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Compared with parts fabricated via traditional methods, such as injection or compression molding,
polymeric parts produced by 3D stereolithography (SLA) have poorer mechanical properties. Here, we
demonstrate a cross-linking strategy used in the coating field to attain long chains for resin pre-
polymerization to obtain final resin parts which can expand the application of SLA. Isophorone
diisocyanate (IPDI), methacrylate (HEMA) and polyethylene glycol (PEG)-based
prepolymer have long chains, making it easier for them to form dense structures. However, the

2-hydroxyethyl

prepolymer has high viscosity and can solidify in the absence of a laser. Thus, three kinds of adjuvants
were added to dilute the prepolymer to make the slurry suitable for 3D-printing. Slurries were cured with
different laser powers and scanning speeds. Diluents are found to affect the curing properties differently.
With the diluent 2-hydroxyethyl acrylate added into the prepolymer, shrinkage of printed parts is lower
than 1.3%. With the diluent ethylene glycol monophenyl ether, the density range of printed parts is
between 1.187 g cm 3 and 1.195 g cm~3, which is higher than that of commercial PVC and PET. The
three resins vary in density and hardness within a small range when the scanning speeds change. A
relatively flat surface, high density and hardness can be obtained when the laser power is at 195.5-350
mW. Resin with this cross-linking strategy can expand the underutilized stereolithography's application
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Introduction

In contrast to traditional subtractive manufacturing (the process
of removing materials from a bulk monolith to form a part),
additive manufacturing (AM) can create more complex geome-
tries i.e. inner holes, porous structures and micro-structures.*™°
Due to the growing popularity of AM and the gradual expanding
of its application scope, stereolithography (SLA) as the most
versatile method with high accuracy and precision has attracted
increasing attention. SLA is based on a liquid resin photocuring
process wherein liquid resin (a blend for polymerization or cross-
linking) is placed in a reservoir. A positionally programmed laser
scans over the resin surface to initiate photo-polymerization, and
this cures the resin and converts it from liquid to solid often via
a chemical crosslinking process.™ The laser intensity required to
initiate such a photo-polymerization process is rather low, typi-
cally between 10 mW to 1 W, which is economically attractive.
SLA is now often used in industrial and medical sectors,***%1%13
which is still underutilized as an industrial process. It can only
manufacture limited functional parts, which limits its applica-
tion from prototyping to the actual parts, and only a very small
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group utilize SLA for the production of final parts. Thus, there is
a need to continuously improve existing processes and materials.
The industry and academia have been extensively pressed to
design and produce resin with different mechanical proper-
ties.”>1*13-17 Here, we employ a modified a cross-linking strategy
which has been widely used in coating technology*®*® to produce
functional parts for 3D printing industry. In the fabrication of
polymer coating, one of the strategies is to allow isocyanates to
react with hydroxyl compounds to get radiation curable coating
slurries.** The polyurethane resin, made of, e.g., IPDI, has
excellent higher surface energy, photo-stability and chemical
resistance and it is commonly used in paints, coatings, printing
stamps and adhesion agents.*****® HEMA is one of poly-acrylate
derivates among acrylate-based resin, and acrylate-based mono-
mers are used widely because of their low cytotoxicity and high
heat resistance, while acrylate-based resin is prone to have
a slower curing rate. Multifunctional monomers are applied to
introduce more crosslinking sites, accelerate the curing rate and
enhance the mechanical properties of the cured resin.

Experimental
Materials and preparation of the slurry

Most raw materials were obtained from Aladdin Corporation
Company (Shanghai, China). The prepolymer was made from
2-hydroxyethyl methacrylate (HEMA), isophorone diisocyanate
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(mixture of isomers) (IPDI) and polyethylene glycol (PEG,
average M, 300) and the principle of pre-polymerization and
slurry synthesis is shown in Fig. 1. First, we added isophorone
diisocyanate (IPDI) and 2-hydroxyethyl methacrylate (HEMA)
to start first step of the pre-polymerization, ditin butyl dilau-
rate (DBTDL) and 2,6-di-tert-butyl-4-methylphenol (BHT) were
used as a catalyst which allows the reaction to take place at
a rapid rate at lower temperatures® and a polymerization
inhibitor during the pre-polymerization, respectively. Then we
added PEG which reacted with the unreacted IPDI in the
previous step. It is not advisable to add the HEMA and PEG in
reverse order, because PEG has long chains which would make
the slurry obtained in first step thicker and the distance
between the unreacted groups further. The above two reac-
tions are exothermic; therefore, HEMA and PEG have to be
added dropwise under constant stirring. As the viscosity of the
pre-polymerization slurry was too sticky for SLA, it is necessary
to add diluents agents to modify the viscosity of the resin to
achieve proper wetting and impregnating behavior for
printing. We used three different diluents, ethylene glycol,
ethylene glycol monophenyl ether and 2-hydroxyethyl acylate,
and they can be divided into three different types, as shown in
Table 1. We tried different diluent concentrations and found
that 20 wt% was optimal. With the addition of diluents, the
slurries could be cured and demonstrated good printing
quality. Different diluents also result in different properties of
the final products. Variations of the end groups and func-
tionality of the diluents can tailor the properties of a resin for
different applications. The photo-initiator is 2-hydroxy-2-
methylpropiophenone (photo-initiator 1173) which can be
activated by ultraviolet (UV) light radiation. Tinuvin 1130 is an
UV light absorbent obtained from BASF Corporation Company
(Florham Park, NJ, USA) to absorb excess UV light and control
extra solidification during stereolithography. The reaction
mixture was not purified.

