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Abstract
Utilizing the shear-thinning property of carbon-fiber modified resins, composite structures were fabricated by digital light 
processing (DLP) 3D printing. The rheological behaviors of the resins were studied with different loading ratios of carbon 
fibers. Curing kinetics of the resins were analyzed using Fourier transform infrared spectroscopy–attenuated total reflectance 
(FTIR-ATR). The effects of different carbon fiber loading ratios on the mechanical and thermal properties of the fabricated 
structures were investigated by tensile testing and thermal gravimetric analysis (TGA). It was found that the Young’s modulus 
and tensile strength first showed a monotonic increase with an increasing carbon-fiber loading ratio up to 7.5%. However, 
when the loading ratio was further increased to 10.0%, the mechanical strengths of the fabricated parts decreased. Specifi-
cally, with a 7.5% weight percentage of carbon fibers in the resin, an improvement factor of 536% in Young’s modulus and 
323% in ultimate tensile strength was obtained in the resultant 3D printed parts. Additionally, the weight loss analyzed by 
TGA suggested that incorporating carbon fibers in the UV curable resin can help enhance the thermal stability of the fab-
ricated parts. Models made of unmodified resin and carbon fiber-modified resin were tested for vulcanizing applications, 
in which the 3D printed models were embedded in rubber to form shape-complementary cavities under high temperature 
and high pressure. Casting pieces resulting from the models printed with carbon fiber–modified resin showed dramatically 
improved surface quality. The improvement in the casting performance was attributed to the enhancement in the thermal 
and mechanical properties caused by the addition of carbon fibers.
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1  Introduction

Advanced composites and hybrid materials have potential 
applications in many industrial sectors, spanning from aero-
space, automotive and energy to novel electronics, medical 
devices, and sensors [1]. By combining different compo-
nents, the resultant materials demonstrate superior elec-
trical [2], thermal [3], and mechanical [4] properties than 
their constituents. With the advent of 3D printing, complex 
structures can be directly manufactured without the need for 

conventional tooling, thus enabling substantial time and cost 
savings [5, 6]. Recently, there has been abundant research 
geared toward fabricating composites and hybrid materials 
using filament- [7, 8] and ink-based 3D printing techniques 
[9–12]. By incorporating different fillers in thermoplastic 
filaments or photocurable resins, 3D models can be fab-
ricated using fused deposition modeling (FDM) or digital 
light processing (DLP) printers, respectively. Because car-
bon fiber is a material with one of the highest strength-to-
weight ratios, it has been widely used as a filler to enhance 
material strength. Specifically, carbon fibers have been 
added to thermoplastic filaments used in FDM-based 3D 
printing [13]. More than 20.0% increases in Young’s modu-
lus and tensile strength have been demonstrated with the 
resultant 3D printed composite. It may appear straightfor-
ward that adding carbon fiber into the photocurable resin can 
lead to similar mechanical property improvement. Addition-
ally, compared to its FDM counterpart, the DLP 3D printing 
enables a much shorter fabrication time because each layer 
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of a 3D model is simultaneously cured, while FDM employs 
line-by-line raster scans. Furthermore, the spatial resolution 
of DLP printing is generally better than that of FDM (i.e., 
tens vs. hundreds of microns). However, DLP 3D printing of 
carbon composites has the following challenges: (1) it may 
be difficult for the carbon fibers to be well dispersed and 
remain suspended in the resin during the printing process 
[14]; (2) a high loading ratio of carbon fibers may be needed 
to achieve the desired property enhancements, but it may 
cause printing issues due to the high viscosity and low UV 
penetration depth of the resultant resin [15]; (3) desired 3D 
network of carbon fibers in the photopolymer matrix [16] 
may be difficult to form with common bottom-up DLP print-
ing methods, in which a layer of resin is squished between 
the printing platform and the resin container, thus compro-
mising the fiber alignment and strength enhancement along 
the printing direction; and (4) optimal fiber length [17] for 
mechanical property enhancement may be incompatible 
with DLP printing. It was previously found that there existed 
an optimal length [17] to achieve the mechanical strength 
enhancement by carbon fibers in FDM filaments. Fibers 
with such optimal lengths can provide mechanical strength 
enhancement but may be too long for good resolutions in 
the resultant parts when DLP 3D printing is used instead.

