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In this study, 3D printable polylactide (PLA) composites reinforced with 10, 20 and 30 mass% of short lyocell
fibres were produced by melt compounding PLA modified with maleic anhydride. Based on bio-inspired
anchoring systems, fibrillated fibres were also employed in 30 mass% fibre composites. The resulting 3D prin-
ted samples displayed outstanding mechanical performance, particularly with high fibre content. Compared to
neat PLA, unmodified formulations showed reduced tensile strength and strain at break with the addition of
fibres, but they had a moderate improvement in Young’s modulus. However, by combining fibre fibrillation,
matrix modification, and post-printing annealing, we achieved an excellent balance of tensile strength (85 MPa),
Young’s modulus (7.2 GPa), and strain at break (3.2%) - the highest reported values for such composites.
Incorporating fibres and increasing PLA crystallinity via heat treatment significantly enhanced the thermo-
mechanical stability of the composites, raising the storage modulus up to 38 times at 60 °C and 200 times at
80 °C compared to neat PLA. This combined strategy paves the way for the 3D printing of high-performance

structures using 100% bio-derived materials.

1. Introduction

There is a growing interest in developing and using biobased com-
posites made of bioderived polymers and fibres as substitutes for syn-
thetic and petroleum-based composites as they can be used to improve
the sustainability and circularity of materials [1]. One of the main ad-
vantages of biobased composites is the variety of fibres that can be used
to reinforce the matrix and their suitability for different manufacturing
processes, including injection moulding [2-4], compression moulding
[5-7], and additive manufacturing [8-11]. Cellulose-based fibres, such
as hemp, bamboo, flax, harakeke, wood fibres, and other sources in the
form of micro or nano fibres, have been explored as reinforcing elements
for 100% bio-derived composites [12-16]. Lyocell fibres, one type of
regenerated cellulose fibre, are mainly used in the textile industry for the
production of clothing, bed linen, pillows, denim, towels, carpets,
technical textiles, hygiene products and others [17], but have also
demonstrated great potential as a bio-derived fibre to reinforce com-
posites made of petroleum-based thermoplastic polymers such as poly-
propylene (PP) [18-21] and polyethylene (PE) [22], and bio-derived
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and biodegradable thermoplastics such as polylactide (PLA) [10,23-26]
and polyhydroxybutyrate (PHB) [27]. These fibres are generally derived
from wood pulp and produced by an eco-friendly lyocell process that
uses N-methyl morpholine-N-oxide (NMMO) to dissolve cellulose that is
later regenerated in water forming fibres with uniform properties and
interesting mechanical properties, including high strength and high
strain at break [28,29]. The lyocell fibres have similar physical prop-
erties to cotton, but they have better mechanical properties and different
cellulose crystal structure; lyocell has a cellulose II structure [30]
whereas the native cellulose in cotton and other plant fibres have a
cellulose I structure (with a higher proportion of If) [31]. Lyocell in the
form of short fibres [10,18,22,24,27,32], fleeces or felts [7,33,34], and
fabrics [25,35,36] have been explored in the manufacturing of biobased
composites to assess the effect of different fibre content, fibre fineness,
fibre length, and fibre orientation on the mechanical performance of the
biocomposites.

The hydrophilic nature of cellulose fibres and the hydrophobicity of
most thermoplastics directly influence the adhesion between fibre and
polymer. Matrix modification and/or surface treatment of the fibres are
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generally recommended to obtain optimum mechanical and physical
properties, especially if short fibres are used. Incorporating coupling
agents is one of the most common methods to improve the interface
between fibre and matrix, resulting in better tensile strength, stiffness,
and impact resistance of biobased composites [1]. Maleic
anhydride-grafted PP (MAPP), for example, has been used in PP-based
composites reinforced with lyocell and natural fibres to create a
“bridge” between the hydrophobic matrix and hydrophilic fibres [37,
38]. A similar approach has been used to improve the fibre/matrix
interface in PLA-based composites, using maleic anhydride (MA) to
modify the matrix “in situ” during the compounding process with the
fibres [39-41]. The modification of the fibre surface is another possi-
bility to improve the fibre/matrix interface. A wide range of strategies
have been explored to modify the fibre surface to improve adhesion, e.
g., by chemical treatments such as alkali and silane treatment [42,43],
grafting [15,44], plasma treatment [35,45], and selective fibre fibrilla-
tion [9,21,46,47]. Considering the smooth surface of lyocell fibres,
which results in poor apparent fibre/matrix interfacial adhesion, fibre
fibrillation can be used to increase the surface area and the bonding
surface. Although the fibrillation of lyocell fibres is well understood,
only a few studies reported the use of fibrillated lyocell fibres as rein-
forcement of composites [21,46,48]. Using short untreated and fibril-
lated fibres with random orientation, Cheng et al. produced PP and PVA
matrix composites with a maximum fibre fraction of 10 mass%,
obtaining higher strength and Young’s moduli in both matrices when
fibrillated fibres are used. More recently, Graupner et al. demonstrated
that fibre fibrillation enhanced the apparent interfacial shear strength of
the lyocell fibre in PLA and PP matrices and improved Young’s modulus,
tensile strength, and impact strength of composites reinforced with a
fibre volume fraction of 30%. In the case of PLA, the tensile strength and
Young’s modulus were improved by a factor of 1.62 and 1.20, respec-
tively, in relation to the composites with unmodified fibres [48]. The
fibrillation tendency of lyocell fibres is explained by the low lateral
intermolecular forces among the elementary fibrils because of their
isolated and intact cellulose crystallites and their high affinity for alkali
and water retention [49,50]. The outer crystalline regions of the fibres
break and separates longitudinally from the fibres during fibrillation,
leading to partial detachment of the fibrils from the main fibre [51].
Additive manufacturing, or three-dimensional (3D) printing, is a
powerful manufacturing method that opens new opportunities to
develop and design structures using bioderived polymers and compos-
ites. Material extrusion methods, in special fused deposition modelling
(FDM), also known as fused filament fabrication (FFF), is one of the most
used methods for 3D printing using polymers or polymeric composites
due to its simplicity and low cost of operation [8]. Different natural fi-
bres have been used to reinforce composites for FDM, including wood
fibres [52,53], hemp [13,54], bamboo [53], flax [55], harakeke [9],
lyocell [10], and nanofibrillated cellulose [16,44] with fibre content
varying between 1 and 30 mass%. These 3D-printed composites pre-
sented tensile strengths between 28 and 80 MPa and Young’s moduli
between 2 and 7 GPa, depending on the fibre content and printing
orientation. In most studies, a considerable decrease in the strain at
break and sometimes in the tensile strength is reported when higher
fibre loading is used (above 20 mass%). Three main issues cause these
problems; the poor interface between fibre and matrix (chemistry
related), the difficulty in getting proper dispersion of the fibres in the
composites (process and chemistry-related), and printing defects.
However, as in conventional manufacturing methods, it has been shown
that modifying the surface of the fibres, either chemically or physically,
can positively affect the processability and mechanical properties of
PLA-based composites used in 3D printing [9,44,56,57]. In addition,
post-printing treatments, such as heat treatment, can also be used to
increase the crystallinity of PLA and improve the thermo-mechanical
and creep performance of reinforced composites [10,44,58,59].
Although there are many works on the use of bio-derived fibres to
reinforce PLA-based composites for FDM, the resulting improvement of

