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Abstract: A solvent-free method to fabricate graphene-reinforced nanocomposites in net shape via
digital light processing (DLP) 3D printing has been developed in this work. The effect of graphene
nanofillers on resin viscosity and wettability for various printing parameters has been examined,
with a systematic characterization of the mechanical and thermomechanical properties. With the
addition of 0.5 wt.% graphene nanoplatelets in the resin, the flexural modulus and fracture toughness
have been improved by 14% and 28% from neat resin, respectively. Thermomechanical properties
of graphene-reinforced nanocomposites were also enhanced compared with the neat resin, without
scarification in their printability. The feasibility of utilizing the DLP method to fabricate a fracture
toughness specimen (KIC test) without complex skill-dependent notch preparation steps was explored,
with different notch tip angles printed for net-shaped specimens. This provided a simple and versatile
way to perform a quick examination of reinforcing efficiency from nanofillers at very low cost with
high resolution and reproducibility. To demonstrate the suitability of current resins for complexly
shaped structures, a gyroid scaffold for tissue engineering applications based on current graphene
nanocomposite resins has been successfully fabricated via DLP, showing the great potential of current
photocurable resins for applications in various fields such as tissue engineering or personalized
medical devices without the cost barriers of traditional methods.

Keywords: graphene; additive manufacturing; digital light processing; fracture toughness;
mechanical properties

1. Introduction

Additive manufacturing (AM), which is also widely known as 3D printing, has attracted a great
amount of attention over the last few years due to its capability to create complex 3D geometries with
desired performance, leading to applications in various fields such as biotechnology [1], landslide
modeling [2], medical applications [3], conductive devices [4], and sensors [5]. Several types of 3D
printing can be found depending on their printing mechanism, for instance, selective laser melting,
which utilizes thermal energy to selectively melt or sinter certain appointed molten pools of a powder
bed [6], and stereolithography (SLA), which transforms liquid monomers into solid polymers utilizing
a UV laser to trace and cure successive points from the photosensitive resin. However, one of the
main challenges for many 3D printing technologies is their limited throughput due to the nature of the
fabrication process. Digital light processing (DLP), a vat-polymerization-based 3D printing method
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which is in principle very similar to SLA, is a layer-by-layer fabrication of 3D objects instead of point
by point as with SLA, making it an attractive alternative for many applications [7,8].

Clearly, with the addition of nanoparticles such as carbon nanotubes (CNTs), graphene oxide
(GO), and graphene nanoplatelets (GNPs) in the resins, the properties of the resultant polymeric
nanocomposites can be greatly improved and tailored [9–11], providing great potential for 3D-printed
nanocomposites. Shuai et al. [12] fabricated a porous GO (2.5 wt.%)/poly(vinyl alcohol) nanocomposite
scaffold via selective laser sintering and obtained 60%, 152%, and 69% improvements in compressive
strength, Young’s modulus, and tensile strength, respectively. Mohan et al. [13] produced highly
electrical conductive hybrid polymer–graphene composites (with an electrical conductivity of 14.2 S/cm)
via fused deposition modelling using a solvent casting poly(methyl methacrylate)-based filament with
10 wt.% polypyrrole and 10 wt.% graphene. Manapat et al. obtained a tensile strength increase of over
600% with 1 wt.% of GO added into the SLA resins due to good interaction between GO fillers and
resins [14]. Weng et al. investigated the effect of nano-SiO2 in SLA resin for its mechanical performance
and obtained 20.6% and 65.1% increases in tensile strength and modulus, respectively, with 5 wt.% of
nanofiller loading without a significant influence on printing accuracy [15].

Many related experiments have been performed during the last few years based on the promising
results of DLP 3D printing technology [16,17]. However, the usage of DLP for nanocomposites is rather
limited due to the effect of nanoparticles during the processing and printing processes [7,8,18–20]. The
resin viscosity and subsequent printability could be affected when nanoparticles, such as graphene,
with large surface areas are introduced. The presence of graphene could also block UV light, thus
interfering with the photocuring process of resin. Gonzalez et al. [19] employed DLP to print acrylic
resin with different amounts of CNTs added into the resin and achieved good electrical conductivity
(10−5 S/m) with 0.5 wt.% CNTs in the resin. Although the viscosity of 0.5 wt.% CNT loaded resin
decreased from 84.6 to 36.6 Pa.s when introducing a reactive diluent, the viscosity was still too high
for the DLP printing process. Mu et al. [8] drew a similar conclusion, that the viscosity increases as
the loading of CNTs increases, which hinders the printability of resins. Han et al. [20] used a surface
modifier to improve the dispersity of nanoparticles based on a lower the viscosity. Fantino et al. [7,18]
used a silver nanoparticle precursor for incorporation into photocurable resin and in situ generated
silver nanoparticles during the DLP printing process, forming a good distribution of nanoparticles in
the polymer matrix.

