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Abstract  This study deals with the development 
of 3D printable bionanocomposites using poly(lactic 
acid) (PLA) with ≤ 2% D-lactic acid content and cel-
lulose nanofibrils (CNFs). The CNFs were extracted 
from the waste sawdust of Eucalyptus grandis via 
chemical and mechanical techniques. Thermogravi-
metric analysis (TGA) revealed that the CNFs were 
thermally stable within the intended processing 
temperature ranges. In this study, a combination of 

solvent casting and melt extrusion techniques was 
adopted in the production of PLA containing 1 wt% 
and 3 wt% CNFs. The neat PLA filament was brittle 
and frequently broke during fused deposition model-
ling (FDM) 3D printing. However, the incorporation 
of triacetin as a green plasticizer resulted in improved 
filament flexibility and eliminated the inherent brit-
tleness. TGA analysis revealed a slight reduction in 
the degradation temperature of the bionanocompos-
ites when compared to neat polymer; however, all the 
specimens were thermally stable within the process-
ing temperature. The scanning electron microscopy 
images of the 3D printed specimens revealed the pres-
ence of voids across the fracture surfaces. The tensile 
analysis of 3D printed specimens revealed that the 
PLA/CNF bionanocomposites exhibited higher ten-
sile modulus, and elongation (strain) when compared 
to PLA-based specimens. The tensile strength of the 
3D-printed 1 wt% bionanocomposite specimen was 
12% higher than that of the neat specimen, whereas 
the 3 wt% bionanocomposite remained comparable 
to neat PLA. In summary, the morphological, tensile 
and 3D printing analysis revealed that the bionano-
composite filaments possessed adequate roundness, 
flexibility, and strength. The as-prepared filaments 
performed well under low printing temperatures with-
out warping.
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Introduction

There is a growing desire to adopt sustainable, eco-
friendly, and renewable feedstock materials in 3D 
printing processes (additive manufacturing), injection 
moulding, extrusion, and thermoforming (Mokhena 
et  al. 2018; 2021). Amongst these processing tech-
niques, additive manufacturing merits special interest 
due to its attractive benefits. It is a simple production 
process that enables the manufacturing of products 
faster and at a relatively low cost while maintaining 
high precision. 3D printing is commonly employed to 
manufacture customized products tailored for specific 
applications with minimal waste. The FDM method 
is one of the most commonly used material extrusion 
3D printing processes (Gohar et  al. 2021; Mokhena 
et al. 2018). This printing technique involves the melt 
extrusion and layer-by-layer deposition of a molten 
thermoplastic filament according to a predetermined 
three-dimensional design (Özdilli 2021; Zou et  al. 
2016). The majority of FDM 3D printers today pri-
marily use thermoplastic-based filaments as feedstock 
materials. These filaments are characterized by diam-
eters ranging from 1.75 to 3.0 mm, depending on the 
specifications of the FDM 3D printer (Pan et al. 2016; 
Mohammed et  al. 2017). The key benefits of FDM 
3D printing include cost efficiency due to short lead 
times, the ability to fabricate complex parts, minimal 
waste generation, and energy efficiency.

Poly (lactic acid), an aliphatic polyester, is cur-
rently the most widely used thermoplastic biopoly-
mer in FDM 3D printing (Mokhena et al. 2018; 2019; 
Mochane et  al. 2019). The attraction towards PLA 
stems from its increasing availability, the potential 
for biodegradability, promising mechanical proper-
ties, and superior processability (Ferreira et al. 2017; 
Clarkson et  al. 2020). Generally, high molecular 
weight PLA can either be semi-crystalline or amor-
phous, depending on the ratio and distribution of 
its L- and D- enantiomeric units (Modi et  al. 2013; 
Mokhena et al. 2019). Nevertheless, the L-lactic acid 
is the most commonly occurring PLA stereoisomer. 
The overall ratio of stereoisomers and enantiomeric 
purity determines PLA’s processability, crystalliza-
tion behaviour, and mechanical and thermal prop-
erties (Modi et  al. 2013; Mokhena et  al. 2019). For 
instance, PLA containing 2 to 8% D- content is sem-
icrystalline, meanwhile PLA with ≥ 10% D- content 
is entirely amorphous (Jiang et  al. 2010). However, 

the applicability of unmodified PLA is mainly lim-
ited due to issues such as slow crystallization, poor 
melt strength, low heat distortion temperature, and 
inherent brittleness (Jonoobi et  al. 2010; John et  al. 
2021). Nevertheless, the addition of natural-based 
reinforcing materials, such as cellulose nanofibrils 
(CNFs), is also known to further improve the crys-
tallization behaviour and mechanical properties of 
PLA (John et al. 2021; Wang et al. 2017; Wang et al. 
2020b). CNFs consist of dense networks of cellulose 
fibrils with amorphous and crystalline domains (Xie 
et al. 2020; Wang et al. 2020a). The high aspect ratio 
and remarkable axial strength of CNFs make them 
an ideal natural-based reinforcing agent (Wegst and 
Ashby 2004; Moon et al. 2011). Hence, bionanocom-
posites derived from renewable thermoplastic biopol-
ymers and reinforcing fibres extracted from waste 
biomass residues present a viable FDM 3D print-
ing feedstock. Several researchers have successfully 
employed bionanocomposite filaments in FDM 3D 
printing to produce prototypes and functional parts 
(John et al. 2021; Wang et al. 2017; Murphy and Col-
lins 2018).

The reinforcing effect of CNFs is significantly 
hindered by weak interfacial interactions and inad-
equate dispersion within the PLA matrix. The funda-
mental hydrophilic nature of CNFs’ surface chemis-
try, in contrast to the hydrophobic characteristics of 
PLA, is frequently identified as the primary factor 
leading to weak interfacial interactions. (Jonoobi 
et  al. 2010; Armentano et  al. 2013). Additionally, 
the strong attractive forces between the fibrillar net-
works of CNFs cause them to easily aggregate, mak-
ing it difficult to attain effective dispersion within the 
PLA matrix. Several researchers have adopted the 
solvent-casting method as a viable means of miti-
gating early CNF agglomeration. (Wang et al. 2017; 
Chakraborty et  al. 2006). In this procedure, CNFs 
are directly mixed into pre-dissolved PLA solu-
tion, cast into sheets, and subsequently dried. This 
approach effectively preserves the dispersed state of 
CNFs within the matrix. Nevertheless, it’s important 
to acknowledge that solvent casting does have limi-
tations. Concerns revolving around toxicity and the 
substantial volume of solvent required to render this 
technique unsuitable for industrial-scale applica-
tions. The commonly used solvents for the dissolu-
tion of PLA include chloroform, dichloromethane, 
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tetrahydrofuran, and 1,3-dioxane (Sato et  al. 2013; 
Jonoobi et al. 2010).

