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Abstract. Stereolithography (SL) stands out as a relatively fast additive manufacturing method to produce thermoset com-
ponents with high resolutions. The majority of SL resins consist of acrylate monomers which result in materials with cur-
ing-induced shrinkage problems and this, in addition to the incomplete and non-uniform conversions reached in the SL
process, results in poor mechanical properties. To address this issue, a dual-curing formulation was developed by mixing an
epoxy monomer into a commercial multi-acrylate SL resin: the first curing stage is acrylate free-radical photopolymerization
at ambient temperature, and the second curing stage is cationic epoxy homopolymerization at higher temperatures.

The fully dual-cured materials are macroscopically homogeneous, with nanoscale domains observed by Atomic Force Mi-
croscopy (AFM), and with unimodal tan delta peaks observed in Dynamic Mechanical Analysis (DMA). The uncured material
was storage stable at ambient conditions for at least 9 weeks since the epoxy part was virtually unreactive at these temper-
atures. With the dual-cured materials, a nearly 10-fold increase in Young’s modulus was achieved over the neat acrylate
resin. At the thermal curing stage, the presence of diperoxyketal thermal radical initiator to the liquid formulation facilitated
the polymerization of unreacted acrylates that remained from the SL process simultaneously with epoxy homopolymerization
and helped the material attain improved properties.

Keywords: thermosetting resins, stereolithography, dual-curing, epoxy

1. Introduction near future, AM is regarded as a replacement for
Over the last decade, additive manufacturing (AM)  conventional production methods [1, 2]. Initially,
has attracted attention from the polymer science =AM was touted as an efficient prototyping tool.
community as a new and versatile polymer process- However, with the recent advances in polymer
ing method. Despite its introduction some 30 years  chemistry, it shows potential in customized manu-
ago, additive manufacturing methods are only re- facturing of biomedical materials [3—5], machinery
cently nearing their booming period with a plethora  parts [6], sports goods [7], and shape memory ma-
of challenges still lying ahead. Nevertheless, for the terials [8].

“Corresponding author, e-mail: osman.konuray@mmt.upc.edu
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Among the numerous AM methods, stereolithogra-
phy (SL) stands out as a relatively faster method that
can produce parts with high resolutions. The tech-
nology is based on photopolymerizable materials
such as those reviewed in earlier papers [9]. As shown
in Figure 1, in a particular SL process, namely Mask
Image Projection based on SL (MIP-SL) [10, 11], the
stage that carries the cured part sinks in the bath until
a determined depth so that liquid resin wets its sur-
face. Next, an image of the cross-section of the part
is projected onto this resin layer, and the process re-
peats [6, 7]. As a result, the part is additively pro-
duced in thin layers, and resolutions down to 50 mi-
crons can be achieved [2]. In the MIP-SL process,
the energy is delivered simultaneously to the irradi-
ated area so that the manufacturing process is expe-
dited. This is in contrast to the traditional SL process
in which a single spot UV-laser is used to scan the
area [11].

The majority of SL resins have acrylate chemistry,
which results in brittle final materials with polymer-
ization-induced shrinkage problems unless formu-
lated using different approaches [3, 12]. Furthermore,
a purely acrylate-based photocuring resin has thermal
and mechanical properties that usually fall short for
demanding applications. An effort has been spent in
the past to improve properties by using nanofillers
[13]. As a matter of fact, a two-stage curing scheme
can also fight the drawbacks associated with purely
acrylic resins. It is reported in the literature that
epoxy-based formulations exhibit lower polymeriza-
tion-induced shrinkage [14—16]. The motivation for

research on an epoxy-based dual-curing SL resin
can, therefore, be drawn from here. Incorporating
epoxy chemistry with a dual-curing approach would
also help achieve higher crosslinking densities and
materials with higher glass transition temperatures
(Ty) as was documented previously [17-20].

In SL printers, whereas the speed limiting factor is
resin curing kinetics for parts with small details, it
is resin viscosity for parts that have wide cross-sec-
tions [7]. With a dual-curing formulation, both these
parameters can be tightly controlled. Measures could
be taken to optimize curing schedules to reduce spa-
tial gradients of temperature and conversion along
part dimensions and in turn, minimize risks such as
deformation, cracking, and delamination [21-23]. In
prototyping, this is crucial for high dimensional con-
sistency between the prototype and the actual part.
In this work, a commercial SL resin preparation con-
sisting of aliphatic acrylates and urethane acrylate
oligomers was modified with a cycloaliphatic epoxy
compound. The main objective of this modification
was to improve the otherwise poor thermal and me-
chanical properties of a purely acrylic printed part.
A similar approach was used by Kuang et al. [24] in
which they modify a purely acrylic SL resin with
epoxy. Using an anhydride curing agent, they cure the
epoxy at a subsequent thermal curing step after an
SL step. In contrast, the dual-curing scheme presented
herein consists of photoinitiated free-radical acrylate
homopolymerization, followed by cationic epoxy
homopolymerization. After the second curing stage,
due to the rigid polyether structure that develops, the
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Figure 1. (a) Top-down configuration for a Mask Image Projection based on Stereolithography equipment. (b) Schematics of
the manufacturing process. A mask image is projected onto the resin surface. After a certain dose of light irradiation,
the first layer solidifies. For the next layer, the construction platform moves down a distance equal to the layer thick-
ness and a new layer of liquid resin covers the surface of the previous layer and the curing process is repeated.
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Figure 2. Possible H-bonding intereactions in the dual-network.