Although many efforts have been made with some promising results in 3D-printed nanocomposites,
the use of DLP to fabricate GNP-reinforced resin has been rarely reported [21,22]. Chiappone et al. [21]
produced GO nanocomposites with a complex structure via DLP and the performance of this
nanocomposite was enhanced when UV light and thermal treatment were applied. Polyaniline
nanofiber and graphene cofillers were used by Han et al. [22] to reinforce polyacrylate resin, and
these DLP manufactured composites had an electrical conductivity of about 4.0 × 10−9 S/cm. In
addition, several considerations need to be kept in mind during the design and fabrication processes
when nanofillers are involved. One of the key aspects to ensure efficient reinforcement from these
nanofillers is a good level of dispersion without obvious agglomeration. Compared with traditional
nanocomposite processing (i.e., nanofiller/epoxy nanocomposites), the network formation is difficult
to control since a dynamic process takes place during the long curing procedures, which leads to
difficulties in manufacturing graphene-reinforced resin in complex shapes. It has been reported that
nanofiller network formation within the matrix is a time-dependent process which subsequently
influences the properties of the resulting nanocomposites [23,24]. Therefore, the use of DLP to provide
rapid layer-by-layer curing for nanofiller-reinforced resins which maintains the original level of
dispersion is favored to avoid agglomeration during the lengthy curing processes, especially for
mechanical properties. It is also worth noting that with DLP 3D printing, nanocomposites can be
fabricated into a net shape directly without multistep molding, cutting, and other steps, which could
be utilized to make complexly shaped structured with improved properties.
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In this work, a UV-curable resin with the addition of GNPs has been developed, with a complexly
shaped structure successfully printed via DLP without the involvement of a solvent. The effect of
GNPs on resin viscosity and wettability for printing processes has been examined, with systematic
characterization of their thermomechanical as well as mechanical properties. With the addition of
0.5 wt.% graphene nanoplatelets in the resin, the flexural modulus and fracture toughness have
been improved by 14% and 28% from neat resin, respectively. To take the full advantage of the
current net-shape fabrication process, the feasibility of using current DLP method to fabricate a
fracture toughness specimen (KIC test) without a skill-dependent razor blade notch was also explored.
Compared with the traditional fracture toughness sample preparation method, DLP 3D printing with
high resolution and reproducibility provides a simple and versatile way to perform a quick examination
of reinforcing efficiency from nanofillers at very low cost. A gyroid scaffold for tissue engineering
applications based on current GNP nanocomposite resins has been successfully fabricated via DLP,
demonstrating the suitability of current resins for complexly shaped structures as well as potential for
applications in various fields such as bone tissue engineering.

2. Experimental

2.1. Materials

Polylactic acid–polyurethane oligomer (PLA–PUA, Mw = 2000–30,000), provided by Shenzhen
Esun Industrial Co., Ltd. (Shenzhen, China), was made from acrylate-modified polylactide diol with a
purity of 99%. Triethylene glycol dimethacrylate (TEGDMA) was purchased from Sumda Material
Technology Co., Ltd. (Guangzhou, China), and phenylbis (2,4,6-trimethylbenzoyl)-phosphine oxide
(Irgacure 819, green powder) was purchased from BASF Co., Ltd. (Ludwigshafen, Germany). The
few-layer graphene nanoplatelets (5 µm in length, 2–5 nm in thickness according to the manufacturer’s
datasheet) were purchased from Allightec Co., Ltd. (Gongqing, China). All materials were used as
received without further modifications.