Several reports have demonstrated the application 
of solvent casting for creating concentrated PLA/CNF 
masterbatches, which are then used for producing 
bionanocomposites through conventional melt pro-
cessing methods (Jonoobi et al. 2010; Bei Wang and 
Sain 2007; Murphy and Collins 2018). For instance, 
Iwatake et al. (2008) investigated the sustainable pro-
duction of microfibrillated cellulose-reinforced-PLA 
bionanocomposites. They compared the effects of 
solvent casting and direct mixing methods, reveal-
ing that superior dispersion of microfibrillated cellu-
lose in PLA can be achieved through pre-mixing in 
organic solvents followed by kneading using a rotary 
mixer. Furthermore, the compatibility and flexibility 
of PLA/CNF bionanocomposites can be improved 
using green plasticizers (e.g., triacetin (TA), triethyl 
citrate (TEC), tributyl citrate (TBC), acetyl-tributyl 
citrate (TBAC)) (Ljungberg and Wesslen 2002; Paul 
et al. 2021; Clarkson et al. 2020; Harte et al. 2013). 
The study conducted by Herrera et al. (2015) reported 
significant improvement in ductility, compatibility, 
and toughness of PLA/CNF bionanocomposites upon 
the addition of TA. Furthermore, the investigation 
conducted by Ljungberg and Wesslen (2002) revealed 
that the miscibility of PLA and TA can be attributed 
to their closely matched solubility parameters.

Currently, semicrystalline PLA grades with 4% 
D-lactic acid content are the most used feedstock in 
the production of 3D printable bionanocomposite fil-
aments (Dong et al. 2017; Wenyang Xu et al. 2018; Li 
et al. 2019; Tekinalp et al. 2019). This is due to their 
desirable processibility, and mechanical properties. 
However, the growing demand for PLA-based fila-
ments in FDM 3D printing applications necessitates a 
broader range of PLA grades to be considered as fea-
sible feedstock options. While PLA grades with ≤ 2% 
D-lactic acid content are more readily crystallizable, 
they are however very brittle and difficult to process 
into 3D printable filaments. Furthermore, there is 
a limited body of literature addressing the concerns 
related to the application of ≤ 2% D-lactic acid con-
tent PLA grades in the production of 3D printable 
filaments.

The primary objective of this study is to develop 
a bionanocomposite using a PLA grade containing 
2% D-lactic acid, cellulose nanofibrils (CNFs), and a 
biobased plasticizer. The approach taken in this study 

focuses on utilizing environmentally friendly feedstock 
materials, employing low extrusion temperatures, and 
minimizing processing cycles. Prior research by Wang 
et  al. (2020b) indicated that incorporating 2.5 wt% 
CNFs led to a noticeable enhancement in the mechani-
cal properties of PLA. However, when CNF loadings 
surpassed 3 wt%, substantial fibrillar agglomerations 
formed within the PLA matrix (Wang et al. 2020b). In 
our present work, we have chosen to utilize CNF load-
ings of 1 and 3 wt% to achieve maximum benefits while 
minimizing the risk of significant agglomeration that 
could potentially cause blockages in 3D printer noz-
zles. The CNFs were extracted from forestry waste resi-
dues, specifically sawdust, through chemo-mechanical 
methods. PLA/CNF masterbatches were prepared using 
a combination of solution casting and melt extrusion. 
Subsequently, a single-screw extruder was employed to 
convert pelletized PLA/CNF bionanocomposites into a 
filament form. To enhance the processibility, flexibility, 
and compatibility of the PLA/CNF bionanocompos-
ites, an optimized quantity of triacetin (TA) was intro-
duced as a green plasticizer. The method outlined above 
yielded FDM 3D printable bionanocomposite filaments 
that exhibited an adequate balance between strength 
and flexibility. The chemical, thermal, mechanical, and 
morphological properties of the PLA/CNF bionano-
composites were thoroughly assessed and discussed.

Materials and methods

Materials

Poly(lactic acid) (PLA), Ingeo™ PLA6202D (semi-
crystalline; Mw = 140  kDa and < 2% D-lactide) with 
melting point 155–170 °C was procured from Nature-
Works, Minnetonka, MN, USA). Triacetin (glycerol 
triacetate) with a density of ~ 1.16 g cm−3 at 20 °C was 
procured from Merck. Through a preliminary analysis, 
it was determined that 10 wt% was the optimal quantity 
of triacetin (TA) plasticizer, as elaborated in the supple-
mentary information provided in S1 and S2. The cel-
lulose nanofibrils (CNFs) were extracted from Eucalyp-
tus grandis sawdust, which was sourced from the CSIR 
Biorefinery Industry Development Facility (BIDF) situ-
ated in Durban, South Africa.
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Experimental methods

Extraction of cellulose nanofibrils (CNFs) 
from sawdust

Sawdust was treated with 1 wt% sodium hydroxide 
(NaOH) at 80 °C for 4 h under constant mechanical 
stirring to remove hemicellulose components. This 
process was repeated four times. Following each 
treatment, the remaining solid components were 
separated and washed with deionized water until 
achieving a neutral pH. Further bleaching treatment 
was performed twice at 80  °C for 6  h using a solu-
tion of 5% active sodium hypochlorite (NaClO) to 
remove the lignin components, leaving behind cellu-
losic fibres. After each bleaching treatment, the solid 
constituents (cellulosic fibres) were separated and 
rinsed with deionized water until a neutral pH. Subse-
quently, a fibrillation step was conducted using a fric-
tion grinder (MKCA6-39 Supermass collider, Mas-
uko Sangyo Co, Ltd., Japan) operated at 1500  rpm. 
The cellulosic fibres were passed through the friction 
grinder multiple times for 20 min to achieve fibrilla-
tion. The resulting cellulose nanofibrils (CNFs) were 
then subjected to solvent exchange into acetone using 
centrifugation at 10 °C and 10,000 rpm for 10 min.

Preparation of PLA/CNF bionanocomposites

PLA/CNF masterbatch  A preliminary mixture of 
solvent-exchanged CNFs and PLA was created using 
the solvent-casting technique. Approximately 50  g 
of PLA was fully dissolved in a beaker containing a 
mixture of acetone and chloroform in a ratio of 9:1. 
This beaker was then positioned within a water bath 
set at a temperature of 50 °C. Gradually, the solvent-
exchanged CNFs were introduced into the dissolved 
PLA and thoroughly mixed utilizing an overhead stir-
rer. Subsequently, the PLA/CNF mixture was poured 
into aluminium baking trays and placed in a vacuum 

chamber to facilitate solvent evaporation. The PLA/
CNF masterbatch was further dried for 8 h at 50 °C, 
then cut into small pieces and securely stored within 
an airtight bag for subsequent processing.

Melt‑ mixing of PLA/CNF bionanocomposites

Melt-mixing was executed within a twin-screw 
co-rotating extruder (CTE-20, Coperion, China), 
equipped with seven distinct heat-controlled zones 
and boasting a compression ratio of 40 L/D. The 
PLA/CNF masterbatch was combined with unpro-
cessed PLA to achieve CNF loadings of both 1% and 
3%. The final extrusion temperature profile listed in 
Table  1 was adopted during the melt-processing of 
PLA and the bionanocomposites. Throughout the 
process, the twin-screw speed was consistently main-
tained at 50  rpm for all samples. The samples were 
pelletized and stored in airtight packaging for further 
processing.

