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Abstract

Additive manufacturing (AM) is making its way into more and more series applications.
The material class of photopolymers plays a special role, as photopolymers have particularly
good surface properties. The vat photopolymerization (VPP) technology of Digital Light
Synthesis (DLS) enables significantly faster printing times than conventional VPP due to
continuous polymerization. The material class of photopolymers has also developed rapidly.
If photopolymers were too brittle for functional use only a few years ago, today dual curing
photopolymers achieve much tougher properties. These are enabled by a dual curing reaction
system: First, photopolymerization takes place, which is initiated by ultraviolet (UV) light
and produces a dense network of crosslinked methacrylates. This is followed by a thermal
curing, in which the initial crosslinking density is reduced, because thermally unstable groups
break up and react with chain extenders. Since the use of dual curing photopolymers in
VPP technologies is still quite new, the effects of temperature on the reaction mechanism
and process are not yet clear. In DLS, heat is used as a post-processing step to initiate
thermal curing, but the effects of heat on the photopolymer before UV curing are still
unknown. It could initiate thermal crosslinking, which could also affect the viscosity of the
resin. To characterize these effects, the thermal analysis method photo-DSC seems to be
particularly suitable, since the experimental setup is very close to the DLS process. However,
previous photo-DSC studies have not addressed the sample shape and its effects on the
measurement. Also, relevant 3D printing parameters or environmental factors such as dwell
time, wavelength and relative humidity have not been investigated. Therefore, the aim
of this work is to gain a deeper understanding of the chemistry of dual curing, i.e. UV
and thermal curing, photopolymers using a suitable and reproducible photo-DSC testing
method, in order to improve the processing of the material in DLS and to find new ways
to use the dual curing chemistry for AM. To this end, this work presents a reproducible
photo-DSC method for photopolymers that takes into account sample shape, dwell time,
light intensity conversion, wavelength, and relative humidity. Furthermore, the preheating
of a dual curing urethane-methacrylate resulted in premature thermal crosslinking, which
increased the viscosity of the material and, at higher temperatures, significantly altered the
mechanical properties of the final parts. Thermal crosslinking can go so far as to transform
the liquid urethane-methacrylate resin into a fully developed elastomer. This transformation
is also accompanied by a change in polymerization behavior, which can be detected by the
photo-DSC method. These findings led to the development of a new multimaterial VPP
technology called cavity vat photopolymerization (CVPP), which enables the production of
hard-shell/soft-core polymers by purposefully creating cavities in the design at places where
elastic functions are later needed. CVPP offers many advantages over other multimaterial
VPP approaches.
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Kurzzusammenfassung

Die additive Fertigung (AM, hier werden die englischen Abkiirzungen verwendet) hélt in
immer mehr Serienanwendungen Einzug. Die Materialklasse der Photopolymere spielt dabei
eine besondere Rolle, da Photopolymere besonders gute Oberflacheneigenschaften aufweisen.
Dariiber hinaus ermoglicht die Digital Light Synthesis (DLS)-Technologie durch kontinu-
ierliche Polymerisation deutlich schnellere Druckzeiten als herkémmliche Harzbad-basierte
Photopolymerisationsverfahren (VPP). Bei DLS werden dualhdrtende Photopolymere ver-
wendet, die wesentlich zdhere Eigenschaften aufweisen als herkommliche Photopolymere,
die aufgrund ihrer hohen Vernetzungsdichte meist sehr sprode sind. Diese werden durch
eine duale Aushédrtung ermoglicht: Zunéchst findet eine Photopolymerisation statt, die durch
ultraviolettes (UV) Licht initiiert wird und ein dichtes Netzwerk aus vernetzten Methacrylaten
erzeugt. Darauf folgt eine thermische Aushirtung, bei der die anfangliche Vernetzungsdichte
reduziert wird. Da die Verwendung von dualhértenden Photopolymeren in VPP-Technologien
noch recht neu ist, sind die Auswirkungen der Temperatur auf den Reaktionsmechanismus
und den Prozess noch nicht klar. Bei DLS wird Warme als Nachbearbeitungsschritt ein-
gesetzt, um die thermische Aushédrtung einzuleiten, aber die Auswirkungen von Warme
auf das Photopolymer vor der UV-Hartung sind noch unbekannt. Moglicherweise findet
bereits eine thermische Vernetzung statt, die die Viskositdt des Harzes verdndern konnte.
Um diese Effekte zu charakterisieren, scheint die thermische Analysemethode Photo-DSC
besonders geeignet, da der Versuchsaufbau dem DLS-Prozess sehr nahe kommt. Bisherige
Photo-DSC-Studien haben sich jedoch nicht mit der Probenform und ihren Auswirkungen auf
die Messung befasst. Auch relevante 3D-Druckparameter wie Verweilzeit, Wellenlange und
relative Luftfeuchtigkeit wurden nicht untersucht. Ziel dieser Arbeit ist es daher, ein tieferes
Verstdndnis der Chemie von dualhédrtenden, d.h. UV- und thermisch hirtenden, Photopoly-
meren mit Hilfe einer geeigneten und reproduzierbaren Photo-DSC-Methodik zu erlangen,
um die Verarbeitung des Materials in DLS zu verbessern und neue Wege zur Nutzung von
dualhdrtenden Harzsystemen fiir AM zu finden. Zu diesem Zweck wird in dieser Arbeit
eine reproduzierbare Photo-DSC-Methode fiir Photopolymere vorgestellt, die die Probenform,
die Verweilzeit, die Umwandlung der Lichtintensitét, die Wellenldnge und die relative Luft-
feuchtigkeit berticksichtigt. Das Vorheizen eines dualhdrtenden Urethanmethacrylats fiihrte
zu einer vorzeitigen thermischen Vernetzung, die die Viskositdt des Materials erhohte. Die
thermische Vernetzung kann so weit gehen, dass sich das fliissige Urethanmethacrylat-Harz
in ein voll entwickeltes Elastomer umwandelt. Diese Umwandlung geht auch mit einer Ande-
rung des Polymerisationsverhaltens einher, die mit der Photo-DSC-Methode nachgewiesen
werden kann. Diese Erkenntnisse fithrten zur Entwicklung einer neuen Multimaterial-VPP
Technologie, der so genannten Hohlraum und harzbadbasierte Photopolymerisation (CVPP),
die die Herstellung von Polymeren mit harter Schale und weichem Kern erméglicht.
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1. Introduction

According to the international ISO/ASTM 52900 standard [1], additive manufacturing (AM)
or 3D printing is the construction of physical three-dimensional objects from virtual 3D mod-
els, also known as computer-aided design (CAD). There are several different AM processes.
Most of these AM processes work by adding one layer of material at a time on top of each
other without the need for machining or molds. These layers come from either the digital
slicing of CAD, 3D scans or tomography data. The search for the term 3D printing and AM
in the bibliometric databases scopus and the German Patent and Trademark Office shows an
increasing trend of AM over the last 15 years (see Figure 1a). In 2010, only a few papers (17)
and patents (10) were published. In contrast, 2505 papers and 1524 patents were published
in 2020. This huge increase in general attention on AM can be explained by the wide range

3000 - I Publications PBF-LBZ/5PO/ponmer powders
b 0
2500 4 I Patents Filaments
| 15%
2000
1500 -
1000 Metals
1 12%
500 + Others
1 3%
0 y T Photopolymers
2005 2010 2015 2020 45%
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(a) The development of 3D printing. (b) The AM material market share of photopolymers in

2019 [2]. PBF-LB/P: laser-based powder bed fusion
of plastics.

Figure 1.: The development and the material distribution of 3D printing.

of applications of these new technologies in various industries. The top industries currently
developing and producing with AM are aerospace, automotive, consumer products, energy,
infrastructure, medical & pharmaceutical, food and sports [3].

The largest material group for AM are polymers [2], which include thermoplastics, ther-
mosets, elastomers, functional polymers, hydrogels, polymer blends, bioglogical systems
and composites [4, 5]. Metals and ceramics are also printed with AM. In addition, rather
unusual materials such as concrete [6-8], glass [9, 10], wood [11, 12], chocolate [13, 14] and
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ice [15, 16] can be processed via AM. According to Wohler’s 2019 report [2], the total AM
market is USD 768.5 million and in Figure 1b this market is segmented by material type.
Therein, photopolymers, which are primarily processed via vat photopolymerization (VPP)
and material jetting (MT]), account for the largest AM market share of all materials.

The great advantage of photopolymers is their excellent surface quality and resolution com-
pared to other AM materials [5]. The disadvantage in the past was their limited mechanical
properties. However, dual curing photopolymers, which react first by ultraviolet (UV)-light
and then with temperature, could solve this problem. The UV-curing is the well-known
photopolymerization of reactive monomers, which forms a highly crosslinked polymer net-
work. The chemistry of the thermal curing, on the other hand, describes a reaction of chain
extenders (amines or alcohols) with thermally unstable urethane or urea groups, which forms
a so-called interpenetrating polymer network (IPN) in the material and thus increases the
overall toughness.

Dual cure urethane-methacrylate photopolymers from Carbon, Inc. (Redwood, USA) are
processed with digital light synthesis (DLS). The latter is a 3D printing technology formerly
called continuous liquid interface production (CLIP) and belongs to the category of VPP
[17]. Conventional photopolymers have a good tensile strength due to the high crosslinking
density, but their elongation at break is usually < 10 %. Dual curing urethane-methacrylates
have a tensile strength of 45 MPa and an elongation at break of 100 % [18].

With this significant improvement in mechanical properties, the material has also become
interesting for use in vehicles. BMW, for example, has set up an individualization series
for the MINI blinker, the so-called MINI Side Scuttles, which were manufactured with this
urethane-methacrylate. However, the factors influencing process and material are manifold
and need to be further investigated.

In this introduction, the various VPP technologies are introduced. This is followed by the
detailed explanation of DLS technology and the presentation of various DLS applications.
This is preceded by an introduction to photopolymers, explaining both UV-initiated radical
photopolymerization and the chemical reactions of dual curing resins. Subsequently, the
characterization methods used to study dual curing photopolymers are outlined. Then, the
currently researched multi-material approaches are reviewed, which serve as the basis for the
discussion following the results section of this work. The introduction concludes by outlining
the research gaps and questions and stating the main objective of this work.
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1.1. Vat Photopolymerization (VPP) Technologies

Generally, the ISO /ASTM 52900 standard [1] segments the AM technologies into seven
different groups, namely:

—_

. vat photopolymerization (VPP)
2. material extrusion (MEX)

3. material jetting (MT]J)

4. binder jetting (BJT)

5. powder bed fusion (PBF)

6. direct energy deposition (DED)
7. sheet lamination (SHL)

VPP is particularly prominent because historically the first technology for AM comes from
the VPP group. Although the first attempt for AM via UV-light can be traced back to Hideo
Kodama in 1980 [19], the more prominent name is Charles W. Hull, who filed a patent for a
photopolymerization technology called stereolithography (SLA) in 1986 [20]. It describes the
selective curing of a viscous photopolymer by means of a movable laser beam. The curing
is carried out on the surface of the resin in the vat. Before a new layer can be cured, the
build platform is lowered by the height of the layer into the resin bath and the resin flow is
ensured by a recoating mechanism. Lowering the platform into the resin bath during the
process is often referred to as top-down. However, there are also bottom-up SLA machines
like the SLA printers from Formlabs, Inc. (Somerville, USA), in which the build platform is
lowered to the transparent window of the vat at the beginning of the process. This is where
the curing of the first layer happens. The build platform is moved layer-by-layer out of the
resin bath during bottom-up processes. Another closely related VPP process that can also be
performed top-down or bottom-up is the digital light processing (DLP) technology. Instead
of a UV-laser, the photopolymer is cured by UV-light, which comes from a UV-lamp and
is projected into the resin by a digital micromirror device (DMD). In SLA, the horizontal
resolution is determined by the spot size of the laser (approximately 25 pm) that writes the
layer information into the resin. In DLP, the layer information is transported into the resin
via square micro-mirrors of the DMD. These usually have an edge length of 30 um to 100 pm.
The number of micro-mirrors in DLP is equal to the number of pixels and is, for example,
1080 for full-HD. [22-24] Similar to DMD, liquid crystal display (LCD) can be used to enable
the curing of entire layers by different grayscale light intensities [25]. The DLS technology
uses a set-up similar to a bottom-up DLP, but with a UV and oxygen permeable window.
This allows continuous photopolymerization and upward movement of the build platform
[26]. Therefore, in addition to SLA and DLP, this technology is part of a new subcategory
for VPP, called continuous digital light processing (CDLP). Another technology that enables
CDLP is volumetric polymerization inhibition patterning (VPIP), which uses two different
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Bottom-up

Top-down

Bottom-up
DLS DLP

Figure 2.: Vat photopolymerization (VPP) technologies. The white arrow indicates the di-
rection of movement of the build platform. Three arrows represent that it is a
continuous and faster movement of the build platform without any recoating mech-
anism. A1 and A, stand for two different wavelengths. The graphical representation
is inspired by the review paper from Sampson et al. [21].

wavelengths one for the initiation and one for the inhibition of the photopolymerization [27].
In 2019, a new VPP technology emerged that enables volumetric additive manufacturing
(VAM) and is called computed axial lithography (CAL) [28]. Instead of a build platform,
CAL uses a rotation stage to pass the volumetric information to the resin via a DLP projector.
Another important VPP technology, which is also not limited to a layer-by-layer approach is
the two-photon polymerization (2PP) [29]. The photopolymer is transparent to near infrared
(NIR) and therefore, the laser can be moved in any direction within the resin. A famous
example was demonstrated by the research group from TU Wien, who printed a castle in the
range of a few microns on the tip of pencil [30]. A more in depth summary of 2PP can be
found in the review paper by Ligon et al. [5]. A visual representation of the various VPP
technologies and their corresponding subgroups can be seen in Figure 2.
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Figure 3.: Graphical illustration of digital light synthesis (DLS). @ 3D object with support
structures @ Upward movement of the build platform @ Vat filled with viscous
photopolymer @ DLP system with DMD @ Oxygen and light permeable window
@ Oxygen-dead zone @ Polymerized part [31]

1.1.1. Digital Light Synthesis (DLS)

Continuous liquid interface production (CLIP) was introduced in 2015 [32]. The speed of
DLS was previously unmatched in AM and is enabled by a UV and oxygen-transparent
window located at the bottom of the vat. A graphical representation of a DLS 3D-printer, the
cross-section of the DMD, the vat and the polymerization gradient can be seen in Figure 3.
Figure 4 shows the reaction scheme. UV-light that shines through the window at the bottom
of the vat with a specific wavelength (hv) causes a homolytic cleavage of the photoinitiator
(I), which produces free radicals (R-). The latter react with monomers (M) from the resin.
However, since oxygen also flows through the window at the bottom of the vat, the radicals
can also react with the oxygen molecules (O;), which leads to an inhibition of polymerization,
as no chain growth takes place. This creates a so-called oxygen-dead zone, which is only a
few microns thick [17]. Above the oxygen dead zone, the oxygen concentration decreases,
creating a continuous polymerization zone in which free radicals dominate. Therefore, oxygen
and reactive monomers compete for free radicals. Oxygen inhibition of (meth-)acrylates is a
well-known phenomenon and has been seen as an obstacle in the past with several attempts
to avoid it by developing new resin formulations [33]. For CLIP, however, oxygen inhibition
serves as the key to unlock a continuous bottom-up process without the conventional recoating
mechanism: Since no resin polymerizes in the oxygen dead zone, the build platform can be
continuously elevated and a constant resin flow into the polymerization gradient is enabled.
This is the main reason why the print speed of DLS is at least ten times faster then the print
speed of SLA or DLP. [17, 26]
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Figure 4.: Reaction scheme of a radical photopolymerization with oxygen inhibition [34].

In the following paragraph, the fundamental equations for DLS by Tumbleston et al. [17] are
presented together with the latest studies about DLS.
The dead zone thickness z4, can be controlled by three parameters:

—-0,5
24, = C (4’3‘;’1) 1.1)
C

The first is ¢pg, which is the number of photons per area per time. The second is the absorption
coefficient ap;, which is the product of the wavelength-dependent absorptivity and the
photoinitiator concentration. The third is the required curing dosage without dye D, which
decreases as the reactivity of the resin increases. C is a proportionality constant. Based on the
Beer-Lambert absorption law, the cured thickness z¢ can be calculated by Equation 1.2 as

1 Poaprt
Zet = o In < Dy ) . (1.2)

In practice, the cured thickness increases with the exposure time ¢, the photon dosage and the
reactivity of the resin (small D). In addition to the photoinitiator, the resin usually contains
other molecules that can absorb light but do not participate in polymerization, so-called
passive absorbers. Therefore, the total resin absorption « is the sum of ap; and the absorption
coefficient of the passive absorbers such as dye or pigments agye:

X = XPI + Adye- (1.3)
The following correlation applies to print speed:

speed N Poapr
“in "~ Da (1.4)

Where h, is the absorption height defined as
1
ha = = 1.
A= (L5)

and a measure of vertical resolution. Large h4 means that photons can reach far into the resin,
which improves the manufacturing speed while reducing vertical resolution. For a given h,,
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the printing speed can be enhanced by increasing the reactivity of the resin (small D), ¢o
or apr. The correlation from Equation 1.4 applies only to a constant resin flow. However, for
geometries with a large horizontal cross-section, the time it takes for the resin to flow into the

gap T must be taken into account:
L\? n
T~ | =] = (1.6)
< h > p

In addition to the cross-sectional line L and the gap height h, T is also dependent on the
atmospheric pressure p and the viscosity of the resin #. Because the micro-gap cannot be
filled immediately, a transient vacuum emerges that pulls the part in the direction of the
bottom of the vat. Research activities have been performed on modelling the the separation
forces depending on process parameters [35-37]. Wang et al. [38] modelled the resin flow
behavior in the micro-gap between the bottom of the vat. With CFD modelling, they found
that the maximum negative pressure in the micro-gap is at the center of the cross-section.
This force is called Stefan adhesion Fstefan (see 1.7). It scales intensively with L, can lead to
premature delamination from the platform, and is calculated according to the lubrication
theory as follows [39]:

—37L4y - speed

(1.7)
3223,

I3 Stefan —

By injecting material through the cured part during DLS, Lipkowitz et al. [39] achieved
much lower adhesion forces and faster print speed. With their study, they also highlighted
one of the biggest challenges for DLS, which is printing parts with large cross-sections. The
application examples from the next subsection make this point even clearer, as they all have
relatively small cross-sections.

1.1.2. DLS Applications

Most AM applications of photopolymers are still used for prototypes, but more and more
products are coming to the market for small series production. Figure 5 shows four pho-
topolymer products produced by DLS. Figure 5a displays the DLS production of an Adidas
midsole used for sports shoes. The characteristic lattice structure with different mesh sizes
allows for changing properties over the entire shoe [40]. Lattice structures are particularly
suitable for DLS: in contrast to compact geometries, where large cross-sections are irradiated
simultaneously, the UV-exposed areas of lattice structures are relatively small. As described
in the section above, smaller cross-sections result in reduced adhesion forces and higher print
speed. Additionally, the heat impact can be minimized. Due to the exothermic nature of the
photopolymerization, the amount of heat generated in the vat correlates with the UV-exposed
area. Consequently, compact geometries with large cross-sections generate a higher local heat
input. In addition, heat transfer to the surrounding resin is optimal with the lattice structure,
where the ratio of heat transfer area to irradiated area is greater than with bulky objects. Thus,
the heat input of the lattice structures can be better transported. A well-known influence of
too high temperatures is heat-induced shrinkage [41]. Due to the thermally crosslinking of
Carbon, Inc.’s materials further thermal effects are very likely. However, there are no studies
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(a) Adidas mid sole printed with an elastomer pho- (b) Drone blade with lattice structures made of a
topolymer (deviation of EPU41). [43]. © Carbon, urethane-methacrylate photopolymer (RPU 70) [43].
Inc. Used with permission. © Carbon, Inc. Used with permission.

(c) Connectors made of a rigid epoxy photopolymer (d) Personalized MINI turn signal housings printed
(EPX81) [43]. © Carbon, Inc. Used with permission. with RPU70 [44]. © BMW AG.

Figure 5.: Photopolymer products 3D printed with the DLS technology.

yet explaining the effect of temperature on DLS.

The combination of lattice structure with an elastomer material can produce customer-specific
mechanical properties and thus offers a great potential for individualization. For this reason,
most examples of DLS applications are elastomer lattice structures:

The Adidas midsole has already been further developed and the second generation of the
Adidas 4D FWD uses a special lattice design that converts the downward facing force into a
forward facing force and thus supports the running movement [42].

Another example are elastomer lattice bicycle saddles from Specialized and Fizik [45]. Ridell’s
helmet pads for NFL players also consist of an elastomer lattice structure and are produced
with DLS [46].

The drone blade printed with a urethane-methacrylate also uses this kind of lattice structure
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for lightweight purposes (see Figure 5b). The surface effect visible on the inside of the blade
is the so-called moiré pattern, which is very concise on products manufactured with urethane-
methacrylates. Depending on the orientation of the part during DLS and the viewing angle, it
sometimes appears stronger and sometimes weaker. For example, the moiré pattern in Figure
5d is not quite as strong. It results from the oxygen- and UV-transparent window, which is
used in the DLS process at the bottom of the resin vat.

The next example from Figure 5c shows typical connectors used for example in wiring
harnesses of cars. The relatively small geometry of these parts makes it possible to print 16
components in one print job. The number of parts per build job is critical to AM. The more
parts fit into a build job, the more economical the overall process becomes. The dimensions
of the build volume of the M2 carbon printer are 189 mm x 118 mm x 326 mm and of course
represent the limiting factor for the maximum part size. The homogeneity of the mechanical
parameters over the entire build area is an important requirement for all AMprocesses. If
this cannot be guaranteed, an effective build area must be specified in which the material
properties are almost identical. Obst et al. [47] investigated the influence of UV light intensity
and exposure time on a urethane-methacrylate material over the entire build plate of the
Carbon, Inc. M2. They found that increasing the exposure time and UV light intensity
resulted in more brittle material behavior. The data also shows a build area dependence with
higher tensile strengths at the periphery and lower tensile strengths in the middle of the build
plate. These variations might stem from a non homogeneous UV light distribution of the
DMD, but need further investigation.

The last example from Figure 5d shows a personalized MINI turn signal housing, which is
also known as the MINI Side Scuttle and is a good example of how AM can improve the
individualization of products for customers. In the past, the traditional production of such
parts required either new tools or additional processing steps. AM can now produce indi-
vidualized products within the same production process for small series with comparatively
little additional effort.

Unlike most other AM processes, in VPP the material is not just melted, but the photopoly-
mers undergo a complete chemical reaction that also changes the chemical composition of the
material. The composition of the feedstock in DLS consists of many different molecules and
can be quite complex compared to, for example, PA11 in PBF, which essentially consists of a
single type of molecule. To understand the influence of the material on the process and the
properties of the final 3D object, it is important to understand the basics of photopolymers in
general. This is what this section is about.
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1.2. Photopolymers

Photopolymers have a wide range of commercial applications such as electronic and optical
materials, adhesives and sealants, coatings and surface modifications, and of course AM
technologies such as VPP [48]. Figure 6 shows the structure of the three large polymer classes
and indicates to which class photopolymers are assigned. Therefore, the application examples

% Photopolymers

Thermoplastic Elastomer Thermoset

Figure 6.: Polymer classes with and without crosslinks (red circle) [34].

from Figure 5 are either elastomers (shoe sole) or thermosets (all other examples). The
difference between these two polymer classes is their crosslinking density, which is lower in
elastomers and higher in thermosets. Either way, their cured shape cannot be changed. This
is the main difference to the third polymer class of thermoplastics, as they have no crosslinks,
which makes their shape reversible with heat. The advantage of thermoplastics used in AM
technologies such as MEX and PBF lies in their reusability and recycling potential. Old PBF
powder can be melted, for example, into pellets or filaments to be used as the feedstock of
MEX.

Table 1.1.: Radical, cationic and hybrid photopolymer systems.

Photopolymer reaction systems

Radical system Cationic system
Photoinitiator (PI) + acrylate monomer Photoacid generator (PAG) + epoxides
PI + methacrylate mononmer PAG + epoxides + vinylethers
PI + thiol-en-monomer PAG + epoxides + oxetanes
Hybrid system

PI + (meth-)acrylates + (thiol-en) + PAG + epoxides + (vinylethers) + (oxetanes)

The polymerization mechanism of photopolymers depends on the photopolymer system.
The three major photopolymer systems are radical, cationic and hybrid systems (see Table
1.1) [5]. The first requires a photoinitiator (PI) and (meth-)acrylates and reacts in a radical
photopolymerization, while the second requires photoacid generators (PAGs) and epoxides
that react in a cationic chain growth mechanism. Hybrid systems contain both radical and
cationic monomers and initiators and form an IPN.
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Figure 7.: (Meth-)acrylates and epoxy monomers with their corresponding repeating units in
the polymer chain.

Figure 7 shows methacrylate, acrylate and epoxy monomers and their repeating unit in the
polymer after polymerization. The only difference between methacrylates and acrylates is the
methyl group at the alpha position of the vinyl group (C=C). This causes a steric hindrance
and is the reason why the reaction rate of methacrylates is slower than the reaction rate of
acrylates [33]. The rapid curing speed of acrylates can lead to distortions in the printed object.
Murphy et al. [49] found that a system that contains both slow-curing methacrylates and
fast-curing acrylates achieves a better result compared to using only one monomer type. Of
course, the monomers can also be multifunctional, i.e. have more than one functional group.
If the same functional group exists two, three or four times in the same molecule, they are
di-, tri- or tetra-(meth-)acrylates. The amount of functional groups of the monomers has an
important influence on the curing behavior and the formation of crosslinks. Generally, the
higher the amount of functional groups, the higher the number of crosslinks. Furthermore, an
increase in crosslinking density leads to increased tensile strength with simultaneous decrease
in the maximum elongation at break, i.e. the brittleness increases [50]. Anastasio et al. [51]
found out that for methacrylates cured with low UV light intensities, a thermal postcure can
increase the mobility of dangling chains, which can then further react in the network and
thus increase also the yield stress. However, unlike the DLS feedstock, the tested material
was only UV reactive.

Another important characteristic of the monomer is its molecular weight or molar mass, as it
directly affects the viscosity of the resin. Higher molecular weight oligomers are often needed
to achieve sufficient green strength and reduced shrinkage after UV-curing, while low-weight
monomers are used to improve processability and increase print speed by reducing viscosity.
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Figure 8.: Chemical reaction steps of a free radical photopolymerization.
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The increased viscosity can be compensated by heating the resin. Some companies and
research groups specialize in the field of hot lithography. There, resin formulations are
processed with such a high proportion of heavy oligomers that the feedstock might be even
solid at room temperature [52]. However, these materials are also only UV- and not thermally
reactive.

The last group from Figure 7 are sulphur-containing thiol-en systems, which are generally
subject to lower polymerization shrinkage compared to acrylate-based systems and are less
brittle [53, 54]. Hybrid systems of (meth-)acrylates with thiols show less shrinkage and
produce sharper structures [55]. They are also not as prone to oxygen inhibition as acrylates,
which is usually a good property. However, this makes them unusable for DLS, as they would
polymerize on the oxygen transparent window.
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1.2.1. Radical Photopolymerization

The tradename of some DLS materials, such as EPX81, may be misleading, as one might
assume that the underlying reaction model is cationic due to the reference to epoxides. Al-
though the resin system contains hybrid molecules that have both epoxy and (meth-)acrylate
functional groups, the reaction system is neither cationic nor hybrid, as the photo differential
scanning calorimetry (photo-DSC) results will show in the results section [31, 56]. The
tradename of EPX 81 refers to the second thermal curing step in which the reaction between
epoxides and amines is initiated by heat. This second reaction step, will be explained in more
detail in the next section.

All DLS resin systems undergo radical photopolymerization, as shown in Figure 8, which
takes place directly above the oxygen dead zone (see Figure 3). In most DLS resins, the PI
is diphenyl (2,4,6 trimethyl benzoyl) phosphine oxide (TPO). The first step of the radical
photopolymerization is the initiation @: UV-light (hv) causes a homolytic cleavage at the
phosphor position of TPO, which leads to the formation of two radicals. The diphenylphos-
phonyl radical is more than twice as reactive as the benzoyl radical [57, 58]. The second step
is the chain start @, in which the phosphonly radical reacts with the vinyl double bond
(C=C) of the methacrylate, which leads to a new methacrylate radical. In the same way, the
chain grows monomer by monomer. This step is called chain propagation @ When two

radical chains react with each other, this terminates the polymerization by recombination @
Chain propagation can also end with disproportionation, in which the transfer of an H-atom
from one radical to another creates a C=C double bond. [59]

1.2.2. Dual Curing Systems

Dual curing systems are defined as a system in which two curing reactions take place to
combine two otherwise distinct polymer networks. These curing reactions can be either
simultaneous or sequential [60]. A good example for a simultaneously dual curing is the
reaction of hybrid photopolymer systems that cure epoxides and (meth-)acrylates with their
corresponding PAG and PI simultaneously [33, 61]. On the other hand, sequential dual curing
reactions are well known from adhesives and composites, as the processing of these materials
often requires a stable intermediate step. A concrete example of sequential dual curing
are acrylates that react with nucleophiles (Michael donors) like amines via an aza-Michael
addition before photopolymerization [62-64]. Urethane-methacrylate in DLS also follows
a sequential dual curing process: as already mentioned, after radical photopolymerisation,
the final material properties of the DLS materials have not yet been achieved. The material
state after DLS is sometimes referred to as green state. The printed object must be cleaned of
excess resin and removed from the build platform. Afterwards, it is placed in a convection
oven with a material-specific temperature profile, e.g. four hours at 120 °C for urethane-
methacrylates. The dual curing reaction scheme of DLS resins is described in Figure 9.
The material goes through two different states with two different reactions: the first is the
UV-initiated photopolymerization, which converts the liquid phase (A) to the solid green
state (B), the second is the thermally activated crosslinking reaction that results in the final
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solid state (C). In order to understand both the UV and thermally activated reaction of a

A" B C

Figure 9.: Consecutive UV and thermal curing of DLS materials.