2.2. Preparation of UV-Curable Resin

The matrix chosen for this work was a neat resin consisting of PLA–PUA, TEGDMA, and Irgacure
819 with the ratio of 58:39:3 in weight. PLA–PUA was chosen as the oligomer owing to its good
biodegradability, and TEGDMA was used as a reactive diluent. Irgacure 819 was used as an initiator
due to its high photoinitiation effect. Detailed information about the used raw materials as well
as the procedure to form the neat resin can be found in our previous work [25]. To produce a
graphene-reinforced nanocomposite, Irgacure 819 powder was firstly mixed with TEGDMA and stirred
at 30 ◦C for 20 min. Then, a measured amount of graphene powder (0.5 wt.%) was dispersed in the
above diluent and treated with ultrasonication for 3 h using an ultrasonic probe (LAWSON DH92-IIN,
Ningbo, China, 650 W, 20 kHz, amplitude at 60%, power on/off: 1 s/1 s). The resulting solution was
subsequently mixed with PLA–PUA for another 2 h under magnetic stirring before the final degassing
step, as illustrated in Figure 1.
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2.3. Fabrication of UV-Cured Resin by DLP

The flexural and fracture toughness test specimens were fabricated to a net shape directly by a
405-nm DLP 3D printer (Photon, ANYCUBIC, Shenzhen, China), as illustrated in Figure 2a. The XY
resolution and the Z-axis accuracy of the DLP 3D printer could reach 47 and 1.25 µm, respectively.
The size of the building volume of the DLP 3D printer was 115 × 65 × 155 mm3, with the print speed
set to 0.020 m h−1. Three-dimensional models were built by Rhinoceros software (version 5.0, Robert
McNeel Ltd., USA) with a generated .STL file. ANYCUBIC Photon Slicer software (ANYCUBIC Ltd.,
Shenzhen, China) was used to slice the .STL file as well as set the printing parameters.
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specimen (b) references without graphene and (c) with 0.5 wt.% graphene. Photographs of fracture
toughness test specimens (d) without graphene and (e) with 0.5 wt.% graphene.

2.4. Characterizations

2.4.1. Morphology

Scanning electron microscopy (SEM, Hitachi SU8010, Hitachi High-Technologies Co., Ltd., Tokyo,
Japan) tests were conducted to examine the morphology of both the received graphene nanofillers and
the fabricated specimens, especially for the specimens with the addition of graphene nanoplatelets.
The graphene fillers were dispersed in order to examine their morphological features as well as
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dimensions. The fracture surface of the tested KIC specimens were gold coated and examined, with
an acceleration voltage of 5 kV at various magnifications. An optical microscope (OM, Leica M205
A, Leica Microsystems, Wetzlar, Germany) was also used to observe the surface appearance of the
fracture surfaces after the fracture toughness test.

X-ray diffraction (XRD, D8-FOCUS, Bruker AXS GmbH, Karlsruhe, Germany) was used to
characterize the thickness of the graphene flakes. The X-ray texture scans were obtained between
2θ = 5◦ − 90◦ at a scanning rate of 1◦/min. The average out-of-plane crystallite thickness of the GNPs (t)
was estimated using the full width at half-maximum (FWHM) of the (002) peak by Scherrer’s equation.
The coefficient K was taken to be 0.89 according to Raza et al. [26]. For more details, please refer to our
previous work [27,28].

Raman spectra (XploRA plus, HORIBA, Fukuoka, Japan) of the graphene flakes were characterized
with an excitation wavelength of 532 nm.

2.4.2. Viscosity

A viscometer (LV DV-II+Pro, Brookfield, Middleboro, MA, USA) was used to examine the viscosity
of both the liquid reference resin and the graphene-reinforced resin, with the temperature and rotation
speed ranging from 20 to 35 ◦C and 6 to 60 rpm, respectively.

2.4.3. Cure Depth

The cure depth of the resin was tested by measuring the thickness of a UV-cured resin film after
exposing the liquid resin in a 405-nm UV curing machine (Cure3D, MAKEX, Ningbo, China) for 5 min.
The value of the cure depth was based on the average of three repetitions.

2.4.4. Surface Characterization

The contact angle was measured by a drop shape analyzer (DSA, JC2000C1, Shanghai Zhongchen
Digital Technic Apparatus Co., Ltd., Shanghai, China) using the sessile drop method. A drop of water
or liquid resin was squeezed from a syringe on the surface of UV-cured resin or a glass substrate
vertically. The image of the contact angle was recorded after 5 s. A tension meter (JK99B, Shanghai
Zhongchen Digital Technic Apparatus Co., Ltd., Shanghai, China) was used to test the surface tension
of the liquid resin.