A top-down DLP printer was used to fabricate the test-
ing samples used in this study. Figure 1a illustrates the 
top-down printing process: a sample build platform was 
immersed in the resin by a predetermined depth/layer reso-
lution (i.e., 50 µm). The cross-sectional image of a model 
was projected onto the resin by a DLP projector. After a 
layer was cured, the projection pattern was switched to a 
blank screen, and the build stage was lowered into the resin. 

A settling time was used to ensure that the resin flowed from 
the neighboring area to cover the previously cured layer. The 
cross-sectional image for the next layer was subsequently 
projected onto the resin. Consequently, a complete 3D model 
could be printed after many iterations. Figure 1b shows the 
model used for fabricating the type V tensile testing sam-
ples according to ASTM D638-14 standard. Raft and sup-
ports were added to obtain improved build plate adhesion 
and easy model removal after printing. Such a model was 
constructed and sliced using Chitubox software to generate 
the projection patterns. All testing specimens were printed 
using 100 raft layers and a support height of 5 mm. The layer 
resolution was 0.05 mm and the bottom raft layer was cured 
for 20 s. Because the number of free radicals that can be 
generated is proportional to the cross-sectional areas of the 
patterns, smaller areas require longer curing times. There-
fore, the exposure times for the support and normal layers 
(i.e., the dog bone model) were 12 s and 3 s, respectively, 
for all the resins. A settling time of 4 s in the resin was used 
for all samples.

It should be noted that the top-down printer is different 
from its bottom-up counterparts. In commercial bottom-up 
DLP printers, the resin is flushed into the area between the 
build plate and the resin container, and is pressed against the 
vat during UV exposure. After a layer is printed, the cured 
portion is then peeled from the vat film and lifted above 
the resin level. Such frequent peeling actions can cause the 
printed model to detach from the build plate, particularly for 
viscous resin. Additionally, constant pressing against the vat 
film may also lead to fiber alignment along the plane direc-
tion, thus preventing the formation of 3D network structures 
to achieve the desired mechanical strength enhancement. 

Fig. 1   Illustration of the top-down DLP 3D printing process. Sche-
matic of the 3D printing process. The build plate was first brought to 
the home position so that it was flush with the resin surface. After the 
cross-sectional images of a 3D model were obtained using a slicing 
software, they were sequentially projected onto the resin surface using 
a DLP projector. A layer was fabricated after light exposure. The pro-
jection pattern was then switched to a blank screen and the build plate 

was then quickly lowered beneath the resin surface by a predetermined 
distance (e.g., 6 mm). A settling time was used to allow the resin to 
flow and cover the previously printed layer. The build plate was then 
quickly raised by another distance (i.e., 6  mm—desired layer thick-
ness). After another settling time, the pattern of the next layer is then 
projected onto the resin to start another exposure cycle. A complete 
model can be printed layer by layer after many iterations
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These problems, however, are eliminated by using the cur-
rent top-down DLP printer. It should also be emphasized 
that the current top-down DLP printer is better suited for 
3D printing with viscous resins. Because most resin materi-
als have shear-thinning characteristics, by quickly lowering/
raising the build plate with a speed of 250 mm/min, which is 
about 4 times faster than the conventional lifting speed, the 
generated shear force can reduce the resin viscosity to allow 
better surface recoating and self-leveling.

