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1 | INTRODUCTION

In recent times, the world has been facing an escalating
ecological crisis due to issues such as increasing global
warming, CO, emissions, and excessive energy consump-
tion. The construction sector is accountable for 36% of
overall energy consumption and contributes to 40%
of carbon dioxide emissions.! Consequently, offering eco-
logical solutions for architectural practices plays a crucial
role in promoting environmental sustainability. Efforts
to tackle these environmental challenges have led
to research focused on eco-friendly materials and applica-
tion methods that offer significant environmental advan-
tages over traditional production techniques.

Eco-friendly materials are either fully or partially
derived from biological sources (reinforcing material)
and are utilized in a wide range of building applications.?
Natural fibers (NFs), which are commonly used as rein-
forcement materials, are highly favored due to their
abundance in nature, flexibility during processing, light-
weight nature, cost-effectiveness, and enhanced mechani-
cal properties in comparison to synthetic materials.’™>
One promising matrix material for incorporating NFs as
reinforcement is polymers. The use of NF-reinforced
polymer composites (NFRPC) is increasingly being con-
sidered as a viable alternative to glass fiber-reinforced
polymers in the construction industry due to its potential
to reduce environmental impact.® The polymers
employed in NFRPC can be classified as either thermoset
or thermoplastic. In the case of thermoset NFRPCs, it is
well-established that incorporating NFs, particularly
hemp fiber, can significantly enhance the various proper-
ties of the composite.”” Regarding the environmental
benefits of NFRPCs, thermoplastic polymers stand out
due to their ability to be recycled multiple times without
undergoing degradation from heat, thus making them a
more sustainable option for composites.'® Common ther-
moplastic polymers utilized in NFRPCs include polyeth-
ylene (PE),"" polylactic acid (PLA),'* polypropylene
(PP)," polystyrene,'* polyvinyl chloride (PVC),"”> and
polycarbonate (PC).'® NFRPCs can incorporate NFs like
bamboo, flax, jute, hemp, oil palm fruit bunch, banana,
kenaf, sisal, cotton, coir, and ramie.'”'® Among these,
jute, sisal, flax, and hemp fibers present viable alterna-
tives to traditional glass fiber- and carbon fiber-reinforced
composites across a range of applications.”>*' Research
indicates that hemp and flax plants offer more increased
stability for composites. For example, the tensile strength
of jute fiber-strengthened PP is 23.56 MPa,** while it is
29.5MPa for hemp fiber-strengthened PP.** Notably,
flax fibers, unlike hemp fibers, mainly consist of low-
molecular-weight pectin, which may result in a perceived
coarse structure and potential surface imperfections.** %°

It is well-established that in NFRPC, the characteristics
of the composite are closely linked to the type of fiber
used,”” and it appears that using hemp fiber can enhance
mechanical and morphological properties. Regarding sus-
tainability, hemp boasts a growth rate of 3-9 times faster
than other plants, and it can be cultivated in various
regions, yielding more fiber per acre. Moreover, it
exhibits higher CO, absorption capacity than all other
existing plants.”®*® Therefore, incorporating hemp fiber
into the matrix not only improves composite properties
but also contributes to environmental sustainability.

The use of NFRPC in construction presents environ-
mental benefits, but it also carries undeniable environ-
mental impacts when used with traditional manufacturing
methods. Additive manufacturing (AM), often referred to
as 3D printing, has the potential to improve sustainability
compared to traditional techniques. 3D printers are pow-
ered by electricity, produce no emissions, and have
reduced embodied energy, which can enhance a building's
carbon footprint.’**** In comparison to traditional
manufacturing, 3D printing can decrease production time
by 70%, raw material usage by 70%, and waste materials
by 60%.%>** Moreover, the layer-by-layer material addition
in AM allows for the creation of intricate geometric
shapes,®® offering numerous advantages in the utilization
of NFRPC with 3D printing.

According to the (ISO)/American Society for Testing
and Materials (ASTM) 52900:2015 standard, there are
seven types of AM processes. The most prevalent among
these is fused deposition modeling (FDM), which is easily
applicable to polymer and polymer composite materials.>
The polymer materials utilized in FDM are polypropylene
(PP), acrylonitrile-butadiene-styrene (ABS), polycarbon-
ate (PC), and polylactic acid (PLA).***” Extensive studies
in the literature have focused on 3D printable NFRPCs
obtained by reinforcing these polymers with various NFs.
For instance, 3D printable NFRPC was manufactured by
reinforcing PP with flax,*® harakeke,* and hemp*’ fibers.
ABS was reinforced with gongura roselle,* rice straw,***
coconut,” jute,*** oil palm,*” and royal palm*® fibers.
PLA was paired with henequen,” agave,® sugarcane
bagasse,”' bamboo,*” jute,”* and hemp** fibers. Looking at
the studies on PC, it was seen that 3D printable NFRPC
was created by reinforcing with cellulose nanofiber.>> PC
is known for its superior structural integrity and mechani-
cal properties and preferred choice in architectural appli-
cations.’>>” However, despite these advantageous traits, its
high melt viscosity, which arises from its rigid chain struc-
ture, poses challenges during processing.”® This difficulty
may account for the relatively limited research on its use
as a matrix material in 3D printable NFRPCs within the
existing literature. Optimizing NFRPC, created by reinfor-
cing PC with hemp—a sustainable and mechanically
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superior fiber—for 3D printing use holds great potential in
terms of contributing to literature, expanding architectural
usage areas, and promoting sustainability.