Additive Manufacturing 77 (2023) 103806

the mechanical properties is limited. These hurdles have hindered the
widespread use of PLA-based composites reinforced with bio-derived
fibres for applications where mechanical performance and thermo-
mechanical stability are critical. Lyocell fibres have demonstrated
great potential as reinforcement in PLA-based composites produced by
traditional manufacturing methods, improving not only strength and
stiffness but also, in many cases, strain at break and impact toughness
[60-66]. In addition, the uniform dimensions and mechanical properties
of the fibres, renewability as well as their tendency to fibrillate and thus
create a larger specific fibre surface area make lyocell fibres an inter-
esting option for 3D printing applications in comparison to natural fi-
bres. In this work, a new approach to produce PLA-based composites
reinforced with short bio-derived fibres for 3D printing was developed to
solve two main issues: poor interfacial bonding between fibre and matrix
and the poor thermo-mechanical stability of PLA.

Plant root systems have a large specific surface area due to their
many fine and branched roots and exhibit efficient soil anchoring. This
principle of surface enlargement was used as a model for improving
fibre-matrix bonding in cellulose fibre-reinforced composites. By using a
combination of fibre surface fibrillation and matrix modification, ther-
moplastic wires (referred to as “filament” in the 3D printing sector) with
good printability and mechanical performance were produced. Samples
3D printed by FDM were characterised by tensile testing, thermo-
mechanical analysis and microstructural investigation. Besides fibre
and matrix modification, post-printing annealing was also explored as a
strategy to improve the mechanical and thermo-mechanical properties
of the composites.

2. Materials and methods
2.1. Materials

Polylactide (PLA) grade 2003D with melt flow index (MFI) of 6 g/10
min (210 °C, 2.16 kg) and specific gravity of 1.24 g/cm® was purchased
from NatureWorks®. Lyocell fibres (FCP400) with a nominal length of
400 pm were supplied by Lenzing®, Austria. The fibres have a nominal
linear density of 1.3 dtex (equivalent to diameters between 10 and 12
um). Optical microscopy images of the fibres are given in Fig. 1.
Dichloromethane (DCM) (Merck Millipore > 99.5%, Sigma-Aldrich, NZ)
was used for the fibre extraction. Maleic anhydride (MA) (95%, Sigma-
Aldrich, NZ) and dicumyl peroxide (DCP) (98%, Sigma-Aldrich, NZ)
were used for PLA modification. Isohexane (Rotisolv(R) > 98%, Carl
Roth GmbH + Co. KG, DE) and acetone (> 99.5%, Carl Roth GmbH +
Co. KG, DE) were used in the fibre fibrillation process.

2.2. Fibre fibrillation

The fibrillation of the lyocell fibres was carried out using different
solvents in an ultrasonic bath with a volume of 2.2 L, a working quantity
of 1.4 L, an operating frequency of 40 kHz and an ultrasonic power of
120 W (Emmi-H22, EMAG AG, Morfelden-Walldorf, DE). First, 30 g fi-
bres were placed in the ultrasonic bath with demineralised water for
30 min. Then, the water was replaced with isohexane and the fibres
were soaked for 60 min. Afterwards, isohexane was replaced with
acetone and the fibres were treated for 60 min. In a final step, the fibres
were placed again in demineralised water in the ultrasonic bath for
15 min and were finally air-dried for a few days. The described pro-
cedure was repeated one more time to obtain approx. 60 g of fibrillated
fibres.

2.3. 3D printing filaments production

The composites were produced by melt compounding PLA with the
lyocell fibres, followed by extrusion to produce the 3D printing fila-
ments, following a similar procedure reported in [9]. First, the fibres
were melt compounded with neat PLA using a custom-made Sigma
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Fig. 1. Optical microscopy images of as-received lyocell fibres.

blade-type compounder for 10 min (until the measured torque became
constant) according to the composition shown in Table 1. The formu-
lations using fibrillated fibres are identified with “-fib” in the sample ID.
The compounding temperature (between 180 and 195 °C) had to be
increased in some formulations because of the torque limitations of the
melt compounder. In this process, batches of 60 g were used, and PLA
was first melted and mixed for approximately 3 min before adding the
fibres. Maleic anhydride (MA) was used to modify the PLA matrix to
improve the compatibility with the fibres through an in-situ modifica-
tion, following similar methodologies reported in [39-41]. In these
formulations, 2 mass% of MA in relation to PLA was added to the melt
compounder after PLA was completely melted. The catalyst dicumyl
peroxide (DCP), 10 mass% in relation to MA, was also added with MA
during compounding. After adding MA and DCP, the PLA-MA was mixed
for 3 min before adding the fibres, as conducted for the other formula-
tions. After compounding, the composites were granulated into particles
of < 4 mm using a Moretto GR knife mill (Mercer County, PA, USA). The
particles were vacuum dried at 60 °C for 4 h and extruded into filaments
using a Filabot EX2 single screw extruder (Barre, VT, USA) at
180-185 °C. An air cooling system was used to cool the filament. The
extrusion and pooling speeds were adjusted to produce filaments with a
constant diameter of 1.70 + 0.1 mm. Images of the filaments were taken
using a SZX7 Olympus stereo microscope (Tokyo, Japan).

