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ABSTRACT

With the increasing demand for functional and high-performance materials in the manufacturing sector,
improving the mechanical properties of polymer composites produced using Stereolithography (SLA)
has gained importance. In this study, the mechanical performance of composite samples produced by
adding graphite at different ratios (0.3%, 0.5%, and 0.7%) to photopolymer resin was experimentally
investigated. The graphite addition ratio, layer thickness (0.05—0.1 mm), and light exposure time (4—6
s) were selected as variable parameters during the production process, and the experimental design was
analyzed using Response Surface Methodology (RSM). The findings showed that production parameters
have different effects on tensile and flexural strengths. Increasing the graphite content decreased tensile
strength by causing discontinuities in the matrix structure, while increasing matrix stiffness improved
flexural strength. Furthermore, reducing layer thickness and increasing curing time increased
polymerization efficiency, which positively affected mechanical performance in both test groups.
Optimization revealed that the ideal parameters for tensile strength were 0.3% graphite content, 0.05
mm layer thickness, and 6 s curing time, while a higher graphite content (0.7%) was found to be more
effective for flexural strength. This study demonstrates the critical importance of parameter optimization
based on the intended use (tensile or flexural priority) in SLA-based composite production.

Keywords: Stereolithography (SLA), Photopolymer Composite, Graphite, Additive Manufacturing

1. INTRODUCTION manufacturing technologies have been used not
Scientific and technological advances are only for prototyping but also for the
leading to radical transformations in many manufacture of functional parts, offering
sectors, particularly manufacturing, and are significant advantages such as the ability to
enabling the emergence of new production produce complex geometries without the need
approaches. Within the context of Industry 4.0, for molds, reducing material waste, and
technologies such as the internet of things, big shortening production times [3—6]. Unlike
data, cloud computing, cybersecurity, and traditional machining methods, additive
autonomous robots have become fundamental manufacturing is based on the principle of
components of modern production systems. adding material layer by layer only to the
Among these innovations, additive required areas. This  simplifies the
manufacturing is gaining increasing importance manufacturing process and significantly
due to the design freedom, rapid production, reduces design constraints. Methods such as
and low-cost advantages it offers [1]. SLA [7-8], FDM [9-10], SLS [11], and DLP
[12] offer different performance characteristics
3D printing technologies are an innovative depending on the material used and the final
method that allows digitally created models to product requirements. The photopolymer-based
be transformed into physical objects through a SLA method, in particular, stands out for its
layered structure [2]. Since the 1980s, additive high surface quality and precision [5,13].
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VAT photopolymerization methods are based
on the selective solidification of photosensitive
liquid resins and are widely used in the
production of high-resolution polymer parts.
Among these technologies, stereolithography
(SLA) stands out as one of the most advanced
methods for producing superior accuracy, high
surface quality, and complex geometries thanks
to its layer-by-layer photopolymerization of
resin using a scanning UV laser. These inherent
advantages of SLA make the technology
particularly desirable for applications requiring
high precision, such as medical device
manufacturing, automotive prototyping, and
aerospace components [5,14].

Digital Light Processing (DLP) technology,
which shares the same principle as SLA, uses a
projector light source instead of a laser to cure
the entire layer in one go, thus increasing
production speed. However, due to projector-
based imaging, it exhibits limited resolution
compared to SLA. However, DLP offers an
important  alternative  in  time-critical
applications thanks to its fast production
advantage [5,15-16].

Continuous Liquid Interface Fabrication
(CLIP), which aims to surpass the speed limits
of layered photopolymerization, offers a layer-
less production approach by continuously
moving the resin pool downward. Production
speeds approximately 100 times higher than
traditional SLA/DLP processes can be
achieved. This continuity in the process
significantly increases production efficiency
while maintaining high precision, creating the
potential for industrial-scale use [5,17].

While the industrial wuse of additive
manufacturing technologies is still limited,
successful applications are seen in many sectors
such as healthcare, aerospace, automotive,
defense, mold making, and education. In
Turkey, the widespread adoption of these
technologies in industry is of strategic
importance for the transition to high-technology
production and the training of a qualified
technical workforce [1].

