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Abstract:  Additive manufacturing (AM), i.e., 3D printing, has seen significant growth in recent years in all industries due to its
potential advantages, requiring the polymers that are adapted as for melt flow index (MFI) to this use to have adequate
tensile strength as well. Hence, in this work, a novel ligno-cellulosic fiber from Cryptostegia grandiflora (CG) and polylactic
acid (PLA) were blended to obtain a filament for AM using a twin screw extruder. To determine the filament’s suitability
for the 3D printing process, MFI and thermal degradation were examined. In order to identify the distribution and the
effect of CG fiber (CGF) filler on the matrix, the filaments were examined using X-ray diffraction (XRD), Fourier transform
infrared (FTIR) spectroscopy and scanning electron microscopy (SEM). CGF powder distribution was observed in the
microstructure of the CGF/PLA composite filament. Due to the high compatibility between PLA and CGF, their blending
slightly increased the degradation temperature, though did not lead to any crystallinity loss, and the CGF/PLA filament
showed 12.5% better tensile characteristics than the pure PLA filament. Based on their performance, the CGF may
represent a suitable and compatible filler to improve the properties of the PLA filament for 3D printing applications.
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1. Introduction

Since 1984, 3D printing, also referred to as additive man-
ufacturing (AM), has been used for commercial purposes
related to rapid prototyping, which has grown tremen-
dously to reach consumer applications in the household
[1]. Also, 3D printing technology has become a new indus-
trial growth area in fields, such as medical research,
aerospace, defence, precision goods, and jewelry manufac-
turing, due to its benefits of reducing manufacturing
waste, simplifying assembly, and mass customization.
The principal materials used for 3D printing filament
production are high impact polystyrene (HIPS) [2], thermo-
plastic elastomer (PCTPE) [3], transparent polycarbonate
(PC) [4], acrylonitrile butadiene styrene (ABS) [5], nylon
(polyamide, PA) [6], and polylactic acid (PLA) has attracted
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particular interest being a bio-based material and, at least
in principle, has been adapted to be coupled with other
biomass materials [7]. By 2026, the filament market is
expected to grow to $6.6 billion [8].

PLA, an important alternative polymer to replace pet-
rochemical polymers, is mainly produced from agricul-
tural products such as sugarcane and corn starch, which
means it to be affected under appropriate conditions
by hydrolytic degradation [9]. Presently, PLA is among
the primary feedstock materials for desktop 3D printers
because of its advantageous mechanical properties and
environmentally friendly synthesis processes from renew-
able resources [10].

Considering the limits of PLA, including its limited
resistance to shear, hardness, toughness, and not excep-
tional stiffness [11], filling it with particles that are able to
offer some enhancement of these properties is a possible
strategy to be pursued and that had some success in recent
years.
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In practice, the fillers for addition can be either
ceramic or lignocellulosic, in both cases giving preference,
in terms of circular economy, to secondary raw materials
obtainable from waste/by products of an economic system.
As regards the former, in a recent study, a composite PLA
filament was fabricated by blending 10-30 wt% of hydro-
Xyapatite (HA) powder with PLA by using a screw extruder
for the fused deposition mode (FDM) process [12]. Due to
the concern about the possible reduction of thermal degra-
dation temperature, attempts to fill PLA filaments with
carbon from agro-waste (coconut husk) have also been
proposed [13]. Both ligneous (nutshell powder) (up to
2.5wt%) and ceramic waste (eggshell powder) (up to
5wt%) were used in the study of Lohar et al. [14], and
the improvement in terms of tensile strength was found
to be very significant for the former filler, while not for
the latter.