In the FDM process, a 3D design is created with
computer-aided design (CAD) software and then imported
into a slicer program to define the printing parameters. The
parameters are saved in the STereo Lithography interface
(STL) format and transferred to the 3D printer. During
printing, the thermoplastic filament is continuously fed into
a heated chamber where it undergoes a phase change,
transforming into a highly viscous fluid. This molten mate-
rial is then through a nozzle and systematically deposited
layer by layer onto a heated table.’” The ease of processing
in the 3D printer and the quality of prints obtained are
influenced by the lower melting (T,,) and glass transition
temperatures (T,) of the filament.” PC, known for its high
T, value, can have its processing windows widened by
reducing its T, value. According to Jiang et al. (2014), one
effective and simple method to achieve this, especially for
amorphous polymers like PC, is by adding a plasticizer.”
Past studies indicate that plasticizers, which also function
as flame retardants in polycarbonate (PC), commonly uti-
lize bromoaromatic additives.®* However, due to increasing
environmental concerns and issues related to end-of-life
disposal, there is a growing interest in halogen-free alterna-
tives. Following the restrictions on several brominated
flame retardants (BFRs), phosphorus-based systems have
become frequently suggested substitutes.®> Aryl phosphates
are recognized as effective halogen-free plasticizers for PC
blends, praised for their thermal stability and compatibility
with various polymers.®*** These aryl phosphates include
monophosphates like triphenyl phosphate (TPP) and
bisphosphates such as resorcinol bis(diphenyl phosphate)
(RDP).** Regarding TPP, its low water solubility and rela-
tively high soil adsorption coefficient lead to rapid adsorp-
tion onto sediments in rivers and ponds. Its biodegradation
in aquatic environments occurs swiftly. There have been
no reported cases of neurological diseases among workers
in TPP manufacturing plants, nor have there been
instances of delayed neurotoxicity from TPP poisoning,
indicating that it poses minimal risk to health and the envi-
ronment.®> Given that the primary focus of this study is to
enhance sustainability by mitigating environmental harm,
the benefits of utilizing TPP as a plasticizer in PC compos-
ites are clearly significant.

It is known that the mechanical, flame retardant, bio-
degradable, thermal, and physical properties of polymer
composites can be significantly influenced by the incor-
poration of plasticizers.®® Jung et al. (1998) observed that
when TPP, a plasticizer with flame retardancy, was added
to the PC/ABS composite, T, and thermal degradation
values decreased, while tensile strength and LOI values
increased.®” Lei and Chen (2008) added di-n-dodecyl
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phosphate and TPP plasticizers to the PBT/PC composite.
The addition of TPP resulted in a greater decrease in T,
than the addition of di-n-dodecyl phosphate.®® Feyz et al.
(2010) added TPP to the PC/ABS composite and observed
that viscose parameters increased.®” Jang et al. (2005)
added TPP and RDP to PC and the thermal strengths of
both flame-retardant plasticizer additions were almost
the same.®* Swoboda et al. (2008) observed an increase in
flexural modulus value and a decrease in thermal
strength when TPP was added to PETG/PC composite. In
addition, SEM images of the composite obtained by add-
ing TPP to PC showed a more homogeneous structure
compared to PETG/TPP.” Furthermore, plasticizers are
known to improve interfacial interaction between fiber
and matrix material for NFRPC, as well as affecting
mechanical, chemical, thermal, etc. properties.71 These
findings indicate that the addition of plasticizers,
particularly TPP, may confer various advantages to hemp
fiber-reinforced PC composites, potentially impacting
mechanical, chemical, and morphological properties.

FDM is widely researched due to its numerous advan-
tages. Furthermore, this technique enables the utilization
of conventional thermoplastic polymers as well as com-
posite materials.”> However, to the best of the authors’
knowledge, there are currently no studies in the litera-
ture focused on optimizing TPP-added hemp fiber-
reinforced polycarbonate for the FDM technique and 3D
printers. This study has evaluated the effects of TPP on
hemp fiber-reinforced polycarbonate composites. The
goal was to improve the flow and processing characteris-
tics of these composites for 3D printing, thereby expand-
ing their potential applications in architecture by
enhancing their mechanical, morphological, flame retar-
dancy, and rheological properties. The study examined
three different TPP ratios: 5%, 10%, and 20%. The TPP-
added samples were compared against both hemp fiber-
reinforced polycarbonate and pure polycarbonate. A con-
stant melt-mixing temperature and printing nozzle tem-
perature were maintained for all samples to assess
viscosity. Characterization of the composites was con-
ducted using Fourier-transform infrared spectroscopy
(FTIR), thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC), rheological analysis, tensile
testing, limiting oxygen index (LOI), and scanning elec-
tron microscopy (SEM) analyses.

2 | EXPERIMENTAL
2.1 | Materials

The control sample used was pure PC. The matrix mate-
rial, suitable for general use, was provided by Lotte
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Mixing Mixing Mixing TABLE 1 Composition ratio,
speed temperature time mixing speed, melt-mixing temperature,
Sample Composition (%) (rpm) C) (min) and mixing times of composite samples.
PC PC: 100 100 250 4
PCH Hemp/PC: 10/90 100 230 4
PCHST (Hemp/PC: 10/90) 95/TPP 5 100 230 4
PCH10T (Hemp/PC: 10/90) 90/TPP 10 100 230 4
PCH20T (Hemp/PC: 10/90) 80/TPP 20 100 230 4

Notes: The information highlighted in bold indicates the quantity of the TPP fillers in relation to the Hemp/

PC matrix within the composites.

