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Abstract: Photopolymer composites filled with cellulose nanocrystal (CNC) and/or inorganic
nanofillers were fabricated by using digital light processing (DLP) 3D printing. To investigate
the effects of different CNC lyophilization concentrations and behaviors of CNC particles in the
photopolymer composites, morphological and mechanical properties were analyzed. CNC loading
levels affected the morphological and mechanical properties of the filled composites. Better CNC
dispersion was seen at a lower lyophilization concentration, and the highest mechanical strength
was observed in the 0.25 wt% CNC-filled composite. Furthermore, nano-precipitated calcium carbon-
ate (nano-PCC) and nanoclay were added to photocurable resins, and then the effect of inorganic
nanofillers on the morphological and mechanical properties of the composites were evaluated. By
analyzing the morphological properties, the stress transfer mechanism of nano-PCC and nanoclay in
the photopolymer composites was identified and related models were presented. These supported
the improved mechanical strength of the composites filled with CNC, nano-PCC, and nanoclay.
This study suggested a new approach using wood-derived cellulose nanomaterials and inorganic
nanofillers as effective fillers for DLP 3D printing.
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1. Introduction

Three-dimensional (3D) printing is a technology that creates real objects by stacking
appropriate materials layer-by-layer according to a three-dimensional computer-aided
design [1]; 3D printing is being applied to various industries such as manufacturing,
automotive, aerospace, architecture, food, jewelry, medicine and more [2,3]. Nowadays, 3D
printing is attracting attention as a highly efficient technical alternative for manufacturing
products that are difficult to produce with conventional manufacturing methods or that can
only be produced through complex and numerous processes [4]. It has a lot of potentials
in offering a wide range of geometrically complex structures, implementing large scale
and high-precision models, and combining different technologies. Hence, related research
approaches have been tremendously carried out [5]. However, the materials used for 3D
printing still need to be developed and supplemented in terms of their range, usability and
the physical properties of the end products [6].

There are several types of 3D printing methods, depending on the processes to create
the desired 3D model [5]. Representative 3D printing technologies are Fused Deposition
Modeling (FDM), Selective Laser Sintering (SLS), Laminated Object Manufacturing (LOM),
SLA (Stereo-lithography Apparatus), Digital Light Processing (DLP), Material Jetting (M]),
and Electron Beam Melting (EBM) [5,7]. Among these, DLP is a state-of-the-art 3D printing
technology that develops functional materials for manufacturing nanocomposites with
liquid photocurable resins, allowing people to customize the properties of the final 3D
printed object by simply changing the resin compositions [8]. Also, unlike SLA technology,
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which uses point or line light sources, DLP uses areal light sources, which can project the
entire mask image at the same time. Thus, DLP 3D printers can produce final objects much
faster compared to other 3D printing technologies that use point or line light sources to
form layers [9]. A schematic diagram of DLP type 3D printer configuration is illustrated in
Figure 1. This approach is capable of generating a variety of highly complex microscale
structures with micro to sub-micrometer accuracy [10], and it is generally advantageous
to fabricate smaller structures compared to locally hardening the liquid phase with point
drawing [11].

Printed parts

Clear film

Liquid photocurable
resin

UV light
source
Digital
Mirror
Device
(DMD)

Figure 1. Schematic diagram of DLP type 3D printer configuration.

Cellulose nanocrystals (CNCs), which exist only in the crystalline regions of cellu-
lose, are crystalline cellulose nanoparticles with a diameter of 5~50 nm and a length of
100~1000 nm, obtained by removing the amorphous regions of cellulose through chemical
or physical treatments [12-14]. Due to their molecular structure, rod-like CNCs have many
unique characteristics, including nanoscale dimensions, easy surface modification, high sur-
face area, unique morphology, low density, lack of toxicity, high crystallinity, low thermal
expansion, excellent mechanical strength, high aspect ratio, high strength, high modulus,
and dimensional stability [15]. In addition, in terms of obtaining resources from biomass,
CNC has the advantages of biocompatibility, renewability, and biodegradability [16,17].
Hence, it has attracted much attention as a functional reinforcing additive in polymer matri-
ces [18]. As one of the strongest and stiffest natural biopolymers, particularly because of its
high modulus and tensile strength, resulting from high aspect ratios and crystallinity, CNC
is a suitable candidate for tailoring the mechanical properties of polymeric materials [19].