Filament production on a single‑screw extruder

The PLA and PLA/CNF pellets were manually pre-
blended with 10% triacetin (TA) before filament 
extrusion. The TA plasticizer was readily absorbed by 
the PLA causing the pellets to adhere to each other as 
shown in Fig. 1. Filament production was performed 
on a pilot-scale single-screw extruder featuring five 
heat-controlled zones (see Fig.  1). The temperature 
profile applied across these five heating zones dur-
ing filament extrusion was configured as follows: 
70, 150, 160, 150, and 150  °C. As the hot filament 
exited the 2 mm nozzle, it was carefully guided into a 
cold-water bath. A motorized co-rotating pulling sys-
tem with adjustable speed was used to draw the fila-
ment to ensure a consistent diameter. The diameter of 
the filament was determined by taking an average of 
multiple diameter readings along a 1-m filament sam-
ple length. Diameter measurements were performed 
using a Vernier caliper and the average values are 

Table 1   Melt-extrusion 
temperature profile of the 
twin-screw extruder

Mixing profile Temperature profiles (°C) Screw 
speed. 
(rpm)Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 Zone 7

PLA 150 155 160 165 160 160 165 50
PLA/CNF 145 150 150 155 155 150 150 50
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listed in Table 2. Finally, the filaments were dried in 
an oven for 5 h at 50 °C before 3D printing.

Design and 3D printing of tensile test specimen

The stereolithography (STL) computer-aided 
design (CAD) of the dumbbell shape was designed 
to adhere to the specifications outlined in Fig.  2. 
The dumbbell-shaped tensile specimens were 
3D-printed using a fused deposition modelling 
(FDM) desktop 3D printer (WANHAO Duplicator 
i3). The dumbbell-shaped specimens were printed 
flat on the build plate (x, y-axis). Consistently, all 
specimens were printed at a temperature of 175 °C, 
with a print speed of 60  mm/sec. The layer height 
was set to 0.2  mm, this represents the specified 
height of individual PLA extrudate laid out by the 
printer nozzle. Each specimen was printed with 2 
external perimeter walls and 5 bottom/top layers. 
Since only solid dumbbells were needed for this 
experiment, the infill settings were set to 100%. The 
infill pattern followed a concentric direction, with 
a 90° infill line direction. Following the printing 
process, the dimensions of the resulting 3D-printed 

Fig. 1   An illustration showing the PLA-CNF monofilament production setup

Table 2   Formulation of FDM 3D printable filaments

a Samples were dried at 50 °C before extrusion
b Sample contains only neat PLA6202D
c Sample contains PLA6202D and triacetin
d,e Sample contains PLA6202D, cellulose nanofibrils (CNFs) 
and triacetin

Sample Descrip-
tion a

Final composition (%) Filament diameter

PLA CNFs Triacetin (mm)

6Neatb 100 0 0 1.74 (± 0.06)
6BlankTA10c 90 0 10 1.53 (± 0.08)
TA10CNF1%d 89 1 10 1.65 (± 0.09)
TA10CNF3%e 87 3 10 1.66 (± 0.03)
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dumbbell specimens were accurately gauged using a 
ULTRA CAL VI Vernier calliper (Fowler High Pre-
cision, Massachusetts. USA).

Characterization techniques

Chemical analysis

The chemical composition analysis was performed 
using an Attenuated Total Reflectance—Fou-
rier transform infrared spectrometer (ATR-FTIR) 
(BRUKER TENSOR II, MA, USA). The FTIR 
spectra of the samples were recorded between 4000 
– 600  cm−1, using 32 scans, at a 4  cm−1 resolution. 
The background spectrum was recorded before ana-
lysing each sample. The cellulose nanofibrils were 
dried in a convection oven set at 80 °C for 12 h before 
testing. Conversely, the PLA and PLA/CNF biona-
nocomposites were conditioned at a temperature of 
50 °C for 6 h before FTIR analysis.

X‑ray Powder Diffraction (XRD)

The X-ray diffraction (XRD) patterns of the eucalyp‑
tus sawdust (SD), and cellulose nanofibrils (CNFs) 
were measured using a benchtop powder X-ray dif-
fractometer (BRUKER D2 PHASER, MA, USA). The 
diffraction pattern of oven-dried CNFs was recorded 
and compared to the plain sawdust. The CNF gel was 
dried in a convection oven set at 80  °C for 2  h and 
conditioned at 50 °C for 3 h before testing. The X-ray 
diffraction (XRD) patterns of the CNF samples were 
measured over the 2θ = 5°–50° angular range with a 

scanning step of 0.02°/step and 4 secs per step with 
sample rotations using a Cu Kα1 and Kα2 radiation 
source with λ = 0.15406 nm / 0.15445 nm (weighted 
average 0.15418 nm). A Ni filter was used at the Pri-
mary Beam to reduce the effect of the K-β radiation. 
A Silicon (Si) zero background sample holder was 
used, and the sample rotated in the horizontal plane 
at 10 rotations/min. In addition, a 3  mm air scatter 
slit was in place to reduce the low-angle erroneous air 
scattering that could be misinterpreted.

The degree of crystallinity (Ic) was determined 
via the deconvolution method using Topas v6 soft-
ware (Germany) that allows for full pattern Rietveld 
refinement of the diffraction pattern. The crystallo-
graphic information framework (.cif) file for the crys-
tal structure of the crystalline phase of cellulose-Iβ 
was obtained from the open-source Crystallography 
Open Database (COD) (Vaitkus et al. 2021). The.cif 
file used was from the structural study of cellulose-Iβ 
conducted by Nishiyama et al. (2002). The refinement 
procedure and parameter settings inputted in Topas 
software will be highlighted in the results and discus-
sion section.

Morphological analysis

The morphology of the cellulose fibres (CFs) after 
the removal of hemicellulose and lignin was observed 
using scanning electron microscopy (SEM) (JEOL 
JSM-IT100, Peabody, USA). About 0.1  mg of the 
CFs was diluted with 50 mL of ethanol and sonicated 
to avoid aggregation. A small amount of the CFs was 
deposited on a copper grid and dried at 120  °C for 

Fig. 2   3D rendition of the 
dumbbell-shaped test speci-
men (top) showing the layer 
direction (bottom). Where: 
a = 115 mm, b = 6 mm, 
c = 4 mm, d = 20 mm
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6 h. Upon drying, the specimen was gold-coated and 
was conditioned at 35 °C for 30 min before analysis.

The cellulose nanofibrils (CNFs) obtained after 
successive defibrillation steps using the friction 
grinder were observed by transmission electron 
microscopy (TEM) using a JOEL 2100 TEM oper-
ated at 200 kV accelerating voltage. The CNFs were 
deposited onto a carbon-coated grid by dipping the 
grid into a dilute suspension of CNFs and then drying 
the grid in a vacuum oven overnight. The diameters 
of the CNFs were determined using an image analysis 
program (ImageJ 1.37v), and an average of 100 meas-
urements was used.