material attains significantly higher 7, compared to
the final material produced from a neat Spot-HT
resin. Moreover, one can argue that possible H-bond-
ing interactions, as depicted in Figure 2, between
carboxylic oxygens of the polyether network and the
amine hydrogens of the urethane links would pro-
mote better compatibility between the two networks.
One should also note the internal H-bondings within
the urethane-acrylate oligomer.

A drawback of the SL process is the occurrence of
conversion gradients along either dimension due to
temporal differences in irradiation dosages. Taking
this into account, a thermal radical initiator was added
to the liquid formulation so that the acrylate mono-
mers that remain from the SL process can polymer-
ize at the subsequent thermal post-curing stage si-
multaneously with epoxy homopolymerization, and
that the final material can attain its ultimate thermo-
mechanical properties.

2. Experimental

The SL resin preparation, with trade name Spot-HT
(Spot-A Materials, Barcelona, Spain), having a vis-
cosity of 350 mPa-s, is a mixture of aliphatic and
urethane acrylates and a photoinitiator which has an
absorption range in the UV-visible region of the spec-
trum (exact formulation not disclosed by the suppli-
er). A cycloaliphatic epoxy resin 3,4-epoxycyclo-
hexylmethyl — 3’,4’-epoxycyclohexanecarboxylate
(ECC), with trade name CYRACURE UVR-6105
(IGM Resins, Barcelona, Spain) with an epoxy equiv-
alent of 130 g/eq, and a manufacturer specified vis-
cosity of 300 to 450 mPa-s was used. An antimony
hexafluoride-based catalyst for thermal initiated
cationic polymerization (CI) with trade name
K-PURE® CXC-1612 (King Industries, Norwalk,
CT, USA) was used, along with the stabilizing agent
triethanolamine (TEA, 149.19 g/mol) (Sigma Aldrich,
Madrid, Spain). The stabilizing agent was used simply
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to control the acidity of the reaction medium and
avoid premature polymerization. A 50% solution (by
weight) of the CI was prepared using propylene car-
bonate as the solvent. The solution contained 5% (by
weight) of TEA, so that the TEA:CI weight ratio was
0.1. All raw materials were used without further pu-
rification. The dual-curing formulations were pre-
pared simply by taking 2 phr of the CI solution (with
a resulting CI concentration of 1 phr) to a 5 ml vial,
adding ECC and finally Spot-HT. Finally, 2% (by
weight) of an azo red dye (Spot-A Materials, Barce-
lona, Spain) was added to the final mixture. The mix-
tures were coded with respect to their ECC content
as Ex, where x represents the weight percentage of
ECC. The formulations were wrapped in aluminum
foil and stored in a fridge before analysis, in order
to prevent premature activation of both acrylate and
epoxy polymerization reactions. Table 1 shows the
composition of the studied formulations. Finally, a
peroxidic radical initiator 1,1-di(t-amylperoxy)-cy-
clohexane with trade name LUPEROX 531M60
(LUP hereafter) (ARKEMA, Colombes, France) was
added to some formulations at 0.25% by weight, to
study its effect.

Differential scanning calorimetry (DSC) was used to
monitor monomer conversions during polymeriza-
tions and also for thermal 7, determinations. A Met-
tler DSC821 thermal analyzer (Mettler Toledo,
Barcelona, Spain) equipped with a Hamamatsu

Table 1. Composition of the studied formulations.

Formulation Spot-HT ECC Cl
[wt%l] [wt%l] [wt%]
Spot-HT 100.00 0.00 0.00
E10 88.24 9.80 1.96
E20 78.43 19.61 1.96
E30 68.63 29.41 1.96
E40 58.82 39.22 1.96
E50 49.02 49.02 1.96
E100 0.00 98.04 1.96
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Lightningcure LC5 (Hg-Xe lamp, irradiation inten-
sity <2 mW-cm2) (Hamamatsu, Barcelona, Spain)
was used for the photocuring stage, and also for the
thermal curing stage. The fractional conversion x of
functional groups and the reaction rate dx/dt are cal-
culated using the Equation (1):

o Ah A O
Ahtotal » dt Ahtotal

where A/ is the heat released up to a given time/tem-
perature, Ak, is the total reaction heat evolved and
dhvdt is the heat flow.