Abbreviations: Hemp, alkali-treated hemp fibers; PC, polycarbonate; TPP, triphenyl phosphate.

Chemical, Seul, South Korea, with a specific gravity of
1.20, tensile strength: 63-70 MPa, impact strength: 80-85
kJ/m?, vicat softening and deformation temperatures are:
150°C and 130°C, and melt fluidity index of 10. The
hemp fibers, supplied by Hemp Traders Los Angeles,
America, were used in raw state, degummed, and had the
lignin left intact. The fibers were uniformly aligned.
Sodium hydroxide (NaOH) at 99% purity was obtained
from Katki Dunyasi, Turkey. TPP, also known as phos-
phoric acid triphenyl ester, with a molar mass of
326.29 g/mol, melting range of <50°C, and density
of 1.2 g/cm® at 50°C, was supplied from Merck, Darm-
stadt, Germany.

2.2 | Composite filament preparation

Firstly, hemp fibers were cut into 6 mm lengths, followed
by treatment with a 5% NaOH/pure water solution. This
mixture was then stirred at 120°C for 60 minutes at
200 rpm using an MSH-20D Digital Heating Magnetic
Stirrer from (DAIHAN SCIENTIFIC, South Korea). Sub-
sequently, the fibers were washed with tap water to elim-
inate the solution and neutralize it. After washing, the
fibers were air-dried overnight at ambient temperature.
Following this, the dried hemp fibers and PC granules
underwent dehumidification in a Witeg oven at a temper-
ature of 80°C and a pressure of —0.6 bar for 24 h. The
dehumidified PC and hemp fibers were then separated to
create composite filaments. Within the scope of the study,
five different filaments were produced. The first filament
consisted of a neat PC and was utilized as a reference
sample. The second sample comprised hemp fiber-
reinforced PC with a 10/90 fiber/matrix ratio. This ratio
was selected based on the findings of our previous study,
where the most favorable mechanical, chemical, thermal,
and morphological properties for hemp fiber/PC compos-
ite were obtained with 10% hemp fiber compared to dif-
ferent ratios.””> Additionally, three different ratios were
determined for the composite samples containing TPP. In

these composites, the hemp fiber/PC ratio was fixed at
10/90, and TPP was added to the mixture at 5%, 10%,
and 20%, respectively. The materials were then fed
into the twin-screw extruder (DSM Xplore 15 cc Micro-
compounder, Netherlands) through the feed hopper.
They were then blended at specified ratios, speed, and
melt-mixing temperature as detailed in Table 1. PC pel-
lets were added first and mixed for 4 min, while hemp
fibers and TPP were added during the last minute of mix-
ing. After a total mixing time of 4 min, the composite
material was extruded from the nozzle of the extruder
device and shaped into filament form with the help of a
conveyor belt. The resulting filaments had diameters of
1.0-2.0 mm, making them suitable for use in a 3D
printer. The pure PC composite maintained a transparent
appearance, which is characteristic of the material itself.
However, the addition of hemp fiber resulted in
yellowish-brown filaments with color transitions due to
its natural content (see Figure 1.). The addition of TPP
did not result in any discernible visual changes.

2.3 | 3D-Printed composites

The Anycubic 13 3D printer (made in China) was
selected for the implementation of the FDM process in
this study. To begin the process, an STL file was created
from a 3D CAD model. Subsequently, the slicer software
was used to generate G-code tailored to the specific 3D
printing parameters specific to the 3D printer.”* The
3D CAD models were created using the Rhinoceros pro-
gram. In Rhinoceros, models measuring 75 x 12 x 2 mm
and 130 x 6.5 x 3.2 mm were designed for the tensile
test, LOI, and UL94 tests, and exported in STL format.
Each file was then imported into the slicer software Ulti-
maker Cura, where the specified parameters from
Table 2. were input. The models with the designated
parameters were sliced, saved in G-code format, and
transferred to the printing device. Once the files were
uploaded to the device, the prepared composite filaments
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FIGURE 1 (A, B) Hemp fiber-reinforced polycarbonate composite filaments.

TABLE 2 3D printing parameters.

3D Printing parameters

Height of the first layer (mm) 0.3
Height of the layers (mm) 0.1
Width of the layer (mm) 0.4
Filling pattern Line
Filling ratio (%) 100
Filling alignment (degree, angle) 45
Thickness of shells (mm) 1.0
Count of shells 2
Print speed (mm/s) 45.0
Nozzle diameter (mm) 1.0
Printing temperature (°C) 245
Printing bed temperature (°C) 110

were fed into the filament feeding unit of the 3D printing
device, and the AM process commenced. For the tensile
test, LOI, and UL94 V tests, the number of printing layers
was 18, 30, and 30, respectively. The PC, PCH, PCH5T,
PCHI10T, and PCH20T filaments were printed in tripli-
cate for each test method. All samples were printed at the
same temperature to observe their flowability. In the ini-
tial stage, it was observed that compared to pure PC, the
samples with added TPP flowed and were processed more
easily. This will be further elucidated by the T, values
obtained from DSC analysis.