2.4.5. FTIR

Fourier transform infrared spectroscopy (FTIR, Nicolet iS50, Thermo Fisher Scientific,
Waltham, MA, America) was used to examine the chemical structure of the UV-cured 0.5 wt.%
graphene-based nanocomposites.

2.4.6. Thermomechanical Analysis

Dynamic mechanical analysis (DMA) was carried out using a dynamic mechanical analyzer
(DMA/SDTA861e, Mettler Toledo, Zurich, Switzerland) under shear mode. Cylindrical specimens
(d = 10 mm, thickness: ca. 1 mm) were heated from 30 to 300 ◦C at 5 ◦C·min−1 with an amplitude of
10 µm at a frequency of 1 Hz. Values of storage modulus (E’) and tan delta (tan δ) were recorded.

A thermalgravimetric analyzer (TG, Model STA449F3, NETZSCH, Selb, Germany) was employed
to characterize the thermal stability of the composites as well as the amount of filler, with the
temperature profile of ranging from 30 to 500 ◦C at 5 ◦C·min−1 under nitrogen atmosphere.

2.4.7. Mechanical Properties

A 10-kN microcomputer control electronic universal testing machine (Instron, CMT4104, Shanghai,
China) was used to test mechanical properties. According to the ASTM-D 790 standard, the flexural test
samples were fabricated by the DLP 3D printer with dimensions of 3.2 × 12.7 × 70 mm3 (Figure 2b,c).
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The support-span-to-depth ratio was 16:1, while the strain rate of the crosshead, in accordance with
ASTM-D 790, was set as 0.01 mm/mm/min. The ASTM-D 5045 standard was implemented to evaluate
the fracture toughness (KIC) in three-point end notch bending (3P-ENB) test mode. The dimensions
(Figure 2d,e) of the 3D-printed samples were 54 (length) × 12 (width, W) × 6 mm (thickness, B). The
support length of the three-point bending test was 48 mm with a crosshead speed of 10 mm·min−1.
The length of the crack was 6 mm, and sharp notch tips with angles of 30◦ and 45◦ were designed to
promote early crack initiation without a further fresh razor blade notch. A schematic of the specimen
can be found in the Supplementary Materials, Figure S1. Every surface of the specimens was carefully
polished to remove any surface roughness with different grades of abrasive paper (from 1000 to
5000 grit). A minimum of five specimens were tested for the average values of both neat resin and
graphene-reinforced nanocomposite samples. KIC (plane-strain fracture toughness) was calculated
according to Equations (1) and (2):
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BW
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f (x) And 0.45 < x < 0.55 (2)

where a is the crack length, W is the width of the specimen, Pmax is the maximum load of the
load-displacement curve, and B is the thickness of the specimen. The measurement units of the
variables Pmax, B, W, and a can be retrieved from the standard ASTM-D 5045.

3. Results and Discussion

3.1. Morphological Analysis of As-Received Graphene Fillers

The morphology of the as-received graphene flakes used in this study was examined by SEM, as
shown in Figure 3a, indicating lateral dimensions in the range of a few microns. The graphene flakes
after liquid-phase probe sonication were obtained without obvious aggregation, which is believed to
be crucial for later DLP processing. The XRD pattern of the as-received graphene flakes is presented in
Figure 3b. The interplanar spacing of the (002) peak at 26.6◦ was 3.35 nm, and the corresponding mean
thickness of the as-received graphene fillers obtained from Scherrer’s equation was about 28.8 nm. The
lateral dimensions from the SEM images of the GNPs were in the range of 3–9 µm, in good agreement
with the suppliers’ information with an aspect ratio (the ratio between the graphene platelet length
and thickness, LSEM/TXRD) of 100–300. Signature D and G bands of graphene flakes were observed
in 1039 and 1581 cm−1 from Raman spectroscopy (Figure 3c), confirming low defect content in the
graphitic structure.
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3.2. Viscosity and Printability of Current Nanocomposite Resin

For DLP or SLA 3D printing technologies, the viscosity of the resin is an extremely important
parameter, affecting the printing feasibility and quality of the parts, and a relatively low viscosity (from
0.25 to 1 Pa·s) is required for DLP or SLA 3D printing [29]. Too high viscosity of the resin may lead to
some deformation or failures of the printed components. Although the amount of graphene fillers
added in this work was rather limited (0.5 wt.%), the viscosity was characterized first to ensure good
capability for the use of 3D printing.