A Mettler DSC3+ refrigerant cooled thermal analyz-
er (Mettler Toledo, Barcelona, Spain) was used for
thermal 7, measurements. In all DSC scans, the heat-
ing rate was 10 °C/min, except stated otherwise.
Fourier transform Infrared Spectrometry (FTIR) was
used to qualitatively verify the conversion of acry-
late and epoxy groups. The FTIR spectrometer was
a Brucker Vertex 70 (Bruker Optics Inc., Billerica,
MA, USA) equipped with an attenuated total reflec-
tion (ATR) accessory (GoldenGate™) (Specac Ltd.,
Orpington, UK) and with a temperature control unit.
Dynamic mechanical analysis (DMA) was used to
obtain storage modulus and tan delta curves of in-
termediate and final materials. DMA was performed
with a TA Instruments DMA Q800 device (TA In-
struments, New Castle, DE, USA) using single can-
tilever clamp at a frequency of 1 Hz and 0.05% strain,
in a temperature range sufficiently wide to allow a
full observation of network relaxation. The heating
rate in all DMA scans was 3 °C/min.

Soluble fraction analysis was performed on interme-
diate and final materials to determine the amount of
their extractables: dichloromethane was used as a
solvent under full reflux conditions overnight. Sta-
bility tests were performed on uncured samples
stored for prolonged durations under isothermal con-
ditions (in a refrigerator at 8 °C and in an oil bath at
32°C). Residual polymerization heats of stability
samples were measured using DSC.

UV-cured and fully cured samples for DSC, FTIR,
DMA analysis, and solubility tests were prepared in
a prismatic rectangular mold (ca. 50x12x1.5 mm?)
made of teflon and glass. UV flood curing was per-
formed in a Vilber Lourmat UV-oven (Vilber Lour-
mat Sté, Collégien, France) equipped with 365 nm
lamps with a light intensity of 4 mW/cm?. Samples
were irradiated on both sides for a period of time suf-
ficient to ensure uniform and maximum conversion

throughout their thickness. Fully cured samples were
prepared in a Memmert natural convection oven
(Memmert GmbH + Co., Schwabach, Germany)
treating the UV-cured samples at 120 °C for one hour
and at 180 °C for another hour.

A home-made mask image projection SL equipment
(MIP-SL) [11] was employed to print specimens for
a visual demonstration of proof-of-concept and
DMA characterization.

Morphologies of fully cured materials were analyzed
using atomic force microscopy. The equipment used
was a scanning probe microscope (SPM) (NanoScope
[ITa Multimode from Digital Instruments, Veeco In-
struments Inc., Plainview, NY, USA) in tapping mode
(TM-AFM). One beam cantilever (125 mm) with a
silicon probe (curvature nominal radius of 5—10 nm)
was used. Samples were cut using an ultramicrotome
Leica Ultracut R with a diamond blade.
Compression tests were performed on neat Spot-HT
and E50 formulations using an Instron 3366 Univer-
sal testing Machine (Instron, Barcelona, Spain), ac-
cording to ASTM D695-15 standard. The nominal
dimensions of the test specimen were 12.7x12.7x
50.8 mm?. The test was performed at a constant dis-
placement rate of 2.6 mm/min until specimen failure
or equipment limit (10 kN).

3. Results and discussion

3.1. Preliminary characterization

First of all, the photocuring kinetics of neat acrylate
and thermal curing kinetics of epoxy formulations
were examined. Figure 3 shows the conversion and

Spot-HT —— dh/dt

UV-curing 30°C X
40{Trradiation stated 100
5 -~ 180
= leo &
5 140 %
S 420
= 0
50 100 150 200 250 300
a) Time [s]
E100 —— dh/dt
Dynamic curing 10°C _X
PO —— )
o 180
= 1% g
3 140 %
e 20
0
100 150 200 250
b) Temperature [°C]

Figure 3. Comparison of the reaction rate and conversion for
the isothermal UV-curing at 30 °C of Spot-HT base
formulation (a) and dynamic curing at 10 °C/min
of E100 (b).
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rate curves obtained from DCS runs. The top graph
in Figure 3 shows the isothermal photocuring of neat
Spot-HT at 30 °C, whereas the bottom graph in Fig-
ure 3 shows a dynamic scan of E100 (neat ECC for-
mulation) at 10 °C/min. As can be seen, the photo-
curing of Spot-HT is complete within seconds upon
irradiation. Polymerization of ECC starts at above
100°C and has a very sharp curing profile, indicating
that the cationic curing system is thermally latent, in
agreement with previous results [25].

