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Mechanical, Physical and Thermal Properties of
Polylactic Acid Filament Composite Reinforced with
Newly Isolated Cryptostegia grandiflora Fiber
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By leveraging the properties of natural or plant fibers and possibilities
through three-dimensional (3D) printing technology, a composite filament
was fabricated by incorporating newly isolated Cryptostegia grandiflora
fiber (CGF), as a reinforcement with polylactic acid (PLA) by using a twin-
screw extruder. The fabricated composite filament and pure PLA filament
were 3D-printed, using fused deposition modeling (FDM). This study
investigated the mechanical, physical, and thermal properties of the 3D-
printed CGF reinforced composite filament samples. The mechanical
properties of the samples fabricated with 10 wt% CGF were better than
that of samples with pure PLA. In addition, impact, tensile, flexural
strengths and hardness were increased by 35.6, 33.6, 14.1, and 1.7%,
respectively, when compared with the sample with pure PLA. The
fractured surface morphology of tensile samples showed a uniform
distribution of CGF within the PLA. The addition of CGF improved the
thermal stability of the 3D-printed CGF/PLA composite sample by 15%.
Therefore, the printed structure could serve as an alternative material for
various uses, considering contemporary concepts of sustainability,
availability, environmental friendliness, and cost effectiveness.
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INTRODUCTION

Additive manufacturing (AM) technology is used to create three-dimensional (3D)
objects by adding successive layers of materials. Compared to conventional manufacturing
methods, AM has many advantages, including the possibility to produce complex shaped
objects with high quality and low material waste. Therefore, AM is an excellent choice for
developing functional prototypes (Kain et al. 2020). In AM technologies, fused deposition
modelling (FDM) is one of the most widely used methods, due to cost-effectiveness, ease
of use, and large build volumes, among others.
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In the FDM process, filaments made of thermoplastic polymers, such as poly lactic
acid (PLA), polyethylene terephthalate glycol (PETG), and acrylonitrile butadiene styrene
(ABS) are used (Liu et al. 2019). Thermoplastic, as a filament, is used in FDM to produce
various automobile components, to contribute to other industrial applications, and to
prepare structures for buildings (Cantrell et al. 2017). The use of thermoplastics with higher
melting temperatures as 3D printing materials has recently become possible (Wu et al.
2015). Due to its high mechanical properties, stability, and biological origin, PLA polymer
is one of the most used materials in 3D printing (Serra et al. 2013). At the same time, PLA
has drawbacks, including low impact strength and high brittleness. To overcome the
limitations of PLA, addition of fibers or fillers to PLA can be expected to strengthen its
physical, mechanical, and thermal properties (Bajpai et al. 2013; Li et al. 2016).

Based on previous studies, composites containing fine fibers have dominated the
production of plastics for the past 50 years. Natural fibers have been used as reinforcement
in some composites due to their availability, cost-effectiveness, environmental friendliness,
and good mechanical, physical, and thermal characteristics. But, the drawback of natural
fiber includes their hydrophilic nature. When natural fiber is used as reinforcement in
hydrophobic polymer, the interfacial adhesion between fiber and polymer may suffer due
to interfacial incompatibility. This leads to reduced mechanical properties of the composite.
To overcome this problem, many studies have used chemical treatments on natural fibers.
Alkaline treatment is commonly used to reduce the hydrophilic properties of natural fibers;
in addition, the size of the particles used as reinforcement can have a significant effect on
the interfacial adhesion between fiber and polymer (Aida et al. 2021; Mocanu et al. 2022).

Manufacturing companies, such as Toyota, Volvo, Audi, and BMW utilize natural
fiber reinforced polymer composite filaments to manufacture automotive interior parts.
Moreover, it is evident that these filaments are beneficial for the production of intricate and
real automotive interior components, using additive manufacturing techniques (Ahmad et
al. 2014; Balla et al. 2019; Tezara et al. 2022; Nazir et al. 2023). The demand for 3D
printing is also increasing; therefore, there is increased scholarly interest in natural fiber
reinforced PLA filament used in 3D printing (Ambone et al. 2020; Zhao et al. 2022).

A natural fiber was isolated for the first time from the Cryptostegia grandiflora
plant. The origin of the plant is southwest Madagascar, and the plant has spread worldwide.
The plant can grow up to 30 meters with support. The chemical composition of
Cryptostegia grandiflora fibers (CGFs) has been found to be similar to other natural fibers,
such as sisal, jute, hemp, and bamboo (Udhayakumar et al. 2023). A detailed analysis of
literature review results indicates that when 10 wt% natural filler is reinforced into the
polymer matrix, the most favorable results are achieved in the mechanical and thermal
properties of the composite. This finding shows the importance of selecting and finalizing
the matrix ratio for optimal composite performance (Aggarwal et al. 2019; Sekar et al.
2021; Gauss et al. 2022; Scaffaro et al. 2022; Khan et al. 2023).

