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Abstract The study investigated the properties of
alkali-treated hemp fiber-reinforced polycarbonate
(PC) composites that can be formed by 3D print-
ers for architectural applications. To determine the
optimum alkali treatment to be applied to the fibers,
the properties of the samples treated with 5% and
7% sodium hydroxide (NaOH) at both ambient tem-
perature (AT) and 120 °C (HT) were determined by
Fourier transform infrared spectroscopy (FTIR) and
thermogravimetric analysis (TGA). It was determined
that the alkali treatment that gave the optimum result
was 5% HT. Composite specimens with fiber/matrix
ratios of 10/90, 20/80, and 30/70 were prepared in
filament form to be printed in a 3D printer as alkali-
treated and untreated. These composites were charac-
terized by conducting tensile strength, FTIR, differen-
tial scanning calorimetry (DSC), TGA, and scanning
electron microscopy (SEM) analyses. Tensile strength
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results revealed the highest mechanical performance
for 5% NaOH alkali-treated and 10 wt.% hemp fiber-
reinforced PC composites. DSC results showed that
slight changes occurred in the glass transition temper-
ature values. Furthermore, SEM analysis showed that
5% NaOH-treated hemp fibers have better interfacial
bonding with the PC matrix than untreated fibers. As
a result, more natural and sustainable materials have
been obtained for architectural applications without
significantly decreasing in PC properties.

Keywords 3D Printer materials - Alkali-treated-
hemp fiber - Polycarbonate - FDM

Introduction

Traditional synthetic fiber-reinforced polymer com-
posites (FRPC), mainly glass, aramid, and carbon fib-
ers, have been used for fifty years. FRPC is the term
used for fiber-reinforced polymer composites (Azwa
and Yousif 2013) and is often used in the transpor-
tation, aerospace, automobile, and construction
industries (Kandola et al. 2021; Thakur et al. 2017).
Although composites reinforced with synthetic fib-
ers are preferred in these applications because of their
high strength-to-weight ratios, studies on composites
reinforced with natural fibers have come to the fore
to reduce environmental damage concerning carbon
footprint, sustainability, and recycling. These con-
cepts have been on the agenda of the global economy
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and the world in recent years. Interest in natural fiber
reinforced polymer composite materials is grow-
ing rapidly in industrial applications and scientific
research. In terms of sustainability and reducing envi-
ronmental damage, natural fibers are preferred for
widespread application because they are abundant in
nature, are fully or partially biodegradable, have low
costs, and are an ecological alternative with satisfac-
tory mechanical properties compared to synthetic
fibers such as glass fibers (Koztowski and Wtadyka-
Przybylak 2008).

Using natural fibers allows for less extraction
power and greener, sustainable, and smarter construc-
tion development than polymer/steel/synthetic fibers
(Juarez et al. 2010; Saba et al. 2016). Thermoplastic
composites reinforced with natural fibers are known
to be more energy-efficient and sustainable alterna-
tives to traditional materials with low density, good
thermal and acoustic insulation, CO, sequestration
enhanced mechanical properties, reduced tool wear
in machining operations, and problem-free disposal
(Alves et al. 2010; Ayrilmis et al. 2011; Jhanji Dhir
2022). In addition, natural fiber-reinforced poly-
mer composites (NFRPCs) have better electrical
and higher fracture resistance (Sanjay et al. 2018).
NFRPCs are easy to form, cost efficient, have low
energy requirements, safe for health, lightweight,
have high stiffness, and can be an alternative to
FRPCs in various applications (Saba et al. 2015).
Natural fibers are used as reinforcing materials for
polymer-based matrices(Faruk et al. 2012). These
polymer-based matrices are categorized thermoset-
ting plastics, and thermoplastics (Kozlowski and
Wladyka-Przybylak 2006)Thermoplastics can be pro-
cessed and molded under various temperatures with-
out undergoing chemical or bond changes in the poly-
mer chain. Therefore, they are critical materials for
recycling and, therefore, sustainability (Wang et al.
2003). Natural fibers used matrices such as polyeth-
ylene (Li et al. 2009), PLA (Hu and Lim 2007), poly-
propylene (Ku et al. 2011), polystyrene (Zafar and
Siddiqui 2020), polyvinyl chloride (PVC) (Wirawan
et al. 2009), and polycarbonate (PC) (Karsli and
Aytac 2014). Among these polymers, PC is known to
have high impact strength, high elastic modulus, high
heat deflection temperatures, and very low moisture
absorption (Vinyas et al. 2019) and has many appli-
cations in the construction sector. The literature indi-
cates that the natural fibers used to reinforce the PC
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matrix are wood shavings (Wimonsong et al. 2012;
Zhang et al. 2020, 2021), tamarind fruit (Maheswari
et al. 2012), Cordia dichotoma (Jayaramudu et al.
2013), pineapple leaf fiber (Threepopnatkul et al.
2009), silk and cotton (Tagdemur et al. 2008), and
flax (Karsli and Aytac 2014; Panthapulakkal and Sain
2013).

Cellulosic fibers such as hemp, flax, jute, sisal,
coir, bamboo, banana, kenaf, and ramie are used as
reinforcement in NFRPCs and are abundant in many
countries (Yan et al. 2016). Lignocellulosic fibers
such as jute, sisal, flax, and hemp have been reported
to be an alternative to glass-fiber and carbon-fiber-
reinforced composites in various applications (Faruk
et al. 2012; Kandola et al. 2021). The mechanical and
dynamic mechanical properties of polymer compos-
ites reinforced with kenaf, jute, and hemp fibers are
suitable for use in building structures (Saba et al.
2015). Besides, NFRPCs are used as ceiling panels,
partition boards, and fiber boards in various struc-
tural applications (Koztowski and Wiladyka Przyby-
lak 2008; Nishino et al. 2003) as well as window and
door frames and furniture applications (Sanjay et al.
2018). When it comes to hemp fiber, it is known to
have a 3-9 times faster growth rate than other plants
and a higher CO, absorption capacity than any other
plant. In addition, it can be planted in various areas
and requires very little fertilizer and herbicides (pesti-
cides) (Amaducci et al. 2015), grows very fast, yields
more fiber per acre compared with kenaf and flax (Liu
et al. 2017). Therefore, using hemp fiber for NFRPCs
will create a greener and more sustainable alternative,
and the damage to nature will be minimized. When
the studies in the literature dealing with thermoplastic
composites reinforced with hemp fiber are examined,
PLA, polyethylene, and polypropylene are chosen as
the matrix (Bourmaud and Baley 2007; Hapuarachchi
and Peijs 2010; Pickering et al. 2011; Sawpan et al.
2011; Sunny et al. 2020; Szostak et al. 2019).