Slurry Synthesis . Stereolithography
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1PDI (HEMA
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H
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Fig.1 The slurry synthesis and stereolithography process of the whole
process.

Table 1 The resin type with different diluents

Type 1 Ethylene glycol

Type 2 Ethylene glycol monophenyl
ether

Type 3 2-Hydroxyethyl acrylate
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Viscosity

Viscosity is an important parameter to ensure good quality of
SLA-printed parts. When the scarper forms a new layer, it is
necessary to wait until the resin surface becomes completely
flat in order to have accurate thickness control. Low-viscosity
slurries are usually preferred as they allow better resin flow to
replenish each layer during printing and also make handling
easy (refilling and cleaning the resin tank more convenient).
In practice, the resin should have a viscosity of less than 5
Pa s to achieve stable SLA printing. However, low-viscosity
slurries may yield high shrinkage and affect the quality of
finished products. The slurry viscosity was measured before
SLA using a German HAAKE RS6000 rotational rheometer at
the temperature of 30 °C. Fig. 2 shows the rheological char-
acterization of the slurries. ¥ is the shear rate. n is the
viscosity, equal to the shear stress on the unit area per unit of
velocity gradient, which reflects the flow resistance generated
by the interaction between the liquid molecules.*® The red,
black and blue lines represent type 1, type 2 and type 3
respectively. The polymer slurries show obvious non-
Newtonian fluid behavior at 30 °C and the viscosity
decreases with the increase of shear rate, which is sometimes
called as pseudoplastic fluid.*® It has been proposed that the
entanglements in the materials are the cause of their non-
Newtonian features, as the structure of the flow system
changes under shear stress. The viscosity of the three slurries
was all smaller than 1.9 Pa s which is suitable for stencil,
screen, and dispenser printing methods. The slurry with the
diluent ethylene glycol (type 1) has the lowest viscosity (0.6-
0.7 Pa s). The viscosity of the slurry with 2-hydroxyethyl
acrylate (type 3) is 1.2-1.7 Pa s, much larger than that of type
1 and type 2. The most likely cause for this condition is that
the type 3 slurry has the highest concentration of hydrogen
bonds and/or strongest polar interaction of -OCONH- groups
among these slurries. The resin slurries are not air-sensitive.
Therefore, we don't need to store or use them under inert or
N, atmosphere and 3D printing can be done in ambient
atmosphere.

— Type 1
—Type 2
1 —Type 3

350 525

v (1/s)

Fig. 2 The viscosity of the three slurry.

0 175 700
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Manufacturing process

The SLA printing machine used the bottom-up approach and
the scanning of the UV laser was controlled by a computer. The
laser wavelength is 355 nm which can activate the photo-
initiator 1173. During printing, the liquid slurry was placed in
a reservoir, and a movable platform which was designed to hold
the printing products was initially set in a position wherein only
a thin layer of resin (=0.1 mm) was exposed on the surface. A
laser scanned the exposed resin to create a cured layer with a 2D
pattern. After printing one layer, the build platform moved
0.1 mm downwards (axis resolution), and a scraper provided
a new layer of resin slurry. During this step of layer coating, the
cure depth should be greater than the resin layer thickness (0.1
mm) to get strong interlayer adhesion. We also adjusted the
software to match the viscosity of the slurries and studied the
effect of scanning laser intensity and scanning speed on
printing quality.