DLS photopolymer, it is necessary to take a look at the composition, since it is important
to know which molecules are involved in which reaction. The composition of the urethane-
methacrylate is given in Figure 10. It consists of two parts: part A and part B, which are
mixed in the ratio 10:1 and dispensed into the DLS cassette before printing. Part A of the
urethane-methacrylate consists of TPO (photoinitiator, 0.1 % to 2 %), urethane dimethacrylate
(UDMA) (difunctional oligomer, 1% to 20 %), methacrylate blocked polyurethane (MABPU)
and methacrylate blocked diisocyanate (MABDI) (blocked prepolymer synthesised with
diisocyanates, 10 % to 70 %), isobornyl methacrylate (IBOMA) (reactive diluent, 10 % to 50 %)
and neopentyl glycol dimethacrylate (NPGDMA) (difunctional monomer, < 0.3 %). Part B of
the urethane-methacrylate consists of trimethylolpropane tris [poly (propylene glycol) amine
terminated] ether (Chain extender, 20 % to 100 %). [65, 66] The rather small molecules with

Molecules in RPU 70
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Figure 10.: Composition of the urethane-methacrylate. Adopted from Bachmann et al. [67]

low molecular weight IBOMA, NPGDMA and tert-butylaminoethyl methacrylate (TBAEMA)
are reactive diluents as they participate in step @ and @ of Figure 8 and reduce the
overall viscosity of the resin. The molecules NPGDMA, UDMA, MABDI and MABPU are
difunctional, as they have two methacrylate groups at both ends and thus can crosslink two
polymer chains during polymerization. TBAEMA has a special role, as it is both reactive
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Figure 11.: Dual curing reaction mechanism of a urethane-methacrylate during DLS. Adopted
from Bachmann et al. [67]

diluent and the blocking unit of MABDI and MABPU, to which it is connected by a blocked
isocyanate group. A detailed analysis of the MABDI and MABPU molecules can be found in
the result part of this dissertation [67]. Here it is suffices to know that MABDI and MABPU are
special synthesized oligomers consisting of one polyol, two diisocyanate and two TBAEMA
or one diisocyanate with two TBAEMA, respectively. Both contain the characteristic thermally
unstable urea group with the blocking unit TBAEMA. At elevated temperatures, this chemical
bond is dissolved and the deblocked isocyanate reacts with the primary amine group of the
chain extender from part B. This results in an IPN consisting of the UV polymerized and the
thermally created polymer networks. A schematic representation of the DLS process steps,
the material states and the IPN can be seen in Figure 11. The additional degree of freedom of
the thermal post curing step for Carbon’s dual curing formulations enables a wide range of
material classes, such as elastomeric polyurethanes (e.g., EPU 40), silicone-like materials (e.g.,
SIL 30), epoxides (e.g., EPX 82), polyurethanes (e.g., RPU 70), and cyanate esters (e.g., CE

221). [56]
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1.2.3. Characterization Methods for Photopolymers

Now that both the process of DLS and the ongoing chemical reactions have been explained,
this section summarizes the test methods that are used to characterize photopolymers. Table
1.2 lists various target values that can be found by using the appropriate characterization
methods. The corresponding test category, i.e. thermal, rheological, chemical, optical and
mechanical is also listed. The most common analyzing methods for characterizing the

Target figure Testing category Characterization method
Evaporation behavior Thermal Thermogravimetric analysis (TGA)
Reaction heat Thermal Differential scanning calorimetry (DSC)
Heat, strength and speed =~ Thermal Photo-DSC
of photopolymerization
Viscosity Rheological Viscometer
Chemical bonding Chemical Fourier-transform infrared
spectroscopy (FT-IR)
Molar mass Chemical Quadrupole / time-of-flight
mass spectrometer (Q-TOF MS)
Density differences Optical Computed tomography (CT)
cross-section Optical Microscope
Tensile strength, -modulus Mechanical Tensile testing
and elongation at break
Impact strength Mechanical Impact testing
Storage-, loss modulus Mechanical Dynamic mechanical analysis (DMA)

and loss factor

Table 1.2.: Testing methods used to characterize photopolymers.

transition from liquid photopolymer resin to solid, crosslinked thermoset are the fourier-
transformed infrared spectroscopy (FI-IR) and the photo-DSC method. The former provides
information about the chemical bonds, such as C=C double bond conversion, while the
latter provides thermal information about the heat and strength of poylmerization. Decker
et al. [33] proved by the aid of real-time FI-IR that acrylate monomers polymerize faster
than epoxy monomers. By the aid of the photo-DSC, Rusu et al. [68] found out that higher
temperatures and higher UV light intensities lead to a higher reaction rate and to faster
polymerization conversion. Several other photo-DSC studies investigated radical, cationic and
hybrid photopolymers [68-75]. Some focus on the reactivity [71, 76] others on the influence
of oxygen inhibition [77, 78]. In these studies, liquid samples are used with small sample
masses to ensure isothermal conditions. However, one often neglected aspect of photo-DSC
measurements is the sample shape, which can either be drop or film. Almost all mentioned
studies use a film sample shape, as it offers a large contact area from the sample to the
crucible, which ensures good heat transfer. However, a uniform sample thickness is often
difficult to achieve because the resin is pulled upwards at the walls of the crucible. The
latter phenomenon can be avoided if the drop shape is used, which offers an interesting
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alternative in sample shape preparation, because this shape also reduces surface effects. The
downside, however, is that there is also no uniform film thickness. Another neglected aspect
of photo-DSC measurements is the time between sample preparation and measurement start
(dwell time), which is also an important time for the processing of dual curing photopolymers
in DLS. There, the two part resins are first mixed prior to printing. Several hours can pass
before the mixed material is UV cured in the process. The influence of prior oxygen diffusion
into the resin, evaporation of volatile components from the resin, prior UV- or thermal curing
due to environmental influences can not be ruled out.

1.3. Multimaterial AM Technologies

A new multi-material VPP technology will be presented in the result part of this dissertation.
In order for this new technology to be adequately discussed in the overall discussion chapter,
the state of the art for multi-material AM technologies is presented here.

Multi-material AM is the spatially controlled printing of at least two different materials
within a 3D object. Demand for such parts often comes from improved functionalities such
as embedded sensors, improved shock absorption, crack resistance, damping, elasticity,
actuation and structural electronics [66]. In general, the approaches for multi-material AM
can be divided into three main categories: the first category uses multi-material feedstocks,
the second category utilizes only one feedstock, but at least two different reactions are
initiated, or the production parameters are modified to convert the feedstock into an object
that has at least two different material properties and functionalities. The last category is any
variant of a combination of the first two categories. The multi-material feedstock approach is
used primarily with extrusion-based AM [79-86] and Polyjet [87, 88] as these technologies
often provide multiple printing nozzles that are beneficial when printing different materials.
However, these methods lack the precision and dimensional accuracy of VPP.

Therefore, there are now a variety of multi-material VPP approaches. Sampson et al. [21] have
divided these approaches into six different categories that can be seen in Table 1.3. In the first

Nr. Multi-Material Approach VPP Technology References

1 Manually switching resins / resin vats SLA, DLP, 2PP, DLS [89-110]

2 Mechanically switching resins / resin vats SLA, DLP, 2PP [111-124]

3 Printing over pre-existing object CAL [28]

4 Curing of hybrid resin with two wavelengths DLP [125-127]

5 Varying the degree of polymerization DLP [89, 105, 128-133]
6 Combination of approaches Nr. 1 - 5 SLA, DLP [105, 128, 129]

Table 1.3.: Multi-material VPP approaches according to Sampson et al. [21].

two categories, the resin or resin vat is switched manually [89-110] or mechanically [111-124].
With some examples of this approach, only the next to-be-printed layer is injected into the
resin vat [102, 103]. From the moment the resin is replaced, the object is further printed
with another material. This approach is relatively simple and can be implemented with any
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number of materials and for all VPP technologies. One of the challenges is that the already
cured object and the resin container must be washed and rinsed to prevent contamination.
This makes the entire printing process much slower. Furthermore, the adhesion between the
layers of different materials is often problematic and the different curing behavior can lead to
different shrinkage, which may require specific programming of the printing process. For the
mechanical switching of resins/resin vats approach, one or more of these components are
needed: a rotating vat carousel, an automatic (syringe) pump that dispenses the resin into
the vat, and a cleaning system with compressed air. Of course, the advantage of having the
process more automated goes in hand with the drawback of needing several custom made
printer modifications.

The third approach for multi-material VPP is the so-called "overprinting", which describes the
printing of a 3D structure around an existing shape. According to Sampson et al. [21], this
approach is only made possible by CAL technology. However, 2PP also allows "overprinting",
as the example of the printing of a submicroscopic castle on the top of a pencil shows [30].
With 2PP, the laser can penetrate deep into the resin before initiating polymerization [21]. The
unique advantage of this approach is that the existing shape, which is "overprinted", can be
produced by any manufacturing technology. Kelly et al. [28], for example, demonstrated with
CAL the overprinting of a metal shaft of a screwdriver with a personalized polymer handle
in less than a minute. The print speed is another advantage. However, CAL requires a highly
viscous resin, non-trivial optical alignments, and additional programming to synchronize the
sliced projected images with the rotational speed of the vat.

The fourth approach describes the dual curing of hybrid resins (see Table 1.1) with two
different wavelengths. One wavelength ensures the initiation and curing of the PI and (meth)
acrylates and the other wavelength the curing of the PAG and epoxides. Thus, within a
printed layer, an XY-material-heterogeneity can be generated using only one resin. The
obvious drawback of this approach is the large hardware as well as software effort involved
in installing a second light source. Additionally, this approach is only possible with DLP.
Two examples of this approach are solution mask liquid lithography (SMaLL) [125, 126] and
multimaterial actinic spatial control (MASC) [127].

The fifth approach is to influence the degree of cure by using grayscale light projections
and / or changing exposure times. Both have a direct impact on the crosslinking density
and thus on the tensile modulus. With this approach, an XY-material-heterogeneity can be
implemented within a layer with only one resin. Additionally, a material-gradient within a
layer is possible. However, additional manipulation of the projection images is also required
in order to implement grayscale light or a special exposure times strategy.

The sixth approach describes the combination of one or more of the previous approaches. One
of the most interesting examples in this category is described by Kuang et al. [128], who used
a dual curing resin (UV + thermal) comparable to the Carbon materials (see section 1.2.2).
There, an XY-material-heterogeneity within a projection plane is achieved during UV-curing
via grayscale light. In the subsequent thermal curing step, an amine cross-linkers react with
unreacted epoxides to achieve the final material properties.
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1.4. Research Gaps and Questions

In summary, the two main research gaps (RG) and research questions (RQ) that will be the
focus of this work are as follows:

* RG 1: First, previous photo-DSC studies have not addressed the issue of sample shape
and its effects on the measurement. Furthermore, most photo-DSC studies have failed
to convert the light intensity of the light source to the actual light intensity on the
sample surface during measurement. In addition to light intensity, surrounding gas
composition and temperature, other relevant parameters of the 3D printing process or
environmental factors such as dwell time, wavelength and relative humidity (RH) have
not yet been studied.

* RQ 1: How do sample shape, dwell time, wavelength, and RH affect photo-DSC
measurements, and how can the light intensity be calibrated in order to replicate VPP
process parameters?

* RG 2: Secondly, the literature on VPP materials curing with UV and heat is still very
limited, so the influence of temperature on the reaction mechanism and process is not
yet well understood. The preheating of the resin and its influence on the viscosity, the
printing process and the final mechanical properties have not yet been studied.

* RQ 2: How do increasing temperatures affect thermal curing, how can the influence be
characterized, and what happens to the viscosity of the resin?

1.5. Objective of this work

The main objective of this work is to gain a deeper understanding of the chemistry of
dual-curing photopolymers, i.e. UV and thermal curing, using a suitable and reproducible
photo-DSC method, to improve the processing of the material in DLS and to find new ways
to use dual cure chemistry for additive manufacturing. The objective of this work is divided
into three sub goals:

1. The first goal of this work is to develop a reproducible and standardized photo-DSC test
method for dual curing photopolymers and to identify the most important influencing
factors on the testing method as well as on the material.

2. The second goal is to investigate the thermal influence on a dual curing urethane-
methacrylate in order to characterize the ongoing chemical reactions and to understand
temperature-dependent challenges in the processing of the material.

3. The third research goal is to use the dual curing reaction to develop a new multi-material
VPP technology.
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The methodological approach for achieving the objectives of this work can be seen in Figure
12. The next chapter summarizes the results of each publication and outlines the author’s
individual contribution on one page. This is followed by the cumulative integration of four
accepted journal publications (full papers in international, English language, peer-reviewed
journals).

Dissertation

Find out optimal sample Photo-DSC parameter
preparation i.e. study of different
- sample shape - wavelengths
- sample mass - light intensities
- sample holder - relative humidities
- test protocol - temperatures
for the photo-DSC method. - surrounding gas

composition

Material system: Methacrylate urethane dual curing resin system RPU 70 (Carbon, USA)

Figure 12.: Methodological approach and structure of results chapter to achieve the objectives
of this work.
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2. Summary of Publications

The graphical abstracts for the four publications can be seen in Figure 13. The first two
publications focus on the photo-DSC method [31, 56], while the last two focus on the
temperature dependent chemical reaction in a urethane-methacrylate [66, 67].

Digital Light Synthesis (DLS) Photo-DSC

Process and Environmental Parameters:
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Figure 13.: Graphical summary of the four publications:
Paper 1: Photo-DSC Fundamentals,
Paper 2: Photo-DSC Parameter Study,
Paper 3: Temperature Influence on a Dual Curing Urethane-Methacrylate in DLS,
Paper 4: A New Additive Manufacturing Technology.
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2. Summary of Publications

2.1. Photo-DSC Method for Liquid Samples Used in Vat
Photopolymerization in Analytica Chimica Acta

Summary of the Publication

In the first publication, photo-DSC is presented as a suitable method for characterizing
photopolymers in AM. Especially because important process parameters such as the target
UV-exposure time and the resulting reaction heat can be determined with it. For the photo-
DSC to deliver reliable and meaningful results, careful sample preparation and an appropriate
test protocol are required. The selection of a suitable sample shape, sample mass and sample
holder (crucible) plays a decisive role. In addition, different reactivity of different resins may
require different types of test protocols.

The comparison of two different photo-DSC exposure profiles showed that a preexisting test
protocol can be shortened from 42 min to 24 min without losing measuring accuracy. The
two two-part DLS resin systems, the methacrylate urethane and the acrylate epoxy, were
investigated both part by part as well as in the mixed state at different temperatures and
O;-concentrations using the photo-DSC method. This not only identified the part with the
photoinitiator and the type of reaction system (radical or cationic), but it also identified a
difference in the curve between methacrylates and acrylates. Although EPX 82 contains epoxy
acrylates, it does not follow a hybrid reaction during UV-curing, but a radical reaction. In
order to investigate the influence of surface effects such as oxygen-diffusion, prior UV-curing
through ambient radiation and evaporation of volatile components on the photo-DSC method
the following sample preparations parameters were compared: sample shape (drop, spread),
sample mass (1.0mg, 2.8 mg and 5.0 mg) and dwell time (0h, 4h and 7h). According to the
surface-to-volume ratio, the 2.8 mg drop shape offers the most robust sample preparation
with the fewest surface effects. The 1.0 mg spread sample shape, on the other hand, offers the
thinnest film thickness (40 pm) and thus the closest comparability to high resolution print
jobs. Different covers were placed on different crucibles, to further reduce surface effects.
These samples were tested over different duration in the automated sample changer (ASC)
that enables automated and consecutive measurements. The lowest mass loss of below 1%
for up to 10 h was achieved by the combination of a cold pressed 85 mL crucible covered with
a 300mL Al,Os crucible, which is removed shortly before the actual measurement. [31]

Individual Contributions of the Candidate

One of the contributions of the candidate to this publication were preparatory photo-DSC
measurements, which served to investigate and conceptualize the scope of this publication.
Two-thirds of the experiments were carried out by Elisabeth Gleis. The other third of the
experiments were carried out by the candidate together with Dr. Stefan Schmolzer. The
formal analysis, the writing of the original manuscript and the project management, which
included the organization of resources and equipment for the experiments in two different
thermal analysis laboratories, were also carried out by the candidate.
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2. Summary of Publications

2.2. Photo-DSC Parameter Study of Photopolymers Used in Digital
Light Synthesis (DLS) in SPE Polymers

Summary of the Publication

The first publication showed the optimal sample shape and mass for reliable and reproducible
photo-DSC results as well as the need to correct the reaction heat due to evaporation during
the measurement with a mass correction factor. Building on theses results, the second
publication focuses to achieve comparability between the photo-DSC method and the DLS
process. Therefore, a calibration setup was used to convert the light intensity of the light source
of the photo-DSC to the light intensity, which is applied in the DLS process. Furthermore,
process and environmental parameters such as wavelength, light intensity, temperature,
O,-concentration, and relative humidity were investigated to study their influences on the
UV-curing behavior of a urethane-methacrylate material system.

m Reaction heat /-0.1 (J/g) Peak height / -(mW/mg) Time to peak /' s
Vol.-% 02 47 Vol.-% 02 7.1 Vol.-% 02 55
Temperature wavelength 5.0 wavelength 2.1
RH RH 4.9 light intensity 1.1
wavelength light intensity 4.9 Pan 0.7
light intensity Temperature 15 Temperature 0.6
Pan Pan 0.9 RH | 0.0
0 3 6 0 5 10 0 5 10
Effect Effect Effect

Figure 14.: Main effects from environmental and process related parameter groups on the
curing behavior of a urethane-methacrylate [56].

The calibration setup yielded a linear equation between the light intensity of the light source
and the light intensity that hits the sample surface. Figure 14 shows the effect of the different
parameter groups on the curing behavior of the used material. In this case, the effect was
defined as the largest minus the smallest mean within a parameter group. Oxygen inhibition
has the largest effect on the three target values (AHR pc,mc, hp and tp). For instance, it takes
twice as long to reach tp for the used material in 100 % O, (10.9s) as compared to a complete
inert gas composition (5.4s). The conditioning of the used material at 100 % RH compared
to 24.3 % RH had an effect on the reaction heat similar to that of a temperature difference
of 20K, a light intensity difference of 18 mW cm~2, and the change from a 400 nm to 500 nm
(bad overlap with photoinitiator) to a 320nm to 390 nm (good overlap with photoinitiator)
wavelength.

Individual Contributions of the Candidate

The experiments were carried out together with Dr. Stefan Schmolzer, everything else was
done by the candidate.
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2. Summary of Publications

2.3. Investigation of the Temperature Influence on a Dual Curing
Urethane-Methacrylate in Digital Light Synthesis (DLS) in
Additive Manufacturing

Summary of the Publication

The third publications focuses on the thermal crosslinking reaction of the urethane-methacrylate
in DLS that takes place during the thermal curing step and which builds an IPN in the UV-
cured part. The dual curing chemistry is described in the introduction of this publication. A
preheating step (1h at 30 °C, 40°C, 50 °C and 60 °C) was added at the beginning of the two
step DLS process in order to see the immediate effects that temperature has on the viscosity,
as well as the effect it has on the mechanical properties of the final part. In addition to this
test series a second experiment was performed, in which the resin was put in an oven at
60 °C for different time spans. With Fourier-transform infrared spectroscopy (FI-IR), viscosity
measurements, weighing and photo-DSC measurements the used material was analysed
before and after the oven time. As described in the first two publications, the evaporation of
volatile compounds plays an important role in the photo-DSC measurement. In this study,
thermogravimetric analysis (TGA) and gas chromatography mass spectrometry (GC-MS) were
carried out in order to further examine the evaporation behavior as well as to determine the
chemical identity of the volatile compounds. Furthermore, differential scanning calorimetry
(DSC) was performed on the UV-cured parts to identify if the premature thermal curing has
a visible impact on the DSC signal.

The evaporating compounds in the urethane-methacrylate are primarily IBOMA followed
by TBAEMA. After the preheating experiments increased temperature lead to an increase in
viscosity. While the mass loss of the used material for 1h at 60 °C in the TGA is 3.39 %, it is no
proof that the increased viscosity solely derives from the loss of the relatively small molecules
IBOMA and TBAEMA. On the contrary, the assumption for the viscosity increase is that the
thermal crosslinking reaction results in the formation of larger molecules that increase the
viscosity. This assumption was confirmed with the observation that at 60 °C for 1h with a
mass loss of only 0.68 %, the viscosity of the used material more than doubled. After 15h
at 60 °C the liquid urethane-methacrylate solidifies into an elastomer with a negligible mass
loss. This ongoing conversion from liquid resin to solid elastomer can be analyzed by the
photo-DSC method, which was developed in the first and second publication. The tensile tests
showed that with a preheating at 60 °C elongation at break and tensile modulus improved
by 47.61 % and 5.54 % respectively, while at the same time tensile strength dropped —5.02 %
compared to no preheating. [67]

Individual Contributions of the Candidate

The contribution of the candidate to this publication included conceptualization, investi-
gation of the topic, conducting all experiments, data analysis and writing of the original
manuscript. Since several measurements had to be done in a timely manner or sometimes
even simultaneously Elisabeth Gleis helped carrying out these measurements.
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2. Summary of Publications

2.4. Cavity Vat photopolymerization for Additive Manufacturing of
Polymer-Composite 3D Objects in Communications Materials

Summary of the Publication

The last publication of this cumulative dissertation presents a new vat photopolymerization
3D printing technology, namely cavity vat photopolymerization. The general principle is
that one photopolymer resin produces a composite material of an elastomer and thermoset.
Cavities are purposefully designed in the solid object, which are then filled with liquid resin
during printing due to the negative pressure. As known, from the previous publication,
thermal curing solidifies the resin in the cavities into an elastomer. A distinct interface is
formed, which is held together by strong covalent bonds. Hybrid specimens indicate improved
damping, reduced fragmentation upon fracture and increased local elasticity. Figure 15 shows
a few application examples.

a) Hybrid strain relief b) Hard-shell/soft core plug-in joint connectors ¢) Modulus modification
— by inner lattice

* x structure.

Tough plug —»
Cavities in stl-file

Cavities in CAD file

Figure 15.: Application examples of parts that can be produced with cavity vat photopoly-
merization [66].

Individual Contributions of the Candidate

The contribution of the candidate to this publication included the early investigations into the
dual curing mechanism. Philip Obst and Lukas Knorr contributed to the conceptualization of
the new process. The candidate carried out the experiments, analyzed the data and wrote the
original manuscript.
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3. Discussion

In summary, the three main objectives of this work were attained:

1. The first goal of this work was achieved to develop a reproducible and standard-
ized photo-DSC test method for dual curing photopolymers and to identify the most
important influencing factors on both the test method and the material.

2. The second objective of investigating the thermal influence on a dual curing urethane-
methacrylate resin in order to characterize the ongoing chemical reactions and to
understand temperature-dependent challenges in the processing of the material was
also attained.

3. The final goal of developing a new multimaterial VPP technology harnessing the dual
curing chemical reaction was also realized.

To 1.:

The photo-DSC method can be used to quantify the exothermic character and the heat of reac-
tion of the radical photopolymerization of photopolymers. It was thus possible to distinguish
between fast-curing acrylates and slower-curing methacrylates. However, with photo-DSC
it is not possible to identify, distinguish or characterize parallel or sequential chemical reac-
tion steps within the multi-step photopolymerization. Also with FI-IR, it is not possible to
identify individual reaction steps when several (meth)acrylates are simultaneously involved
in the polymerization. According to the ICTAC kinetics committee [134], the identification
of the exact reaction steps would be beneficial for the creation of specific kinetic models of
polymerization, which would contribute to a better understanding of the ongoing chemical
reactions and conversions.

The influence of sample shape and mass on photo-DSC proved to be very important for long
residence times, especially when the surface area to volume ratio of the sample is high, more
sample mass evaporates from the sample. Evaporation can be reduced by using a lid on the
crucible, which is removed just before the start of the measurement. Another suggestion to
mitigate this effect in future photo-DSC measurements is to correct the total mass-specific
reaction heat (J/g) with the mass loss factor. In addition, the results of this work advocate
for a uniform approach, i.e., the use of the same sample pan, mass, shape, and overall test
protocol and its documentation.

A major limitation of photo-DSC studies is that the results have limited transferability to
the actual DLS process. The main differences between photo-DSC and DLS are twofold:
first, the light spectra used in DLS and in photo-DSC are not the same. Even if a calibration
method is presented to match the light intensities, it cannot guarantee that the UV light will
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3. Discussion

have the same wavelength distribution. Since the photoinitiators are very sensitive to certain
wavelengths, this could have an impact on the curing behavior and needs to be investigated
in more depth. The use of single wavelength filters representing the wavelength of the VPP
technology could be a good start to increase comparability.

Second, the material sample for the photo-DSC measurement is relatively small, is exposed
to a gas flow, and is placed in a metal crucible that has good heat transfer. Unlike in the
DLS process, where the material is cured in a polymerization gradient and is constantly
surrounded by uncured, liquid, mobile resin. It can be assumed that the heat transport to the
liquid resin in the process looks very different compared to the heat transport to the metal
crucible in the measurement method. Under these circumstances, the actual reaction behavior
in the DLS may look differently.

To 2.

The preheating experiments of a dual curing urethane-methacrylate show that increasing
the temperature leads to an increase in viscosity. This means that the thermal crosslinking
reaction already takes place. Though, the resin remained liquid enough to be processed,
the final mechanical properties change significantly with a preheating temperature of 60 °C.
Therefore, this work shows that temperature is one of the key parameters in processing dual
curing photopolymers. As prior CFD model studies show [35-38], the viscosity of the resin is
one of the main limiting factors for VPP technologies. High viscosities reduce the flowabiltity,
processability and print speed of the material. Additionally, high viscosities increase the
adhesion forces between cured and uncured material, which becomes especially limiting
for geometries with large cross-sections. A standard method to reduce the viscosity is to
increase the temperature. For dual curing formulations, however, this approach will have
the reverse effect, as the higher temperatures would initiate thermal crosslinking and thus
also increase the viscosity. It would only work if the onset of the thermal curing is shifted to
higher temperatures, which would require a complete new material formulation and maybe
also investigations into new deblocking units and molecules apart from isocyanates.

The thermal crosslinking during preheating also results in a different UV curing behavior
during photopolymerization, which can be made evident by the photo-DSC test method.

In addition to thermal crosslinking, TGA and GC-MS show that increased temperatures also
lead to evaporation of reactive diluents. The influence on viscosity and final mechanical
properties is not yet fully understood. Likewise, it is not yet clear whether the evaporation
behavior can also be harmful to the operators of the process. Hayes et al. [135] confirmed
that in DLS, volatile organic compound (VOC) are highest during post-processing when high
temperatures are applied. Therefore, safety measures like proper exhaust and facility air
exchange should be in place for further investigations.

A new research question arising from this work can be formulated as follows: Is the heat
of polymerization of dual-curing photopolymers during DLS sufficient to cause premature
thermal curing. If so, the viscosity of the resin and the adhesion forces would steadily increase
during DLS, which would require dynamic adjustment of the process parameters, especially
the printing speed, to avoid delamination of the part from the platform. The photo-DSC
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3. Discussion

method is not the right method to answer this question. Rather, in-depth rheological inves-
tigations are required that can detect viscosity changes with temperature changes and UV
light.

The thermal crosslinking of the liquid resin went so far as to transform it into an elastomer.
The first attempt was made to produce hard-shell, UV cured parts, which are filled with
liquid resin and thermally curing in an oven to produce parts with hybrid functionalities [136].
However, manual filling of the cavities with liquid resin proved to be very tedious, as filling
was very slow and complete filling without trapped air bubbles could not be guaranteed.
These problems led to the invention of cavity vat photopolymerization (CVPP).

To 3.