As expected, the addition of 0.5 wt.% graphene fillers led to an increase in liquid resin viscosity,
from 860 to 1332 mPa·s at 20 ◦C (Table 1). With increased temperature, the graphene-modified resin
viscosity decreased rapidly, with only 362 mPa·s at 35 ◦C, which was already close to the neat resin
(200 mPa·s). For the printing temperature of 25 ◦C, the viscosity of liquid resin without or with graphene
was approximately 504 and 742 mPa·s, respectively, which are both suitable for DLP processing.

Table 1. The viscosity and cure depth of resin with or without graphene.

Graphene Concentration, wt.% 0 0.5

Viscosity, mPa·s

20 ◦C 860 ± 30 1332 ± 30
25 ◦C 504 ± 30 742 ± 30
30 ◦C 281 ± 30 500 ± 30
35 ◦C 200 ± 30 362 ± 30

Cure depth, mm 0.48 ± 0.02 0.14 ± 0.02

With the addition of graphene fillers in liquid resins, the surface tension of the resin will also be
affected, which may affect the printing process. The contact angles of both neat resin and 0.5 wt.%
graphene-reinforced resin on a glass substrate were measured, showing an increased value from
around 20◦ to 30◦ (Figure 4a,b). The yield surface tensions of the liquid neat resin and 0.5 wt.%
graphene-reinforced resin were 37 and 41 mN m−1, respectively. After UV curing, the water contact
angles of solid neat resin and 0.5 wt.% graphene-reinforced resin were 76◦ and 82◦ (Figure 4c,d),
showing an increased hydrophobicity of the materials with the addition of graphene fillers.C 2019, 5, x 8 of 17 
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The cure depth value of the 0.5 wt.% graphene-reinforced resin showed a sharp decrease compared
with the neat resin without graphene. This observation indicates that the printability of the resin
will decrease with the increasing amount of graphene, which is believed to be due to the existence of
graphene interfering with the photocuring process of the resin [30,31].
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3.3. Thermal Characterization

TGA results (Figure 5a) were analyzed to examine the thermal stability of UV-cured resin.
The UV-cured resin was thermally stable below 200 ◦C, while a rapid weight loss was observed at
250 ◦C, corresponding to the fragmentation of macromolecules, disproportionation, and gasification
processes [32]. The initial degradation temperature of UV-cured resin was evaluated by the temperature
of 5% mass loss (T5%). The degradation temperature of the graphene-reinforced nanocomposite was
higher than neat resin (T5% increased from 268 ◦C to 284 ◦C), showing that the addition of graphene
could enhance the thermal stability of graphene-modified resin. The weights of both the neat resin and
the graphene-reinforced nanocomposite were constant above 430 ◦C, indicating the completion of the
decomposition. The glass transition temperature (Tg) determined by the maximum peak of tan δ from
the DMA result (Figure 5b) also remained at the same level as the reference after introducing graphene
nanofillers, indicating no obvious changes in crosslink density for cured resin with the addition of
graphene nanofillers. In general, the current resin formulation has a suitable viscosity with good
printability for DLP processing. The chemical structure of the graphene-reinforced nanocomposite
was also confirmed from FTIR spectra. FTIR of 0.5 wt.% graphene-reinforced nanocomposites was
performed (Figure S2) to characterize the chemical bonding of graphene and PLA–PUA, with no
specific signs of chemical reaction induced by the addition of graphene.
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3.4. Mechanical Properties