Both reaction processes are highly exothermic. The
acrylate photocuring releases 355 J/g while the epoxy
homopolymerization releases 620 J/g. The epoxy re-
action enthalpy is in good agreement with previous
reports [25, 26]. The acrylate reaction enthalpy agrees
well with previous (unpublished) results from our re-
search group (ca. 100 kJ/eq). In Figure 4, FTIR spec-
tra of liquid/uncured and solid/cured pure Spot-HT
and ECC formulations (E100) are given. One can
verify the virtually quantitative conversion of acry-
late groups in Spot-HT after UV-curing and the quan-
titative conversion epoxy groups in E100 after ther-
mal treatment.

It was also verified that exposure to UV light did not
produce any effect on the ECC formulation (results
not shown) and that the thermal curing of Spot-HT
was only activated at temperatures higher than 180 °C.
Such evidence suggested that ECC and the cationic
initiator CI could be added to the Spot-HT formula-
tion in order to obtain dual-curing formulations with
storage stability (i.e. no reaction at room temperature
and under dark conditions) and a controlled curing
sequence as follows: a 1% stage consisting of the

—— Spot-HT uncured
0.24 acrylate Spot-HT UV-cured
£ ) acrylate
S 014 Y
E / 1
< 00 w
T T T T T
1600 1400 1200 1000 800
a) Wavenumber [cm™']
024 — ECC neat epoxy resin [\ C-0-C polyether |
o E100 fully cured \ # epoxy |
2 y /
3
o
=
<<

1400 1200 1000 800

1600

b) Wavenumber [cm™]

Figure 4. FTIR spectra of uncured and cured Spot-HT (a)
and neat epoxy (b) formulations.
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UV/visible-light-induced photopolymerization of
acrylates at room temperature, followed by a 2" stage
at an elevated temperature to thermally activate the
cationic homopolymerization of ECC.

Next, the curing kinetics of dual formulations was an-
alyzed. It was observed that the more the weight per-
centage of ECC, the less intense were the DSC heat
flow peaks during the photocuring process, as can
be expected due to the dilution of the acrylate mono-
mers in the reaction medium. However, from a prac-
tical point of view, the conversion profiles remained
unaltered, as can be seen in Figure 5.

The dilution effect caused by the addition of the
epoxy component should be analyzed. One might
expect that the dilution of both the acrylate and the
photoinitiator would have a decelerating effect, ac-
cording to the radical photopolymerization model
outlined by Decker [27], assuming continuous irra-
diation, pseudo-steady state initiator concentration,
and bimolecular termination, see Equation (2):

(%5

kt

where kp and £; are the propagation and termination
rate constants, M is the concentration of monomer
(acrylate), and ¢;- 7/, is the initiation rate expressed in
terms of quantum yield of the photolysis (¢;) and in-
tensity absorbed and /,. Given that the dilution of
Spot-HT facilitates light penetration, photolysis and
photoinitiation rate would be somewhat enhanced,
therefore making up for the decrease in photoinitia-
tor content. Nevertheless, the addition of epoxy seems
to moderate the irradiation heat flow peaks (compare
the peak heat flow rates in Figure 2).

_daM _
ar ke

2

40 100
354 80
£ 604
30 1 404
20
25 o
& 80 80 100 120 140
%. 201 Time [s]
£ 154 E10
3 —— E20
10 —— E30
—— E40
5 —— ES50
‘ —— Spot-HT
0-
-5 T T T T T
60 80 100 120 140

Time [s]

Figure 5. Effect of epoxy content on photocuring kinetics.
PhotoDSC experiments carried out at 30 °C. Main
graph: DSC Heat flow; Inset: conversion.
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Figure 6. Dynamic curing at 10 °C/min of Ex formulations.
Main graph: DSC heat flow; Inset: Epoxy conver-
sion.

Figure 6 shows the results of the analysis of the ther-
mal post-curing stage after the photocuring process.
It is seen that as the Spot-HT content increases, the
epoxy homopolymerization rate decreases, as ex-
pected. This is indicated by a milder DSC heat flow
peak. The Spot-HT part not only dilutes the epoxy
concentration, but it also slows down the epoxy re-
action due to the ester groups in its structure by in-
creasing the ratio of ester:epoxy groups in the reac-
tive system. This inhibition effect was previously
reported by Crivello and Varlemann [28]. Polyether
structures are also known to delay the curing process
through the formation of dormant species [29].