2.4. 3D printing

Samples for tensile testing, dynamic mechanical analysis (DMA), and
X-ray diffraction (XRD) analysis were 3D printed in a MakerGear™ M2
desktop 3D printer (Beachwood, OH, USA) using the Simplify 3D®
software package for slicing the CAD files and controlling the 3D printer.
Before printing, all the filaments were vacuum dried at 50 °C for 2 h.
The samples were printed using the printing parameters given in
Table 2. All the samples were printed using a perimeter (shell) of one
printing line (approximately 0.75 mm). After 3D printing, one set of
samples for each formulation (tensile and DMA specimens) was heat

Table 1

Nk
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Table 2

Parameters used for the 3D printed samples.
Parameter Value
Infill density 100%

Nozzle diameter 0.75 mm
Raster angle 0 ° (for all the layers)
Bed temperature 70°C

Nozzle temperature 210°C
Printing speed 1800 mm/min
Layer height 0.1 mm

treated at 105 + 2 °C for 2 h in a laboratory oven. All the samples were
conditioned in a climatic chamber (Binder GmbH, Model KMF 115,
Tuttlingen, DE) for 48 h at 23 °C and 50% relative humidity before
testing. For one of the formulations (with 30 mass% of fibrillated fibre),
an additional set of samples was printed to assess the influence of the
infill raster angle on the mechanical properties. In this case, samples
were printed using two different infill raster angles: 90° and alternate
layers of 0/90°_ A perimeter shell of one printing line was used. In order
to reduce the influence of the perimeter line on the mechanical prop-
erties, the width of the sample shown in Fig. 2a was increased by 20%.
Controls were printed using neat PLA.

2.5. Materials characterisation

2.5.1. Tensile testing

Tensile testing of the 3D printed samples was conducted on an Ins-
tron® 5982 universal testing machine (Norwood, MA, USA) equipped
with a 5 kN loadcell. The samples were printed using ASTM D638 type V
samples, with free-span nominal dimensions of 3.18 mm, 1.20 mm and
10.96 mm for width, thickness, and length, respectively (Fig. 2a). All the
samples were tested at a crosshead displacement rate of 2 mm/min. A
clip-on extensometer of 10 mm was used to measure the tensile strain.
Five specimens per condition were tested, and only specimens fractured
within the free span were considered valid.

Compositions of the formulations used for the production of PLA/lyocell composites.

Formulation ID Fibre content in mass% PLA content in mass%

Maleic anhydride content in mass%

Compounding temperature in°C Extrusion temperature in°C

PLA 0 100.0 -
PLA-MA 0 98.0 2.0
L10 10 90.0 -
L10-MA 10 88.2 1.8
L20 20 80.0 -
L20-MA 20 78.4 1.6
L30 30 70.0 -
L30-MA 30 68.6 1.4
L30Fib 30 70.0 -
L30Fib-MA 30 68.6 1.4

180 180
180 180
180 185
180 185
195 185
190 185
195 185
190 185
195 185

190 185




C. Gauss et al.

Additive Manufacturing 77 (2023) 103806

Fig. 2. Dimensions of 3D-printed samples for tensile tests (a) and dynamic mechanical analysis (b). The red arrows indicate the printing direction.

2.5.2. Differential scanning calorimetry (DSC)

The 3D-printed samples were characterised through DSC analysis.
Small samples of 6-10 mg were extracted from the specimens and
analysed in a Netzsch DSC3500 Sirius differential scanning calorimeter
(Selb, DE) using aluminium crucibles from 20° to 200°C at 10 °C/min
with a nitrogen flow of 60 mL/min. The obtained scans were used to
determine glass transition (Tg), melting (Tp), and cold crystallisation
(Tcc) temperatures. The PLA crystallinity of the samples was determined
according to Eq. (1) [67]:

(AH,, — AH,,.)

X, = X
‘ AH; X Xpy

100 @

where AHp, and AH, are the enthalpies of melting and cold crystal-
lisation, respectively, AHy is the melting enthalpy of 100% crystalline
PLA (93 J/g) [67], and Xpra is the mass fraction of PLA in the composite.

2.5.3. Microstructural analysis

Unmodified and fibrillated fibres and fractured samples of the 3D
printed samples were analysed by scanning electron microscopy (SEM)
in a Hitachi Regulus 8230 SEM (Hitachinaka, Japan) at 3 kV using a
secondary electrons detector. Before the analysis, the samples were
metallised with 5 nm of platinum in a Quorum Q150V plus (Laughton,
East Sussex, UK).

2.5.4. Fibre extraction and analysis

In order to evaluate the effect of filament processing and printing on
the fibre length, the fibres were extracted from the 3D printed samples
(from the conditions with 30 mass% of fibre) by dissolving PLA in
dichloromethane (DCM) followed by filtration. Samples extracted from
3D-printed tensile test samples were dissolved at room temperature in
DCM under continuous stirring at a concentration of 10 g/L for 6 h. The
solution was then vacuum filtered using paper filters, and the obtained
fibres were rinsed thrice with DCM and dried at room temperature for
48 h. The fibres before processing (as-received and fibrillated) and
extracted fibres were analysed with the image analysis software Fibre-
Shape (X-Shape, version 6.1.4; IST AG, Vilters, CH). The fibres were
manually prepared on a glass slide with a size of 40 x 40 mm? and a
thickness of 2 mm. Afterwards, the glass slide with the prepared fibres
was covered with a second glass slide, fixed with adhesive tape at the
edges, and scanned with a Canoscan scanner CS 4000 (Canon, New York,
USA) at a resolution of 4000 dpi in transmitted light mode. For the
analysis, a measuring mask for 4000 dpi resolution and no additional
calibration was used. More than 3200 fibres were measured per test
series.

2.5.5. X-ray diffraction (XRD) - fibre orientation

The fibre orientation on the printed composites was assessed by XRD
analysis, following a similar methodology used in [10,44]. A sample in
the shape of a disk with a diameter of 30 mm and thickness of 1.5 mm
was 3D printed with the L30Fib-MA formulation using raster angles of
0 © (all the layers). A control made of as-received lyocell fibres with
random orientation was also prepared for XRD analysis. The control was
produced by pressing (5 tons) the lyocell fibres into a circular “mat” with
a diameter of 30 mm using a manual hydraulic press. The samples were
analysed in a Panalytical Empyrean XRD (Worcestershire, UK) in
transmission mode using CuKa radiation (40 kV; 40 mA) and a PixCel
linear detector. The samples were first analysed in a continuous 26 scan
mode between 5° and 45° 26 using a scanning step of 0.01° and exposure
time of 40 s at ¢ angles (disc rotation axis) of 0° and 90°. Then, a scan
through the ¢ axis (0-180 °) was conducted at the 20 angle of approx-
imately 21.4°, which is the diffraction of the plane (020) of cellulose II,
using a step size of 0.5° and exposure time of 10 s

2.5.6. Dynamic mechanical analysis (DMA)

Dynamic thermomechanical analyses were conducted in a Perkin
Elmer DMA8000 (Waltham, MA, USA) using a single cantilever mode.
Samples of 5 x 1.5 x 30 mm® (Fig. 2b) were 3D printed using the
printing parameters given in Table 2. All the samples were tested using a
frequency of 1 Hz and dynamic displacement of 0.05 mm from 25 to
140 °C.