The transverse and cross-sectional area of the 
filament samples were examined under a Leica S6D 
Greenough stereo microscope with 6.3:1 zoom (Leica 
Microsystems, Germany). Images were captured 
using a 3.1 Megapixel Leica EC3 colour camera 
(Leica Microsystems, Germany) at 20 × magnifica-
tion. The bottom part of the specimen was lit using 
cross-polarized light, whilst normal light was shone 
on the surface specimen. The high-contrast images 
acquired from this analysis were possible due to the 
combination of different light sources.

The fractured surfaces of the 3D-printed dumbbell 
tensile specimens were also observed using scanning 
electron microscopy (SEM) (JEOL JSM-IT100, Pea-
body, USA). The specimens were gold-coated and 
conditioned at 35 °C for 30 min before analysis.

Thermal analysis

Thermal analysis of CNFs, PLA, and PLA/CNF bio-
nanocomposite filaments was performed on a thermo-
gravimetric analyzer (TGA5500, TA instruments New 
Castle, USA). Samples with masses of about 8.6 mg 
were heated under a nitrogen flow of 100 mL min−1 
from ambient temperature (~ 30  °C) to 600  °C at a 
heating rate of 10  °C  min−1. Platinum samples and 
reference pans were used for this experiment.

Determination of density

The densities of the 3D printed tensile specimen 
were measured according to Archimedes’ princi-
ple using ethanol (≥ 99.8% (GC) as an auxiliary 
liquid at ambient temperature (26  °C). The mass of 
six samples of each specimen was recorded in air 
and when completely immersed in ethanol using an 

analytical balance accurate to 0.0001 g. The relative 
density of each specimen was calculated according to 
Eq.  (1), where ma is the mass of the sample in air, 
met is the mass of the sample in ethanol, and ρet is 
the density of ethanol (0.7841 g/cm3 at 26  °C). The 
density of 6202D PLA pellets was determined as 
1.2067 ± 0.08 g/cm3 using the same method. All the 
specimens were vacuum-dried at 50 °C for 8 h before 
the commencement of analysis.

Uniaxial tensile analysis

Uniaxial tensile analysis of the bionanocomposite 
filaments and 3D-printed dumbbell-shaped tensile 
specimens was performed according to ASTM D638. 
The tensile data was recorded using a Tinius Olsen 
10ST Benchtop tensile tester, fitted with a 10kN load-
cell. The filaments were pulled using a rubber-padded 
HT400 pneumatic grip (Horsham, USA) to minimize 
the clamping stress exerted on the filaments, whereas 
a mechanical wedge grip was used for the dumbbell 
specimen. The analysis was performed at a gauge 
length of 25 mm, whilst applying 2 MPa pre-load to 
prevent sample slippage. All the samples were con-
ditioned in a convection oven set at 50  °C for 12  h 
before testing. The tensile results reported were an 
average of five measurements.

Results and discussion

Morphological analysis of cellulose nanofibrils 
(CNFs)

The surface morphology of cellulose fibres (CFs) 
after chemical treatments was studied using Scan-
ning Electron Microscopy (SEM). The SEM micro-
graph in Fig. 3A shows a dense network of cellulose 
fibres after the successful removal of hemicellulose, 
pectin, and lignin. The width of these cellulose fibres 
was found to vary within the range of 7.4  µm to 
8.2 µm. Subsequently, Transmission Electron Micros-
copy (TEM) was employed to visualize the cellu-
lose nanofibrils (CNFs) that were obtained through 
successive milling of the cellulose fibres using an 

(1)Density(�) =
ma

ma − met

× �et
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ultra-fine friction grinder. In Fig.  3B, the TEM 
micrograph illustrates an intricate network of inter-
connected de-fibrillated CNFs, exhibiting diameters 
ranging from 2 to 30 nm. It’s noteworthy that while 
plant-based cellulose originally existed in large clus-
ters (Fig. 3A), the combination of chemical treatment 
and ultra-fine friction grinding techniques applied in 
this study led to their defibrillation into individual 
fibrils, as shown in Fig. 3B.

Crystallinity analysis of CNFs

Figure  4 and 5 shows the X-ray powder diffraction 
patterns of the sawdust (SD) of Eucalyptus grandis 
softwood and the cellulose nanofibrils (CNFs). The 
X-ray diffraction patterns were subjected to a Rietveld 
refinement analysis using Topas v6 software. The 
approach used in determining the degree of crystallin-
ity of the samples was adapted from the review work 
published by Terinte et  al. (2011). The general idea 
is that the diffraction pattern is made up of the con-
tribution of the crystalline and the amorphous phases 

Fig. 3   SEM image of cellulose fibre obtained after delignification and removal of hemicellulose (left), and TEM image of the cel-
lulose nanofibrils (CNFs) obtained after ultra-fine friction grinding of cellulose fibres (right)

Fig. 4   PXRD pattern of 
cellulose nanofibrils (CNFs) 
refined with the cellulose-Iβ 
structural diffraction pattern 
and a single amorphous 
halo. Diffraction data (black 
line), Fitted data (red line), 
Refined cellulose- Iβ (blue 
line), Amorphous halo 
(green line) with the peak 
maximum at 2θ = 22.1 (ver-
tical black line), Difference 
plot (grey line), Background 
fit (sloping straight grey 
line), Blue line on the 
x-axis indicates the peak 
positions
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of the material. The prominent amorphous halo can 
be simplistically modelled with a single broad diffrac-
tion peak whereas the contribution of the crystalline 
phase would come from the sharper diffraction peaks. 
Full pattern Rietveld refinement allows for the use of 
a fundamental parameters approach to match the dif-
fraction pattern to a known crystal structure contained 
typically within a crystallographic information frame-
work (.cif) or structure file format (.str) file. This not 
only allows for the scaling and matching of theoreti-
cally determined structural parameters and various 
instrumental parameters to the determined diffraction 
pattern but also allows for the determination of other 
material properties such as crystallite size and pre-
ferred orientations.

