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Abstract

This study delves into optimizing production parameters and 3D printing (3Dp)
conditions for alkaline-treated 10% hemp fiber-reinforced polycarbonate
(PC) composites. Initially, composite filaments were extruded at 250°C
(PCH250) and 230°C (PCH230) to assess the impact of varying melt mixing tem-
peratures on thermal behavior. Thermal characterization was conducted using
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).
DSC analysis indicated consistent glass transition temperatures (Tg) across pure
PC and the composites, while TGA revealed minimal thermal degradation in
PCH230 compared to pure PC. Subsequently, to ascertain the optimal 3D print-
ing temperature, specimens were printed at temperatures elevated by 10°C rela-
tive to their melt mixing temperatures (PCH250/260 and PCH230/240), followed
by mechanical evaluation via tensile testing. PCH230/240 exhibited superior
mechanical properties, demonstrating a 12% increase in tensile strength and a
29% increase in Young's modulus compared to pure PC. Additional testing at
230°C printing temperature (PCH230/230) demonstrated enhanced mechanical
strength over PCH250/260 but inferior performance relative to PCH230/240,
attributed to incomplete interlayer adhesion observed through SEM analysis.
Consequently, the optimal composite melt mixing temperature was determined
to be 230°C, with an accompanying 3D printing temperature of 240°C for opti-
mal mechanical performance.

Highlights

« 3D printable, 5% NaOH treated hemp fiber reinforced polycarbonate
composite.

« Printing composite with 3D printing device at different temperatures

« 230°C process temperature gives the best thermal properties.

» 240°C 3Dp temperature provides the best mechanical and morphological
properties.
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1 | INTRODUCTION

The global environmental crisis has been caused by pol-
lution of air, water, and soil, as well as global warming,
and recycling difficulties." Addressing this crisis requires
minimizing environmental damage by efficiently using
resources and reducing human-caused energy consump-
tion, CO, emissions, and carbon footprint. The construc-
tion industry plays a significant role in this issue and is
responsible for 36% of the world's energy consumption
and almost 45% of its resource consumption, largely due
to traditional raw materials resulting in CO, emissions of
around 40%.” These negative environmental impacts are
particularly critical from an architectural standpoint.

The modern understanding of architecture operates
on a flat model, which unfortunately leads to the pres-
ence of polluted air, smoke, and other hazardous chemi-
cal and environmental pollutants.1 However, to minimize
environmental damage, the concept of ecological, energy-
conscious, environmentally sensitive and sustainable
architecture has emerged. A key tenet of sustainable
architecture is the use of eco-friendly building materials
and ecological construction technologies." As Correia
(2011) asserts, true sustainability can only be achieved
when constructing with sustainable or recycled mate-
rials.®> Due to the growing demand for eco-friendly and
sustainable materials, as well as the high cost of synthetic
fibers, interdisciplinary experts are collaborating to
develop new natural content materials.*

The use of biocomposites in construction dates to the
1990s, with a focus on wood polymer composites (WPC).
The historical application of lignocellulose fiber (plant
fiber-based) biocomposites, however, predates this, with
their introduction into the automotive industry by Henry
Ford in the 1940s.> Among the various types of lignocel-
lulosic biocomposites, Natural fiber-reinforced polymer
composites (NFRPC) have gained attention for their
durability and contribution to reducing CO, emissions.®
A notable application of NFRPC within the building
industry is demonstrated by the pedestrian bridge con-
structed by the Eindhoven University of Technology,
which features a girder composed of hemp and flax fibers
coupled with a polylactic acid (PLA)-based foam core.”
The innovative application of biocomposites is exempli-
fied in various works, such as the Tailored Biocomposite
Mock-up (2019) utilizing flax fiber,” Dahy's (2021) load-
bearing structures employing PLA, TPE, and HDPE

reinforced with straw fibers,® Morales et al.'s (2017) archi-
tectural panel featuring PLA-reinforced bamboo fiber,’
and Tezara et al.'s (2021) use of NFRPCs formed with jute
fibers for non-structural indoor applications.'® Further
research by Dzalto et al. (2015) and Nambiyanna et al.
(2021) has expanded the application of biocomposites
containing flax, jute, and coir fibers for structural uses
and in minimizing crack formation in building slabs.'"'?
The approach of ‘Materials as a design tool’, advocated
by Dahy (2019), signifies a shift in architectural design
toward creating structures based on material properties
rather than fitting materials into predetermined
designs."® This approach has enabled the use of natural
fibers in complex structures, ushering in a new era of
applying biocomposites in architecture.