2 � Results and discussions

Figure 2a shows a picture of the resin with and without the 
carbon fiber. The carbon fibers were thoroughly mixed into 
the resin using the high shear mixer and remained suspended 
several hours after mixing. Because the settling time for the 
carbon fibers in the resin was much longer than the printing 
time, no agitation was used during the printing process. The 
viscosity as a function of the shear rate is shown in Fig. 2b. 
All the resin samples showed shear thinning characteristics: 
the measured viscosity decreased with an increasing shear 
rate. Such a shear-thinning property can be utilized by the 
aforementioned top-down DLP printing process: by quickly 
lowering and raising the build platform, the resultant shear 
stress can temporarily reduce the resin viscosity to allow 
good layer re-coating. It should be noted that the starting 

material (i.e., the pure resin) showed relatively low viscosity 
(i.e., ~ 100 mPa·s at a shear rate of 10 s−1). The viscosity of 
the resin increased sharply with an increasing loading ratio 
of the carbon fibers, and it reached high values when the 
mixed carbon fibers were above 10.0% (i.e., 2.8 and 4.5 Pa·s 
at a shear rate of 10 s−1 for resins containing 10.0% and 
15.0% carbon fibers, respectively). Figure 2c shows repre-
sentative pictures of the dog bone testing samples printed 
using the original and carbon fiber modified resin. Mod-
els were successfully printed using resin containing up to 
a weight percentage of 10.0% carbon fibers. Attempts were 
made to print models using resin containing 15.0% carbon 
fiber, but they were unsuccessful even with extended layer 
exposure time (e.g., 20 s). More carbon fibers in the resin 
can lead to decreased effective photo-initiator concentra-
tion, higher viscosity, and lower UV light penetration depth. 
Consequently, it is difficult for the resin containing more 
than 10.0% carbon fibers to flow, evenly cover previously 
printed layers, and become fully cured even with extended 
curing time. Instead of a solid and uniformly cured part, a 
sponge-like structure consisting of uncured resin sandwiched 
between cured thin layers was observed. Previously, it was 
found that the resin viscosity should not exceed 3 Pa·s to be 
compatible with commercial DLP printers and to achieve 
a good layer recoating and self-leveling [18]. The current 
results appeared to be in good agreement with those require-
ments. Nevertheless, parts printed using resin containing up 

Fig. 2   Digital photos and meas-
ured viscosity of the resins used 
for printing, and printed sam-
ples. a Picture of the original 
and carbon fiber-modified resin. 
b Viscosity as a function of the 
shear rate measured from resin 
samples containing different 
weight percentages of carbon 
fibers. c Picture of the type V 
dog bone testing samples. d 
Picture of the printed human 
head sculptures
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to 10.0% carbon fibers showed very good printing quality. 
Figure 2d shows sample 3D prints using the original and 
10.0 wt% carbon fiber modified resin. All features of the 
original 3D model were successfully transferred to the 3D 
prints and their qualities are similar.

FTIR spectra of samples printed with resin containing 
carbon fibers suggest that they are composites in nature. 

Unlike hybrid materials where new spectral features are 
often introduced by fillers, the resultant composites showed 
virtually the same absorptive bands as the sample printed 
with pure resin. As shown in Fig. 3, all samples showed 
absorptive features that are representative of acrylate 
polymers [19]. Specifically, the bands at 1735 cm–1 and 
1162 cm–1 correspond to C = O stretching vibration and C–O 
stretching of the ester group, while those at 2926 cm–1 and 
2856 cm–1 are assigned to stretching vibration of –CH3 and 
–CH2, respectively.