In light of the articles examined, it is evident
that studies on photopolymer composites
exhibit significant differences in terms of the
reinforcement material type (nano vs.
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micro/macro) and the targeted improvement
mechanisms. The study by Shebeeb et al.
focuses on the incorporation of carbon-based
nanomaterials, such as graphene, into
photopolymer matrices; they emphasize that
while this approach results in superior
mechanical and electrical properties, it creates
serious challenges regarding curing depth due to
graphene's UV light absorption (shielding
effect) [18]. In contrast, the research by
Trembecka-Wojciga and Ortyl concentrates on
ceramic-filled photopolymers (ceramic
slurries), noting that the primary challenge is
managing resin viscosity under high solid
loading rather than light absorption, and
highlights the critical role of dispersants and
surfactants as a solution [19]. Providing an
application-oriented comparison, the study by
Cafino et al [20]. reveals that photopolymer
resins offer higher surface quality and detail
precision in surgical modeling compared to
thermoplastics like PETG (FDM), yet they may
present disadvantages regarding cost and
material brittleness. According to literature,
while graphene-based composites aim to
enhance the intrinsic functional properties
(conductivity, strength) of the material,
ceramic-filled systems utilize
photopolymerization as a shaping tool for the
production of final ceramic parts. Both methods
require a greater degree of chemical
compatibility (surface modification) and
process optimization (curing time, viscosity
control) compared to neat resins.

Research  has  shown that  additive
manufacturing technology offers an innovative
solution to modern manufacturing processes
thanks to its design flexibility, rapid production
capacity, and sustainable approach. In the study
discussed in this article, two different processes,
the preparatory phase and the application phase,
were considered as the effective factors. The
aim of the study was to optimize the
mechanical, electrical, and thermal properties of
the samples against variable parameters by
evaluating the produced sample samples and
different test processes. In the first phase of the
study, previous research in the literature was
reviewed and it was determined that the amount
of powdered graphite used in the graphite-added
resin preparation processes was insufficient to
create a homogeneous mixture, resulting in
undesirable conditions such as agglomeration.
Therefore, the amount of graphite used in the
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graphite-added resin preparation phase was
reduced from 3% to 0.3%, thus ensuring
homogeneity in the mixture. In SLA-type
additive manufacturing applications using
graphite-added resin in the application phase,
key parameters affecting the mechanical
properties of the samples were evaluated using
not only the graphite additive ratio but also the
light exposure time and layer thickness
parameters. The findings indicate that, in
addition to graphite addition, layer thickness
and light exposure time are also decisive factors
in determining the final properties of the
material. This demonstrates the need for
appropriate  optimizations in  production
processes to achieve the desired properties.

2. MATERIALS AND METHODS

Test samples were produced by mixing the
highly conductive oily graphite powder
SC80/44 into the Anycubic Standard Resin
(Clear) photopolymer resin. The samples were
prepared according to ASTM D638 [21] Type
I for tensile testing and ASTM D790 for flexural
testing. The part production process was carried
out using the Anycubic Photon Mono M5s Pro
3D printer. The mechanical properties of the
produced samples were examined for tensile
and flexural strength.

Anycubic Standard Resin (Clear), used in this
study, is a photopolymer resin composed of
acrylate-based oligomers and monomers that
polymerizes under UV  light wusing
photoinitiators. Offering high surface quality
and dimensional accuracy, this resin is a
suitable material for detailed prototypes and
engineering samples. Sample sets were
produced within the scope of the experimental
study by applying different exposure times,
layer thicknesses, internal fill rates, and support
structure types.

To determine mechanical performance, tensile
and three-point bending tests were conducted
using a 5-ton Shimadzu mechanical testing
machine. This machine's high measurement
precision, precise load-controlled testing
capabilities, and data collection infrastructure in
accordance with international standards enabled
accurate determination of the mechanical
properties of composite samples. The device's
stable load application capability and precise
elongation measurement systems in both tensile
and bending tests allowed for a clear
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understanding of the effects of additive ratios
and production parameters on material
behavior.

