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3D printing technology has emerged as a production method in the past ten years and has attracted
great attention in the market. Among various printing systems, digital light processing (DLP) 3D printing
has extremely high planar resolution with a smooth sample surface, which is the best advantage of this
technology. However, this 3D printing technology currently has three major challenges that urgently
need to be improved: (1) the sample has dimensional shrinkage defects after secondary light curing; (2)
the mechanical properties of the printed product have a serious tendency to decrease after secondary
curing; and (3) the choice of printing materials used lacks diversification. The aforementioned defects
will seriously affect the yield of printed products in high-precision manufacturing. In this research, eco-
friendly carbon black has been added to the photosensitive resin of DLP to form composites. The
mechanical properties of the material, thermogravimetric analysis, material viscosity, surface morphology
and size shrinkage were investigated. In the tensile test, the area after the yield point is also significantly
prolonged, which indicates better toughness of the composite resins. Adding recycled carbon black to
the material can also enhance the heat resistance and thermal stability of the resin without increasing
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without severe size shrinkage after the post UV curing process, and also provided a new solution to the
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1. Introduction

Additive manufacturing (AM) technologies, which build 3
dimensional (3D) structures layer-by-layer, provide a cost-
effective alternative to create diverse objects in a short time."
Due to the advantages of 3D printing technology, that is a short
processing time and low cost, there have been increasing
discussions on 3D printing technology regarding the printing
cycle, resolution, and materials in the past decades.”> Whether
for individuals or companies, 3D printing technology provides
a convenient way to realize complex personalized products that
are difficult to fabricate using traditional manufacturing
methods.> With the advancement of 3D printing technology,
it has gradually changed from industrial production to popu-
larization in civil use.*” In addition, the polymers used in
3D printing have long evolved from expensive monolithic
materials to easy-to-produce components along with the rapid
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development of materials science and are not limited to a
single aspect (Fig. 1).

Among several AM processes, there are three primary printing
technologies. Fused filament fabrication (FFF) technology can
easily print large-scale objects, but the printing resolution of FFF
is the lowest among 3D printing due to the restriction of the tip
size.!* Selective laser sintering (SLS) technology allows the
printing of diverse materials with better resolution, such as
metals and metallic oxides.'> However, the long printing cycle
and expensive instruments of the SLS machine cause difficulties
in popularization among civilians.'®'” Vat photopolymerization,
which includes stereolithography (SLA) and digital light proces-
sing technology (DLP), is a popular printing technique due to its
excellent resolution. Compared to the FFF system, it provides
higher resolution and a stronger structure to the 3D model.
The main difference between SLA and DLP is the approach used to
cure the layers. With SLA, a laser is utilized, whereas with DLP, a
projector is employed.'® In addition, LCD (liquid crystal display)
technology, which is one of the DLP technologies and approaches
used to cure the layers via liquid crystal displays, is used in this
article.” Due to these advantages, DLP 3D printing has undergone
rapid development in recent years and has been widely used in
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Fig. 1 The resolution of the common 3D printing technique in recent decades.®~

dentistry technology,”® jewelry manufacturing,”** medicine,”

biological metamaterials,** and shape-shifting structures.>® How-
ever, there are some major drawbacks in the DLP technique that
need to be improved before proceeding to wider applications. The
first issue is the limited selection of DLP printing materials.>* DLP
printing materials lack a variety of mechanical properties, which
limits the range of subsequent processing.>” In addition, the post-
curing process is necessary to ensure complete curing of the resin
in SLA/DLP printed 3D models and preserve their geometric
integrity. Higher mechanical properties are also obtained due to
the solidification of excessive resin on the surface. However, the
issue of shrinkage during post-curing needs to be addressed.”®
The commercial 3D printed resins commonly used, such as
Phrozen ABS-like which was used in this study, are similar to
other commercial 3D printed resins in terms of shrinkage
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(approximal 0.4%) in length, width, and height directions during
secondary (post) UV curing;* the DLP 3D printing and post curing
process is shown in Fig. 2b and c. This shrinkage issue has a huge
impact on the industries that need to control sample dimensions
precisely. One of the best solutions to solve these two issues is to
develop a photosensitized resin with various properties. Therefore,
we turned our attention to synthesize composite resins.