The crystal structure parameters of the cellu-
lose phase with space group P21 obtained from 
the.cif file of Nishiyama et  al. (2002) and the unit 
cell dimensions (a = 0.7892 nm, b = 0.8112 nm, and 
c = 1.036 nm) reported by Muller et al. (2006) were 
fixed during the refinement. A Pearson VII-shaped 
peak was used during the refining step to allow for 
some slight asymmetric fitting of the amorphous 
peak contribution. The background was set to a Che-
bychev first-order polynomial and initially allowed 
to be refined to give a reasonable straight-line back-
ground fit. This was subsequently fixed to prevent 

unnecessary shifting of the background during sub-
sequent refinement steps. The amorphous halo was 
fitted to a constant crystallite size of 1.2 nm and the 
Gaussian crystallite size broadening parameter was 
fixed at 1.3 for both patterns. The sample displace-
ment correction was allowed during the refinement. 
The amorphous contribution is shown by the broad 
signal with a single peak near 2θ = 22.1° in Figs. 4 
and 5. The shape of the amorphous contribution of 
the CNF roughly resembles what has been reported 
in the literature (Agarwal et al. 2021). The Lawren-
cian crystallite size parameter L in the structural 
file of cellulose Iβ was refined to determine the 
volume-weighted mean crystallite size (LVol-IB) 
based on the full-width half maximum (FWHM) 
and the integral breadth using the full peak profile. 
The Chebychev background was allowed to be re-
refined as a final step to allow for a better-weighted 
profile R-factor (Rwp) fit and was subsequently 
fixed again. The value of the weighted profile R-fac-
tor (Rwp) deduced after the Rietveld refinement 
was Rwp = 7.1 (CNFs) and Rw = 6.7 (SD), confirm-
ing reasonable model fitting. The volume-weighted 
mean crystallite size (LVol-IB) was determined as 
3.0 nm for the CNF and 2.1 nm for the SD sample 
respectively. The slight increase in LVol-IB could 
be due to the removal of non-cellulosic components 

Fig. 5   PXRD pattern of 
Eucalyptus grandis sawdust 
(SD) refined with the 
cellulose-Iβ structural dif-
fraction pattern and a single 
amorphous halo. Diffraction 
data (black line), Fitted 
data (red line), Refined 
cellulose-Iβ (blue line), 
Amorphous halo (green 
line) with the peak maxi-
mum at 2θ = 22.1 (vertical 
black line), Difference plot 
(grey line), Background fit 
(sloping straight grey line), 
Blue line on the x-axis indi-
cates the peak positions
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and increased exposure of cellulose crystalline 
domains present in the CNFs. The degree of crystal-
linity was determined by dividing the contribution 
of all the crystalline peak areas over the total peak 
area (Area of crystalline phase/ (Area of crystalline 
phase + Area of amorphous phase). The degree of 
crystallinity (Ic) was determined as 79.3% for CNFs 
and 73.1% for SD respectively. The difference in 
the Ic which is indicative of the presence of highly 
ordered crystalline structure is partly attributed to 
the sharper (200) peak of CNFs.

Thermogravimetric analysis of cellulose nanofibrils

The thermogravimetric weight loss (TG) and the 
derivative weight loss (DTG) profile of cellulose 
nanofibrils (CNFs) are shown in Fig.  6. The initial 
weight loss of approximately 8.7% occurring within 
the temperature range of 60 to 150 °C is attributed to 
the elimination of moisture and volatile components 
(Mtibe et  al. 2015). An onset of degradation was 
observed at 220 °C and is attributed to the decompo-
sition of low molecular weight constituents within the 
CNFs. The main degradation peak of CNFs emerges 
at 325 °C, coinciding with the processes of dehydra-
tion, depolymerization, and the decomposition of 
glycosidic bonds(Yousefi et  al. 2013). Furthermore, 
about 24.7% of residual ash content remained at 600 
°C. Based on the TGA results, it is evident that the 

CNFs remain stable within the processing tempera-
ture range of the chosen PLA material.

Chemical analysis of CNF, PLA, and PLA/CNF 
bionanocomposites

In Fig.  7, the FTIR spectra of TA, sawdust, CNFs, 
neat PLA, and bionanocomposites are presented. 
Notably, the broad transmittance peak at 3390 cm−1 in 
the CNFs spectra corresponds to the stretching vibra-
tions of hydroxyl groups (O–H) (Wang et al. 2020b). 
The absence of peaks at 1500, 1590 and 1740  cm−1 
for CNFs indicates the removal of hemicellulose and 
lignin (Kouadri and Satha 2018). The removal of 
these groups upon chemical and mechanical treat-
ments has been reported elsewhere (Kouadri and 
Satha 2018; Motaung and Mtibe 2015). The finger-
print region of the CNFs spectra reveals transmittance 
peaks at 1160  cm−1, 1050  cm−1, and 895  cm−1, cor-
responding to stretching vibrations of C–O–C, C–OH 
glucose, pyranose ring, and β-glycosidic bending 
vibrations (Rasheed et  al. 2020; Tonoli et  al. 2016). 
Similarly, the FTIR spectrum of the neat PLA filament 
(6Neat) displays all characteristic absorption bands 
typical of PLA (Kister et  al. 1998). The transmit-
tance peak from stretching vibrations of CH3 groups 
is assigned to the peaks around 3000—2900  cm−1. 

Fig. 6   Thermal decomposi-
tion of cellulose nanofibrils 
(CNF) (red dashed lines 
represent DTG curve)
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The intensity of the carbonyl (C = O) stretching vibra-
tions of PLA assigned to the 1750 cm−1 peak shows a 
noticeable increase in the presence of triacetin. This 
increase in intensity is attributed to the combined 
stretching vibrations of C = O groups present in both 
PLA and triacetin. The asymmetric bending vibra-
tions of CH3 are assigned to the 1450  cm−1 peak, 
1260  cm−1 is assigned to carbonyl (C = O) bending 
vibrations, whilst the skeletal stretching vibrations 

of the PLA-ester (C–O–C) groups are assigned to 
1200–700 cm−1 peaks. Furthermore, in the spectra of 
TA10CNF1%, the peaks at 960  cm−1 and 925  cm−1 
are attributed to amorphous and crystalline vibra-
tions of PLA (Beltrán et  al. 2016). However, the 
amorphous peak at 925  cm−1 is hardly noticeable in 
6Neat and 6BlankTA10 samples. This suggests an 
increase in crystallinity in both samples compared 
to TA10CNF1%. Finally, the FTIR spectra of triace-
tin show a signal at 1755  cm−1 assigned to the C-O 
stretch (Lacerda et al. 2015).

Fig. 7   ATR-FTIR profiles 
showing the chemical 
composition of TA (black), 
sawdust (orange), CNFs 
(green) 6Neat (black), 
6BlankTA10 (blue) and 
TA10CNF1% (red)

Fig. 8   Thermal decom-
position profiles showing 
thermogravimetric (TG) 
and derivative thermogravi-
metric (DTG) curves of the 
filaments



11548	 Cellulose (2023) 30:11537–11559

1 3
Vol:. (1234567890)