The materials and test equipment used in the
study were carefully selected to ensure the
accuracy and reproducibility of the
experimental process. The graphite additive
used in composite production is commercial-
grade SC80/44 graphite. This graphite has a
carbon content of 80% and a size of 44 microns.
It is classified as natural graphite. Its high
purity, fine grain size, and homogeneous
distribution ensure good dispersion within the
photopolymer resin. These properties offer the
potential to increase both mechanical strength
and improve the thermal and electrical behavior
of the polymer matrix within the composite
structure. Standard Resin (Clear), a transparent
photopolymer resin chosen as the matrix
material, is known for its low viscosity suitable
for the SLA process, its ability to produce high
surface quality, and its rapid curing properties
sensitive to UV light. This resin, when mixed
with the additive, maintained its fluidity and
curing stability, allowing for the stable
operation of the production process.

An Anycubic Photon Mono M5s Pro SLA 3D
printer was used to produce the samples. This
device, thanks to its high-resolution 10.1-inch
14K monochrome display, can produce parts
with high detail precision. It also ensures
uniform curing between layers with its
advanced light homogeneity technology [22].
Precise light control during the printing process
facilitated stable solidification of the graphite-
reinforced composite resin and allowed for
reliable investigation of the effects of different
layer thicknesses and light exposure times.

The methodology employed in this study was
systematically planned to encompass all stages
of the SLA-based composite sample fabrication
process. In the first stage, the sample geometries
to be wused in mechanical testing were
determined based on relevant standards and
modeled in a CAD program. The digital designs
were optimized for compatibility with the SLA
fabrication process and converted to a suitable
file format for transfer to the printer.

After the design phase, graphite-added
composite resin mixtures were prepared. In this
context, SC80/44 graphite powder was
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homogeneously mixed with the photopolymer
Standard Resin (Clear) at predetermined ratios.
A magnetic stirrer and controlled time methods
were used to maintain the viscosity of the
mixture suitable for SLA production. The
mixing process was meticulously managed to
prevent agglomeration or sedimentation within
the resin due to the additive. Therefore, based
on previous studies conducted with
photopolymer-based resins [23-24], weight
percentage (wt.%) ratios were used in the
prepared resin mixtures to ensure homogeneity.

Printing parameters such as light exposure time,
print layer thickness, and graphite ratio were
selected from previous studies to determine the
production process [18,25]. The experimental
set was determined using the response surface
method. In this analysis, the effect of a
parameter or interaction on the response is
evaluated according to the P
(significance/probability) value. At a 95%
confidence interval, i.e., when P < 0.05, the
parameter is considered to have a significant
effect on the response. However, the results
show that no single parameter is a sole
determinant. Instead, it appears that pairwise
interactions between parameters have a stronger
influence on the response. Parts were produced
using the obtained experimental parameter
combinations. Contour plots were drawn after
the experiments to understand the effects of the
parameters.

During the production phase, the prepared resin
mixture was transferred to the Anycubic Photon
Mono MS5s Pro printer, and operating
parameters were determined. Layer thickness
and light exposure time were selected as
variables due to the experimental design, and a
total of 30 samples were produced to investigate
the effects of these parameters. Samples were
prepared in two sets of 15, as shown in Table 1.
Each sample was prepared using the specified
layer thicknesses and curing times ranging from
4 to 6 seconds, ensuring light homogeneity and
printing stability throughout the production
process [25-26].
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Table 1. Experimental design matrix

Fxperimen MiXi-n & Tﬁii{(fes E;l)%lslltlr
y Ratio S e Time
. ¢ (mm) __ (sn)
1 0.5 0.1 6
2 0.5 0.1 4
3 0.5 0.075 5
4 0.3 0.05 5
5 0.3 0.075 4
6 0.5 0.075 5
7 0.7 0.075 4
8 0.5 0.05 6
9 0.7 0.075 6
10 0.7 0.05 5
11 0.5 0.05 4
12 0.3 0.075 6
13 0.5 0.075 5
14 0.7 0.1 5
15 0.3 0.1 5

