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ABSTRACT
This study investigates dual-cure resins for the DLP process using photorheological and thermomechanical characterization 
methods to optimize their mechanical, thermal, and processing properties for resin printing. The focus was on the incorpora-
tion of different cyanate esters (CE) as thermally curing components combined with a UV-curing acrylate system to create an 
interpenetrating network (IPN). The results show that increasing the CE content significantly improves the thermal properties, 
especially the glass transition temperature (Tg) and the thermal stability (TΔ5%). However, beyond a CE content of 50 wt.%, the 
print resolution decreases, as shown by photorheological measurements and printing trials. Photorheology also showed that 
higher CE concentrations reduce viscosity and improve processability, and mechanical tests confirmed that the developed resin 
formulations have properties comparable to a commercial system. Among the formulations tested, the system with a CE content 
of 50%LVT100 stood out, achieving an optimal balance of thermal and mechanical performance while maintaining high print 
quality on standard DLP printers. This research introduces an open and adaptable high-performance resin formulation that 
can be used without proprietary printing systems, potentially enabling new applications and fostering competition in the high-
performance resin market.

1   |   Introduction

Additive manufacturing of polymers has made great strides 
over the last three decades in areas such as biomedicine, 
art, and engineering [1–4]. Particularly in the engineering 
sector, after the development of basic printing technologies, 
the focus has shifted to high-performance materials to en-
able applications such as automotive or aerospace in all three 
major material classes (metals, ceramics and polymers) [5–7]. 
An approach in the field of polymers exists in the most con-
ventional processing method, Fused Filament Fabrication, 
with the integration of functional particles or fibers, or 
the processing of high-temperature thermoplastics such as 

polyetheretherketone (PEEK) [8–11]. Since thermosets typi-
cally have better thermomechanical properties than thermo-
plastics even without reinforcement, there is an increasing 
effort to use resin systems in high-performance applications, 
with companies pushing the limits with new printing and 
resin systems [12]. Fully resin-based parts are rarely used in 
safety-critical applications due to concerns about the reliabil-
ity of resin-printed parts. Many of these concerns stem from 
experiences with fused filament fabrication, where aniso-
tropic material and low thermomechanical properties are a 
common problem in meeting the stringent regulations of, for 
example, aerospace certification requirements [13, 14]. In con-
trast, resin printing offers near-isotropic properties and high 
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performance [15]. To further reduce skepticism, the industry 
is developing a new generation of printing resins, dual-cure 
resins, designed to improve the consistency and reliability of 
the additive-manufactured components.

These dual-cure resins typically consist of two components: 
a UV-curable part and a thermally curable part [16]. The UV-
curable part is generally comparable to standard resin systems, 
including monomers, oligomers, reactive diluents, photoinitia-
tors, and other additives, such as pigments or tougheners, and 
follows the principle of radical polymerization [17–19]. The ther-
mally curable part consists of epoxy resins (EP), bismaleimides 
(BMI) or cyanate esters (CE). Catalysts are also used to reduce 
the curing temperature of the thermal component and to protect 
the acrylic component from degradation [20–26]. The printing 
process is therefore divided into two steps: the printing of the 
green part using SLA or DLP (with UV post-curing) and the 
thermal curing. Figure 1 shows the steps schematically. The UV 
exposure in the 3D printer and the post-curing process ensure 
that the oligomeric and monomeric acrylates are crosslinked 
by the radical reaction of the photoinitiator. The condition of 
the samples immediately after 3D printing without UV curing 
is called green body. At a sufficiently high temperature, the 
thermally curing components subsequently crosslink with each 
other [27].

In this process, a sequential IPN is formed. The UV-curing ac-
rylate network develops first, and the thermally formed network 
polymerizes in situ to the first network [27]. In principle, there 
are different definitions for IPNs. In this case, we are assum-
ing two networks that are intertwined on the polymer scale but 
not covalently bonded to each other [27, 28]. The combination of 
acrylate and thermal curing component can simultaneously im-
prove light-induced and thermal curing. The nonreacting liquid 
thermal curing component creates a plasticizing effect during 
UV curing, which increases the conversion rate and speed of ac-
rylate curing. On the other hand, the acrylate component auto-
catalytically supports thermal curing [29].

Most academic dual-cure resin systems rely on EP for the thermal 
component. These are widely used and cost effective. However, 
the disadvantage of EP is that its glass transition temperature 
(Tg) typically does not exceed 200°C, which severely limits high-
temperature applications. In combination with the UV-curing 

component, the thermal properties are further reduced [30]. In 
order to use dual-cure resins at higher temperatures, efforts are 
being made to use BMIs and CEs. In terms of price, BMIs and 
CEs are significantly more expensive than EP, but also have Tg 
values above 250°C [31]. Studies indicate that a higher amount 
of thermoset component could improve mechanical and thermal 
properties, but also has the potential to reduce green strength. 
The only commercial dual-cure resin with the use of CE, CE-221 
from Carbon, has a glass transition temperature of 220°C, high 
chemical resistance, and excellent UV stability [26, 32, 33].