Table 2 summarizes the results of the calorimetric
analysis of the different formulations. The reaction
heats of the first and second stages decrease and in-
crease, respectively, with increasing epoxy monomer
content proportionally. Indeed, it was verified that
the heat evolved per epoxy equivalent in the second
stage was around 80-85 kJ/mol, in good agreement
with previous reports [25, 26]. This indicates the
quantitative conversion of all monomers at both
stages. This was also verified by FTIR, as evidenced

—— Uncured
0.34 —— UV-cured
— Fully cured
3
E acrylate + epoxy
E 0.21 acrylate
o
o
()
N
[v] -
£ 0.1
o
) _/‘J
0.0

1400 1200 1000 800

Wavenumber [cm™]

1800 1600

Figure 7. FTIR spectrometry results of E30 uncured, UV-
cured, and fully-cured formulation.

in Figure 7 for E30 formulation. The choice of this
formulation for FTIR analysis was arbitrary. Upon
comparison of the uncured and UV-cured spectra, it
can be observed that the characteristic bands of the
C=C of the acrylate group at 800, 1408 and 1620—
36 cm™! (double peak) have disappeared after the pho-
tocuring process, therefore confirming completion of
the first reaction of the dual-curing system. Similar
results were obtained for all the other dual formula-
tions. The quantitative reaction of epoxy groups after
the thermal treatment was confirmed by the disap-
pearance of the characteristic bands at 750-800 cm™
And the appearance of a band around 1050-—
1100 cm™" typical of polyether C-O—C bonds.

In Table 2 it is also observed that the glass transition
temperature after the photocuring stage, Ty 1, de-
creases with increasing epoxy content, as expected
since the glass transition temperature of the unreact-
ed ECC is about —70°C. This implies that materials
with a high ECC content will be in the rubbery state
at room temperature after photocuring, in contrast
with the neat Spot-HT material. On the other hand,
the glass transition temperature after 2"d thermal
stage, Ty, increases with increasing epoxy content

Table 2. Heats of reaction, T, and extractable content of dual formulations.

Formulation [ﬁhgl_slt] [ﬁflngf] [{gc’ll [f‘ézl Gel fr?;t;f ;er w

Spot-HT 346.9 8.2 51 52 96.9
El0 323.7 63.,5 31 65 85.5
E20 293.5 129.7 -9 78 76.5
E30 273.7 191.6 =25 92 69.9
E40 224.5 256.3 -36 97 57.4
E50 200.1 310.7 —42 110 48.1
E100 - 615.0 -60 170" -

*Temperature at loss modulus peak in DMA — approximates T, determined by DSC

886



Konuray et al. — eXPRESS Polymer Letters Vol.14, No.9 (2020) 881-894

as expected due to the high 7, of the epoxy homo-
polymer network [25]. The T, of neat epoxy (E100)
fully cured DSC could not detect material due to its
extremely broad glass transition profile. Instead, the
temperature at loss modulus peak measured by DMA
is provided as this value can be used as a fair approx-
imation of the 7, measured by DSC [30]. The weights
of extractable fractions of the intermediate materials
after prolonged submersion in boiling solvent (di-
chloromethane) are coherent, which indicates that an
acrylate network has formed after the first photocur-
ing stage. The values of the experimental residual
(insoluble) fraction are highly comparable to the
Spot-HT content of the formulations (see Table 1).
However, in a DSC scan, the insoluble (gel) fraction
exhibited a T, which was 20 °C higher than that of
the UV-cured neat Spot-HT sample, suggesting that
a small part of the acrylates did not get incorporated
into the crosslinked gel. The fact that no significant
acrylate absorption peaks were observed in the FTIR
analysis of the E30 intermediate material suggests
that these acrylates were indeed polymerized but ap-
parently did not link with the infinite sized polymer
(i.e. gel). However, after the thermal curing step, all
materials had virtually 100% gel fraction.

In order to test the applicability of these dual-curing
formulations, we selected the E30 formulation for a
more detailed analysis since it was believed that this
particular formulation is a good balance between im-
proved mechanical properties and good storage sta-
bility (vide infra). Nevertheless, a compression test
was performed on a different formulation, namely
ES50, since this formulation was expected to have the
highest Young’s modulus among the other formula-
tions studied.