In general terms, therefore, it appears that the addi-
tion of lignocellulosic materials to PLA 3D filaments would
be beneficial. A number of examples do exist actually. In
particular, various biomass-based wastes have been added
to filaments for FDM, including hemp fibers (from 15 to
25%), hemp leaves (from 10 to 15%), tomato scraps (from 15
to 25%), carob flour (from 10 to 20%), and orange pruning
waste (from 10 to 20%) [15]. Tomato and pruning waste
offered substantial improvements toward pure PLA.
Another possibility is the use of lignin and hemicellulose
as filament fillers, following extraction from biomass
waste, in a biorefinery concept: it is noteworthy that this
involves further use of some chemicals, though ultimately
proving to be effective [16]. More simply and immediately,
though possibly with concerns over the results, PLA 3D
filaments can be filled with different natural fibers, such
as hemp, phormium, flax, coir, and bamboo; the amount of
added fillers not to impair FDM functioning normally does
not have to exceed 25 wt% [17].

In this research, a 3D printing composite filament was
fabricated by blending the Cryptostegia grandiflora fiber
(CGF) with PLA. The CGF was already investigated for
potential introduction in polymer composites, as a fiber
with cellulose content close to 80% and significant crystal-
linity, resulting in an average tensile strength as high as
791 MPa [18]. In this work, its introduction into the PLA
filament has been attempted, and the relevant properties
were investigated, such as tensile strength measurement,
thermal analysis (TA), chemical investigation by Fourier
transform infrared (FTIR) spectroscopy, crystallinity
evaluation by X-ray diffraction (XRD), and surface mor-
phology evaluation by microscopy. According to the
results mentioned above regarding introducing agricul-
tural waste, it is not deemed necessary to introduce

more than a minimal amount of CGFs, which would be
sufficient to prove the suitability of the process.

2. Materials and methods

2.1 Materials

In this experiment, the novel natural fiber was extracted
from the CG plant, identified in the Virudhunagar district,
Tamil Nadu. The common local name of the CG plant is
rubber vine. The CG plant has been discovered in many
countries, where it is commonly eradicated as it is an
invasive plant. The CG fiber extraction was reported in
the study of Udhayakumar et al. [18]. Also, PLA pellets
with a density of 1.2 g/cm® and a molecular weight of 6.7
x 10* were used in the study, and they were obtained from
Banka Bioloo Ltd., Hyderabad-500076, Telangana, India.

2.2 Methods
2.2.1 Powder making process

The CGF was cut into pieces with a length of 10 (+0.5) mm.
In a beaker, 30 g of cut CGF pieces was immersed in a 10%
potassium hydroxide (KOH) solution for approximately
4 h. KOH was selected for its lower alkalinity with respect
to sodium hydroxide (NaOH), which is deemed to be more
effective on a fiber like CGF, as proven previously with a
similar shrub fiber, namely Butea parviflora [19]. The CGF
was then washed in a water bath at 90°C for an hour and
allowed to cool at ambient temperature (25°C). Following
that, the processed fiber was heated in a hot air oven at
60°C temperature for a duration of 2 h to ensure sufficient
drying, after which the powder was produced by grinding
in a ceramic mortar and dried in a hot air oven. Particles
of dimensions exceeding 80 um were filtered out and used
for further testing, namely XRD and FTIR spectroscopy.

2.2.2 Composite filament production

The PLA pellets and CGF powder were first manually
blended. A twin-screw extruder (Brabender, Duisbhurg,
Germany) with a 32mm screw diameter and a 16:1L/D
ratio was then used to ensure mixing for production.
The temperatures in the rear, middle, and front of the
extruder were adjusted at 130, 165, and 200°C, respectively.
The haul-off speed was finetuned to control the filament
strand diameter. Through this procedure, a 10 wt% CGF +
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PLA filament with a diameter of 1.75 (+0.05) mm was pro-
duced. The CGF powder-PLA composite filament making
procedure is shown in Figure 1.

2.2.3 MFI

A melt flow measuring apparatus, model 3883, manufac-
tured by Elmech Pneumatic Industries Ltd., New Delhi,
India, was used to analyze the MFI of extruded filaments
in accordance with the ASTM D1238-10 standard.
Approximately 20 g of chopped PLA-CGF filament was
tested at 200°C after 60 min of preheating.