Square samples were 3D-printed with size of 10 mm x
10 mm x 10 mm, as shown in Fig. 3(c). By adjusting the scan-
ning speed and laser power, we found that the three kinds of
slurry had different typing ranges as shown in Fig. 3(a). There
are six laser power points: 1000 mW, 580 mW, 350 mW, 196
mW, 138 mW and 66 mW. When the laser power was 1000 mW,
the maximum scanning speeds of type 1, type 2 and type 3 were
2000 mm s~ ', 1200 mm s~ ' and 400 mm s~ respectively. When
the scanning speed of laser was over 2000 mm s~ ', the unfin-
ished product of type 1 with the diluent ethylene glycol was

a b
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a cube that hasn't been completely cured inside. This is because
the laser was not able to cure the resin to form one resin layer.
The type 2 and type 3 slurries could be cured into a layer when
the scanning speed exceeded 1200 mm s~ ' and 400 mm s~ .
Nevertheless, the cured layer was scraped away due to the high
viscosity. With the increase in viscosity, it becomes difficult for
our current machine scraper to stabilize the liquid level, which
led to failure of printing multilayer parts. During the experi-
ment, the scanning speeds were also fixed to explore the rela-
tionship between the quality of printed samples and laser
intensity. During SLA, when the laser power was smaller than 66
mW, 138 mW and 66 mW in printing type 1, type 2 and type 3
respectively, the square parts could not be formed suggesting
that when the laser intensity was not enough to cure the slurry
of these types or the performance of the cured resin layer was
too weak to form a multilayer part. Strong interlayer adhesion
was not achieved to ensure the cure depth greater than resin
layer thickness. After printing, the resultant samples were then
manually agitated in an isopropyl alcohol (IPA) bath for 2 min
and were left immersed in IPA for another 3 min to remove any
unreacted resin. The finished samples were then exposed to air
in room temperature for 20 days to examine possible moisture
absorption and contamination.

Statistical analysis

From the chemistry point of view, during photo-initiation, the
radicals generated by photo-initiator attack the functional
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Fig. 3
10 mm x 10 mm; (c) the Raman spectroscopy of resin samples.
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Raman shift (cm_l)

(a) The laser power range and the scanning speed range of the printing process; (b) photograph of a cubic resin sample with a size of 10 mm x
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Fig. 4 SEM images of an unpolished resin sample (type 3, 1000 mW,
100 mm s7Y). (a) The front surface of the resin sample; (b) and (c) the
side surface of the resin sample.

groups (C=C) in the pre-polymer slurry, which open up and
connect to each other, forming long chains. Finally, the changes
in structure solidify the resin. This behavior was monitored
using a Horiba HR Evolution Raman spectrometer using the

swQ m
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532 nm laser for excitation. Liquid slurries and a portion of the
solid samples were tested to examine the curing process of the
resin as shown in Fig. 3(c). Type 2 slurry has different Raman
peaks around 997 cm ™', 1027 cm ™', 1587 cm ™ * and 1600 cm
compared with that of type 1 and type 3 resin, which indicates
the presence of benzene ring structure and its linkage with -OH.
The characteristic absorption peaks of the functional groups are
detected during the synthesis reactions. The Raman peaks
around 1640 cm ' and 1720 cm ™" are observed in the liquid
resin, but the peaks vanish in the solid. This significant change
is well consistent with the pre-polymerization process which is
accompanied by the vanishing of C=C bonds and formation of
long aliphatic chains. The sharp decline segments in curves can
be ascribed to the impact of the pits on the sample surface that
affect the intensity of the light radiation detected by the Raman
Spectrometer.

A focused ion beam scanning electron microscopy (SEM) was
used in characterizing the surface morphology of the samples.
The SEM operated at an acceleration voltage of 3 kV. The
samples (type 3, 1000 mW, 100 mm s~ ') were placed onto
a carbon tape and sputtered with gold particles prior to analysis.
Fig. 4 illustrates the morphologies of the front and side surfaces
of unpolished and polished resin samples. It can be found in

e\

g
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z

Fig.5 Density of the three-type resin samples cured with different laser powers and scanning speeds: (a) the type 1; (b) the type 2; (c) the type 3.
Hardness of the front surfaces of the three-type resin: (d) the type 1; (e) the type 2; (f) the type 3. Hardness of the side surfaces of the three-type

resin: (g) the type 1; (h) the type 2; (i) the type 3.
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Fig. 6 The optical images of type 2 samples with the decreasing laser power: (a) 138 mW; (b) 196 mW; (c) 350 mW; (d) 580 mW; (e) 1000 mW.

The laser scanning speed was 200 mm s~ 2,

Fig.7 Opticalimages of SLA-printed complex-shaped parts photographed by a digital camera. (a) Hollow glass; (b) gear wheel and (c) the spiral

piece.

Fig. 4(a) that the typical front surface of the unpolished resin
sample is rough. However, compared with the striated side
surface in Fig. 4(b), the front surface is relatively smooth. The
slurry absorbs UV laser and becomes solidified into one layer,
but the scattering of the UV laser also causes the edge of the
scanning path to solidify, as shown in the central part in
Fig. 4(b). In Fig. 4(c) and (d), the front and side surfaces of the
polished samples have fine pores and flat smooth surfaces, and
the two polished surfaces are very similar.