In this study, CGF/PLA composite filament with 10 wt% CGF was fabricated using
a twin-screw extruder and used for 3D printing. The effect of adding CGFs to PLA on the
thermal and mechanical properties of FDM 3D-printed samples was investigated. Also, a
scanning electron microscope (SEM) was used to study the morphology of the 3D-printed
samples.
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EXPERIMENTAL

Materials

A newly extracted CG fiber was used as a reinforcement. The fiber extraction and
characterization have been carried out and previously reported (Udhayakumar et al. 2023).
Poly(lactic acid) pellets with a weight average molecular weight of 6.7 x 10* g/mol and a
density of 1.2 g/cm® were used as the matrix. The glass transition and melting temperatures
of PLA were 59 and 143 °C, respectively.

Methods
Composite filament production

The CG fiber was cut into small pieces with a length of 10.0 £ 0.5 mm. Then, 30 g
of the pieces were placed in a beaker and immersed in a 10% KOH solution for about 4 h.
The treated CG fiber was heated in a water bath at 90 °C for 1 h. Once the heat treatment
was completed, the CG fiber was allowed to cool to a room temperature. The fiber was
incubated in a hot air oven at 60 °C for 2 h. The dried fibers were then ground into powder.
The powder thus prepared was referred to as filler in the production of filament. To create
the CGF/PLA filament, a twin-screw extruder (Brabender, Duisburg, Germany) with a
screw diameter of 32 mm and a L/D ratio of 16:1 was used for the melt extrusion. The
optimal temperature for smooth extrusion and optimum filament diameter was determined
to be between 170 and 200 °C. Therefore, the extrusion temperature was controlled within
that range and a filament with a diameter of 1.75 + 0.05 mm was produced.

Printing parameters

Tensile Strength Flexural Strength
Tested Samples Tested Samples

CGF/PLA
Filament

Impact Strength
Tested Samples

Hardness (Shore-D)

Fig. 1. Schematic diagram of the process adopted
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The schematic diagram of the whole process is shown in Fig. 1. The diameter of
the fabricated CGF/PLA composite filament was 1.75 £ 0.05 mm. The test parts were
created using a 3D printer of fused deposition modeling (CREALITY SERMOON D1)
with 0.4 mm nozzle diameter. The printing parameters used to fabricate the samples in
FDM 3D printer are presented in Table 1.

Table 1. 3D Printing Process Parameters

Parameter Description
Filament diameter (mm) 1.75+£0.05
Nozzle diameter (mm) 0.4
Layer height (mm) 0.1
Printing bed temperature (°C) 60
PLA filament printing nozzle temperature (°C) 190
CGF + PLA filament printing nozzle temperature (°C) 205
PLA filament printing speed (mm/sec) 45
CGF + PLA filament printing speed (mm/sec) 35

Density

According to ASTM D792 (2020), an analytical balance (Sartorius Quintix 124-1
S) was used to weigh the samples in both air and water. The experimental density (pexp)
was determined, using Eq. 1,

Wo— Wiy
Pexp = W, X Pw 1)

where Wa refers to the weight of the sample in air, Ww denotes the weight of the sample in
water, and pw stands for the density of water.

Tensile test

The samples for the tensile tests were prepared using ASTM D638 TYPE IV
(2014), with specimen dimensions specified as 115 mm x 19 mm x 3 mm. A universal
testing machine was used, with a load capacity of 10 kN and a constant feed rate of 5
mm/min. Three printed samples for both filaments were tested, and the average value was
reported.

Flexural test

The samples for the flexural testing were prepared, according to ASTM D790
(2017). A flexural testing machine with a load capacity of 10kN at a rate of 5 mm/min was
used. The specimen dimensions are 125 mm x 13 mm x 3 mm. Three samples were tested,
and the average value was reported, in order to ensure the accuracy of the results.

Impact test

The l1zod test apparatus was used to determine the impact strength of the composite
in accordance with ASTM D256 (2023). The specimen dimensions are 65 mm x 13 mm x
3 mm. In each group three samples were subjected to impact tests, and the average result
was reported.
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Hardness test

The hardness of the samples was determined by using the shore D hardness machine
(ADIS Durometer Shore-D). Measurements of the samples were calculated on the Shore-
D scale in accordance with the ASTM D2240 (2015) standard, utilizing specimens sized
20 mm x 20 mm x 3 mm. For each sample, indentations were made in five distinct
locations, and the average hardness value was recorded.

Scanning electron microscope

Scanning electron microscope (SEM; CARL ZEISS SEM SIGMA) was used to
investigate the morphology of the samples at 20 kV. The sample was gold-coated before
SEM examination. The cross-section of the fractured tensile test samples was used to
examine the microstructure of the composite.