Figure 6 shows the mechanical characterization results of DLP-fabricated net-shaped specimens
for both neat resin and graphene-reinforced nanocomposites. With the addition of 0.5 wt.% graphene,
the flexural modulus of the cured specimen increased from 2.68 GPa of neat resin to 3.06 GPa
(Figure 6a), showing a reasonable improvement (14%) without any obvious sacrifice in flexural
strength (4% increment from reference was obtained). The modulus of the 3D-printed 0.5 wt.%
graphene nanocomposites was compared to theoretical predictions using the Halpin–Tsai semiempirical
micromechanical model (see Supplementary Information). Ec/Em (Ec and Em are the modulus of
the final composite and neat matrix, respectively) values plotted as a function of the GNP aspect
ratio (AR = 200) followed a sigmoidal curve, as predicted by the Halpin–Tsai model (Figure S3).
The experimental data could be best fitted assuming a 3D random orientation of platelets with a
back-calculated elastic modulus around 780 GPa. Such a GNP modulus value is in agreement with
literature values [27,33,34] and is believed to be due to the good dispersion from the DLP process as well.
For mechanical and thermal properties of nanocomposites, it is well acknowledged that an optimized
nanofiller dispersion is favored, while for electrical properties, a slightly agglomerated nanofiller
dispersion is preferred to build up the percolated network. Clearly, with the current rapid curing
process of the DLP method, initial graphene dispersion within liquid resin can be retained after curing,
leading to the well-dispersed network more favored for mechanical and thermal reinforcements. Kernin
et al. [24] obtained a 12% increase in flexural modulus of reduced GO (rGO)/epoxy nanocomposites at
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0.2 wt.% loading, followed by a decreasing trend with higher loading of fillers due to the potential
agglomeration from traditional-length curing processes. Wang et al. [30] recommended a graphene
content less than 5 wt.% to maintain the appearance and mechanical strength of the printed object. It is
worth noting that the presence of graphene nanofillers could block UV light during the DLP process
and thus interfere with the photocuring process of the resin, affecting the mechanical properties of
the resulting specimens. However, it is believed that with the current limited amount of graphene
nanofillers with relatively homogeneous dispersion, the crosslink density was not obviously affected,
as confirmed earlier from the measured Tg.

C 2019, 5, x 10 of 17 

 

highly dispersed 0.2 wt. % rGO/epoxy composites showed a 24% and 52% improvement in KIC, 
respectively. Chatterjee et al. [38] illustrated that 2 wt. % GNP with a lateral dimension of 25 µm 
exhibited the highest improvement of 82% over neat epoxy. Qiu et al. [39] obtained an increase of 41% 
in KIC with the addition of 0.54 vol % exfoliated graphene in comparison with neat epoxy resin. 
Herrera-Ramírez et al. [40] confirmed that the highest KIC value (~25% improvement over neat resin) 
was obtained for 1 wt. % graphene/polypropylene nanocomposites. While limited research has been 
reported related to fracture toughness tests for nanofiller-reinforced polymers fabricated via 3D 
printing method, Young et al. [41] reported a fused filament fabrication (FFF) method to fabricate KIC 
specimens using short carbon-fiber-reinforced acrylonitrile butadiene styrene (ABS) filaments. 
However, the FFF process was found to reduce the KIC of ABS and chopped carbon-fiber-reinforced 
ABS. Rapid cool-down of the material and the existence of voids inside the specimens may serve to 
reduce fracture toughness. By isothermally heating the ABS KIC specimens produced via the FFF 
method, the KIC value dramatically increased compared with that without thermal annealing [42]. 
SLA is a more accurate 3D printing method compared with FFF and can produce finely detailed 
objects and provide better performance. Li et al. [43] manufactured stereolithography resin 
nanocomposites with modified polyhedral oligomeric silsesquioxane (m-POSS) nanoparticles. The 
tensile and flexible strengths of 5 wt. % mPOSS nanocomposites were improved by 36.2% and 40%, 
respectively, compared with neat resin, while the fracture toughness exhibited a slightly reducing 
trend. 

 

Figure 6. (a) Flexural modulus and strength of the neat resin and 0.5 wt. % graphene-reinforced 
nanocomposites, showing a 14% increase in modulus with addition of graphene. (b) Fracture 

Figure 6. (a) Flexural modulus and strength of the neat resin and 0.5 wt.% graphene-reinforced
nanocomposites, showing a 14% increase in modulus with addition of graphene. (b) Fracture toughness
of the neat resin and 0.5 wt.% graphene-reinforced nanocomposites, showing a 28% increase with the
addition of graphene nanoplatelets. (c) The KIC value and optical images of failed and successful
fracture toughness test specimens for the neat resin, with 30◦ and 45◦ sharp notch tips. Red dot refers
to successful test while star refers to failed test.