Tires are a highly engineered and complex assemblage of
components that possess a wide range of properties.’®*!
Today’s tires have a very complicated engineering structure that
has evolved from a simple wheel into a modern pneumatic
tire.>*>*> The major component used to construct a tire comprises
rubber, and other components include carbon black, metals,
textiles, and a variety of additives.*® Tires constructed from these
dissimilar materials form a highly complex structure, so that tires
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can operate in a wide range of environments.** In the past, waste
tires became a serious problem that was difficult to handle in
terms of recycling due to their bulky volume and inconvenience.*®
In tropical and subtropical regions, excessive waste tires accumu-
lated and formed puddles after rain, leading to dengue fever and
other problems induced by the mosquito. In previous decades,
several methods for recycling and reusing tires appeared. Whole
waste tires are usually reused as buffering layers in playground
equipment, highway crash barriers, breakwaters, and floatation
devices. Some waste tires are shredded into crumbs and used as
an additive of composite materials in polymeric industries to form
products such as mats or special playground surfaces.*® Moreover,
researchers have developed decomposition methods to chemically
convert waste tires into high-performance carbon materials,
which endows them with new use value.*” For example, pyrolysis
is the process of decomposing the rubber component of shredded
tires in the presence of heat and the absence of oxidation.*® The
yield of pyrolysis contains the basic chemicals used to make a tire,
such as carbon black, sulfide, zinc, oils, and gas.

In this study, pyrolyzed carbon black (CB) from shredded
tires was surface-functionalized as different kinds of CB, as
shown in Fig. 2a. The diversity of their mechanical properties is
achieved by blending different functionalized CBs with photo-
sensitized ABS-like resin purchased from Phrozen Tech. Co, Ltd,
Taiwan. The well-dispersed composite photopolymer resin is
cured under a panel of light sources (405 nm), which is coordi-
nated by a lens array, as shown in Fig. 2b. The samples under-
went post-treatment for 1 hour to ensure complete curing and
for 2 hours to observe significant resin shrinkage® (Fig. 2c). A
series of material analysis was used to investigate the mechan-
ical properties, thermal stability, rheology, shrinkage and mor-
phology of the composite photopolymer resins (Fig. 2d). In this
study, the shrinkage issue was significantly reduced, and more
ductile material was achieved after 1 hour post-treatment by the
newly synthesized CB-assisted composite resin.

2. Materials and methods

2.1. The preparation for printing resin composites A, B and C

The carbon black (CB) used in this research originated from the
recycling of waste tires obtained from Enrestec Tech (Taiwan)
with a series of crushing and pyrolysis processes. A vacuum
pump is used to quickly extract the gas from the reactor. The
product is first converted to heavy oil or light oil through the
oil-gas condensing purge tank and the deaerator, while the gas
that has not been condensed can be sent to the combustion
tower. The heat generated by combustion can be used to
provide dry recovery of carbon black or the required thermal
energy of waste tire pyrolysis. To blend with polymeric resin,
the carbon black must be shredded into particles using mag-
netic separation, including the ball milling and the drying
process. Submicron-scale CB (50-200 nm) was then further
synthesized with different surface functionalized groups, such
as sulfurized CB, desulfurized CB and polyurethane-encapsulated
CB. The photosensitizing resin was purchased from Phrozen

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Tech. Co, Ltd, Taiwan. An opaque tank was used to pour
299.7 g of photosensitive resin, and 0.3 g of sulfurized, desulfur-
ized, and polyurethane-encapsulated carbon black were each
added to configure a composite resin solution containing
0.1 wt%. For easier description, the composite resins with sulfur-
ized CB, desulfurized CB and polyurethane-encapsulated CB as
additives were named after composites A, B and C, respectively.