Polymer nanocomposites are a new class of composites containing nanoscale particles.
The typical dimensional range of nanoscale particles used in making polymeric nanocom-
posites is 1~1000 nm, and they are homogeneously dispersed in polymers [20]. Polymer
nanocomposites with nanoparticles, such as CaCOj3 [21], nanoclays [22], SiO; [23], carbon
nanotubes [24], and aluminum oxide [25], have extended their functionalities for various
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applications, including mechanical reinforcement, provision of gas barriers, dimensional
stability, improved heat distortion temperature, flame retardant properties, and thermal
conductivity [26]. Various characteristics of polymer nanocomposites filled with nano-
precipitated calcium carbonate (nano-PCC) have been reported and these include viscosity,
stiffness, dimensional stability, yield stress, and crystallinity enhancements. Nanoclay
is another representative nanofiller that exhibits different morphology and properties.
Nanoclay is a layered silicate that has a very large surface area and consists of several tens
to hundreds of very thin sheets of about 1 nm in thickness and 30~1000 nm in length [27].
Well-dispersed nanoclay platelets in polymers can significantly improve stress-transfer
efficiency, and thus, they have a positive impact on impact fracture toughness [28,29].
They can also show improvements in strength and modulus [30]. However, there is little
research for DLP 3D printing application of nanofillers such as nanoclay and nano-PCC.
Specially, the hybrid use of cellulose nanocrystal and inorganic nanofillers (i.e., nanoclay
and nano-PCC) in DLP 3D printing has not been reported.

This study aimed to investigate the morphological and mechanical properties of DLP
3D-printed photopolymer nanocomposites filled with CNCs and/or inorganic nanofillers.

2. Materials and Methods
2.1. Materials

Photocurable clear resin (DC-36) with a density of 1.1 g/cm? (23 °C) and viscosity over
100 cP was provided by Luvantix Company, Korea. Cellulose nanocrystals (BGB Ultra™
CNC) with a viscose-grade dissolving pulp prepared by using an oxidative process cat-
alyzed with a transition metal were obtained from Blue Goose Biorefineries Inc., Saskatoon,
SA, Canada. The type 1 cellulose nanocrystals used in this experiment were in the form of
translucent gels (8 wt% solids in water). The crystallinity index was 80%, measured using
the Segal method, and the crystals were 100~150 nm in length and 9~14 nm in diameter.
The CNCs were used without further purification. Cubic shape nano-PCC (OKYUMHWA
TC) with a size of 40 nm was purchased from Dongho Calcium Corporation, Chilgok-gun,
Korea. Nanoclay (Cloisite 20A) with a moisture content of <3%, an average particle size of
<6 um, and a density of 1.77 g/cm? was supplied by Southern Clay Products Inc., Gonzales,
TX, USA. The nano-PCC and nanoclay were used after drying at 105 °C for 48 h in an oven.
The compositions and formulation ratios of the photopolymer composites were described
in Table 1.

Table 1. Compositions and formulation ratios of photopolymer composites.

Composition Based on Weight (wt%)

Sample Name

Photocurable Resin CNC Nano-PCC Nanoclay

Neat resin 100 - - -
CNC0.25 99.75 0.25 - -

CNCO0.5 99.5 0.5 - -

CNC 1.0 99 1 - -
PCC 0.25 99.75 - 0.25 -

NC 0.25 99.75 - - 0.25
CNC/PCC 99.5 0.25 0.25 -
CNC/NC 99.5 0.25 - 0.25

2.2. Methods
2.2.1. Pretreatment of Composites

As the supplied CNC suspension had a high solid content (8 wt%), it was necessary
to dilute it to a lower concentration. Therefore, the CNC suspension was prepared at two
different dilution concentrations (1% and 2.2%) to investigate the morphological changes
caused by lyophilization and the self-aggregation mechanism of CNCs. Gel-type CNCs
were re-dispersed by adding distilled water and stirring at 500 rpm using a magnetic
stirrer at room temperature for 30 min. Approximately 200 mL of the suspension at
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each concentration was poured into Falcon 50 mL conical plastic tubes (Corning Inc.,
Corning, NY, USA) and quickly frozen in a NF-140SF cryogenic freezer (NIHON FREEZER
Inc., Tokyo, Japan) at —80 °C for 24 h. After being completely frozen, the samples were
immediately moved to an EYELA FDU-1200 lyophilizer (TOKYO RIKAKIKAI Co., Tokyo,
Japan) and then freeze-dried at —55 °C under vacuum conditions for 100 h to vaporize the
solvent water directly from a solid phase to a gas phase. Final lyophilized samples were
then sealed for composite preparation and further characterizations.