The purpose of this work is to improve the understanding of 
how dual-cure formulations with different cyanate esters af-
fect key resin printing parameters by also using the emerging 
method of photorheology. We are also investigating the thermo-
mechanical behavior and limitations of these dual-cure resins. 
In addition, we hope to facilitate access to dual-cure resins with 
a final formulation applicable to any standard resin printer, 
which can be seen as a new starting point in resin development 
to enhance stimulating competition in the currently narrow 
high-performance resin printing market.

2   |   Experimental

2.1   |   Materials

For this work, we varied the amount and type of CE, which 
required a constant UV-curable system. For this reason, an in-
house-developed high-performance acrylate system was used to 
ensure as close a match as possible to the CE, which will be fur-
ther referred to as AY, standing for acrylate part.

For AY, Tricyclodecan Dimethanol Diacrylate (TCDDMDA) 
was supplied by Arkema (Colombes, FR). Trimethylolpropane 
Trimethacrylate (TMPTMA), Isobornyl Methacrylate (IBOMA) 
and Bisphenol A Glycidyl Dimethacrylate (BisGMA) were ob-
tained from Merck (Darmstadt, GER). The photoinitiator Bis-
Acylphosphine Oxide (BAPO) was purchased from Sigma 
Aldrich (Steinheim, GER). While IBOMA and TCDDMDA 
act as reactive diluents to facilitate processing, BisGMA and 
TMPTMA act as oligomers to improve thermomechanical prop-
erties. BAPO acts as a photoinitiator. BisGMA and TCDDMDA 
have two functional groups; IBOMA one; and TMPTMA three.

FIGURE 1    |    Schematic step-by-step dual-curing process. [Color figure can be viewed at wileyonlinelibrary.com]
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For the cyanate ester (CE) part, Bisphenol E Dicyanate Ester 
(BECy, Primaset LECy), Primaset LVT50, and Primaset LVT100 
were kindly provided by Arxada (Basel, CH). LVT50 is a blend 
of Bisphenol A Dicyanate Ester (BADCy) and a polyphenol cy-
anate resin, while LVT100 is a blend of BECy and a polyphenol 
cyanate resin. The mixing ratios are not specified by the manu-
facturer. For ease of reference, we will refer to the CEs only as 
BECy, LVT50, and LVT100. To prepare the catalyst for thermal 
curing, Copper Acetylacetonate was mixed with Nonylphenol, 
both purchased from Sigma Aldrich (Steinheim, DE).

2.2   |   Resin Formulation and Curing

In the first step, Copper Acetylacetonate is stirred into nolyphe-
nol in a ratio of 1:30 for 2 ± 0.1 h at 80°C ± 2°C. This mixture 
is then weighed with reference to the amount of CE to be used 
at 500 ppm (parts per million). The individual AY components 
are then weighed as shown in Table 1. BisGMA is first heated 
at 80°C ± 2°C for 20 ± 1 min to reduce its viscosity to a process-
able level. Once heated, BisGMA can be added, followed by 
the remaining components. The mixture is placed in an oven 
at 80°C ± 2°C for 20 ± 1 min and then stirred manually with a 
wooden spatula for 20 ± 1 s to allow the mixture to begin initial 
dissolution. The acrylate component is then returned to the oven 
at 80°C ± 2°C for 20 ± 1 min. This is followed by another manual 
mixing for 20 ± 1 s with the wooden spatula, followed by homog-
enization in a high speed mixer (Hauschild, Hamm, GER) at 
2000 ± 10 rpm (revolutions per minute) for 2 ± 0 min.

Next, the CEs are prepared. For all three materials used, indi-
vidual components crystallize over time (in the case of LVT100 
and BECy) or completely crystallize after the first contact with 
air at room temperature (in the case of LVT50). Therefore, the 
required amount of CE is heated at 70°C ± 2°C for 1 ± 0 h and 
then homogenized for 30 ± 0 s at 2000 ± 10 rpm in a speed mixer. 
In case of unwanted recrystallization (for LVT50), the process 
must be repeated several times. The nomenclature of the sam-
ples is as follows: 20%BECy, for example, represents a total of 

20% by weight of CE (BECy) and 80% by weight of AY. Table 2 
shows the series of mixtures prepared in this work. “X” stands 
for a prepared mixture, while “-” symbolizes that no mixture 
has been prepared. Due to rapid recrystallization of LVT50 and 
partially overnight gelation of the AY-part when mixing BECy 
and AY above 50% CE content, the LVT50 and BECy series could 
not go to higher CE weight percentages because these conditions 
are unfavorable for resin printing.