Thermal analysis

Thermal stability of 3D-printed CGF/PLA composite was investigated, using
thermogravimetric analysis (TGA); model STA8000 according to ASTM E1131 (2020).
The sample was tested from 40 to 600 °C at a heating rate of 5 °C/min and a nitrogen flow
of 20 mL/min.

Water absorption

The water absorption behaviors of pure PLA and 10 wt% CGF/PLA filament
printed sample were measured at a room temperature, considering the ASTM D570 (2022)
standard. The sample was dried for 8 h in a hot air oven at 50 °C before the water absorption
test. Afterwards, the sample was immersed in deionized water after the initial weight was
measured. The sample weight was then measured every 24 h for 360 h and calculated as
follows,

W, = %x 100 )

where Wa refers to the weight percentage of the sample, W1 indicates the initial weight of
the sample, and W2 denotes the weight of the sample after immersion.

RESULTS AND DISCUSSION

Density

The density of a composite material is an important factor to determine the
properties of the composite. It depends on the proportions of both reinforcement and matrix
in the composite. The densities of CGF, PLA, and 10% CGF/PLA filament were 1.020,
1.230, and 1.166 g/cm?, respectively. When adding CGF as a reinforcement to PLA, the
density of the fabricated composite filament was decreased by 6%. Perhaps the ligno-
cellulosic fibers’ closed morphology and lower density of CG fiber caused to the decreased
density of the PLA (Kariz et al. 2018; Mazur et al. 2022).

Tensile test
To investigate the effect of CGF on PLA, tensile strength, and elongation at break
were measured on 3D-printed samples of PLA and CGF/PLA composite.
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Fig. 2. SEM image of CG powder

The tensile strengths of both CGF/PLA composite and pure PLA are shown in Fig.
3. Due to the addition of filler, the 3D-printed CGF/PLA composite recorded higher tensile
strength than pure PLA, but it had lower elongation at break. The addition of 10 wt% of
CGF increased the tensile strength of the 3D-printed sample by 33.6%. The treatment of
the surface of fibers and the size of reinforcement were found to be important factors that
influenced the adhesion between the reinforcement and the matrix. Figure 2 shows that
more than 70% of the particles were less than 100 um in size.
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Fig. 3. Tensile strengths of PLA and 10 wt% CGF/PLA filament composite (Error bar represents
95% confidence interval of the mean)
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As these micron size fillers were well integrated into the polymer matrix, a strong
bond was formed between the filler and the matrix (Fu et al. 2008; Mocanu et al. 2022;
Scaffaro et al. 2022). The high tensile strength at 10 wt% can be attributed to the uniform
dispersion of CGF particles in the PLA matrix and good interfacial adhesion between CGF
particles and PLA matrix, as subsequently confirmed with SEM and elucidated. This
resulted in a high stress transfer from the PLA matrix to the CGF particles (Kakroodi et al.
2014). The elongation of the PLA and 10 wt% CGF/PLA filament printed samples were
7.4% and 6.33%, respectively. Notably, the elongation at break decreased by 16.9% with
addition of filler. This was attributed to the fact that fibers with high cellulose content are
brittle and stiff. Hence, they acted as stress concentrators in the polymer matrix, reducing
the elongation of the composite (Ambone et al. 2020).

Flexural Test

The natural fibers commonly act as a rigid filler to increase the stiffness of polymer
matrix and establish a strong bond with the PLA matrix. Figure 4 depicts the flexural
strength values of pure PLA and CGF/PLA composite. The flexural strength of CGF/PLA
composite was higher than pure PLA by 14.1%. The increased flexural strength was mostly
due to the interfacial adhesion between the fiber and matrix as well as the cellulose content
of the filler (Nishino et al. 2003; Huda et al. 2008). The improved flexural characteristics
are appropriate for high bending strength applications.
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Fig. 4. Flexural strengths of PLA and 10 wt% CGF/PLA filament composite (Error bar represents
95% confidence interval of the mean.)

Impact Test

The composition of fiber, such as cellulose, lignin, and others influences the impact
strength of a composite. Figure 5 shows that the impact resistance of PLA matrix sample
was improved by adding fillers. When compared to pure PLA samples, the CGF/PLA
composite sample exhibited the maximum impact strength of 3.43 kJ/m?. The improved
impact strength was due to the interfacial bonding between the PLA matrix and CGF
(Kumar et al. 2022).
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Fig. 5. Impact strengths of PLA and 10 wt% CGF/PLA filament composite (Error bar represents
95% confidence interval of the mean.)