3.2. Analysis of E30 dual curing formulation
3.2.1. Curing kinetics

As indicated by the values of T, ; and T}, in Table 2,
E30 is a soft elastomer at the intermediate stage but
cures to a densely crosslinked, hard thermoset after
the second stage. Figure 5 evidenced that the photo-
curing stage is almost complete in a few seconds at
ambient temperature, and Figure 6 suggested that
27 stage thermal epoxy homopolymerization has a
latent character and that it could be completed in a
short period at a moderate temperature. It was veri-
fied in an isothermal DSC scan that the 2" stage is
almost complete in 1-2 hours at moderately elevated
temperatures such as 130 °C (results not shown). An

induction period followed by a sharp activation is
clearly observed at lower temperatures, evidencing
the latent character of the epoxy homopolymeriza-
tion taking place at the 2" stage. Tentatively, a mild
thermal treatment procedure was established as fol-
lows: 1 h at 120°C followed by 1 h at 180°C to en-
sure complete conversion of all epoxy groups.

3.2.2. Thermomechanical properties

The crosslinking process during the thermal treat-
ment of E30 intermediate material was monitored
with DMA and compared with the curing process an-
alyzed with DSC. Figure 8 compares the evolution of
the storage modulus and DSC conversion at a heat
ing rate of 3 °C/min up to a temperature above which
no heat release is measured in DSC. The evolution of
the modulus follows a similar trend as the DSC con-
version, as expected. The increase in modulus is, how-
ever, delayed with respect to the start of the curing
process. The onset of the rise in modulus takes place
when the DSC conversion is about 20%. This point
is close to the gel point of the epoxy network, which
is in good agreement with the results reported by
other authors [31] for the same homopolymerization
of this neat epoxy resin.

The results indicate that, during the heating process,
the modulus never drops below relaxed modulus de-
termined with DMA (ca. 30 MPa). This concern
stems from the fact that the alpha relaxation of this
intermediate material is only partially complete at
ambient temperature (vide infra), which is also the
initial temperature of the DMA scan. However, dur-
ing the initial heating phase, no additional softening
was observed. Therefore, it is safe to assume that if
the sample is mechanically consistent after the 3D

100

— E'(DMA)
7041 — x(DsC)
80
60
E 460
= 50 o
g {40 %
404 onset of crosslinking
M e il i e ek e o o ek b ol 20
30
! 10
80 120 160 200

Temperature [°C]

Figure 8. Conversion and storage modulus is plotted against
time for the thermal curing stage of E30. Same
heating programme was used in both DMA and
DSC.
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printing process, heating of the printed specimen in
an oven to carry out the second reaction would not
result in a loss of mechanical properties.

To compare the intermediate and final E30 materials,
in Figure 9 the storage moduli and tan delta curves
are plotted against temperature. The tan delta curves
are unimodal, and the shape of the curves of neat
Spot-HT and E30 samples are similar, hinting a good
compatibility of the two networks, which must be
confirmed with further analysis. A contributing fac-
tor to compatibility is the H-bonding interactions be-
tween the amine hydrogens of the polyacrylate and
the carboxylic oxygens of the polyether structures
(see Figure 2). As can be seen, modulus and alpha
relaxation temperature (tan delta peak) increases sig-
nificantly after the thermal 2" stage. The epoxy cur-
ing helped the tan delta peak temperature to increase
about 80 °C. The rubbery moduli of the intermediate
and final material are measured as 24 and 70 MPa,
respectively. The change in both properties can be
easily explained taking into account that the material
structure changes from an acrylate network swollen
in unreacted monomer to a fully cross-linked, inter-
penetrated network structure combining acrylate and
epoxy homopolymer networks. The tan delta peak
temperature of the fully cured E30 material is 102 °C,
which is about 3040 °C higher than that of the neat
Spot-HT, which is 66 °C. This result is in agreement
with the DSC data shown in Table 2. This implies
that mechanical relaxation of the E30 network is
much slower than that of Spot-HT, therefore result-
ing in higher and more stable modulus under me-
chanical load. This can facilitate the design of light-
weight components with controllable mechanical
properties. The broad relaxation profile of the final

0.4
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— = Spot-HT
1000+ S 403
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Figure 9. The evolution of storage modulus and tan delta
upon thermal treatment of the E30 material. For
comparison, the neat Spot-HT material is also pre-
sented (dashed curves).
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material is evident from its tan delta curve. This indi-
cates that the modified materials have a more disperse
network structure due to the coexistence of two poly-
mer networks, and due to the densely crosslinked
structure of the epoxy homopolymer network [25].

3.2.3. Compression test

To demonstrate further the added value of the epoxy
component added to the neat Spot-HT resin, we se-
lected the E5S0 formulation and performed a com-
pression test, as explained in the experimental sec-
tion. Nearly a 10-fold increase in Young’s modulus
was recorded over the neat Spot-HT formulation. An
exemplary stress-strain graph is shown in Figure 10
which demonstrates this vast improvement. In this
particular test, Young’s Moduli of Spot-HT and E50
were calculated as 185 and 1624 MPa, respectively.