UV post-curing of the components is performed on the multi-
purpose specimens for bending and notched bar impact tests 
and on the TGA specimens in the Nexa3D xCure (Ventura, 
USA) at a measured light intensity 27 ± 0.1 mW cm−2 for 1 ± 0 h 
(total Etotal = 97.2 J cm−2). This UV cabinet allows components 
to be cured uniformly from all sides in a single step. The DMA 
specimens were cured in the Prograprint Cure from Ivoclar 
(Schaan, LIE). Because of the one-sided curing, each side is 
first exposed to 8 ± 0.1 mW cm−2 for 5 min and the same proce-
dure is repeated for the other side. Then both sides are irradi-
ated with 134 ± 0.5 mW cm−2 for 1 min (Etotal = 20.8 J cm−2). The 
samples with BECy and LVT50 were isothermally post cured at 
150°C ± 2°C for 2 ± 0 h, the samples with LVT100 were isother-
mally post cured at 180°C ± 2°C for 2 ± 0 h. All samples had a 
long heating and cooling time of 12 h to prevent cracking during 
IPN formation.

2.3   |   Material Characterization

2.3.1   |   Photorheology

To determine the viscosity and the curing parameters, a pho-
torheometer was used as described by Gorsche et  al. [34] and 
shown schematically in Figure  2a. The photorheometer is a 
plate–plate design. The MCR 302 photorheometer used in this 
work is manufactured by Anton Paar (Graz, AUT). The stamp 
with a diameter of 12 ± 0.1 mm (PP12) is made of aluminum. 
The UV light source used is the SkyBeam system from Uvitron 
at a peak wavelength of 405 nm. The lower plate consists of a 

TABLE 1    |    Resin composition for AY.

Full name Abbreviation CAS-Number Wt.%

Bisphenol A Glycidyl dimethacrylate BisGMA 1565-49-2 39.6

Trimethylolpropane trimethacrylate TMPTMA 2390-92-4 39.6

Isobornyl methacrylate IBOMA 7534-94-3 9.9

Tricyclodecane dimethanol diacrylate TCDDMDA 42,594–17-2 9.9

Bis-acyl phosphine oxide BAPO 162,881–26-7 1.0

TABLE 2    |    Mixture series.

20 wt.% 30 wt.% 40 wt.% 50 wt.% 60 wt.% 70 wt.% 80 wt.%

BECy X X X X — — —

LVT50 X X X X — — —

LVT100 X X X X X X X
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UV-transparent glass layer. The resin sample in the measur-
ing gap is irradiated by the UV lamp under the glass plate to 
measure the curing behavior, while the upper die attached to 
the tool measures the forces and torques that occur. The cross-
linking shown via the intersection of the storage modulus (G') 
and loss modulus (G') is evaluated with the associated software 
RheoCompass of the connected PC. Since the UV light intensity 
should ideally correspond to the light intensity used later, the 
light source is adjusted so that it emits 3.9 ± 0.1 mW cm−2. This 
is the best adjustable value for the measured output of the resin 
printer used later, the Elegoo Mars 2 Pro (3.7 ± 0.1 mW cm−2), a 
widely used DLP printer. To determine the light intensity, the 
UV meter LED F3 from Hönle (Gräfelfing, GER) is used, which 
outputs the measured values directly in mW cm−2. Before irra-
diating the samples, the complex shear viscosity μ* was deter-
mined at a gap distance of 200 μm. An oscillating deformation 
of 1% and a frequency of 1 Hz was applied for 60 s. One measure-
ment point per second was generated, and both the average and 
standard deviation were taken from the period 10 to 60 s to give 
the system enough time to settle. This first measurement step is 
visualized in Figure 2b with Phase I. The measurement of cross-
linking under the influence of UV light started after these 60 s 
in Phase II. The UV source is switched on and the gelation point 
of the system is determined using the loss factor tan δ = 1. These 
measurements were made at constant gap distances of 100, 200 
and 300 μm. The following procedure can be used to calculate 
the working curve of the resin with its characteristic values of 
three measurements according to Jacobs et al. [35] In the first 
step, the time to gelation tgel is multiplied by the radiation inten-
sity 3.9 mW cm−2 in order to calculate the total energy for gela-
tion (Emax) of the system. The gap distances and the logarithmic 
values of Emax are then plotted against each other. A straight line 
can be extrapolated from the points, for which the intersection 
with the x-axis is calculated.

The critical energy and penetration depth of UV light can be 
calculated using Equations (1) and (2). Here Emax is the product 
of the radiation power and the exposure time, Ec is the critical 
energy for gelation a resin, Dp is the UV penetration depth of the 
light and Dc is the height of the cured layer. The gap distances 
100, 200 and 300 μm are then used for Dc. An average value 
with standard deviation can be calculated from the three Dp val-
ues. The end of phase II can be used to measure the maximum 

storage modulus G´ and indicates the strength of the green body, 
while the maximum normal force Fn is an indicator of shrink-
age during UV curing [34]. For this reason the single measure-
ments of G' for a gap distance of 200 μm have been recorded, 
representing the actual maximum of DLP layer thickness. Phase 
III consists of a further irradiation and has the main purpose of 
facilitating the removal of the stamp from the glass plate after 
the measurement. Using the photorheometer characteristics, the 
optimum exposure times for DLP printing can be determined by 
conversion.