24 | Characterization

The FTIR spectra measurements conducted in this study
were carried out using the Spectrum IR program with a
wavelength of 4000-650 cm™' on a Spectrum 100 FTIR

device with an ATR unit (Perkin Elmer, USA). The anal-
ysis was repeated twice to ensure the accuracy of
the data.

Thermogravimetric analysis (TGA) is used to measure
the mass changes of materials in response to enhancing
temperatures or over time. In this study, TGA was con-
ducted using the MTTA18110856 TGA 1 (Mettler Toledo,
Turkey) device. The TGA analysis was conducted over a
temperature range from 25°C to 600°C, using a heating
rate of 10°C/min and a nitrogen flow rate of 30 mL/min.
The analysis was repeated twice to ensure the accuracy of
the data.

DSC is a thermal analysis method that examines the
variation of a material's heat capacity as temperature
changes. The DSC analysis was conducted using nitrogen
gas and a Mettler Toledo DSC 1 (Mettler Toledo, Turkey)
machine. A two-stage analysis was employed, with a tem-
perature increase of 10°C/min between 25°C and 250°C.
In the initial heating stage, the thermal traces from the
twin-screw extruder were eradicated, and the results from
the subsequent heating stage were examined to deter-
mine the T, values of the samples. This analysis was per-
formed twice to confirm the reliability of the data.

The rheological properties were examined using a
stress-controlled oscillatory-rotational rheometer with
parallel plates (Anton Paar MCR 102, Austria) at a tem-
perature of 230°C. Frequency sweep tests were performed
across a frequency range of 0.1-628 rad/s, maintaining a
constant strain of 1%. his assessment provided data on
complex viscosity (%), along with the storage modulus
(G') and loss modulus (G”). The analysis was repeated
twice to ensure the accuracy of the data.

In the tensile test, the tensile strength values which
signify the maximum force a material can withstand
before breaking or fracturing were examined. Tensile
strength holds great significance in architectural

85UB017 SUOWIWIOD BA1E81D) 9]t [dde 8y} Aq peusenob ke Sap1e YO 8sN J0 S9INJ 10} AR1q1T 8ULUO A8 |IA O (SUOIIPUOD-PUR-SLLIBI WD A8 1M AReq1 Ul |Uo//:Sthiy) SUORIPUOD pue Swis | 841 89S *[9202/90/90] U0 Areiqiauljuo 8|1 Py 80USPIAT SUeIY0D Aoxin | Ad 0962 9d/200T OT/I0p/W00" A8 |mAleiq 1 ul|uo'suo iedt jgndedsty//:sdny woy pepeojumoq ‘8 ‘520z ‘69508rST



7722 | Wl LEY— nspIRNG Polymer

CEYLAN ENGIN Er AL.

PROFEssiONALs  COMPOSITES

applications. The study involved subjecting five
75 x 12 x 2 mm bars from each composite specimen to a
tensile test. Composite specimens were evaluated using
an Instron Tensile Machine Model 3345, USA, applying
the Instron Bluehill Universal software and following the
ISO 527-5A standard at a speed of 10 mm/min.”®> A mini-
mum of five samples were subjected to tensile tests to
ensure data accuracy.

The electron microscope (SEM, Quanta FEG 450, Tai-
wan) was utilized to analyze the morphology of compos-
ite samples. The device operated in secondary electron
mode at a current of 15.00kV and a pressure of
4.48e-4 Pa utilizing zoom ratios of 100, 500, and 1000.
The samples analyzed were sourced from tensile tests
conducted on composite materials produced with the 3D
printer. Given that the samples are composed of insulat-
ing materials, they underwent a coating process to
enhance their conductivity. The gold plating was applied
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FIGURE 2 FTIR spectra were obtained from the composites.
TABLE 3 FTIR spectra of the composites.
Wave Associated chemical
number (cm ) groups PC
960 P—O single bond stretching None
1200 P=0 double bond stretching High
1289 C—H bending Low
1509 Aromatic C—H Dominant
1778 C=oO stretching Dominant
2925 a-Cellulose Low
2970 Methylene group High
3054 C—H stretching Low

for a duration of 90 s to achieve the required conductivity
under a current voltage of 10 mA.

The flame resistance of samples was assessed using
the LOI test. which determines the minimum concentra-
tion of oxygen needed to sustain candle-like combustion
in plastics. LOI values were obtained with an oxygen
meter (M-LOI-01) from Mares Analysis Instrument Fac-
tory, Turkey, utilizing specimens with dimensions of
80 x 10 x 4 mm® following TS EN ISO 4589-2.7° The
LOI tests were applied to at least five samples to ensure
the accuracy of the data.

Additionally, UL-94 vertical burning tests were con-
ducted using samples measuring 130 x 6.5 x 3.2 mm?,
following the ASTM D-635"7 standard with an M-LOI-01
device from Mares Analysis Instrument Factory, Turkey.
In this test, the samples were positioned vertically above
a cotton patch, and the ratings were determined based on
the American National Standard UL-94.