Thermal Analysis of PLA and PLA/CNFs 
bionanocomposite filament

Figure  8 shows thermogravimetric (TG) and deriva-
tive thermogravimetric (DTG) plots of the filament 
samples. The thermal decomposition of PLA is 
generally attributed to hydrolysis, zipper-like depo-
lymerization, oxidative random chain scission, and 
intramolecular transesterification (Södergård and 
Stolt 2002). Notably, the 6Neat filaments display 
a distinct single-step thermal degradation behav-
iour that initiates at 303  °C and reaches its peak at 
354  °C (Table  3). The addition of triacetin (TA) 
(6BlankTA10), however, resulted in an increase in 
thermal stability with the onset degradation tempera-
ture at 310 °C and peaking at 366 °C (Table 3). This 
7 °C increase in the onset of degradation is attributed 
to the increased crystallinity and minimal hydroly-
sis of PLA polymer chains. The crystalline domains 
in PLA require more thermal energy to decompose 
compared to amorphous domains. Contrastingly, the 
bionanocomposite filament (TA10CNF1%) showed 
a ~ 10 °C decrease in both onset and peak degradation 

temperatures compared to neat PLA filament (6Neat). 
The TG profile of both bionanocomposite filaments 
exhibits a 2-step weight loss, as shown in Fig. 8. The 
initial weight loss is attributed to the evaporation of 
moisture and TA plasticizer. About 4.7 wt% of the 
volatile material was lost at 200  °C and 8.8 wt% at 
250 °C. The evaporation of the plasticizer could have 
been exacerbated during PLA crystallization and 
phased separation of TA. Plasticizers, such as TA, 
have been reported to increase molecular mobility, 
consequently leading to faster crystallization during 
cooling (Martin and Avérous 2001). However, Ljun-
gberg and Wesslen (2002) reported that an increase 
in PLA crystallization resulted in the expulsion of 
TA. This is attributed to the plasticizer (TA) being 
miscible solely within the amorphous domains of 
PLA. the moisture adsorbed on the surface of the 
CNFs could have induced hydrolytic degradation of 
the PLA molecular chains. This hydrolysis-driven 
thermal degradation was more pronounced in the 
TA10CNF3% bionanocomposite filament, which 
incorporated higher CNF loadings (evidenced by 
an onset temperature of around ~ 280  °C and a peak 

Table 3   Comparison 
between the onset and peak 
degradation temperatures

Degradation tem-
perature (°C)

Sample description

6Neat 6BlankTA10 TA10CNF1% TA10CNF1%

Onset 303.36 (± 0.17) 310.35 (± 0.17) 292.66 (± 0.17) 279.66 (± 0.17)
Peak 354.01 (± 0.15) 366.29 (± 0.18) 345.59 (± 0.17) 327.45 (± 0.17)

Fig. 9   The variation in fila-
ment diameter (the dotted 
line represents the standard 
filament diameter)
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temperature of around ~ 328 °C) (Table 3). However, 
the early-stage thermal degradation occurred above 
the temperature (175 °C) used during the 3D printing 
of the bionanocomposite filaments.

Comparison of PLA and PLA/CNF 
bionanocomposite filament diameter

The variation of the measured filament diameter 
compared to the expected diameter is represented 
in Fig.  9. Presently, filaments with a diameter of 
1.75  mm are widely used in most FDM-based 3D 
printing activities. The Chinese National Stand-
ard (GB/T 37643–2019) specifies a diameter toler-
ance of ≤ 0.05  mm for these filaments. The diam-
eter of the 6Neat filament of 1.74 (± 0.06) mm falls 
within the expected tolerance range. Conversely, the 
6BlankTA10 sample had the smallest filament diam-
eter of all the examined samples at 1.53 (± 0.08 mm). 
Nonetheless, a slight reduction in filament diameter 
is observed for filament samples containing cellu-
lose nanofibrils (CNFs). The filament diameter for 
the samples containing 1% and 3% CNFs was 1.65 
(± 0.09) mm and 1.66 (± 0.03) mm, respectively.

A succession of factors is postulated to account 
for the observed reduction in filament diameter in the 
presence of TA. Primarily, an increase in polymer 
chain mobility due to plasticization typically trans-
lates into reduced melt viscosity and melt strength. 
As a result, the reduction in melt strength and the 
low melt viscosity combine to cause the PLA fila-
ment to thin out as it emerges from the extruder noz-
zle. Secondly, the decrease in filament diameter 
could be attributed to thermal shrinkage. This likely 
occurred during the phase separation of the plasti-
cizer from the PLA matrix. This is because the plasti-
cizer (TA) is only miscible with the amorphous PLA 
domain. So, the TA was likely expelled during crys-
tallization as previously reported by (Ljungberg and 
Wesslen 2002). Furthermore, the phase separation of 
TA and PLA was likely exacerbated by the cumula-
tive interplay of processing conditions (temperature, 
compression, screw speed, and cooling rate). Lastly, 
the reduction in filament diameter could also be 
caused by the tension exerted during filament wind-
ing (spooling). This is because the filament remains 

quite pliable after exiting the cooling zone during 
extrusion. Nevertheless, the addition of cellulose 
nanofibrils (CNFs) seemed to reduce filament thin-
ning. This could be attributed to the increased melt 
viscosity and the consequent reduction in PLA poly-
mer chain mobility, stemming from the incorporation 
of CNFs. Additionally, the presence of CNFs in the 
bionanocomposite filament might have absorbed the 
exuded TA, thus mitigating the loss of plasticizer dur-
ing processing.

Morphological of filaments

Figure  10 shows the visual appearance of the sur-
face and cross-sectional characteristics of all filament 
samples. The high surface roughness of the 6Neat 
filament is attributed to inadequate processability 
(melt, cooling, and flow behaviour) during filament 
extrusion. The addition of TA plasticizer resulted in 
improved processability, and reduced surface rough-
ness of the 6BlankTA10 filament. However, the sur-
face smoothness decreased after the incorporation of 
cellulose nanofibrils (CNFs), as seen in Fig. 10. Fur-
thermore, the cross-sectional images show inconsist-
ent filament roundness for 6Neat and 6BlankTA10 
specimens (insert Fig. 10), which is likely caused by 
the poor melt and compressive strength of PLA dur-
ing the extrusion process. However, the filaments 
containing 1% and 3% CNFs showed improved 
roundness, which can be attributed to improved com-
pression and bulk density. Additionally, the high 
contrast between the CNFs anisotropically dispersed 
within the PLA matrix can be visualized in Fig. 10. 
The image contrast reveals that the entanglement of 
the otherwise dense fibrous networks of CNFs into 
micrometre-long domains occurred during filament 
production. The hydrophilicity of CNFs contributes 
to a higher likelihood of agglomeration during pro-
cessing. Thus, explains the challenge of attaining uni-
form CNF dispersion within the polymer matrix.

Tensile behaviour of filaments

The tensile properties of the filaments are sum-
marized in Table  4. The lowest tensile strength 
of 22.5 ± 3.8  MPa and % elongation at break of 
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0.3 ± 0.05% were observed for the 6Neat filament. 
This explains the brittle nature of the 6Neat filament, 
which tends to break during 3D printing. In con-
trast, the plasticized 6BlankTA10 filaments exhib-
ited the highest tensile strength of 40.08 ± 1.8 MPa. 
The increase in tensile strength can be attributed to 
the presence of structurally stable PLA crystalline 

domains in the 6BlankTA10 filaments. However, 
the minimal increase in % elongation at break of 
the 6BlankTA10 filaments could be due to the 
loss of plasticizer during crystallization. Further-
more, the tensile strength of the bionanocompos-
ite filaments TA10CNF1% and TA10CNF3% was 
29.26 ± 1.8 MPa and 31.18 ± 1.0 MPa, respectively. 