CVPP creates hard-shell/soft-core polymers by trapping liquid resin into purposefully de-
signed cavities during the printing process due to negative pressure. Therefore, no additional
manual step between UV- and thermal curing is required. As a new multimaterial VPP
technology, CVPP offers many advantages over the other multimaterial approaches described
in Section 1.3 and Table 1.3. Compared to manually or mechanically switching resins or
resin vats, the obvious advantage is that no switching of material is needed, because the two
different material properties are derived from one starting material. Since no other material is
involved, there is no possible contamination, which would require additional cleaning of the
vat. Because the two different material states in CVPP have the same chemical composition,
adhesion is better than for multimaterial VPP approaches that attempt to combine two very
different materials. In addition, XY-material-heterogeneity can be achieved by CVPP, which
is not possible for the first two approaches described in Table 1.3. CVPP also does not delay
printing times because no additional manual or mechanical steps are required during the
manufacturing process. On the contrary, the build time of the build job from the CVPP
publication was 17 % shorter than the almost identical build job from the temperature effects
publication. Because the cavities produce smaller cross sections, adhesion forces are reduced
and faster print speed can be applied. Compared to the two wavelength approach, CVPP
does not require hardware modifications and can be used with all top-down and continous
bottom-up VPP processes. One of the disadvantages of CVPP is that it is not possible to
overprint existing objects. Another downside of CVPP is that the soft material state contains
unreacted photoinitiators and these can diffuse outwards which is noticable by a strong,
characteristic, (meth-)acrylate odor. This disadvantage is shared with all multimaterial VPP
approaches, in which the photopolymer is only partially cured. However, so far this issue
has been little considered in literature and should be examined more deeply, especially for
health reasons. Similarly, the long-term stability of the material properties for only partially
cured materials is not yet fully known. The multimaterial VPP approach by Kuang et al. [128]
has a high similarity to CVPP. There, the UV curing step is carried out with grayscale DLP,
which enables the design of material gradients. Afterwards, the dual curing material is also
thermally cured to achieve its final properties. A not insignificant argument could be that
CVPP is only an extreme case of this approach, namely when the grayscale is set to 100 % (full
dark compared to 0 % = full intensity), so that cavities in the object are also created, which are
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3. Discussion

then filled with resin. However, the original research objective of Kuang et al. [128] was to
produce functionally graded materials, not to use cavities for to enable hybrid functionalities.
The unambiguous difference between these two approaches is that in CVPP the cavities are
implemented as part of the part design by the preparation software, whereas if the same
cavity is designed with the approach of Kuang et al., it would have to be programmed by
grayscale patterns. For the ordinary VPP user, the first variant would be much easier to
implement than the second. The advantage of the grayscale DLP approach, however, is that
the area of no illumination (cavity) can be exposed with a fraction of the light intensity to
chemically bound at least the photoinitators and a few monomers. This could help to reduce
monomer diffusion from the elastic state. Another way to improve CVPP is to formulate
of resins that lead to a stable thermally cured elastic state. The invention of CVPP has also
launched new research projects that investigate the long-term stability of the material as well
as optimal part design for the process. New patents have been filed, which describe the use
of CVPP for the production of hybrid lattice structures, self-healing-, electricity conducting-
and smart materials.
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ABSTRACT

The photo differential scanning calorimetry (photo-DSC) is an appropriate method to characterize
photopolymers used in additive manufacturing (AM). Important process parameters such as optimal
ultraviolet (UV) exposure time and reaction heat can be attained by this method. However, achieving
reliable and meaningful results from photo-DSC experiments requires careful sample preparation, i.e. the
selection of a suitable sample shape, sample mass and sample holder (crucible). The sample shapes drop
and spread with 1.0 mg and 2.8 mg sample masses were investigated in this study. Three different times
from sample preparation until the start of the measurement (0, 4 and 7 h) were tested, in order to
investigate different surface effects such as oxygen-diffusion, prior UV-curing through ambient radiation
and evaporation of volatile components. While the 1.0 mg spread sample shape offers the thinnest film
thickness (40 pm) and thus the closest comparability to high resolution print jobs, the 2.8 mg drop shape
offers a more robust sample preparation with minimized surface effects. To further reduce time-
dependent surface effects, this study shows how a preexisting test protocol was shortened from
42 min to 24 min without losing measuring accuracy. Furthermore, to reduce evaporation, different
covers were placed on different crucibles, which were tested over time in the device’s automated sample
changer (ASC) that enables automated and consecutive measurements. The combination of a cold
pressed 85 pL crucible covered with a 300 pL Al;O3 crucible, which is removed shortly before the actual
measurement, provides the best sample preparation for the ASC since mass loss remains below 1% for up
to 10 h. Finally, two two-part resin systems, namely a methacrylate-urethane and an acrylate-epoxy
based resin that are used in Digital Light Synthesis (DLS) are characterized part by part as well as in
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mixed state. Together with the investigation of different temperatures and atmospheres, it was possible
to identify not only the part with the photoinitiator and the type of system (radical or cationic), but also a
difference between methacrylates and acrylates with the aid of the photo-DSC method.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Photopolymers play an important role in many industries such
as adhesives, varnishes on various substrates, paints and compos-
ites [1]. New and rapidly expanding industries for photopolymers
include food packaging, interior and exterior design, biomedical
implants and additive manufacturing (AM) [2]. In the latter, liquid
photopolymers are converted, i.e. cured, into a solid state by a
point-shaped (stereolithography (SLA) [3]) or an area (digital light
processing (DLP)) light exposure from above (top down) or from
the bottom (bottom up). Most new technologies for AM such as
volumetric polymerization inhibition patterning [4], computed
axial lithography (CAL) [5], 4D-printing [6] and printing of fully
functional electronic devices [7] are associated with materials
printed by photopolymerization approaches [8]. One of these more
recent technologies is Digital Light Synthesis (DLS) (formerly
known as Continous Liquid Interface Production (CLIP)), which was
presented in 2015 by Carbon, Inc. (Redwood, CA) [9]. DLS works
very similar to the bottom-up digital light processing (DLP) tech-
nology. A graphical representation of the DLS printing process can
be seen in Fig. 1. DLS differs from DLP in that not only light, but also
oxygen can pass through the window at the bottom of the resin
cassette. A so-called “O;-dead zone” is created in which polymer-
ization is inhibited by high oxygen concentration. Consequently,
the bottom layer does not polymerize and does not adhere to the
window, which allows a continuous resin flow into the “O,-dead
zone” as well as a continuous, instead of a layer-by-layer, produc-
tion. This invention enables much faster production times
compared to conventional DLP, since the separation and realign-
ment steps become obsolete [10].

Ligon et al. [11] describe four types of photopolymerization
systems in detail that are generally used in AM: radical systems,
cationic systems, hybrid formulations and two photon initiators.
The latter is not of interest to this study. The general scheme of UV-
initiated radical photopolymerization with oxygen interference can

Oxygen gradient
i Free radicals

i dominate
Polymerization
..................... LIV oxygen
5) e dominates

sy Ty
Oxygen UV-light

Fig. 1. Schematic illustration of DLS for the production of a personalized product. ®
Part with support structures @ Continous elevation of the build platform @ Cassette
filled with liquid resin @ DLP system ® Oxygen and light permeable window ® “0,-
dead zone” @ UV-crosslinked part.

be seen in Fig. 2. The absorption of light of a photoinitiator (PI) with
an appropriate wavelength creates a photo-excited photoinitiator
I-, which is quenched with oxygen or cleaved to form a radical R-.
The radical then either reacts to a peroxide with oxygen or initiates
and propagates polymerization with (meth)acrylates. A detailed
description of the reaction steps during the radical photo-
polymerization of a methacrylate system can be seen in Fig. A. 1.
The cationic system on the other hand requires a photoacid
generator (PAG) that reacts with epoxy monomers in a cationic
chain growth mechanism. Hybrid formulations contain both radical
and cationic monomers and initiators; together they form a so-
called interpenetrating network (IPN). Decker et al. [12] observed
radical and cationic-type PIs and PAGs by in-situ real-time infrared
spectroscopy. They showed that acrylate monomers polymerize
faster and more extensively than the epoxy monomers, which
makes them suitable for spatial and temporal control. Furthermore,
they can be easily modified to obtain desired mechanical proper-
ties. Due to the living character of the cationic polymerization, the
epoxy monomers polymerize even if the light source is switched off
(“dark cure”). In air, the radical polymerization of acrylates is
strongly inhibited by oxygen (see Fig. 2), while the cationic poly-
merization of the epoxy monomers is amplified by the humidity in
the atmosphere.

The photo-DSC method is suitable to characterize photopoly-
mers used in DLS due to its comparability to the actual process. Two
crucibles are exposed simultaneously with UV light. One crucible
contains the sample and the other empty crucible serves as a
reference. When the light reaches the resin, photopolymerization
starts in the sample. Due to the exothermicity, heat is released in
the sample. The heat flow is detected by the sensors underneath
the reference and the sample and the difference in heat flow is
displayed as a signal over time. Fig. 3 shows the general set up of a
photo-DSC.

Several photo-DSC studies have been conducted to study
radical, cationic and hybrid resin systems [14—22]. Liquid resin
samples are used in these studies, but only the sample weight and
sometimes the film thickness are mentioned. Usually, small sample

Free radical Initiation Propagation &
formation Termination
hv M (M),
|— - R- > RM- Polymer
OSN | | Oxygen
= o, 0, 0, inhibition
M y ) I: Initiator
quench ROO- RMOO:- R: Radical
M: Monomer

Fig. 2. General scheme of UV-initiated (hv) radical photopolymerization with oxygen
interference [13].
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masses are used to ensure isothermal conditions. However, one
neglected aspect of photo-DSC measurements is the sample shape.
A large contact area from the sample to the crucible is usually
desirable since this provides improved heat transfer. However, a
uniform sample thickness for liquid samples can only be achieved
in the middle of the crucibles, while the resin pulls upwards on the
walls on the sides of the crucible, see Fig. 4. The latter phenomenon
can be avoided when the drop shape is used. This offers an inter-
esting alternative in sample shape preparation, because the
reduced surface reduces effects such as oxygen-inhibition, prior
UV-curing or evaporation. The downside, however, is that there is
no uniform film thickness.

Another neglected aspect of photo-DSC measurements is the
use of the automatic sample changer (ASC) that can automatically
place and remove the samples, which for example enables over-
night measurements. The ASC is often used for DSC measurements
with solid samples, but the effect of long times between sample
preparation and start of the measurement (dwell times) has not yet
been investigated for liquid photopolymers. This investigation
might be of particular significance for the two-part resins used in
DLS, which crosslink not only by UV- but also through thermal
activation [23,24]. Dwell time experiments with the ASC could
reveal the impact of a thermally established network on the pho-
topolymerization, which would be beneficial to develop optimal
processing conditions for resins that are exposed to long dwell
times. While earlier photo-DSC studies focus on Kkinetic in-
vestigations [15—19,22], interactions between the UV initiators and
the absorber [14,20] and the influences of temperature, UV in-
tensity [21] and oxygen inhibition [18], the scope of this study is to
investigate the influences of sample shape and sample mass on the
photo-DSC measurement. Furthermore, different dwell times as
well as different crucibles are studied in order to examine the
above-mentioned possible surface effects and to discuss appro-
priate sample preparations for liquid photo-DSC samples for long,
intermediate and short dwell times. Finally, the temperature and
oxygen sensitivity of a two-part urethane-methacrylate and a two
part epoxy-acrylate resin used in DLS are investigated.

2. Experimental
2.1. Materials

The two-part resin systems rigid polyurethane 70 (RPU 70) and
epoxy 82 (EPX 82) used in this study are manufactured by Carbon,
Inc. (Redwood, CA). Both materials are delivered as two-part-
systems and need to be mixed in the designated ratio before the
printing process. In addition to the UV curing step, two-part resin
systems like RPU 70 and EPX 82 also need to be thermally post-
cured in order to achieve their final properties. In their final state,
both materials indicate promising mechanical and thermal

fiber bundles

—furnace lid
F=—quartz discs

light source

—DSC furnace

Fig. 3. Sectional drawing of the UV-exposure of the reference crucible and the sample
in a photo-DSC setup.
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A4 —d
spread invalid shape

drop

Fig. 4. Spread, drop and invalid liquid sample shape applied in open DSC crucible.

properties (see Table A 1 ), which is why they are used for engi-
neering purposes, e.g. in the automotive industry. Their chemical
composition as well as their mixing ratio can be seen in Table 1.
According to the safety data sheets (SDS), both resins have the same
photoinitiator TPO, as well as several (meth)acrylates in their
composition. Therefore, both materials indicate a radical system.
However, EPX 82 contains two hybrid molecules (see Table 1),
which have acrylate as well as epoxy groups. Because the exact
resin composition is proprietary and the information on the SDS is
not exhaustive, the possibility remains that EPX 82 contains a
photoacid generator (PAG). If so, it would represent a hybrid
formulation with a radical and cationic initiated polymerization.
However, it is also possible that the epoxy groups of the hybrid
molecules solely serve the purpose of thermal curing with the
amine groups of DMA, DADPS and DAP (see Table 1). Both resins
indicate a black color in the mixed state and might contain addi-
tional stabilizers, dye or passive absorbers, which are not
mentioned in the SDS. For some investigations, only part A of RPU
70 was used, which contains the photoinitiator as well as all reac-
tive molecules that take part in photopolymerization. For the ex-
periments in which the mixed resin system was used, the mixing
ratio (part A: part B) was achieved by utilizing the Cordless Multi-
Component Cartridge Gun (10:1) and (1:1) suggested by Carbon
from Albion® Dispensing Solutions (Moorestown, NJ) with the
corresponding mixing tips and speeds according to Table 1. The first
10 s of the mixed resin were disposed in order to achieve high
mixing quality.

2.2. Photo-DSC method

The photo-DSC signal with four UV-exposures followed by
isothermal segments without exposure can be seen in Fig. 5 (a).
Obst et al. [27] used four exposure units to ensure complete UV
crosslinking for RPU 70. Thus, the fourth peak can be subtracted
from the first peak, which creates the subtracted signal in Fig. 5 (b)
with the target values peak area (Ap), peak height (hp) and time to
peak (tp). In general, Ap equals the reaction heat caused by the
photopolymerization. However, the DSC signal also depends on the
type of crucible and the DSC device for which the heat flow cali-
bration has been performed. Table 2 shows open crucibles with
their names, abbreviations and dimensions, which will also be
referred to as pans in this study. In order to achieve a reaction heat
that is independent of the type of crucible, the peak area is multi-
plied by a correction factor from Table A 2. The latter can be
calculated as the ratio of the literature value for the melting of in-
dium to the peak area of the third heating of indium in the desired
crucible (see Fig. A. 2). For this research, Ap corrected by the pan
correction factor equals the pan corrected reaction heat 4HR pc.

Obst et al. [27] used the photo-DSC settings from Table 3 (second
column) to study the reaction heat of RPU 70 for different exposure
times. For this study, the same test protocol from Obst et al. [27]
with four exposures is used as a starting point. One interesting side
issue is whether this test protocol can be shortened to two expo-
sure times, see Table 3 (third column) without the loss of mea-
surement accuracy for all target values.
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Table 1
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Composition of two part resin systems RPU 70 and EPX 82 according to the safety data sheets (SDS) from 2017 [25,26]. The molecule structure is followed by the short name of

the molecule, the CAS number and the percentage in the corresponding part.

RPU 70 (black)
Cartridge Gun (10:1)
Orange tip, Speed 1

EPX 82 (black)
Cartridge Gun (1:1)
White tip, Speed 2

Part A
Photoinitiator

S

TPO TPO
75980-60-8 75980-60-8
0.1-2% 1-4%

S

Reactive monomers and oligomers

P ~

IBOMA DMA
7534-94-3 2680-03-7
10—50% 5-15%

\“)OLO/\/O\IJH\X)\/\ﬂio/\/OfK

UDMA ED 20 acrylate
72869-86-4 55818-57-0
1-20% 10-30%
0. 0.
)Ho( A fk e
cl
HO OH
NPGDMA Araldite 527
1985-51-9 25068-38-6
<0.3% 45—-80%
o o
)Hﬁ\/\u*u e~ Ly~ oy I
0 H
A L
MABPU
n.a.
10—-70%
Part B
\)\) 0o Urethane Acrylate
o nNH2 \)LN/ o < ; o/_<é
H N<J\/0 I >
¢ 0 0/\r)"NH2
Chain extender DMA n.a. DS-002683
39423-51-3 2680-03-7 n.a. 25085-99-8
20—-100% 30-50% 25—-40% 5-15%
H2N 5 NH2 0, 5,0
OO JQ,
DADPS DAP
599-61-1 80-08-0
5-15% 5-15%

2.3. Sample preparation

In Fig. 6, a schematic description of the sample preparation
process for the photo-DSC is given. The total time from mixing to
the start of the measurement varies between 10 and 20 min. For the
first experiments glass pasteur pipettes were used to transfer the
resin to the crucible. Later, a paper clip was used for this step
because of an improved ease of use. With the tip of a paper clip,
very small amounts of resin can be transferred to and from the
crucible, which allows a very precise weighing of the sample. After

each application, the paper clip is rinsed with isopropanol. After the
sample shape was set in the crucible, the sample mass was deter-
mined by a Cubis® Ultra Micro Balance from Sartorius (Gottingen,
Germany). Three different sample masses, 1.0 + 0.1 mg, 2.8 + 0.1 mg
and 5.0 + 0.1 mg, were used in this study. For 1.0 mg and 2.8 mg, it
was possible to test both shapes, see Fig. 7. The sample shape spread
was achieved by spreading the drop in the pan with a plastic cable
tie (282 x 4.8 mm). Afterwards, the sample was placed in the
automated sample changer (ASC) of a NETZSCH DSC 204 F1 (device
1, Munich, Germany). The film thickness was measured by a caliper
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Fig. 5. Photo-DSC signal with four UV-exposures, followed by isothermal segments without exposure (a). Subtracted photo-DSC signal with target values (b).

Table 2
NETZSCH crucible names, abbreviations and dimensions.

CAD-sectional drawing of crucible

Name of open crucible

Abbreviation

Inner bottom diameter / mm

Inner height to lid / mm Nominal Volume / pL

L)

Concavus Al conc 4.40 2.25 40
&
ﬁ Pan Al std 5.07 1.38 40
\ -

Al 85 pL 85 pL 6.26 2.58 85
&

Al SFI sfi 4.40 2.28 80
e

Al,05 300 pL 300 pL 7.00 7.70 300

Table 3

Existing (old) and new photo-DSC test protocols with parameter settings. Segments with UV-exposure in parentheses means that it only refers to the isothermal
segment of the test protocol (old).

Name Existing test protocol from Obst et al. [27] New test protocol
Short name old new

Exposure times 4 2

Peak subtraction P1-P4 P1-P2

Irradiation time/min 2 3

Segment 1 (SEG. 1):
SEG. 2:

SEG. 3:

SEG. 4: UV-exposure
SEG. 5: UV-exposure
SEG. 6: (UV-exposure)
SEG. 7: (UV-exposure)

25 °C/00:10/25 °C

25 °C/2.0(K/min)/30 °C

30 °C/00:01/30 °C
30 °C/00:07/30 °C
30 °C/00:07/30 °C
30 °C/00:07/30 °C
30 °C/00:07/30 °C

25 °C/00:10/25 °C
25 °C/2.0(K/min)/30 °C
30 °C/00:01/30 °C

30 °C/00:05/30 °C

30 °C/00:05/30 °C

30 °C/10.0(K/min)/25 °C

SEG. 8: 30 °C/10.0(K/min)/25 °C
Time between irradiation/min 5 2
Total time/min 42 24

from Sylvac SA (Yverdon, Switzerland). For the drop shape, only the
maximum height was determined, since the sample shape does not
have a uniform film thickness.

2.4. Experimental procedure

An overview of all photo-DSC measurements conducted in this
study can be seen in Table 4. The OmniCure® S2000 from Excelitas
(Waltham, MA) with a 200 Watt UV lamp with a light intensity of
0.5 W/cm? and no bandpass filter and a transparent quartz glass

were used for the photo-DSC set up. The light emitting spectrum of
the OmniCure® S2000 as well as the absorption spectrum of the
photoinitiator TPO and the radiometer RM22 with the
UVA + sensor from Opsytec Dr. Grobel GmbH (Ettlingen, Germany)
can be seen in Fig. A. 3 (a). Fig. A. 3 (b) shows how a screwdriver was
used to determine the distance the light must travel from the end of
the light guide to the surface of the surface of the sample. In this
case, the distance is 2.7 cm. The lowest light intensity setting for the
OmniCure® $2000 is 0.5 W/cm?. With a distance of 2.7 cm to the
RM22 UVA + sensor, an intensity of 11.60 mW/cm? (see Fig. A. 3 (c))
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Fig. 6. Schematic depiction of the sample preparation process for photo-DSC
measurements.

1.0 mg

2.8 mg

Fig. 7. Different sample preparations with two different shapes and masses.

results on the sample surface, which is comparable to the operating
settings of the carbon printers (9 mW/cm?). The same radiometer
RM22 with the UVA + sensor was used to measure the ambient
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radiation in the lab. A purge gas flow of 20 ml/min nitrogen was set
for all experiments with the exception of the study of different
atmospheres, for which oxygen and air atmosphere was used (see
Table 4). The applied photo-DSC test protocol, material, sample
mass, sample shape, dwell time, temperature, atmosphere and
sample size (N) for each experiment can be read from Table 4. For
the experiment with the 5.0 mg sample mass, only the spread form
could be investigated, since the drop shape cannot be realized with
this mass. For another experiment, the ASC was covered with
aluminum foil to prevent UV-curing by ambient radiation see Fig. A.
4. The experimental plans were randomized, with an exception of
the dwell time, which was blocked to avoid complexity.

In order to investigate if the evaporation can be reduced by
different kind of coverings, the experiment set up from Table 5 was
conducted. In Table 5, the short names are built up with the used
material, followed by the crucible and the utilized cover. All short
names represent a test series of N measurements performed
sequentially with the ASC. The first column was examined sepa-
rately with the DSC device 1. For columns 2—4, DSC device 2 was
used and all samples were first prepared with the given material
and crucibles. Afterwards, these were placed in the ASC. The
sequence was set so that the second measurement of a test series
takes place only after the completion of the first measurement of
the other test series. With the latest version of the DSC 204 F1
Phoenix® (device 2, NETZSCH, Selb), the ASC is able to move in two
dimensions so that a sample and its crucible can be covered and
this cover can be removed automatically before the measurement.
For these experiments, the 300 pL Al,Os-crucible was used as a
cover because it is large enough to be placed over both the std and
85 uL crucibles, see Table 2. The pan calibration for DSC-device 2
can be seen in Fig. A. 2. Furthermore, the weight loss in these ex-
periments was determined for each sample after the measurement.

3. Results

3.1. Comparison of two different photo-DSC exposure profiles with
RPU 70 - part A and EPX 82 (1:1)

The comparison of the existing (old) and new test protocols can
be seen in Fig. 8. The target values for both test protocols: the pan-
corrected reaction heat (4Hg pc), peak height (hp) and time to peak
(tp) were determined with the subtracted signal. The Tukey test for
equal means and the Leven test for equal variances show that the
means and variances of test protocol old and new for 4HR pc, hp and
tp, are not significantly different at the significance level of 0.05 (see
Fig. 9). This means that reducing the exposure segments from

Table 4
Parameters for photo-DSC experiments conducted in this study.
Nr. Experiments Photo-DSC test protocol Material Sample mass Sample shape Dwell time Temperature vol. %0, N
|/ mg /h [°C
1 Test protocol old, new RPU 70 - part A 1.0 drop 0 30 0 9
comparison old, new EPX 82 (1:1) 2.8 spread 0 30 0 3
2 Resin characterization new RPU 70 (1:1), part A, part B 2.8 spread 0 30 0 1
new EPX 82 (1:1), part A, part B 2.8 spread 0 30 0 1
3 Temperature variation new RPU 70 (10:1) 2.8 spread 0 30, 40, 0 1
50, 60
new EPX 82 (1:1) 28 spread 0 30, 40, 0 1
50, 60
4 Atmosphere variation new RPU 70 (10:1) 2.8 spread 0 30 0,80,100 1
new EPX 82 (1:1) 2.8 spread 0 30 0,80,100 1
5 Shape — Mass — Dwell time new RPU 70 - part A 1.0,2.8 drop, 0,4,7 30 0 3
spread
new RPU 70 - part A 5.0 spread 0,4,7 30 0 3
6 UV-protected ASC new RPU 70 - part A 1.0,2.8 spread 0,4,7 30 0 3

7 ASC with different pans See Table 5
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Table 5
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Sample mass before the photo-DSC measurement with different crucibles and covers. In order to obtain the same drop shape as part A, a higher sample mass was needed for
the RPU 70 measurements. The use of a paper clip for sample preparation was very efficient compared to the use of a glass pipette. The standard deviation for sample mass was

reduced by a factor of 10 and the preparation time was also reduced.

Short name part A, std, no-lid part A, std, PET-lid part A, 85 uL, Al,03-lid part A, sfi, Al,Os-lid rpu70, sfi, Al,03-lid
Material RPU 70 part A RPU 70 part A RPU 70 part A RPU 70 part A RPU 70 (10:1)
DSC device 1 2 2 2 2
Crucible std std 85 uL sfi sfi
Shape spread spread spread drop drop
Cover No lid PET-lid Al,05-lid Al,05-lid Al,05-lid
Preparation with Glass pipette Paper clip Paper clip Paper clip Paper clip
N 12 9 10 10 11
Sample mass mean / mg 2.87 2.78 2.81 2.78 3.95
Sample mass std. dev. / mg 0.14 0.02 0.01 0.02 0.02
4 x 2 min to 2 x 3 min has no significant effect on the photo-DSC as EPX 82.

measurement of RPU 70 — part A. The total time of the photo-DSC
test protocol can thus be shortened from 42 min (old) to 24 min
(new) while maintaining the same measurement accuracy. Thus, a
reduction of the total photo-DSC measuring time can be achieved
while maintaining the same curing behavior.

Given the very similar results, means and standard deviations
are calculated for all 18 experiments (see Table 6). The latter can be
used to qualify a further shortening or modification of the photo-
DSC test protocol for RPU 70 — part A measurements. For
example, the isothermal holding time at the beginning and/or the
time between measurements of the test protocol could be further
shortened. These changes are statistically legitimate if the values
AHRpe, hp and tp do not differ significantly from the means and
standard deviations given in rows A + B of Table 6.

In order to verify whether the shortening of the test protocol can
also be applied to another resin system, Fig. 10 shows the results for
the same experiment with EPX 82. The differences in the EPX 82
measurement were that the two part resin system was mixed in a
1:1 ratio prior to testing, and a higher sample mass of
2.84 mg + 0.08 mg was used. Additionally, the sample shape spread
was used in the std crucible. Since 4Hgpc, hp and tp do not show a
strong deviation after three measurements, the sample size was
reduced to N = 3. The Tukey test for equal means and the Leven test
for equal variances show that the means and variances of test
protocol old and new for 4Hgpc, hp and tp are not significantly
different for all three comparisons at the significance level of 0.05.
The one exception is the variances for the tp comparison, because
the three measurements for test protocol old all had the exact same
value and thus had a variance of zero. However, the means of test
protocol old and new for tp are even closer compared to the tp of
RPU 70. Thus, the shortening of the test protocol without the loss of
accuracy can be verified for a much more reactive resin system such

1 1 - 40
— (@]
g 2 35 <
; - T =
é 7 f GRS ORI R 30 %
5 : 2
@ L 25 §

- 20

(a) 21 42
Time / min

The overall higher values for 4Hg pc and hp and lower values for
tp compared to RPU 70 — part A are due to the resin composition
(compare Figs. 9 and 10). Even though both resins have the same
photoinitiator (PI), EPX 82 consists of highly reactive acrylates,
while the composition of RPU 70 — part A indicates only methac-
rylates, which are less reactive due to the steric hindrance at the
reactive C=C double bond.

3.2. Investigation of RPU 70 and EPX 82 via photo-DSC

The subtracted photo-DSC curves of the two resin systems are
compared in Fig. 11, which is a good example of how photo-DSC
measurements can be used to generally characterize photopoly-
mers used in AM. It shows that only part A of RPU 70 and EPX 82
reacts upon exposure, which means that part A can be identified as
the part containing the PI. Part B shows no signs of reaction for both
resin systems. Very interestingly, the exposure of the mixed EPX 82
resin leads to a much stronger exothermic reaction compared to
only part A of EPX 82, while the photo-DSC signal for the mixed RPU
70 decreases compared to part A of RPU 70. This leads to the
assumption that the UV-reactive methacrylates are only present in
part A of RPU 70, whereas the faster-reacting acrylates are present
in both parts of EPX 82. This supposition can be confirmed by
Table 1, which shows that there are no methacrylates in part B of
RPU 70, but that acrylates can be found in part B of EPX 82.

Another important investigation for processing photopolymers
in AM is the study of the influence of temperature and oxygen on
the UV-reaction. The photo-DSC provides a good method to
investigate these issues. Fig. 12 (a) and Table 7 show the results of
the investigation of the temperature on the curing process. The
peak height (hp) of RPU 70 is only one third compared to that of hp
of EPX 82. Additionally, tp is only 3.2 s for the acrylate containing

Temperature / °C

0 12
Time / min

Fig. 8. Change from existing test protocol (old) from Obst et al. [27] (a) to new test protocol (new) by reducing the exposure profile from 4 x 2 min to 2 x 3 min (b).

7
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Fig. 9. Mean and standard deviation comparisons of an RPU 70 - part A, 1.0 mg, drop sample with the existing (old) and new isothermal (30 °C) test protocols. The sample size for
each test protocol is N = 9.

Table 6
Mean and standard deviations for test protocol old and new. Because their means do not significantly differ, the total mean and standard deviations of both test protocols are
given in rows old + new as a reference point for further changes on the photo-DSC test protocol for RPU 70 — part A.

RPU 70 — part A Test protocol N total Mean Standard Deviation
Reaction heat pan corrected / (J/g) old 9 -116.9 3.35
new 9 —-114.5 3.15
old + new 18 —-115.7 3.29
Peak height / (mW/mg) old 9 -12.47 0.35
new 9 —-12.57 0.60
old + new 18 —-12.52 0.46
Time to peak | s old 9 4.47 0.17
new 9 4.39 0.14
old + new 18 443 0.16
Test protocol Test protocol Test protocol
old new old new old new
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Fig. 10. Mean and standard deviation comparisons of an EPX 82, 2.8 mg, spread sample with the existing (old) and new isothermal (30 °C) test protocols. The sample size is N = 3.
The standard deviation for the tp of test protocol old is not missing but all three measurements had the same value.
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Fig. 11. Comparison of the photo-DSC measurements of the two parts of RPU 70 (a) and EPX 82 (b) as well as the mixed resins with their corresponding mixing ratios (part A: part B)
RPU 70 (10:1) and EPX 82 (1:1).