After the samples were manufactured according
to ASTM D638 [21], preparation for
mechanical testing was carried out. The samples
were first cleaned with isopropyl alcohol and
then post-cured to stabilize their mechanical
properties. During the testing phase, the fixtures
and loading conditions required for the tensile
and three-point bending tests were set on a
Shimadzu 5-ton capacity mechanical testing
machine, and each sample was tested with speed
and load control parameters in accordance with
the relevant standard. Using this systematic
method, the effects of manufacturing
parameters on mechanical performance were
evaluated in a reliable and comparable manner.
In the tensile test, the response of the samples to
a force applied in the opposite direction at a
tensile speed of 5 mm/s is measured using arms
held at two points equidistant from the center of
the sample. Tensile tests were conducted at
room temperature. Images of the samples before
and after the tensile test are shown in Figure 1.
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Figure 1. Tensile test samples

Test specimens for the 3-point bending tests
were manufactured in accordance with ASTM
D790 [24] standards. The 3-point bending tests
were conducted at room temperature and a
speed of 5 mm/min. Bending tests were
performed using a Shimadzu device capable of
applying forces up to 5 tons.

In a three-point bending test, samples are
supported by simple supports at two points, and
a force is applied at the center of the sample
from a third point. As the applied force
increases, a deflection (D) occurs at the
sample's midpoint. Meanwhile, bending stress
occurs in the upper section of the cross-section,
and tensile stress occurs in the lower section.
The samples were placed in the testing machine
with a support span of 60 mm. A vertical force
was applied perpendicular to the center of the
sample. Bending strength and bending modulus
of elasticity were investigated in the three-point
bending test. The bending modulus of elasticity
indicates the flexibility of the material. If the
material is flexible, the modulus of elasticity
decreases. Figure 2 shows images from the
beginning and during the experiment on the
Shimadzu machine.
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Figure 2. Bending test figures

In three-point bending tests, fracture occurs
primarily in the lower fibers of the sample. This
is primarily due to the fact that the tensile
strength of materials is generally lower than
their flexural strength. Under these loading
conditions, the maximum bending stress occurs
at the midpoint on the lower surface of the
sample and is calculated using Equation 1.

3PL
7= 2bd? (1)

The quantities used in the equation are defined
as follows: ¢ (sigma) represents the bending
stress and its unit is N/mm?. P is the force
applied to the midpoint of the sample during the
test and is expressed in Newtons (N). L
indicates the distance between supports and
represents the opening of the sample between
two supports, in millimeters (mm). b represents
the width of the bending test sample, and d
represents the height of the sample section, both
in millimeters (mm). These quantities are used
to calculate the bending stress on the sample and
the resulting deformation behavior.

The flexural strength at fracture is obtained by
applying the maximum force borne by the
sample to the equation. If the material does not
fracture but undergoes plastic deformation, the
flexural yield stress is calculated using the force
P value corresponding to the yield zone.

The flexural strain occurring at the midpoint on
the lower surface of the sample is calculated
using Equation 2 using the maximum deflection
value D. This expression represents the
theoretical description of the strain distribution
that occurs depending on the geometry and
deflection behavior of the section under
bending.

6Dd
€=—7 2
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3. FINDINGS

In this study, two different mechanical test
results were analyzed: a tensile test and a 3-
point bending test. These analyses were
performed using Minitab software and
presented comparatively in contour plots.

3.1. Tensile Test Results

Tensile tests performed on graphite-added
samples using the SLA method revealed a
comprehensive evaluation of the effects of
production parameters (mixture ratio, layer
thickness, and light exposure time) on tensile
strength using both tables and contour plots.
Table 2 below presents the tensile strength test
results for samples produced using the SLA
method, along with the combinations of
graphite addition ratio, layer thickness, and light
exposure time.

Table 2. Experimental results

. & £ %
s £ E_E  Eg g
= 58 5E 5E ZE 4
4 £ T 2z FE £¢

- R S =

= = 2
105 0.1 6 23.6 1845
205 0.1 4 2329 211
305 0075 5 18.54 1938
4 03 0.05 5 3342 397
5 03 0075 4 15.52 15.68
6 05 0075 5 1337 249
7 07 0075 4 19.08 19.38
8 05 0.05 6 2695 2122
9 07 0075 6 193 1938
10 07 0.05 5 18.11 3045
11 05  0.05 4 18.43  32.29
12 03 0075 6 1887 25.84
13 05  0.075 5 25.12  27.68
14 07 0.1 5 2178 23.07
15 03 0.1 5 19.51 2214