Achieving complex forms in NFRPCs through design
can be challenging using traditional production tech-
niques. However, additive manufacturing (AM) offers a
bottom-up approach that enables the creation of intricate
structures. AM technologies include spraying a binder
into a polymeric powder, using an ultraviolet laser to
harden a photosensitive polymer, melting a polymeric
powder with a laser (laser sintering), and fused deposi-
tion modeling (FDM)."* Powder- and liquid-based 3D
printers can cause surface elevations and distortions
when used with natural fibers of light density due to
buoyancy,'” while FDM provides a sustainable and versa-
tile solution that doesn't rely on lasers.'® With FDM,
complex prototypes and structures with good resolution
can be produced quickly and cost-effectively, using a
solvent-free method that involves melting and forming
the polymer filament."” CAD programs are used to design
3D objects for FDM printing, while printer parameters
(extruder geometry, processing, and structure) can be
adjusted using 3Dp programs on a computer. The use of
electric devices in the process makes it emission-free.'®"’
Compared to traditional manufacturing techniques, 3D
printing reduces production time by almost 70%, labor
costs by approximately 80%,?° raw material usage by 70%,
and waste materials by 60%.*' This highlights how
NFRPCs, and 3D printing technology can contribute to
sustainable architecture and design freedom.

While utilizing NFRPCs in FDM technology has its
benefits, some challenges arise during production and
application. One major concern is the potential degrada-
tion of natural fibers due to the production process's
required temperature. Most natural fibers begin to break
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down when exposed to conditions above 200°C for
extended periods.”* When considering the use of NFRPC
materials in 3D printing for architectural purposes, they
are exposed to high temperatures during both the prepa-
ration of the filament composite material and the print-
ing phase. The printing temperature plays a crucial role
in controlling viscosity and should be high enough to
allow for easy flow through the nozzle while not interfer-
ing with layer bonding.'® The mechanical properties of
3D printed objects are influenced by the material's char-
acteristics, layer bonding, and adjacent path propagation.
The bond quality between layers is heavily impacted by
production parameters such as temperature profile, and
poorly bonded layers can decrease mechanical proper-
ties.”> Mcllroy and Olmsted (2017) found that varying
printing speed, temperature, and the number of entangle-
ments had differing effects on polymer composite
properties.**

This research aims to enhance sustainable architec-
ture by studying the ideal application temperatures for
NFRPC's used in 3D printing with a focus on FDM. The
study highlights the preference for thermoplastics as
matrix materials due to their superior dehumidification
characteristics, which improve layer adhesion during the
3D printing process.>> >’ The investigation reviews exist-
ing literature on thermoplastic-based NFRPC filaments
developed for 3D printers, encompassing a variety of nat-
ural fibers such as rice straw,”®* jute,”*° gongura
roselle,®" coconut,** oil palm,** and royal palm fibers**
reinforced with Acrylonitrile Butadiene Styrene (ABS).
Similarly, Polylactic Acid (PLA) has been utilized along-
side jute,>> Henequen,® agave,’’ sugarcane bagasse,*®
bamboo,'® and hemp fibers.** Flax,** hemp,*' and hara-
keke** fibers have been used as reinforcements for poly-
propylene (PP). Poly-butylene succinate (PBS) has been
used by flax,”® hemp,* and coconut fiber,*> whereas
there are studies on expanded polystyrene foam (EPS)
and corn husk fibers.*® In this research, the focus is on
selecting thermoplastic materials compatible with 3D
printing technology and commercially available in fila-
ment form. These materials are ABS, Polycarbonate (PC),
and PLA.*” PC is of particular interest due to its amor-
phous nature, 3D printability, and wide industrial appli-
cations, especially in architecture and construction. This
research posits that despite the extensive industrial appli-
cations of PC, there is a notable gap in the literature on
its reinforcement with natural fibers for use in FDM
technology. This study aims to fill this gap by proposing a
sustainable material alternative that maintains the
mechanical properties of PC and is suitable for 3D print-
ing applications.