Photopolymer/CNC/inorganic nanofiller composites were fabricated through a series
of pretreatment processes that enabled structural breakdown, dispersion of lyophilized
CNCs, and dispersion of inorganic nanofillers. About 200 mL of photocurable resin
mixtures were prepared by adding an appropriate amount of lyophilized CNCs and
inorganic nanofillers to the pure resin, and the mixtures were subjected to magnetic stirring
at a speed of 600 rpm and temperature of 40 °C for 30 min. The mixtures were then
homogenized at 5000 rpm and 40 °C using an HG-15D homogenizer (DAIHAN Scientific
Corp., Seoul, Korea) equipped with a HT1025 dispersing tool (DAIHAN Scientific Corp.,
Seoul, Korea) with a 0.35 mm gap between the rotor and stator to destruct the lyophilized
CNCs and evenly disperse the fillers in the resin. After that, the mechanically treated
mixtures were sonicated at 25 °C for 20 min using a CPX5800H ultrasonic bath (Branson
Ultrasonics Corp., Danbury, CT, USA). Then, the beaker containing the mixture was
transferred to an ice bath and treated with a VCX-750 ultrasonic processor (Sonics &
Materials Inc., Newtown, CT, USA) for 10 min. The resin mixtures were then transferred to
an ultrasonic bath and degassed at 25 °C for 20 min to remove the generated bubbles. Just
before 3D printing, the temperature of the treated resin mixtures was 25 °C. The scheme
for sample pretreatment is shown in Table 2.

Table 2. Pretreatment steps of mixtures before 3D printing.

Step Process Note
Ste.p—1. . Premixing and re.—c.hsperswn 600 rpm, 40 °C, 30 min
(Magnetic stirring) of composition
Step—2 Physical destruction of CNCs 5000 rpm, 40 °C, 30 min,
.. . - . Gap between stator and rotator:
(Homogenizing) and inorganic nanofillers
35 mm
Step-3 Dispersion of composition 40 kHz, 160 W, 25 °C, 20 min
(Ultrasonication: bath) ’ ! ’
Step—4 Dispersion and deformation 20 kHz, 750 W, Amplitude 40 %,
(Ultrasonication: probe) of lyophilized CNCs 40 °C, 10 min
Step-5 . . . o .
Dispersion and degassing 40 kHz, 160 W, 25 °C, 20 min

(Ultrasonication: bath)

2.2.2. Preparation of Composites

The treated resin mixtures were poured directly onto a private vat made of a transpar-
ent Teflon film. Dog-bone and Izod-notched composite specimens were 3D-printed using
an Ultra-125 DLP 3D printer (MiiCraft Corp., Hsinchu, Taiwan) for characterization. The
3D printing parameters are shown in Table 3. The printed specimens were first washed with
tap water to remove residual resin, and then they were washed twice with ethanol to clean
the surface. Subsequently, before analysis, the samples were stored in a place without sun-
light or fluorescent light to prevent over-curing. Mechanical tests were performed 2 days
after printing to allow the stabilization of the polymer cured by photo-polymerization
reaction. The pictures of DLP 3D printer (exterior and interior photos) and 3D-printed
composites are shown in Figure 2.



Appl. Sci. 2021, 11, 6835

50f19

Table 3. 3D printing parameters and scale values.

Printer MiiCraft U125
XY Resolution 65 um
Wavelength 405 nm LED
Base Layer 1 Layer
Base Curing 5000 ms
Buffer Layer 5 Layers
Gap Adj. 100 pm
Layer Curing 1500 ms
Layer Thickness 50 pm
Cleaning Tap water & Ethyl alcohol

Figure 2. Pictures of DLP 3D printer (exterior and interior photos) and 3D-printed composites.