224 TA

Thermogravimetric analysis (TGA) was carried out as per
the ASTM E1131-20 standard using a STA8000 thermal bal-
ance from PerkinElmer (Waltham, MA, USA). The filament
samples were allowed to heat in a nitrogen environment
at a continuous rate of 5°C/min up to a 400°C temperature
limit. The weight loss of the filaments with temperature
increase was measured.

2.2.5 XRD analysis

In order to determine the phase shift of a crystalline sub-
stance, XRD analysis was performed using an X’Pert Pro
diffractometer (Malvern Panalytical, Malvern, UK) that
emits CuKa radiation with a wavelength of = 1.5406 nm.
X-ray tube operation parameters used were 40kV and

10% KOH

CGF + PLA
Filament

Figure 1. Production process of the filament.

30mA. The XRD spectra were recorded in the 26 angle
range between 10° and 80°.

2.2.6 FTIR spectroscopy analysis

FTIR spectroscopy (Shimadzu, Kyoto, Japan, model IR
Tracer 100), which recorded infrared absorption spectra,
was used to explore the chemical functional groups in the
composite filament. This system reproduces the spectrum
with a resolution of 1cm™ at a temperature of 30°C and a
relative humidity of 65%.

2.2.7 Morphology analysis

A Leica (Wetzlar, Germany) MC 120 HD 2.5 Megapixel
microscope and a CARL ZEISS (Jena, Germany) SIGMA
scanning electron microscope were used to examine the
morphology of the blended PLA-CGF filament. Particular
attention was paid to examining the distribution of CGF
powder in the PLA matrix.

2.2.8 Tensile tests

Tensile testing of the blended PLA-CGF filament was per-
formed using a TINIUS OLSEN (Philadelphia, USA), model:
H50KL universal testing machine with a load capacity of
100 N at room temperature of 24°C and a relative humidity
of 65%, subject to the ASTM D 3822-07 standard. A 150 mm
long filament was used for tensile testing. A gauge length
of 50 mm was used to determine the maximum tensile
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stress and strain. In order to ensure the accuracy of the
data, tests on the filament sample were replicated 5 times,
and average values were reported.

3. Results and discussion

After being ground, particles with a maximum dimension
of 80 um and short fibers, spanning up to a few mm length,
were selected for further analysis, as reported above; the
CGF filler was further filtered using a 10 um polyethylene
filter to keep the powder within specific dimensions to be
possibly used as the reinforcement for composite filament
fabrication.

Following that, to verify the suitability of the CGF with
this dimension, using the MFI value as the parameter, the
flow ability of the polymer in the molten state was mea-
sured at 200°C. In practice, when introducing 10 wt% of
fiber loading, compared to pure PLA, the MFI of the com-
posite filament is decreased by 14%, from 6.1 (+0.1)
g/10 min to 5.2 (£0.1) g/10 min. This appears suitable
for FDM printing, considering that most commercial
PLA filaments’ MFI range from 8.3 to 4.3 g/10 min [20].

To assist in the comparison with other natural fillers
added to 3D printing filaments, some data are reported in
Table 1. From these data, MFI values are very scattered
and not very significant, though it can be recognised that
the specific case examined yielded a sufficient value of
MEFTI to allow 3D printing.

The morphological examination of the filament struc-
ture, as studied by optical microscopy, whose image is
displayed in Figure 2, suggests sufficient adhesion of the

UNCOVERED FIBRIL

COALESCENT BUBBLES

PROTRUDING FIBRIL

Figure 2. Optical microscopy image of a section of PLA/10% CGF filament.

grandiflora fiber

Filler Amount Treatment MFI (g/ Ref.
(Wt%) 10 min)

Cryptostegia 10 10 vol% KOH 5.2 (200°C)  Here

grandiflora

Sugar palm fiber 2.5 6 vol% NaOH 17.6 [21]
2 vol% silane (190°C)

Hemp hurds 10 No treatment 2.16 [22]
(190°C)

Almond shell 10 5wt% NaOH 11.92 [23]
powder (160°C)

Walnut shell 10 5wt% NaOH 1.7 [23]
powder (160°C)

Table 1. MFI data for PLA filaments added with lignocellulosic
fillers.