2.3.2   |   Thermogravimetric Analysis (TGA)

The analysis of the fully cured samples in the TGA provides an 
insight into their thermal stability. The analysis was carried out 
on the TG 209 F1 Libra from Netzsch (Selb, GER) at a heating 
ramp of 10 K/min and a temperature range of 25°C–800°C. The 
measurement was performed in a synthetic air atmosphere with 
a flow rate of 250 mL min−1. The temperatures at which 5% rela-
tive mass loss (TΔ5%) occurs are determined as characteristic val-
ues. Three samples were tested per formulation, and the mean 
value with its standard deviation is provided.

2.3.3   |   Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis can be used to study the me-
chanical behavior of materials at different temperatures. Tg 
was determined using dynamic mechanical analysis (DMA) 
in shear mode under oscillatory loading conditions. Three 
specimens, each measuring 50 × 10 × 2 mm3 with tolerances 
of 0.5 × 0.2 × 0.05 mm3, were tested. Measurements were per-
formed with an oscillatory deformation of 0.1% at a frequency of 
1 Hz while the temperature was increased from 25°C to 300°C 
at a controlled heating rate of 3 K min−1. A Rheometric Scientific 
RDA III from TA Instruments (New Castle, USA) was used for 
these tests. During the analysis, both the storage modulus G' 

(1)Dp =
Dc

ln
(

Emax
Ec

)

(2)Ec = ecrossing point x−axis

FIGURE 2    |    (a) Structure of the photorheometer. 1: Measuring tool, 2: Rheometer stamp, 3: Resin, 4: Glass plate, 5: UV source, and 6: UV rays; (b) 
Schematic phases of the photorheology. [Color figure can be viewed at wileyonlinelibrary.com]

 10974628, 2025, 43, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.57660 by U

niversitaet B
ayreuth, W

iley O
nline L

ibrary on [27/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://onlinelibrary.wiley.com/


5 of 12

and the loss modulus G' were recorded. G' represents the elastic 
behavior of the material, indicating its ability to store energy and 
recover its original shape after deformation. G' characterizes the 
viscous behavior of the material, where applied energy is dissi-
pated rather than elastically stored. This dissipation is due to the 
viscoelastic nature of the material, which is influenced by mo-
lecular relaxation processes at elevated temperatures. The ratio 
of G' to G', called the loss factor tan δ, peaks at Tg, indicating the 
transition point of the material (see Equation (3)). Peak broaden-
ing of the loss factor suggests a more complex IPN with partial 
phase separations [36]. The narrower the peak, the more homo-
geneous the structure of the network without phase separations 
and the smaller the glass transition region [37].

During sample preparation, self-made steel molds measuring 
50 × 10 × 2 mm3 with tolerances of 0.5 × 0.2 × 0.05 mm3 are first 
coated with UV release agent. The molds are then clamped onto 
the corresponding bases, and an additional layer of Teflon foil is 
inserted to close the gap between the mold and the base. In the 
next step, the resins are homogeneously heated to 40°C ± 2°C 
for 30 ± 2 min to reduce the viscosity for processing. Plastic pi-
pettes are used to fill the molds bubble-free, and UV curing is 
performed. The specimens are then thermally cured and ground 
flat for finishing on the RotoPol-21 polishing and grinding ma-
chine (Willich, GER) with a force of 5 N and P80 SiC grinding 
wheels at 150 rpm in counter-rotation. To secure the specimens, 
double-sided adhesive tape is applied to a smoothing specimen 
holder to which the DMA samples are attached. The grinding 
time is variable, as grinding is continued until all samples have 
a smooth surface and the target thickness of 2 ± 0.05 mm is 
reached. Due to recrystallization and homogenization problems, 
no LVT50 samples could be analyzed; only BECy and LVT100 
samples.

2.3.4   |   DLP

DLP printing for the multipurpose samples was performed using 
the Elegoo Mars 2 Pro (Shenzhen, CHN). This device has a mea-
sured luminous intensity of 3.7 ± 0.1 mW cm−2. The Chitubox 
program from CBT-Tech (Shenzhen, CHN) is used as the slicing 
software. The parts are then carefully removed from the print-
ing platform with a metal spatula and washed with isopropanol 
in the Form Wash from Formlabs (Berlin, GER). The constant 
and variable printing parameters are listed in Table 3. The expo-
sure time was calculated from the photorheology results.