EPX 82 compared to 5.4 s for the methacrylate containing RPU 70 knowledge that acrylates react faster and more exothermic than
and the peak area of EPX 82 is almost two times as big as the peak methacrylates [28,29]. Because of the fast curing behavior of EPX
area of RPU 70. These observations match with the widespread 82, also followed by a fast termination of the reaction that can be
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identified by the steep decline after the peak, it is very unlikely that
EPX 82 contains a PAG. Furthermore, the influence of temperature
on the photopolymerization of RPU 70 is much greater than on EPX
82. Higher temperatures increase the mobility in the resin, and this
effect might be more significant for the sterically hindered meth-
acrylates compared to the already highly reactive acrylates. On the
other hand, both resins show a decrease in reaction heat with rising
oxygen concentrations (see Fig. 12 (b)). This is mainly due to the
effect of oxygen inhibition (see Fig. 2), which is known to have a
decreasing effect on the photopolymerization rate and delays the
reaction [30,31]. The strong influence of oxygen on the UV curing
reaction in EPX 82 suggests that solely a free radical mechanism is
involved in the photocuring reaction and that there is no cationic
curing of epoxides, since the latter would not show oxygen inhi-
bition [32]. In DLS, in which both resins are processed, oxygen in-
hibition is used to create a so-called oxygen “dead zone” in which
no polymerization occurs and a steady resin flow is possible. Above
this area, a continuous polymerization gradient develops in which
the free radicals dominate, see introduction Fig. 1.

3.3. Investigation of the influences of sample shape, sample mass
and dwell time on the photo-DSC measurement of RPU 70 - part A

The results in Fig. 13 show the effects of the different sample
shapes, i.e. drop and spread, the different sample masses, i.e. 1.0 mg
and 2.8 mg and different dwell times O h, 4 h and 7 h on the values
AHR pc, hp and tp. The main observation for 4Hg pc (see Fig. 13 (a)) is
that with longer dwell times, 4Hgpc decreases. Additionally, the
decrease of 4HR pc with longer dwell times is much stronger for the
1.0 mg sample compared to the 2.8 mg samples and the strongest
decrease can be seen for the 1.0 mg spread. The following three
effects can occur and reduce 4Hgpc with longer dwell times:

1. Prior UV-curing in the open sample holder due to ambient UV-
radiation (0.021 mW/cm?).

2. Evaporation of volatile, reactive diluents that accelerate UV-
initiated photopolymerization.

3. O,-diffusion from the ambient air into the sample that inhibits
photopolymerization.

If the last effect, the O,-diffusion into the sample, takes place, tp
would be increased with longer dwell times because oxygen inhi-
bition delays the reaction (see Fig. 12 (b)) [30,31]. However, Fig. 13
(c) shows that the trend for tp is rather decreasing with longer dwell
times. Therefore, only the first two effects remain. All effects are
dependent on the surface-to-volume ratio (S/V) depicted in Fig. 14,
since a larger surface area leads to an enhanced O,-diffusion, UV-
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Table 7
Comparison of target values between RPU 70 and EPX 82 for four different tem-
peratures from Fig. 12 (a).

T/°C Peak area | (J/g) Peak height / (mW/ Time to peak / s

mg)
RPU 70 EPX 82 RPU 70 EPX 82 RPU 70 EPX 82
30 —124.6 —209.1 10.21 30.63 54 3.2
40 —135.8 —203.1 11.84 2943 5.2 3.2
50 —148.6 —204.5 13.96 29.58 5 2.6
60 -157.3 -217.9 14.47 30.94 52 2.8

exposure and evaporation.

The drop shape resembles the form of a hemisphere and since
the spherical shape is known to have the lowest surface of all
geometric shapes, the S/V for the drop is lower than for the spread
form. As the mass of the drop shape increases, the surface increases
by the power of two, but volume by the power of three. Hence, the
2.8 mg drop with the higher mass, has a smaller S/V than the 1.0 mg
drop. The 1.0 mg spread sample has the largest S/V, which means
the largest area for evaporation and/or premature UV-curing.
Therefore, the 1.0 mg spread sample shows the strongest reduc-
tion of 4HR pc with increasing dwell times. The spread shape creates
a much larger exposure area for the UV-light and a larger contact
area to the crucible and temperature sensor. Furthermore, the
1.0 mg spread sample has the shortest tp for all dwell times (see
Fig. 13 (c)). The sample film is thinner (40 pm) compared to the
same sample mass in drop shape (<230 pm). With increasing film
thickness, the UV radiation is delayed and attenuated because the
overlying resin absorbs the photons. For thicker samples, this
means that the illuminated regions at the top, closer to the irradi-
ation source, are already curing, while the remaining photons are
still migrating to the bottom regions. Thus, the decomposition of
the photoinitiator as well as the entire reaction slows down. The
increase of tp with sample thickness in photo-DSC measurements is
also reported by Ruiz et al. [30]. Additionally, the 1.0 mg spread
sample shows the highest values for hp at 0 h. As already
mentioned, the layer thickness of the resin in the crucible for these
samples is very small and consequently almost the entire resin is
irradiated simultaneously. This leads to a high mass-specific
exothermal heat flow and high absolute values for the peak
height shortly after the start of the UV exposure. In the case of thick
samples, the delaying and attenuated effect also contributes to a
lower mass-specific heat flow. During DLS, the penetration depth of
UV-light, which solidifies the resin, is also referred to as cured
thickness. The latter becomes proportionally larger with increasing
light intensity, longer exposure time and greater absorption height
of the resin. The absorption height describes how deep the UV light

l exo

—— RPU 70 nitrogen
............ RPU 70 oxygen

------ RPU 70 air
75 — EPX 82 nitrogen
------ EPX 82 air
------------ EPX 82 oxygen
-100 L
0.00 0.25 0.50 0.75 1.00
(b) Time / min

Fig. 12. Influence of temperature (a) and oxygen concentrations (b) on UV-reaction of RPU 70 and EPX 82.
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Fig. 13. Influence of sample shape (drop or spread), sample mass (1 or 2.8 mg) and time to measurement also known as dwell time (0, 4 or 7 h) on reaction heat pan corrected

(AHg pc), peak height (hp) and time to peak (tp) with the sample size N = 3.

-

2.8 mg - drop

—_— A

28mg-spread 1.0 mg-drop 1.0 mg - spread

surface-to-volume ratio

Fig. 14. Schematic depiction of the cross sections of a DSC crucible and the investigated sample mass and shape regarding their surface-to-volume ratio (S/ V). The surface, where
interactions with atmospheric oxygen, UV-light or the evaporation of volatile components is expected is colored in orange for better visualization. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

can penetrate into the resin. This size is characteristic of the resin as
it depends on how much light is absorbed by the photoinitiator and
by passive absorbers such as dye or soot. Tumbleston et al. [9]
showed how the absorption height for a resin was reduced by a
gradual increase in dye loading from 700 um to 360 pm and finally
to 140 pm. However, the same cured thickness could still be ach-
ieved for each resin by adjusting the UV exposure parameters. The
DLS user can also determine the vertical resolution, i.e. slicing, that
determines how many layers the CAD model should be divided
into. Normally, the slicing is 100 pm. Parts with fine or very fine
vertical resolution are build up with a slicing of 50 um and 25 um
respectively. Janusziewicz [10] even presented 0.4 pm slicing. In
order to achieve different slicing with the same resin (absorption
height), the exposure parameters must be adjusted. In terms of
sample preparation for the photo-DSC, this means that the 1.0 mg
sample preparation, which has the thinnest film thickness, seems
to be particularly comparable to print jobs with high vertical res-
olutions, i.e. low slicing thickness (0.04—50 pum). However, as
described above, this sample preparation has the highest S/ V and
is therefore the most susceptible to the decrease of 4HRpc with
longer dwell times. The more robust sample preparation is the
2.8 mg drop, since it has the lowest S/V, which means that with
longer dwell times, 4HR pc decreases not as much as for samples
with higher S/V. In order to investigate whether an even lower S/ V
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makes the measurement even more robust, an additional experi-
ment was conducted with a 5.0 mg spread sample preparation,
which can be seen in Fig. A. 5. However, the increased sample mass
did not reduce the decreasing effect of longer dwell times on AHR pc.
On the contrary, the 5.0 mg samples show slightly smaller values
for 4Hg pc compared to the 2.8 mg samples for all dwell times. One
possible explanation might be that the film thickness is increased
so much that the UV-light cannot fully penetrate the sample. This
means that although the S/V is larger for 5.0 mg compared to
2.8 mg, better measurement results are achieved with the 2.8 mg
sample weight. Furthermore, it is not possible to create the drop
shape with the 5.0 mg sample, since this is too much liquid material
for the crucible and the drop itself would spread to the walls of the
crucible. This raises a general problem for both shapes: the extent
to which the resin moves up on the walls is unknown for the spread
shape, while the film thickness for the drop shape is not consistent
across the entire contact area of the crucible. A closer look at the
surface structure of the crucibles (see Fig. A. 6) reveals that it de-
termines the direction of self-spreading of the drop. In terms of the
sample preparation, the drop shape is less prone to error, since the
additional preparation step of distributing the drop evenly over the
crucible surface is omitted. To find out whether the decrease of
AHR pc with prolonged dwell times comes from a prior curing due to
ambient UV-radiation, an additional experiment was conducted in
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which aluminum foil was used to shield the autosampler from
ambient UV-radiation (see Fig. A. 4). The spread sample shape was
used due to the higher S/V compared to the drop shape. The results
with the UV-shielded [UV] autosampler were compared with the
non-shielded [—] autosampler and can be seen in Fig. 15.

Fig. 15 (a) shows that the shielding of the autosampler from
ambient UV-radiation does not show a significant influence on the
target values reaction heat pan corrected (AHg pc), peak height (hp)
and time to peak (tp). Sample shape spread was used for this
comparison because of the higher S/V. Furthermore, 4Hg p for the
UV-shielded autosampler with longer dwell times is reduced
almost as much as for the non-shielded samples. This means that
the main effect of dwell time does not result from the UV-curing of
the sample by ambient UV-light, but from the evaporation of
reactive molecules, which is examined in the next section. How-
ever, in general it is advisable to reduce UV-exposure during sample
preparation in order to avoid a possible source of error. This is
particularly advisable for measurements of resin systems contain-
ing photoinitiators that are activated by visible light.

3.4. Investigation of the influence of mass loss for different crucibles
and dwell times on the photo-DSC measurement of RPU 70

As described above, the effect of O,-diffusion into the sample as
well as ambient UV-radiation does not have a great effect on the
decrease of AHgpc over time. It seems that mass loss due to the
evaporation of reactive molecules plays a much greater role. In
order to investigate if evaporation can be reduced by different kinds
of coverings, the experiments from Table 2 were conducted. As long
as the sample is in the ASC covered by the Al,Os-crucible, it is
protected from UV-radiation and air flow, even for longer dwell
times. Due to the reduced air flow around the sample, a significant
reduction in evaporation is expected. Since not all ASCs are able to
remove a cover from the prepared sample, it was also investigated
whether a transparent PET-lid over a std crucible can likewise
reduce evaporation. While the airflow is likely to be reduced by the
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PET-lid, the transparent cover allows the sample to be cured by the
UV light during the photo-DSC measurement. Comparing an 85 uL-
and a sfi crucible allows a comparison of sample shapes. One
characteristic of the sfi pan is that it preserves the drop shape of the
sample even for long dwell times. The sfi crucible is an 85 puL pan,
which is cold-pressed by a crucible pressing tool. In the 85 pL
crucible, on the other hand, the sample was spread across the
surface. Since the sample mass in the pan was determined before
and after each measurement, the mass loss could be calculated and
the pan and mass corrected reaction heat 4HR pc,mc Was calculated
by multiplying the peak area with the ratio of sample mass before
the measurement to the sample mass after the measurement. The
sample shape for all crucibles except the sfi pan was spread and the
experiments were carried out with the sample masses from Table 5.
The results from the photo-DSC measurement over a dwell time of
almost 15 h can be seen in Fig. 16.

Fig. 16 (a) shows that if an ASC without any covering is used, the
mass loss of the part A sample in a std pan can reach 7.42% in 4.6 h.
When a PET-lid is used, it considerably reduces the mass loss to
4.32% in 12.2 h. However, the highest reduction in mass loss, i.e.
evaporation, can be observed for the samples that used Al;03-
crucibles as a cover. For RPU 70 in the sfi pan, the maximum mass
loss is 1.31% after more than 13 h. Using gas chromatography mass
spectrometry (GC-MS), a preceding study with RPU 70 showed that
mainly the reactive diluents IBOMA from Table 1 and 2-(tert-
Butylamino)ethyl methacrylate (TBAEMA) evaporate from the resin
[23]. One possible explanation for why the part A, std, PET-lid
measurements have the highest fluctuations and generally have
higher mass loss values compared to the Al,03-covers might be
that the PET-lids were handmade and did not show perfect fitting
accuracy. On the other hand, the Al,03-crucibles were all manu-
factured industrially and there was only a minimal gap through
which free convection could reach the sample. Because the sfi pan
maintained the drop shape throughout the 13 h, the mass loss was
lower compared to that in the 85 pL pan. The mixed RPU 70 resin
has an even lower mass loss than part A in the Al,Os3-covered sfi
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Fig. 15. [UV] and [-] indicate that the autosampler was shielded [UV] or non-shielded [—] from UV radiation during dwell time (see Fig. A. 4).

1



J. Bachmann, E. Gleis, S. Schmolzer et al.

x part A, std, no lid mpart A, std, PET lid
apartA, 85 L, Al203 lid # part A, sfi, Al203 lid
® rpu70, sfi, Al203 lid

8% 1 -
X

X6 % )22(

[}
540/0' X .

2 x - .

© 1% = A
=2% AAIA‘AA.A.A o ®

0% .A'.o 0%e’e ®
() 0 5 ' 10 15

Dwell time / h

=)
E-S. .0’0..0..0
BN g ma 58S
£ A
= A A A
=-14 A - AT 4,
2
® 17
x
8 -20
o 0 5 10 15

(c) Dwell time / h
x part A, std, no lid mpart A, std, PET lid
apartA, 85 L, Al203 lid # part A, sfi, Al203 lid
e rpu70, sfi, AI203 lid

Analytica Chimica Acta 1153 (2021) 338268

x part A, std, no lid mpart A, std, PET lid
Apart A, 85 L, Al203 lid ¢ part A, sfi, Al203 lid
e rpu70, sfi, AI203 lid

. -60
&
3
€< 80
o T
= 0
§ g -100 -<>z<
s ]
§8 g0 o R T M
§ % re % A A.A °
ncg -140 4
= 0 5 10 15
(b) Dwell time / h
<n6' 00’°°'0'.0
X aa‘a aQn > |
5, oSGl
o
IS
(0]
£?
|_
0
0 5 10 15

(d) Dwell time / h
x part A, std, no lid mpart A, std, PET lid
apartA, 85 L, Al203 lid # part A, sfi, Al203 lid
e rpu70, sfi, AI203 lid

Fig. 16. Results of dwell time experiment with RPU 70 and part A in std, 85 pL and sfi crucibles.

pan. An explanation might be that the amines of part B create
hydrogen bridge bonds to the carbonyl group of the volatile
methacrylates, which would make them less mobile and volatile.
The most important observation from Fig. 16 (b) is that the pan-
and mass-corrected reaction heat does not decrease as much over
time as in the previous experiments (see Figs. 13 (a) and Fig. 15 (a)).
This might either derive from the reduced mass loss or from the
mass correction. Since, part A, std, no lid also shows that 4HR pc,mc
does not decrease for almost 5 h, even though no cover has been
used, the stabilizing effect on the reaction heat can be attributed to
the mass correction of the reaction heat. The explanation is that
regardless of the initial sample mass, the total reaction heat, which
is specified in J/g, should always have the same value. However,
because of the mass loss over long dwell times, the initial sample
mass is higher than the sample mass at the time of UV-exposure.
The DSC uses the initial, higher mass to create the signal, which
means that the given area below the exothermic UV-
polymerization peak, ie. the reaction heat, becomes much
smaller for longer dwell times (compare Figs. 13 (a) and Fig. 15 (a)).
For some covered samples, 4HR pc,mc still decreases marginally for
longer dwell times. A possible explanation for why the total reac-
tion heat might decrease, even with mass correction, is that evap-
oration changes the resin composition, since the small reactive
molecules evaporate predominately, while the larger less reactive
oligomers remain in the resin. For part A, std, no lid, 4HR pc,mc in-
creases slightly over time. Of course, it is very unlikely that the
reactivity in the resin will increase over time. Thus, the source of
error might derive from the mass correction factor, which depends
on the weight of the sample before and after the measurement.
Peak height and time to peak remain constant for almost all test
series (see Fig. 16 (c¢) and Fig. 16 (d)). Since the effect of the dwell
time was minimized, Fig. A. 7 shows the statistic of the collected
data from Fig. 16. Fig. A. 7 (a) shows that a higher sample mass of
3.95 mg was used for RPU 70 to ensure the drop shape in the sfi pan
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because the density of part B is much lower compared to part A.
This increase in sample mass and film thickness leads to longer tp
and reduced hp for rpu70, sfi, Al;03-lid compared to the other test
series (compare Fig. 13 and Fig. A. 5). Additionally, part B in the
mixed RPU 70 does not contain reactive components and does not
take part in the UV reaction, which also results in a lower hp and
longer tp (compare Fig. 11 (a)). In Fig. A. 7 (b), the 85 uL pan shows
the overall highest 4HR pc,mc. The explanation is the overall thinner
film thickness of the sample in an 85 pL pan compared to a sfi pan
because the sample shape is spread instead of drop. An explanation
of why 4HR pcmc is higher for the sfi and the 85 uL pan compared to
the std pan might be the higher walls of the 85 pL pan, which
enable more wall reflections and thus generate an increased light
intensity on the sample. One reason for comparing RPU 70 and part
A in the same crucible and covering was to find out if a reaction
between part A and part B takes place, which would result in larger
molecules and a reduction in reaction heat, peak height and longer
times to peak [23]. However, no conversion is detectable for longer
dwell times at room temperature via photo-DSC.

4. Discussion

This study demonstrates how a test protocol was shortened
from 42 min to 24 min without losing measuring accuracy for part
A of RPU 70 (see Fig. 9). The shorter test protocol was also appli-
cable for the more reactive two-part resin system EPX 82 (see
Fig. 10). Further potentials to shorten the test protocol are to reduce
the isothermal holding time at the beginning and/or the time be-
tween measurements. Given the very similar results, means and
standard deviations are calculated for all 18 experiments (see
Table 6). The latter can be used to qualify a further shortening or
modification of the photo-DSC test protocol for RPU 70 — part A
measurements. For example, the isothermal holding time at the
beginning and/or the time between measurements of the test



J. Bachmann, E. Gleis, S. Schmolzer et al.

protocol could be further shortened. These changes are statistically
acceptable if the values 4Hg pc, hp and tp do not differ significantly
from the means and standard deviations given in rows A + B of
Table 6.

It was possible to determine that for RPU 70 and EPX 82, part A
contains the photoinitiator. In addition, part B of RPU 70 does not
and part B of EPX 82 does contain molecules, which participate in
the photopolymerization reaction (see Fig. 11). These results show
that the photo-DSC is useful for identifying the photo-reactive
components in two-part resin systems in addition to the SDS.
Additionally, it is reasonable to conclude that EPX 82 during DLS
follows only a radical and not a cationic photopolymerization. Even
though, EPX 82 contains hybrid molecules with acrylates as well as
epoxy groups, the small tp, the highly exothermic reaction, the fast
and steep decline after the peak maximum and the oxygen inhi-
bition indicate that EPX 82 follows solely a radical mechanism
during DLS. The epoxy groups react with the amine groups in the
thermal post process. Furthermore, two important influences on
the DLS printing process, temperature and oxygen concentration,
were investigated: a temperature increase during the measure-
ment significantly increases the reactivity of the urethane-
methacrylate containing RPU 70 and decreases tp for the epoxy-
acrylate containing EPX 82 (see Fig. 12 (a) and Table 7). The in-
crease in Op-concentration reduces the reactivity for both resins
equally (see Fig. 12 (b)), which is a requirement for them to be
processed via DLS, using the so-called “O,-dead zone” (see Fig. 1) to
ensure continuous polymerization. In summary, not only the part
with the photoinitiator and the type of system (radical or cationic),
but also a difference between methacrylates and acrylates can be
identified with the aid of photo-DSC measurements. However,
achieving reliable and meaningful results from photo-DSC experi-
ments requires careful sample preparation, i.e. the selection of a
suitable sample shape, sample mass and crucible. If only the total
reaction heat is of interest, it is not important which sample shape
and sample mass is used as long as the measurement is carried out
within the first hour (see Fig. 13 (a)). If process-close parameters
like the optimal UV-exposure time for print jobs with high reso-
lution, i.e. low penetration depth, are searched, then the 1.0 mg
spread sample shape provides the thinnest film thickness (40 um)
and offers adequate comparability (see Fig. 13 (b,c)). However, it is
important to note that the 1.0 mg spread sample shape also has the
highest S/V, which is why it is the most susceptible to surface ef-
fects like evaporation and UV-curing from ambient UV-light (see
Fig. 14). The higher the proportion of volatile components in the
resin composition, the better to choose a more robust sample
preparation like the 2.8 mg drop sample shape. The latter has a low
S/V, while the film thickness at the same time is not too thick
(230 pum). It is also one of the easiest ways to prepare the sample,
because the additional step of spreading the sample uniformly is
omitted. Initially, a glass pipette was used to extract the resin
sample and place it in the crucible, however by using a paper clip,
the weighing accuracy was improved by a factor of 10 (see Table 5).
The major impact of prolonged dwell times is not the O,-diffusion
into the sample or a pre-reaction caused by ambient UV-light, but
the evaporation of volatile components. Most commercially avail-
able resin systems for 3D-printing use reactive monomers to adjust
viscosity. The mass loss should therefore be tracked and the total
reaction heat needs to be corrected by the ratio of initial to final

13

Analytica Chimica Acta 1153 (2021) 338268

sample mass (see Fig. 13 (b)). Because of the mass loss, the
consecutive and automated measurement of several samples with
the ASC is not recommended. One result from studying the use of
the ASC was that the lowest mass loss is achieved with the sfi
crucibles that are covered by 300 pL Al,Os-crucibles that are
removed shortly before the measurement (see Fig. 16 (a)).

5. Conclusion

This study introduces a new photo-DSC test protocol that is
18 min shorter compared to the predecessor test protocol. It can be
used to characterize liquid two-part photopolymers like RPU 70
and EPX 82, which are commonly used in DLS. Even though, EPX 82
includes epoxy in its name, it follows not a hybrid but a radical
reaction system during UV-curing. Furthermore, the difference
between slower methacrylates and faster acrylates can be identi-
fied with the photo-DSC. The 1.0 mg spread sample shape is the
optimal sample preparation for process close investigations like
wavelength, light-intensity, exposure time and atmosphere. The
2.8 mg drop sample shape on the other hand is optimal if the effects
of long dwell times is of interest. For example to track the effect of a
thermal conversion, between the two resin parts, on the UV-
reaction. If the ASC is used and the resin system contains volatile
components, the lowest mass loss can be achieved by using sfi-
crucibles that are covered by 300 pL Al,Os-crucibles that are
removed shortly before the measurement.
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Fig. A.1. Reaction pathway of radical photopolymerization with TPO as photoinitiator and methacrylates as reactive monomers. With free radical formation ®, initiation @,

propagation ® and termination by recombination @. Ph stands for a phenyl ring.

The photoinitiator depicted in @ is Diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (a), which is homolytically
cleaved by UV-radiation and thus produces two free radicals —
Diphenyl-phosphonyl (b) and 2,4,6-Trimethylbenzoyl (c). Phos-
phoryl radicals are one to two times as reactive as benzoyl radicals
[33,34]. Both the initiation @ and the propagation step ® follow
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the same mechanism. Termination can either happen by recombi-
nation with another radical, as shown in @, or by disproportion-
ation. In disproportionation, a radical is neutralized by a hydrogen
atom of another radical. The latter experiences an electron surplus
and forms a double bond.
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Table A1
The mechanical and thermal properties of the two-part carbon materials RPU 70 and EPX 82 according to the technical data sheets (TDS) after DLS thermal post processing
[35,36].

Property RPU 70 EPX 82
General High-strength, functional toughness and high ductility High-strength, excellent long-term durability, functional toughness
Comparable to ABS 20% glass filled PBT
Ultimate Tensile Strength /| MPa 40 80
Tensile Modulus | MPa 1700 2800
Elongation at Break | % 100 5
Impact Strength / (J/m) 15 45
Heat Deflection Temperature |/ °C 60 130
Table A.2
Correction factors to calculate the pan corrected reaction heat AHg p. for various crucibles and devices.
Device Pan (open) Onset temperature |/ °C Peak area of third heating / (J/g) Pan correction factor:
Literature value/peak area third heating
1 std 156.1 30.80 0.929
2 std 156.6 31.85 0.898
2 85 puL 156.6 31.28 0.914
2 sfi 156.6 31.71 0.902
Literature
156.6 28.6
DSC / (mW/mg)
| exo Onset: 156.6 °C
8 -
Area: 31.28 J/g
NETZSCH device 2: 85 uL open crucible
t t t
6 t
4 1 NETZSCH device 2: SFI open crucible Area: 31.71 J/g
t t t
2 Onset: 156.6 °C
NETZSCH device 2: Al standard open crucible Area: 31.85 J/g //
i ; y 2
0 N T T T
Onset: 156.1 °C
-2 { NETZSCH device 1: Al standard open crucible Area: 30.8 J/g
t t t
130 140 150 160 170

Temperature / °C

Fig. A.2. Third heating of Indium for various open crucibles and DSC devices with onset temperature and peak area.

15



J. Bachmann, E. Gleis, S. Schmolzer et al. Analytica Chimica Acta 1153 (2021) 338268

full spectrum = TPO absorption = «ceeeeeee UVA+ Sensor
100 ™
.
o .
2 :
Q <
o 3
14 S
= 3
© :
)
o
0\'l"llr'Tl.llllllllllll'llllllIllllll'llll'llllll..lIll"l"rlI"'ffll1‘l'frl‘l1"fl

250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
Wavelength / nm

25
= 20.74
c 3 8 . s |
zgea 20 1654 .
@ S .
CniS m
e9gz 1160
=X O |
2+~ 7 10
= <>( o T
5
5 Light intensity
carbon printer ®no filter
0
0.25 0.5 0.75 1
Light intensity (Omni Cure® S2000)
(©) / (W/cm2)

Fig. A.3. (a) Emitting light spectrum of the Omni Cure® S2000 light source without wavelength filter depicted with the absorption spectrum of the photoinitiator TPO and the
absorption spectrum of the RM22 UVA + sensor. (b) A lifting platform that holds the photo-DSC head at a fixed distance to the radiometer. (c) Calibration curve to identify the light

intensity on the sample surface.

Fig. A4. Automated sample changer (ASC) of the DSC (left) and modified version to shield the samples via aluminum foil from ambient UV-radiation (right).
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1 | INTRODUCTION

Photopolymers for additive manufacturing (AM) are used
in vat photopolymerization (VPP)!*! technologies. Photo-
polymers are cured either with a point-based laser, as in
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Abstract

Photopolymers for 3D printing belong to the largest material group used in
additive manufacturing. One suitable characterization method is the photo-dif-
ferential scanning calorimetry (DSC) method, since UV light is used both as a
probe in photo-DSC measurements and for the curing process in digital light
synthesis (DLS). The photo-DSC method determines the speed and heat of the
photopolymerization reaction, so it is an excellent method for characterizing
the chemical process in DLS. In addition, the setup has been optimized in such
a way that the photo-DSC parameters used meet typical DLS process condi-
tions. In particular, both the overlapping of the wavelengths of the light source
and the photoinitiator and the similarity of the light intensities are very impor-
tant. In this study, the commonly used dual curing, urethane methacrylate,
DLS resin RPU 70 is thoroughly characterized. Several photo-DSC experiments
demonstrate the influence of wavelength, light intensity, temperature, relative
humidity, and oxygen concentration in the atmosphere used on the curing pro-
cess. Using the typical DLS parameters for light intensity and wavelength, the
chemical reaction is mainly influenced by the oxygen concentration. The expo-
sure time for vat photopolymerization processes decreases with decreasing oxy-
gen concentration, which is why inert printing processes could have a positive
effect on printing times. Additionally, it is shown that this method is also suit-
able for other DLS resins.

KEYWORDS

additive manufacturing, digital light synthesis, photo-DSC, photopolymers, relative
humidity, RPU 70, vat photopolymerization

stereolithography (SLA), or with an area-wise exposure,
as in digital light processing (DLP). This polymer group
belongs to one of the largest material groups used in
AM.?! Typical applications can be found in the fields of
prototyping, biomedicine, individualization, engineering,
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and 4D printing.>"® Highly crosslinked thermosets or
low crosslinked elastomers can be produced with these
technologies. The great advantage of photopolymers com-
pared to other 3D printing materials is the production of
dense parts having an excellent surface quality. In this
respect, they outperform the powder or filament AM
materials used in powder bed fusion or material extru-
sion, respectively.!”!