CG particles, most of which are between 5 and 10 um, to
the PLA matrix. Despite this, the fracture may have
occurred also partly by decohesion of the CG fibril from
the matrix, as observable, or by differential deformation
of the two, considering the bulging CG fibril. However,
some of them produce evident damage, and the distribu-
tion of the particles might not always be considered uni-
form, though the diameter of the filament did not vary by
more than +3%, preserving the level of tolerance offered
by pure PLA. This is promising, since in other cases more
evident scattering is observed, due to the introduction of
harder particles, such as corn cob fragments, in it [24]. The
tensile properties, reported in Table 2, suggest an increase
of strength and stiffness exceeding the proportion of the
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Filament Diameter Tensile Ultimate Young’s
(mm) strength strain (%) modulus
(MPa) (GPa)
PLA 1.75 + 0.05 436 +2.8 4+05 23102
90% PLA + 1.75 + 0.05 491+33 32107 27+04
10% CGF

Table 2. Tensile performance of the unfilled and filled filaments.

added filler, whilst on the other hand the strain to failure
is greatly influenced.

As far as FTIR spectroscopy is concerned (Figure 3), the
distinct bands of pure PLA are observed at 768, 864, 1,033,
1,182, and 1,458 cm ™. In particular, the transmittance peak
at 768 cm ™ is produced by the deformation of the CO and
CH groups in polysaccharides connected to aromatic rings
[25]. The additional absorption peak at 1,182 cm™ is asso-
ciated with the CO bond [26]. The C-H group’s bending
vibrations and the C-C group’s stretching vibrations are
responsible for the peaks observed at 864 and 1,458 cm ™,
respectively. The pyranose chain vibrations of the C-H
group are attributed to the absorption band seen at
1,033 cm™ [27].

In contrast, the characteristic peaks of the CGF spectra,
mostly related to fiber cellulose, are found at 716, 898,
1,165, 1,431, and 1,633 cm™’. More specifically, bending of
the CH group of the anhydride ring is indicated by the
peak at 716 cm ™ [25]. The degradation of C-O-C groups
attributed to amorphous cellulose is indicated by the
peak observed at 898 cm™ [28]. The absorption peak at
1,165cm™ is ascribed to the asymmetric C-O-C bridge
stretching [29], whilst the peak at 1,431cm™ is the result

of hydroxide in-plane deformation [30]. The peak at
1,633 cm ™! is attributed to water interaction and there-
fore to hydroxide vibration [31]. A specific peak is
reported only for CGF at 3,196 cm ™, due to the OH group
vibration of carboxylic acid [32].

As far as the spectra of PLA/10% CGF filament are
concerned, most of the peaks are repeated from either
PLA or CGF. A specific peak that offers indications on
the interaction of the two components is at 1,747 em™h:
this has been attributed to the stretching vibration of the
CgO group, most likely due to acetyl and carbonyl groups
in hemicelluloses, the signal being normally concealed in
the bulk of the fiber [33]. However, in general terms, the
large similarity between the spectra of pure PLA and 10 wt
% CGF composite indicates that the addition of CGF did not
substantially modify the chemical composition of the pure
PLA during blending and extrusion. As the consequence of
substantially unaltered properties, it is largely expected
that the mechanical properties would not decline by filler
addition.

TGA curves of pure PLA and PLA + 10 wt% CGF com-
posite filaments are shown in Figure 4. The moisture pre-
sent in the sample evaporates and mechanically looser
particles are gradually dissolved, which leads to a minor
weight loss observed in both samples between 95 and
approximately 250°C. Following this, the deterioration of
the two filaments takes place, starting slightly earlier for
pure PLA filament, as it is also revealed by the graphic
measurement of the degradation peak, according to the
method used, e.g.,, in the study of Johny et al. [34]. The
situation appears different in the residue measured at
600°C, which as for PLA appears in alignment with the
literature, suggesting a minimal char residue at that

Transmittance (%)

3196

_10% CGF + PLA

1431

d T T T
4000 3500 3000 2500

T T d
2000 1500

Wavenumber (cm™)
Figure 3. FTIR spectra for pure PLA, and CGF powder, and their 90/10 composite.
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Figure 4. TGA curves for pure PLA and its 90/10 composite with CGF.

temperature [35], and even slightly lower in the case of
presence of CGF, which is low in lignin (2.5%), therefore
basically degrades only as the effect of the collapse of the
crystalline cellulose structure [36]. The conclusion that can
be obtained from TGA is that the filler slightly shifts up the
degradation of the filament, which can be considered
positive.