2.3.5   |   Three-Point Bending

To evaluate the flexural strength (σf), flexural modulus (Ef) 
and maximum deflection to fracture (εf), five standardized 
80 × 10 × 4 mm3 multi-purpose specimens with tolerances of 
1.0 × 0.1 × 0.1 mm3 are printed in accordance with ASTM D790 
and cured using UV light and thermal post-treatment. The spec-
imens are then manually ground on the RotoPol-21 to remove 
burrs and other protrusions. The tests are carried out on the 
zwickiLine 2.5 from ZwickRoell (Ulm, GER).

2.3.6   |   Impact Strength (Charpy)

The notched impact strength α is tested in accordance with 
the standard for instrumented impact strength testing from 
DIN EN ISO 179-2. A sample set consists of five samples that 
conform to the standard. These samples are tested using the 
notched Charpy test on the RKP 5114 from ZwickRoell (Ulm, 
GER) with an impact energy of 50 ± 0 J. The same universal test 
specimens are used for the tests as for the bending tests and 
are finished in the same way (80 × 10 × 4 mm3 with tolerances 
of 1.0 × 0.1 × 0.1 mm3). The lateral A-notch depth is 2 ± 0.2 mm. 
The specimens are tested parallel to the layers, which allows the 
layer adhesion to be examined more specifically.

2.3.7   |   Microscopy

To relate the results of Dp to the actual print quality, small lattice 
cubes in the size of 21 × 21 × 21 mm3 have been produced with 
selected formulations. The preview in the slicing program and 
one final result can be seen in Figure 3. To determine the differ-
ence between the target and actual geometry, the web width was 
measured using the Keyence VR 5000 (Osaka, JPN).

3   |   Results and Discussion

3.1   |   Photorheology

The viscosity of the three mixtures with the cyanate esters 
BECy, LVT50, and LVT100 decreases with increasing CE 
content (see Figure 4a). A higher proportion of low-viscosity 
cyanate ester is therefore advantageous for processability on 
a DLP printer, which has the typical viscosity limit of 3000 
mPas and takes advantage of lower viscosity [38, 39]. The dif-
ferences for the various viscosities can be explained by the 
molecular weights of the cyanate esters. LVT50 is a mixture 
of BADCy and a polyphenol cyanate ester, whereas LVT100 
is a mixture of BECy and a polyphenol cyanate ester. The 
molecular weight of BECy is 250.25 g mol−1 and of BADCy 
278.31 g mol−1, that is, due to its lower molecular weight, BECy 
has a lower viscosity than BADCy and therefore formulations 
with LVT100 also have a lower viscosity than formulations 
with LVT50. The Ec curve in Figure 4b is identical for all three 
cyanate esters. As the amount of cyanate ester increases, the 
amount of UV-curable acrylate is reduced and therefore more 
energy is required to gelate the resin mixture. At 50% CE con-
tent, BECy, LVT50, and LVT100 are in the range of 19 mJ cm−2. 

(3)tan � =
G��

G�

TABLE 3    |    Parameters for DLP printing.

Parameter Value

Layer height 50 μm

Lifting distance 6 mm

Bottom layer count 5

Lifting speed 80 mm/min

Exposure time Variable

Bottom exposure time 25 s
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Further increase of LVT100 leads to a sharp increase in Ec, 
indicating that processability on DLP can only be achieved 
with a strong light source or longer exposure times. Dp follows 
the Ec curves and tends to increase with the amount of CE, as 
shown in Figure 4c). This can be explained by the decreasing 
proportion of AY. Less acrylate also means fewer photoiniti-
ators in the mixture, which statistically means that the UV 
rays travel a longer distance to reach a BAPO molecule, where 
they are absorbed and induce curing. From a CE content of 
60%, the increases in Dp are more pronounced due to further 
dilution of the photoreactive components, indicating that the 
level of detail for printing is compromised here. In Figure 4d), 
all resin blends show a clear trend of decrease of G' with in-
creasing CE content, especially from 60% CE content. G ' is an 
indicator of the green strength. The green strength reducing 
influence of a high CE content in the photorheometer is re-
lated to the cyanate ester which is still uncrosslinked and thus 

acts as a disruptive factor in the acrylate network [26]. At the 
same time, the values for Fn drop more sharply at a CE content 
higher than 60% (see Table 4), which also indicates that UV 
curing plays a minor role from this formulation level onward.