2.2.3. Mechanical Tests of Composites

DLP 3D-printed dog-bone-shaped tensile-test specimens (Type V) were used to in-
vestigate the effects of CNCs and inorganic nanofillers on the mechanical properties of
composites. Tensile tests were repeated 10 times at an extension speed of 10 mm/min
using a H50KS universal testing machine (Tinius Olsen, Horsham, PA, USA) according to
ASTM D638-10. Impact tests were conducted eight times on the Izod-notched specimens
using a DTI-602B digital impact test machine (Daekyung Tech, Incheon, Korea) according
to ASTM D256-10.

2.2.4. Morphological Analysis of Composites

The morphologies of lyophilized CNCs and photopolymer composites were analyzed
to investigate the form of the CNCs according to their lyophilized concentration using a
JSM-7401F scanning electron microscope (SEM) (JEOL Ltd., Tokyo, Japan). In addition,
after the tensile tests, the fracture surfaces of the various photopolymer composites were
investigated. The specimens were plasma-coated with platinum for 60 s and then analyzed
at an acceleration voltage of 5 kV to prevent the degradation of the samples.

3. Results and Discussion
3.1. Effect of CNC Lyophilization Concentrations
3.1.1. Morphological Properties of CNCs Processed at Different
Lyophilization Concentrations

The SEM images showed that the morphology of the CNC powder, which was ob-
tained by lyophilization processes, was a large-sized agglomerate at low and high concen-
trations (Figures 3 and 4). Cellulose nanocrystals with nanoscale units have a very large
specific surface area and high surface energy, resulting in CNC self-agglomerations during
processing [31]. Also, in the rapid-freezing process of CNC suspension, water quickly
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releases heat and solidifies to a crystalline state at —80 °C. In this process, the molecular
arrangement of water forms ice crystals, and the growth direction of ice crystals goes from
the outside of the container to the inside. This is consistent with the previous findings that
as the crystals grow, the arrangement of water molecules in the vessel changes, the volume
of the solvent expands, and subsequently, the CNCs suspended in the solvent are subject to
compressive stress due to the volume expansion of the surrounding ice crystal growth [32].
The CNCs are then aligned in the chiral-nematic phase, forming and concentrating lamellae.
As a result, CNC lamellae bundles are formed by the self-aggregations of CNCs and the
compressive stresses generated during cryogenic freezing. Figure 5 shows a schematic
diagram of the above-described mechanism.

Figure 4. SEM images of lyophilized CNCs processed at a high concentration: (a) x100 and (b) x200.



Appl. Sci. 2021, 11, 6835

7 of 19

Cellulose dispersions

OO ———— - -

——_ : Cellulose fiber

— : H,O molecules

[:> : Ice crystal growth

-

o —— —

=

Frozen

self-assembly

compressive
force

High concentration

Figure 5. Mechanism of the lyophilization-induced self-assembling behavior of CNCs during the freeze-drying process.

This aspect of CNC microlamellae formation depended on the concentration of the
CNC suspension being frozen. The higher the concentration of the CNC suspension, the
shorter the physical distance between the CNCs and the higher the possibility of self-
aggregation. Thus, when frozen, the ice crystal growth caused more condensation due to
the physical compressive force, forming a larger and thicker lamella (Figure 4). SEM images
(x100) showed that CNC particles formed at a high CNC lyophilization concentration
(2.2%) were >500 pm, whereas CNC particles formed at a low CNC lyophilization con-
centration (1%) were 100~200 um. In addition, the high magnification SEM image (x300)
showed that single-layered thin lamellae were observed in the CNC particles lyophilized
at the low concentration. However, the CNCs lyophilized at the high concentration were
thicker, formed particles consisting of multiple layers, and showed CNC agglomerations
on the lamella surface. These thick and large CNC particles, which were formed during
the lyophilization process, could be the reason for the relative reduction of the filler effect
in the composite matrix.