2.5.7. Statistics

The mechanical testing results are presented with the corresponding
arithmetic averages (Avg.) and coefficient of variation (COV). The data
was analysed in the statistical software Minitab® 18 using a one-way
analysis of variance (ANOVA) test and the significant differences
among averages were calculated using Tukey’s method with 95% of
confidence. The statistical analysis results are indicated as an upper
letter in each average. Different letters mean that there is a significant
statistical difference.

3. Results and discussion
3.1. 3D printing of lyocell/PLA composites

Stereo optical microscopy images of the composite in the form of
filaments with 10-30 mass% of fibre content are shown in Fig. 3a.
Independently of the fibre content, the filaments based on PLA only and
PLA-MA present similar surface roughness. However, the filament with
30 mass% of fibre in PLA (L30) presented a more pronounced brown
colour, which is attributed to the higher temperature necessary in the
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b)

Fig. 3. 3D printing filaments with 10-30 mass% of lyocell fibres in the PLA and PLA-MA matrices (a) and a 3D printed object using a formulation with 30 mass% of

fibres (b).

compounding process for this formulation. Although the onset temper-
ature of degradation of lyocell fibres is approximately 313 °C (see
Table S2), the high permanence time (about 10 min) during the com-
pounding process could have triggered early stages of thermal degra-
dation in the fibres. Nonetheless, the temperatures involved in the
compounding and filament production processes (180-195 °C) and 3D
printing (210 °C) are much lower than the degradation temperatures for
the filaments with high fibre content. According to thermogravimetric
analyses (TGA), shown in Fig. S5 and Table S2 of the supplementary file,
the composite with 30 mass% of lyocell has an onset temperature of
degradation and temperature (Topget) Oof maximum degradation rate
(Tmax) of 331 °C and 346 °C, respectively, while neat PLA has a Topset
and Tpax of 344 °C and 368 °C, respectively.

All the filaments could be successfully printed into the samples with
good precision and surface quality. Even the formulations with 30 mass
% of fibres did not present any issues during printing. This can be
observed in Fig. 3b, where a disk printed using the L30-MA filament and
the printing parameters given in Table 2 has the same dimensions as the
drawing used to generate the G-code. Additional testing was conducted
to assess the dimensional accuracy using neat PLA and composite fila-
ments with 10-30 mass% of lyocell fibres. Samples of the same size as
the ones used for DMA testing (Fig. 2b) were 3D printed using the pa-
rameters of Table 2 and measured. The difference between the 3D-
printed composite samples and the.stl drawing was in the order of 1%
for the length, and maximum of 3.4% for width and —2% for thickness
(Table S1). This difference in the dimensions is similar to the obtained

Table 3

values for neat PLA and PLA-MA. In fact, the printability of the lyocell-
reinforced composites is similar to PLA and there is no need to modify
the 3D printing parameters. Even the thermal conductivity of PLA and
the composite with high fibre content is similar (results summarised in
Table S2). It is worth noting that a large nozzle (0.75 mm) was used in
this study to avoid clogging issues, which has a direct effect on the
dimensional accuracy of the 3D-printed objects. It is expected that
smaller nozzles would improve the 3D printing finishing, but further
study is needed.

In this study, the combination of three strategies to improve the
fibre/matrix interface and, thereby, the mechanical properties of the
composites were used; (i) modification of PLA using MA as a coupling
agent, (ii) fibre fibrillation, and (iii) post-printing heat treatment. First,
the effects of using MA and heat treatment are discussed, followed by the
influence of fibre fibrillation on the mechanical performance of the
composites.

The tensile properties of the 3D-printed samples are given in Table 3,
organised according to the use of MA (samples with -MA) and the post-
printing heat treatment. The tensile strength (TS), Young’s modulus (E),
strain at break (ep), and limit of proportionality (LOP) were calculated
for each condition. The LOP was determined according to ASTM D638. It
was calculated as the stress where there is a decrease in the correlation
factor of the linear region of the stress/strain curve, leading to a drop of
4% in Young’s modulus. The first thing to observe is that the addition of
lyocell fibres without any modification led to a small decrease in the TS
of PLA. Interestingly, the formulations with 10-30 mass% of fibres

Average (Avg.) tensile properties of 3D printed lyocell/PLA composites in the as-printed and heat-treated conditions.

Condition Tensile strength in MPa Limit of Proportionality in MPa* Young’s Modulus in GPa Strain at break in %
Avg. cov Avg. Ccov Avg. cov Avg. cov
As-printed
PLA 65.3¢ 0.02 32.6¢ 0.07 3.46¢ 0.07 6.67% 0.04
L10 58.8° 0.01 33.3¢ 0.02 4.16° 0.02 6.19% 0.03
1.20 58.6° 0.01 34,34 0.01 4.63%¢ 0.01 3.93° 0.02
L30 58.4° 0.06 35.9%d 0.06 5.05° 0.06 2.86"¢ 0.05
PLA-MA 57.2¢ 0.02 35.1%4 0.09 3.328 0.09 3.96" 0.07
L10-MA 60.8° 0.02 33.94 0.05 4.375f 0.05 5.74% 0.02
1.20-MA 66.8%4 0.02 38.6"¢ 0.04 5.23¢ 0.04 3.71° 0.04
L30-MA 70.5¢ 0.01 41.8° 0.02 5.93% 0.02 3.38" 0.02
Heat-treated
L10-HT 65.64 0.03 41.6° 0.03 4.95%4 0.03 3.67° 0.05
L.20-HT 64.8¢ 0.01 39.6° 0.02 5.34° 0.02 3.55° 0.02
L30-HT 60.2¢ 0.05 41.4° 0.03 5.97° 0.03 1.62° 0.04
L10-MA-HT 66.9%4 0.02 39.7° 0.03 5.00%¢ 0.03 3.73" 0.02
1.20-MA-HT 74.8° 0.02 46.2° 0.05 6.03° 0.05 3.52° 0.03
L30-MA-HT 78.8° 0.02 48.1° 0.02 6.75° 0.02 3.15° 0.04

Values in the same column with different superscripts (a-g) are significantly different (p < 0.05). *Limit of Proportionality (LOP) = considered as the stress where there

is a 4% decrease in Young’s modulus (as per ASTM D638).
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presented similar values of TS (58 MPa) but the LOP was slightly
improved when the fibres were added (although not statistically rele-
vant). The Young’s modulus of the composites was improved in com-
parison with neat PLA, achieving a maximum value of 5.05 GPa.