3 | RESULTS AND DISCUSSION

31 | FTIR

The FTIR spectra of the composite samples are shown in
Figure 2. Besides, the comparison of the chemical groups
observed in the samples coded PC, PCH, PCHS5T,
PCH10T, and PCH20T is presented comparatively in
Table 3. According to Jang ve Wilkie (2005), 960 and
1200 cm ™' bands correspond to the phosphorus—oxygen
double bond stretching (P=0) and phosphorus-oxygen-
single bond stretching (P—O). Since the P—O stretching
band overlaps with the carbon-oxygen stretching region
(1150-1300 cm ™ 1) of polycarbonate compounds, the band
at 960 cm ™' is used as the diagnostic band for phos-
phates.®* Upon analyzing the 960 cm ' band, no peak is
observed in the PCH sample, whereas dominant peaks
are present in the PCHS5T, PCH10T, and PCH20T

PCH PCH5T PCH10T PCH20T
None Low Low Low

High Dominant Dominant Dominant
Very low Low Low Low

Low High High Low

Low High Dominant Low

Very low Low Low Low

Very low Low Low Low
None Very low Very low Very low
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samples. This peak is attributed to the phosphate content
of TPP. The 1778 cm™' C=O stretching vibration is
known as the carbonate characteristic band, and the
1509 cm™ ! band is associated with aromatic C—H.”®"
Upon examining the 1778 cm ™' band, the most promi-
nent peak is observed in the PCH10T sample after pure
PC. Additionally, the vibration intensity between 1778
and 1509 cm ™' wavelengths is predominant in pure PC
and TPP-added samples, with the PCH10T sample show-
ing the most dominant peaks among TPP-added samples.
This indicates a higher preservation of carbonate linkage
structures in the PCHI10T sample, which in turn
enhances the flame retardancy of PC. As noted by Apay-
din Varol et al. (2014), the peak in the range of 2870-
3054 cm ™! is associated with C-H stretching, while the
range of 1278-1326 cm ™! corresponds to C—H bending.®'
Methyl groups are present at wavelengths of 2850-
3000 cm ',** and these peaks are predominantly
observed in the pure PC sample, with almost no presence
in the fiber-added PCH sample. Additionally, peaks
resulting from TPP addition to the composite are noted.

3.2 | TGA analysis

The TGA and derivative weight (DTG) curves of the com-
posite samples are depicted in Figure 3, and the heat-
induced mass loss values are presented in Table 4. Based
on the data from the table, pure PC exhibits a single-stage
degradation, while the composites undergo degradation
in two stages. The TGA analysis reveals that the tempera-
tures at which the hemp fiber-reinforced PC composite
experiences 5% and 10% weight loss decrease as the
amount of TPP increases. This decrease can be linked to
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TABLE 4 Mass loss due to heat observed in the TGA analysis

of composite filament samples.

5% Weight 10% Weight 50% Weight
loss loss loss
temperature temperature temperature
Sample ({9 C) (§{9)
TPP 255.67 272.45 315.23
HEMP5HT 94.20 311.01 358.84
PC 465.37 478.37 511.51
PCH 373.10 431.40 493.47
PCHS5T 361.36 429.30 500.18
PCH10T 337.45 379.81 501.86
PCH20T 319.84 357.59 495.99

the low thermal strength of TPP. Additionally, the addi-
tion of TPP to the composite enhances thermal stability
at high temperatures, as evidenced by the temperatures
at which 50% weight loss occurs. Notably, the PCH10T
sample demonstrates superior thermal stability at 50%
weight loss temperature, with only a 1.92% reduction
compared to pure PC, and approximately 8 degrees
increase compared to the TPP-free composite (PCH).

In Table 5, the onset (Tonser) and maximum degrada-
tion (Tp,.y) temperatures, as well as char residue values,
are presented. Tonse; represents the temperature at which
5% weight loss occurs in TGA curves, while T, corre-
sponds to the peaks in DTG curves. Polycarbonate
(PC) exhibits high thermal stability, initiating degrada-
tion at high temperatures (Topset = 485.52) with a high
Tmax- However, adding hemp fiber to PC results in
decreased Tynser and Tyyax Values. Conversely, the incor-
poration of TPP into the PCH composite enhances its
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TABLE 5  Topsets I'max and char residue of composite samples.
Char
residue

Samples Tonset (°C) Timax (°C) at 600°C
PC 485.52 508.57 26.52
TPP 305.01 328.65 1.42
HEMP5SHT 340.48 359,68 15.73
PCH 463.27 493.47 22.21
PCHS5T 468.78 498.09 23.93
PCH10T 471.60 501.44 22.02
PCH20T 467.73 496.41 21.66

thermal strength, leading to a higher maximum degrada-
tion temperature. This aligns with findings from existing
literature. The presence of phosphorus in the sample
influences the makeup of intermediate chars during the
second stage of thermal degradation, leading to a reduc-
tion in reaction rates within the decomposed residue.*
Furthermore, previous research by Jang et al. suggests
that phosphate can stabilize carbonate linkage from oxi-
dative degradation in TGA.®* This is further supported by
FTIR results, showing that the carbonate linkage is high-
est at 10% TPP and is like PC. Notably, the PCH10T sam-
ple demonstrates the highest value, with the maximum
degradation temperature closely resembling that of
PC. This mirrors the behavior observed with the addition
of S-BDP, a phosphorus-based flame-retardant plasticizer,
to PC.78 Additionally, the addition of TPP results in mini-
mal change in the char residues compared to the PCH
composite, indicating that TPP does not significantly
impact the char-forming ability of the composites. In lit-
erature, Shao et al. also discovered that adding TPP to PC
had no impact on the char-forming capability of the
composites.**