2.1.1. Sulfurized CB (composite A). First, 2 g CB and
300 mL CH,Cl, were mixed in a 500 mL three-neck round-
bottom flask with an ultrasonic cleaner at a frequency of 40 Hz
for 30 min. Then, 0.3 M KMnO, and 1.55 M tetrabutyl ammonium
bromide (TBABr) were dissolved in deionized water mixed with
80 mL acetic acid and stirred (300 rpm) at ambient temperature for
24 hours. After that, the solid product was separated from the
mixture solution by centrifugation and filtration and washed
sufficiently with methanol and deionized water. This purification
process was repeated at least five times. Finally, the separated
product was dried in a vacuum oven at 100 °C for 24 hours.

2.1.2. Desulfurized CB (composite B). Different volumes of
H,0, and formic acid (1:1 by volume) were added to 100 mL of
crude oil. The ultrasonic probe was immersed in the center of the
beaker at approximately 3/4 of the depth of the oil sample, and the
action mode and intermittent time of 2 s action time were
selected. Subsequently, the oil sample was subjected to magnetic
stirring for 1 h after ultrasonic cleaning. A single-factor experi-
ment was conducted to use the control variable method. The
ultrasonic cleaner power was controlled to 80 W, the irradiation
time was set to 10 min, and the amount of oxidant was 10 mL. A
mixture of 20 mL of acetonitrile, 20 mL of methanol, and 20 mL of
water was added for extraction. The extracted mixture was slowly
transferred into a separator funnel and allowed to sit for 10 min
until the extracted mixture no longer increased.*®

2.1.3. Polyurethane-encapsulated CB (composite C).
Polyurethane-encapsulated CB is one of the derivatives based
on sulfurized CB (composite A). Three grams of primary-like
sized carbon black (PCB) nanoparticles and 300 mL of CH,Cl,
were put into a baffled double-layered flask, and the mixture was
dispersed using ultrasonication (80 W, Digital PRO*, PHROZEN
Tech. Co., Ltd) for 2 hours in the flask. After this, aq. 50 wt%
TBABr with a concentration of 1.86 M was dissolved in 50 mL of
deionized (DI) water. The diluted solution, 120 mL of acetic acid,
and 0.47 M KMnOj, dissolved in 50 mL of DI water were added to
the flask and stirred vigorously for 24 h. The CB nanoparticle-
based mixture was then washed, settled using centrifugation,
and redispersed in MeOH/DI water (volume ratio of 8:2). The
MeOH/DI water washing process was repeated a minimum of
five times. After vacuum freeze-drying, hydroxyl group-modified
PCB (CB-OH) nanoparticles were obtained.*!

2.2. The 3D printing process and sample posttreatment

The A.STL 3D model file of tensile and impact test specimens
was found elsewhere.””> CHITU BOX (3D slicing software) is
used to modify the 3D printing file. The thickness of every slice
layer is 0.05 mm. The impact test specimen slices 200 layers,
and the tensile test specimen slices 40 layers. The curing time
of every layer is 8 seconds. After completing the modification,
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the file will be uploaded into the 3D printer. The LCD 3D
printer is Phrozen Shuffle 2018 2K supplied by Phrozen Tech.
The composite resin solution was placed into the ultrasonic
cleaner and shaken for 30 minutes to evenly disperse the
carbon black. Then, the composite resin solution to be printed
was poured, and the poured resin only needed the 2/3 capacity
of the slot mold. An excessive amount of resin will cause
the solution to overflow the slot mold during printing and then
penetrate the 3D printer and damage the LCD panel. The
standard deviation in figures is based on 9 samples of each
recipe. Before post-curing, the architecture of the 3D-printed
samples is created using a patterned digital light processing
technique. The composite resin contains only 0.1 wt% CB
additives, ensuring that the viscosity—a critical factor for
successful 3D printing—remains largely unaffected. To assess
the effect of the filler during post-curing, we simplified the 3D
printer settings, resulting in a uniform slice thickness for
each layer of the samples. Generally, a post-curing duration
of approximately 1 hour is necessary to enhance mechanical
properties and solidify any residual resin on the sample sur-
face. The 2-hour post-curing duration was then chosen to
observe the shrinkage effect more clearly. After printing was
complete, the printed sample was cleaned with alcohol several
times and then placed in a post-curing lamp for secondary
curing. The post-curing lamp is purchased from Phrozen Tech.
The wavelength emitted by the UV lamp was 390-410 nm, and
the light intensity was 40 mW cm™ 2. After secondary curing,
physical properties such as tensile, impact, shrinkage, hard-
ness, and surface morphology were measured.