When the experimental results presented in
Table 2 are examined, it is clearly seen that
increasing the graphite content causes a general
decrease in tensile strength. This is also strongly
confirmed in the contour plots. Graphene
agglomerations formed during part production
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accelerate fracture by creating weak areas,
while graphene-polymer interactions reduce the
flexibility of the material by restricting the
movement of the polymer chains. Examining
the contour plot in Figure 3, the significant
decrease in strength as the graphite content
increases indicates that graphite weakens the
load transfer mechanism within the resin matrix
and creates discontinuities between the polymer
chains [24,27-28]. Based on samples 4 and 15
in Table 2, it is observed that increasing layer
thickness, like increasing graphite content,
adversely affects tensile strength and reduces it.
Figure 3's contour plot illustrates the inverse
relationship between layer thickness and mixing
ratio and tensile strength.

0,096

0,088

o
=]
2
3

old Values
Light Exposure Time (s) 5

Layer Thickness (mm)
°
°
N

o
=3
2
f

05 06 0,7

Mixing Ratio (%)

Figure 3. Tensile strength test: contour plot of layer
thickness and mixing ratio

Literature indicates that increasing the curing
time in SLA-based additive manufacturing
processes results in more homogeneous
microstructures and reduces cracking [29].
Studies on  photopolymer-based  resins
containing graphite support the idea that these
materials, which can significantly absorb UV
light, can significantly affect the effect of light
exposure time on mechanical properties
[18,23]. However, as can be seen in Table 2,
when comparing samples 1 and 2, as well as
samples 5 and 12, increasing the light exposure
time significantly increased the tensile strength
at low graphite content. In other words, it was
observed that longer curing times completed the
polymerization and improved mechanical
performance. However, the same effect was
limited at higher content, i.e., samples 1 and 2.
This can be explained by the difficulty in light
penetration with increasing graphite density and
the weakening of homogeneous bonding in the
matrix. As can be seen in the contour plot of
mixing ratio versus light exposure time given in
Figure 4, higher tensile strengths can be
obtained by increasing the light exposure time
at low mixing ratios.
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Figure 4. Tensile strength: light exposure time and
mixing ratio contour plot

In the contour graph shown in Figure 5, layer
thickness and light exposure time can be
evaluated together. It can be seen from this
graph that polymerization depth and interlayer
bonding quality, which are critical in SLA
production processes, are the primary factors
determining tensile strength. With short light
exposure times, resins fail to fully cure and their
effects on mechanical strength are reduced,
while high light exposures do not produce any
significant ~ change  [23,24].  However,
considering the changes in layer thickness and
light transmittance, it is clear that these two
parameters need to be optimized relative to each
other. Because light can spread more effectively
and homogeneously in thin layers, it has been
observed that strength increases with longer
light exposure times. Conversely, as layer
thickness increases, the effectiveness of light
reaching the lower layers decreases. This leads
to both curing instability and a decrease in
interlayer bonding quality, reducing tensile
strength. This situation is more evident in
Figure 5. Tensile strength decreases to its lowest
levels in regions where high graphite content
meets high layer thickness. This dual effect can
be explained by the overlapping effects of both
insufficient polymerization due to layer
thickness and the negative impact of graphite
additives on structural integrity. Another point
to note is that, when increasing layer thickness,
tensile strength, which is expected to decrease
after a certain thickness, increases. However, it
was observed that the highest tensile strength
values were achieved at low layer thicknesses
and high light exposure times. Considering
these data, optimization studies were conducted
for three variables.
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Figure 5. Tensile strength: contour plot of light
exposure time and layer thickness

Upon examining the contour plot presented in
Figure 5, it is evident that mechanical strength
is strongly dependent on the interaction between
layer thickness and light exposure time. The
highest strength values (indicated by darker
regions) were achieved at the combination of
minimum layer thickness (0.05 mm) and
maximum light exposure time (6 s).