3.2.4. Nanomorphology

In Figure 11, the AFM phase (left) and height (right)
images of the fully cured samples of the neat com-
ponents Spot-HT, E30, and E100 are given. As can
be seen, Spot-HT and E100 materials exhibit a
nanostructure of 7nm and 10nm, respectively, char-
acteristic of chainwise polymerizations [15, 32]. The
presence of light and dark-colored patches and the
typical height profiles (Figure 11, right) indicate a cer-
tain intrinsic heterogeneity at the nanometer scale
which is also a common observation due to cross-
linked nanogel nodules and clusters [15]. Neverthe-
less, all analyzed materials were homogeneous at the
macroscopic scale. The nano-scale topology of E30
is very similar to the neat components, with a do-
main size of 7nm. This similarity points to good
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Figure 10. Stress-strain curves of the compression test per-
formed on E50 and Spot-HT fully cured speci-
mens.
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Figure 11. AFM phase (left) and height (right) images of fully cured Spot-HT (a), E30 (b), and E100 (c) materials. Typical
AFM height profile of each system is shown on the right.

compatibility between the two different polymeric
networks. This compatibility was also corroborated
by DMA, as the E30 material exhibited a unimodal
tan delta peak (vide supra).

3.2.5. Storage stability

According to previous results from Isarn et al. [25],
showing storage stability of up to 16 weeks for a
neat epoxy formulation with the same cationic ini-
tiator system, it was expected that the dual formula-
tions would have comparable storage stability unless
some interaction between the different components
takes place. In the present work, we verified that the
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UV-curing and thermal curing steps of uncured for-
mulations were also unaffected by storage at the pre-
scribed conditions (Oil bath at 32 °C). Preliminary
kinetics were established by analyzing dynamic
DSC data by isoconversional integral methods ex-
plained elsewhere [33, 34]. As shown in Figure 12,
we estimate an induction period (for a conversion of
1%) of 44 days at 32 °C (oil bath temperature).

Unreacted samples stored in the oil bath and ana-
lyzed on a weekly basis by DSC confirmed this pre-
liminary estimation. As can be seen in Table 3, the
reaction heats of uncured E30 samples kept in the oil
bath remained practically unchanged even after
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Figure 12. Conversion-time plots of the epoxy homopoly-
merization process (second curing stage) of E30
at 110°C, after UV-curing, and at 32 °C without

UV-curing.
Table 3. DSC analysis of the storage stability of E30.
AH Stage 1 AH Stage 2
Week gl g
1 264 191
2 264 192
3 267 187
4 245 183
5 260 187
6 261 188
7 253 188
8 261 188
9 271 186

9 weeks, surpassing the preliminary isoconversional
simulation. Moreover, the shape of the curing exo-
therms during the 1% stage (UV-induced acrylate ho-
mopolymerization) and 2™ stage (thermally activat-
ed epoxy homopolymerization) hardly changed, as
can be seen in Figure 13. From a practical point of
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Figure 13. DSC heat flow curves of uncured ES30 after a
storage period of 9 weeks. a) Shows the isother-
mal UV-cure at 30°C (1% stage), and b) shows
the dynamic curing at 10°C/min (2" stage) after
UV-curing.

100 150 200 250
Temperature [°C)

view, this is of crucial importance since it indicates
that the SL process is unaffected and that only slight
changes — if any — in resin viscosity would take
place, therefore maintaining the processability of the
liquid formulation in the SL machine.

3.2.6. Stereolithography tests

Home-made MIP-SL equipment [11] as depicted in
Figure 1 was used to validate the dual curing con-
cept. Since the viscosities of both the neat Spot-HT
resin and ECC were similar, all the Ex mixtures we
prepared had desirable viscosities for 3D printing.
Figure 14 shows a printed test sample of E30 mate-
rial. An azo red dye (added 2% by weight on total
solids) was used to control light penetration in the
resin and control layer thickness, which was set to
75 microns. Exposure time was set so as to ensure
inter-layer adhesion. In the figure, it can be appreci-
ated that good accuracy was obtained but neverthe-
less individual layers can be distinguished. The bust
gained significant hardness after the second stage
curing (i.e. thermal treatment). No loss of detail was
observed whatsoever.

