it only took about 1 h
compared to about 11 h if we used the same setting (26-gauge) for the
wrench sample. Therefore, using a larger needle and a faster moving
speed can potentially increase the printing efficiency of this technique,
but it is limited by the UV irradiation time for each layer to cure. For
future work, a customized slicing software can be developed which al-
lows to calculate the optimal moving speed for each layer based on the
infill area, geometry and UV curing rate.

4. Conclusions

A modified setup of DIW with UV-thermal dual curing provides a
scalable and material-efficient way of fabricating 3D VE nanocomposite
structures from commercially available VE resins thickened by fumed
silica. A fumed silica content of 4 wt% is chosen as the optimal printing
ink composition by considering the printing ink rheological behavior,
mixing difficulty and the final product stiffness. The VE nanocomposites
processed using this technique has a comparable degree of cure to
conventionally molded VE, but has a slightly lower glass transition
temperature at 108.2 °C. The printed and dual cured VE nanocomposites
exhibit outstanding mechanical properties and low anisotropy, as it has
a Young’s modulus of 3.7 GPa and tensile strength about 80 MPa, which
are both higher than the properties of molded neat VE and indistin-
guishable from the molded VE nanocomposites. The sufficient interfa-
cial bonding between infill paths and additional 4 wt% silica also make
the printed and dual cured VE nanocomposites 16% tougher than the
molded neat VE with MEKP curing, and have no significant difference
compared to the molded VE nanocomposites. TGA shows that printed VE
nanocomposites have slightly weaker thermal stability than the neat VE
resins, quantified by a 5% lower Ty. In addition, a 100 mm long wrench
and a microscale lattice are printed to demonstrate the dimensional
scalability and high resolution of this technique to produce 3D VE
nanocomposite structures. Therefore, DIW with UV-thermal dual curing
is shown to be an effective additive manufacturing technique for high-
performance VE resins, which also has the potential of being applied
to other unsaturated resins.
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