For sustainability, reducing environmental damage
and reducing CO, emissions, the natural fiber content
of the used material, and the production and applica-
tion of the material are important. According to stud-
ies in the literature, it has been determined that cumu-
lative energy is reduced by 41-64% in the production
of polymer-based materials produced with 3D print-
ers (Kreiger and Pearce 2013). Besides, NFRPCs pro-
duced with 3D printers are known to reduce carbon
dioxide emissions and carbon footprint compared
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with traditional production techniques (Mohammed
et al. 2017; Victoria Santos et al. 2022). In 3D print-
ing, i.e., additive manufacturing (AM), the designed
parts are produced in layers, rather than subtracting
from a larger part. One of the production techniques
used in AM technology is fused filament fabrication,
which is obtained by extruding thermoplastic or wax
material from a heated nozzle. Other manufacturing
techniques include jetting a binder into a polymeric
powder, using an ultraviolet laser to harden a photo-
sensitive polymer, and using a laser to melt polymeric
powder (Laser Sintering) (Williams and Ivanova
2011). The most used production type in AM tech-
nology is fused deposition modeling (FDM), and ver-
satile structural parts can be produced with minimal
waste material without the need for investments such
as molds, huge machines, and excess staffing for rapid
prototyping (RP) (Hashemi Sanatgar et al. 2017; Vin-
yas et al. 2019).

3D printing is used to apply computer-aided
design (CAD) files of 3D objects, which are digitally
designed for use in different applications or obtained
by scanning an existing object through therapeutic
prototyping or rapid manufacturing. Thanks to 3D
printing technology, it is possible to create low-cost,
rapid design solutions and applications and eliminate
defects at early design stages (Chua et al. 2003; Wil-
liams and Ivanova 2011). 3D printed parts are charac-
terized as anisotropic and depend on the direction of
printing and raster angle. In addition, their mechani-
cal properties and structural strength depend on many
factors, such as extrusion speed, nozzle, bed tempera-
ture, and infill ratio (Domingo Espin et al. 2015). The
most used thermoplastic polymers in FDM technol-
ogy are ABS, PLA, PC, and PET-G. Considering the
fiber-reinforced thermoplastics produced with FDM
technology, ABS and PC have the best structural
integrity and are used in many engineering applica-
tions where strength is important (Vinyas et al. 2019).

To the best of the authors’ knowledge, although
there are a few studies in which the polycarbon-
ate matrix is reinforced with hemp fiber, no study
has been conducted on with these composite mate-
rials using the 3D printing production technique.
Therefore, this study will uniquely contribute to the
literature by producing hemp fiber-reinforced poly-
carbonate composites by 3D printing. The fact that
hemp fiber-reinforced PC composites are suitable for
use in 3D printers will contribute to the concept of

sustainability by reducing environmental damage. In
terms of architecture, the designer starts the design
and production process by making his/her imagi-
nation visible with CAD. Although the freedom of
design with CAD is unlimited, the materials used
can be given limited forms due to traditional produc-
tion techniques. With the direct production of CAD
files using a 3D printer, complex forms that cannot be
made using conventional production techniques can
be applied more easily in architecture and building
applications. Because the material produced within
the scope of this study is suitable for 3D printers, the
designer can have freedom and pave the way for archi-
tectural applications in complex forms. Therefore,
this study aims to determine the optimal composite
ratio of hemp fiber-reinforced polycarbonate compos-
ite, which can be shaped with a 3D printer, for use
in architectural applications. Therefore, samples were
prepared using an extrusion stage and a 3D printer.
Thermal (DSC, TGA), chemical (FTIR), mechanical
(tensile test), and morphological (SEM) properties of
the composite samples were tested by the standards to
determine the optimal composite blend ratio and ease
of application in 3D printers.

Experimental
Materials

Pure PC was used as a control sample. PC suit-
able for general use was supplied by Lotte Chemi-
cal and used as the matrix material (specific gravity
1.20, Tensile Strength: 63-70 MPa, elastic modu-
lus: 2400-2500 MPa, impact strength: 80-85 kj/m?,
deformation temperature: 130°C, Vicat softening
temperature: 150 °C, MFI (fluidity index): 10). The
hemp fibers used are from Hemp Traders of Amer-
ica and are in raw form, degummed, and have lignin
not removed (see Fig. 1). The fibers were aligned in
the same direction. Sodium hydroxide (NaOH) was
obtained from Katki Dunyasi and is 99% pure.

Methods
The experimental study was conducted in two stages.
The first stage is described under the title *Surface

Treatment of Hemp Fibers,” the optimum alkali treat-
ment to be applied to the fibers was determined by
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Fig. 1 Supplied raw hemp fiber bundle

looking at their chemical and thermal properties
using FTIR and TGA analysis. The second stage is
described under the title 3D printed composites’,
and PC/hemp composite samples with different ratios
were produced by applying the specified alkali treat-
ment. The sample with the best chemical, thermal,
mechanical, and morphological properties suitable
for use in a 3D printer was determined using FTIR,
TGA, DSC, SEM, and tensile tests.