This behavior can be rationalized by
photopolymerization kinetics and the Beer-
Lambert law. As the layer thickness increases,
the penetration depth of UV light diminishes
due to the 'shielding effect' of the graphite
particles within the resin, leading to insufficient
polymerization at the bottom surfaces of the
layers. At low layer thicknesses (0.05 mm),
light energy is distributed more homogeneously
throughout the layer, ensuring full conversion
and enhancing interlayer bonding. Conversely,
at greater layer thicknesses (0.1 mm) combined
with low exposure times (4 s), the inability of
the resin to fully cure results in the formation of
'undercured regions,’ which introduce structural
weaknesses  and  significantly  reduce
mechanical strength.

In this study, optimal parameter levels were
determined by performing response surface
optimization. This optimization result is fully
consistent with the trends observed in the
contour plots. The combination of a low
graphite content of 0.3%, a low layer thickness
of 0.05 mm, and a medium-high light exposure
time of 6 seconds were found to be the
production conditions that maximized tensile
strength. This is consistent with both chemical
factors arising from the material-graphite resin
interaction and characteristic effects such as
layer polymerization behavior during the
production process.
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When all data obtained from the contour plots,
optimization analysis, and test table are
evaluated together, it is seen that the effects of
production parameters on tensile strength
hierarchically reinforce each other. The
parameter that most significantly affects tensile
strength is the graphite mixture ratio, followed
by layer thickness and light exposure time.
These findings demonstrate that production
parameters must be meticulously controlled to
optimize the processability and mechanical
performance of graphite-added polymer
composites in the SLA method. Considering the
interactions between the parameters, it is clearly
demonstrated that a low graphite ratio and thin-
layer production strategy, when supported by
sufficient light exposure time, yield the most
effective results in terms of tensile strength.

3.2. Bending Test Results

The results of the three-point bending tests are
presented in Table 2. An examination of the
table reveals that changes in the parameters
have a significant impact on flexural strength.
In particular, decreasing layer thickness and
increasing light exposure time significantly
increased flexural strength, allowing the
polymer to cure more homogeneously within
the matrix. However, at higher mixing ratios,
the graphite addition was observed to support
the bond strength between polymer chains and
increase strength.

The contour plot in Figure 6 shows the change
in flexural strength depending on the mix ratio
and light exposure time. An examination of the
plot reveals a significant improvement in
flexural strength with increasing light exposure
time, but this effect varies depending on the mix
ratio. While strength increases more limitedly at
lower mix ratios, strength reaches much higher
values as the mix ratio increases to 0.7%. This
demonstrates that the graphite additive has a
supportive effect on light-curing efficiency. The
dark green areas concentrated on the plot
indicate the optimum parameter range.

Figure 7 shows the change in flexural strength
with layer thickness and light exposure time in
the contour plot. The graph shows that
decreasing the layer thickness (0.05 mm and
below) significantly increases the flexural
strength. This is mainly because in thinner
layers, the bonding between successive layers is
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more homogeneous and the curing reaction is
more efficient. Furthermore, it is observed that
the strength reaches the highest levels when the
light exposure time approaches 6 seconds.
However, as the thickness approaches 0.1 mm,
the strength decreases rapidly. This effect is
clearly seen in the regions where blue tones
dominate the contour map. In regions where the
layer thickness approaches 0.1 mm (Figure 7,
upper right corner), the flexural strength
decreases to the level of 40 MPa. These results
support the idea that increasing the light
exposure time increases the strength by curing
the composite better, making it brittle.
However, in thicker layers, it reduces both
strength and flexibility due to the formation of
voids during printing [24,30-32].

Bending
Strength
(MPa)
m <
TRt
18 - 20
20 - 22
22— 24
W2- 2
m 2%

Hold Values
Layer Thickness (mm) 0,075

7‘

Light Exposure Time (s)

-

03 04 05 0,6 0,7
Mixing Ratio (%)
Figure 6. Flexural strength: light exposure time and
mixing ratio contour plot