Hardness Test

Figure 6 depicts a comparison of hardness test results. The hardness of the 3D-
printed CGF/PLA composite sample increased due to the plant fiber reinforcement in the
PLA matrix. Among the tested samples, the average hardness value for CGF/PLA
composite was 83.0 (Shore-D) and that of pure PLA sample was 81.6 (Shore-D). One of
the primary concerns was that the composite material became more brittle when it was
harder, as similarly studied by Felix Sahayaraj et al. (2022).
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Fig. 6. Hardness of PLA and 10 wt% CGF/PLA filament composite (Error bar represents 95%
confidence interval of the mean.)
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SEM Analysis

The morphology of the tensile fractured surfaces of both PLA and CGF/PLA
composite samples are shown in Fig. 7. The fillers were separated from one another during
the extrusion process and were well-dispersed in the PLA matrix, as observed in Figs. 7(b)
and (c). There were some voids on the fractured surface. This is attributed to the fillers
being trapped in the PLA matrix. Using micron size fillers enhanced the performance of
the filler-reinforced PLA composites. The increased surface area of micron size fillers
allowed better accessibility of functional groups on the filler surface, which promoted
extensive hydrogen bonding with the PLA matrix. This strong bonding led to an improved
adhesion between the fillers and the matrix. The bridging effect could help to reduce crack
development and allow for effective stress transfer between the matrix and the fillers,
which is expected to result in an enhanced mechanical tensile property (Cheng et al. 2009).
In Fig. 7(d), the fillers were broken along with the PLA matrix. This provides evidence that
the CGF had good adhesion with the PLA matrix.
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Fig. 7. SEM images of (a) Pure PLA (b - d) 10 wt% CGF/PLA filament composite
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Thermal Analysis

Figure 8 depicts the thermogravimetric curves for the pure PLA and 10% CGF,
respectively. The analysis of thermogravimetric curves indicated the degree of thermal
stability and degradation kinetics of the additively manufactured composite sample, when
subjected to higher temperatures. The minor weight loss between 100 and 200 °C in all the
samples was attributed to the desiccation of trapped and bound water from composite
material as well as the evaporation of moisture present in the sample (Carrete et al. 2019;
Chakraborty and Biswas 2020).
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Fig. 8. TGA curves of PLA and 10 wt% CGF/PLA filament composite

The TGA curves show a single decomposition step for the samples, with the main
decomposition having occurred between 230 and 350 °C. The major weight loss was due
to the decomposition of lignin, hemicellulose, and cellulose, which are the molecules
present in CGF within the following temperature ranges: 160 to 900, 220 to 315, and 315
to 400 °C, respectively (Yang et al. 2007; Mu et al. 2014c; Feng et al. 2019; Kamarudin et
al. 2019). The initial decomposition temperatures of PLA and CGF reinforced samples
were 230 and 265 °C, respectively. Addition of CGF to PLA increased the thermal stability
of the composites by 15%. The results implied that 3D-printed CGF/PLA sample possessed
a good thermal stability up to a temperature of nearly 200 °C and without degradation.

Water Absorption

The percentage weight gain of PLA and 10 wt% CGF/PLA filament printed
samples in distilled water for 360 h at 24-h intervals is shown in Fig. 9. After the test for
360 h, the neat PLA showed water absorption of 1.89%, indicating its hydrophobic nature.
The weight gain percentage of the 10 wt% CGF/PLA filament sample was 2.07%. The
average weight percentage of the CGF/PLA filament sample was 9.52% higher than that
of the PLA filament sample. This suggested that CGF/PLA filament had less water
resistance than PLA filament, due to the hydrophilic nature of CG fiber. The FTIR study
also confirmed that CGF contained a significant number of hydrophilic OH groups, as
previously investigated (Udhayakumar et al. 2023). The water absorption of the samples
varied up to 312 h; afterwards the water absorption of the samples remained constant until
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360 h, which is similar to reported studies (Sanadi et al. 1995; Nair et al. 2018). The results
of this study can support the development of useful products for various sectors, such as
aerospace, automotive and construction industries.
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Fig. 9. Water absorption behaviors of PLA and 10 wt.% CGF/PLA filament composite

CONCLUSIONS

1.

Fused deposition modeling (FDM) technology was used to print Cryptostegia
grandiflora fiber/poly(lactic acid) (CGF/PLA) filament and additively manufactured
green composite samples.

The addition of CGF enhanced the mechanical characteristics of the 3D-printed
composite samples.

From the experimental results obtained, it was evident that strong interfacial adhesion
between reinforcement and matrix of the samples improved their tensile, flexural,
impact strengths, and toughness.

According to scanning electron microscopic (SEM) images, CGFs were observed to be
uniformly distributed in the PLA matrix. Furthermore, the thermogravimetric analysis
(TGA) results indicated that the 10 wt% CGF/PLA composite recorded better thermal
stability than pure PLA. Also, adding CGF filler to PLA reduced the density of the
composite, leading to lighter weight composite products.
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