When it comes to NFRPC filaments, the strength of
the 3D printed product is dependent on the type of plant
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fiber used.*® Hemp and flax plants are renowned for pro-
viding greater stability, thanks to the bast fibers in their
structure, and have better strength than fruit fibers.*
Flax fibers, on the other hand, are mostly composed of
low-molecular-weight pectin and cannot participate in
charge transfer due to their rough structure, making
them a potential surface defect.’®" Thus, it was deemed
more appropriate to use hemp fiber to prevent surface
defects that may occur during 3D printing. Hemp fiber is
beneficial for sustainable architecture due to its faster
growth rate and higher CO, absorption capacity than any
other existing plant.” In our previous study, the chemi-
cal, thermal, mechanical, and morphological properties
of PC composites were investigated and reinforced with
different hemp fiber ratios. It was found that 10 wt%
hemp content is the optimal ratio for reinforcing the PC
matrix.” Therefore, in this paper, a fixed hemp fiber con-
tent of 10 wt% was used.

When using composites reinforced with natural
fibers, some challenges arise due to the hydrophilic
nature of these fibers. Some of these challenges include
weaknesses in the bond between the fibers and the
matrix, and moisture uptake. To overcome these issues,
various chemical treatments are performed on the sur-
face of the fibers, such as alkaline, and silane treat-
ments. These treatments help to strengthen the bond
between the fibers and the polymers, reduce moisture
uptake, and improve resistance to microbial degrada-
tion.>* Hemp fibers are known to be highly hydrophilic
and contain 4%-16% hemicellulose, 2%-5% lignin, and
0.8%-8% pectin, making the fibers coarse and
stiff.>>3">® However, according to research, the most
effective treatment for hemp fibers is the NaOH alka-
line treatment.’”>*° This treatment removes certain
compounds from the fibers and increases the hardness
of the fiber surface, resulting in a better bond with the
matrix material.”” Additionally, hemp fibers that have
undergone this treatment show improved thermal resis-
tance and surface hardness.’”®' The goal of this study
is to determine the best production and application
temperatures for a PC composite that is reinforced with
5% NaOH alkali-treated hemp fibers.

The effects of different temperatures on the
mechanical, thermal, and morphological properties of
the composite were investigated in this study. For
this purpose, thermal properties of the composites
were determined by using TGA and DSC analyses,
mechanical properties were determined by tensile
testing, and morphological properties were deter-
mined by SEM analysis. As a result, the findings of
this study tried to support sustainable architecture by
increasing the performance of composites reinforced
with natural fibers.
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2 | EXPERIMENTAL

2.1 | Materials

The Pure PC was used as the control sample while Lotte
Chemical provided the matrix material that is suitable for
general use. This material has a tensile strength of 63-
70 MPa, elastic modulus of 2400-2500 MPa, deformation
temperature of 130°C, vicat softening temperature of
150°C, and a fluidity index (MFI) of 10. The hemp fibers
were sourced from Hemp Traders of America in their
raw form, degummed, and with lignin not removed. The
sodium hydroxide (NaOH) used in the experiment was
obtained from Katki Dunyasi and has a purity of 99%.

2.2 | Methods

In this study studied different temperatures during the
production and 3Dp application phases of PC composite
filaments reinforced with alkaline treated 10 wt% hemp
fiber, and the samples with the most optimum thermal
and mechanical results were determined. The tempera-
tures studied for the melt mixing process are 250°C and
230°C, and the sample with the thermal degradation
resistance was determined by TGA and DSC analyses.
The samples were printed on an Anycubic I3 Mega
device with a printing temperature 10°C higher than
their melt mixing temperature. The 3Dp temperatures
are 260°C and 240°C.

2.3 | Composite preparation

The hemp fibers selected for use in the composite
within the scope of the study were cut into 6-mm
lengths and subjected to alkaline treatment with 5%
NaOH/pure water solution at 120°C to remove surface
roughness, improve thermal resistance, and form a bet-
ter interfacial bond with the PC matrix. The hemp
fibers were alkaline treated and then washed with tap
water until the pH was neutral and subjected to dehu-
midification at —0.6 bar pressure and 80°C for 24 h.
The exact drying process was applied to the PC gran-
ules. The dried fibers and PC granules were weighed at
a ratio of 10/90 Hemp/PC and fed in a laboratory-scale
co-rotating twin-screw mini extruder (Xplore 15 mL
Micro-compounder). The materials were fed into the
laboratory-scale twin screw extruder device with the
help of the feed hopper and mixed using the melt mix-
ing method. The mixing time was 4 min and hemp
fibers were added in the last 1 min. The device was
operated at two different temperatures, 250°C and