2.3. Material characterizations

2.3.1. Mechanical characterization. The mechanical proper-
ties were measured by a computer-based universal material testing
machine purchased from Chun Yen Testing Machines Co., Ltd,
Taiwan. The 3D printed specimen was measured through a uni-
versal testing machine to explore the material properties of the
composite printing resin. The specimen for the tensile test was
75 mm long, 12 mm wide and 2 mm thick. The specimen’s
printing direction was vertically aligned along the height axis.
The punctuation range for the tensile test was 20 cm with a tension
velocity of 50 mm min~ . The impact testing for the specimen was
55 mm in length, 10 mm in width and 10 mm in thickness with a
100 mm? sample testing area. The elevation degree of the pendu-
lum hammer was 90° with a weight of 30 kg. The specimen
hardness was tested by a shore-D durometer, which is specified
for the hardness analysis of rubber and plastics.

2.3.2. Thermogravimetric analysis (TGA). Samples were
heated from 25 °C to 600 °C at a ramp rate of 5 °C min™* in
aluminum pans using a TA-TGA (TA instruments, TGA-2950,
Waters, LLC, USA). Nitrogen was used as a purge gas with a flow
rate of 25 mL min . Data collection and analysis were per-
formed by TA Instruments Trios software, and the weight lost/
onset temperature was calculated.

2.3.3. Differential scanning calorimetry (DSC). Measure-
ments were performed by MDSC 2920 (TA Instruments, Waters,
LLC, USA) with a heating rate of 5 °C min ' in a nitrogen
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atmosphere. The weight of each sample was approximately 1.6 mg.
It was first quickly heated from 25 to 100 °C, and then the sample
was cooled to 25 °C at a cooling rate of 5 °C min .

2.3.4. Viscosity. An Anton Paar (Graz, Austria) MCR 302
rheometer with an H-ETD 400 electrical temperature device
was used for temperature-dependent viscosity measurement
between 30 °C and 105 °C. The analysis was performed with a
5 s ! shear rate at a heating rate of 3.6 °C min™ "

2.3.5. Shrinkage measurement. The shrinkage of the sam-
ples was assessed by anisotropic retraction®® (length, width,
thickness). The sample sizes were measured before and after
the UV posttreatment step for 1 and 2 hours using a digital
micrometer. The post-curing process is conducted within a
machine equipped with a 405 nm UV light source. The carrier
platform inside has the capability to rotate 360°, ensuring
uniform post-curing of the specimens. The shrinkage of
the sample was calculated with the following formula: S (%) =
[1 — (dagter uv curing/@before UV curing)] X 100%. The standard devia-
tion is based on 9 sample measurements of each composite
resin material. For each measurement, an averaged value was
calculated based on three repeated measurements.

2.3.6. Scanning electron microscope (SEM). SEM images
were obtained with an FEI Nova200 Nano scanning electron
microscope operated at 5 kV. The surface morphology of
the printed specimen was examined under low vacuum mode.
The imaging area is the cross-sectional region of the specimen
after the tensile test. The specimen was dried by nitrogen flow
before applying a thin Au coating layer for better conductivity.

3. Results and discussion

3.1. Mechanical properties

The material properties of the ABS-like resin with different
functionalized CB as additives are illustrated in Fig. 3 and listed
in Table 1. As shown in Fig. 3a, the ABS-like exhibits a sharp yield
point. On the other hand, the stress-strain curve for composite B
does not exhibit a sharp yield point. Composites A and C show a
wide range of extended areas between the upper and lower yield
points, which corresponds to an appreciable plastic strain at an
almost constant stress. In the sample cured for one and two
hours (red curves between Fig. 3a and b) after the yield point,
indicating that a higher strain rate can be obtained with lower
stress, this plateau area is more conducive for processing with
diverse industrial applications. While ABS-like resin containing
0.1 wt% desulfurized CB (composite B) has no obvious yield
point after curing for two hours (Fig. 3b), indicating that the
addition of carbon black containing sulfur is important.