Figure  4a shows the stress–strain curves of the dog 
bone testing samples printed with resin containing differ-
ent weight percentages of carbon fibers. The curves for all 
samples showed brittle characteristics: no strain hardening 
was observed, and the parts fractured instantaneously at 
the ultimate tensile strength. Samples printed using carbon 
fiber-modified resins showed significantly higher Young’s 
moduli and ultimate tensile strength as shown in Fig. 4b, c. 
Specifically, the Young’s moduli are 0.20 GPa, 0.61 GPa, 
1.25 GPa, and 1.18 GPa and tensile strengths are 16.25 MPa, 
34.61 MPa, 61.97 MPa, and 57.18 MPa for samples printed 
using resins containing 0%, 5.0%, 7.5%, and 10.0% carbon 
fibers, respectively. Samples printed using resin containing 

Fig. 3   FTIR spectra measured from printed samples and carbon fib-
ers. a Sample printed with pure resin. b Sample printed from resin 
containing 5.0% carbon fiber. c Sample printed from resin containing 
7.5% carbon fiber. d Sample printed from resin containing 10.0% car-
bon fiber. e Pure carbon fibers

Fig. 4   Mechanical testing 
results of the 3D-printed dog 
bone samples using resins 
containing 0%, 5.0%, 7.5%, 
and 10.0% carbon fibers. a 
Results of stress–strain curves. 
b Results of Young’s modulus. 
c Results of ultimate tensile 
strength. d Results of fracture 
strain
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7.5% carbon fibers demonstrated the highest Young’s modu-
lus (1.25 GPa) and ultimate tensile strength (61.97 MPa). 
Compared to the samples fabricated using unmodified resin, 
improvement factors of 536% and 323% were obtained, 
respectively. It should be noted that Young’s modulus and 
ultimate tensile strength did not increase with an increas-
ing percentage of carbon fiber in the resin. Instead, these 
mechanical properties peaked at 7.5% and then decreased 
with more carbon fibers in the resin. The decreases in 
mechanical properties at a higher carbon fiber loading 
ratio were attributed to the insufficiently cured interfaces. 
With increasing carbon fibers in the resin, both the effec-
tive photoinitiator concentration and light penetration depth 
decreased, leading to poor interface adhesion even with 
increased layer exposure time. The fracture strain, however, 
showed a monotonic decrease with an increasing weight per-
centage of carbon fiber in the resin. Figure 4d shows that the 
averaged fracture strains are 0.180, 0.125, 0.118, and 0.102 
for samples printed using 0%, 5.0%, 7.5%, and 10.0% carbon 
fiber modified resins, respectively.

Figure 5a shows the TGA curves for the samples printed 
using resin containing different amounts of carbon fibers. 
All the samples showed rapid weight losses at temperatures 
in the range of 300 to 500 °C, which corresponded to poly-
mer decomposition into gaseous monomers and mixtures 
of low molecular weight alcohols [20]. Across the entire 
temperature range, the order of weight loss alternated: in 
the low- to intermediate-temperature range (i.e., < 300 °C), 
samples printed with pure resin and 5.0 wt% carbon fibers 
showed the lowest weight loss, while those printed with 7.5 
wt% and 10.0 wt% carbon fibers had the highest weight loss. 
Such a trend changed in the temperature range from 300 
to 375 °C, at which samples printed with resin containing 
10.0 wt% carbon fibers showed the lowest weight loss, while 
those fabricated with pure resin showed highest weight loss. 
At the temperature above 600 °C, all the polymer matrices 

were completely decomposed such that only the carbon fib-
ers remained. The retained weight percentages agreed well 
with the loading ratios of carbon fibers in the resin of those 
samples. Figure 5b shows the weight percentage at low to 
intermediate temperatures. The thermal decompositions 
in acrylic polymers are rather complex processes. While 
depolymerization reactions are the major decomposition 
mechanism at high temperatures, the chain scission reac-
tions are generally responsible in the low- to intermediate-
temperature range [21]. The incorporation of carbon fib-
ers in the acrylic polymer matrix may affect both reaction 
mechanisms, thus leading to different thermal decomposi-
tion behaviors. Additionally, carbon fibers in the polymer 
matrix may affect the extent of carbonaceous char formation, 
which could provide resistance to heat transfer to the unre-
acted polymer and reduce the flux of fuel to the vapor phase 
in a fire [22]. Furthermore, the dispersion quality differ-
ences among resins containing different carbon fibers may 
also play an important role in the thermal decomposition 
behaviors of the resultant polymer composites. Nevertheless, 
it appears beneficial to add an optimum amount of carbon 
fibers in the resin to achieve parts with enhanced thermal 
stability, although such an optimum amount may differ for 
applications in different temperature ranges.