These results indicate that the load transfer between fibre and matrix
is insufficient to provide efficient reinforcement. Considering that the
fibres used in this study are very short (more about that in the next
sections), there is a high probability that the fibres have a length lower
than (or close to) the critical fibre length, which is around 0.30 mm for
the diameter of these fibres [10]. Due to the small fibre diameter and the
limited breaking force of the fibre, it has not yet been possible to
determine the adhesion between lyocell 1.3 dtex and a PLA matrix as it is
very difficult to apply PLA droplets small enough for this fibre. As a
result, the breaking force of the fibre was exceeded in many cases during
the microbond test and the fibres broke before a fibre pull-out occurred.
However, the critical fibre length of lyocell with a fineness of 1.3 dtex (as
used in this study) in combination with a PLA matrix could be theoret-
ically calculated in a former study based on the results of lyocell fibres
with a fineness of 15.0 dtex. The critical fibre lengths for lyocell of 1.3
dtex in PLA (without any modification of the fibre or matrix) ranged
between 0.22 mm and 0.30 mm [68].

The addition of MA in the modified formulations had a negative ef-
fect on the tensile properties of the matrix. The PLA-MA formulation had
a slight decrease in the TS and strain at break. This effect is attributed to

1.00mm’

3.0kV 8.5mm x35 LM(UL)

5.0kV 8.5mm x35 LM(UL)

i .1 .bO‘m‘m.
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possible chain scission of the polymer with the addition of DCP and MA
during compounding, reducing the molecular mass of PLA [40,69]. Even
additions as low as 2 mass% of MA have been demonstrated to drasti-
cally decrease PLA’s weight-average molecular mass [70]. This effect
was observed by the drop in the torque values when MA and DCP were
added during the compounding process. Nonetheless, this modification
had a positive effect on the tensile properties of the composites with the
increase in fibre content. In this case, it is possible to observe a statis-
tically significant and gradual increase in TS and E with the addition of
lyocell fibres, achieving a TS up to 70.5 MPa and E up to 5.93 GPa,
which is 23% and 78% higher, respectively, than those for neat PLA-MA.
A significant increase in the LOP was also observed (from 35.1 MPa to
41.8 MPa). The increase in TS, E, and LOP indicates a good interfacial
bonding between the fibres and the matrix, in a situation where load is
being effectively transferred to the fibres. This effect can be visualised in
Fig. 4, where the fracture surfaces of the samples with 30 mass% of fi-
bres are shown. The 3D printed samples have a well consolidated
morphology with almost no presence of inter-bead porosity, which
demonstrates that the printing parameters (Table 2) were adequate. In
the fracture surface of the composites, it is possible to observe a lower
content of voids created by the pull-out of fibres in the sample modified
with MA (white arrows), indicating better fibre/matrix interfacial
bonding. In addition, the composites presented strain at break values
higher than composites reinforced with natural fibres, which shows the

5.0kV.8.6mm X400 SE(U)+ o

Fig. 4. SEM micrographs of fracture surfaces of 3D printed PLA-MA (a) and composites with 30 mass% of lyocell fibre (b-c). The white arrows in Figures b) and c)

indicate the voids created by the pull-out of fibres.
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advantages of using lyocell fibres. Composites with high content of short
natural fibres, such as hemp, bamboo, and wood fibres, have low strain
at break, generally below 2%. This is expected considering the me-
chanical properties of the single fibres. Lyocell fibres have a strain at
break of 11-16% [28], while most natural lignocellulose fibres have a
strain at break between 1% and 5% [1].

The main objective of modifying PLA with MA was to improve the
interfacial bonding between PLA and the lyocell fibres. It is hypothesised
that two mechanisms were involved in improving the mechanical per-
formance of the composites. First, with the decrease in the molecular
mass of PLA with the addition of MA and DCP, there was also a decrease
in the viscosity of the polymer during compounding, which contributed
to better wetting of the fibres and, consequently, a higher surface area
between fibre and matrix was available to transfer the load applied
during tensile testing. Second, the MA grafted into PLA works as a
coupling agent, improving the chemical compatibility between the fi-
bres and the matrix and thereby increasing the interfacial shear strength
of the lyocell fibres in PLA. However, reactive extrusions used to add
coupling agents, such as MA, into PLA structure lead to a poor degree of
grafting and loss of molecular mass because of the oxidative suscepti-
bility of PLA [70]. We were not able to observe evidence of grafted MA
into PLA’s structure by using nuclear magnetic resonance (NMR) anal-
ysis of polymer samples extracted from the modified composites and
purified in methanol (results presented in the Supplementary Informa-
tion). This indicates that the methodology used in this study resulted in a
very low grafting degree. Nonetheless, promising mechanical properties
were obtained by modifying the matrix with MA, which may be attrib-
uted to the first mechanism (although a very low degree of grafting may
have also contributed to the improved mechanical performance). The
improvement in the fibre/matrix adhesion with the modification using
MA is further elucidated in Section 2.5.6. (DMA analysis).

The mechanical properties of the composites after post-printing
annealing were also assessed. Table 3 gives the resulting TS, LOP, E,
and g}, of the PLA and PLA-MA-based composites. The neat PLA and PLA-
MA samples could not be tested because they shrank and warped after
heat treatment (Fig. 5a-b). The same effect is reported in [10]. This PLA
grade has a low heat deflection temperature and shrinks when the
crystallinity increases. We observed that this effect is absent if fibres are
added to the composites. All the formulations reinforced with lyocell
fibres had a significant increase in the TS, LOP, and E after annealing, in
special formulations modified with MA. The L30-MA sample achieved a
TS of 78.8 MPa and E of 6.75 GPa, which is 11.8% and 13.8% higher,
respectively, than the as-printed samples. This was an improvement of
37.8% for TS and 103% for E in relation to neat PLA-MA. It is worth
mentioning that the slight decrease in strain at break of the composites

b) Heat-treated c)

a) As-printed
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was not statistically relevant after annealing. In Fig. 5(c), it is possible to
observe that even the formulation with high fibre content presented a
well-defined “plastic” deformation region before failure, which shows
the improved toughness of the composites with the addition of fibres.
This behaviour has not been reported in any publication related to 3D
printed composites reinforced with high content of natural fibres.