TABLE 1 Melt mixing process parameters of the composite
samples.
Extruder
PC  Hemp Temperature Mixing
Sample (%) Fiber (%) (°C) Time (min)
PCH250 90 10 250 4
PCH230 90 10 230 4

230°C to obtain composites (see Table 1). The compos-
ite material from the nozzle of the extruder device was
shaped in filament form with the help of a conveyor
belt to be suitable for use in the 3D printer. The sam-
ples were named PCH250 and PCH230. The flowchart
showing the production process of composite filaments
is in Figure 1.

First, the aim was to investigate the mechanical
properties when the 3Dp nozzle temperature was 10°C
higher than the extruder mixing temperature. Both
PCH250 and PCH230 samples were printed with a noz-
zle temperature 10°C higher than the extruder mixing
temperature, and the sample with the best mechanical
result was separated for use in the next test phase.
Then, the aim was to investigate the mechanical prop-
erties of the sample when the 3Dp nozzle temperature
was 10°C lower than the extruder mixing temperature.
However, because the PC polymer matrix material had
a yielding problem at a nozzle temperature lower than
230°C, the lowest nozzle temperature was set at 230°C.
The PCH230 sample with the best thermal and
mechanical properties was printed at a printer temper-
ature of 230°C and compared with the 240°C printed
sample. Thus, the optimum production and application
conditions for the PC matrix reinforced with 10 wt%
hemp fiber were determined. Based on the TGA
results, pure PC can remain intact up to approximately
430°C. The print temperature for the control sample of
pure PC was 260°C. The printed samples were named
PCH250/260, PCH230/240, and PCH230/230. The FDM
deposition angle is —45°/45° and 0°/90°. Figure 2
shows an illustration of the 3D printing stage of com-
posite filaments. The extruder temperature, print tem-
perature, and bed temperature values of the samples
are given in Table 2. The parameters except print tem-
perature are the same for all samples and are given in
Table 3.

2.4 | Characterization

This study applied thermogravimetric analyses (TGA)
tests to composite filament samples obtained by the melt
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mixing method at two different temperatures, pure PC fil-
ament and 5% NaOH-treated hemp fibers (T.Hemp
fibers). The data was verified by repeating the TGA
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analysis twice. The TGA analysis was performed using
the Mettler Toledo MTTA18110856 TGA 1 under a nitro-
gen atmosphere. The testing was conducted within a tem-
perature range of 25°C to 600°C, with a heating rate of
10°C/min and a 30 mL/min nitrogen flow. The samples,
weighing approximately 10 mg, were placed in a ceramic
pan within the device.

TABLE 2 Print and bed temperatures of the pure PC and
composite samples.

Extruder 3Dp printing 3Dp bed
temperature temperature temperature
Sample C) C) (§9))
PC 250 250 110
PCH250/260 250 260 110
PCH230/240 230 240 110
PCH230/230 230 230 110
TABLE 3 3D printing parameters of the composite samples.

3D printing parameters

First layer height (mm) 0.3
MELT MIXING Layer helght (mm) 0.1
| PROCESS .
. Layer width (mm) 0.4
1 Filling pattern Line
(\C()NVEY()I{ BELT Filling ratio (%) 100
1 Fill alignment (degree, angle) 45

/' COMPOSITE Shell thickness (mm) 1.0

L FILAMENTS Number of shells 2

Printing speed (mm/s) 35.0
FIGURE 1 Production process of composite filaments. el L0
ALKALI TREATED
HEMP FIBERS PC GRANULES
X
W
il MELT MIXING
c — COMPOSITE
- 7 CONVEYOR RELT FILAMENTS
3D PRINTER
FIGURE 2 Tllustration of the 3D

printing of composite filaments.
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Differential scanning calorimetry (DSC) analysis was
applied to composite filament samples obtained by melt
mixing at two different temperatures, pure PC filament
and 5% NaOH- treated hemp fibers (T.Hemp fibers). To
ensure the accuracy of the results, the DSC analysis was
repeated twice. A Mettler Toledo DSC machine with
nitrogen gas was used for the analysis. The analysis has a
two-stage method with a 10°C/min temperature increase
between 25 and 250°C. After heating the samples from
25°C to 250°C, cooled them down to 25°C and then
increased the temperature to 250°C. During the first heat-
ing stage, the thermal traces left by the twin-screw
extruder were eliminated, and the results of the second
heating stage were considered. By performing this analy-
sis, the T, values of the samples are determined.