3.2   |   Thermogravimetric Analysis (TGA)

Figure 5a) shows the TΔ5% values. A higher CE-content grad-
ually allows for a higher thermal resistance because cyanate 
esters possess a higher decomposition temperature than ac-
rylates [26]. Pure AY has a TΔ5% of 325°C, while all cyanate 
esters have a TΔ5% in the range of 400°C. With 50% CE con-
tent, LVT50 and LVT100 show the best properties. At 363°C, 
50%BECy is about 7°C lower than the other two. The improved 
thermal resistance of LVT50 and LVT100 can be explained 
structurally by the incorporation of more aromatic compounds 

FIGURE 3    |    (A) Lattice cube in slicer; (b) Lattice cube 50% LVT100 after complete curing. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 4    |    Results of photorheology. [Color figure can be viewed at wileyonlinelibrary.com]
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derived from the polyphenol cyanate component. To illustrate 
the overall curves, the formulations with 50% CE-content are 
compared with each other in Figure  5b). The resin systems 
degrade in two stages, with the acrylate component degrading 
first and the cyanate ester component degrading second. In 
the 450°C–550°C range, the mass loss of 50%BECy is about 5% 
higher than for the other resins. Thi s is due to the lower num-
ber of high temperature resistant aromatic compounds com-
pared to the other resin blends. All resin blends decompose 
completely up to 800°C with no residual mass. The curves of 
50%LVT50 and 50%LVT100 are almost congruent. This indi-
cates that the structural composition is almost identical. The 

only difference is the use of the cyanate esters of BACy and 
BECy, which are chemically similar.

3.3   |   Dynamic Mechanical Analysis (DMA)

To evaluate the DMA measurements, tan δ is plotted against 
the temperature. A single peak indicates a homogeneous inter-
penetrating polymer network (IPN) with a distinct glass transi-
tion temperature, suggesting mixing of the components at the 
molecular level. In contrast, two separate peaks indicate phase 
separation between the acrylate and cyanate ester components. 

TABLE 4    |    All values obtained from photorheology.

Resin mixture η* [mPa*s] G' [Pa] Fn/N Ec [mJ/cm2] Dp [μm]

20%BECy 1152 ± 46 3.03E+07 14.2 14.7 707 ± 57

30%BECy 820 ± 44 2.58E+07 14.4 14.6 647 ± 38

40%BECy 805 ± 33 2.37E+07 14.2 15.6 720 ± 7

50%BECy 483 ± 43 2.36E+07 13.2 18.4 985 ± 32

20%LVT50 1810 ± 39 2.11E+07 12.7 14.3 497 ± 17

30%LVT50 1555 ± 58 1.92E+07 12.6 14.7 469 ± 88

40%LVT50 1480 ± 50 1.96E+07 9.2 17.6 654 ± 94

50%LVT50 1425 ± 40 1.76E+07 11.2 18.9 801 ± 70

20%LVT100 1433 ± 35 2.39E+07 13.6 16.3 693 ± 78

30%LVT100 1047 ± 75 2.17E+07 12.7 16.1 685 ± 15

40%LVT100 993 ± 60 1.91E+07 11.8 16.6 620 ± 5

50%LVT100 921 ± 47 1.75E+07 10.6 18.2 648 ± 57

60%LVT100 880 ± 45 1.26E+07 9.5 25.3 1171 ± 80

70%LVT100 715 ± 44 6.40E+06 7.3 29.4 1201 ± 16

80%LVT100 696 ± 46 1.33E+06 3.7 47.5 1769 ± 43

FIGURE 5    |    (a) TΔ5% results from TGA; (b) Representative TGA curves for formulations with 50% CE content. [Color figure can be viewed at wi-
leyonlinelibrary.com]
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In some samples, no clear peak is visible, indicating a transition 
from a fully homogeneous IPN to a partially phase-separated 
IPN. This results in a broad overlapping peak rather than two 
distinct transitions [36]. In such cases, graphically modeled 
curves are placed in the plot in order to divide the broad single 
peak of the entire course into two individual peaks. Figure 6 il-
lustrates this procedure using the curve of 40%BECy as an ex-
ample. The AY component of the curve can thus be determined 
at 204°C and that of the CE component at 237°C.

The influence of a higher CE content on the tan δ curve becomes 
clear when looking at all the measurement curves (see Figure 7). 
On the one hand, the Tg increases due to a higher CE content, 
and on the other hand, the resin blends start to form IPNs with 
partial phase separation from a certain amount of cyanate ester. 
For BECy, this occurs from 40% CE, and for LVT100, from 50% 
CE. In the course of the tan δ, this can be recognized by a clear 
broadening of the single peak with the formation of two shoul-
der peaks. Above this value, the two networks interfere with 
each other and show separate material properties. In conclu-
sion, BECy can be used to obtain a homogeneous IPN up to a 
CE content of 40%, while LVT100 can be used to increase the CE 
content to 50%. The values in Table 5 also correspond to the TΔ5% 
results, as LVT100 also shows superior properties compared to 
BECy due to the higher amount of aromatic compounds. This 
change in formulation also seems to have advantages in creat-
ing a homogeneous IPN. To the best of our knowledge, there 
could be several effects, such as the favorable π–π interactions 
between the aromatic compounds of BisGMA and LVT100, or 
better miscibility between the individual components of AY and 

LVT100, which induce this effect. Nevertheless, this effect needs 
to be further investigated in future publications.