3.3 | DSC analysis

The DSC results for the composites are presented in
Table 6. There was no notable change in the T, value of
the PCH composite sample consisting of hemp fiber
added to pure PC. This finding is consistent with a simi-
lar study on hemp-strengthened PLA as reported in the
literature.*> Analysis of the T, values obtained from
the DSC analysis indicated a general reduction in T,
values with the addition of TPP to the composite. It is
known from the literature that TPP has a plasticizing
effect on PLA.® Swoboda et al. also discovered a decrease
in viscosity and plasticization effect with the addition of
TPP to PC in their study,” like the effect observed with

TABLE 6 DSC analysis results of the composite samples.
T, (°C)
Sample 1st Stage 2nd Stage
PC 150.13 148.44
PCH 150.11 148.99
PCHS5T 136.18 136.05
PCH10T 119.33 120.31
PCH20T 89.90 93.74

1E+05 ¢

e PC -e— PCH ®- PCHST -@— PCHIOT PCH20T

10000 +

1000 +
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FIGURE 4 Complex viscosity of pure PC, PCH, PCH5T,
PCH10T, and PCH20T samples.

the PCH sample. The increased plasticity is evident from
the improved flow of the composite material from the
nozzle, making it more fluid and easier to process using
the 3D printer.”? The presence of a plasticizing effect is
reflected in the decrease in T, with increasing TPP ratio.
Consequently, the addition of TPP to the composite
resulted in a material that can be more easily processed
in a 3D printer.

3.4 | Rheological properties

To determine the viscosity and modulus parameters of
the composite samples, sweep frequency rheological
analysis was performed. The complex viscosity (*), stor-
age (G"), and loss (G”) modulus curves of pure PC, PCH,
PCHS5T, PCHI10T, and PCH20T samples versus angular
frequency are shown in Figure 4. According to Figure 4,
only the pure PC exhibited a complete Newtonian behav-
ior between 0.1 and 1 rad/s. The addition of 10% hemp
fiber increased the viscosity value of pure PC. With the
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addition of TPP, the viscosity value started to decrease. It
is seen that when the TPP ratio is more than 10%, the flu-
idity of the composite will be easier than pure PC. This
coincides with the laboratory observation that composite
samples with high TPP ratios are easier to print on a 3D
printer than pure PC and PC composite samples contain-
ing only hemp fiber. Twite-Kabamba et al. (2009)
observed similar findings in their research on hemp
fiber-reinforced PP composite. The addition of hemp fiber
enhanced complex viscosity values. However, the intro-
duction of a compatibilizer to the hemp fiber-reinforced
PP composite had a plasticizing effect, leading to a
decrease in viscosity values.®” Jang (2018) observed that
reinforcing the PC matrix with natural fiber increased
complex viscosity.®® It is also known from the literature
that adding plasticizers to PC lowered viscosity and
improved melt flow.*

The storage modulus represents the capacity to store
energy imparted by external forces, and it exhibited an
increase in angular frequency across the entire range of
applied frequencies.”” The relation between the storage
modulus and the angular frequency of the composite
samples is illustrated in Figure 5A. The storage modulus
of PC significantly increased with the addition of hemp
fiber. This is mainly due to the enhanced stiffness of the
matrix resulting from the reinforcing effect of the natural
fiber as mentioned in the literature.”® It is also known
that the storage modulus value increases because of add-
ing hemp fiber to PLA.”* The loss modulus is a measure
of the permanent structural change or energy dissipation
within a material caused by applied stress. The relation-
ship between the loss modulus and the angular frequency
of the composite samples is illustrated in Figure 5B.
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FIGURE 5

composite samples.
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It was observed that when hemp fiber was added, the loss
modulus value of pure PC increased, while it decreased
with the addition of TPP. The rise in loss modulus with
the incorporation of hemp fiber aligns with existing liter-
ature.”” Generally, adding TPP reduces the viscosity and
facilitates its processability in 3D printers.

3.5 | Mechanical characteristics

To determine the mechanical properties, specimens were
printed on the Anycubic I3 Mega 3D printer following the
test standard. Tensile tests were performed at least five
times for each sample and compared with 3D-printed pure
PC. Figure 6 shows the specimens printed for tensile test-
ing and the fractured specimens resulting from the tests.
The fracture point of the pure PC sample appears smooth,
whereas the fracture point of the composites, which con-
tain hemp fibers and/or TPP, appears more jagged. The
reason for this is thought to be the bridging action of the
fibers at the moment of fracture. Reviewing the tensile test
results in Table 7, it is evident that the maximum tensile
strength of the PCH sample reinforced with hemp fiber
increased by 11.9% compared to pure PC. In the literature,
it is noted that the tensile strength value increases when
the PC is reinforced with natural fiber.””> Additionally, an
increase in tensile strength was observed in direct propor-
tion to the TPP added to the composites. Compared to
pure PC, PCH5T, PCH10T, and PCH20T samples showed
increases of 23.5%, 33.1%, and 37.8%, respectively. PCH10T
composite showed an increase of 18.93% compared to
PCH composite without TPP. According to existing litera-
ture, the addition of phosphorus-based plasticizers to PC”*

6,0x10°

—=—PC
—e— PCH
—a— PCH5T
—v— PCH10T
—— PCH20T
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T T T T T T T T T T T T T
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(B)

(A) Curves of storage modulus as a function of frequency. (B) Curves of loss modulus as a function of frequency for the
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FIGURE 6
specimens obtained before tensile testing

3D-printed composite

on the left and after tensile testing on
the right. (A) pure PC; (B) PCH;
(C) PCHST; (D) PCH10T; (E) PCH20T.