Fig. 10   The surface and cross-sectional (inserts) morphology of filament specimens imaged at × 40 magnification using a compound 
microscope under cross-polarized light

Table 4   Results from 
the tensile analysis of 
developed filaments

Sample description Tensile strength
(MPa)

Elongation at Break
(%)

Maximum 
breaking force 
(N)

6Neat 22.50 (± 3.80) 0.30 (± 0.05) 53.53 (± 9.00)
6BlankTA10 40.08 (± 1.80) 2.66 (± 0.70) 65.25 (± 3.30)
TA10CNF1% 29.26 (± 1.80) 6.13 (± 1.10) 53.74 (± 3.40)
TA10CNF3% 31.18 (± 1.00) 8.11 (± 1.20) 51.64 (± 1.70)
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The bionanocomposite filaments presented higher 
tensile strength compared to the virgin (6Neat) fila-
ment. This increase in tensile strength can be attrib-
uted to the reinforcing effect of CNFs. Furthermore, 
the superior retention of TA plasticizer is confirmed 
by the high elongation at break values of the biona-
nocomposite filaments. The %–elongation results of 
the bionanocomposite filaments also suggest higher 
amorphous composition in the PLA. Higher amor-
phous content and increased PLA flexibility are 

known to correspond to decreased tensile strength 
(Paul et al. 2021). The flexibility resulting from the 
incorporation of both TA and CNF has effectively 
addressed the recurring issue of filament breakage 
during 3D printing, as shown in Fig. 11.

FDM 3D printer optimization

The majority of desktop FDM 3D printers, akin 
to the one employed in this study, are initially 

Fig. 11   The brittle behaviour of PLA before (left) and after (right) introduction of plasticizer (TA) and cellulose nanofibrils (CNFs). 
The circled area denotes the stem of the 6Neat filament that broke during 3D printing

Fig. 12   The filament feeding mechanism; actual image (left), and schematic outline (right)
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calibrated to accommodate thermoplastic filaments 
with diameters of 1.75  mm. The filaments with 
slightly smaller diameters generated in this research 
magnify the risk of under-extrusion, which stems 
from inadequate filament feeding. Thus, it was 
imperative to make several adjustments to the fila-
ment feeding mechanism of the FDM 3D printer. 
Adjustments were executed on the 3D printer to 
ensure optimal filament contact and substantial 
force application within the feeding mechanism. 
This entailed augmenting the filament tension, 
thereby amplifying the load on the filament. The 
schematic in Fig.  12 delineates the internal struc-
ture of the FDM 3D printer’s feeding mechanism. 
The key components encompass a tension-inducing 
spring loading mechanism, a serrated drive gear, 
and a smooth idler. As the filament traverses the 
feeding mechanism, the idler experiences force, and 
the serrated drive gear imprints a slight impression 
onto the filament (Hermann 2022). This establishes 
sufficient frictional force on the filament, enabling 
the efficient transfer of torque generated by the 
rotating drive gear (denoted as "d" in Fig. 13).

The force applied by the spring load (indicated 
as b and e in Fig.  12) can be fine-tuned by adjust-
ing the idler tension screw, wherein the downward 
force pushing the filament out is marked as a and c in 
Fig. 12. However, meticulous calibration of the idler 
tensioning screw is essential, as excessive tightening 

can lead to filament grinding, crushing, or flatten-
ing. Conversely, inadequate friction on the filament 
can cause slipping and sliding, resulting in under-
extrusion and excessive strain on the drive motor. 
As such, the idler screw was slightly tightened using 
a torque wrench during the 3D printing operation of 
TA10CNF1% and TA10CNF3%. For the 6BlankTA10 
filaments, the tension screw was tightened further to 
ensure adequate friction. Subsequently, the filaments 
were unloaded from the feeding mechanism and sub-
jected to visual examination for any indications of 
grinding. Finally, the successful 3D printing of the 
objects depicted in Fig. 13 was achieved through the 
implementation of the fine-tuning steps, combined 
with the processing conditions detailed in the meth-
odology section.

Morphological analysis of 3D printed specimen

The gauge length regions within the internal struc-
ture of each 3D printed tensile specimen were exam-
ined using a scanning electron microscope (SEM), 
as shown in Fig.  14. The tensile specimens were 
cryo-fractured after soaking them in liquid nitrogen 
for 5 min. The SEM images at an × 19 magnification 
level, as depicted in Fig. 14, revealed the presence of 
numerous empty voids within the 3D-printed tensile 
specimens. These voids were predominantly concen-
trated along the Y-axis of printing. The images also 

Fig. 13   FDM 3D printed items using PLA/CNF bionanocomposite filaments
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showed the absence of layer bonding between paral-
lel deposited layers. Despite setting the extrusion 
width to 400 µm, measurements taken from the SEM 
images revealed that the final extrusion width fell 
below the intended specifications. (Additional infor-
mation in S3). This observation could be attributed 
to factors such as under-extrusion of PLA, irregular 
filament diameter, inadequate compression, and the 
shrinkage of the fused deposited layers (Fig. 15).

Tensile properties 3D printed tensile specimens

The results obtained from the tensile analysis of the 
3D printed specimens are represented in Table  5. 
The tensile strength of the 6Neat specimen was 
22.7 (± 0.07) MPa, at a maximum breaking force of 
671.0 (± 0.2) N. Interestingly, these values closely 
resemble the tensile strength reported for compres-
sion-moulded PLA6202D by Modi et  al. (2013), 
which was reported as 29.8 ± 6.3  MPa. The slightly 
lower tensile strength of the 3D-printed 6Neat speci-
men is probably due to high porosity, low compres-
sion, and inadequate layer adhesion. Meanwhile, the 
6BlankTA10 specimens exhibited tensile strength and 
break force of 27.8 (± 0.12) MPa and 671.0 (± 0.2) 
N respectively. The elongation at break, however, was 
quite low for both 6Neat and 6BlankTA10. Though 
plasticization was expected to improve flexibility and 
ductility in the 6BlankTA10 specimen, this was not 
the case with 6BlankTA10 showing very low val-
ues of elongation at break. It is quite apparent that 
increased PLA crystallization and the consequent 
phase separation of TA resulted in low plasticizer 
retention in 6BlankTA10.The TA10CNF1% bionano-
composite specimen exhibited a 12% increase in the 
tensile strength (25.43 (± 0.28) MPa) compared to the 
6Neat specimen (22.70 ± 0.07 MPa). Conversely, the 
tensile strength of the TA10CNF3% bionanocompos-
ite specimen (22.41 (± 2.52) MPa) was comparable to 
the tensile strength of the 6Neat specimen.