Fig. 6 shows SEM micrographs of the fracture surface of L30-MA 3D
printed samples in the as-printed and heat-treated conditions. It is
possible to observe that after heat treatment, there is a lower content of
gaps between the matrix and the fibres, which may have contributed to
better interfacial bonding between fibre and matrix and, therefore, have
led to improved mechanical properties. Furthermore, it is possible to
observe thin polymer strands attached to the fibres (white arrows),
which is believed to be an indication of strong interfacial bonding be-
tween fibre and matrix [4].

The improvement in the tensile strength of the heat-treated com-
posites can also be explained by the increase in the PLA crystallinity,
which has been demonstrated to have positive effects on the mechanical
properties of PLA [71,72]. The DSC results of the as-printed and
heat-treated samples are given in Table 4, and selected DSC curves are
shown in Fig. 7. From this Figure, three transitions representing the glass
transition temperature (Tg), cold crystallisation temperature (T), and
melting temperature (Ty,) can be identified. Since we wanted to evaluate
the thermo-physical properties of the printed samples, only the results of
the first heating cycle are reported. The crystallinity of PLA (X,) of all the
samples calculated using Eq. (1) is given in Table 4. It is possible to
observe a considerable increase in X, after heat treatment in all the
analysed samples, from 3.5% to 7.6% to 29-34%. It is hypothesised that
the printing orientation also influences the improvement observed in
this study. During printing, the PLA molecular chain is aligned with the
printing direction [73]. When the PLA is heat treated, the crystalline
PLA is also oriented in the printing direction (and therefore in the
loading direction), which may contribute to higher TS and E.

As can be observed in Table 4, there was a decrease in the T, with
the addition of fibres, indicating that the fibres influence the crystal-
lisation behaviour of PLA. As the fibres can be nucleation sites for the
heterogeneous formation of PLA crystals; generally, a reduction in the
T, or faster crystallisation kinetics is reported with the addition of fibres
[4,44,74]. Although the addition of fibres seems not to influence the Tg,
the addition of MA decreased the T of PLA slightly, which may be an
indication of the reduced molecular mass of PLA. In addition, metastable
and imperfect crystals (a’) may form during 3D printing and also due to
the crystallisation effects of the fibre on PLA [4,75]. This effect results in
a bimodal melting endotherm, as the ones in the heat-treated samples
with high content of fibre shown in Fig. 7. In this case, the first peak of
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Fig. 5. Tensile test samples before (a) and after (b) heat treatment. Stress/strain curve of 3D printed samples of neat PLA and heat-treated composites with 10-30

mass% of fibre content (c).
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Fig. 6. SEM micrographs of the fracture surfaces of L30-MA samples in the as-printed (left) and heat-treated conditions (right). The yellow arrows indicate the gap

between the matrix and fibres and the white arrows indicate the polymer strands.

Table 4
Summary of DSC results of as-printed and heat-treated 3D printed samples.

Sample Ty T. peak AH¢in J/ Tm peak AHpinJ/  Xcin
in'C in'C gpia in'c gp1a %

As-printed

PLA 60.2 114.3 -26.69 152.4 27.18 0.53

PLA-MA 58.3 119.7 -21.37 151.3 22.08 1.04

L10 61.5 112.5 -23.83 151.6 27.06 3.46

L10-MA 61.0 113.0 -26.58 151.5 29.20 2.82

L20 60.9 113.2 -23.69 150.2 29.33 6.06

L20-MA 60.7 112.7 -24.30 151.5 31.40 7.63

L30 59.3 109.8 -24.69 151.1 30.76 6.53

L30-MA 60.6 111.0 -21.84 151.7 28.01 6.64

Heat-treated

PLA-HT - - - 151.7 24.97 26.8

PLA-MA- - - - 150.6 24.7 26.6
HT

L10-HT - - - 152.3 28.53 30.7

L10-MA- - - - 150.9 27.83 29.9
HT

L20-HT - - - 151.0 27.20 29.2

L20-MA- - - - 150.1 28.78 30.9
HT

L30-HT - - - 151.1 31.47 33.8

L30-MA - - - 151.0 26.83 28.8

T —Crystallisation temperature; T — Glass transition temperature; Tm — Melting
temperature; H. —Crystallisation heat; AH,, — Heat of melting; X. — PLA
crystallinity.

fusion is related to the simultaneous melting of primary o crystals and
recrystallisation of a’ to «, while the second peak of fusion is the heat
related to the melting of the a crystal formed in the recrystallisation
process.

3.1.1. Effect of fibre fibrillation

Fibre fibrillation was also used in this study as a strategy to improve
the mechanical performance of the composites. SEM images of the as-
received and fibrillated fibres in the longitudinal direction are shown
in Fig. 8. First, it is possible to observe that the as-received fibres have a
very smooth surface, which is not positive for a strong mechanical
interface between matrix and fibre. However, with the fibrillation pro-
cess, it was possible to create nanofibrils (yellow arrows) and grooves
(white arrows) on the surface of the lyocell fibres. It is also noteworthy
that this modification takes place mainly on the outer surface of the fi-
bres, and therefore, it is not expected to cause significant changes in the
mechanical properties of the fibres. The nanofibrils shown in Fig. 8 have
a width of approximately 100-300 nm, which is slightly smaller than the
size range reported by Tanpichai et al. (between 350 and 500 nm) [76],
and within the range reported by Graupner et al. (between 100 and
400 nm) [48]. Interestingly, although we used the same fibrillation
procedure in this work and our previous work [48], the fibrillation was

DSC /(mW/mg)

0.0

40 60 80 100 120 140 160 180
Temperature /°C

20

| exo

b)

= 15 :
<)
E L10-MA-HT
2 _ R o iocnieice SO Y
< 10 L30-MA
(6]
(%]
[a] .