The polymerization mechanism for photopolymers is
either a radical chain growth or a cationic step growth.
These two reaction pathways require different initiating
and propagating molecules. Photoinitiators with (meth-)
acrylates monomers follow a radical photopolymerization;
photoacid generators with epoxy monomers follow a step
growth polymerization. Other components, like pigments,
passive absorbers, and stabilizers are also part of the resin
composition.m

One of the newer VPP methods is digital light synthe-
sis (DLS),!! which uses UV light projection and oxygen
to enable continuous area-wise polymerization, in which
UV light passes through the UV and oxygen transparent
window at the bottom of the resin vat. The light causes a
homolytic cleavage of the photoinitiator, which leads to
the formation of two radicals. The latter react with C=C
double bond of the (meth-)acrylate molecules and
thereby form further radicals. The polymer is created by
the continuous addition of a new monomer to the chain.
Oxygen also enters through the window and inhibits rad-
ical photopolymerization at the bottom of the vat. There-
fore, this area is called the “O, dead zone” and is only a
few micrometers thick. Above it, a continuous polymeri-
zation gradient is formed. Since no resin polymerizes in
the “O, dead zone,” the surrounding resin can flow con-
tinuously into the polymerization zone. The typical
realignment step with a slider is thus made obsolete.'"!

DLS uses two-part resins which are thermally
post-cured after the shape-giving UV curing step. These
two-part resins form a second, interpenetrating network
during thermal post-processing."''*! The additional
degree of freedom of the thermal post curing and the
resulting modification of the material enables the pro-
cessability of a wide range of material classes, such as
elastomeric polyurethanes (e.g., EPU 40), silicone-like
materials (e.g., SIL 30), epoxides (e.g., EPX 82), polyure-
thanes (e.g., RPU 70), and cyanate esters (e.g., CE 221).
These resins contain even more different kinds of mole-
cules than typical VPP formulations. Many molecules hav-
ing various functions are present in one composition. Not
only is a small variation of their concentration in the resin,
but also process and environmental parameters such as
light intensity, wavelength, temperature, atmosphere, and
relative humidity (RH) can easily change the reaction
behavior of the entire resin. The term “atmosphere” is

used as a synonym for the surrounding gas phase composi-
tion. Since the series production of components requires
high reproducibility, it is crucial to be able to control the
influencing parameters. To ensure this, a systematic
approach is needed to identify the main influencing factors
and their impact on key outcome values.

The three most appropriate analyzing methods used
to characterize photopolymers are Fourier transform
infrared, Raman spectroscopy, and photo-differential
scanning calorimetry (DSC).'*"2! The former two pro-
vide information about the chemical identity during the
conversion from monomers to polymer, such as double
bond conversion, while the third provides thermal infor-
mation about the strength and speed of polymerization.
These can be characterized by the following photo-DSC
values: reaction heat, peak height, and time to peak.

A recent photo-DSC study on RPU 70 and EPX 82!%%
showed that, due to the evaporation tendency of their vola-
tile monomers, a robust and reproducible sample prepara-
tion is the drop sample shape with ~2.8 mg sample weight
and a short total measuring and preparation time (~1 h).
Kardar et al!®®! studied the influence of temperature
(25, 45, 65, and 85°C) and light intensity (2, 20, 40, and
80 mW/cm?) on a pigmented and an unpigmented epoxy
acrylate system. Rusu et al.!**! investigated the effect of
temperature (—10, 0, 10, 20, 30, 40, and 50°C), light inten-
sity (2, 4, 6, 8, and 10 W/cm?), and various reaction atmo-
spheres (nitrogen and air) on a proprietary photopolymer.
Other photo-DSC publications have focused on reactiv-
ity!"®**! and the influence of oxygen inhibition.!?**”)

However, most photo-DSC studies have not converted
the light intensity from the light source to the actual light
intensity applicable in the 3D printing process and on the
sample surface during the measurement. In addition to
light intensity, atmosphere, and temperature, other rele-
vant 3D printing process parameters or environmental
factors such as wavelengths and RH have rarely been
considered. Finally, the various effects on the chemical
reaction are often analyzed in isolation and are not com-
pared with each other.

Therefore, the scope of this study is a systematic
approach to investigating and comparing the effects of
the following five parameter groups on the UV curing
behavior of RPU 70: wavelength (365, 320-390, and 400-
500 nm), light intensity (9, 18, and 27 mW/cm?), temper-
ature (20, 30, and 40°C), atmosphere (0, 20, and 100 vol
%-0,), and RH (24.3% and 100%). All of these parameter
groups can affect the DLS process and thus affect the
quality of the final part. Additionally, this method dem-
onstrated robustness against the influence of different
sample pans and is also suitable for the characterization
of other photopolymer classes such as EPX 82 and
CE 221.
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2 | EXPERIMENTAL
2.1 | Material and sample preparation

The individual components of RPU 70, EPX 82, and CE
221 (part A or part B) are listed in Table S1 according to
the safety data sheets (SDS) from 2017128301 with their
short name, CAS number, volume percentage in the
corresponding part, and molecule structure. The follow-
ing section specifies the full chemical name of the com-
ponent, followed by the short name and the volume
percentage in the corresponding part.

RPU 70 (Carbon, United States) with the lot number
19AP1191 is a black two-part resin which was mixed in a
10:1 ratio and dispensed at a speed of 1 mm/s using an
Albion Dispenser (Albion Engineering, United States)
and a mixing head. Part A of RPU 70 consisted of
the photoinitiator diphenyl (2,4,6 trimethyl benzoyl) phos-
phine oxide (TPO, 0.1%-2%), urethane dimethacrylate
(UDMA, 1%-20%), methacrylate blocked polyurethane/
diisocyanate (MABPU and/or MABDI, 10%-70%), iso-
bornyl methacrylate (IBOMA, 10%-50%), and neopentyl
glycol dimethacrylate (NPGDMA, <0.3%). Part B of RPU
70 consisted of trimethylolpropane tris [poly (propylene gly-
col) amine terminated] ether (chain extender, 20%-100%).

EPX 82 (Carbon) with the lot number 19CP1419 is a
black two-part resin which was mixed in a 1:1 ratio and dis-
pensed at a speed of 2 mm/s using an Albion Dispenser
(Albion Engineering) and a mixing head. Part A of EPX
82 consisted of bisphenol A-epichlorohydrin polymer (ara-
Idite 527, 45%—-80%), bisphenol A-acrylate epichlorohydrin
(ED 20 acrylate, 10%-30%), N,N-dimethylacrylamide (DMA,
5%-15%), and the photoinitiator diphenyl(2,4,6-trimethyl-
benzoyl)phosphine oxide (TPO, 1%-4%). Part B of EPX
82 consisted of N,N-dimethylacrylamide (DMA, 30%-50%),
urethane acrylate (proprietary, 25%-40%), 3,3'-sulfonyl-
dianiline (DADPS, 5%-15%), 4,4'-sufonylbisbenzamine
(DAP, 5%-15%), and a reaction product of bisphenol A &
epichlorohydrin (DS-002683, 5%-15%).

CE 221 (Carbon) with the lot number 17HP4876 is a
yellow two-part resin which was mixed in a 1:1 ratio and
dispensed at a speed of 2 mm/s using an Albion Dis-
penser (Albion Engineering) and a mixing head. Part A
of CE 221 consisted of 4,4'-ethylidenediphenyl dicyanate
(bisphenol E cyanate ester, 100%). Part B of CE 221
consisted of (1-methylethylidene)bis[4,1-phenylen-eoxy
(2-hydroxy-3,1-propanediyl)]ester (BisGMA, 20%-60%),
trimethylolpropane trimethacrylate (TMPTMA, 20%-
50%), exo-1,7,7-trimethylbicyclo[2.2.1]hept-2-y]l methac-
rylate (IBOMA, 1%-25%), dicyclopentadienedimethanol
diacrylate (T-ACRYLATE, 1%-20%), and the photo-
initiator  phenylbis(2,4,6-trimethylbenzoyl)-phosphine
oxide (BAPO, 0.1%-4%).

POLYMERS_Wl LEYJ_3

For the measurement of two components resins, a
static mixing head was attached to the opening of the two
component outputs. The cartridge and the mixing head
were then inserted into the resin mixing gun and the
corresponding mixing speed set. The first 10 s of the
mixed resin were rinsed and disposed of in a glass con-
tainer. After the rinsing process, the resin was collected
in a UV-protected container. For measurements in which
only a single part (e.g., part A) was examined, a commer-
cially available uncoated paper clip was used to draw the
resin out of the cartridge. The liquid resin was positioned
centrically and in the form of a drop shape in the open
pan. A Cubis® Ultra Micro Balance (Sartorius, Germany)
was used to determine the sample weight, which was
2.326 mg + 0.093 mg for all experiments (N = 75). Either
a standard 40 pl volume aluminum pan (std) or a cold-
pressed 85 pl (sfi) pan was used (see Table S2). The time
between sample preparation and the start of the measure-
ment was always 13 + 2 min.

PROFESSIONALS
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Photo-DSC method and measured

The photo-DSC setup consisted of a NETZSCH DSC
204 F1 Phoenix dynamic differential scanning calorimetry
with a NETZSCH CC300 cooling controller and a
OmniCure® S2000 light source (Excelitas Technologies®
Corp., Canada). The default offset for the light source was
5 s. The corresponding NETZSCH Proteus 8.0 software
was used for the evaluations. Before each measurement,
the DSC device was set to the corresponding temperature
and atmosphere settings (offset) at which the experiment
was then performed. Table 1 shows the temperature and
UV-exposure profile for a photo-DSC measurement at
30°C under a 100% nitrogen atmosphere (20 ml/min for
rinsing and 60 ml/min inert gas during the measurement).
As soon as the desired temperature and atmosphere had
been constantly displayed for 5 min, the open sample and
the open reference pan were positioned on the
corresponding measuring sensors. The quartz disc in the
path of the UV light was checked for transparency before
the measurement (see Figure S1). The measuring cell was
then closed and the measurement started.

Figure 1A shows the photo-DSC signal from the
method presented in Table 1. UV exposure caused the
two peaks P1 and P2. Figure 1B shows the subtracted
photo-DSC signal of P1 minus P2 with the measured
values peak area Ap, peak height hp and time to peak tp.
The value for tp was subtracted by 5s due to the light
source offset. Additionally, Ap must be multiplied by the
pan and by the mass correction factor to attain the reac-
tion heat AHg.
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Duration Atmosphere
UV-exposure UV-exposure (min) (vol% N)
- - 100
- - 100
' 3 100
‘ 3 100

FIGURE 1 (A) Photo-differential scanning

P1 - P2 subtracted
photo-DSC signal

‘Ap: Peak area / (J/g)
hp: Peak height / (mW/mg)
tp: Time to peak /' s

Time/min

calorimetry (DSC) signal with two exposure
segments with 3-min radiation at 30°C. (B) The
subtraction of P2 of P1 results in the subtracted
photo-DSC signal with the corresponding
measured values
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TABLE 1 Photo-DSC method with parameter settings: Temperature, UV-exposure, and atmosphere
Duration

No. Mode Temperature (°C) (min)

0 Initial 30 -

1 Isotherm 30 3

2 Isotherm 30 6

3 Isotherm 30 6
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(A) Time/min (B)

The pan correction factor pc is necessary so that the
results can be analyzed and compared independently of
the choice of pan.”??! This factor was calculated by the
value found in the literature!>!! for the melt enthalpy of
indium (28.6 J/g) divided by the melting peak area of the
third heating of indium with the pan used. The third
heating process was used to avoid measurement errors
due to impurities that may occur more frequently during
the first and second heating processes. In general, the
melt enthalpy of indium in each pan should come close
to the value from the literature, so the pc factor should be
not less than 0.8 and not higher than 1.2. It must be
redefined after each calibration of the DSC device.

0.8 < pe — 28.6]/g <
Spe= Melting peak area of indium in reference pan

The mass correction factor mc is necessary because pho-
topolymers contain many volatile monomers, and a
strong mass decrease by evaporation takes place in some
cases.!?”! For different photopolymers to be comparable,
the reaction enthalpy was corrected with the mass after
the measurement. The mc factor results from the
reweighing of the sample in the pan after the photo-DSC
measurement.

Msample before measurement
mc=

Msample after measurement

The calculation of the pan and the mass corrected reac-
tion enthalpy (AHg pc mc) thus results in:

AHR peme =Ap - pc-mc

Regarding photopolymerization, t¢p describes the
time between the onset of photopolymerization to the
time when the maximum heat flow rate is reached.!**!
This time is also used to set the optimal UV exposure
time in 3D printing."?! The hp value corresponds to
the maximum photopolymerization rate, and Ap
correlates with the reaction heat released during
photopolymerization.?*!

2.3 | Parameter study—Photo-DSC
settings

Table 2 shows 15 different measurement settings for
the parameter study. The seven parameter groups of
wavelength, light intensity, pan, material, tempera-
ture, atmosphere, and RH are provided as columns in
the table. The last column contains the short name
for the measurement. The measurements from the
first and sixth rows were used in the results
section for more than one comparison, so there are
several short names in the last column. For the sfi
pan measurements, the reference pan was also chan-
ged from std to sfi. The temperatures (20, 30, and
40°C) and atmospheres (0, 20, and 100 vol% O,) were
changed correspondingly for all four segments from
Table 1. The RHs of 100% and 24.3% were achieved
by placing the sample pan in an airtight glass jar with
and without water inside at room temperature for
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TABLE 2 Photo-DSC settings for parameter study with short names
Wavelength Light intensity Temperature
Material Pan filter (nm) (mW/cm?) (°C) Vol% 0, RH Short name
Part A std 365 9 30 0 - 1st 365 nm; 2nd 9 mW/cm?;
3rd RPU 70 part A
Part A std 320-390 9 30 0 - 320-390 nm
Part A std 400-500 9 30 0 - 400-500 nm
Part A std 365 18 30 0 - 18 mW/cm®
Part A std 365 27 30 0 - 27 mW/cm?
RPU 70 std 365 9 30 0 - std; RPU70; 30°C; 0 vol% O,
RPU 70 sfi 365 9 30 0 - sfi
CE 221 std 365 9 30 0 - CE221
EPX 82 std 365 9 30 0 - EPX82
RPU 70 std 365 9 20 0 - 20°C
RPU 70 std 365 9 40 0 - 40°C
RPU 70 std 365 9 30 20 - 20 vol% O,
RPU 70 std 365 9 30 100 - 100 vol% O,
RPU 70 std 365 9 30 0 100% 100% RH
RPU 70 std 365 9 30 0 24.3% 24.3% RH

Note: Five measurements were made for each parameter.

24h. The RH was measured with a Traceable®
memory-card humidity/temperature/dew point meter
(VWR International, United States).

2.3.1 | Setup for light intensity calibration
Figure 2 shows the experimental setup used to con-
vert the light intensity of the OmniCure® light source
into the light intensity on the surface of the sample.
One light guide of the photo-DSC was removed.
When the oven was closed, a commercially available
screwdriver was inserted through the opening until
the tip of the screwdriver touched the measurement
platform of the pans. Afterwards, the screwdriver was
fixed with the same screw that fixes the light guide
(see Figure 2A), and the photo-DSC head was placed
on a special lab boy setup which allows a leveled hor-
izontal alignment and an ascent or descent. Beneath
the photo-DSC head, a radiometer RM22 with the
UVA-+ sensor (Opsytec Dr. Grobel GmbH, Germany)
was placed in such a way that the tip of the screw-
driver touched the surface of the UVA+ sensor (see
Figure 2B). The screwdriver was then removed, and
the light guide was set at the correct position. Using
the setup from Figure 2C, the calibration of the light
intensities was performed using various wavelength
filters.

3 | RESULTS AND DISCUSSION

3.1 | Light source calibration

One important process parameter for all vat-based AM
technologies is the applied light intensity. For RPU 70 in
DLS, the processing light intensity in the default print
script is 9 mW/cm?."? The wavelength used in the pro-
duction process is unknown. In photo-DSC, however,
only the light intensity emitted from the tip of the light
guide can be set. The distance from the sample surface to
the tip of the light guide is 2.7 mm. In addition, the light
must pass through a sapphire glass protecting the light
source. The use of wavelength filters further reduces the
light intensity. Therefore, the calibration device from
Figure 2 was created in order to identify the light inten-
sity striking the sample surface. Figure 3 shows the light
spectra without and with four different wavelength fil-
ters. The absorption spectrum of the photoinitiator TPO
and the absorption spectrum of the UVA+ sensor of the
radiometer for each light spectrum are also displayed.
Apart from the empty filter setting, the UVA+ sensor can
cover the spectra emitted with the various wavelength
filters.

In Figure 4, seven different light intensities (0.5, 0.75,
1.0, 1.5, 2.0, 3.0, and 4.0 W/cm?) of the light source were
measured using the UVA+ sensor of the radiometer at a
distance of 2.7 mm for five different wavelength settings.
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FIGURE 2 Setup for light intensity calibration
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A linear behavior was discovered. Therefore, a non-linear
influence of the used filters can be excluded. The desired
target light intensity on the sample surface for the respec-
tive filter can be set from the resulting linear equations.
The minimum adjustable light intensity of the Omni
Cure lamp is 0.50 W/cm®. This setting results in a light
intensity on the sample surface of 14.02 or 13.31 mW/cm?
for the empty or the 300-480 nm filter. Accordingly, a
typical process-related setting of 9 mW/cm® cannot be
achieved for these filter settings (see also Figure S2). The
other filters, 365, 320-390, and 400-500 nm can reach
9 mW/cm”. The corresponding light source settings can
be seen in Table 3. Since various light intensities on the
sample surface were also investigated for the parameter
study, the conversion values for 18 and 27 mW/cm? are
provided for the 365 nm filter.

FIGURE 3 Light spectrum for five
different wavelength settings, plotted
with the absorption spectrum of the
photoinitiator TPO and the absorption
spectrum of the UVA+ sensor of the
radiometer

365 nm filter

3.2 | Results from parameter study

This section shows the influence of various influencing
factors on the chemical reaction. These influencing fac-
tors are also 3D printing process-related or environmen-
tal factors. The parameter set was tested according to
Table 2. The subtracted photo-DSC signals for the various
influencing factors can be seen in Figure 5, and the
comparison of the three measured values of the photo-
DSC measurement AHg pcme, hp, and fp can be seen in
Figure 6. To ensure a good level of comparability among
the three different measured values in Figure 6, the
results for AHg pc mc and hp were divided by —10 and —1,
respectively. All displayed error bars represent the
SD. Figure S3 compares all measured values of all
influencing factors in one diagram, and Figure S7



BACHMANN ET AL.

SPE

FIGURE 4 Calibration lines for five 110 ¢

POLYMERS_Wl LEYJ_7

912 INSPIRING
PLASTICS
PROFESSIONALS

. . € 3 empty filter
wavelength settings at a distance from € 100 }|y= 25‘2%3(/ +0.8345 "
the top of the light source to the surface ~ 90 r R2 =0.9999 /':/‘
(a\] F ’
of the UVA+ sensor of 2.7 mm. The SDs c | 300 - 480 nm /::/
are too small to be seen at this resolution 5& 80 [|y=24.092x+08714 ./:/
a £ r R2 =0.9999 Ko
X
g oS 70 e
»= 3 L mempty filter
+ £ 60 Pl
<= F ol A 300 - 480 nm
S g 5071 X 400 - 500
o I o7 - nm
= ’
og 407 s , 320 - 390 nm
=0 r 2% -
g T 30 r I/V xT A 365 nm filter
9 r " —’—,———
E 207F A e 365 nm
= 10 [ » Pecl y = 9.2952x + 0.2699
f=) I g R2 = 0.9998
3 0 . . ! : 5
0 2 3 4

TABLE 3

Light intensity (Omni Cure)/(W/cm®)

Light intensity conversion values for different wavelengths and light intensities

Light intensity for light source with different wavelengths

Light intensity on sample surface 365 nm

9 mW/cm? 0.94 W/cm?
18 mW/cm? 1.91 W/cm?
27 mW/cm? 2.88 W/cm?

compares the effects of the various parameter groups on
the individual measured photo-DSC values.

The sample weight before the measurement was con-
stant for all parameter groups except the RH group. In
the latter, the mass increased during the conditioning
time due to water absorption. After conditioning and dur-
ing the measurement, the mass decreased sharply again
due to water evaporation (see Figure S6). The means of
the measured sample weight and mass loss for all param-
eter groups are shown in Figure S4. The mass change
refers only to the mass lost during the experiment. In the
following discussion, each of the seven parameter groups
is analyzed and interpreted separately.

3.21 | Influence of wavelength

The wavelength is not changed during DLS. However,
other VPP technologies use different light engines with
different wavelengths, and a typical question during
application is whether the material can also be processed
on other 3D printers.

As depicted above, the calibration line (see Figures 4
and S2) shows that the process-relevant light intensity of
9 mW/cm? can only be reached using three wavelength
filters, that is, 320-390 nm, 400-500 nm, and 365 nm.

320-390 nm 400-500 nm

0.79 W/cm? 0.62 W/cm?

Figure 6A shows the comparison of these three filters at a
light intensity on the sample surface of 9 mW/cm? The
400-500 nm filter has the lowest AHR pcme (—113.5 J/g)
and hp (—8.1 mW/mg) and the longest tp (6.5 s) in com-
parison to the other filters. The light spectrum of the
400-500 nm filter has the smallest overlap with the
absorption spectrum of the photoinitiator (see Figure 3).
As a result, photopolymerization cannot proceed as
strongly and quickly as with the other filters. The 320-
390 nm filter has a higher hp (—13.1 mW/mg) and a
shorter fp (4.42 s) than the 365 nm filter (—11.6 mW/mg
and 4.96 s). However, AHg pcmc is very similar for the
320-390 nm (—123.6 J/g) and the 365 nm wavelength
(—121.2 J/g). The reason for the faster and higher peak of
the 320-390 nm filter might be that a more reactive
absorption range of TPO is covered by the broader emis-
sion spectrum. The photoinitiation process is intensified
as a result.

3.2.2 | Influence of light intensity

In DLS, UV light is transmitted from the light engine via
a digital micromirror device to the bottom of the vat.
These micromirrors project the layer information into the
vat with a pixel size of ~75 x 75 pm. However, small



8 812 INSPIRING SPE BACHMANN ET AL.
* L WILEY-SF 555, Sotmens
0 &0 v Wavelength 0 exo v Light intensity FIGURE 5 Subtracted photo-DSC
=) =) signals for seven different parameter
E 4 5 £ 4 = groups (A-G) with N =5
= 2 = & 2
c -8 |5 320 - 390 nm c 8 |5 27 mW/cm
Z ® 365 nm = P 18 mW/cm?
o -12 |w» o-12 |w»
9] D
0 -16 O -16
0 10 20 30 40 50 0 10 20 30 40 50
(A) Time/s (B) Time/s
0 &Xo v Temperature 0 &0 v Atmosphere
=) =) /(
E -4 | = E -4 kol 7
2 ki 2 ki
£ -8 |5 40 °C E -8 |% 0vol.-% O,
Z 1o o 30°C Z 1o e 20 vol.-% O,
- O -
9] @
O -16 0O -16
0 10 20 30 40 50 0 10 20 30 40 50
(€) Time/s (D) Time/s
0 exo v Relative humidity
2
= '4 b
2 ke
E -8 |5
~ 5 100 % RH
g-12 1% 24.3 % RH
Q.16
0 10 20 30 40 50
(E) Time/s
0 exo v Pan 0 exo v Material
g 4 g g -5 &
= & =-10 |2
E -8 |5 S 5
g » std —-15 | o
o -12 |© sfi O -20 |*
@
0 .16 0O -25
0 10 20 30 40 50 0 10 20 30 40 50
(F) Time/s (G) Time/s

variations in light intensity can occur within a pixel and
over the projection area.

The 365 nm filter was used for the 9, 18, and
27 mW/cm® light intensity investigations because the
overlap with the reactive absorption range of TPO is
good, and the reaction occurred in a manner very similar
to that of the 320-390 nm wavelength range (see
Section 3.2.1). In addition, most light engines in DLP and
DLS commonly use a narrow wavelength range of
365, 385, or 405 nm. Figure 6B, with a wavelength of
365 nm, shows that the difference in AHg ,cmc between
9 (—121.2 J/g) and 18 mW/cm? (—122.4 J/g) lies within
the SE of the DSC device (~3%). At a light intensity of
27 mW/cm?, AHgpeme increases  significantly to
—130.5 J/g. Both hp and tp indicated a linear behavior
with increasing light intensity (see Figure 7). The light
intensity describes the energy of the photons per area.
The more photons with the corresponding wavelength,

the more homolytic cleavages of TPO. As a result, photo-
polymerization intensifies, which is made clear by a
shorter fp and higher hp. These observations can be con-
firmed by other photo-DSC studies from the litera-
ture.***?! Figure S4 shows a slight increase in mass loss
as the light intensity increased. This might have occurred
because, at an increased light intensity, more reaction
heat dissipates into the sample, thus increasing the tem-
perature of the sample and leading to more evaporation.

| Influence of temperature

323
Since the photopolymerization during DLS is strongly
exothermic, the surrounding resin is continuously heated
by the released heat. Parts with a large cross-section gen-
erate more heat as more resin is irradiated simulta-
neously by UV light. At the beginning of the print job,
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the resin in the vat is still at room temperature (20—
30°C). After a number of exposures, the temperature of
the resin can already be significantly above room temper-
ature (~40°C or higherm]). Therefore, temperature is an
important process parameter—especially in two-part DLS
resins—since the reaction between part A and part B
may also take place at elevated temperatures.

Figure 6C shows that AHR pcmc of RPU 70 increased
with rising temperatures (20°C: —115.5 J/g, 30°C:
—124.5 J/g and 40°C: —128.5 J/g). The increase of reac-
tion heat for (meth-)acrylates at higher temperatures is
well documented in the literature.®! In addition, all
three photo-DSC measured exhibited a weak linear
dependence with respect to temperature. However, the
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relatively low increase in fp at rising temperatures is in
contrast to that expected from the literature.** One pos-
sible explanation is that RPU 70, unlike most of the
(meth-)acrylate photo-DSC materials studied, is a dual-
curing resin, and a temperature increase also causes the
formation of a polymer network between part A and
part B.M Increased viscosity reduces the mobility of
methacrylates during photopolymerization and thus
increases tp. The mass loss during the measurement even
showed a linear correlation with temperature (see
Figure 8). The latter clearly resulted from the tendency of
volatile components in the resin to evaporate more
strongly at higher temperatures.

3.24 | Influence of O, concentration
As mentioned in the introduction, oxygen is a very impor-
tant process parameter for DLS because it generates the
“0O, dead zone” which enables continuous polymerization.
Figure 6D shows that this is also one of the most sig-
nificant influences on the photopolymerization of RPU
70. The well-known oxygen inhibition of methacrylates
increases tp and greatly reduces AHgpcme from
—124.5 J/g at 0 vol% O, to —77.9 J/g at 100 vol% O, and
hp from —11.4 mW/mg at 0 vol% O, to —4.3 mW/mg at
100 vol% O,. Furthermore, Figure 9 displays a linear
increase in fp at a rising oxygen concentration.

3.2.5 | Influence of RH

The environmental parameter of RH plays a critical role
for DLS because it varies considerably, depending on the
weather, season, or country.

The result from Figure 6E compares a sample condi-
tioned at 100% with one conditioned at 24.3% RH for
24 h at 25°C. The samples were then weighed again after
the conditioning time. For the 100% RH samples, no sta-
ble sample weight was achieved prior to the photo-DSC

®Peak/s ® Mass loss / 10%
10
8 y =0.03x + 4.56 7.4
Re=09494 | Tl
6152 B T
. o
41 o4 e 51 [y = 0.2485x - 2.515
""""""""" R2 = 0.9973
2
20 30 40
Temperature/°C

FIGURE 8

measurement due to a heavy mass loss. The mass loss
due to water evaporation continued during the measure-
ment. The evaporated water corresponds to the amount
absorbed during the 24-h conditioning. Even though the
measured values AHgp.mc and hp were significantly
reduced from 24.3% RH (—117.7 J/g and —11.5 mW/mg)
to 100% RH (—106.1 J/g and —6.7 mW/mg), there was
almost no effect on tp (24.3% RH: 4.34s and 100%
RH: 4.32 s).

3.2.6 | Influence of material

In addition to the effect of process and environmental
parameter groups on the reaction behavior of RPU
70, the EPX 82 and CE 221 materials were also investi-
gated using the photo-DSC method. Although all the
photopolymers investigated underwent radical photo-
polymerization, their composition differed according to
the photoinitiators (TPO for RPU 70 and EPX 82; BAPO
for CEE 221), monomers, oligomers, and chain extenders
used (see Table S1). Figure 6G shows that AHg ,c mc and
hp of EPX 82 (—212.1 J/g, —21.9 mW/mg) were almost
twice as large as for the other DLS resins. Furthermore,
Figure S4 shows that EPX 82 had the highest mass loss
during the photo-DSC measurement (at 1.64%) compared
to all other experiments. The high percentage of acrylates
in EPX 82 appears to be the reason for the lowest fp
(3.82's), a higher hp and AHg pcme, and a higher mass
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3
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FIGURE 9 Linear correlation between tp and O,-concentration

Reaction heat corrected / -0.1 (J/g)

Peak height / -(mW/mg)

14
y = 0.065x + 10.329 12.85

13 R2 = 0.9542

11.55 11.8
12 11.4

11 [ 10.3 T
10

20 30 40
Temperature/°C

12.45

— g g

y =0.0754x + 8.9112
R2 = 0.9371
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FIGURE 10 Main effects from process and environmental related parameter groups on the curing behavior of RPU 70

loss. It is known from the literature that acrylates react
much faster than methacrylates. The latter are sterically
hindered by a methyl group, so they react slower than
acrylates and are the predominant components of RPU
70 and CE 211. This means that EPX 82 needs the lowest
exposure time during DLS in comparison to RPU 70 and
CE 221. The mass loss of RPU 70 and CE 221 is 0.51%
and 0.06%, respectively. Since different 3D-printing resins
have vastly different compositions with different volatile
diluent monomers, and they also exhibit differences in
their evaporation behavior. To be able to compare the
reaction heat of different materials, the mass change dur-
ing the measurement should always be considered, and
the reaction heat needs to be corrected, as explained in
the method chapter. Whereas AHg,.mc and hp are
almost the same for the mixed RPU 70 (—124.5 J/g,
—11.4 mW/mg) and part A (—121.2 J/g, —11.6 mW/mg),
the non-UV-reactive species in part B influences only tp.
Compared to part A (4.96 s), RPU 70 has a lower volume
percentage of reactive monomers, so it needs more time
to reach the peak maximum (5.38 s). Although the values
found in the literature**** show that BAPO has a higher
local light absorption than TPO at 365 nm, CE 221 shows
the lowest values for the values AHg pcme (—113.7 I/g)
and hp (—10.0 mW/mg) of all materials, and tp is with
4.42s between EPX 82 and RPU 70. Higher molar
absorptivity means that a lower photoinitiator concentra-
tion is needed for equal curing. However, the precise con-
centration of the photoinitiators is unknown. Overall, all
three material systems can be distinctly identified by
their subtracted photo-DSC signal (see Figure 5G).