Furthermore, the inclusion of TA plasticizer 
resulted in a slight decrease in the tensile modulus 
of the PLA (6Neat) from 2115.50 (± 0.71) MPa to 
1962.90 (± 18.53) MPa (Table 5). However, the ten-
sile modulus of the bionanocomposite specimens 
increased by 12% and 20% with the addition of 1% 

CNFs (TA10CNF1%) and 3% CNFs (TA10CNF1%), 
respectively. The observed increase in stiffness is 
characteristic of PLA bionanocomposites reinforced 
with plant-based natural fibres (Xiao et al. 2019; For-
tunati et al. 2012). However, the interfacial adhesion 
between the CNFs and PLA matrix is mostly due to 
physical interactions (Clarkson et al. 2018). However, 
the interfacial adhesion between the PLA matrix and 
natural fibres is usually enhanced by the formation 
of transcrystalline layers, as reported by Huan Xu 
et al. (2014). The authors concluded that the forma-
tion of prevailing transcrystalline layers was initiated 
by the nucleating effect of natural fibre and acceler-
ated by increased polymer chain mobility induced by 
the plasticizer resulting in improved tensile strength 
(Huan Xu et al. 2014).

Table  5 also provides the average density (ρ) of 
all the tensile specimens, and a direct correlation is 
observed between density and tensile modulus (stiff-
ness) across all the samples. The average density of 
the 3D printed 6Neat specimen was approximately 
1.1795  g/cm3, representing a 2.25% decrease com-
pared to the density of the original PLA6202D pel-
lets (ρ = 1.2067 ± 0.08 g/cm3). The reduction in den-
sity of the 6Neat specimen can be attributed to high 
porosity. This decrease in density by 7.19% in the 
6BlankTA10 specimen can be attributed to the loss 
of plasticizer and the resulting increase in porosity. 
Furthermore, the bionanocomposite filaments con-
taining 1% and 3% CNF exhibited comparable bulk 
density to that of the PLA6202D pellets. This is likely 
a result of improved plasticizer retention, enhanced 
compression during processing, and the presence of 
fewer or smaller pores. These factors contribute to a 
more compact and homogeneous structure, leading to 
a density that is closer to the original PLA material.

Furthermore, the substantial increase in elon-
gation for the TA10CNF1% (105.17 ± 32.9%) and 
TA10CNF3% (78.71 (± 32.9%) specimens can 
be attributed to successful plasticization, leading 
to improved PLA molecular chain mobility. This 
allowed the low molecular weight TA to penetrate 
the amorphous PLA domains, effectively retarding 
crystallization. Additionally, the CNFs are believed 
to absorb excess TA that is exuded from the crys-
talline domains. The stress vs. strain curves for all 
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the samples is depicted in Fig.  16. The stress–strain 
behaviour of the 6Neat and 6BlankTA10 specimens 
displayed brittle failure patterns, with a slight strain 
hardening observed in 6BlankTA10. This strain hard-
ening contributed to the increased tensile strength of 
6BlankTA10. Conversely, the stress–strain behaviour 
of the bionanocomposite specimens in Fig. 16 exhib-
ited ductile failure characteristics. These specimens 
showed a distinct sequence of events: a sharp stress 
increase, a yielding point, strain softening, ductile 
stretching, and eventual rupture. Lastly, a significant 
decrease in the breaking force was observed between 
6Neat, 6BlankTA10 and TA10CNF1% specimens. 
However, a slightly lower force was required to frac-
ture the TA10CNF3% specimen.

Figure 16 illustrates images of the 3D-printed ten-
sile specimens before and after undergoing uniaxial 
tensile testing. The TA10CNF1% and TA10CNF3% 
bionanocomposite specimens exhibited similar duc-
tile fracture behaviour. The ductile stretching of these 
specimens led to a whitening effect in the area around 
the gauge length region. This whitening effect is a 
result of crazing (micro-void formation) and strain-
induced crystallization, wherein the initially random 
PLA polymer chains become mechanically oriented 
into more ordered domains (Drumright et  al. 2000). 
The occurrence of strain-induced crystallization pro-
duces a strain-hardening effect, which is responsible 
for the stable tensile stress during ductile stretching as 
shown in Fig. 15. Conversely, the tensile fracture of 
6Neat and 6NeatTA10 specimens occurred between 
the grip section and gauge length. The fact that the 
tensile fracture occurred at the joint between the grip 
section and the gauge length suggests the presence 
of mechanically weak areas in the 3D-printed tensile 
specimen. These weak points likely contributed to the 
failure of the specimen at that location.

Summary

In this work, PLA/CNF bionanocomposite filaments 
were developed and successfully printed on an FDM 
3D printer to form several prototypes. The cellulose 
nanofibrils (CNFs) used were successfully isolated 

from sawdust via chemo-mechanical methods. Mor-
phological and crystallinity analysis revealed that 
the CNFs are composed of dense networks of cel-
lulose fibrils with an average degree crystalline of 
79.3%. The subsequent thermal analysis confirmed 
that the extracted CNFs were thermally stable within 
the intended processing temperature. A solvent cast-
ing masterbatch step was adopted to achieve good 
dispersion of CNFs in the PLA matrix. This step was 
proceeded by a low-temperature melt mixing and 
filament extrusion step. This low-temperature pro-
file was enabled by the incorporation of a bio-based 
plasticizer (triacetin) which improved processibility. 
In addition, the plasticizing effect of TA facilitated 
low printing temperatures and eliminated the brittle 
fracturing of filaments during the FDM 3D printing 
process. Furthermore, better consistencies in filament 
diameter were achieved for the PLA/CNF bionano-
composites. Nevertheless, a series of adjustments 
were performed on the filament feeding mechanism 
of the FDM 3D printer to optimize the printing pro-
cess. Furthermore, the aggregation of CNFs observed 
in Fig. 10 did not result in the blockage of the FDM 
printer nozzle during the 3D printing process.

Furthermore, the FTIR chemical analysis 
revealed a transmittance peak around 925  cm−1 in 
PLA/CNF bionanocomposite spectra, indicative of 
increased crystallinity. Results from thermogravi-
metric analysis (TGA) of the bionanocomposites 
revealed a decrease in thermal stability. This was 
attributed to the early onset of thermal hydroly-
sis induced by water emanating from the CNF. 
However, the filaments were still useable since the 
thermal decomposition occurred well above the 
temperature used during 3D printing. A noticeable 
increase in the flexibility of PLA/CNF composites 
was attained due to the plasticizing effects of TA. 
This improvement was reflected in the high elonga-
tion at break values of PLA/CNF1%/TA10 (105.17%) 
and PLA/CNF3%/TA10 (78.71%). However, the 
increase in % elongation resulted in a slight reduc-
tion in ultimate tensile strength. The images of the 
tensile specimens of PLA/CNF1%/TA10 and PLA/
CNF3%/TA10 bionanocomposites both showed 
ductile fracture behaviour, whereas the 6neat and 
6NeatTA10 control sample exhibited brittle frac-
ture behaviour. Future work would focus on inves-
tigating the crystallization behaviour of PLA/CNF 
bionanocomposites, adoption of higher molecular 

Fig. 14   SEM images of cryofracture surfaces of Top; 6Neat, 
6NeatTA10, TA10CNF1% and TA10CNF3%. Bottom × 100 
magnification of encircled areas

◂
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weight plasticizers and improving the PLA/CNF 
compatibility.
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