XRD patterns of pure PLA, pure CGF, and 10 wt% CGF/
PLA composite filament are shown in Figure 5. The PLA
polymer has a fully amorphous structure, according to the
broad peak at 16.4° [37] and a smaller peak at 29.2°,
observed also in the study of Revati et al. [38], yet not
discussed there. The XRD pattern of cellulose I in CGF
shows peaks at 20 values of around 14.72, 16.64, 22.58,
and 34.24° related to their respective reflection planes
(101), (110), (200), and (004) [39]. The XRD pattern of CGF
allowed measuring the crystallinity index (CI) from Segal’s
law [40], according to the formula based on the

corresponding crystallinity peak height Ipo, and amor-
phous local minimum I, namely 100 x (Inoz = Iam)/Tooz,
which yields a value of CI equal to 79.7%. Also, the smaller
peaks suggest that CGF have relatively large crystallite
size, so that (101) and (110) are not superposed. Calculation
was done according to the Scherrer’s formula of the crys-
tallite size Dyo, according to the diffraction peak broad-
ening in the XRD curves, in practice, using equation (1):
Dy = kA/(ﬁooz x cos 0), ()
where k is a constant, normally considered equal to unity,
A is the X ray wavelength used in XRD (in nm), and Sg; is
the true peak broadening at full-width half maximum
(FWHM) in radians. The value obtained for the crystallite
size was 41.6 nm.

Although no specific calculations were performed, the
notable appearance of the (110) peak in the 90% PLA/10%

(110)

60 — (002)

7 oo

Intensity (cps)

——10% CGF + PLA
——PLA
——CGF

60 70 80

2 Theta (degrees)

Figure 5. XRD spectra of CGF, PLA, and its composite.
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PLA

PLA + 10% CGF

500 um

-

EXAMPLES OF BULGES DUE
TO FILLER INTRODUCTION

Figure 6. 50x SEM images representing the (a) neat PLA filament and (b) 90% PLA + 10% CGF filament.

100 um

BUBBLES ENHANCED BY
FILLER INTRODUCTION

COALESCENT BUBBLES
RESULTING IN CRACKS

Figure 7. Image (300x) of the composite filament section with CGF particles.

CGF filament XRD spectrum suggests that the crystallinity
of the filament is enhanced by the introduction of CGF
powder, even in small amounts. This is also well recog-
nized with other plant fibers introduced in limited quan-
tity into PLA composites, such as it is the case for Borassus
flabellifer [41]. It is expected that this high value of crystal-
linity for the filament would enhance its performance;
however, the possibility to introduce a higher amount of
filler depends on whether it increases its brittleness or not,
by representing an inclusion in the polymer structure.
Morphological investigation using SEM micrographs
suggests that with respect to the bare PLA filament section
shown in Figure 6(a) the composite filament is slightly
rougher and less uniform, with obvious presence of

some small bulges, obtained by the introduction of the
filler, as reported in Figure 6(b). The composite filament
section in Figure 7 with a larger magnification (300x)
shows, on one hand, the visible formation of an effective
interface between the matrix and the CGF, yet on the other
hand slight disruptions (e.g., crack formations around CGF
coalescing clusters) are also apparent.