The tensile strength and Young's modulus values
were examined in the tensile test. In architectural appli-
cations, it is crucial to consider the mechanical values of
tensile strength and Young's modulus. Within the scope
of the study, both tensile and Young's modulus tests were
applied to three bars of 75 x 12 x 2mm” from each com-
posite specimen and pure PC specimen. The tests were
conducted using an Instron Tensile Machine with 6 bar
pressure and the Instron Bluehill Universal program with
the ISO 527-5 A 10 mm/min method. Moreover, their
mechanical properties were determined.

The morphology of the produced composite samples
was determined using an electron microscope SEM,
Quanta FEG 450 device. The SEM analysis was per-
formed using the device in the secondary electron mode
under 15.00 kV current and 44.8 GPa pressure. The zoom
ratios of 100, 500, and 1000 were used to observe the sam-
ples. The samples analyzed in the SEM were obtained
from composite samples produced by the FDM technique
and subjected to tensile tests. The gold plating was
applied to the specimens for 90 seconds under a voltage
current of 10 mA to enable conductivity in the polymer-
containing insulating materials.

3 | RESULTS AND DISCUSSION

3.1 | Thermogravimetric analysis

The thermogravimetric analysis (TGA) and derivative
weight (DTG) curves of the composite samples are shown
in Figure 3, the heat-induced mass loss values are summa-
rized in Table 4, and the DTG values are summarized in
Table 5. Looking at the TGA graph, three peaks appear for
hemp fibers alkaline treated with 5% NaOH. The first
occurred at 94.20°C and is 5% weight loss. Looking at the
literature's TGA analysis of hemp fibers alkaline treated
with NaOH in the literature, Rachini (2009) determined

the peak value as 87°C for approximately 5% mass loss.>
Approximately 6%—8% weight loss is attributed to inherent
moisture in the fiber, and the results of the TGA analysis
performed in this study approximately coincide with the
results in the literature. The difference of about 7°C
between the studies in the literature is thought to be related
to the alkaline treatment rate applied in this study and the
drying conditions applied to the fibers, and it can be said
that the moisture content in the fibers is reduced to a lesser
extent. The first DTG peak occurs at approximately 60°C.
This DTG peak is like that reported in the literature and is
attributed to moisture loss.** At the second DTG peak, it is
seen that while there is 10% mass loss at 311°C, the loss is
50% at 358°C. With the second peak formed between these
temperatures, the fiber deteriorates rapidly. The second
peak is attributed to hemicellulose, lignin, and cellulose
degradation. Hemicellulose degrades at 300°C, lignin starts
at 300°C and degrades at 450°C, and cellulose starts at
275°C and degrades completely at approximately 550°C.%
Upon review the literature, it is observed that hemp fibers
subjected to alkali treatment exhibit a rapid onset of deteri-
oration commencing at 303°C. Notably, a significant
weight loss of 50% is observed at approximately 359°C.%* In
another study, it starts to deteriorate rapidly after 250°C
and completely deteriorates at 350-360°C.®* Consequently,
the TGA of NaOH-alkaline-treated hemp fibers observed in
this investigation aligns with findings documented in the
extant scholarly literature.

The TGA analysis of the pure PC sample shows that it
has a single degradation peak. After 478.37°C, where 10%
weight loss temperature of the PC sample occurred, there
was a rapid decrease and the degradation of the polymer
accelerated. Upon examining the specimens denoted as
PCH250 and PCH230, to which hemp fiber was incorpo-
rated, it is observed that there is a discernible reduction
in thermal strength relative to the specimen composed
solely of pure PC. The lower residue levels in samples
associated with PCH250 and PCH230 can be attributed to
the early combustion of fibers compared to PC. A com-
parison of pure PC and hemp fibers at 600°C indicates
that the residual amount of T. hemp fibers is 15.73%,
while pure PC has a residue amount of 26.52%. This pat-
tern is also observed in composite samples. In the litera-
ture, the composite obtained using PC and fruit fibers®*
and the pineapple leaf fiber-reinforced PC composite®
show similar results. The addition of natural fibers to PC,
a polymer that degrades at high temperatures, decrease
its thermal degradation temperature. A similar situation
is observed in PP and PES thermoplastics reinforced with
hemp fiber.*