TABLE 7 Tensile strength of the composites.
Tensile stress  Young's Tensile strain
at maximum modulus at maximum
Sample force (MPa) (MPa) force (%)
PC 43.19 + 0.98 2543.35 + 130 4.78 £ 0.08
PCH 48.34 + 0.38 3271.34 + 80.8  5.74 + 0.10
PCHS5T 53.34 +1.23 3517.70 £ 110 5.77 + 0.86
PCH10T 57.49 +1.93 3923.56 + 68.4  5.79 + 0.75
PCH20T 59.52 +1.61 4924.16 + 83.3  6.27 +£0.17

and TPP to PC/PETG blend”® leads to increased mechani-
cal properties. The reason why this situation is similar in
PCHS5T, PCH10T, and PCH20T composites is thought to
be that TPP provides a more rigid structure by filling the
gaps between the fiber matrix. The tensile strain values
are presented in Table 7. also indicates that incorporating
hemp fiber enhances the toughness value of pure PC. Del
Rey et al. (2017) found that the toughness of a polypropyl-
ene matrix was also improved when reinforced with hemp
fiber.®* Consequently, the increase in toughness within the
polycarbonate matrix due to hemp fiber aligns with exist-
ing literature. The incorporation of TPP, a plasticizer, into
the composite results in a notable enhancement of the
toughness values. A review of existing literature indicates
that comparable outcomes have been observed when plas-
ticizers are integrated into polycarbonate (PC) materials.*

3.6 | SEM analysis

The SEM images captured from the fractured surfaces
during the tensile testing of 3D printed pure PC are

presented in Figure 7. A porous structure is observed on
the surface. The reason for this structure is known to be
due to the FDM technique.”

SEM images taken from the fractured surfaces of the
3D-printed PCH, PCH5T, PCH10T, and PCH20T tensile
tests were displayed in Figure 8. Compared to the PCH
sample, it is observed that the gaps around the fibers in
the PCH5T, PCH10T, and PCH20T samples, to which
TPP was added, have decreased. As the TPP ratio
increases, the voids between the hemp fiber and the poly-
carbonate matrix diminish, resulting in a more consoli-
dated and rigid structure. This observation aligns with
the findings in the study by Mencik et al., where a
decrease in voids was noted upon the addition of a plasti-
cizer to 3D-printed PHB/PLA.°® It seems that TPP is
effectively dispersed in the composite material, contribut-
ing to the interfacial interaction. The rigid micro-scale
structure accounts for the observed increase in mechani-
cal properties. Furthermore, it is well-documented that
the dispersion of flame-retardant plasticizers within a
polymer greatly influences their flame retardancy perfor-
mance.’® Considering this, whether the mechanical prop-
erties enhanced by well-dispersed TPP exhibit similar
improvements in flame-retardant performance through
LOI and UL94 V tests have been evaluated.

The SEM image in Figure 9 reveals the micro-scale
relationship of the fibrous structure in the composites. In
Figure 7A, the PCH composite displays gaps and rough
structures on the fiber surfaces. However, in
Figure 7B-D, which depicts TPP-added composites, the
fiber surfaces appear more filled and smooth previous
studies have established that TPP can transform the hol-
low structure in kapok fiber into a filled cylindrical
structure,” and it has shown a similar filling effect
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FIGURE 7 SEM images of 3D printed pure PC. (A) x100; (B) x500, and (C) x1000.

FIGURE 8 SEM images of 3D printed (A) PCH; (B) PCH5T; (C) PCH10T, and (D) PCH20T with a x1000 zoom ratio.

between hemp fibers and PC matrix. In addition, no
interlayer voids were encountered due to the FDM pro-
cess. Although it is reported that triangle-shaped voids
are encountered in 3D printed composites such as natural
rubber-strengthened PLA,”® it is seen that this situation
is prevented for NFRPCs produced by using optimum
printing temperature and parameters.”

3.7 | LOI and UL94 V analyses

Polymeric materials’ fire resistance is commonly
evaluated using methods such as LOI measurements and
UL-94 vertical burning tests. The LOI test is widely recog-
nized as an accurate method for evaluating the

flammability of plastics, as it determines the minimum
oxygen concentration required for continuous burning.'®
The LOI and UL-94 test results for all composite speci-
mens are outlined in Table 8. Notably, the neat PC has
an LOI value of 28, along with melt dripping. The addi-
tion of 10-wt% hemp fiber resulted in a slight decrease in
PC's LOI values, but no melt dripping occurred. Further-
more, LOI values for PCH5T, PCH10T, and PCH20T
samples with added TPP increased by 3.4%, 6.2%, and
12% respectively, compared to pure PC.