3.1.2. Morphological Properties of CNC/Photopolymer Composites Processed at Different
CNC Lyophilization Concentrations

The SEM images of the fracture surfaces of CNC/photopolymer composites showed
that the composites with CNCs processed at a low CNC lyophilization concentration
(1%) had smoother surfaces than the composites with CNCs processed at a high CNC
lyophilization concentration (2.2%) (Figures 6-9). Additionally, comparing agglomerated
CNC particles on the matrix, the composites with CNCs processed at the low concentration
showed smaller and more uniform shapes of CNC particles. However, the composites with
CNCs processed at the high concentration showed wider sizes of CNC particles, exhibiting
overall rough and uneven surfaces. For the composite with 0.5% CNCs processed at the
low concentration, CNC particles of 200-300 pm, which were generated during cryogenic
freezing, were broken into rod-like particulates through a series of pretreatments and
were present in the composite at approximately 3 um in width. However, in the case of
the composites with CNCs processed at the high concentration, the deformation of the
agglomerated CNCs occurred less frequently, resulting in >10 pm width of CNCs on the
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fracture surface. In particular, the above-mentioned phenomenon was more prominent
in the composites with 1.0 wt% CNCs, and the stress was concentrated on the large CNC
particles at the time of fracture. Hence, the interfacial bonding between the resin matrix
and the CNC particles was reduced, resulting in a gap.

Figure 6. SEM images of 0.5 wt% CNC/photopolymer composites processed at a low CNC lyophilization concentration:

(a) x50 and (b) x2000.

Figure 7. SEM images of 0.5 wt% CNC/photopolymer composites processed at a high CNC lyophilization concentration:

(a) x50 and (b) x2000.

Figure 8. SEM images of 1.0 wt% CNC/photopolymer composites processed at a low CNC lyophilization concentration:

(a) x100 and (b) x1000.
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Figure 9. SEM images of 1.0 wt% CNC/photopolymer composites processed at a high CNC lyophilization concentration:

(a) x100 and (b) x1000.

3.1.3. Mechanical Properties of CNC/Photopolymer Composites Processed at Different
CNC Lyophilization Concentrations

The same amount of CNC incorporations into photopolymer composites resulted in
higher tensile strength and tensile modulus values at a low CNC lyophilization concentra-
tion (1%) compared to a high CNC lyophilization concentration (2.2%) (Figures 10 and 11).
The reason for this seemed to be due to the shapes of the added CNC particles. In the case of
CNCs lyophilized at the low concentration, the condensed CNC shapes after lyophilization
could be thinner and smaller, which may be easy to form more uniform and smaller CNC
particles in the same pretreatment process. As a result, the CNC particles maintain smaller
and more uniform size distributions when added to the composites. Importantly, it is
advantageous to have a high aspect ratio to be an effective stress carrier in the composite.
As shown in the SEM images of the fracture surfaces of CNC/photopolymer composites,
the CNCs lyophilized at the high concentration had relatively lower aspect ratios than
those lyophilized at the low concentration. Therefore, the composites with CNCs treated at
the low lyophilization concentration were considered to have higher mechanical properties
than the composites with CNCs treated at the high lyophilization concentration due to
more efficient fracture and dispersion mechanisms.
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Figure 10. Tensile strength of CNC/photopolymer composites as a function of lyophilized CNC
concentration and CNC loading.
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Figure 11. Tensile modulus of CNC/photopolymer composites as a function of lyophilized CNC
concentration and CNC loading.

Additionally, lower tensile strength and tensile modulus values were observed in
the composite with a high CNC loading (1.0 wt%). As confirmed by the morphological
characteristics, the higher the amount of CNCs added, the less effective the dispersion and
destruction mechanisms of the pretreatment process, resulting in larger sizes and lower
aspect ratios, and consequently lower strength values. Besides, the sizes of CNC particles
dispersed in the composites with 1.0 wt% CNCs were not even. Thus, it seemed that the
stress was concentrated in the CNC particles, leading to a decrease in the strength values.
Therefore, the CNCs processed at the low lyophilization concentration of 1% were selected
for the CNC/photopolymer composites in later experiments.

3.2. Effect of CNC Contents on the Photopolymer Composites
3.2.1. Mechanical Properties of CNC/Photopolymer Composites with Various CNC
Loading Levels

The tensile strength of 0.25 wt% CNC/photopolymer composite was 30 MPa, indicat-
ing a 20% increase in tensile strength compared to the photopolymer composite without
CNC particles (Figure 12). However, the incorporation of more than 0.25 wt% of CNCs
did not show an improvement in tensile strength of the composites, but rather reduced
the strength values. The tensile modulus of 0.25 wt% CNC/photopolymer composite was
2474 MPa, and it had 20% higher tensile modulus than the neat photopolymer composite
(Figure 13). However, CNC/photopolymer composites with higher CNC loading levels (i.e.,
0.5 and 1.0 wt%) showed lower tensile modulus values compared to the neat photopolymer
composite, resulting in 5.7% and 10.3% reductions in modulus values, respectively.