Since the net-shaped specimen was successfully fabricated without subsequent cutting and
complex sample preparation steps, it was important and necessary to examine the effect of the initial
crack angle on the fracture toughness tests and obtained results. Two angles for the sharp notch tips,
30◦ and 45◦, were employed and printed, with the images presented in Figure 6c for both failed and
successful fracture toughness test specimens on the neat resin. It was found that with the notch tip with
the angle of 45◦, the possibility of a failed test was significantly increased compared with the specimen
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with a 30◦ angle, regardless of the relatively high but potentially artificial values of KIC obtained. This
finding is in consistent with a recent report in the literature that a 30◦ angle could promote early crack
initiation [35], facilitating the KIC tests. Although there are still very few failed KIC tests with 30◦

(Figure S4), the resulting fracture surface was much smoother than the crack with the angle of 45◦,
with a higher success rate. Therefore, all the specimens were designed and printed with a crack notch
angle of 30◦ to ensure the validity of the KIC test, with a minimum of five specimens evaluated.

The fracture toughness (KIC) values of neat and graphene-reinforced specimens are presented in
Figure 6b. Higher values of KIC indicated that a higher amount of energy was required to fracture the
specimen. With 0.5 wt.% graphene nanofillers, a 28% increase from the neat reference was obtained,
which is believed to be due to the crack bridging and crack deflection of nanofillers with a great increase
in fracture surface areas compared with the brittle reference. Numerous reported studies have indicated
that graphene-based nanofillers reinforcing a polymer matrix have shown a great enhancement in
the performance of fracture toughness. Alexopoulos et al. [36] obtained a 12% increase in fracture
toughness with 1 wt.% GNPs, illustrating that low nanofiller content (<1.0 wt.%) reinforced polymer
composites show a great enhancement in fracture toughness, while filler concentrations exceeding a
certain point (>5.0 wt.%) might cause a decrease of the mechanical properties due to agglomerates of
nanofillers. Tang et al. [37] found that the mechanical performance of graphene/epoxy composites is
closely related to the dispersion of the graphene filler. Poorly and highly dispersed 0.2 wt.% rGO/epoxy
composites showed a 24% and 52% improvement in KIC, respectively. Chatterjee et al. [38] illustrated
that 2 wt.% GNP with a lateral dimension of 25 µm exhibited the highest improvement of 82% over
neat epoxy. Qiu et al. [39] obtained an increase of 41% in KIC with the addition of 0.54 vol % exfoliated
graphene in comparison with neat epoxy resin. Herrera-Ramírez et al. [40] confirmed that the highest
KIC value (~25% improvement over neat resin) was obtained for 1 wt.% graphene/polypropylene
nanocomposites. While limited research has been reported related to fracture toughness tests for
nanofiller-reinforced polymers fabricated via 3D printing method, Young et al. [41] reported a fused
filament fabrication (FFF) method to fabricate KIC specimens using short carbon-fiber-reinforced
acrylonitrile butadiene styrene (ABS) filaments. However, the FFF process was found to reduce the KIC

of ABS and chopped carbon-fiber-reinforced ABS. Rapid cool-down of the material and the existence of
voids inside the specimens may serve to reduce fracture toughness. By isothermally heating the ABS
KIC specimens produced via the FFF method, the KIC value dramatically increased compared with
that without thermal annealing [42]. SLA is a more accurate 3D printing method compared with FFF
and can produce finely detailed objects and provide better performance. Li et al. [43] manufactured
stereolithography resin nanocomposites with modified polyhedral oligomeric silsesquioxane (m-POSS)
nanoparticles. The tensile and flexible strengths of 5 wt.% mPOSS nanocomposites were improved
by 36.2% and 40%, respectively, compared with neat resin, while the fracture toughness exhibited a
slightly reducing trend.