Figure 6a summarizes the absorptive features of pure 
resin when it was subjected to UV illumination for differ-
ent durations. Major absorption peaks were observed in 
the following ranges: 1400–1420 cm−1, 1600–1650 cm−1, 
and 1700–1750 cm−1 and they corresponded to the C = C 
twisting, stretching, and C = O stretching in the acrylate 
monomers, respectively [23–25]. The former two features 
decreased with an increasing UV exposure time, while the 
latter feature remained virtually unchanged. Previously, the 
areas under such absorptive features have been utilized to 
calculate the degree of conversion in acrylate ester mono-
mer-based ceramic suspension and good agreements have 

Fig. 5   TGA results of the 
samples printed with resin 
containing 0%, 5.0%, 7.5%, and 
10.0% carbon fibers. a TGA 
results within the full tem-
perature (25 to 700 °C). b TGA 
results within the intermediate 
temperature range from 200 to 
375 °C
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been achieved between the results obtained using FTIR and 
photo-DSC [26]. Similarly, such an approach is adopted 
here and the degree of conversion in resins containing dif-
ferent carbon fibers was extracted and the results are sum-
marized in Fig. 6b. A relatively high degree of conversion 
(i.e., > 90%) was observed in the pure resin and the one con-
taining 5% carbon fibers. For the resin containing a higher 
weight percentage of carbon fibers, however, the degree 
of conversion was significantly lower (i.e., ~ 60%) even at 
extended UV exposure time of 30 s. Resin containing 7.5% 
and 10.0% carbon fiber showed similar curing behavior. The 
curing kinetics in the free-radical polymerization system is 
rather complex: the curing processes involve photodecom-
position, photoinitiation, propagation, and chain transfer 
reactions and termination [27]. A larger carbon fiber load-
ing ratio leads to decreased photoinitiator content and UV 
penetration depth but increased viscosity, thus affecting the 
photodecomposition, photoinitiation, and propagation steps. 
Additionally, the incorporation of carbon fibers may also 
affect the chain length and flexibility of the macro-radicals 
involved in the termination reaction [28]. Although the UV 
power intensity used for the real-time FTIR measurements 
may be different from that of the 3D DLP printer and the 
light source used in the printer has much broader emission 
wavelengths, these results suggest that the incorporation 
of carbon fibers indeed changed the curing kinetics in the 
acrylate-based monomers. The differences in the degree of 
curing may lead to different thermal and mechanical proper-
ties of the resultant 3D printed parts.

Figure 7a–d shows representative SEM images for sam-
ples printed with resin containing 0%, 5.0%, 7.5%, and 
10.0% carbon fibers, respectively. The morphology for all 
samples showed very good 3D printing quality. The cured 
photopolymers are dense and uniform; virtually no voids 
caused by trapped air bubbles were present. Additionally, the 
carbon fibers were evenly distributed in the photopolymer 

matrix and no conglomerations were observed. Furthermore, 
the orientation of the carbon fibers in the samples appeared 
to be omnidirectional instead of being aligned parallel to 
the printing plane, avoiding the aforementioned drawback 
of the bottom-up type of 3D printers. Using the top-down 
DLP printers, the carbon fibers can be incorporated into the 
photopolymer matrix in different directions, thus resulting 
in a three-dimensional interconnected network. It should 
be emphasized that the morphology of the samples printed 
using the DLP resin printers was drastically better than those 
fabricated using the filament-based printers. In Ref. [13], the 
carbon fibers were generally surrounded by voids in the ther-
moplastic matrix. Although the mechanical properties were 
improved by adding carbon fibers in the printing filament, 
an improvement factor of only ~ 20.0% was obtained. With 
the current top-down DLP printers, however, much higher 
improvement factors of 536% and 323% for the Young’s 
modulus and ultimate tensile strength were obtained. The 
significantly improved mechanical properties were attrib-
uted to the better morphology and 3D network formed by 
the carbon fibers.