3.4   |   DLP

From the photorheology results, it was extrapolated that the 
resin systems with 50% LVT100 should require an exposure time 
of 33 s. However, after the first print test, it was found that this 
value was too high, resulting in blurred details (see Figure  8). 
Further printing trials iteratively resulted in an optimum expo-
sure time of 12 s. For this reason, the factor of 0.65 s/mJ cm−2 was 
used to calculate the other prints of 50%BECy and 60%LVT100. 
For mechanical properties, samples were printed for 50%LVT100 
and 50%BECy. The exposure times for 50%BECy and 50%LVT100 
were 12 s, and for 60%LVT100 16 s (due to the higher Ec). To an-
alyze the effect of Dp, two sets of lattice cubes were printed, one 
with 50%LVT100 and one with 60%LVT100.

3.5   |   Three-Point Bending

In order to select the appropriate orientation for printing the 
multi-purpose samples, two orientations (x/y and z) were tested 

FIGURE 6    |    Determination of the individual tan δ curves with over-
lapping curves. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 7    |    tan δ of the DMA measurements: (a) BECy systems and b) LVT100 systems. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 5    |    Tg resulting from DMA.

Resin mixture
Tg Part 
AY [°C]

Tg Single 
Peak [°C]

Tg Part 
CE [°C]

20%BECy — 198 ± 2 —

30%BECy — 199 ± 1 —

40%BECy 206 ± 1 — 237 ± 1

50%BECy 199 ± 1 — 253 ± 2

20%LVT100 — 208 ± 1 —

30%LVT100 — 220 ± 2 —

40%LVT100 — 235 ± 1 —

50%LVT100 227 ± 2 — 263 ± 1

60%LVT100 234 ± 1 — 274 ± 1

70%LVT100 230 ± 2 — 283 ± 1
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FIGURE 8    |    First printing trials a) Lattice cube 50% LVT100 with 33 s exposure time; b) Lattice cube 50% LVT100 with 12 s exposure time before 
thermal curing (left) and after thermal curing (right). [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 9    |    Different printing orientations. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 6    |    Results of the three-point bending tests and the Charpy tests; Results ce221 from technical data sheet [33]; n.s. = not specified; results 
with * are from tensile tests.

Sample Orientation Ef [GPa] σf [MPa] εf [%] α [kJ m−2]

50%BECy x/y 3.5 ± 0.1 78.9 ± 5.3 2.2 ± 0.1 —

50%BECy z 3.7 ± 0.1 116.0 ± 13.8 3.1 ± 0.5 0.7 ± 0.0

50%LVT100 z 3.5 ± 0.1 116.0 ± 8.0 3.4 ± 0.3 0.8 ± 0.0

CE221 n.s. 3.8 ± n.s. 130.0 ± n.s. 3.0 ± n.s.* 1.2 ± 0.2

FIGURE 10    |    Micrsocopic picture of (a) 50%LVT100 and (b) 60%LVT100. [Color figure can be viewed at wileyonlinelibrary.com]
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in preliminary trials at 50% BECy, as shown in Figure 9. The 
lines represent the schematic arrangement of the individual 
printing layers. The universal samples in x/y orientation are 
placed so that the narrow side touches the building platform, 
which facilitates removal from the platform after printing.

The exact results of the preliminary investigation are given in 
Table 6. In conclusion, it can be stated that the print in z-orientation 
does not show any differences in Ef within the standard deviation 
compared to the x/y orientation, but has advantageous properties 
in terms of σf and εf. A possible explanation could be the greater 
need for manual post-processing when grinding specimens in the 
x/y orientation. The specimens in the x/y direction have more 
support structures that need to be removed by grinding. This me-
chanical stress can introduce inconvenient microcracks during 
machining, which is why the universal specimens are gener-
ally manufactured in the z-direction. It is worth noting that the 
z-direction specimen often has the worst properties in other scien-
tific work and is therefore an exception here for dual-cure resins. 
The interlayers are usually the weak points of printed parts due to 
the two intersecting polymerization interfaces, and a higher num-
ber of these (as in z-direction printing) means a higher probability 
of fracture at low stresses [40, 41].

To put the three-point bending results in context, we also included 
the only high-performance dual-cure DLP resin on the market, 
ce 221 by Carbon. This system is a combination of cyanate es-
ters and acrylates, and its composition is not publicly available. 
Furthermore, its Tg of 220°C is highly comparable to that of the 
systems presented here. The data in Table 6 are taken from the 
technical data sheet provided by the manufacturer. It was not pos-
sible to produce our own test specimens because the purchase and 
processing of the resin system is linked to the purchase of Carbon's 
high-priced CLIP printing technology and service program. In 
general, Ef, εf, and σf are in the same range of mechanical proper-
ties as the commercial ce 221 system. The differences found be-
tween 50% BECy and 50% LVT100 are so small that they overlap 
within the limits of the comparatively small standard deviations. 
The curves of the flexure specimens are characterized by pure brit-
tle and linear behavior. Considering only the mean values, σf and 
Ef of 50%BECy are slightly better than those of 50%LVT100. The 
elongation at break is identical for both resin blends. The mechan-
ical values of the dual-cure printing resin ce 221 from Carbon are 
slightly higher than those of the resin blends tested here, which 
may be due to an optimization of the resin formulation with re-
spect to mechanical properties on the part of Carbon. In addition, 
the printing parameters and orientations are not specified in the 

TABLE 7    |    Overview of characterization methods and their key takeaways.