This tendency seemed to be due to the difference in the reinforcement effect of the
CNC dispersion. The high tensile strength value at a relatively low CNC loading level (i.e.,
0.25 wt%) more effectively accommodated the effects of the dispersion mechanism. This
is probably because the loaded CNC particles had smaller and more evenly distributed
size and shape, leading to even and uniform dispersions, and consequently served as
an efficient stress carrier. However, elongation at break values tended to decrease with
an increasing amount of CNCs, indicating that the excessive CNC additions resulted in
the lowered ductility and increased stiffness of the photopolymer composites (Figure 14).
When a stress was transferred to the CNC particles, the rigid CNCs were subjected to a
significant amount of stress. This effect allowed the less stiff photopolymer to accept a
small percentage of residual load through the CNC particles. With 180° beta-acetal bonding
of carbon atoms, the CNC is inherently rigid, which provides adequate structural stability
to mechanical resistance and meets the demand for intermolecular hydrogen bonding for
higher stability [33-35].
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Figure 12. Tensile strength of CNC/photopolymer composites with various CNC loading levels.
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Figure 13. Tensile modulus of CNC/photopolymer composites with various CNC loading levels.
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Figure 14. Elongation at break of CNC/photopolymer composites with various CNC loading levels.
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In addition, owing to the dissolution of the amorphous regions of the microfibrils
during the CNC extraction process, the crystallinity of the CNC is further increased, even
above 90%, which further improves the stiffening performance of the CNC [36]. Due to
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this very high stiffness, the CNC particles can sustain the additional stress transferred from
the polymer matrix. The variation in mechanical performance between 0.25 wt% CNC
and higher CNC loading levels (i.e., 0.5 and 1.0 wt%) can be explained by the free volume
principle of the composites. As the CNC concentration increases, the volume fraction of
the CNC increases, but the free volume decreases and the distance between adjacent CNCs
decreases. As a result, they may accept inadequate polymer chains with limited mobility,
which significantly affects the fracture mechanism of the photopolymer composites. In
addition, the various mechanical performances observed in the photopolymer composites
with more than 0.25 wt% CNC may affect the CNC orientation in the photopolymer resin
network. Depending on the completeness of the CNC alignment in the resin polymer,
its contribution to mechanical strength can vary, which is a factor that can be drastically
changed by using DLP 3D printing.

3.2.2. Morphological Properties of CNC/Photopolymer Composites with Various CNC
Loading Levels

In a photopolymer composite without CNCs, no impurities or cracks were found,
giving a smooth and clean surface (Figure 15a). This is a common brittle fracture failure
found in pure photo-polymerized composites. In the composite fracture surface containing
0.25 wt% CNC, dispersed CNCs were the smallest in size and number, so a smooth and
flat surface was still observed (Figure 15b). On the fracture surface of the composite with
relatively higher amounts of CNC (i.e., 0.5 and 1.0 wt%), the sizes of the aggregated CNCs
were larger, and their distribution frequency was higher (Figure 15¢,d). As the CNC loading
levels increased, larger shapes and reduced dispersions of CNC aggregates were observed,
which may support the results of the previous mechanical strength properties.

Figure 15. SEM images (x200) of CNC/photopolymer composites with various CNC loading levels: (a) 0 wt%, (b) 0.25 wt%,
(c) 0.5 wt%, and (d) 1.0 wt%.



Appl. Sci. 2021, 11, 6835

13 of 19

3.3. Effect of Inorganic Nanofillers on CNC/Photopolymer Composites
3.3.1. Mechanical Properties of Photopolymer Composites with CNC and/or
Inorganic Nanofillers