The TGA analysis of the PCH250 and PCH230 sam-
ples showed that 10% weight loss occurred at 425.53°C in
the PCH250 sample and 431.40°C in the PCH230 sample.
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FIGURE 3 Thermogravimetric analysis (TGA) (A) and derivative weight (DTG) (B) thermograms of the composites.
TABLE 4 Heat-induced mass loss due to the TGA analysis of composite samples.
5% weight 10% weight 50% weight 600°C
Sample loss temp. (°C) loss temp. (°C) loss temp. (°C) residue (%)
T.Hemp fibers 94.20 311.01 358.84 15.73
PC 465.37 478.37 511.51 26.52
PCH250 373.10 425.53 466.21 22.73
PCH230 373.10 431.40 493.47 22.21
TABLE 5 DTG peaks of the composite samples. values. As a result, the melt mixing of hemp fibers used
to reinforce the PC matrix at 230°C does not significantly
PC PCH250 PCH230
reduce the thermal strength of pure PC.
Tmax (°C) 508.57 463.27 493.47

This indicates that the fibers processed at 230°C extruder
temperature are less damaged in the melt mixing stage
than those processed at 250°C and can maintain their
mass and a higher thermal degradation temperature is
obtained. Although the PCH230 sample seems to lose
weight at higher temperatures, the remaining mass at
600°C is almost the same. Whether the superior proper-
ties of the PCH230 sample compared to the PCH250 sam-
ple are similar in mechanical properties has been tested
by printing both samples at a printer temperature 10°C
higher than the extruder temperature. Afterward, the
sample with better mechanical properties will be com-
pared by printing at a printer temperature 10°C lower
than the extruder temperature. Since pure PC can remain
intact at high temperatures, the printer printing tempera-
ture was set at 250°C.

When the DTG peaks of pure PC and composites are
analyzed, PC and PCH230 samples give very close peak

3.2 | DSC analysis

DSC analysis was performed two stages, the first stage
erased the temperature traces from the extruder device,
and the T, value results obtained from the second stage
were considered. No significant differences in T, values
were detected between the pure PC, and composite fila-
ment samples. T, values of pure PC, PCH230, and
PCH250 were obtained as 148.44, 148.99, and 148.64°C,
respectively. In the literature, Stelea et al. (2022) did not
detect a significant decrease in the T, values of the com-
posite obtained by adding hemp fiber to the polyester
matrix. While the Ty value of pure polyester was 77.52°C,
it was 74.58°C when hemp fiber was added.®®> Baghaei
et al. (2014) reinforced a PLA matrix with hemp fibers.
At the same time the Ty value of pure PLA is 59.2°C, this
value is 59.4°C for PLA/Hemp composite.®® Karsli and
Aytac (2014) reinforced a PLA/PC blend with flax fiber.
The T, values obtained from DSC analysis were 58.2°C
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for the polymer blend and 58.5°C when adding flax
fiber.” The Tg values obtained by adding hemp fiber to
the PC matrix are like those reported in the literature.

3.3 | Mechanical characteristics

To determine the mechanical character, PCH250 and
PCH230 specimens were printed with an Anycubic 13
Mega 3D printer device at a temperature 10°C higher
than the extruder operating temperature. The PCH250
specimen was printed at a temperature of 260°C and was
labeled as PCH250/260, while the PCH230 specimen
was printed at a temperature of 240°C and was named
PCH230/240. Upon analysis, it was determined that the
PCH230/240 specimen with an extruder temperature of
230°C showed superior mechanical properties and was
separated to be printed at temperature 10°C lower than
the extruder temperature. However, it was observed that
printing at a temperature of 220°C resulted in blockages
and layer separation due to the melting of the PC matrix
at higher temperatures. As a result, the lowest printable
temperature for the PCH230 specimen was determined to
be 230°C and it was printed at this temperature and
labeled as PCH230/230. All composite samples well then
compared to a pure PC sample printed in the same
dimensions. Figure 4. displays the 3Dp printed specimens
before tensile test while Figure 5 shows the same speci-
mens after tensile test. It should be noted that slight vari-
ations in color were observed among the specimens,
which were attributed to differences in extruder and
printer temperatures.