Characterization method Purpose in study Key takeaways

Photorheology Measure complex shear viscosity (μ*), 
critical gelation energy (Ec), and UV-

penetration depth (Dp) during UV curing

Confirms that increasing CE-content 
reduces viscosity (improving DLP 

processability) but increases Ec and 
Dp and above 50 wt.% CE theoretically 

limiting printing resolution.

Thermogravimetric analysis (TGA) Determine thermal stability via TΔ5% Shows increasing CE content 
enhances thermal stability.

Dynamic mechanical analysis (DMA) Determine Tg and network 
homogeneity via tan δ

Confirms homogeneous IPN 
formation up to 50 wt.% CE for 

LVT100 and 40 wt.% CE for BECy 
(single/narrow Tg peak)

Higher CE content causes phase 
separation (broadening/split peaks).

DLP printing trials Evaluate practical printability and 
extrapolate curing settings out of 

the photorheology results with 
further sample preparation

Validates that practical curing settings 
can be extrapolated from to the 

photorheology results and ensures 
printability on low-entry DLP system 

compared to industrial solutions

Three-point bending Measure Ef, σf, εf for 
mechanical performance

Confirms that formulations 
containing 50 wt.% CE achieve 

comparable mechanical properties 
to an industrial resin.

Charpy impact test Measure notched impact strength (α) Indicates lower impact strength 
compared to an industrial resin, 

typical for high CE-content 
systems without tougheners

Microscopy Analyze dimensional accuracy 
and detail resolution

Confirms accurate feature reproduction 
with 50 wt.% CE content of LVT100 
while a CE content > 50 wt.% causes 
lower detail quality due to high Dp
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ce221 data sheet, which means that the results vary greatly de-
pending on the process settings.

3.6   |   Impact Strength (Charpy)

While the differences between 50%BECy and 50%LVT100 are 
small, their behavior compared to carbon ce 221 is character-
ized by lower energy absorption in the Charpy test. Cyanate 
esters are particularly brittle, so it is possible that the lower α 
is due to a higher CE content compared to ce 221. Another pos-
sibility for the higher α of ce 221 is reinforcement with notched 
impact modifiers, which is not indicated in the technical data 
sheet [33]. However, this does not preclude the use of modifiers, 
as only substances that are potentially hazardous to health and 
the environment should be listed, and some commercially avail-
able modifiers such as rubber particles or other fillers are not 
covered by this risk assessment.

3.7   |   Microscopy

To investigate the effect of Dp on print quality, two different lat-
tice cubes were compared (see Figure  10). While 50%LVT100 
has a Dp of 648 μm, 60%LVT100 has a Dp of 1171 μm. The 
original web width in the stl. file is 1.25 mm. With a value of 
1.14 ± 0.01 mm, the accuracy of 50%LVT100 is very high. The 
increased Dp of 60%LVT100 results in a value of 1.35 ± 0.03 mm, 
which indicates a significant loss of detail quality. Therefore, it 
can be said that a Dp of 1171 μm can be considered a critical limit 
above which prints may not be suitable for small geometries or 
fine details.

4   |   Summary and Conclusion

In this work, we investigated how different amounts of cya-
nate ester affect the processability and final properties for 
dual-cure resin printing (DLP). There are several key take-
aways from this work. First, a higher amount of CE signifi-
cantly improved the thermal properties such as Tg and TΔ5%. 
Nevertheless, it seems that the network starts to form hetero-
geneous IPNs with the use of CE above about 50 wt.%. When 
more CE is added, the viscosity of the systems is beneficially 
reduced, but the detail quality starts to lack at CE contents 
above 50 wt.% due to higher Ec and Dp. In terms of mechanical 
properties, the systems presented here are almost on a par with 
the only commercially available system, CE 221. By demon-
strating processability on a standard DLP printer, we have de-
veloped an open formulation that can be used and adapted by 
anyone. For example, the addition of flame retardants could 
further improve the use of, for example, 50% LVT100 by taking 
advantage of the high amount of CE, a polymer class that is 
itself flame retardant. The 50%LVT100 formulation shows the 
potential to be used even as a possible dual-use material due 
to the combination of excellent thermal and mechanical prop-
erties as well as good print quality on easily affordable DLP 
printers. Table  7 provides a quick overview of the key take-
aways from the characterization techniques and how they are 
linked to the material and processing characteristics.
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