In comparison with the tensile strength of a pure photopolymer composite, the ten-
sile strengths of the composites filled with inorganic nanofillers showed 32 MPa (28.6%
increase) for nano-PCC and 35 MPa (40% increase) for nanoclay at 0.25 wt% loading level,
respectively (Figure 16). It means that the effect of inorganic nanofillers was greater than
that of CNC particles on the tensile strengths of composites at the same filler loading level,
which indicated that the reinforcing effect of the inorganic nanofillers was excellent. In
other words, theoretically the particle size and size distribution of initial cellulose nanocrys-
tal materials are pretty good enough to reinforce DLP 3D-printed composites because of the
length, diameter, and aspect ratio of rod-like CNC dispersions were 100~150 nm, 9~14 nm,
and around 10, respectively. However, after freeze-drying process of the CNC dispersions,
the lyophilized CNC forms were turned into micrometer scale as they were aggregated
or agglomerated. Hence, the freeze-dried CNC particles did not act as good reinforcing
nanofillers in filled composites. Also, the properly dispersed nano-PCC or nanoclay par-
ticles exhibited better compatibility with the polymer matrix by organo-modifying the
surface of each particle, which prevented the self-aggregation of nanoscale particles. These
kinds of things subsequently led to better mechanical strength properties. In particular,
the nanoclay/photopolymer composite showed the highest tensile strength and tensile
modulus compared to the nano-PCC/photopolymer composite (Figures 16 and 17), which
can be explained by the shapes and dispersions of the inorganic nanofillers in the matrix.
Nano-PCC and nanoclay particles have very small nano-units, and when they are evenly
dispersed in composites, they provide remarkable toughness and rigidity to polymer resins,
enabling the improvement of mechanical properties. However, these reinforcing effects
resulted in somewhat different mechanical properties between nano-PCC/photopolymer
and nanoclay/photopolymer composites. In the case of the nano-PCC/photopolymer com-
posite, nano-PCC particles were evenly distributed in the polymer matrix, and these good
dispersions were confirmed by SEM images. Also, the nano-PCC particles can increase the
density of photopolymer composites and efficiently transfer loads or stresses to give the
composites rigidity and toughness, resulting in better mechanical properties.

Similar to the nano-PCC/photopolymer composite, the nanoclay particles in the
nanoclay/photopolymer composite were also found to be evenly dispersed by SEM images,
but the nanoclay had a plate-like shape (diameter <6 pm) different from the nano-PCC
(diameter 40 nm) featuring a cubic particulate shape. Hence, the nanoclay particles seemed
to play a role in obstructing the direction of stress transfer occurring during tensile failure.
In other words, the nano-PCC/photopolymer composite received an appropriate load
and then quickly transferred it to other nearby nano-PCC particles, distributing the load
and inducing a reinforcing effect. However, in the case of plate-shaped nanoclay, the
received stress was high, but the residual stress to be delivered was low. In addition, the
amount of stress dissipation within the composite was higher because the stress detoured
to the platelet structure of the nanoclay, and it was repeated inside the composite. This is
the structural difference between nano-PCC/photopolymer and nanoclay /photopolymer,
which may be attributed to the higher aspect ratio of nanoclays [37].
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Figure 16. Tensile strength of composites filled with CNC and/or inorganic nanofillers.
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Figure 17. Tensile modulus of composites filled with CNC and/or inorganic nanofillers.

The composites with both CNC and inorganic nanofillers had lower tensile strength
values than the composites with inorganic nanofiller only. This is because the size and
shape of the added CNCs was not as small as nanoscale and the CNCs was not evenly
dispersed. Thus, the stress transfer mechanism described above negatively affected on the
tensile strength. Unlike tensile strength, the tensile modulus represented a higher value
for CNC filled composites, especially for CNC/nanoclay /photopolymer composite. It is
believed that the CNCs having a high crystallinity and stiffness act synergistically with
inorganic nanofillers, thereby imparting improved rigidity to the composite.

For the elongation at break (Figure 18), the composites with inorganic nanofillers
showed lower values than the pure resin composites because the inorganic nanofillers gave
the composites rigidity and reduced ductility. In addition, voids were generated around
the evenly distributed inorganic particles in the composites during the tensile test, and they
had a negative effect on the elongation of the composites [38]. Moreover, with the addition
of CNC particles, this trend was exacerbated, resulting in a 50% reduction in elongation at
break compared to pure resin.