05 L30-MA-HT

0.0

40 60 80 100 120 140 160 180

Temperature /°C

Fig. 7. DSC curves of PLA (a) and PLA-MA (b) composites in the as-printed and
heat-treated conditions.

more pronounced in the former one. One possible explanation is that the
fibres in the first study were much coarser (15 dtex) than those used in
this work (1.3 dtex). The increased content of defects in coarser fibres
produced by the lyocell process may facilitate the debonding of nano-
fibrils from the surface, resulting in a higher degree of fibrillation. It is
also possible that fibrils have completely separated from the bulk fibre
due to the short fibre length. In the previous study, long fibres
(~60 mm) were used for fibrillation and it could be seen that some of the
fibrils split off from the bulk fibre over lengths of 1-2 mm. Since the
fibres used here had average fibre lengths < 300 um, it is possible that
fibrils have completely separated from the bulk fibre over the length and
were present separately in the solution and partly in the matrix. When
the fibrillation process was carried out, it was observed that there was a
considerable amount of fine particles (probably nano fibrils) in the so-
lution that had settled after fibrillation, which strengthens the afore-
mentioned hypothesis.

It is expected that the increase in surface roughness and increased
surface area with the presence of nanofibrils will contribute to a better
anchoring of the lyocell fibre in the PLA matrix, resulting in a similar
effect reported in [48]. Therefore, the effect of lyocell fibre fibrillation
was assessed in the composites with high fibre content (30 mass%), with
and without the addition of MA. The effect of post-printing annealing
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8 1mm x13.0k SE(U)

Fig. 8. SEM image of as-received and lyocell fibre after the fibrillation process, where AR=As-received fibres and Fib=Fibrillated fibres. The yellow and white arrows

indicate the fibrils and “grooves” formed by the fibrillation process.

was also evaluated in the 3D-printed samples reinforced with the
fibrillated fibres. The obtained tensile test results and crystallinity of
PLA (X.) of the composites with 30 mass% of fibres are given in Table 5.

From the results shown in Table 5, it can be observed that by using
fibrillated lyocell fibres, better TS, LOP and E were obtained even
without the addition of MA. The L30fib formulation had an improve-
ment of 18.4% for TS and 14.0% for E compared with the composite
with unmodified fibres and had similar tensile properties as the
formulation modified with MA. By combining the fibrillated fibres and

the PLA modified with MA, we obtained the best tensile properties for
these composites, achieving a TS, LOP, and E of 76.6 MPa, 43.7 MPa,
and 6.44 GPa, respectively, while maintaining a strain at break of
3.67%. These results represent an improvement of 31.2% in TS and
27.5% in E compared to the composite with untreated fibres and un-
modified matrix (L30).

In order to assess if the improvement in the mechanical properties of
the composites with fibrillated lyocell was related to the fibre length, we
also analysed the length of the fibres before processing, e.g., the as-

Table 5

Average (Avg.) tensile properties of 3D printed lyocell/PLA composites produced using fibrillated fibres in the as-printed and heat-treated conditions.
Condition Tensile strength in MPa Limit of Proportionality in MPa* Young’s Modulus in GPa Strain at break in % X in %* *

Avg. cov Avg. cov Avg. cov Avg. cov

As-printed
L30 58.4¢ 0.06 35.9° 0.06 5.05 0.06 2.86° 0.05 6.53
L30fib 69.2¢ 0.03 40.2¢ 0.05 5.76° 0.05 3.37%b 0.03 5.13
L30-MA 70.5¢ 0.01 41.8¢ 0.02 5.93%¢ 0.02 3.38%° 0.02 6.64
L30fib-MA 76.6 0.04 43.7° 0.03 6.44>¢ 0.03 3.67% 0.08 6.02
Heat-treated
L30-HT 60.2¢ 0.05 41.4¢ 0.03 5.97%¢ 0.03 1.62¢ 0.04 33.8
L30fib-HT 76.9° 0.02 48.3° 0.03 6.31%¢ 0.03 2.76° 0.02 32.7
L30-MA-HT 78.8° 0.02 48.1° 0.02 6.75° 0.02 3.15%¢ 0.04 28.8
L30fib-MA-HT 85.0° 0.03 51.0° 0.03 7.18° 0.02 3.19°¢ 0.12 30.9

Values in the same column with different superscripts (a-g) are significantly different (p < 0.05). *Limit of Proportionality (LOP) = considered as the stress where there
is a 4% decrease in Young’s modulus (as per ASTM D638). **PLA crystallinity (X.) calculated using Eq. (1) using DSC measurements.
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received (UT) and fibrillated fibres (Fib) and the fibres extracted from
the 3D-printed composites with 30 mass% of fibres. The boxplot graph of
all the analysed conditions is shown in Fig. 9, and the corresponding
average and standard deviation are given in Table 6. Before com-
pounding, the fibrillated fibres (286 pm) are slightly longer than the
untreated fibres (203 um). During the fibrillation process of the fibres,
different cycles of wetting and draining/filtering were conducted, which
may have removed some of the fines present in the as-received fibres. In
both cases, the average fibre length is considerably lower than the
nominal length of the lyocell fibres (400 um) indicated by the manu-
facturer. After compounding, filament production, and 3D printing,
there was a significant overall decrease in fibre length. All 4 formula-
tions presented similar fibre lengths, between 116 and 134 pym, which
represents a reduction of approximately 55% for the formulations with
fibrillated fibres and 42% for the formulations with unmodified fibre.
Therefore, it is reasonable to assume that fibre length did not have a
significant role in the difference in the tensile properties given in
Table 5, with the improvement in the interfacial bonding (attributed to
the presence of nanofibrils) the main factor.

Similar to what was reported previously, by increasing PLA’s crys-
tallinity, it was possible to improve even more the mechanical properties
of the composites with a high content of lyocell fibres. The resulting
tensile properties and PLA’s crystallinity of the unmodified and modi-
fied 3D printed composites after annealing are also shown in Table 5. It
is evident that the heat treatment was beneficial for all the formulations,
and by using the combination of fibre and matrix modification and post-
printing treatment, we were able to achieve very promising mechanical
properties, e.g., tensile strength of 85 MPa, Young’s modulus of
7.18 GPa, and strain at break of 3.19%. These values represent an
improvement of 30% in TS and 107% in Young’s modulus in relation to
3D-printed neat PLA (49% and 116%, respectively, in relation to PLA-
MA) without significantly sacrificing strain at break. In addition, an
increased PLA crystallinity is expected to improve the thermo-
mechanical behaviour of the composites, which would help overcome
one of the biggest problems of PLA, which is its mechanical instability at
moderate temperatures (around 50-60 °C).