Surface treatment of hemp fibers

Although NFRPCs have many advantages and
application areas, they also have disadvantages such
as water absorption, strength degradation, lack of
thermal stability, lowered impact properties, and
reduced impact strength due to weak matrix inter-
face bonding when applied directly due to their
hydrophilic structure. Alkaline, silane, and acetyla-
tion chemical treatments were performed to over-
come these disadvantages. These chemical treat-
ments improve the interfacial bonding between
hydrophilic fibers and hydrophobic (water-avoid-
ance) polymers, thereby reducing moisture uptake,
increasing microbial degradation resistance, and
extending durability (Liu et al. 2017). Alkali treat-
ment, or mercerization, is one of the most widely
applied chemical treatments to natural fibers that
reinforce thermoplastics. As a result of the alkali
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treatment, the surface hardness is increased by
removing the hydrogen bonding in the network
structure. In addition, substances such as lignin,
wax, and oils on the fiber surface are removed,
and the natural cellulose structure is depolymer-
ized, resulting in short-length crystallites (Mohanty
et al. 2001; Wang et al. 2003). This way, the mate-
rial’s properties are improved by providing a bet-
ter interfacial bond between the natural fiber and
the thermoplastic matrix. According to the litera-
ture, optimum results have been obtained from the
alkaline treatment of hemp fiber with NaOH solu-
tion (Bhoopathi and Ramesh 2020; Rachini et al.
2009; Suardana et al. 2011). Therefore, in this
study, NaOH was chosen for the alkali treatment.
The NaOH alkaline treatment will reduce the lignin
and hemicellulose, increase the cellulose content of
hemp fibers, balance the hydrophilic structure, and
provide a better interface bond with PC. As a result,
the fiber surfaces will become clean and rough,
and the molten polycarbonate will provide better
mechanical locking with the fibers.

To determine the optimum NaOH alkali treat-
ment to be applied to hemp fibers within the scope
of the study, 5% and 7% (NaOH/pure water) solu-
tions were applied in four different ways, namely
heat treatment (HT) and ambient temperature (AT).
The samples processed under AT conditions were
stirred at 200 rpm in an IKA C-MAG HS 7 device
for 60 min at room temperature and then washed in
tap water for 5 min to remove the solution from the
fibers and neutralize it. The washed fibers were left to
dry overnight at room temperature and then dried at
-0.6 bar pressure and 80 °C for 24 h to remove resid-
ual moisture. The samples processed under HT con-
ditions were stirred at 120 °C for 60 min at 200 rpm
in a DATHAN SCIENTIFIC MSH-20D device and
then washed in tap water for 5 min to remove the
solution in the fibers and neutralize it. The washed
fibers were left to dry overnight at room temperature
and then dried at -0.6 bar pressure and 80 °C for 24 h
to remove residual moisture. The fibers used in the
control sample were soaked in pure water for 24 h to
remove impurities, and the same drying process was
used. TGA analysis was performed to determine the
thermal properties, and FTIR analysis was performed
to determine the chemical properties of the NaOH-
treated and untreated samples. The fiber samples are
coded according to the hemp fiber they contain, and
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Table 1 Alkali-treated and untreated samples

Table 2 Compounding ratios of the composites

Sample NaOH (%) Pure Water (%) Processing Con-
dition

HEMPO 0 100 24 h Pure Water

HEMP5AT 5 95 AT

HEMPSHT 5 95 HT

HEMP7AT 7 93 AT

HEMP7HT 7 93 HT

the process applied, as shown in Table 1. For exam-
ple, the code HEMP5HT indicates a fiber sample
treated with 5% NaOH at 120 °C.

3D-Printed composite preparation

Within the scope of this study, the Anycubic 13 3D
printer was chosen to apply the additive manufactur-
ing method. Hemp fiber-reinforced composite sam-
ples were prepared as filaments with a 1.00-2.00 mm
diameter in the Twin-Screw Extruder device. The
composite samples were prepared with 10%, 20%,
and 30% fiber ratios, alkali-treated and untreated, and
pure PC was used as a control sample. Hemp fibers
were cut into 6 mm lengths and prepared as alkali-
treated and untreated. Alkaline treated fibers were
treated in 5% NaOH solution under HT conditions,
washed in tap water until the pH was neutral, and left
to dry overnight. The untreated fibers were soaked in
pure water for 24 h and left to dry overnight at room
temperature. The dried fibers and PC pellets were
dehumidified in a Witeg oven at 80 °C with -0.6 bar
pressure for 24 h. The dehumidified fiber and matrix
materials were weighed at 10/90, 20/80, and 30/70
PC/Hemp ratios and prepared for use in the twin-
screw extruder device. The materials were mixed in
the twin-screw extruder at a speed of 100 rpm and a
temperature of 250 °C. The materials were fed into
the extruder via the feed hopper and mixed as a melt
at the determined ratios (see Table 2). At first, PC
pellets were fed to the extruder barrel and mixed for
2 min, then fibers were fed, and the mixing time was
continued for another 1 min. After mixing for 3 min,
including the fiber feeding time, filaments with a
diameter of 1.0-2.0 mm were obtained. The obtained
filaments were printed in triplicate, each with dimen-
sions of 75 % 12x2mm, for use in the tensile test with

Sample 5% NaOH Treated  Untreated PC (%)
Hemp Fiber (%) Hemp Fiber
(%)

PC 0 0 100
PCH10 0 10 90
PCH20 0 20 80
PCH30 0 30 70
PCHI105HT 10 0 90
PCH205HT 20 0 80
PCH305HT 30 0 70

Anycubic 13 3b printing device (Figs. 2 and 3). The
printing parameters are given in Table 3.