Optical microscopy images of successfully tested fracture toughness specimens are presented
in Figure 7a–d, showing the fracture surface as well as the lateral view of the fractured neat resin
and 0.5 wt.% graphene-reinforced nanocomposites. Clearly, with a 30◦ notch angle, clear crack
initiation and propagation can be observed (Figure 7a–d), with the crack propagating along the
perpendicular direction of the sample length. In contrast, the crack in 45◦ notch angle specimens
propagated with a clear deviation, resulting in the inaccurate calculation of actual crack length and
subsequently affecting the yielded KIC values (Figure S5). These observations are in good agreement
with the calculated KIC values discussed in the previous section. The fracture surface of successfully
tested specimens were further examined by SEM to investigate the toughening mechanism of the
graphene-reinforced nanocomposite with improved KIC values (Figure 7e–h). Figure 7e reveals that
the fracture surface of the neat resin was smooth and mirror-like. In contrast, after the introduction of
0.5 wt.% graphene, the fracture surface of the nanocomposite (Figure 7f) was much rougher than that
of the neat resin, indicating higher energy dissipation during crack propagation and resulting in high
fracture toughness [44]. Figure 7f shows a relatively homogeneous distribution of graphene sheets
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within the specimen, confirming the effectiveness of the initial dispersion and rapid curing process
of the DLP method. The insert line indicates the crack propagation direction (Figure 7f). Traces of
graphene sheets pulled out during the fracture can be observed in Figure 7h, which contributed to the
improved fracture toughness with increased surface areas.C 2019, 5, x 12 of 17 
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With increased fracture toughness value and, hence, a higher resistance to brittle failure without
sacrificing flexural strength, currently developed graphene-reinforced resin can be used for various
applications such as preparing porous bone structures and scaffolds via DLP. A jawbone with a square
architecture (the shape of the scaffold pores) was successfully fabricated (Figure 8a,b), demonstrating
the feasibility of current resin for net-shaped fabrication with complex structures. To further examine
the printability of graphene-reinforced resins, a 3D scaffold architecture was printed using DLP, as
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shown in Figure 8c,d. Several studies have focused on 3D-printed scaffold architectures, with varied
modulus values of materials ranging from a few MPa to GPa level [45–48]. For instance, the flexural
strength and modulus of a poly(D,L-lactide)-based scaffold were 94 MPa and 2.9 GPa, respectively [48].
The mechanical properties of the current PLA–PUA/TEGDMA material are within the same range as
previously reported values, with slightly higher values than some of those found in previous works.
With the aid of DLP, the bone structure and scaffold can be personalized and tailored for individual
clinic applications, which can provide great savings in terms of both cost and time for medical personnel
as well as patients [49,50]. The potential electrical and microwave absorbing properties of graphene
and other nanofillers also open new possibilities for 3D-printed polymer/graphene composites to be
implemented in other fields such as electromagnetic interference shielding [51].
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4. Conclusions

A solvent-free method to fabricate graphene-reinforced nanocomposites via DLP was successfully
developed without sacrificing the printability of modified resin. The resin viscosity and printability with
the addition of nanofillers were characterized and analyzed, while the thermomechanical properties of
current nanocomposites were also examined, confirming no obvious effect on the printability or the
photocuring process with the addition of graphene nanofillers. The rapid curing nature of the current
method enabled relatively homogeneous nanofiller dispersion without the obvious agglomerates
which may occur from the traditionally lengthy curing process of resins. As a result, the mechanical
properties of graphene-reinforced nanocomposites were substantially improved with only 0.5 wt.%,
showing a 14% increment in flexural modulus and a 28% improvement in fracture toughness.

To explore and utilize the capability of fabricating net-shaped specimens with DLP, the feasibility
of printing fracture toughness specimens with different notch tip angles without subsequent complex
sample preparation steps was examined, with specimens successfully tested based on the three-point
end notch bending method. With a 30◦ notch angle, early crack initiation with clean and straight crack
propagation was observed, indicating the effectiveness of using the current method to perform rapid
trials on new formulations with improved fracture toughness.

With the developed graphene-reinforced resins, 3D complex structures including a jawbone with a
square architecture as well as gyroid scaffold for bone tissue engineering applications were successfully
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fabricated via DLP, showing the great potential of current UV-curable nanocomposite resin systems for
various applications in fields such as bioengineering.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5629/5/2/25/s1,
Figure S1: Schematic of the KIC specimen, Figure S2: FTIR spectra of 0.5 wt.% graphene-reinforced nanocomposites,
Figure S3: Halpin-Tsai models with Mori–Tanaka modified shape factor of composite modulus ratio Ec/Em as a
function of filler aspect ratio together with experimental data of 0.03 Vol% graphene nanocomposites. Model
predictions assumed for platelet moduli of 780 GPa with a 2D planar or 3D random orientation, Figure S4: The KIC
value and optical images of failed fracture toughness test specimens for the neat resin with 30◦ sharp notch tips,
Figure S5: Optical microscopy images of fracture surface and fractured lateral view of graphene/resin composites
after a failed fracture toughness test (a,b) the neat resin specimens; (c,d) 0.5 wt.% nanocomposites specimens; SEM
images of the fracture surfaces of 0.5 wt.% nanocomposites specimens after a failed fracture toughness test (e)
magnification of the circled domain in (c) and (f) magnification of the circled domain in (e).
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