The decisive impact of light exposure time on
mechanical performance is intrinsically linked
to the degree of conversion and cross-linking
density within the composite structure. While
UV irradiation can penetrate unobstructed to a
specific depth (penetration depth) in neat
photopolymer resins, the incorporation of
graphite particles into the matrix drastically
alters optical transmittance. Due to their opaque
nature and large surface areas, carbon-based
fillers exhibit a strong tendency to absorb and
scatter UV radiation, a phenomenon described
in the literature as the "shielding effect" [23-
24]. Graphite particles intercept photons
required for the activation of photoinitiators,
thereby hindering light penetration into deeper
resin layers and limiting the cure depth in
accordance with the Beer-Lambert law.
Consequently, under insufficient light
exposure, unpolymerized or partially cured
monomer regions remain surrounding the
graphite particles, which compromises the
structural integrity of the matrix and degrades
mechanical strength [23]. In this study, the
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improvement  observed in  mechanical
properties with the increase in exposure time
(from 4 to 6 s) can be attributed to compensating
for this optical shielding induced by graphite
and achieving a higher polymerization
conversion rate. Prolonged exposure times
ensured that sufficient energy reached the lower
layers despite the masking effect, thereby
enhancing interlayer covalent bonding.
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Figure 7. Flexural strength: light exposure time and
layer thickness contour plot

Upon examining the contour plot illustrating the
variation of flexural strength with layer
thickness and light exposure time (Figure 7), it
is evident that these two parameters have a
significant interaction effect on mechanical
performance. The highest strength values in the
plot are concentrated in the region where layer
thickness is reduced to the 0.05 mm level and
light exposure time approaches 6 seconds.

This phenomenon can be explained by the
critical balance between cure depth and layer
thickness during the photopolymerization
process. Increasing the layer thickness (to 0.1
mm) hinders the penetration of UV light within
the resin, and when combined with the light-
absorbing effect of graphite particles, leads to
the formation of undercured regions between
layers. Insufficient curing weakens interlayer
bonding, increasing the risk of delamination
under flexural loads and reducing strength.
Conversely, the combination of low layer
thickness and high exposure time enhances the
degree of conversion, promoting the formation
of a more homogeneous and rigid cross-linked
structure, thereby maximizing flexural strength.

The contour plot in Figure 8 illustrates the
effects of layer thickness and mix ratio on
flexural strength. This plot demonstrates that
the combination of low layer thickness and high
mix ratio provides the most advantageous
strength. As the mix ratio increases, the graphite
particles contribute to the load-carrying
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capacity and increase the rigidity of the matrix
structure. However, as layer thickness increases
to 0.075 mm or more, the effectiveness of this
contribution decreases. Therefore, it appears
that low layer thickness and high mix ratio
should be applied simultaneously for optimum
flexural strength.
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Figure 8. Flexural strength: test layer thickness and
mixing ratio contour graph

Optimum parameter levels (maximizing
flexural strength) were determined by
optimization using the response surface

method. Based on the optimization results, the
optimum values were determined as follows: a
mixing ratio of 0.07%, a layer thickness of 0.05
mm, and a light exposure time of 5 s.

With this parameter set, the flexural strength
reaches approximately 71.55 MPa, representing
the highest level of experimental results. An
examination of the factors reveals that the
contribution of each parameter to flexural
strength exhibits a non-linear trend. In
particular, even small changes in layer thickness
have significant effects on strength.

The most prominent finding of this study is the
dual effect of graphite addition on the
mechanical behavior of the composite structure,
where it significantly improves flexural strength
while weakening tensile strength. The reduction
in tensile strength is primarily attributed to
structural discontinuities within the polymer
matrix and weak interfacial interaction between
the graphite particles and the matrix; these
regions act as stress concentration points under
tensile loading, facilitating crack propagation
[28]. Conversely, the increase observed in
flexural tests is associated with the high elastic
modulus and stiffness of graphite. Under the
compressive stresses generated on the upper
cross-section of the specimen during bending,
the graphite fillers function as a stiffening
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phase, restricting plastic deformation and
enhancing the load-bearing capacity of the
matrix [27,31]. This result aligns with recent
studies reporting that carbon-based fillers can
enhance compressive and flexural moduli while
limiting tensile strength due to interfacial
challenges [24].

Following the tensile test, SEM images of
sample 10 are given in Figure 9. This sample
was produced with a mixing ratio of 0.7, a layer
thickness of 0.05, and a light exposure time of 5
seconds. The tensile strength of this sample was
found to be 18.11 MPa, and its flexural strength
was 71.55 MPa.