Fig. 6   Curing kinetics of the resin measured using FTIR-ATR setup. 
a Absorption spectra of the pure resin under UV illumination for dif-
ferent durations ranging from 0 to 30 s. b calculated degree of con-
version for resins containing different concentrations of carbon fibers 
based on the absorptive features

Fig. 7   Representative SEM images of the fractured surface for sam-
ples. a SEM images of the printed sample containing 0% carbon fib-
ers. b 5.0 wt% carbon fibers, c 7.5 wt% carbon fibers, and d 10.0 wt% 
carbon fibers
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Figure 8a shows the rubber mold resulted from the vul-
canizing process. Compared to the mold cavities formed by 
3D printed parts using pure resin, those resulting from parts 
printed with 5.0% carbon fibers showed consistently bet-
ter quality. The surfaces were smoother, and no cracks or 
striations were observed. The mold surfaces resulted from 
pure resin, however, showed relatively dull surfaces and 
striations. The mold quality differences were attributed to 
different thermomechanical properties of the 3D printed 
parts. Because the parts fabricated with pure resin had lower 
mechanical strength and worse temperature stability, they 
tend to deform and crack during the vulcanization process, 
leading to the formation of striation and voids in certain 
areas. Parts printed with resin containing 5.0% carbon fib-
ers can better stand the high-temperature and high-pressure 
environment during the vulcanizing processes. Figure 8b 
shows representative casting results. Striations and voids 
were observed in the piece casted from the mold result-
ing from pure resin. Such defects were absent from the pin 
casted using the mold fabricated with 5.0% carbon fiber. 
These results qualitatively corroborated that adding carbon 
fibers to the resin can help improve the mechanical and ther-
mal properties of the 3D printed parts.

3 � Conclusions

In conclusion, carbon fibers were added to acrylate-based 
UV curable resin and parts were successfully printed with a 
top-down DLP printer. High-quality 3D printed composite 
parts with good morphology were obtained with a carbon 
fiber loading ratio up to 10.0%. Mechanical tensile testing 
and TGA results have shown that both mechanical strengths 
and thermal stability of the 3D printed parts can be improved 
by adding carbon fibers into the photocurable resin. FTIR 
analysis showed that the incorporation of the carbon fibers 
changed the curing kinetics in the resultant photopolymer 
resin. Different degrees of conversion were observed and 
they were attributed to the effects of carbon fibers on the 

resin curing process involving radical generation, propaga-
tion, and chain transfer reactions and termination. Models 
printed using regular and carbon fiber–modified resin were 
subjected to vulcanizing and their performances were com-
pared. The carbon-fiber modified resin showed consistently 
better mold quality and casting results, which qualitatively 
validated the thermal–mechanical performance improve-
ment caused by the fibers. These results suggest that adding 
carbon fibers into photocurable resin is an effective method 
to enhance the properties of the resultant 3D printed parts. 
Such improved resin may enable resin-based DLP printing 
to be used in wider applications where high-temperature sta-
bility and good mechanical strength are critical. Although 
improved vulcanizing performances were demonstrated in 
this article, by no means the fiber-enhanced photocurable 
resin is limited to fabricating mold pieces for vulcaniza-
tion. Potential applications may include the fabrication of 
mechanical connectors, adaptors, microfluidic devices, and 
sensors used in high-temperature, high-pressure, and cor-
rosive environments.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s42114-​022-​00605-0.
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