The composite A resin performs the best in terms of impact
resistance after curing for one and two hours, which could be
attributed to the addition of 0.1% sulfurized carbon black
(Fig. 3c). The range of the standard deviation is reduced,
indicating that the impact resistance and stability of the compo-
site A resin are stronger. The resin can be applied in orthopedics,
dental molds, and other materials that require high strength.
Otherwise, the worst impact value and standard deviation are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Mechanical properties test. (a) Tensile test with 1 hour of UV curing, (b) tensile test with 2 hours of UV curing, (c) impact test with UV curing for 1
and 2 hours, and (d) hardness test with UV curing for 1 and 2 hours of ABS-like and composites A, B and C.

obtained by composite B and composite C. In summary, carbon
black decorated with sulfur (composite A) could achieve a better
impact value and material stability. In terms of hardness
(Fig. 3d), all resins show an increase in hardness after 2 hours
post-curing. Composite A shows similar mechanical properties
to the ABS-like resin. Both show a significant increase in hard-
ness after 2 hours of curing (Fig. 3d). Composite B and Compo-
site C achieve hardness comparable to that of the resin cured for
2 hours with only 1 hour of post-curing. In this way, the post-
curing time can be reduced to achieve a similar hardness value

to that after 2 hours curing. The reduced curing time could also
benefit reduced shrinkage due to post-curing. The detailed data
of each specimen after the tensile, impact and hardness tests are
shown in Table 1.

3.2. Thermal and rheology analysis of materials

The thermal analysis of the composite resins is shown in
Fig. 4a. The glass transition temperature of ABS-like resin is
~70 °C. From the TGA and DSC analysis, it is indicated that the
ABS-like resin without adding carbon black is easily degraded

Table 1 The mechanical properties of ABS-like resin with 0.1 wt% added composite material

Curing time ABS-like” Composite A (ABS + sulfurized CB)

Composite B (ABS + desulfurized CB) Composite C (ABS + functional CB)

Tensile test (stress-strain)®
UV 1 hour  414.6/8.15%
UV 2 hour 428.3/9.35%

369.2/10.60%
375.8/8.15%

Impact strength (mJ m?)

364.6/7.25%
448.2/8.75%

401.5/9.35%
397.5/8.65%

UV 1 hour 0.0855 £ 0.0093 0.0861 £ 0.00771 0.0659 + 0.0100 0.0790 £ 0.0143
UV 2 hour 0.0761 £ 0.0045 0.0914 £ 0.0010 0.0563 £ 0.0082 0.0713 £ 0.0082
Hardness (unit)

UV 1 hour 77.0 £ 1.6 77.8 £ 2.3 86.2 + 1.8 848 £ 0.6
UV 2 hour 85.4 £ 0.9 84.6 £ 2.0 86.4 £ 2.6 86.3 £ 0.4

% The regional ABS-like resin purchased from Phrozen Co. Ltd with the recipe consisting of photo-initiator, reactive diluent, crosslinker and
acrylonitrile-butadiene-styrene. ” The average value based on 15 specimen tests at the fracture point.

© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.,, 2025, 6,1889-1898 | 1893
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Table 2 The shrinkage of ABS-like and composites A, B and C after UV curing for 1 and 2 hours

Curing time ABS-like” Composite A (ABS + sulfurized CB) Composite B (ABS + desulfurized CB) Composite C (ABS + functional CB)

Length (%)

UV 1 hour 0.202 £+ 0.006 0.168 £ 0.008 0.099 + 0.007 0.261 £ 0.001
UV 2 hour 0.349 + 0.004 0.182 £ 0.003 0.158 + 0.008 0.349 + 0.001
Width (%)

UV 1 hour 0.352 = 0.002 0.260 £ 0.004 0.220 + 0.006 0.149 + 0.002
UV 2 hour 0.333 £ 0.001 0.112 £ 0.001 0.023 £ 0.0003 0.360 + 0.005
Height (%)

UV 1 hour 0.265 £+ 0.002 0.119 £ 0.007 0.241 + 0.005 0.320 + 0.007
UV 2 hour 0.253 = 0.002  0.220 £ 0.005 0.226 + 0.004 0.200 + 0.010
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Fig. 6 The surface morphology of the horizontal section of the ABS-like resin, composite A sample, composite B sample and composite C sample.
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Fig. 4b. The viscosity of the sample showed consistency after
adding carbon black, indicating that not only did the compo-
site materials not change the viscosity when heated to 105 °C
but also increased the thermal stability. This result shows that
adding carbon black could enhance mechanical properties
without obvious changes in the viscosity.