4. Conclusions

Adding agro-waste to 3D filaments produced from PLA
appears to be an option, which is particularly of interest,
whenever local biomass residue is available, as is the case
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for rubber vine, CGF. In this case, the addition of a limited
amount of CGF powder to the PLA filament proved to be a
success, in the sense that the crystallinity and tensile
strength of the matrix were increased while maintaining
a sufficiently viable MFI and not affecting thermal degra-
dation. Thinking of an increase in the amount of filler
introduced, which shows sufficient interfacial contact
with the matrix, further verifications will be needed about
the roughness of the filament. This will rule out the pre-
sence of differential stresses, which might lead to possible
enhanced cracking, especially in view of clustering of the
CGF particles. In the absence of roughness studies, micro-
scopical investigations indicate the presence of some
cracking as a result of filler presence, especially enhanced
in the presence of air inclusions during polymer molding.

Acknowledgement

The authors acknowledge the funding from Researchers
Supporting Project number (RSP2024R355), King Saud
University, Riyadh, Saudi Arabia.

Author contributions

A. Udhayakumar, K. Mayandi, N. Rajini, and M. Murali —
Developed the experimental work on novel fiber extraction
and characterization studies. Faruqg Mohammad, Hamad A.
Al-Lohedan, and Kumar Krishnan — Optimized the process

parameters for 3D printing. Carlo Santuli — Analysed the
novel fiber characterization studies.

Conflict of interest statement

Authors state no conflict of interest.

References

[11 Mahmood, A., Akram, T., Chen, H., Chen, S., On the
evolution of additive manufacturing (3D/4D printing)
technologies: Materials, applications, and challenges,
Polymers, 2022, 14: 4698

[2] Ngo, T. D., Kashani, A., Imbalzano, G., Nguyen, K. T,
Hui, D., Additive manufacturing (3D printing): A
review of materials, methods, applications and chal-
lenges, Compos. Part. B, 2018, 143: 172-196

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

Przybytek, A., Kucinska-Lipka, J., Janik, H., Thermoplastic
elastomer filaments and their application in 3D
printing, Elastomery, 2016, 2016(20): 32—-39

Zhu, W, Pyo, S. H., Wang, P., You, S., Yu, C,, Alido, J.,
et al., Three-dimensional printing of bisphenol A-free
polycarbonates, ACS Appl. Mater. Interfaces, 2018,
10(6): 5331-5339

Zur, P, Kolodziej, A., Baier, A., Kokot, G., Optimization of
ABS 3D-printing method and parameters, Eur. J. Eng.
Sci. Technol,, 2020, 3(1): 44-51

Zhang, Y., Purssell, C., Mao, K., Leigh, S., A physical
investigation of wear and thermal characteristics of
3D printed nylon spur gears, Tribol. Int., 2020, 141:
105953

Liu, L., Lin, M., Xu, Z,, Lin, M., Polylactic acid-based
wood-plastic 3D printing composite and its proper-
ties, BioResources, 2019, 14(4): 8484-8498

Singh, S., Singh, G., Prakash, C., Ramakrishna, S.,
Current status and future directions of fused fila-
ment fabrication, J. Manuf. Process., 2020, 55: 288-306
Maurus, P. B., Kaeding, C. C., Bioabsorbable implant
material review, Oper. Tech. Sports Med., 2004, 12:
158-160

Theaturu, N. C,, Diwe, 1. V., Banigo, A. T., Daramola, O.
0., Sadiku, E. R., Synthesis of polymeric biomaterial
for medicine and surgery, In: Gnanasekaran, D.,
editor, Green biopolymers and their nanocompo-
sites, Springer, Berlin, Germany, 2019, pp. 267-282
Krishnan, S., Pandey, P., Mohanty, S., Nayak, S. K,
Toughening of polylactic acid: An overview of research
progress, Polym. Plast. Technol. Eng., 2016, 55(15):
1623-1652

Ferri, J. M., Jorda, ]., Montanes, N., Fenollar, O.,
Balart, R, Manufacturing and characterization of
poly (lactic acid) composites with hydroxyapatite, J.
Thermoplast. Compos. Mater., 2018, 31(7): 865-881
Umerah, C. 0., Kodali, D., Head, S., Jeelani, S,
Rangari, V. K., Synthesis of carbon from waste
coconut shell and their application as filler in bio-
plast polymer filaments for 3D printing, Compos.
Part. B Eng., 2020, 202: 108428