3.2.7 | Influence of the pan

The design of the pan is also crucial to the photo-DSC
measurement. The pan comparison of AHg pcmc of RPU
70 between std (—124.5 J/g) and sfi (—125.2 J/g) in
Figure 6F showed no significant difference. However, the
photopolymerization reaction was intensified using std
(114 mW/mg, 5.38s) instead of sfi sample pans

(—10.5 mW/mg, 6.06 s), which can be represented by the
shorter fp and higher hp described above. One possible
explanation for this phenomenon could be the differing
sample shapes of the resin in the pan after measurement
(see Figure S5). Although a drop shape was used in both
cases, the sfi pan provided a more uniform drop shape,
which can be better obtained through the cold-pressed
edge. Whereas the drop in the std pan spills toward the
pans surface structure and toward the wall of the pan.
Thereby, it increases its surface area, which is exposed to
UV light and at the same time it reduces its film thick-
ness, which is a very important sample preparation
parameter for photo-DSC measurements.'*?! A thicker
film delays and attenuates the UV reaction because the
migration of the photons through the resin takes
more time.

4 | CONCLUSION

Photo-DSC is an excellent characterization technique for
the photopolymers used in AM. In this study, a calibra-
tion setup (see Figure 2) was used to enable typical DLS
process conditions for the photo-DSC method. The
resulting linear equations (see Figure 4) allow the light
intensity of the light source at a certain wavelength to be
converted into the light intensity that hits the sample sur-
face and thus corresponds to the light intensity of the
DLS process. These settings were used to study the effects
of the process and environmental parameters such as
wavelength, light intensity, temperature, atmosphere,
and RH on the urethane methacrylate material system
RPU 70.

Figure 10 shows the parameter group having the larg-
est effect on the curing behavior of RPU 70. In this case,
the effect was defined as the largest minus the smallest
mean within a parameter group. The largest effect on
the reaction heat (AHgpcmc), the maximum photo-
polymerization rate (hp), and the time until the latter was
reached (tp) is caused by oxygen inhibition. It takes twice
as long to reach t, for RPU 70 in 100 vol% O, (10.9 s) as
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compared to a completely inert environment (5.4 s). In
an air-like atmosphere with ~20 vol% O,, it still takes
1.1 s longer to reach £,. A longer fp correlates with longer
exposure times for each projection layer in DLS, and lon-
ger exposure times accumulate to longer total print times.
The conditioning of RPU 70 at 100% RH compared to
24.3% RH had an effect on the reaction heat similar to
that of a temperature difference of 20 K, a light intensity
difference of 18 mW/cm? and the change from a 400-
500 nm (bad overlap with photoinitiator) to a 320-
390 nm (good overlap with photoinitiator) wavelength.
The effect of about 10 J/g difference of reaction heat from
these parameter groups is remarkable, so it is rec-
ommended that these influencing factors be regularly
checked, for example, before and after each DLS printing
process. A further reasonable consideration based on the
results of this study is to consider the use of oxygen- and
humidity-controlled printing environments for VPP tech-
nologies. In addition, the moisture absorption of the
resins before printing should be avoided.

Although the chosen geometry of the pan is an
influencing factor that is not transferable to DLS, it has
been included in order to show that the method is robust
against this influence. Given the reaction heat and the
maximum heat flow rate of RPU 70, the selection of pans
has a negligible influence. However, the choice between a
sfi and std pan is significant for tp. Therefore, kinetic inves-
tigations should always be performed using the same pan.

Furthermore, it was shown that this characterization
procedure is also suitable for other photopolymer classes,
such as EPX 82 (epoxy acrylate) and CE 221 (cyanate
ester). These different vat photopolymerization resins dis-
play different evaporation behaviors. Therefore, it is rec-
ommended that the total reaction heat be corrected by
taking the mass loss during the measurement into
account. A pan correction for the total reaction heat
values is also suggested. Finally, for future standardiza-
tion of the photo-DSC for VPP applications, it is impor-
tant to consider the conversion of light intensity.
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ARTICLE INFO ABSTRACT

Keywords: The two part urethane-methacrylate resin RPU 70, used in DLS, seems to have superior material properties. These
Dual curing reslin. properties are achieved by a dual curing process of ultraviolet (UV) and thermal curing. The temperature in-
Thermal crosslinking fluence on the processability of the mixed resin and the resulting mechanical properties are still unknown. It was

Post processing
Digital light synthesis (DLS)
Rigid Polyurethane 70 (RPU 70)

possible to solidify the liquid RPU 70 resin into an elastomer at 60 °C for 15 h without the influence of UV light
by solely harnessing the temperature sensitive crosslinking reaction between part A and part B. The ongoing
thermal conversion of the liquid resin into an elastomer was analyzed with viscosity measurements, Fourier-
transform infrared spectroscopy (FT—IR), differential scanning calorimetry (DSC) and Photo-DSC. The latter
method proved to be effective in tracking the thermal conversion and to identify optimal exposure times for
preheated resins. Furthermore, thermogravimetric analysis (TGA) showed a linear evaporation of reactive dil-
uents in RPU 70 over time. In order to investigate the processability and to understand the effects of the thermal
curing on mechanical properties, the resin was preheated to 30 °C, 40 °C, 50 °C and 60 °C for one hour before the
dual curing DLS process. Even though, the viscosity of the resin was increased by preheating and additionally by
the released reaction heat of the photopolymerization during DLS, the build job could be produced with the same
part quality as the unheated resin. Tensile tests were conducted on dual cured specimen and the results showed
that with a preheating of the resin for one hour at 50 °C, the tensile modulus of RPU 70 increased 19.56%, while
tensile strength and elongation at break values remained in the standard deviation range of the comparison
group. The preheating at 60 °C improved elongation at break and tensile modulus 47.61% and 5.54% respec-
tively, while at the same time tensile strength dropped —5.02% compared to no preheating. Apart from the
possibility to slightly modify the mechanical properties by preheating the resin before DLS, there are two
temperature-dependent challenges for RPU 70 during the DLS process, namely evaporation and undesirable
thermal curing. However, there are also new innovative ways to utilize the result of this study that RPU 70 resin
can be thermally solidified into an elastomer: the creation of parts that have a hard shell and a soft core. The hard
shell can be produced by using DLS, the soft core by pouring the liquid resin in the shell and thermally curing

both.
1. Introduction chemical and thermal properties [1]. In 2016, they accounted for the
largest share of total sales of AM products [2]. One of the more recent
In recent years photopolymers for vat photopolymerization tech- developed techniques is Digital Light Synthesis (DLS) (formerly known
nologies have seen a tremendous development in mechanical, optical, as Continous Liquid Interface Production, i.e. CLIP) from Carbon, Inc.

Abbreviations: RPU 70, Rigid Polyurethane 70; DLS, digital light synthesis; TGA, thermogravimetric analysis; FT—IR, Fourier-transform infrared spectroscopy;
DSC, differential scanning calorimetry; UV, ultraviolet.
* Corresponding author at: BMW Group FIZ, KnorrstraBe 147, 80788 Munich, Germany.
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(Redwood, CA). DLS basically works very similar to the bottom-up
digital light processing (DLP) technology.

However, it differs in that not only light, but also oxygen passes
through the window at the bottom of the resin cassette. This creates a so-
called “dead zone” in which the polymerization is inhibited by the high
oxygen concentration. As a result, the bottom layer does not polymerize
and does not adhere to the window. Therefore, a continuous flow of
resin into this "dead zone" is possible, enabling continuous, rather than
layer-by-layer, production (see Fig. 1). This innovation allows much
faster production times compared to conventional DLP, as the separation
and realignment steps become obsolete [3,4]. Fig. 2.

Another not so well-known, but no less pioneering invention of
carbon are the two-part, namely part A and part B, resin systems. These
are initially mixed in a predefined mixing ratio and attain their
dimensional stability through ultraviolet (UV)-curing during DLS.
However, their final mechanical properties are reached by the sequen-
tial thermal curing in a convection oven. There, molecules from part A
and part B, which require thermal activation, are crosslinking. In this
research, this combination of UV- and thermal curing is called dual
curing, as first described by Velankar et al., characterized by Decker
et al. and later utilized by Rolland et al. for DLS [6-9]. A graphical
scheme of the dual curing process is shown on the left side in Fig. 3, the
right side explains the ongoing chemistry, which will be explained in the
subsection 1.2 of this introduction. At this point, it is important to
distinguish that the dual curing in this study does not relate to the
combined UV-curing of epoxy-acrylate blends with different wave-
lengths [10], nor to the sequential curing of a two-part resin system, in
which acrylates first react via an aza-Michael addition with amines
before photopolymerization [11-13].

An advantage of the dual curing mechanism is that Carbon can offer
a wide range of materials such as elastomer-like polyurethanes (e.g. EPU
40), epoxies (e.g. EPX 82), silicones (e.g. SIL 30), cyanate esters (e.g. CE
221) and rigid polyurethanes (e.g. RPU 70). On the other hand, one
disadvantage is that the total processing time of these dual curing resins
is increased by the additional thermal post-processing step in the oven
that can take several hours to achieve complete cure. Redmann et al.
demonstrated the possibility of reducing the thermal curing time of EPX

mixing part Aand B

DLS printing process
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Fig. 3. Dual curing steps of Carbon’s two-part resin RPU 70 with the corresponding chemical compositions of the three different material stages. Bl stands for the
blocked urea group in the oligomers MABPU and MABDI and for the sterically hindered amine in the TBAEMA monomer. DI describes a molecule with two isocyanate

groups. According to [8,9].
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a TDS screening in April 2020. Only materials with a tensile modulus over
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different machines and testing standards have been utilized.

82 with an optimized kinetics calculation by more than 9 h from 12.5 to
3.4 h, while achieving the same mechanical properties [14]. Nonethe-
less, the additional processing step might be the reason that the dual
curing, two-part resins are almost unique to Carbon. Competitors try to
meet the material requirements of the industries mainly with one-part
resins, which are only UV-cured and occasionally subjected to a short
UV-post cure in a UV-chamber in order to reach a higher degree of
conversion of the UV-cured network. In processes where the final
properties are reached after an AM post-process, the intermediate state
is often referred to as a green state.

The overall challenge for AM photopolymers is to make the leap from
prototyping to series production and to ensure highly consistent and
reproducible properties. Despite good surface quality, a major challenge
of photopolymers is their brittleness. As shown in Fig. 4, commercially
available AM photopolymers have a tensile strength between 30 and
100 MPa, wherein in 80% of cases the elongation at break is less than
10%. Tough (i.e. tensile modulus above 1000 MPa) AM photopolymers
are thermosets because they contain multifunctional molecules such as
di- and tri(meth-)acrylates or epoxies, which form a tight thermoset
network upon reaction. In contrast to thermoplastics with no cross-
linking or elastomers, where the crosslinking density is very low, the

Additive Manufacturing 37 (2021) 101677

high crosslinking density of thermosets is the reason for high tensile
strength and low elongation at break [15]. According to the technical
data sheet (TDS), RPU 70 is a tough and rigid material that is a good
choice for parts that require strength, toughness and moderate heat
resistance [16]. The material exhibits properties comparable to con-
ventional acrylonitrile butadiene styrene (ABS) plastic and was used by
BMW for the production of personalized MINI side scuttles (see Fig. 2).
RPU 70 was chosen because of its superior surface quality, while at the
same time having good mechanical properties. Just like conventional
thermoplastic polyurethanes (TPUs), RPU 70 also consists of hard and
soft segments (depicted in Fig. 3 in the “final cured state™) [17].
Compared to elastomeric polyurethanes (EPUs) like EPU 40, the amount
of hard segments is higher for RPU 70, which results in a far higher
tensile modulus 1700 MPa > 8 MPa, tensile strength 35 MPa > 9 MPa
but lower elongation at break 100% < 300% [16,18,19]. As depicted in
Fig. 4, RPU 70 shows the highest elongation at break of 100%, i.e. the
length of the sample has doubled at the time of breakage, of all
commercially available AM photopolymers with a tensile modulus
above 1000 MPa. This remarkable improvement in toughness is ach-
ieved by utilizing the dual curing reaction mechanism explained in Fig. 3
and subsection 1.2.

1.1. Research questions and objective

Reproducibility and process stability are imperative for a material to
become a manufacturing standard. As described above, thermal curing
and thus temperature is a decisive factor for dual curing resin systems.
However, little is known so far about the consequences of increased
temperatures, e.g. due to the strong exothermic reaction heat caused by
the radical photopolymerization during DLS or higher room
temperatures.

The following research questions arise:

1. Can the thermal curing be triggered with a preheating of the mixed
resin before DLS?
a. If so, what happens to the viscosity, does the resin remain print-
able for DLS?
b. If so, which characterization methods can track the thermal
curing reaction?
2. What happens to the material properties when the resin is preheated
before DLS?

For the investigation of the temperature impact on processing RPU
70 in DLS and on the final mechanical properties the following

Table 1
RPU 70 components of part A and part B from safety data sheet (SDS) [22].
Short name Full name % in RPU 70 CAS- Category
number
RPU 70 part A (black color)
TPO Diphenyl (2,4,6 trimethylbenzoyl) phosphine 0.1-2 75980-60-8  Photoinitiator
oxide
UDMA Diurethane dimethacrylate 1-20 72869-86-4  Difunctional oligomer
MABPU and / or Methacrylate Blocked Polyurethane/Diisocyanate ~ 10-70 n.a. Modified prepolymer synthesized with blocking units and
MABDI diisocyanates.
IBOMA Isobornyl methacrylate 10-50 7534-94-3 Reactive diluent — monomer
TBAEMA" 2-(tert-Butylamino)ethyl methacrylate n.a. 3775-90-4 Reactive diluent — monomer and blocking unit in MABPU and MABDI
NPGDMA Neopentylglycol dimethacrylate <0.3 1985-51-9 Difunctional monomer
Tin catalyst” Stannous octoate 0.1-0.3" 301-10-0 Tin catalyst for MABPU and MABDI synthesis
Stabilizer” Hydroquinone 100 - 123-31-9 Stabilizes reactive methacrylates
500 ppm”
Passive UV- Sooth (black color) n.a. n.a. Limit the UV-penetration depth and thus regulate the printing speed
absorbers and part resolution
RPU 70 part B (colorless)
Chain extender Trimethylolpropane tris [poly (propylene glycol) 20 -100 39423-51-3  Primary amine with repeating propylene glycol (PPG) units. Reacts

amine terminated] ether

with deblocked isocyanate during thermal curing

2 Has been found in RPU 70 part A via Quadrupole/time-of-flight mass spectrometer analysis see appendix Fig. A.2.

> Not part of the SDS but related to the synthesis of the MABPU and MABDI [8,9].
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Table 2
Chemical structure of molecules in RPU 70.
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treatment sequence was applied to the resin:

1. Heat treatment of RPU 70 for 1 h at 30, 40, 50 and 60 °C
2. DLS with default print script on Carbon M1 printer

3. Default thermal curing profile (0.5 h ramp up from RT + 4h at
120 °C)

Therefore, the objective of this paper is to characterize the influence
of temperature on the dual curing resin RPU 70 via DSC, TGA, Photo-
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HO A~~~ OH
i R

Tin Catalystl 2 ochi Neo

o)
Osc,

H
Tin Catalyst |
: 4

Pre-polymer H

“Functional Blocking Unit*

(0]

Diisocyanate
‘N'R‘NJ\O/\/\/\/\/\O)LN'R‘N/’C

2 Jr"“uk TBAEMA 0o

/*\ Methacrylate Blocked Polyurethane (ABPU)

DSC, viscosity and FT—IR analysis and to provide a deeper under-
standing of the chemical reaction mechanism of RPU 70 in the dual
curing process. The latter is important in order to understand temper-
ature dependent challenges during processing as well as to comprehend
the new innovative way, in which RPU 70 might be utilized.

1.2. Reaction mechanism of RPU 70 during dual curing

In this subsection the reaction mechanism of RPU 70 in the dual
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Fig. 5. Synthesis of MABPU and MABDI with two blocked isocyanate groups according to [8].
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Table 3
Experimental set up with preheating of the mixed RPU 70 resin in an
oven for one hour before DLS.

Experiment Oven temperature

El Comparison group — no preheating
E2 30°C

E3 40 °C

E4 50 °C

E5 60 °C

curing process is explained and can be followed with the right side of
Fig. 3. The composition of RPU 70 is listed in Table 1, whereas Table 2
shows the chemical structure of the molecules.

The first step is the UV-initiated photopolymerization: UV-light
causes a homolytic cleavage at the phosphor position of TPO. The
photoinitiator (PI) breaks into two radicals. Preferably, the phosphonyl
radical reacts with the vinyl double bond of the monomers and oligo-
mers to form a polymer chain [20]. The small and low molecular weight
molecules IBOMA, TBAEMA and NPGDMA are reactive diluents as they
participate in the radical chain growth reaction and reduce the viscosity
of the resin, which is important for the resin’s reflow and thus for the
printing speed and possible designable cross-sections. Difunctional
molecules like NPGDMA, UDMA, MABDI and MABPU have two meth-
acrylate groups at both ends and can thereby crosslink two polymer
chains. Furthermore, they can rotate around the polymer chain axis and
in this way create three dimensional crosslinks. TBAEMA is both a
reactive diluent and the blocking unit of the MABDI and MABPU mol-
ecules to which it is connected by a blocked isocyanate group.

The centerpiece of the RPU 70 formulation is a confidential oligomer
that participates in the UV- and thermal curing. In patent [8] three
different types of oligomers are presented:

1. Methacrylate Blocked Polyurethane (MABPU)
2. Methacrylate Blocked Diisocyanate (MABDI)
3. Methacrylate Blocked Chain Extender (MABCE)

Through FT—IR analysis no methacrylates were found in part B of
RPU 70, which contains the chain extenders, therefore the third possi-
bility of MABCE oligomer can be dismissed. However, it is uncertain
whether only MABPU, MABDI or a combination of both is used in RPU
70. MABPU and MABDI are special synthesized prepolymers that have
two blocking units at both ends. They differ in the middle of the struc-
ture, where MABDI has only one diisocyanate and is therefore much
shorter than MABPU. The central structure of the latter consists of a
polyol and two diisocyanates. The synthesis can be seen in Fig. 5. The

I }I‘,
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characteristic group of MABPU and MABDI is the thermally labile,
blocked urea bond with the blocking unit TBAEMA. High temperatures
cleave this group and the deblocked isocyanate can react with the chain
extender from part B to a crosslinked, thermoset polyurea within the UV-
crosslinked network (see also appendix Fig. A.1) [6].

The trifunctional chain extender has primary amines at the end and
repeating propylene glycol (PPG) units with different lengths in the
middle. The chain extender has no reactive (C=C) double bond and thus
cannot participate in the UV-curing reaction. During thermal curing, the
primary amines of the chain extender react with the deblocked isocya-
nate of the MABPU and / or MABDI to a urea bond, which is thermally
more stable than the previous urea bond.

Obst et al. observed with DSC that a shorter UV-exposure time
increased the thermal curing reaction enthalpy of the UV-cured RPU 70
parts. In addition, the corresponding final parts showed a higher elon-
gation at break at lower exposure times. In their study, tensile strength
increased by more than 100% from green to final state for all exposure
times. At the same time, the elongation at break of the final parts was
8-20% higher compared to the green parts, with the exception of the
longest exposure time of 8 s, where the elongation at break decreased by
—39.7%. [21].

The doubling of the tensile strength from the green to the final state
indicates that the formation of the secondary polymer network, which is
created by the thermal curing, further toughens the material. The
already high elongation at break of around 70% for the green parts for
all exposure times shows that a high elasticity is already produced
during UV- and not only during thermal curing. Since the MABPU
molecule is much larger than the MABDI molecule, the expected cross-
linking density for MABPU after UV-curing is lower and the expected
elongation at break is higher than for the MABDI molecule. Although a
high elongation at break is an indication of the MABPU oligomer, it
cannot be completely excluded that the MABDI oligomer or even a
mixture of both oligomers is used.

2. Material and methods

The following Sections 2.1-2.9 describe the materials and methods
used in this research.

2.1. Material

RPU 70 with its part A and part B and their corresponding compo-
nents from Table 1 was used for all five experiments E1-E5 described in
Table 3. The EQ MM38 Resin Mix System (MMD) from Henkel LOCTITE
was used to mix the two parts. The mixing ratio was 10:1 (part A: part B),

Fig. 6. Build job of the 21 printed tensile specimen (ISO 3167 Type A) and specimen for charpy impact testing (ISO 179-1eU) as a CAD file (a), in the M1 printer (b)
and spread on a grid with parchment paper in a Yamato DKN612C oven (c) [23,24].
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the flow rate was 180 ml/min and a total of 500 ml per print job was
dispensed. The first 40 ml of mixed volume were disposed in order to
rinse the MMD and achieve good mixing quality.

2.2. Build job setup

In order to investigate the influence of a preheated vat on tensile and
impact strength, the print job from Fig. 6 is used. The build job includes
21 printed tensile specimen (ISO 3167 Type A) and specimen for charpy
impact testing (ISO 179-1eU) [23,24]. The latter were elevated on the
build platform by support structures, so that the area of mechanical
testing lies within the same build range for the two different specimen.
The support structures were constructed densely and even overlapping,
so that DSC samples could be cut from the extended centerline of the test
specimens after DLS. The consecutive numbering from A1-C7 was used
for evaluation purposes. The arrangement and numbering of the tensile
specimen allows the build area position to be considered as well.
Additionally, a large number of specimen per build job are required to
achieve statistically representative data. The filling degree, which is
defined as the ratio of printed volume to build area times the maximum z
value of the print, is 12.67%. Although, Carbon already distributes M2
and L1 printers with larger build platforms 189 x 118 x 326 mm for the
M2 and the L1 with five times the build area of the M2, a Carbon M1
printer with a maximum build volume of 141 x 79 x 326 mm is used.
The cassette and build platform were cleaned with isopropyl before and
after each build job.

2.3. Preheating the resin

In the comparison group (E1), the resin was not preheated (see
Table 3). For the other experiments (E2-E5), 500 ml of RPU 70 was
filled into a 1000 ml SCHOTT DURAN® beaker with an inner diameter
of 105 mm and covered with a petri dish from DUROPLAN [25,26].
Afterwards, the beaker was placed for an hour in a preheated Memmert
oven with fan level 5 [27]. Afterwards, the temperature of the resin was
measured in the middle of the beaker with a Testo 905-T1 thermometer
[28]. The surface-to-volume ratio SA/V (see Eq. (1)) can be calculated
using the volume of resin in the cup V and the surface area SA, which is
obtained from the inner diameter d of the beaker. The SA/ Vg, _gs ratio
for the resin in the beaker for the experiments (E2-E5) is 0.017.

SAJV = (d*n/4)/V €Y}
2.4. Viscosity measurements

Viscosity measurements were carried out with the rectangular slit
viscometer uVISC™ with a C20 Chip from RHEOSENSE, INC. [29]. The
width (w = 2.31 mm) of the flow channel is much greater than the depth
.. and height (h = 204.1 um), so the flow effects from the edges of the
channel are negligible. The geometry of the sensor also ensures a fully
developed laminar flow and a linear pressure drop along the pressure
sensor array. Thus, the sensor can be treated as an ideal two-dimensional
system, and the viscosity can be calculated with the flow rate Q, the
apparent shear rate Tapp and the shear stress 7 according to Eq. (2) [30].

wh
(2w +2h)

n= _T T = —slope (2)

with 7, =
Yapp

wh?

For Newtonian fluids, the apparent shear rate does not need to be
corrected and the automatic mode can be used, which used a shear rate
of 59.6 s and a flow rate of 57.5 yL/min. The viscosity was measured
three times in the vat before and after every print job. After three
measurements, the flow channel was rinsed three times with acetone. In
the DLS process the resin remains mainly unloaded and only minor shear
stress occurs when the resin flows to the bottom of the vat. Additionally,
for some print jobs the pumping mode can be activated, which consists
of an up and down movement of the build platform in order to improve

Additive Manufacturing 37 (2021) 101677

Oven

Temperature: 60 °C
+ Time:
_Q 1 hour 1,2,4,7,9
J— and
——8 and
8 — =0 15 hours | 23 hours
i Viscosity  Photo-DSC
Mass loss
FT-IR

Fig. 7. Thermal treatment with RPU 70 cartridge material, which was mixed
with an Albion E18T400x10 Cartridge Gun from Albion Dispensing Solutions
with a 10:1 ratio. The pyVISC™ pipette was filled and put in a preheated oven at
60 °C for various time lengths before different analysis were performed. UV-
exposure was avoided during all stages of the experiment.

Table 4
Photo-DSC settings.

Photo-DSC testing device NETZSCH 204 F1 phoenix

Light intensity — OmniCure® S2000 / (W/cm?) 0.5
Wavelength filter 365 nm
Exposure time/s 180
Temperature/°C 30
Nitrogen flow /(ml/min) 20
Crucible SFI
Correction factor 0.95
Sample weight/mg 3.5
Measurement per preheating time 1

the flow of the resin to the printing area. In this case the shear stress
might also be increased.

2.5. DLS, cleaning and thermal curing

After preheating, the resin was filled into the thoroughly cleaned
(IPA) cassette of the Carbon M1 and the build job began immediately
afterwards. The default print script (April 2019) was used with a layer
thickness of 100 pym, 6.8 s exposure time and a light intensity of 9 mW/
cm?. The total printing time was 6:28 h. The SA/Vp, s ratio during DLS is
approximately 22.278 for the required print job volume of 500 ml. The
surface area for the resin changes over the course of the print job and
was approximated with the print area of the M1 printer
(141 mm x 79 mm).

After printing, the build job was left in the printer for a few more
minutes so that excess resin could drain (see Fig. 6(b)). The entire build
platform was then plugged into the Smart Part Washer from Carbon Inc.,
which operated in default wash mode with seven minutes of cleaning
time. Two chemicals of the solvent inside the part washer are indicated:
CAS 138495-42-8 and CAS 67-56-1. After washing, the tensile rods and
support structures were removed with a scraper. All green parts were
placed in a Yamato DKN612C oven on a grid with parchment paper (see
Fig. 6(c)) [31]. Carbon’s recommended default curing cycle for RPU 70
was used: during the first 30 min, the oven heats up to 120 °C. After that,
the temperature profile remains constant at 120 °C for four hours. All
specimens were checked after thermal curing, wrapped and stored in a
standard atmosphere for at least 24 h before mechanical testing.

2.6. Differential scanning calorimetry (DSC) of green parts and resin

5 mg of the densely packed support structures of the impact test
specimen at position B4 was taken at a height of 25 mm, placed in an
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Fig. 8. (a) Temperature and (b) viscosity of the RPU 70 resin after preheating and after DLS for E1-E 5.
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Fig. 9. DSC signal of first heating of UV-cured RPU 70 (green state) for the experiments E1-E5 with a heating rate of 10 K/min.

aluminum crucible with a pierced lid and analyzed using a NETZSCH
DSC 204 F1 device [32]. The recorded temperature range was
—80-220 °C with a heating and cooling rate of 10 K/min. The thermal
response of the liquid RPU 70 and part A resin was determined by the
mean of three first heatings with the same DSC device, heating rate and
sample mass, but with closed, low pressure crucibles and a temperature
range between 20 °C and 225 °C. A constant nitrogen flow of 20 ml/min
was used for all DSC experiments.

2.7. Tensile and impact testing

For tensile testing a Zwick Roell Z020 machine was used with Type A
tensile specimen geometry according to ISO 3167 [33,34]. First a test
speed of 1 mm/min was used between 0% and 0.25% strain. The tensile
modulus was calculated as the slope of the stress and strain curve ac-
cording to ISO 527-1 between 0.05% and 0.25% strain [35]. Then, the
test speed was increased to 50 mm/min because high nominal strain at
break, later referred to as elongation at break, was expected and thus the
time to reach the point of breakage was reduced with a faster testing
speed. The tensile strength value is the stress at the first local maximum
observed during the tensile test and the nominal strain was calculated
without the aid of extensometers with method A from the tensile testing
standard ISO 527-1 [35]. The testing climate was set according to ISO
291-23/50 (class 2) with 23 (£2) °C and 50 (+10%) relative humidity
[36].