The graphs illustrating the tensile strength and
Young's modulus of the samples depicted in Figure 6
provide data obtained from the respective tests. Upon
closer examination of the tensile strength values
obtained from the test, it was observed that the
PCH250/260 sample did not exhibit a significant increase
when compared to the pure PC sample. The sample with
the best tensile strength was PCH230/240. It was pro-
duced at 230°C extruder temperature and 240°C printing
temperature. The specimen denoted as PCH230/240
exhibited an enhancement in tensile strength by approxi-
mately 12% in comparison to the control specimen of
pure PC. Following closely, the specimen labeled
PCH230/230 demonstrated a notable improvement, with
tensile strength increasing by approximately 7% relative
to the pure PC specimen. It is thought that the
PCH230/240 sample has the best mechanical strength
because the damage was minimized by exposing the
fibers to less temperature in the extruder stage, while the
nozzle temperature used in the 3Dp stage allows the
layers to adhere to each other better. Interlayer adhesion

A)

(B)

©

(D)

FIGURE 4 3D printed composite samples before tensile test:
(A) pure PC; (B) PCH250/260; (C) PCH230/240; (D) PCH230/230.

(A) B) ©) (D)

FIGURE 5 3D printed composite samples after the tensile test:
(A) pure PC; (B) PCH250/260; (C) PCH230/240; (D) PCH230/230.

was examined in more detail using the images obtained
from SEM analysis. The increase in tensile strength
values because of the reinforcement of the PC matrix
with natural fibers is like the studies in the literature.
Threepopnatkul et al. (2009) observed a slight increase
in tensile strength when the PC matrix was reinforced
with PALF fibers.® Baghaei et al. (2014) achieved an
approximately 15% increase in the tensile strength of
PLA reinforced with hemp fiber. For the PP matrix rein-
forced with hemp fibers, a 9% increase was achieved
compared with the pure form of the matrix material.*®

A comparable observation can be noted in the context
of Young's modulus values, wherein the specimen
denoted as PCH230/240 exhibits a significantly elevated
modulus value. Threepopnatkul et al. (2009) observed
that when the PC matrix was reinforced with PALF
fibers, the Young's modulus value increased by 75%.°
The PCH230/240 sample showed an increase of 28% com-
pared with the pure PC sample. This increase in both the
tensile strength and Young's modulus values indicates
that a good interface bond has been established between
the hemp fibers and the PC matrix. While the tensile
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FIGURE 6 (A) Tensile strength of the composite samples; (B) Young's modulus of the composite samples.

FIGURE 7 100x SEM images. (A) Pure PC; (B) PCH250/260; (C) PCH230/240; (D) PCH230/230.

strain at maximum force value was 4.78% for the pure PC respectively. All composite samples observed a slight
sample, 4.91%, 6.41%, and 5.84% were obtained for increase in tensile strain at maximum force compared
PCH250/260, PCH230/240 and PCH230/230 samples, with pure PC.
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FIGURE 8

3.4 | SEM analysis

SEM images taken from the fractured surfaces of the ten-
sile test applied to pure PC, PCH250/260, PCH230/240,
and PCH230/230 composites formed by the 3Dp are
shown in Figures 7-9.

Upon examining the 100x scanning electron micro-
scope (SEM) images of the fracture surfaces following the
tensile testing of the 3D printed specimens, as depicted in
Figure 7, it is observed that porous structures are prevalent
on the surfaces of all samples. According to Zhou et al.
(2020), this porous structure is attributed to the production
stage using a 3Dp.°® Upon examining the specimen labeled
PCH230/230 in Figure 7D, the initial observation that
commands attention is the discernible interlayer spacing.
These voids are attributed to insufficient bonding and
stress concentration generated at pre-existing voids formed
during 3D printing.*® Upon examination of the composite
sample designated as PCH230/230, which was fabricated
using filament derived from an identical melt mixing pro-
cedure to that of the PCH230/240 sample depicted in

500x SEM images. (A) Pure PC; (B) PCH250/260; (C) PCH230/240; (D) PCH230/230.

Figure 7C, it becomes evident that a printing temperature
of 230°C for the composite sample is suboptimal. When
the same filament was printed at 240°C printing tempera-
ture, no gap was found between the layers, and a better
bond was established, and rigidity was achieved. The data
obtained from the tensile test supports this conclusion.