Samples of E30 formulation were printed with a di-
mension appropriate for DMA analysis. The samples
were analyzed with DMA after thermal treatment in
an oven for 1 h at 120 °C followed by an additional
hour at 180 °C. The printed final material exhibited
a tan delta peak at a lower temperature than that of a
benchmark sample manufactured in the laboratory
(UV flood curing + thermal curing in the oven), as
seen in Figure 15. This is possibly due to incomplete
conversion of acrylic double bonds in the SL process.
During 3D printing, it is sufficient to irradiate the
layer until gelation in order to ensure mechanical
consistency and effective build-up of the processed

1

[cm]

IHHIHHIHH[

0

Figure 14. A bust of Dr. Einstein printed from the ES30 ma-
terial.
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Figure 15. DMA tand curves of SL printed and postcured
ES30 specimens compared to a benchmark spec-

imen whose photopolymerization process was
carried out in a UV oven.

component. However, while further irradiation would
ensure complete and uniform conversion throughout
the component, printing times and thus overall costs
would increase. Furthermore, a poor dimensional ac-
curacy of the processed specimen would result [11].
Non-uniform, incomplete acrylate conversion and
poor mechanical properties can thus be expected in
an object printed with high accuracy (i.e. less irradi-
ation).

However, this trade-off would be less of an issue if
a thermal radical generator is used for the subsequent
thermal post-curing stage. In that case, the unreacted
double bonds can polymerize together with the
epoxy part in the formulation. It was verified that the
addition of 0.25 wt% of diperoxyketal radical initia-
tor (LUP) could be used to promote the thermal rad-
ical polymerization of acrylates of Spot-HT within
the same temperature range of the epoxy homopoly-
merization in the dual-curing system, as can be seen

4

—— Spot-HT no LUP
- - -~ Spot-HT 0.25% LUP

dhidt (W]

T T
200 250

Temperature [°C]

100 150 300
Figure 16. Dynamic curing at 10 °C/min of Spot-HT without

and with addition of 0.25 wt% of LUP.
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Figure 17. Heat flow curves at 10°C/min of LUP initiated

acrylate homopolymerization in neat Spot-HT
and in E30.

in Figure 16. and also showing a latent character (i.e.
sharp reaction onset upon heating).

Indeed, Figure 17 shows that the printed E30 formu-
lation containing LUP, upon heating, produces a
small curing exotherm before the 2" stage epoxy ho-
mopolymerization. This can be attributed to the rad-
ical homopolymerization of remaining unreacted
acrylate groups promoted by LUP. This small exo-
therm is not observed in the printed E30 sample
without LUP.

In consequence, the thermal treatment that is neces-
sary for the epoxy homopolymerization reaction in
the dual-curing system would simultaneously pro-
mote the complete reaction of remaining acrylates in
dual formulations containing an additional 0.25 wt%
of LUP. The positive effect of consuming all remain-
ing acrylates in the thermal step was confirmed once
more in SL tests. E30-LUP formulation was pre-
pared and parts were printed with dimensions appro-
priate to DMA. Specimens were analyzed after the
usual thermal post-cure (i.e. 1 h at 120 °C followed
by 1 h at 180°C). Figure 15 shows that formulation
E30-LUP has now a similar alpha relaxation behav-
ior and the same tan delta peak temperature as the
fully cured benchmark specimen of E30 produced in
the laboratory. The storage stability of E30-LUP for-
mulation was not studied in detail but it is presum-
ably comparable to that of E30, given the latent char-
acter of LUP (see Figure 17).

4. Conclusions

A novel dual-curing stereolithographic resin was for-
mulated by mixing an epoxy monomer into a com-
mercially available multi-acrylate SL resin. After an
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initial SL printing step at ambient temperature, the
material is thermally treated to initiate cationic epoxy
homopolymerization, as well as to finish off the re-
maining acrylate monomers. The latter is accom-
plished with the help of a thermally activated radical
initiator. As was characterized by calorimetry, FTIR
spectrometry and solubility tests, these new materi-
als have superior thermomechanical properties due
to two factors: the incorporation of the more densely
crosslinked epoxy network and the thermally facili-
tated increased conversion of acrylates. AFM analy-
sis showed that the nanomorphology of the dual ma-
terials resembled that of their neat constituents, with
a homogeneous distribution of nano-sized domains.
The particular E30 formulation showed excellent
storage stability, hinting to the processing flexibility
offered by the Ex family. Samples of this formulation
could be easily printed with high resolutions. Fur-
thermore, a nearly 10-fold increase in Young’s mod-
ulus over the neat acrylate resin was demonstrated
by the E50 formulation. Similar to all truly sequen-
tial dual-curing thermoset formulations, a wide range
of intermediate and final properties can be tailored
as desired by simply changing formulation compo-
sitions. As these novel materials can match, in ther-
momechanical properties, conventional thermosets
based on acrylates and/or epoxies, it could be argued
that the potential of these materials in the SL context
may go beyond decorative applications or prototyp-
ing. Further research should, therefore, focus on me-
chanically characterizing structural and functional
materials with different shapes and sizes printed with
these novel SL resins.
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