Characterization

The FTIR spectrum measures the wavelengths of
electromagnetic light against its infrared intensity.
The range of wavelengths indicates components such
as cellulose, hemicellulose, lignin, waxy structure,
methylene group, and their chemical bonds. For bet-
ter interfacial bonding of fiber and matrix material,
lignin, methylene group, waxy structure, and hemi-
cellulose should be removed, and the cellulose and
-OH density should be increased. Therefore, in this
study, the increase and decrease in these components
resulting from different alkali treatments applied to
the fibers and composites were determined by FTIR
spectroscopy. The alkali treatment method that gives
the most optimum results will be determined for use
in composite production. In addition, FTIR spectra
were performed to determine the chemical proper-
ties of the produced composite samples. FTIR analy-
sis was repeated twice to check the data. The FTIR
spectra measurements made within the scope of the
study were performed under a nitrogen atmosphere
using the Spectrum IR program with a wavelength of
4000 cm™"- 650 cm™".

Thermogravimetry analysis determines the mass
loss of materials as a function of temperature or time.
The sample was heated to a set temperature at a con-
stant heating rate, and the mass change was measured
and recorded as a function of time. Mass change indi-
cates thermal degradation and occurs at different tem-
perature stages for other materials. This study carried
out TGA analysis on fibers and composite samples.

@ Springer
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Fig. 2 3D printing previsualizes the sample to be printed in
the Ultra Maker Cura program. (a) inner wall (green) and shell
(red); (b) addition of a filling layer (yellow) to the inner wall
and shell; (c) line pattern fillings of the first layer filled at+45°

Fig. 3 A 3D printed composite sample

Table 3 3D printing parameters

3D Printing Parameters

First layer height (mm) 0.3
Layer height (mm) 0.1
Layer width (mm) 0.4
Filling pattern Line
Filling ratio (%) 100
Fill alignment (degree, angle) 45
Shell thickness (mm) 1.0
Number of shells 2
Printing speed (mm/s) 30.0
Nozzle diameter (mm) 1.0
Print temperature (°C) 260
Bed temperature (°C) 110

@ Springer
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angle, (d) line pattern fillings of the second layer filled at an
angle of -45° (e) line pattern fillings of the third layer filled at
an angle of +45°, (f) line pattern fillings of the 18’ layer (last
layer) filled at an angle of -45°

TGA analysis was repeated twice to verify the data.
The Mettler Toledo MTTA18110856 TGA 1 device
was used for TGA analysis and tested under a nitro-
gen atmosphere. TGA analysis was performed at a
temperature range of 25 °C -600 °C, with a heating
rate of 10 °C/min and a 30 ml/min nitrogen flow. The
sample weights of approximately 10 mg were placed
in a ceramic pan in the device.

Differential scanning calorimetry (DSC) is a ther-
mal analysis technique that examines how the heat
capacity of a material changes with temperature. In
this study, DSC analysis was applied to composite
samples and was repeated twice to verify the data.
DSC analysis was performed with a Mettler Toledo
DSC machine using nitrogen gas. Aluminum pans
were prepared for machine testing. Samples in the
pans were prepared at 5-10 mg. A two-stage analysis
was determined as the test method with a 10 °C/min
temperature increase between 25-250 °C. After the
samples were heated from 25 °C to 250 °C, the analy-
sis was completed by cooling down to 25 °C and then
increasing to 250 °C again. In the first heating stage,
the thermal traces left by the twin-screw extruder
were erased, and the results of the second heating
stage will be considered. T, values of the samples
were determined.

In the tensile test, the tensile strength values were
examined. Tensile strength indicates the maximum
force that can be withstood until it breaks or fractures
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and is important in architectural applications. The
tensile test within the scope of the study was applied
to three bars of 75X 12x2mm from each composite
specimen. Composite specimens were tested in an
Instron Tensile Machine with 6 bar pressure using the
Instron Bluehill Universal program with the ISO 527-
5A 10 mm/min method, and their mechanical proper-
ties were determined.

The morphology of the produced composite sam-
ples was determined using an electron microscope
(SEM, Quanta FEG 450). The device was used in the
secondary electron mode at a 15.00 kV current and
4.48e-4 Pa pressure. The zoom ratio is 100, 500, and
1000. The samples used in the SEM analysis were
obtained from tensile tests of composite samples pro-
duced by the FDM technique. Because the samples
are polymer-containing insulating materials, they are
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T T T T T T T M l T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Fig. 4 FTIR spectra obtained from the fibers

Table 4 FTIR spectra of the alkali-treated and untreated fibers

coated to make them conductive. The gold plating
was applied for 90 s for conductivity under a voltage
current of 10 m amperes.

Results and discussion
FTIR

The FTIR spectra of the NaOH-treated and untreated
hemp fiber samples are shown in Fig. 4. The com-
parison of the chemical groups observed in the sam-
ples coded HEMP5AT, HEMPSHT, HEMP7AT, and
HEMP7HT treated with alkali is presented compara-
tively with the HEMPO sample in Table 4. The FTIR
spectra of the NaOH-treated and untreated hemp
fiber-reinforced PC composite samples are shown in
Fig. 5.

According to Ouajai and Shanks (2005), the
vibration at the 1733 cm™' peak is attributed to the
C=0 stretching of methyl ester and carboxylic acid
in pectin in hemp fibers (Ouajai and Shanks 2005).
Kabir et al. (2012) also reported in their study on
hemp fibers treated with alkali, silane, and acetyla-
tion processes that the peak value of 1737 cm™! peak
indicates C=0 stretching (hemicellulose) (Kabir
et al. 2012). The FTIR spectra of alkali-treated and
untreated hemp fibers within the scope of the study
(see Table 4.), a 1734.5 cm™! peak was observed in
HEMPO, HEMPS5AT, and HEMP7HT samples. In the
HEMPSHT and HEMP7AT samples, there was no
1734.5 cm™! peak, and the sample with the minimum
peak vibration was HEMPSHT. As a result, pectin
and hemicellulose are best removed in the HEMPSHT
and HEMP7AT samples.