Impact strength also showed toughening effects by inorganic nanofillers, resulting in
strength improvements of about 15% for nano-PCC and about 23% for nanoclay (Figure
19) [39]. Composites with CNCs had lower impact strength values compared to the com-
posites with inorganic nanofiller only. The addition of CNC particles to the photopolymer
resin negatively affected the impact strength value of the composite. Impact strength is
the capability of a material to withstand a suddenly applied load, and it is expressed in
terms of energy. In the case of the composites filled with CNCs, the CNCs act as impurities
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in the composite matrix, and sudden strong loads are concentrated on the CNCs, causing
instantaneous fracture and weakened impact resistance. Additionally, when the CNCs are
added to the photopolymer resin with inorganic nanofillers, the ductility of the composites
is further lowered. Therefore, the stress concentration by CNC particles is accelerated, and
the impact strength is accordingly decreased.
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Figure 18. Elongation at break of composites filled with CNC and/or inorganic nanofillers.
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Figure 19. Impact strength of composites filled with CNC and/or inorganic nanofillers.

3.3.2. Morphological Properties of Photopolymer Composites with CNC and/or
Inorganic Nanofillers

Pure photopolymer composite had a smooth and homogeneous fracture surface,
which resulted in no defects or other distinctive features (Figure 20). But, in the case
of the composite with 0.25 wt% nano-PCC, the stress transfer direction was remarkable
on the fracture surface, and for the composite with 0.25 wt% nanoclay, specific forms to
infer orientation were observed (Figures 21 and 22). However, there was a difference in
the fracture surface orientations of the composites filled with inorganic nanofillers. The
fracture of the composite filled with 0.25 wt% nano-PCC proceeded rapidly at the place
where the nano-PCC fracture started, and then passed through the nano-PCC particles,
and consequently, thin and long shaped fracture traces with uniform frequency were
found. On the other hand, the composite filled with 0.25 wt% nanoclay appeared to
spread the polymer fracture as it passed through the plate-shaped nanoclay present in the
polymer matrix.
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Figure 20. SEM images of a neat photopolymer composite: (a) x500 and (b) x10,000.
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Figure 22. SEM images of a composite filled with 0.25 wt% nanoclay: (a) x500 and (b) x10,000.

Also, compared to the composite with nano-PCC, the fracture features of the composite
with nanoclay were wider and shorter. The fracture failure patterns described above may
explain the stress transfer mechanism mentioned in the mechanical properties. For the
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composite with nano-PCC, when the stress was transferred to individual cubic-like nano-
PCC particles, appropriate loads were transferred to the nano-PCC particles, and the
residual loads were turned sideways so that stress transfers developed in the original
fracture propagation orientations. However, nanoclays have wider high-aspect-ratio layers
to accommodate the transmitted stresses, which prevent the straight development of
fractures. Thus, the nanoclays could accommodate large stresses and the stresses might be
dissipated in composites. As shown in Figure 23, the different stress transfer mechanism
models of these inorganic nanofillers provide a supporting basis for the mechanical strength
values evaluated in this study.
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Figure 23. Stress transfer mechanism models by inorganic nanofillers in filled composites.

4. Conclusions

Highly functional nanoscale materials (CNCs, nano-PCC, and nanoclay) were added
to liquid photocurable resins, and then the resin blends were 3D-printed to manufacture
various photopolymer composites.

To investigate the behaviors of the CNC particles processed in two different CNC
lyophilized concentrations and the CNC-reinforced composites, morphological and me-
chanical properties were analyzed. Relatively small CNC monolayer particles were formed
at a low lyophilized concentration of 1%, but larger multi-layered CNC particles were
observed at a high lyophilized concentration of 2.2%. Hence, the higher lyophilized con-
centration resulted in larger and more heterogeneous CNC particle distributions in the
filled composites, leading to lower strength properties. Thus, the 1% CNC lyophilization
concentration was selected for further research. Also, at the same lyophilization concentra-
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tion, the higher the CNC loading levels in filled composites, the worse the morphological
properties and the lower the mechanical strength properties. The best mechanical strength
was observed at the least amount of CNC loading level (0.25 wt%).

In addition, nanoclay and nano-PCC were incorporated into the photocurable resin to
evaluate the effects of inorganic nanofillers on the morphological and mechanical properties
of photopolymer composites. By analyzing the morphological properties, a stress transfer
mechanism between the nanoclay and nano-PCC was identified, and the related model
was presented. Also, mechanical property improvements of the composite filled with CNC
and inorganic nanofillers supported the stress transfer mechanism.

This study proposed a new approach using wood-derived cellulose nanomaterials
and inorganic nanofillers in the DLP 3D printing industry where research on 3D printing
materials is insufficient.
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