Upon examining the 500x SEM image of the
PCH250/260 composite sample as depicted in Figure 8B, it
is observable that the fibers exhibit a tendency to disen-
gage from the matrix, accompanied by surface deteriora-
tion in comparison to other samples. This phenomenon
suggests that hemp fibers commence deterioration when
subjected to elevated melt mixing temperatures. The obser-
vation that the sample exhibits a reduced void structure
can be attributed to the influence of elevated extrusion
temperatures, which are known to result in decreased void
fractions.®>”°

Upon examine Figure 9, it becomes evident that the
fibers exhibit reduced damage and exhibit enhanced inte-
gration with the PC matrix, attributable to the application
of a lower extrusion temperature. The gaps between the
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FIGURE 9

fiber and matrix material are larger in the PCH250/260
sample. In the PCH230/240 and PCH230/230 samples,
where the gap between the fiber and the matrix is less, this
is supported by the tensile test results that the fibers
increase the mechanical properties by acting as a bridge.
Higher nozzle temperatures lead to smaller partial neck
growth voids.®”””" The SEM images show that the voids in
the PCH230/240 sample, produced at a higher printer tem-
perature than the PCH230/230 sample, are more homoge-
neous and have softer lines. In addition, the breaking
moment of the PCH230/240 composite sample is sharper,
softer, and tends to elongate. As a result, for PC composite
reinforced with hemp fiber, the fibers must remain intact
during the melt mixing stage. Simultaneously, filament
production must be carried out at a temperature where
the polymer melts ensuring good mixing. In the 3Dp stage,
a sufficiently high nozzle temperature must ensure inter-
layer adhesion. As a result, it was determined that the melt
mixing temperature, which is low enough not to burn the
fibers, is 230°C, and the optimum 3Dp temperature, which
is high enough to stick and reduce gaps between layers, is

1000x SEM images. (A) Pure PC; (B) PCH250/260; (C) PCH230/240; (D) PCH230/230.

240°C. These results are supported by the thermal and
mechanical tests.

4 | CONCLUSIONS

In this article, to contribute to sustainable architecture,
the optimum melt mixing and 3D printer temperature
conditions of the PC composite, which has been made
partially biodegradable by adding alkaline-treated hemp
fiber and can be formed with a 3Dp for architectural
applications, have been investigated. To determine under
which conditions the best thermal and mechanical prop-
erties of composites were achieved, they were character-
ized by TGA, DSC, tensile test, and SEM. According to
the results, the melt mixing temperature at which hemp
fiber and polymer matrix had the best thermal properties
was determined to be 230°C. According to the TGA
results, there was no significant decrease in the thermal
properties of the filament produced by melt mixing at
230°C compared with pure PC. When we look at the
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temperatures at which weight losses occur, it is observed
that for PCH230, 10% weight loss occurred at 431.40°C
and 50% weight loss occurred at 494.47°C. As the
extruder and printing temperatures increases, it is
thought that color differences occur as degradation
occurs in the fibers. The T, values obtained from the DSC
analysis determined that the pure PC sample could be
processed at 148.44°C, PCH250 at 148.99°C, and
PCH230 at 148.64°C. No significant increase was
observed in the composite samples.

Considered the tensile test values, it was determined
that the samples printed on the 3Dp from filaments pro-
duced at 230°C generally had better tensile strength and
Young's modulus values than those printed at 250°C. The
sample with the best mechanical strength was
the PCH230/240 sample with 230°C melt mixing and 240°C
printing temperature. The reason for this, as supported by
the SEM images, is that while the fibers remain in good
condition due to the low temperature in the melt mixing
stage, a sufficiently high temperature is applied to the layers
to stick together in the 3Dp stage.

The tensile strength and Young's modulus values of
the PCH230/240 composite were increased 12% and 29%,
respectively, compared to pure PC, and not much
decrease in thermal properties, the composite sample's
melt mixing and 3Dp printing temperatures were consid-
ered optimum for production. The material produced
within the scope of this study can be an alternative to PC
material in architectural applications, as it makes PC par-
tially biodegradable and at the same time obtains satisfac-
tory results in both thermal and mechanical properties.
In addition, because the material is suitable for use in 3D
printers, complex geometric forms will be given, and free-
dom of design and application will be given to architec-
ture. Thus, the potential of a material that will contribute
to sustainable architecture in terms of design freedom
has emerged.
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