Wave Associated Chemi- HEMPO HEMPSAT HEMPSHT HEMP7AT HEMP7HT
number cal Groups
(em™)
1000 -OH density Low Higher Highest Higher Highest
1249 C=0 (lignin) Predominant Removed Removed Removed Removed
2850 Methylene group Present Increased Removed Removed Removed
1733 C=0 (Pectin, High High Removed Removed High
methyl ester,
waxy structure)
3200-3600 -OH stretching Low Increased at alow  Increased at a high Increased at alow Increased at a high

(cellulose)

rate

rate

rate

rate
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Fig. 5 FTIR spectra obtained from the composites reinforced with untreated (a) and alkali-treated (b) hemp fibers

Kabir et al. (2012) also stated that the 3407 cm™"
value indicates -OH stretching (cellulose) and found
that cellulose was not removed because of alkali,
silane, and acetylation processes (Kabir et al. 2012).
When the cellulose peak values of the HEMP samples
were analyzed, a peak of 3335 cm™! was observed in
the HEMPO sample, and it was determined that the
peak point was observed in the other samples, and
cellulose remained. They also stated that a value of
1249 cm™! indicates C=0 stretching (lignin) (Kabir
et al. 2012). Looking at the samples, lignin was
observed in HEMPO with a peak of 1243 cm™'. In the
alkali-treated HEMPS5SAT, HEMPSHT, HEMP7AT,
and HEMP7HT samples, 1243 cm™' peak value was
not observed, and lignin was removed.

Lu and Oza (2013) stated that the 1000 cm™! peak
expresses the -OH density and that an increase in the
peak will provide better interface bonding between
the fiber and the thermoplastic matrix. They also
stated that the 2850 cm™! peak expresses the meth-
ylene group and is eliminated in alkaline-treated fib-
ers (Lu and Oza 2013). The 1000 cm-1 peak showed
an increase in the alkali-treated fibers at room tem-
perature, and the highest increase was observed in
the HEMPSHT and HEMP7HT samples. It was
observed that the samples treated with alkali at tem-
perature will provide better fiber—matrix interface
bonding compared to those processed at room tem-
perature. Looking at the 2850 cm™! peak, it is seen
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that it is eliminated in HEMPSHT, HEMP7AT, and
HEMP7HT samples.

When the results of FTIR analysis of the alka-
line treatment of fibers are considered, it is seen that
lignin is generally removed in all alkali-treated sam-
ples. Pectin and hemicellulose were best removed in
the HEMPSHT and HEMP7AT samples. The -OH
density peak, which indicates better interfacial bond-
ing between fiber and matrix material, was observed
mainly in the HEMP5HT and HEMP7HT samples.
Based on these data, it can be concluded that the
HEMPSHT sample gives the most optimum result
when used with matrix material.

According to Apaydin Varol et al. (2014), peak
2870-3054 cm™! corresponds to C-H stretching,
1278-1326 cm™' to C-H bending, and 584-741 cm™
to C=0 bending bonds (Apaydin-Varol et al. 2014).
Peaks 2970 cm™! (C-H stretching) and 1289 cm™
(C-H bending) are observed in the pure PC sam-
ple, while a decrease is observed in the peaks in the
PCHI10 and PCH105HT samples. A slight decrease is
observed in the C=0 bending peak due to fiber addi-
tion. According to Haghighi Yazdi and Lee-Sullivan
(2015), the carbonyl group occurs at a wavelength of
1760 cm™!, and the C-O bond stretches from approxi-
mately 1150 to 1250 cm™'. The methyl groups occur
at wavelengths of 2850 to 3000 cm™~! (Haghighi Yazdi
and Lee-Sullivan 2015). Because of the FTIR test
performed on pure PC within the scope of the study,
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the carbonyl group was observed at peak 1768 cm™!,
stretching of the C-O bond at peak 1218 cm™!, and
a methyl group at peak 2970 cm~'. When we exam-
ine the composites produced by adding fibers to PC,
a significant decrease is observed in the carbonyl and
methyl group peaks of the composites formed with
both alkali-treated and untreated fibers. Stretching of
the C-O bond is observed to increase because of fiber
addition. According to Reddy et al. (2020), approxi-
mately 2925 cm™! peaks correspond to a-cellulose,
1639 cm™! absorbed water, and 1509 cm™! aromatic
C-H. The 2925 cm™! peak was highest in pure PC and
lowest in composite samples reinforced with alkaline
fibers. The bonding of the NaOH alkali treatment
with fibers can explain this phenomenon. Looking
at 1639 cm™!, a decrease is observed as fibers were
added. The least amount of water absorbed was found
in the composite samples reinforced with alkali-
treated fibers. The 1509 cm™! peak decreased slightly
with the addition of fiber but remained dominant.

TGA analysis

The thermal degradation of natural fibers occurs
in three main temperature stages. The first stage is,
between 30 °C and 110 °C, corresponds to remov-
ing moisture from the fibers (Kabir et al. 2012). The
second is between 220 °C and 280 °C, and the third
is between 280 °C and 300 °C. Degradation in the
second range is associated with hemicellulose deg-
radation, whereas that in the third range is lignin

Residual Weight (%)

T T 1

0 200 400
Temperature (°C)

(a)

Fig. 6 TGA (a) and DTG (b) thermograms of fibers

Derivative of Weight (%/°C)

degradation. The activation energies in the second
and third stages are 25 and 35 kcal/mol, respectively,
corresponding to hemicellulose and lignin degrada-
tion. The degradation of natural fibers is crucial for
constructing natural fiber composites and effectively
withstanding the curing temperature for thermo-
sets and the extrusion temperature for thermoplas-
tic composites (Nabi and Jog 1999). To determine
the weight loss of the samples at 30 °C -110 °C for
moisture removal, 220 °C -280 °C for hemicellulose
degradation, and 280 °C -300 °C for lignin degra-
dation, the remaining weight percentages against
temperature values are given in Fig. 6 and Table 5.
According to Oza et al. (2014), weight loss between
6 and 8% indicates the moisture content of the fiber
(Oza et al. 2014). From this viewpoint, moisture
removal was achieved in all samples between 30 °C
and 110 °C. When we look at the residual weights
after hemicellulose degradation (280 °C), the high-
est residue value is seen in the HEMPSHT sample
with a value of 92.5703%. After lignin degradation
(300 °C), the highest residue amount was observed
in the HEMPSHT sample at 91.4375% (see Fig. 6).
At approximately 600 °C, the highest residue value
was observed in the HEMPO sample at 23.98% and
the lowest in the HEMPSHT sample at 15.73% (see
Table 5.).