The volume shrinkage is an important physical property of
photosensitive resin. The volume shrinkage ratio is closely
related with the internal stress of the curing parts: when the
shrinkage of the curing parts is large, the internal stress is large
too and the fabricated parts can be easily warped. Photosensi-
tive resin solidified with small volume shrinkage has less
internal stress, such that the forming parts are not easily to be
distorted by warping and the precision is higher. After the
possible moisture absorption and contamination, the parts
were measured by an electronic vernier caliper. The lengths of
type 1 rectangle samples are between 9.06 mm and 9.80 mm,
the shrinkage changes a lot with the changing of laser power
and scanning speed. The length range of type 2 is between
9.49 mm and 9.79 mm and its average shrinkage is smaller than
that of type 1. The shrinkage of type 3 is very small, their length
range is between 9.87 mm and 10.00 mm. The shrinkage of the
type 3 resin is smaller than 1.3%, which is very suitable for high
precision manufacturing.

Resin density was measured by the Archimedes method using
water as the immersion liquid as shown in Fig. 5(a)-(c). The
density range of type 1 changes between 1.15 g cm ® and

This journal is © The Royal Society of Chemistry 2018

1.18 ¢ cm > and the density range of type 3 was between

1.15 gem ° and 1.16 g cm . Density of all type 2 resin samples
was around 1.19 g em ™, which was close to PC density (1.20-
122 g cm®) and higher than the density of PVC (1.19-
1.35 g cm ™ ®) and PET (1.29-1.41 g cm ™). The variation of sample
density with different scanning speeds is small and the density
changes like a sinusoidal curve with the laser intensity
increasing, going up first, then going down, and finally going up.

Hardness of samples was measured by Shaw rubber hardness
tester A. The hardness of the front and side surfaces for all
samples with varying diluents is presented in the second row and
the third row in Fig. 5. Comparing the results in the second and
the third row, we can figure out that both in the front and the side
surfaces, when the scanning speed and laser intensity are the
same, hardness of the type 1 and type 2 is similar, much larger
than that of type 3. Comparing longitudinally, hardness of the
front and side surfaces of one sample has similar value, and the
trend is the same for different series of samples. Combined with
the results shown in Fig. 4(c) and (d), we can infer that the
interior of a sample is homogeneous, and the processing mode of
SLA does not make a significant difference between the front and
side surfaces. Taken the density into account, the hardness has
a similar trend with density in type 1 and type 2, and shows an
opposite trend in type 3 with the change of scanning speeds
which needs to be studied further. The trend like a sinusoidal
curve is considered to be related with the packaging state of the
materials. As shown in Fig. 6, when the laser power is a low (66
mW), the resin has been not cured completely. Therefore, the
density and hardness of the parts with porous structure are small
after removing the unsolidified resin. As the laser power rises, the

RSC Adv., 2018, 8, 29583-29588 | 29587
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degree of solidification increases and the inner porosity of the
printing parts decreases, and both the density and hardness
increase. The resin is almost completely solidified to form
a dense structure when the laser power is 350 mW. As the laser
power increases further, the resin components are over-cured
and gasification is induced, resulting in the formation of
bubbles as observed in Fig. 6(d), thus, density and hardness
decrease. When the laser power is high enough, granular aggre-
gates with densified structure are formed as shown in Fig. 6(e)
and the printed component shows high density and hardness.
Further investigations may be necessary to completely clarify the
observed phenomena. In order to test whether the slurry can be
used in functional parts during industrial process, we printed out
complex-shaped parts shown in Fig. 7, which are essentially hard
to achieve through traditional casting, especially the hollow glass
as shown the Fig. 7(a).

Conclusions

The study demonstrates that the crosslinking strategy of
polyurethane-acrylate polymer used in coating technology can be
applied for pre-polymerization in the synthesis of resin slurry
used for 3D-printing and variations of diluents can tailor resin
characteristics needed for various applications. With 2-hydrox-
yethyl acrylate as diluents, the slurry can be used in high preci-
sion manufacturing, and the shrinkage of final parts is smaller
than 1.3%. With ethylene glycol monophenyl ether as diluents,
the density of final parts is larger than that of PVC and PET,
which is comparable to the density of PC. The individual samples
are uniform in the interior, and the front and side after polishing
have similar surface quality and hardness. The laser scans with
low power and high speed resulting in incomplete curing, while
low speed and high power may cause over-polymerization.
Together, our results provide important technique information
for exploring polymer-based stereolithography in manufacturing
of more complex functional parts.
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