Figure 9. SEM images of sample number 10. A)
100x, B) 500x, C) 1000X
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Figure 9.A shows the image obtained at 100x
magnification, Figure 9.B at  500x
magnification, and Figure 9.C at 1000x
magnification. A stable distribution was
observed on the surface in the SEM images. A
distinct and layered peeling was observed in the
direction of flow, along the direction of the
tensile test. The effects of the deformation were
visualized as interlayer separation. No
agglomeration or other graphite accumulation
was observed on the part surface.

4. RESULTS

In this study, the effects of graphite addition
ratio (0.3% - 0.7%), layer thickness (0.05 - 0.1
mm), and light exposure time (4 - 6 s) on the
mechanical performance of photopolymer
composites produced by SLA-based additive
manufacturing method were investigated
experimentally and optimized using response
surface methodology (RSM). In the light of the
findings, the following basic conclusions were
reached:

e Due to the discontinuity and weak
interfacial bonding created by graphite
particles within the matrix, a decrease
in tensile strength was observed as the
additive content increased. However,
this decrease could be limited by
optimizing the production parameters.
Optimum conditions were determined
to be 0.3% graphite content, 0.05 mm
layer thickness, and 6 s curing time; a
maximum tensile strength of 33.42
MPa was achieved with this parameter
set. This value represents an
approximately 150%  performance
increase compared to the sample with
the lowest strength (13.37 MPa).

o Unlike the tensile test, graphite addition
positively affected flexural strength.
Thanks to the graphite particles' ability
to support matrix stiffness under load,
superior mechanical properties were
achieved at higher addition rates.
Optimization yielded a maximum
flexural strength of 71.55 MPa with a
0.7% graphite content, 0.05 mm layer
thickness, and a 5-sec curing time. This
result represents a 94% improvement
over the lowest flexural strength
combination (36.86 MPa).
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e For both test groups, reducing the layer
thickness (0.05 mm) and increasing the
curing time were the most critical
factors to improve the mechanical
performance by increasing the degree
of polymerization and the quality of
interlayer bonding.

e The study results highlight the need for
customized  production  strategies
tailored to the application area. A low
graphite content (0.3%) should be
preferred for parts requiring high
flexibility and tensile strength, while a
high graphite content (0.7%) yields
more effective results for body parts
where rigidity and bending resistance
are critical.

The study determined that the mechanical
performance of graphite-added photopolymer
composites is highly sensitive to production
parameters. The effect of graphite additive
varies depending on the loading type, with
lower additive concentrations being more
advantageous for tensile strength, while higher
additive concentrations yielded more favorable
results for flexural strength. Reducing layer
thickness and increasing light exposure time
were identified as common parameters that
improved mechanical performance in both
tensile and flexural tests. In conclusion, optimal
mechanical performance in the production of
graphite-added composite materials using the
SLA method is achieved by correctly selecting
the production parameters. The best results
obtained in the study demonstrate that different
strategies can be preferred depending on the
intended use of the material. To address the
matrix-reinforcement incompatibility, which is
the primary cause of the decrease in tensile
strength caused by graphite additive, future
studies are recommended to apply surface
modification to graphite particles using
silanization or similar methods and to conduct
research on increasing interfacial bond strength.

The obtained experimental data reveal that
graphite-reinforced SLA composites offer
'tunable' mechanical performance for industrial
applications. In particular, the high flexural
strength and increased matrix rigidity achieved
with 0.7% graphite addition enhance the
potential of these composites for manufacturing
structural components exposed to bending and
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compressive loads, such as brackets, electronic
circuit housings, or unmanned aerial vehicle
(UAV) fuselage parts. Conversely, processes
optimized with low additive ratios (0.3%)
present a more suitable solution for snap-fits
and precise functional prototypes where
material continuity and tensile strength are
critical. In this context, the study demonstrates
that by optimizing production parameters
according to the intended end-use, SLA
technology can evolve beyond being merely a
visual modeling tool to play an active role in the

manufacturing of load-bearing end-use
products.
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