The reported studies in the literature show that
degradation starts at higher temperatures, and ther-
mal stability increases in alkali-treated fibers (Pra-
cella et al. 2010). The increase in thermal stability
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is attributed to removing of lignin, waxy structure,
and oils covering the fiber surface by alkaline treat-
ment (Vinyas et al. 2019). Looking at the peaks of
the DTG curve obtained within the scope of the
study (see Table 3.), it is seen that while the maxi-
mum degradation temperature peak in untreated
fibers is 354.65 °C, the highest temperature peak in
treated fibers (HEMP5HT) reaches 359.98 °C. The
increase in this value is similar to the alkaline treat-
ments applied to hemp fibers in the literature (Pra-
cella et al. 2010). The alkaline treatment is expected
to harden the fiber surface. This removes the waxy
structure, pectin, hemicellulose, and lignin to reveal
more cellulose and improve the mechanical bond
between the fiber and polymer (Oza et al. 2014). At
the temperature at which 10% weight loss occurs,

the HEMPSHT sample shows an improvement of
18% compared with the untreated fibers, which is
higher than the other samples. Considering the data
obtained from the FTIR analysis, the HEMP5SHT
sample appears to be the best choice for reinforcing
the PC composite. Therefore, the HEMPSHT sam-
ple was selected to reinforce PC in composite pro-
duction (Table 6).

The TGA and derivativeweight (DTG) curves of
the composite samples, including alkali-treated and
untreated fibers, are shown in Fig. 7, and the heat-
induced mass loss values are summarized in Table 7.
According to the TGA analysis, alkaline treatment
of the fibers increased the thermal strength. This
situation was supported by studies reported in the
literature.

Table 5 Heat-induced

loss b fth Sample 5% 10% 50% 600 °C
mass loss because of the Weight Loss (°C) ~ Weight Loss (°C)  Weight Loss (°C) Residue (%)
TGA analysis of fiber
samples HEMPO 81.62 263.22 255.07 23.98
HEMP5AT 95.04 282.51 358.01 19.98
HEMP7AT 91.68 268.67 357.59 20.41
HEMPSHT  94.20 311.01 358.84 15.73
HEMP7HT  96.72 301.81 356.75 17.67
Table 6 DTG peaks of the HEMPO HEMPSAT HEMP5HT HEMP7AT HEMP7HT
fiber samples
T, (°C) 354.65 357.59 359.68 358.42 358.84
100 -
Nl 0,000
\\
804 §
9 - . 2
S < 0,005
5 60 i A\ 5
S i s
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Fig. 7 TGA (a) and DTG (b) thermograms of the composites
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Table 7 Heat-induced
mass loss because of the
TGA analysis of composite

Sample 5%

Weight Loss (°C)

samples PC 465.37
PCH10 370.58
PCH20 355.07
PCH30 345.84
PCHIOSHT  373.10
PCH205HT  373.10
PCH30SHT  349.20

10% 50% 600 °C
Weight Loss (°C) Weight Loss (°C) Residue (%)
478.37 511.51 26.52
419.12 478.64 21.13
371.43 448.18 18.72
363.04 465.37 18.53
425.53 466.21 22.73
384.43 477.53 19.98
367.65 456.56 18.40

According to Oza et al. (2014), the DTG curves
of PLA/Hemp composites show higher tempera-
ture values when reinforced with NaOH-treated fib-
ers than when reinforced with untreated fibers (Oza
et al. 2014). This increase was also observed in the
PCH105HT, PCH205HT, and PCH305HT samples
(see Table 7.). Lu and Oza (2013) reported that the
TGA analysis of HDPE/ alkali hemp composites
treated with NaOH showed that alkaline-treated fibers
lost weight at higher temperatures than untreated fib-
ers (Lu and Oza 2013). Similar results were obtained
in the TGA analysis of alkali treated PCH105HT,
PCH205HT, and PCH305HT samples. In the study
by Lu and Oza (2013), TGA analysis of PLA/ alkali
hemp composites treated with NaOH showed that
alkali-treated fibers lost weight at higher temperatures
than untreated fibers, and the weight loss due to tem-
perature increased as the fiber ratio increased (Lu and
Oza 2013). Similar results were obtained in the TGA
analysis of alkali-treated PCH105HT, PCH205HT,
and PCH305HT samples. Faulstich de Paiv and Frol-
lini (2006) found that the TGA analysis of PC/ alkali
sisal fiber composites showed that alkali-treated fib-
ers lost weight at higher temperatures than untreated
fibers (Faulstich de Paiv and Frollini 2006). Similar
results were obtained in the TGA analysis of alkaline-
treated PCH105HT, PCH205HT, and PCH305HT
samples. Threepopnatkul et al. (2009), the TGA
analysis of PC/PALF (pineapple leaf fiber) fiber com-
posites alkaline treated with NaOH showed that the
thermal strength decreases as the fiber ratio increases.
Composites with all fiber ratios have lower ther-
mal strength than pure PC composites. In addition,
while only one degradation stage was observed for
pure PC, the number of stages increased to three for
fiber-added composites (Threepopnatkul et al. 2009).
These results were also found in the TGA analysis

of the PCH105HT, PCH205HT, and PCH305HT
samples.

When the thermal stability of the composites rein-
forced with hemp fiber and, natural fiber used to rein-
force PC in the literature are examined, alkali-treated
fiber included samples have better thermal strength
than untreated samples. When we look at the TGA
analysis performed within the scope of this study,
this situation is valid for all alkali-treated samples at
5% and 10% weight loss, and the opposite situation
is observed in alkali-treated composites, except for
the PCH305HT sample at 50% weight loss tempera-
ture. Looking at the DTG peaks, the first degradation
peak shows that the alkalis degrade at a lower tem-
perature. In contrast, the second peak shows that only
the PCH205HT sample degrades at a higher tempera-
ture. To explain this, SEM images will be analyzed
to determine whether the alkali-treated samples blend
better with pure PC.