3.3. Shrinkage measurements

The shrinkage test with different composite materials is shown in
Fig. 5 and Table 2. To observe the shrinkage effect more clearly, 2-
hour post-curing was used to prolong the UV exposure duration.
Comparing the sample shrinkage in ABS-like and composite A
and B, it is proved that composite A and B significantly improve
the shrinkage after UV curing for 1 and 2 h. In Fig. 5a and b,
composite B demonstrated the best performance with the lowest
shrinkage ratio, which is due to the less flexibility of the desulfur-
ized carbon black. Nevertheless, significant differences in length
and width shrinkage are observed between 1 hour and 2 hours of
post-curing, suggesting that the carbon black particles may not be
evenly distributed within the composite resin. Except for compo-
site C, the carbon black additive acts as an obstacle during
crosslinking and the post-curing process. Therefore, composite
A and B exhibit better anti-shrinkage performance. In contrast,
composite C decorated with polyurethane-encapsulated does not
show better anti-shrinkage performance than other composites,
which indicates that the carbon black modified with this poly-
meric material offers large flexibility to resin. The larger flexibility
of composite C totally reflects the characteristic of the polyur-
ethane, which is well-known for its applications in flexible foams.
Therefore, the large molecular weight of polyurethane provides a
good strain effect during UV exposure. This shrinkage result is
consistent with the tensile test as shown in Fig. 3 and Table 1. The
comparison of the shrinkage ratio between ABS-like resin, com-
posite A and B is shown in Fig. 5d.

3.4. Surface morphology of the cross section after a tensile test

Fig. 6 shows the surface morphology of all resins with different
UV exposure durations. It could be observed that the carbon
black grains disperse uniformly in the ABS-like resin. It is noted
that the cross-section areas of composite B are flat. Compared
to other resins with several deep fracture lines at the cross-section
areas after tensile testing, composite B proved that the desulfur-
ized CB additive makes the resin more brittle at the fracture point.
The flat cross section of composite B during the tensile test is a
reverse proof of the excellent shrinkage performance obtained in
Fig. 5. Furthermore, the larger size of the additive and irregular
facture lines in composite C images proved that polyurethane-
encapsulated CB may provide better strain, which lead to a higher
shrinkage ratio. The morphology has no obvious difference
between samples with different treatment times.

4. Conclusions

The dimensional shrinkage issue, one of the most crucial pro-
blems in DLP 3D printing technology, has been solved by
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incorporating eco-friendly carbon black as additives. The results
demonstrated that adding carbon black can improve the tough-
ness of the specimen, and the extent area after the yield point also
rises significantly, which is beneficial to processing applications.
With the tensile test, it was observed that adding 0.1 wt%
sulfurized carbon black into the ABS-like resin shows the best
impact resistance. The composite B (desulfurized carbon black)
and composite C (polyurethane-encapsulated) demonstrated a sig-
nificant improvement in hardness. The thermal and rheological
analysis indicated that the addition of carbon black not only
improved the thermal stability, but also retained the viscosity of
the composite resin. The shrinkage issue could be alleviated with
the sulfurized and desulfurized carbon black as additives, which is
due to the compact structure with carbon black particles as
obstacles. This obstacle plays a role to stop resin shrinkage upon
exposure to UV light. Therefore, the new synthesized eco-friendly
composites not only provide a diverse mechanical property of the
resin, but also solve the shrinkage issue during the post-curing
process, which is a significantly breakthrough for the additive
manufacturing technology. In addition, using carbon black as an
additive in photo-sensitive resin offers a new way to solve the urgent
environmental issue caused by waste tires.
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