Rectangular impact specimens with a length of 80.0 (+2.0) mm,
width of 10.0 (£0.2) mm and a thickness of 4.0 (£0.2) mm were used for
the unnotched ISO 179-1eU impact testing [24]. An INSTRON® CEAST
9050 machine with a four-joule pendulum was used [37]. The testing
climate conditions were the same as with the tensile testing.

In order to verify if the preheating of the resin has an effect on

mechanical properties via analysis of variance, the data set is first tested
at normal distribution. The elongation at break values have to be
transformed by Johnson Transformation in order to achieve normal
distribution. In the Pearson correlation, these values are called elonga-
tion at break (JT) and are dimensionless. For the tensile strength values,
an outlier was replaced by the mean value.

2.8. Thermogravimetric analysis (TGA)

ANETZSCH TG 209 F1 Libra was used in an isothermal experiment to
see how much mass is lost due to evaporation [38]. Under nitrogen at-
mosphere, 10 mg RPU 70 was heated to 25 °C, 30 °C, 40 °C, 50 °C and
60 °C with a heating rate of 10 K/min. The total mass loss of the resin
was calculated for one hour. The Al,O3 crucibles had an inner diameter
of 6.8 mm. According to the TDS, the density of RPU 70 resin is 1.01 g/
em® [16]. Therefore, the surface-to-volume ratio for the TGA experi-
ments SA/Vrca, according Eq. (1), is 3.632, which is 210 times higher
than SA/Vez_ps and 163 times higher than the SA/Vp.s.

2.9. Thermal treatment of RPU 70 resin with viscosity, FT—IR and photo-
DSC analysis

Since the change in viscosity from E1 to E5 can also derive from the
evaporation of smaller molecules from the vat, the additional experi-
ment shown in Fig. 7 was performed, in which the effect of evaporation
was minimized. The surface-to-volume ratio was reduced by using the
UVISC™ pipettes with an orifice diameter of 0.8 mm, which were filled
consecutively with approx. 300 pL of the liquid resin Part A, Part B and
RPU 70. Therefore, the surface-to-volume ratio for the uVISC pipette
experiment SA/V,visc was approximately 0.002. Eq. (3) shows that the
uVISC pipette has the smallest surface-to-volume ratio of all
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Fig. 10. Boxplots of tensile strength, elongation at break, tensile modulus and cross sectional area (solidified) in correlation with increasing preheating. Connecting
line shows the mean development. Single dots indicate the outliers. Min. and max. (—) show the permissible cross sectional area according to ISO 3167 [23].

experiments. The viscosity measurements were carried out in the same
way as described above in 2.4. In order to find the best method to track
the thermal conversion in the resin, Photo-DSC measurements as well as
FT-IR analysis were performed before and after the preheating. The
settings for the Photo-DSC analysis can be seen in Table 4. The light
intensity setting of 0.5 W/cm? was chosen because it is the lowest
possible setting and nearly leads to a surface exposure intensity of
9 mW/cm?, which is the light intensity during DLS. FT—IR analysis was
conducted using 16 scans on an ATR-unit in the mid-infrared region on a
Perkin Elmer Frontier device.

SA/Vvisc < SA/ Ve ps < approx.  SA/VpLs<SA/Vica

approx. 0.002 < 0.017

0.022«3.632 3)

< approx.

0.4

0.3

0.2

0.1

DSC /(mW/mg)

0.0

3. Results and discussions

3.1. Influence of preheating on viscosity, reaction heat and mechanical
properties

3.1.1. Influence of preheating on resin temperature and viscosity

After preheating, the temperature of the resin rises linearly with
increasing oven temperatures see Fig. 8(a). The viscosity of the resin
decreases after preheating of 30 °C, but rises again above 30 °C see
Fig. 8(b). In general, viscosity is a function of temperature, pressure,
shear rate and molecule size distribution. When pressure and shear rate
remain constant, higher temperatures usually reduce the viscosity of
viscous photopolymers by increasing the mobility of the molecules [39].
Contrary to this expectation, the viscosity of RPU 70 increases at tem-
peratures above 30 °C. There are two possible explanations for the
behavior: first, the loss of small molecules by evaporation could change
the resin composition to such an extent that it shifts the molecule size
distribution to larger molecules, which would make the resin more
viscous. Likewise, higher temperatures might start the thermal

30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220
Temperature /°C

Fig. 11. Mean of three DSC measurements of first heating from RPU 70 resin (—) and part A resin (—) with a heating rate of 10 K/min. .
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crosslinking reaction between part A and part B of RPU 70, which would
also produce larger molecules and increase the viscosity. In order to
investigate the main reason for the increased viscosity, the experiment
described in Section 2.9 was added.

During the 6:28 h in which the build job is produced by DLS, the
resin is expected to cool down to room temperature (25.4 °C + 0.5 °C).
The latter remained constant throughout the day for all experiments.
Yet, for all experiments, even for the comparison group E1, in which the
resin was not preheated, the temperature of the resin after DLS is at least
2 °C warmer than room temperature (see Fig. 8(a)). Additionally, the
viscosity after DLS is further increased for all experiments (see Fig. 8(b)).
This means that the radical photopolymerization during DLS, which is
very exothermic, constantly releases heat to the surrounding resin.
Consequently, the temperature of the resin is increased, which causes
the increase in viscosity, as described above.

At this point, the first part of the first research question from the

introduction can be answered (see 1.1): the viscosity of the resin is
increased by preheating, however, all build jobs can be produced while
the quality of the parts remains unchanged.

3.1.2. Influence of preheating on reaction heat of green state

Fig. 9 shows the DSC signal of the first heating of RPU 70 green parts
after preheating and processing by DLS. The exothermic two-peak DSC
signal consists of a smaller peak around 55-110 °C and an overlapping
larger peak from 100 °C to over 150 °C. In order to interpret the DSC
signal exhaustively, a lot of knowledge about the confidential resin
composition and the reaction mechanism is required. Since this
knowledge is not completely at hand, two possible interpretations for
the two peaks remain: first, they might indicate the thermal crosslinking
of two types of oligomers such as MABPU and MABDI, with the first
reacting at lower and the second at higher temperatures. The second
explanation for the two-peak DSC signal is that only one peak
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Table 5
Molecule interactions in RPU 70 and their corresponding FT—IR signals.
Letter Interaction From/ To/ Peak/ Reference
em ! cm ! em !

A a N-H stretching 3450 3200 3385 [40-42]

B,b C=0 stretching 1750 1678 1714 [40,41,43]

G c, C=0 stretching urea 1679 1649 1658 [40,41]

D,d (unbonded)

C=C stretching 1649 1619 1637 [40,44]
C=0 stretching urea 1649 1619 1630 [40]
(bonded)

e N-H bending of primary 1677 1523 1591 [45]
amines

E, f Amide II vibration (C-N 1600 1471 1519 [41,43,46]
stretching combined with
N-H bending)

F C-O stretching (ester) 1307 1281 1297 [471

G, g C-0-C stretching 1189 1132 1160 [43]
C-O stretching (ether) 1132 1067 1109 [40,44,45]

H Reference peak 1068 1029 1053

J,h C=C bending 830 796 814 [40,44,48]

characterizes the thermal curing and the other represents a post-
polymerization of unreacted monomers. It is well known that conver-
sion rates during photopolymerization do not reach 100% and some
reactive molecules remain trapped in the UV-cured network. Heat
exposure to the UV-crosslinked photopolymers can lead to higher de-
grees of conversion, as the mobility of the system is increased and thus
enclosed reactive groups can proceed to polymerize and to crosslink.
The assumption for this experiment was that with a preheating at
higher temperatures the thermal curing between part A and part B is
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already triggered, which would reduce the exothermic DSC signal linked
to the thermal crosslinking reaction. However, only a small decreasing
trend with higher preheating temperatures is visible. The peak areas of
E4 and E5 are both below —20 J/g and the strongest decrease in reaction
heat can be observed from E3 to E4. Yet, the trend is not unambiguous,
because the reaction heat from E4 to E5 slightly increases. This might
also be due to the small deviations in the shape of the DSC signals, which
influence the evaluated reaction heat.

3.1.3. Influence of preheating on mechanical properties

The results of the mechanical testing can be seen in the appendix
Table A.1. Pearson correlation coefficients and p-values were calculated
to determine which mechanical properties are most sensitive to the
preheating of the resin, see appendix Table A.2. The Pearson correlation
coefficient shows how strong the linear correlation between two pa-
rameters is (positive or negative) on a scale from —1-1. The corre-
sponding p-value, if below 0.05 (bold number), determines the
significance of the correlation. In terms of preheating the resin before
the dual curing process, the test shows a medium, negative correlation of
—0.434 with a high significance (p = 0.000) for tensile strength, a small,
positive correlation of 0.239 (p = 0.014) for tensile modulus, a small,
negative correlation of —0.387 (p = 0.000) for cross sectional area
(solidified) and a small positive correlation of 0.261 with also a high
significance (p = 0.007) for elongation at break (JT). For impact
strength the effect can be neglected because the p-value is 0.985. Pre-
sented in a boxplot see Fig. 10 and Fig. A.3 for impact strength, these
correlations become more obvious.

With a preheating of the resin for one hour at 50 °C, the tensile
modulus of RPU 70 increases 19.56%, while tensile strength and
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heated for one hour at 60 °C (—) and RPU 70 heated for 15 h at 60 °C, which transformed into an elastomer (---).

10



J. Bachmann et al.

Additive Manufacturing 37 (2021) 101677

DSC /(mW/mg)
| exo
0
ettt —
g
24 W\ . = eme
-4
elastomer
6 RPU 70 at 60 °C Mass loss Reaction heat Peak Peak height Thermal
/h 1% 1(J/g) Is /(mW/mg) conversion
0 (resin) -0.43 -143.0 54 -115 0.00
-8 1 -0.63 -142.3 56 -114 0.00
2 -0.51 -142.0 6.1 -10.1 0.01
1 4 0.34 -134.4 77 -86 0.06
-10, [resin| 7 052 1297 88 68 0.09
9 0.76 -119.4 1.1 -47 0.17
12 1h 23 (elastomer): -0.38 -121.7 124 52 0.15
5 10 15 20 25 30 35 40 45 50
Time /s

Fig. 15. Photo-DSC signals of the UV-curing reaction of RPU 70 resin (—), preheated for different times (—) at 60 °C. After 23 h at 60 °C the thermal cure
transformed the resin into an elastomer with the dotted (---) UV-curing signal. Exposure starts after a 5 s offset. The thermal conversion is calculated by one minus the
fraction of reaction heat at the corresponding preheating time to the reaction heat of the untreated resin (—143.0 J/g).

elongation at break values remained in the standard deviation range of
the comparison group. The preheating at 60 °C improved elongation at
break and tensile modulus 47.61% and 5.54% respectively, while at the
same time tensile strength dropped —5.02% compared to no preheating.
The biggest one time change in mechanical properties lies between E4
and E5, where tensile strength and modulus drop —6.02% and —11.72%
respectively and elongation at break increases 79.61%. Since the resin
has the highest viscosity after the E5 preheating (see Fig. 8(b)), the
mobility of the molecules in the resin is impaired. The increased viscous
behavior of the system worsens the formation of UV-crosslinks during
the radical photopolymerization, which results in the above mentioned
mechanical changes in the final part. Even though the viscosity after DLS
for E4 is higher than for E5 (see Fig. 8(b)), the impact on mechanical
properties is not as strong. Therefore, the effect of the viscosity of the
resin at the beginning of DLS on the mechanical properties might be
greater than the increase in viscosity caused by the heat release during
DLS. The overall high deviations, especially for elongation at break, also
compared to the TDS values, are mainly due to sample position in the
build area, see appendix Fig. A.4.

3.2. Influence of temperature — characterization methods

3.2.1. DSC of RPU 70 and part A resins

Fig. 11 shows the first heating from RPU 70 and part A resin. For both
resins, the DSC signal shows a very strong exothermic reaction of
comparable size around 190 °C. This might indicate a thermal activation
of the radical polymerization. The first exothermic effect of RPU 70 resin
between 50 °C and 160 °C is not seen in the DSC signal of part A. This
means that the thermal effect only takes place when part A and part B
are present at the same time, which clearly indicates the thermal
crosslinking. It also shows that the thermal crosslinking in the resin is
represented as a single exothermic peak. Furthermore, the peak
maximum is at 120 °C, which is also the peak maximum of the second
peak of the UV-cured RPU 70 parts from Fig. 9. This means that the two-
peak DSC signal from Fig. 9 can be further interpreted: the second peak
can be clearly attributed to the thermal crosslinking. The first peak is
unique to the green state. This might indicate that the thermal curing
requires an additional step in the green state compared to the resin.
Another assumption is that the first peak does not characterize the
thermal curing but a thermal post-polymerization of unreacted mono-
mers that have not reacted during UV-curing.

3.2.2. Isothermal TGA of RPU 70 for one hour at different temperatures
The isothermal TGA analysis from Fig. 12 shows how much mass
RPU 70 loses within an hour at different temperatures. The mass loss is
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linear for each temperature and can be attributed to the evaporation of
smaller molecules. The total mass loss within one hour almost doubles
for every temperature increase of 10 °C. The mass loss for preheating the
resin in the oven and during DLS can be estimated lower, since the
surface-to-volume ratio for the TGA tests is significantly greater
(compare Eq. 3). Appendix Table A.3 shows the vapor pressure for the
components of RPU 70 at 20 °C and 25 °C. The reactive diluent IBOMA
and TBAEMA have the highest values with 7.5 Pa at 20 °C and 12 Pa at
25 °C and 5.986 Pa at 20 °C respectively. In an additional experiment,
the evaporation gases of RPU 70 at 35 °C were analyzed using gas
chromatography mass spectrometry (see appendix Fig. A.5), where
fragments of IBOMA and TBAEMA were found. Therefore, it can be
concluded that the mass loss is mainly caused by the evaporation of the
volatile monomers IBOMA and TBAEMA.

3.2.3. Temperature-viscosity correlation of RPU 70, parts A and B without
UV-curing

Fig. 13 shows the results for a thermal curing without UV-influence,
as described in Section 2.9. The viscosity of the RPU 70 resin more than
doubles from 3160 mPa-s to 7146 mPa-s with only one hour at 60 °C,
while mass loss remains below 1%. Thus, the viscosity increase results
from the ongoing thermal curing rather than from evaporation. After
15 h, the viscosity of RPU 70 could no longer be measured, as the
thermal curing widely crosslinked the resin into an elastomer without
any residual liquid resin.

Despite the very low surface-to-volume ratio for the pVISC™ pi-
pettes, the mass change for part A and B was very high compared to the
RPU 70 mixture. The viscosity of part A shows a linear correlation with
the corresponding mass loss. In this case, the increase in viscosity can be
attributed to the evaporation of the volatile monomers TBAEMA and
IBOMA. The same experiment with part B shows a mass increase. The
polar primary amines of the chain extender probably cause water ab-
sorption from air humidity. This hydrophilic behavior of part B was
verified by weighing 2.143 mg in a DSC crucible. After one hour at room
temperature the sample mass increased by 3.78% to 2.224 mg.

3.2.4. Tracking the thermal conversion via FT—IR

The molecular interactions and the corresponding wavelength sig-
nals for RPU 70 are summarized in Table 5. There are two ways to
identify the ongoing thermal curing of RPU 70 using FT—IR analysis:

1. The decrease of the (N-H) bending of the primary amines of the
chain extender at 1591 cm ™.

2. Conversion of the blocked urea group of MABPU and or MABDI to the
unblocked urea group with chain extender.
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3. The frequency shift of (N-H), (C=0) and (C-O-C) groups due to
different hydrogen bridge bonds in RPU 70 resin and elastomer.

In Fig. 14(a), the (N-H) bending (e) of the primary amines of the
chain extender is not visible in the RPU 70 spectrum. This might be due
to the small amount of part B in the mixed resin. Therefore, the con-
version cannot be tracked by the first option. The second possibility is
even harder to detect because the blocked and unblocked urea groups
have almost identical chemical structures namely (-NH-CO-NC-) and
(-NH-CO-NH-) respectively.

However, there is third indicator of conversion: the urethane and
urea groups, which have a hydrogen bridge bond, are identified by a
frequency shift to lower frequencies, compared to those that do not have
a hydrogen bridge bond [40,49]. Therefore, the shift in (N-H) stretching
(A) in Fig. 14(b) and (c) to lower wavenumbers might be due to the
increased formation of unblocked urea groups, since these can better
form hydrogen bridge bonds than blocked urea groups. The peak at
1658 cm ™! (C) might indicate the H-bond free (C=O) stretching of the
blocked urea group, which is reduced by thermal curing. The steric
hindered urea group might not be able to form hydrogen bonds in the
resin. Furthermore, the shoulder at (D) that is only visible for the elas-
tomer, might indicate the formation of hydrogen bridge bonded (C=0O)
stretching of the unblocked urea. The carbonyl (C=O) group of the ure-
thanes and methacrylates (B) is reduced and shifts to higher frequencies,
which indicates fewer hydrogen bridge bonds. Since, hydrogen bridge
bonding is competitive between (C=0) and (C-O-C) towards (-N-H) (see
also appendix Fig. A.6), the decrease might derive from the rise of the
(C-0-C) stretching at 1109 c¢m ! (G) in the elastomer [40].

Since, the shoulder at 1630 cm™! is overlapping with the (C-C)
stretching vibration (D) at 1637 cm’l, the double bond conversion
(DBQ), according to Eq. (4), is calculated with the peak height of the
(C=C) bending (J) at 814 em ! and is corrected with the reference peak
height (H) at 1053 cm . The DBC after 1 and 15 h is 0.69% and 6.53%
respectively. There are two possibilities for the intensity of the (C=C)
bond to decrease: First the (C=C) bonds either react with each other, or
with the primary amines of the chain extender in an Aza-Michael
addition as described by Gonzdlez et al. and Konuray et al. [11-13].
Secondly, volatile methacrylates might evaporate and thus decrease the
overall (C=C) concentration. For the first hour at 60 °C the 0.68% mass
loss correlates perfectly with the 0.69% DBC. However, for 15 h at 60 °C
the mass loss remains at low 0.62% while DBC increases to 6.53%.

(peakheightg,, [peakheight,ys3),

— +100%
(peakheigthg,, /peakheights3), ‘

DBC, = |1 4

3.2.5. Tracking the conversion via photo-DSC

In Fig. 15 the influence of thermal curing on the radical polymeri-
zation becomes visible. The reaction heat of the elastomer is only
reduced by 15% compared to the RPU 70 resin while the mass loss re-
mains constant below 1%. The loss of reaction heat therefore does not
result from a higher degree of evaporation of the reactive diluents, but
from a mobility restriction due to the increasing thermal crosslinking,
which is made visible by the flattening of the curve and the increased
time to reach the peak maximum. The results show that the elastomer
can still be UV-cured, but longer exposure times are required to attain
the maximum reaction rate. To process preheated RPU 70 resin, the
results could be useful to adjust the exposure time during DLS to ensure
complete UV-curing.
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4. Conclusions

One of the main observations of this research is that the viscosity of
the RPU 70 resin increases with higher temperatures. At first, this phe-
nomenon seems counterintuitive, as higher temperatures are often used
to reduce the viscosity of one part resin systems like for example in Hot-
Lithography [50]. Similarly, for one of the latest, double-curing mate-
rials of carbon, namely RPU 130, which is also the successor of RPU 70, a
heatable cassette is used to improve the processability by reducing the
viscosity. Carbon’s unique dual curing resins are first UV-cured in DLS
and then thermally cured in a post-process. Thermal curing causes a
crosslinking between part A and part B. This crosslinking can already
take place in the liquid resin and is the reason for the increased viscosity
with rising temperatures (see Fig. 8(b)). In order to confirm the
assumption that the increased viscosity results from the thermal cross-
linking reaction and does not derive from the evaporation of the reactive
diluents, Fig. 13(a) shows that even with a mass loss <1%, the viscosity
of RPU 70 more than doubles after one hour at 60 °C. Consequently, the
increase in viscosity can be attributed to the crosslinking reaction.
Usually, low viscosities are intended because the resin reflow becomes
faster and thus printing time can be reduced. This consideration is more
important for print jobs with big cross-sections, where the reflow of the
resin to the middle takes longer than for lattice structures that have only
small cross-sections. Moreover, photopolymerization during DLS gen-
erates reaction heat, which is released into the surrounding resin. For a
6:28 h build job, this increases the temperature of RPU 70 by more than
2 °C and the viscosity, even if RPU 70 is not preheated, by 10% (see
Fig. 8(a)). Especially for big cross-sections, in which large areas are
irradiated, a lot of reaction heat is generated. In these places, the ther-
mal crosslinking is already taking place and the viscosity increase could
be even higher. This study shows that RPU 70 resin can be preheated for
one hour at 60 °C and that the increased viscosity, after preheating and
DLS, does not negatively affect the print quality of the test specimen
from Fig. 6.

In general, this study shows that the mechanical properties can be
adjusted by processing RPU 70 with the curing order: thermal-
—UV-thermal (see Fig. 10). The biggest change in mechanical properties
lies between E4 and E5, where the material becomes more viscoelastic:
tensile strength and modulus drop —6.02% and —11.72% respectively
and elongation at break increases 79.61%. An important criterion that
determines whether a photopolymer becomes brittle or viscoelastic is
the UV-crosslinking density produced during photopolymerization [15].
Therefore, the changes in mechanical properties between E4 and E5
indicate that the increased viscosity due to the ongoing thermal curing
impairs the crosslinking mechanism that takes place during photo-
polymerization. Furthermore, the effect of higher viscosities at the
beginning of DLS on the mechanical properties seems to be bigger than
the effect of increased viscosities caused by the heat release during DLS
(compare Fig. 8(b) and Fig. 10). Moreover, Fig. 15 shows that a pre-
heating of more than one hour at 60 °C flattens the photo-DSC signal and
shifts the reaction maximum to higher exposure times. Hence, preheated
resins might require different exposure parameters such as longer
exposure times and higher light intensities to achieve the same UV-
crosslinking densities as an untreated resin.

The ongoing thermal curing with higher preheating temperatures is
not so clearly visible for the two-peak exothermic DSC signals from
Fig. 9 compared to the viscosity measurements from Fig. 8(b). Never-
theless, a small decreasing trend with higher preheating temperatures is
recognizable. Furthermore, the first exothermic DSC signal of the RPU
70 resin from Fig. 11 with the peak maximum at 120 °C clearly char-
acterizes the thermal curing reaction between part A and part B in the
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resin, since this peak is not visible in the DSC signal of part A.

It is concluded that the change in material properties is largely due to
ongoing thermal curing and that the evaporation of the volatile com-
ponents IBOMA and TBAEMA plays only a minor role. The reason for
this consideration is that the surface to volume ratio for TGA is 210 and
163 times higher than for DLS and the experiments (E2-E5) respectively.
Thus, the evaporation of the reactive diluents during DLS and the ex-
periments (E2-E5) is likely to be much lower than for the TGA shown in
Fig. 12. However, evaporation plays a central role for all characteriza-
tion methods such as DSC, FT—IR and viscosity measurements. There-
fore, the mass loss should always be taken into account.

The liquid resin solidified into an elastomer after 15h at 60 °C
without UV-irradiation. This conversion from liquid resin to widely
crosslinked elastomer was best tracked via Photo-DSC (see Fig. 15). The
flattening of the exothermic UV-curing reaction peak from resin to
elastomer indicates the formation of the thermally cured network. The
FT—IR analysis of RPU 70 from Fig. 14 and of the individual components
shows the high proportion of different methacrylates, but the over-
lapping effect of different molecules in the FT—IR makes it difficult to
track the thermal curing.

5. Outlook

In order to achieve high process stability and production standards,
this study concludes that for dual curing DLS resin systems such as RPU
70 methods and means need to be investigated to monitor, control or
eliminate the chain extension reaction and the evaporation of the
reactive diluents. For the latter two possible solutions might be applying
a separating agent on the resins surface or to use pressurization. An
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innovative application of the results of this study could be the creation of
parts that have a hard shell and a soft core. The hard shell can be pro-
duced by using DLS, the soft core by pouring the resin in the shell and
thermally curing both.
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Appendix

See Figs. A1-A6 and Tables A1-A3.
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Fig. A.1. Synthesis of a segmented thermoplastic polyurethane and polyurea with soft and hard segments [8].
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Fig. A.2. Quadrupole/time-of-flight mass spectrometer analysis of RPU 70 part A in positive Electrospray Ionization (ESI). Peak at around 3 min acquisition time in
chromatogram indicates a protonated molecule with a molecular weight of 186.1492. Subtracted by the proton, the number is close enough to verify the molecular

weight of TBAEMA 185.26 g/mol.
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Fig. A.3. Boxplots of impact strength in correlation with increasing preheating temperatures. Connecting line shows the mean development. Single dots indicate
the outliers.
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Fig. A.5. Fragments of IBOMA and TBAEMA Monomers found in the vapor of RPU 70 at 35 °C analyzed via gas chromatography mass spectrometry.
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Fig. A.6. The different types of hydrogen bonding for urethane and urea [49].

Table A.1
Mechanical properties of RPU 70 after preheating of the resin, DLS and thermal curing.

Variable Resin temperature/°C N Mean StDev Minimum Median Maximum

Tensile modulus/MPa 25.4 21 1412.7 224.6 996.9 1383.9 1823.7
28.5 21 1529.0 131.8 1240.9 1567.5 1727.2
35.7 21 1573.2 140.0 1230.3 1598.0 1779.6
44.6 21 1689.0 92.1 1514.0 1695.1 1889.7
51.5 21 1491.1 85.2 1340.6 1475.2 1620.9

Tensile strength/MPa 25.4 21 47.316 1.272 44.741 47.176 49.620
28.5 21 47.709 0.963 46.308 47.733 49.408
35.7 21 48.276 1.137 46.214 48.233 50.471
44.6 21 47.816 1.214 44.659 48.005 49.603
51.5 21 44.941 1.371 42.039 44.972 47.300

Elongation at break/% 25.4 21 37.60 25.31 3.26 28.34 94.86
28.5 21 26.30 16.71 9.67 20.26 73.85
35.7 21 26.35 15.17 4.94 24.04 66.53
44.6 21 30.90 16.81 13.83 23.20 61.08
51.5 21 55.50 31.21 16.95 55.90 101.88

Cross sectional area (solidified)/mm? 25.4 21 40.892 0.555 40.079 40.700 42.110
28.5 21 40.956 0.695 40.039 40.922 42.437
35.7 21 40.452 0.583 39.561 40.500 41.725
44.6 21 40.276 0.628 39.422 40.120 41.566
51.5 21 40.349 0.536 39.661 40.179 41.666

Impact strength/kJ 25.4 20 33.89 5.34 21.07 35.08 46.83
28.5 21 41.63 8.92 26.79 43.11 60.61
35.7 21 39.70 5.97 24.80 41.21 47.26
44.6 21 37.95 4.72 28.34 37.22 52.04
51.5 21 37.15 4.94 28.17 38.62 43.00
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Table A.2
Pearson correlation with p-value of mechanical properties and resin temperature. Cell contents: Pearson correlation (up) and p-value (down).
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Tensile modulus Tensile strength

Cross sectional area (solidified)

Elongation at break (JT) Impact strength

Tensile strength 0.462
0.000
Cross sectional area 0.130 0.436
(solidified) 0.187 0.000
Elongation at break (JT) —0.068 —0.429 —0.206
0.488 0.000 0.035
Impact strength 0.124 0.130 —0.076 —0.087
0.210 0.189 0.444 0.377
Resin temperature 0.239 —0.434 —0.387 0.261 —0.002
0.014 0.000 0.000 0.007 0.985
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Vat photopolymerisation describes resin-based additive manufacturing processes in which
ultraviolet light is used to layer-wise solidify liquid resin into a desired 3D shape. If the
starting resin is a dual-curing formulation the object is also thermally cured to attain its final
properties, obtaining either an elastomer or a thermoset. Here, we introduce cavity vat
photopolymerisation, in which one photopolymer resin produces a composite material of an
elastomer and thermoset. Cavities of any geometry are purposefully designed in the solid
object and then filled with liquid resin during printing due to negative pressure. Thermal
curing then solidifies the resin in the cavities into an elastomer, forming a distinct interface
held together by strong covalent bonds. Hybrid specimens indicate improved damping,
reduced fragmentation upon fracture and increased local elasticity, and we suggest several
hard-shell/soft-core applications that might benefit.
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at photopolymerisation (VPP, official abbreviation

according to ISO/ASTM 529001) processes hold the lar-

gest material market share in additive manufacturing
(AM)2. An advantage of resin-based AM approaches is the high
accuracy, precision and void-free, completely dense parts with a
good surface quality even on the submillimetre scale. Stereo-
lithography (SLA) and digital light processing (DLP) are the best
known VPP technologies, but new approaches also have emerged
in recent years, such as Digital Light Synthesis (DLS)?, volumetric
polymerisation inhibition patterning? and tomographic volu-
metric printing>®. In addition, tremendous research efforts are
performed on 4D-printing”$, smart materials, and printing
materials with hybrid functionalities??°. The big interest in
enabling multi-functional materials stems from numerous
examples often inspired by nature, such as the resilience in the
nacre of the Pinna nobilis shell that is achieved by a brick and
mortar nanostructure’’, elastic joints in rigid skeletons that
enable flexibility and movement, or other natural products and
animals that are tough on the outside though soft on the inside,
for example, nuts and crustaceans. From the engineering per-
spective, qualities like spatially controlled areas with improved
shock absorption, crack resistance, damping, elasticity, and
hardness are driving the search for AM processes that can pro-
duce advanced composites of two different polymer (hard poly-
mer - soft polymer) materials. To create materials designed with
spatially different chemical and mechanical properties, one of two
approaches is usually followed: either multi-material feedstocks
are used in combination with extrusion-based AMI4-22,
Polyjet?2>, VPPU-13 or a combination of different AM
processes?3. Another possibility is that a second orthogonal
chemical crosslinking reaction beside the photopolymerisation
takes place and creates an interpenetrating network (IPN). The
other reaction can be another photopolymerisation, which is
initiated by a different wavelength?®%7; it can also be a catalysed
condensation reaction3! or—as presented in this study—a heat-
activated reaction initiated by temperature. However, many
approaches to multi-functional, polymer—polymer composites are
very difficult to implement because they require additional
modifications of existing AM processes, which typically increase
the complexity of the already complex process-parameter envir-
onment of AM. This makes most of the current approaches slow,
expensive and only applicable for minimal build volumes.
Moreover, much work needs to be put into the design process,
and additional software-specific and process-specific coding is
required. For example, Kuang et al.?® use a code to create a

a) Vat photopolymerisation b)
Bottom-up

Top-down

Digital projection or Laser

Not-continous processes use
realignn&ent steps:

A4

Vat

Movement of build platform

grayscale distribution that can adjust the modulus of the polymer
by generating different light intensities. Finally, one of the biggest
challenges in the field of multi-material parts or the composition
of two materials is the bonding zone. Typically, this area is the
weak point due to material combinations that are chemically
often incompatible. In this study, the authors present an AM
method called cavity vat photopolymerisation (CVPP), which can
produce hard-shell/soft-core polymer composites with a dual-
curing resin as a prerequisite. Dual-curing resins are two-part
resins that are mixed before printing, UV-cured during vat
photopolymerisation and thermally post-cured to attain their
final properties. A recent study shows that if the first step of
photopolymerisation is omitted and the resin is only thermally
cured, this will lead to a fully developed elastomer32. The idea
behind CVPP is the following: Before printing, cavities are spe-
cifically created during the design process in the part where, for
example, higher shock absorption or damping is required. Typi-
cally, all unvented volumes should be avoided in DLS, as the resin
is trapped there by negative pressure. For CVPP, however, the
resin inclusion in the cavities serves as an enabler for creating
composite 3D objects without any additional processing step.
After designing the cavities, CVPP follows the same steps of the
dual-curing process known from DLS: printing, post-processing
with cleaning, removal of support structures and thermal curing
in an oven with a specific temperature profile. In the final post-
processing step of thermal curing, the resin is solidified into an
elastomer and chemically bonds to the thermoset shell. The
application of CVPP does not require any additional processing
steps, modification of the process, multi-material feedstock or
extra wavelength. It can be broadly applied to all top-down and
continuous bottom-up VPP processes (see Fig. 1a). In non-con-
tinuous, bottom-up VPP processes that use realignment steps
where the part is pulled out of the vat, the resin does not remain
in the cavity due to the pressure compensation. However, a
modification of CVPP can also be applied for non-continuous,
bottom-up VPP by designing inlets to the cavities and injecting
dual-curing, liquid resin after the printing process. The sole
prerequisite here is the creation of a closed cavity filled with the
dual-curing photopolymer resin. For showcasing CVPP, DLS is
used as a VPP process, as it provides a continuous bottom-up
process and an above-average printing speed through continuous
polymerisation, which is enabled by an oxygen-permeable win-
dow and a so-called “O,-dead zone” (see Fig. 1b). The com-
mercially available and scientifically studied32-34 DLS material
RPU 70 is used as a dual-curing resin formulation. This study

Oxygen gradient

i Free radicals
A dominate

Polymerization
v

Oxygen

AQIOOLN 4
m Oxygen UV-light dominates

Fig. 1 Vat photopolymerisation (VPP) technologies suitable for cavity vat photopolymerisation (CVPP). a Top-down VPP process, in which resin is
solidified on the resin surface and cavities are naturally filled with resin. Bottom-up VPP processes solidify the resin at the bottom of the vat either with UV-
laser or digital projection of UV light. Continuous bottom-up VPP processes do not need realignment steps and are suitable for CVPP because cavities are
automatically filled with resin because the atmospheric pressure p, is greater than the weight pressure p; of the resin in the cavity. b Graphic depiction of
the continuous bottom-up VPP process DLS. (I) Personalised geometry (I1) Constant elevation of the build platform (lll) Resin-filled vat (IV) DLP system
with micro-mirrors (V) Light and oxygen penetrable window (VI) Zone of no polymerisation (VII) UV-cured object.
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investigates a print job that is spread over the whole build area to
demonstrate that CVPP is simultaneously applied to the entire
build area. Even though CVPP can produce complex soft-hard
composites in the micrometre range, long uninterrupted and
uniform cavities were chosen to demonstrate that the negative
pressure keeps the resin in tall geometries (resin-filled cavity
height = 15.5 cm in the z-direction) during printing. The scope of
this study is to prove that CVPP can take advantage of all benefits
of the DLS process like one-step, continuous production of dif-
ferent geometries spread over the build platform and that the
resin-filled cavity geometries can be produced with no delay in
print time. CT scans and thin-section microscopy of hybrid parts
are conducted to investigate the two different phases. To inves-
tigate the mechanical and damping properties, tensile, impact
testing and dynamic mechanical analysis (DMA) are performed
on regular, dense RPU 70 parts (full) and compared to hard-shell/
soft-core, thermoset—elastomer parts (hybrid). This study con-
cludes by presenting possible applications of composite 3D
objects produced by CVPP.

Results and discussion
Printing resin-filled parts and producing hard-shell/soft-core
test specimens by CVPP. Figure 2 shows the printing process steps
and specimen produced by the CVPP method. Tensile and impact
test specimens from Fig. 2a with a thickness of 4.0 mm were designed
as dense parts (series A1-B5) and modified CVPP test specimens
with a wall thickness of 1.0 mm (series C1-D5). The specimens
were successfully printed (see Fig. 2b), washed and thermally cured.
Figure 2c shows a resin-filled impact bar, cut with a scalpel after DLS.
The shell releases the enclosed resin. Of course, this step is not
the desired result, but it does show that the resin is trapped inside
when printing unvented volumes with DLS. The result of CVPP is
revealed after thermally curing (see Fig. 2d) the resin-filled speci-
mens. Figure 2e shows the tensile bar C1, cut vertically, revealing its
hybrid nature with a hard thermoset shell and a soft elastomer core.
Furthermore, the vertical cross-section of the tensile bar proves
that the entire cavity has been filled with resin from top to bottom

a) Part design

o P - . —=
I?) rinting ﬂfoces?

0 oo
1.0 mm wall thickness D3

000

[ | |
A1 Dense parts
111

during printing. For top-down VPP processes (see Fig. la), it
seems quite intuitive that liquid resin flows into the cavities.
However, for continuous bottom-up processes such as DLS, it
seems initially counterintuitive that the resin remains in the
cavities, especially when it is drawn out of the vat. Nevertheless,
on a second glance, we see this how this principle works in the
well-known mercury barometer from Evangelista Torricelli
(1608-1647). In his famous experiment, the atmospheric pressure
(atm) at sea level keeps mercury in a glass tube at the height of
760mm (latm=760mm Hg=1 torr). The same principle
applies to unvented volumes during DLS: the resin in the cavity is
exposed only to its own weight pressure p;, which is defined by
the density of the resin p,,;, times gravity g times the height of
the uninterrupted resin-filled cavity h:

P :presin'g'h (1)

The vat, on the other hand, is exposed to the atmospheric
pressure p,:

p2 :patm (2)

According to the observation during printing, the resin stays in
the cavities, which means:

Pisp, (3)

Presin " & h Sputm (4)

The hydrostatic pressure would have to overcome the air
pressure. Assuming an air pressure of p . ~=1013.25 hPa, the
pressure at sea level and the density of the resin used in this study
of p,,;, = 1010 kgm—3, this leads to:

pe Pam 101325Pa
" Precin - € 1010kgm=3 - 9.81ms~!

=1023m  (5)

The resin column in the cavity must, therefore, not exceed 10.23
metres. For DLS, the maximum z-direction height for print jobs is

c) CVPP part without thermal curing

00 00 00 OO

00 00 00 0o

Soft-core
(Elastomer)

Fig. 2 Printing resin-filled test specimen and printing hybrid parts via CVPP. a DLS print job with 10 full (AT - B5) and 10 hollow (C1 - D5) tensile (Type
A, 1SO 316749) and impact specimen (80 x 10 x 4 mm, 1SO 179-1eU3¢) on M2 build platform (189 x 118 mm). Maximum z-height of build job =17.5 cm.
Impact specimens are built on support structures to have the testing area at the same height as the tensile test specimen. Magnification shows STL-file of
hollow C1 tensile test specimen with a wall thickness of 1.0 mm. b Print job during printing (above). Cross-sections of resin-filled and full tensile and impact
bars at about 50% (down) ¢ Resin-filled impact test specimen after DLS cut open with a scalpel: in cavity trapped liquid resin escapes. d Thermal curing of
resin-filled and dense UV-cured parts. e Hybrid tensile bar (C1) cut vertically in two halves. Magnification shows 1.0 mm wall thickness of thermoset shell

and elastomer core.
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Fig. 3 Chemistry of dual-curing resin during DLS, purely thermal curing and for CVPP. The molecules in the liquid resin state (blue square) can move
freely. UV light initiates photopolymerization and the first polymer network is formed, also known as the green state (green square). Thermal curing causes
the formation of a second polymer network. If the liquid resin is heated, an elastomer (black dashed square) is formed, if the green part is exposed to heat,
a thermoset (black square) is formed. The covalent bonds of this second polymer network are the reason for a strong binding strength between the

thermoset and elastomer phase in CVPP.

0.46 m, which L1 printers can achieve. Therefore, even for high-
density photopolymers, CVPP is not limited by the weight
pressure of the resin but by the maximum printing height of
conventional printers.

Dual-curing chemistry as a prerequisite for CVPP. CVPP
requires dual curing, i.e. UV and thermal curing resins. Figure 3
shows a schematic representation of the dual-curing chemistry.
The starting material is a liquid resin with photoinitiators, reac-
tive monomers, thermal unstable oligomers and a thermal pre-
ferable chain extender. The latter is usually mixed to the reactive
composition before printing. To explain the basic principle, the
diagram does not include other components such as various
monomers, oligomers and passive absorbers. The basic two-step
DLS process with UV and thermal curing with the corresponding
chemical reactions is shown above. During UV-curing, the pho-
toinitiator triggers photopolymerisation of the reactive (meth-)
acrylate groups of the monomers and thermally unstable oligo-
mers. The thermal preferable chain extenders do not take part in
this reaction but remain unreacted in the network of the UV-
cured (green) state. During the thermal post-process, the “pre-
determined breaking points” in the thermally unstable oligomer
break up and react with the thermal preferable chain extender.
Thermally unstable oligomers combined with thermally prefer-
able chain extenders are the focus of dual-curing resins and the
CVPP method. The reaction that occurs can be characterised as a
displacement reaction between a strong sterically blocked ure-
thane or urea group. These can be easily synthesised by a steri-
cally hindered (meth-)acrylate like tert-butylaminoethyl
methacrylate (TBAEMA) with a diisocyanate. A primary amine

or alcohol can displace TBAEMA from its position and form a
thermally stable urea or urethane group, respectively3®. An in-
depth characterisation of the dual-curing chemistry of RPU 70
can be found in the literature32, which also refers to the possibility
of a thermal reaction of the dual-curing resin to the elastomer.
This reaction is also depicted in Fig. 3. CVPP (see Fig. 3 below)
combines these two curing chemistries as the body is exposed to
UV, but the resin in the cavity is not. In the second step, both the
green state body and the resin within are exposed to the thermal
curing reaction. Thus, the final state of the outer shell can be
characterised as a thermoset with an IPN with the inner core as
an elastomer. The thermoset shell is connected to the elastomer
core by the thermally preferable chain extender, which is bonded
to urea groups in each phase. These strong covalent chemical
bonds are unique to CVPP. Other AM, as well as injection-
moulding approaches for multi-materials either rely on partial
curing, weaker bonds or adhesives. Since CVPP uses the same
material for the two different material states, good bonding
between them is obvious. FT-IR analysis of the uncured, UV-
cured, thermal cured and UV- and thermal cured RPU 70 resin
validates the proposed reaction steps (see Fig. 4).

Non-porous homogeneous phases with a clearly defined
interface. The sharp and strong interface can be best observed
in the thin-section microscopy image of a horizontal cross-
section of a hybrid tensile bar in Fig. 5a. The density of the final
thermoset state (py,moser = 1080 kgm=3) and the elastomer
state (P, ppiomer = 1028 kgm™3) are very similar, which is
reflected in only a low contrast in the CT scan (see Fig. 5b), as
this imaging technology relies on density differences. Therefore,
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it is well suited to identify remaining air-filled cavities. The
horizontal cross-section from Fig. 5b indicates that both phases,
namely the thermoset shell and elastomer core, are homo-
geneous and do not indicate any porosity with enclosed air
(pyy =~ 1.25kgm™3). The Supplementary Movie 1 shows all
cross-sections through the 17.5cm high tensile bar from
Fig. 5b: No air bubble can be detected in the entire CT scan.
This means that no air is left behind or is dragged into the

Resin UV-cured
—Resin UV- and thermal cured

—Resin uncured
—Resin thermal cured
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Fig. 4 FT-IR analysis of RPU 70 resin (resin), UV-cured (green),
thermally cured (elastomer) and thermoset (final) state. The decrease in
C=C stretching (1637 cm~") and bending (813 cm~") signal from resin to
green and final state indicates that all photoinitiators and reactive
monomers and oligomers have reacted during photopolymerization. The
elastomer does not show a decrease in C=C concentration. This means
that in the elastomer state, the C=C double bonds have not reacted, and
the (meth-)acrylates network is not established. On the other hand, the
amide I vibration (1519 cm~1), which consists of N-H bending and C-N
stretching, moves for the elastomer into the N-H bending direction

(1539 cm~"). This behaviour is because the blocking unit (TBAEMA) in the
thermally unstable oligomer in the urea group represents a tertiary amine
without hydrogen, so no N-H bending is possible. However, the thermal
preferable chain extender is a primary amine that replaces the tertiary
amine and becomes a secondary amine in the urea group with hydrogen.
Therefore, the N-H bending is predominant for the elastomer state and
characterizes the thermal reaction.

a)
Fixing tape

Window grid

T

Air bubbles™
Interface

The

ose
Ji-  Elastomer

Cross-section

uninterrupted cavity during printing. Consequently, CVPP can
produce two homogeneous, void-free, non-porous phases
separated by a well-defined interface.

Mechanical properties of full and hybrid parts. Figure 6 shows
the results of the mechanical test between the fully dense ther-
moset (full) and the hard thermoset shell - soft elastomer core
hybrid with a 1.0 mm wall thickness (hybrid). At the breaking
point, the total material shows brittle fractures with larger and
smaller fragments both during tensile (Fig. 6a) and impact testing
(Fig. 6b). The hybrid, on the other hand, exhibits an entirely
different material behaviour. The elastic core improves elongation
at break. At the same time, it reduces tensile strength, impact
strength and internal tension before breakage, thereby preventing
fragments and even holding the part together after the impact of
the pendulum (see Supplementary Movie 2, 3). All mechanical
tests were carried out following ISO standards3°-38. However,
these standards are specified for homogeneous parts, something
which must be considered when examining and comparing the
absolute values between full and hybrid parts summarised in
Table 1. The dynamic mechanical analysis (DMA) results dis-
played in Fig. 6¢ emphasise the difference in material behaviour
between the full and hybrid state. Both the storage (E’) and the
loss (E”) modulus show different curves for the different states.

The hybrid, whose material behaviour is dominated by the
elastomer, has a low glass transition temperature (Tg) of —38 °C,
typical for elastomers. Below, the T,, the material is hard and
brittle comparable to glass. Above the T, the material
demonstrates an elastic or viscoelastic behaviour. The T, of the
hybrid is a mixed Ty because the thermoset and elastomer states
are compatible. With the ratio of elastomer to thermoset, it is
possible to adjust the mixed T, and thus also the material
behaviour of the hybrid. The full material has a much higher T, of
50°C, and the storage modulus is always above the storage
modulus of the hybrid for the entire temperature range. The loss
factor tan §, which represents the damping capacity of the
material, is defined as the ratio E”/E’. The tan § of the hybrid
shows a small shoulder at low temperatures indicating the
elastomer and a clear peak at high temperatures, which indicates
the thermoset. The elastomer signal in tan § is less noticeable
because the elastomer fraction in the hybrid is smaller than the
duromer fraction.

Fig. 5 Hybrid form part with CT and microscopy analysis. a Cross-section and thin-section microscopy image of hybrid tensile bar. The trapped air
bubbles in the image derive from the rough surface, and the fixing tape and are not pores inherent to the two phases. The red line is from the polarisation
filter, while the parallel lines in the thermoset phase come from the window grid during DLS. The magnification shows two homogeneous phases with a
clearly defined interface between the 1.0 mm thick thermoset shell and the elastomer core. b The CT scan of a hybrid C1 tensile bar with 1.0 mm wall
thickness and cross-section of CT scan reveals two homogeneous phases without any porosity.
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Fig. 6 Mechanical analysis of thermoset (full) and thermoset - elastomer composite (hybrid) parts. a Tensile testing with images of full and hybrid parts
at the breaking point. b Impact testing results with SD as error bars. High-speed images at the moment of the pendulum impact and impact bars after

testing. ¢ DMA measurements. Diagram ¢ (on top): — storage modulus - - - loss modulus.
Table 1 Results of tensile and impact testing without outliers.
Mechanical Testing State N Mean Std. Dev. Minimum Median Maximum
Tensile Testing Cross-section /mm?2 full 8 38.65 0.13 38.47 38.66 38.81
hybrid 10 37.00 0.32 36.39 36.94 37.59
Tensile modulus /MPa full 8 1300.02 35.14 1248.86 1294.45 1369.37
hybrid 10 135.54 5.69 122.76 135.49 142.58
Tensile strength /MPa full 8 37.42 0.74 36.33 37.52 38.31
hybrid 10 4.72 0.13 453 4.66 4.96
Elongation at break /% full 8 71.28 18.48 37.56 80.50 91.99
hybrid 10 97.30 10.14 7811 100.75 108.34
Impact Testing Cross-section /mm?2 full 10 38.58 0.15 38.33 38.62 38.81
hybrid 10 40.12 0.16 39.87 40.14 40.36
Impact strength /MPa full 10 32.34 3.65 27.15 32.44 38.24
hybrid 10 22.93 3.22 16.99 22.66 28.71

Furthermore, the hybrid material has superior damping
properties up to 100 °C. Therefore, the measurement error, the
non-homogeneous sample, is neutralised, and a comparison with
the full material is permissible.

Applications of hybrid materials produced by CVPP. Engi-
neering demands on automobile wire harnesses are a growing
field of AM applications. Parts such as strain reliefs, plugs,
grommets and gaiters often have individual geometries that are
also size-suitable for AM. The first application from Fig. 7a shows
a typical cable strain relief that consists of a robust plug for
attaching the part in a bracket. However, to clamp the cable onto
the strain relief, the cable holder must be elastic enough to push
the cable through. A DLS-printed RPU 70 part does not fulfil the
elastic requirement for mounting the cable. However, the hard-
shell/soft-core printed part, manufactured by RPU 70 and CVPP,
can guarantee both functionalities: the robust plug on the bracket
and the elastic cable mounting. The locally designed cavities, with
higher elastic requirements in some places, represent the only
change from the earlier production. The second example from
Fig. 7b is a plug-in, joint-like connector consisting of a plug and a
socket. The DLS-printed RPU 70 connector cannot be plugged

into the socket. However, by increasing the elasticity of either the
connector or socket locally at the connection point and by
designing cavities in the STL file, the plug-in connection works.
Both examples demonstrate that not only can uninterrupted,
simple geometries be realised, but that complex hybrid geometries
can also be produced by CVPP. Of course, it is not only possible
to achieve higher elasticity for hybrid parts; locally improved
damping and/or fracture behaviour can also be ensured. The
latter could be particularly interesting for parts that require high
safety standards, such as head impacts, where fragments could
become fatal projectiles upon impact. The latter example Fig. 7c
shows the infinite possibilities of designing cavities within the
part. Small micrometre lattice structures within the part enable
different damping properties, moduli and mixed T,.

Conclusion

Several AM attempts have been made to produce parts with
hybrid functionalities. However, most approaches call for mod-
ification of the AM process, which means that they are not ready
for general customer use throughout the AM community. This
study presents the method CVPP, which can produce hard-shell/
soft-core polymer composites without modifying the DLS
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Fig. 7 Possible applications of hybrid parts produced by CVPP. a The hybrid strain relief printed with RPU 70 without modification does not allow to
mount a cable. The same part, however, with modified cavities in the area of the desired elasticity allows the fixing of the cable. b The Hard shell - soft core
connector is another good example of how the design of cavities in the CAD file leads to increased elasticity with CVPP. ¢ Inner lattice structures are an

outlook on how CVPP could be used to change the modulus of a part.

process. The prerequisites for the implementation of CVPP are
threefold:

1. The design of cavities in the CAD file.

2. The use of a dual, i.e. UV and thermal, curing resin like
RPU 70.

3. Thermal post processing after the UV-curing step.

The cavities should be designed in areas where the final part
requires increased local elasticity, shock absorption and/or
damping. Prerequisites here are a dual-curing resin formulation
and a thermal post-curing step. CVPP can be broadly applied to
all top-down and continuous bottom-up VPP processes (see
Fig. 1a). The maximum uninterrupted cavity height is not phy-
sically limited and can easily reach the maximum printing height
of conventional 3D printers. CVPP can produce two hybrid,
homogeneous, non-porous, void-free phases of any geometry
with a clearly defined interface. One of the main challenges in the
field of multi-material parts is the bonding zone. This is typically
is the weak point due to chemical, often incompatible material
combinations. In this approach, the material is chemically
equivalent and, during thermal curing, chemical covalent bonds
are formed between the two materials, which provide strong
cohesion. The material properties of these hard-shell/soft-core
parts can be adjusted between elastomer and thermoset beha-
viour. Improved fracture behaviour without dangerous projectiles
has been demonstrated along with improved damping behaviour
at up to 100 °C compared to the full thermoset. The hybrid stress
relief part is a perfect example of how CVPP permits hybrid
functionalities, starting from one individual photopolymer and by
locally designing cavities in the CAD geometry. Several parts in
automobile wire harnesses require similar hybrid functionalities.
Moreover, the click-and-clip function of joint-like plug-in con-
nectors can be realised by locally increasing the elasticity of the
part. It is easy to imagine how CVPP allows endless possibilities
of constructing different material properties by varying the
amount and size of cavities and elastomeric compartments
separated by thermoset lattices. Of course, this can also be applied
locally on elements in the part that require a more elastic beha-
viour or better damping. The thickness of the hard-shell is the-
oretically limited only by the horizontal resolution of the 3D
printer. It should be noted, however, that optimal geometric

designs still need to be found to eliminate sagging and curvatures
that may result from the different thermal expansions. Although
our approach offers significant benefits, long-term mechanical
and chemical stability still needs to be addressed. Furthermore,
new dual curing resin formulations will expand the spectrum for
even more applications.

Methods

Material. RPU 70 (Carbon, USA) with lot number 20DP2641 was used for all
experiments. It consists of two parts: part A and part B, which are mixed in the ratio
10:1 and dispensed at a speed of 1 mms~! into the DLS cassette with an Albion
Dispenser (Albion Engineering, USA) before printing. A volume of 460 mL was used
for the print job. The volume of the part and support was 287.2 mL. Part A of RPU 70
consists of Diphenyl (2,4,6 trimethyl benzoyl) phosphine oxide (TPO, photoinitiator,
0.1-2%), urethane dimethacrylate (UDMA, difunctional oligomer, 1-20%), metha-
crylate blocked polyurethane/diisocyanate (MABPU and/or MABDI, blocked pre-
polymer synthesised with diisocyanates, 10-70%), Isobornyl methacrylate (IBOMA,
reactive diluent, 10-50%) and neopentyl glycol dimethacrylate (NPGDMA, difunc-
tional monomer, <0.3%)%. Part B of RPU 70 consists of Trimethylolpropane tris
[poly (propylene glycol) amine terminated] ether (Chain extender, 20-100%)%.

3D-printing with digital light synthesis (DLS). The M2 printer (Carbon, USA)
with a build volume of 270 x 160 x 380 mm was used for DLS with a customised
print script and build job (see Fig. 2a). The total time for the print was 6 h and
21 min. After the print, the specimens were cleaned in the smart part washer
(Carbon, USA) in the default washing mode (7 min) with VF1-Solvent (Vertrel™,
MS-767-3D-13). For post-processing, the sample specimens were placed with
baking paper on a perforated plate, which was placed in the middle of a Memmert
UF 260 TS convection oven (Memmert GmbH & Co. KG, Germany). The standard
thermal curing cycle with a 30 min ramp to 120 °C followed by an isothermal hold
for 4h and then left to cool for to room temperature 30 min.

Material characterisation. The weight of the samples was determined by a Cubis”
Ultra Micro Balance (Sartorius, Germany). Density measurements of the green and
final part were performed by dividing the sample mass by the measured volume of
the printed 10 x 10 x 10 mm cubes. These results were compared with density
measurements using the ISO 1183-1 immersion method. Tensile testing was per-
formed with a Type A tensile specimen (ISO 316740) according to ISO 527-13° on
a 2020 machine (ZwickRoell GmbH & Co. KG, Germany). Impact testing was
done on an INSTRON® CEAST 9050 machine (Illinois Tool Works Inc., USA) with
a four-joule pendulum and 10x 8x 4 mm unnotched specimen according to ISO
179-1eU%. Dynamic mechanical analysis (DMA) was performed on an
EPLEXOR® 500 N (NETZSCH-Geritebau GmbH, Germany) with a 10 x 8 x4 mm
rectangular specimen in tensile mode according to ISO 6721-138. A measure fre-
quency of 10 Hz, a contact force of 1N, a static load of 0.3%, a dynamic load of
0.05%, a heating rate of 2 Kmin~! and a temperature range between —70 °C and
180 °C was used. The Ty for the full and hybrid was determined as the peak in the
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loss modulus. Fourier transform infrared spectroscopy (FT-IR) was carried out
with 16 scans on a mid-infrared ATR unit on a Frontier MIR Spectrometer
(PerkinElmer® Inc., USA). Eight images were produced via computed tomography
(CT) of the hybrid tensile bar C1 using a Phoenix V | tome|x M 240 D | 180 NF
Micro-CT machine at a 100 kV voltage, 260 pA current, 500 ms exposure time and
20 pm isotropic voxel size. A cardboard roll with foam was used to fixate and
stabilise the part. Thin-section microscopy images were captured by a PROGRES
GRYPHAX® NAOS camera (Optische Systeme Jilich GmbH, Germany). A Leica
DM LM microscope (Leica Microsystems GmbH, Germany) was used with varying
magnifications. To prepare a thin cross-section out of a hybrid impact bar, a
rotational HistoCore AUTOCUT automatic microtome (Leica Biosystems Nus-
sloch GmbH, Germany) was used.

Disclaimer for the image integrity: Some images in Figs. 2 and 6 were taken in a
laboratory environment with different and sometimes distracting backgrounds.
Therefore, the background for these images was cut out.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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Acronyms

2PP two-photon polymerization. 4, 17, 18

AM additive manufacturing. 1-3, 5,7, 9, 10, 17, 22

ASC automated sample changer. 22
BJT binder jetting. 3

CAD computer-aided design. 1

CAL computed axial lithography. 4, 18

CDLP continuous digital light processing. 3
CLIP continuous liquid interface production. 2, 5

CVPP cavity vat photopolymerization. 28, 29

DED direct energy deposition. 3

DLP digital light processing. 3-5, 17, 18

DLS digital light synthesis. 2, 3, 5-9, 12-17, 19, 21-24, 26, 27
DMD digital micromirror device. 3, 5

DSC differential scanning calorimetry. 24
FT-IR Fourier-transform infrared spectroscopy. 24, 26
GC-MS gas chromatography mass spectrometry. 24, 27

IBOMA isobornyl methacrylate. 14, 24

IPN interpenetrating polymer network. 2, 10, 15, 24
LCD liquid crystal display. 3

MABDI methacrylate blocked diisocyanate. 14, 15
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Acronyms

MABPU methacrylate blocked polyurethane. 14, 15
MASC multimaterial actinic spatial control. 18
MEX material extrusion. 3, 10

MTJ material jetting. 2

NIR near infrared. 4

NPGDMA neopentyl glycol dimethacrylate. 14

PAG photoacid generator. 10, 13, 18
PBF powder bed fusion. 3,9, 10
photo-DSC photo differential scanning calorimetry. 13, 19, 21-24, 26, 27

Pl photoinitiator. 10, 13, 18
RH relative humidity. 19, 23

SHL sheet lamination. 3
SLA stereolithography. 3, 5, 17

SMall solution mask liquid lithography. 18

TBAEMA tert-butylaminoethyl methacrylate. 14, 15, 24
TGA thermogravimetric analysis. 24, 27

TPO diphenyl (24,6 trimethyl benzoyl) phosphine oxide. 13, 14

UDMA urethane dimethacrylate. 14
UV ultraviolet. 2, 3,5,7,9, 11, 13, 14, 18, 19, 22-24

VAM volumetric additive manufacturing. 4
VOC volatile organic compound. 27
VPIP volumetric polymerization inhibition patterning. 3

VPP vat photopolymerization. 2-4, 9, 10, 17-19, 26-29
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