DSC analysis

The DSC results for the composites incorporat-
ing alkali-treated and untreated fibers are outlined in
Table 8. Examination of the T, values derived from the
DSC analysis revealed a general reduction in T, val-
ues by adding fiber to the PC matrix. As the fiber ratio
increases, the Tg value tends to decrease, indicating a
plasticizing effect on the samples. Notably, composite
samples reinforced with alkali-treated fibers exhibit
higher T, values than those reinforced with untreated
fibers. This alignment with the laboratory production
phase observations suggests a substantial reduction in
the T, value of composites reinforced with untreated
fibers. The heightened plasticization is corroborated
by the composite material’s enhanced flow from the
extruder device as a more fluid liquid and its ability
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Table 8 DSC results of the composite samples

Sample Tg °C)
Ist Stage 2nd Stage

PC 150.13 148.44
PCHI10 138.18 146.74
PCH20 146.97 145.37
PCH30 146.03 143.98
PCH105HT 150.11 148.99
PCH205HT 149.72 146.74
PCH305HT 144.12 146.45

to be processed at lower temperatures using the 3D
printer device. Reviewing the relevant literature, it was
seen that changes in T, values are intricately linked to
the yield rate of alkaline treatment, a correlation con-
sistent with the findings of this study.

According to Islam et al. (2010), as a result of
DSC analysis applied to PLA/Hemp composites
treated with NaOH, it was found that the addition
of treated fiber decreased the T, value compared
with that of pure PLA composite. The T, value
of processed fiber is 61.20 °C, while pure PLA is
62.20 °C (Islam et al. 2010). The fiber ratio deter-
mined within the scope of their study is 30%, which
is similar to that of the alkali-treated PCH305HT
sample. According to Xiao et al. (2019), as a result
of DSC analysis applied to PLA/Hemp compos-
ites using EGMA as a compatibilizer, the addition
of fiber decreased the T, value compared to pure
PLA composite (Xiao et al. 2019). This result is
similar to that of the untreated PCH10, PCH20,
and PCH30 specimens. In the study conducted by
Karsli and Aytac (2014), when the DSC analysis of
PLA/PC/Flax composites treated with NaOH was
examined, it was observed that the alkaline treated
fibers increased the T, value of the untreated com-
posite. Although the T, value decreased as the fiber
ratio increased in the study, the Tg value for each
fiber ratio was higher than those for PLA/PC and
untreated PLA/PC/linen composites (Karsli and
Aytac 2014). The fiber ratios used in the study were
2%, 5%, and 10%, and this result is similar to that
of the PCHI105HT sample containing only 10%
fiber. Faulstich de Paiv and Frollini (2006) found
that the DSC analysis of PC/Sisal fiber composites
treated with NaOH showed that the alkali-treated
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fibers peaked at higher temperatures than the
untreated fibers. In addition, although only an exo-
thermic peak was observed in untreated fiber com-
posites, both exothermic and endothermic peaks
were observed in treated composites (Faulstich de
Paiv and Frollini 2006). This result is similar to the
fact that PCH105HT, PCH205HT, and PCH305HT
specimens reinforced with alkali-treated hemp fib-
ers have higher T, values than untreated specimens.

Mechanical characteristics

Tensile tests were applied to at least three samples
by forming PC composite filaments reinforced with
alkali-treated and untreated hemp fibers using a 3D
printer. The tensile test results of the PC composite
reinforced with hemp fiber at different fiber ratios are
shown in Fig. 8. According to the tensile test results,
that the tensile strength of the composites decreases
as the fiber ratio increases. In general, composites
reinforced with alkali-treated fibers have higher ten-
sile strength values than untreated ones. No signifi-
cant decrease in the maximum tensile strength was
observed when comparing the PCH105HT specimen
with the pure PC specimen (see Table 9.). As a result
of adding 10% hemp fiber, the tensile strength of pure
PC decreased by less than 2%. This result coincides
with the tensile value results obtained in the literature
within the scope of the study on PLA/Hemp compos-
ites printed with a 3D printer. According to the tensile
value results, although pure PLA had a higher value,
there was no significant decrease with adding hemp
fiber (Guessasma et al. 2019).

504

40

[ PCH305HT

304

204

Tensile Strength (MPa)

Fig. 8 Tensile strength of the composites



Cellulose

Table 9 Tensile strength of the composites SEM analysis

Sample Tensile Strength (MPa)  Standard )
Deviation SEM images taken from the fractured surfaces of the

tensile test applied to pure PC formed by the FDM

pe 43.19 0.98 technique are shown in Fig. 9. When looking at
PCHI10 38.66 3.67 .
pure PC, a porous structure appears (see Fig. 9 (a)).
PCH20 36.74 0.93 According to the information obtained from the SEM
PCH30 30.46 0.74 . . . .
results of the composite produced with PC in the lit-
PCHIOSHT 42.52 311 erature, the FDM technique can be associated with
PCH205HT 41.98 0.60 the presence of pores (Zhou et al. 2020).
PCH305HT 38.85 0.49

SEM images taken from the fractured surfaces of
the tensile test applied to alkali-treated and untreated
hemp fiber-reinforced PC composites formed by the
FDM technique are shown in Figs. 10, 11, and 12.
In the untreated specimens, because of the weak

Imm

100x — mag: 500x 300 um

Imm
mag: 100x e Mg 100 e g 100

Imm Imm Imm
mag: 100x — g 100X p— Mg 100X

Fig. 10 100x SEM images of (a) PCH10, (b) PCH20, (¢) PCH30, (d) PCH105HT, (e) PCH205HT, and (f) PCH305HT
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mag: 1000x mag: 1000x