Upon reviewing the LOI test samples in Figure 10, it
is evident that pure PC burns and flows in a sticky man-
ner, whereas the addition of hemp fiber results in char-
ring behavior. The charring of hemp fiber-containing
samples reduces the likelihood of flame spread and
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FIGURE 9
Burning length
(if the burning
length exceeds
Burning the 50-mm limit

Sample LOI1%0, duration (s) or not)

PC 28.9 38 No

PCH 28.6 79 No

PCHST 29.9 115 No

PCH10T 30.7 71 No

PCH20T 324 137 No

protects from the ongoing flame, as opposed to pure
PC. Shao et al. conducted a vertical combustion test on
10%TPP/PC composite and did not observe a significant
expansion of the char crown or a high level of droplet for-
mation.®* Thus, the char crown observed in the PCH,
PCHS5T, PCH10T, and PCH20T samples is believed to be
derived from the hemp fiber. It is understood that cellu-
lose on the surface is known to break down into char,
while hemicellulose beneath the surface decomposes to
produce less flammable gases.*® During the test, outgas-
sing in the form of foam was observed in the TPP-added
samples. TPP is known to act as a flame suppressant in
the gas phase.®’

Furthermore, as illustrated in Figure 10, PCH20T
generated a more substantial char layer and exhibited

SEM images of 3D printed (A) PCH; (B) PCH5T; (C) PCH10T, and (D) PCH20T with a x 5000 zoom ratio.

TABLE 8 LOI and UL-94 test
results of neat PC, PCH, PCHS5T,
PCH10T and PCH20T.

UL-94

rating Dripping
V-2 Yes

V-1 No

V-1 No

V-1 No

V-1 No

prolonged internal burning. The increase in the LOI with
the addition of TPP is believed to contribute to this
extended burn duration. Supporting this observation,
Hazer et al. (2019) reported similar findings when TPP
was incorporated into a PLA/PC/GF composite, noting
both an increase in the LOI value and a lengthening of
the burning duration.'*!

UL-94 test was conducted to determine the flamma-
bility of composite samples. The UL-94 results obtained
are given in Table 8. While the control sample fell into
the V2 category with a burning time of more than
30 seconds and dripping, the hemp fiber-reinforced com-
posite samples with and without TPP fell into the V-1 cat-
egory with fast extinguishing times. Upon reviewing the
literature, Shao et al. (2019) conducted UL94 tests on
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FIGURE 10

pure PC and PC composites with 10% TPP, yielding com-
parable results. The test results indicated that pure PC
falls within the V-2 category, whereas the PC sample con-
taining 10% TPP has been elevated to the V-1 category.®
In addition, composite samples prepared by adding TPP
at different rates did not drip and the cotton placed under
the apparatus from the beginning of the experiment was
not ignited by dripping sparks.

4 | CONCLUSION

This article presents a comprehensive analysis of a 3D
printable plasticized hemp fiber-reinforced PC composite.
The addition of TPP, a plasticizer or flame retardant, plays
a pivotal role in altering the characteristics of the material.
Various analytical techniques such as FTIR, TGA, DTG,
DSC, tensile testing, SEM imaging, LOIL, and UL94 V test-
ing were employed to comprehensively understand the
behavior and properties of the composite specimens. In
FTIR analysis, the band at 960 cm ' was seen as a diag-
nostic band for the determination of phosphates in TPP
added to hemp-reinforced PC composites due to the over-
lap of the P-O stretching band with the carbon-oxygen
stretching region (1150-1300 cm™ ") of the polycarbonate
matrix. TGA results indicated that the 5% and 10% weight
loss temperatures decreased as the TPP content increased.
Upon analyzing the DTG curve, it is apparent that the
inclusion of hemp fiber in PC results in decreased Toset
and T, values. Additionally, the addition of TPP to the
PCH composite led to an increase in maximum degrada-
tion value being attained at higher temperatures. The DSC
analysis revealed that the addition of hemp fiber to the PC
matrix did not lead to a significant change in the T, value.
The incorporation of TPP resulted in a progressive decline
in the T, value as the concentration of TPP increased,
thereby suggesting the realization of a plasticizing effect.
The results of the tensile test indicate that the tensile

Composite samples after LOI tests. (A) pure PC; (B) PCH; (C) PCH5T; (D) PCH10T; (E) PCH20T.

strength at the maximum force of the PCH specimen
increased by 11.9% compared to pure PC. Additionally, a
direct relationship was observed between the increase in
tensile strength and the TPP ratio added to the composites.
Upon reviewing the SEM images, with an increase in TPP
content, the gaps between the hemp fiber and the polycar-
bonate matrix decreased, leading to a more filled and rigid
structure. Furthermore, TPP was well dispersed in the
composite material, contributing to enhanced interfacial
interaction. Upon reviewing the LOI test results, it was
seen that the LOI values of TPP-added samples were
increased compared to pure PC. Generally, while the pure
PC tends to burn and flow in a sticky manner, the samples
with added hemp fiber displayed charring behavior. Rheo-
logical analysis showed that adding 10% hemp fiber
increased the complex viscosity of pure PC, but the addi-
tion of TPP significantly reduced it. As a result, thanks to
the addition of TPP composite samples are plasticized and
ease of flow and process in the 3D printer has been pro-
vided. In addition, mechanical, morphological, and flame
retardancy properties have been improved compared to
pure PC. Thanks to these new advancements, combined
with its partial natural content and optimization for 3D
printing, it is predicted that it can be an eco-friendly alter-
native in possible architectural applications to contribute
to sustainability.
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