Lohar, D. V., Nikalje, A. M., Damle, P. G., Development
and testing of hybrid green polymer composite
(HGPC) filaments of PLA reinforced with waste
bio fillers, Mater. Today Proc., 2022, 62: 818-824
Cali, M., Pascoletti, G.,, Gaeta, M., Milazzo, G,
Ambu, R., A new generation of bio-composite ther-
moplastic filaments for a more sustainable design
of parts manufactured by FDM, Appl. Sci., 2020,
10(17): 5852



Carlo Santulli

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Bhagia, S., Bornani, K., Agrawal, R, Satlewal, A,
Durkovic, J., Lagana, R., et al, Critical review of
FDM 3D printing of PLA biocomposites filled with
biomass resources, characterization, biodegradability,
upcycling and opportunities for biorefineries, Appl.
Mater. Today, 2021, 24: 101078

Lee, C. H,, Padzil, F. N. B. M., Lee, S. H,, Ainun, Z. M. A.
A., Abdullah, L. C., Potential for natural fiber reinfor-
cement in PLA polymer filaments for fused deposition
modeling (FDM) additive manufacturing: A review,
Polymers, 2021, 13(9): 1407

Udhayakumar, A., Mayandi, K., Rajini, N., Devi, R. K,,
Muthukannan, M., Murali, M., Extraction and char-
acterization of novel natural fiber from Cryptostegia
grandiflora as a potential reinforcement in biocom-
posites, J. Nat. Fibers, 2023, 20(1): 2159607

Mohan, A., Priya, R. K., Arunachalam, K. P.,
Avudaiappan, S., Maureira-Carsalade, N., Roco-
Videla, A., Investigating the mechanical, thermal, and
crystalline properties of raw and potassium hydroxide
treated butea parviflora fibers for green polymer com-
posites, Polymers, 2023, 15(17): 3522

Wang, S., Capoen, L., D’hooge, D. R, Cardon, L., Can
the melt flow index be used to predict the success
of fused deposition modelling of commercial poly
(lactic acid) filaments into 3D printed materials?,
Plast., Rubber Compos., 2018, 47(1): 9-16

Nasir, M. H. M., Taha, M. M., Razali, N., Ilyas, R. A,,
Knight, V. F.,, Norrrahim, M. N. F., Effect of chemical
treatment of sugar palm fibre on rheological and
thermal properties of the PLA composites filament
for FDM 3D printing, Materials, 2022, 15(22): 8082
Deb, D., Jafferson, J. M., Natural fibers reinforced
FDM 3D printing filaments, Mater. Today Proc., 2021,
46: 1308-1318

Song, X., He, W,, Han, X,, Qin, H., Fused deposition
modeling of poly (lactic acid)/nutshells composite
filaments: Effect of alkali treatment, J. Polym. Environ.,
2020, 28: 3139-3152

Ohaeri, 0., Cree, D., Development and characteriza-
tion of PHB-PLA/corncob composite for fused fila-
ment fabrication, J. Compos. Sci., 2022, 6(9): 249
Mansingh, B. B., Binoj, ]. S., Tan, Z. Q., Wong, W. L. E.,
Amornsakchai, T., Hassan, S. A., et al., Characterization
and performance of additive manufactured novel bio-
waste polylactic acid eco-friendly composites, J. Polym.
Environ., 2023, 31: 2306-2320

Magalhdes da Silva, S. P, Antunes, T., Costa, M. E. V,,
Oliveira, J. M., Cork-like filaments for Additive
Manufacturing, Addit. Manuf., 2020, 34: 101229

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

Ahmad, N. D., Wildan, M. W., Preparation and prop-
erties of cellulose nanocrystals-reinforced poly (lactic
acid) composite filaments for 3D printing applications,
Results Eng., 2023, 17: 100842