L
100 um

Fig. 12 1000 x SEM images of (a) PCH10, (b) PCH20, (¢) PCH30, (d) PCHI05HT, (e) PCH205HT, and (f) PCH305HT

fiber-matrix interface bonding, a brittle fracture
occurred in the composite, and there was a notice-
able gap between the fiber and the matrix (see Fig. 10
(a), (b), and (c)). When looking at the PCH10 sam-
ple without alkali treatment, substances coated on
the fiber surface can be observed. These substances
may include pectin, lignin, and other impurities
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(Sangappa Rao et al. 2014). Degradation occurs on
the fiber surface, and the fibers start to come out of
the matrix due to the weak fiber-matrix interface
bond (see Fig. 11 (a), (b), (c)). Untreated hemp fibers
begin to emerge from the matrix because of a weak
interface bond. This is similar to studies in the litera-
ture (Bhoopathi and Ramesh 2020). As can be seen
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from the SEM analysis, better fiber-matrix interface
bonding was realized in the alkali-treated fibers. This
is due to removing pectin, lignin, wax, and oils, as
supported by the FTIR results. At the same time, the
alkali-treated fibers have a fibrillated, rougher surface
(see Fig. 12 (d), (e), and (f)). These results are similar
to the SEM results obtained from the alkaline treat-
ment of hemp fibers in the literature (Aruan Efendy
and Pickering 2014; Kabir et al. 2013; Suardana
et al. 2011). At the same time, the alkaline treatment
of plant-based natural fibers resulted in a rougher
surface, which is similar to the findings of previous
studies (Karsli and Aytac 2014; Yan et al. 2012).
The pores in the specimen are less than those in the
composite specimens reinforced with untreated fiber.
This reduction is due to wrapping the fibers with the
matrix material, which results in a better fiber-matrix
interface bond. The composites reinforced with
NaOH alkali-treated hemp fibers have a less porous
structure and better fiber-matrix interface bond-
ing than the untreated ones. These results are simi-
lar to those reported in the literature (Bhoopathi and
Ramesh 2020; Oliveira et al. 2021).
As supported by studies in the literature,

e Composites reinforced with alkali-treated fibers
are more homogeneous and less porous than those
reinforced with untreated fibers.

e As the porous structure decreases, the composites
become stronger.

These results are similar to the tensile test results.

o Alkali treatment provided fullness at the endpoint
of the fibers. This fullness increases the stiffness
and coincides with the tensile test results.

e Alkali treatment made the fiber surface smoother.
This provides a better interface bond with the
matrix material.

e In composites reinforced with alkali-treated fibers,
fiber distribution is more homogeneous, and fiber
surface breaks and distortions are less common
than in untreated composite samples.

Conclusion

This article highlights the thermal, chemical,
mechanical, and morphological properties of an
alkali-treated hemp fiber-reinforced PC composite
that can be formed with a 3D printer for architectural

applications. FTIR and TGA analyses were per-
formed to determine the optimum alkali treatment
for the fibers. The FTIR spectrum results showed that
lignin was completely removed by applying 5% and
7% NaOH/pure water solutions under AT and HT
conditions. Methylene groups, pectin, methyl ester,
and waxy structures were removed under SHT and
7AT conditions. The highest increase in cellulose
was determined to be SHT. Alkali treatment removed
excess wax and waxy substances from the surface and
increased the surface roughness. In addition, alkaline
treatment increased the -OH density peak and pro-
vided better interface bonding of the fibers with the
matrix material. When the TGA analysis was stud-
ied, it was found that the samples processed at SHT
conditions started to experience mass loss at higher
temperatures compared with the other samples. These
results determined that the most optimum alkali treat-
ment that can be applied to hemp fibers is at the SHT
condition.

Tensile tests, FTIR, TGA, DSC, and SEM analy-
ses were performed to characterize the composites.
The highest tensile strength was observed for alkali-
treated 10% hemp fiber-reinforced PC composites
(PCH105HT). Regarding the tensile strength value,
the PCH105SHT sample lost less than 2% compared
with the pure PC sample, which is not a significant
decrease (PC: 43.19 MPa, PCH105HT: 42.52 MPa).
PC is a synthetic material that is not biodegradable.
As a result, a more environmentally friendly material
was obtained by adding hemp fiber to PC. Because
there is no significant decrease in mechanical values,
it is predicted to be a natural alternative to architec-
tural applications where a PC is used. For example,
it can be used in semi-structural structures such as
furniture parts or various interior design applications.
The FTIR spectrum results show that composites
reinforced with alkali-treated hemp fiber bond bet-
ter with PC than untreated ones. The TGA analysis
shows that the 10% mass loss of the pure PC sample
occurs at 478.38 °C, whereas the closest value is the
PCH105HT sample at 425.53 °C. When the char resi-
due at 600 °C is analyzed, it is seen that PC gives the
highest value with 26.52% and PCH105HT sample
with 22.73% compared to the others. The T, values
obtained from the DSC analysis determined that the
pure PC sample could be processed at 148.44 °C and
the PCH105HT sample at 148.99 °C. No significant
increase was observed in the PCH105HT sample. A
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significant decrease was observed in all samples rein-
forced with untreated fibers and in the alkali-treated
samples containing 20% and 30% fibers. It was deter-
mined that the material was plasticized. These data
coincide with the observation of ease of printing with
the FDM method in the laboratory process. Looking
at the SEM images, it was found that the fiber and
matrix formed a better interfacial bond because of the
alkaline treatment. Thus, the gaps between the fiber
and the matrix were minimized, and the material was
strengthened by providing better mechanical PC and
hemp fiber locking. As a result, it was determined
that the PC composite reinforced with a 10% weight
ratio of hemp fibers processed under SHT conditions
(PCH105HT) did not significantly decrease mechani-
cal and thermal properties compared with pure PC.
For this reason, it is expected that it is a more natu-
ral, sustainable, and green alternative to architectural
applications where a PC is used and that complex
forms can be created thanks to its suitability for use
in 3D printers.
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