Varban, R., Crisan, I, Varban, D., Ona, A., Olar, L.,
Stoie, A., et al, Comparative FT-IR prospecting for
cellulose in stems of some fiber plants: Flax, velvet
leaf, hemp and jute, Appl. Sci., 2021, 11(18): 8570

Lv, P., Perre, P, Perré, G. A., TGA-FTIR analysis of
torrefaction of lignocellulosic components (cellulose,
xylan, lignin) in isothermal conditions over a wide
range of time durations, BioResources, 2015, 10(3):
4239-4251

Oh, S. Y, Yoo, D. I, Shin, Y., Seo, G., FTIR analysis of
cellulose treated with sodium hydroxide and carbon
dioxide, Carbohydr. Res., 2005, 340(3): 417-428
Hospodarova, V., Singovszka, E., Stevulova, N.,
Characterization of cellulosic fibers by FTIR spec-
troscopy for their further implementation to
building materials, Am. J. Anal. Chem., 2018, 9(6):
303-310

Sugumaran, P., Susan, V. P., Ravichandran, P.,
Seshadri, S., Production and characterization of
activated carbon from banana empty fruit bunch
and Delonix regia fruit pod, ]J. Sustain. Energy
Environ., 2012, 3(3): 125-132

Popescu, C. M., Popescu, M. C,, Vasile, C., Characterization
of fungal degraded lime wood by FT-IR and 2D IR corre-
lation spectroscopy, Microchem. J., 2010, 95(2): 377-387
Johny, V., Kuriakose Mani, A., Palanisamy, S., Rajan, V.
K, Palaniappan, M., Santulli, C., Extraction and physico-
chemical characterization of pineapple crown leaf
fibers (PCLF), Fibers, 2023, 11(1): 5

Wang, X, Hu, Y., Song, L., Xuan, S., Xing, W., Bai, Z.,
et al.,, Flame retardancy and thermal degradation of
intumescent flame retardant poly (lactic acid)/starch
biocomposites, Ind. Eng. Chem. Res., 2011, 50(2):
713-720

Udhayakumar, A., Mayandi, K., Rajini, N., Devi, R. K,,
Muthukannan M., Murali M., et al., Effect of chemical
treatment on physico-chemical properties of a novel
extracted cellulosic Cryptostegia grandiflora fiber,
Mater. Res. Express, 2023, 10(7): 075508

Mathew A. P., Oksman K., Sain M., The effect of mor-
phology and chemical characteristics of cellulose rein-
forcements on the crystallinity of polylactic acid, J.
Appl. Polym. Sci., 2006, 101: 300-310

Revati R, Majid M. A, Ridzuan M. J. M., Basaruddin K.
S., Cheng E. M., Gibson A. G., In vitro degradation of a
3D porous Pennisetum purpureum/PLA biocomposite




3D printing filament from PLA with Cryptostegia
grandiflora fiber

[39]

scaffold, J. Mech. Behav. Biomed. Mater., 2017, 74: [40] French A. D, Santiago Cintrén M., Cellulose poly-

383-391

Park S., Baker ]J. O., Himmel M. E, Parilla P. A,
Johnson D. K, Cellulose crystallinity index: measure-  [41]
ment techniques and their impact on interpreting
cellulase performance, Biotechnol. Biofuels, 2010,
3:1-10

morphy, crystallite size, and the Segal Crystallinity
Index, Cellulose, 2013, 20: 583-588

Marathe Y. N., Arun Torris A. T., Ramesh C., Badiger M.
V., Borassus powder-reinforced poly (lactic acid) com-
posites with improved crystallization and mechanical
properties, J. Appl. Polym. Sci,, 2019, 136(18): 47440



	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Methods
	2.2.1 Powder making process
	2.2.2 Composite filament production
	2.2.3 MFI
	2.2.4 TA
	2.2.5 XRD analysis
	2.2.6 FTIR spectroscopy analysis
	2.2.7 Morphology analysis
	2.2.8 Tensile tests


	3 Results and discussion
	4 Conclusions
	Acknowledgement
	Author contributions
	Conflict of interest statement
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