Fig. 10 shows the stress-strain curves and SEM images of the fracture
surfaces of the worst (L30) and best (L30fib-MA-HT) formulations pre-
sented in Table 5. It is clearly noticeable that the L30 formulation has a
high void content caused by the pull-out of fibres (yellow arrows). This
effect was reflected by the poor TS and limited E observed for this
formulation. In the L30fib-MA-HT sample, on the other hand, there are
much fewer voids caused by fibre pull-out, and it is possible to observe
the cross-section of fractured fibres, indicating that they achieved their
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Fig. 9. Boxplot of fibre length of lyocell fibres before processing and after
extraction from the composite filaments with 30 mass% of lyocell fibres. The
red dots represent the arithmetic average of the measurements, and the grey
circles are the outlier values. Fib=fibrillated fibres and UT=Untreated fibres.
The condition names with the “Ext” suffix are the fibres extracted from the
composites with 30 mass-% of fibres.

10

Additive Manufacturing 77 (2023) 103806

Table 6

Summary of average fibre length of lyocell fibres before and after processing into
composites. Fib=fibrillated fibres and UT=untreated fibres. The condition
names with the “Ext” suffix are the fibres extracted from the composites with 30
mass% of fibres.

Sample Condition N Average length  Standard
in pm deviation

Fib Before processing 3223 285.6 192.3

Fib_Ext Extracted from 3D 6327 133.9 68.4

Fib- printed sample 26,609 124.6 49.8

MAEXxt

uT Before processing 8494 203.3 111.8

UT _Ext Extracted from 3D 12,692 117.5 46.9

UT_MAExt printed sample 19,207 116.4 46.7

maximum stress with the fracture of the composite. In addition, the fi-
bres are uniformly distributed and completely wetted/surrounded by
the polymer. Some voids possibly related to defects during printing
(white arrows) can also be observed in the samples shown in Fig. 10.

From Fig. 10, it is possible to observe that mainly the cross-section of
the fibres is visible in the fracture surfaces, which indicates that the fi-
bres have a preferential orientation. During the production of the fila-
ment and 3D printing, the shear forces present in the exit nozzle can
induce fibre alignment. This effect can be influenced by the nozzle size
and extrusion/printing speed [77]. In our case, the shear rate during
printing (7) for a 0.75 mm nozzle and printing speed of 1800 mm/min is
estimated to be y= 54.3 s,

In order to verify further the alignment of the lyocell fibres, we also
conducted an XRD analysis of a 3D-printed sample in transmission
mode. The orientation of the fibres can be observed by the change in the
diffracted intensity of cellulose planes across the azimuthal (¢) axis. In
this case, a fixed 20 angle of approximately 21° was used for the
azimuthal scan. Lyocell fibres have a cellulose II crystalline structure,
and this 20 angle is related to the diffraction of the (110) and (020)
planes of cellulose II structure (Fig. 11a) [10,78]. The 20 scans using
azimuthal angles at 0° and 90° shown in Fig. 11b, indicate a consider-
able difference in the diffracted intensity in the 26 range corresponding
to the cellulose planes (110) and (020), between 19° and 24°. This effect
is better visualised in Fig. 11lc, which shows the corresponding
azimuthal scan of the 3D-printed sample and the control sample with
randomly-oriented untreated lyocell fibres. The degree of ordering (r)
and Herman’s order parameter (f) can be used to determine the degree
of cellulose alignment in each condition. The degree of ordering (n) and
Herman’s order parameter (f) can be calculated using Eqs. (2) and (3)
[79]:

L 180~ FwHM

180 @

where FWHM is the full-width half maximum of the analysed peak in an
azimuthal scan.

. 3 <cos?l>—1

2 3
where:
< cos’l >=1-2 < cos’d > )
and
< cos’) >= % (5)

where 0 and ¢ are the angles related to 20 and azimuthal positions,
respectively. A Herman’s parameter of f= 1 corresponds to a maximum
orientation, whereas f= 0 indicates random orientation. For the degree
of ordering, the closer to 100% the obtained value is, the more aligned
the crystal lattices of cellulose are to a specific direction.
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Fig. 10. Stress-strain curves of the 3D printed L30fib-MA_HT (a) and L30 (b) samples in comparison with PLA-MA and corresponding SEM images of the fractured
surfaces of the L30fib-MA_HT (c,e) and L30 (d,f) samples. The yellow arrows show holes caused by the pull-out of fibres, and the white arrows show possible voids in

the 3D-printed samples.

The degree of ordering (n) and Herman’s parameter for the 3D
printed samples with 30 mass% of fibrillated fibres are 74.7% and 0.620,
respectively. These values indicate that the lyocell fibres in the 3D-
printed composite have a preferred orientation. This effect can be
visualised in Fig. 11c, where the diffraction scan along the azimuthal
axis of the 3D printed sample has a peak at around 90°. In comparison,
the compressed “mat” made of as-received lyocell fibres with random
orientation has the same intensity throughout the entire scan. This result
corroborates with the SEM images of the fractured 3D printed samples,
which revealed that most of the observed fibres were perpendicular to
the plane of fracture.

By using a combination of fibre fibrillation, matrix modification and
post-printing annealing, we were able to obtain a considerable
improvement in the mechanical properties of PLA. Although the fibres in
all the composite formulations are noticeably short (approximately
125 pm), it was possible to effectively align the fibres in the loading
direction using 3D printing. Therefore, the improved mechanical prop-
erties of our composites are attributed not only to an enhanced inter-
facial bonding between fibre and matrix but also because the fibres are
aligned in the printing direction. In Fig. 12, our results are compared
with the tensile strength and Young’s modulus reported in the literature
for 3D printed composites reinforced with short fibres. Short natural
fibres and synthetic fibres, such as carbon and glass fibres, are shown,
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including research-only and commercial composites. We obtained the
highest value for tensile strength reported to date from the selected
references for this class of composites. In addition, a good balance be-
tween tensile strength, Young’s modulus and strain at break was ach-
ieved in this study. Two works obtained the same or higher Young’s
moduli than our composites [9,16], but the strain at break of these
composites is relatively lower than ours. In these two studies, the sam-
ples were also printed using a raster angle of 0° (parallel to the loading
direction during tensile testing) and the composites had 30 mass% of
fibres but they used different fibres; nanofibrillated cellulose [16] and
harakeke (NZ flax) [9].

The printing raster angle plays a crucial role in the final mechanical
properties of a printed object. One of the advantages of being able to
control the alignment of the reinforcing fibres selectively is that parts of
the object subjected to higher stresses can be printed with the fibres
aligned to the loading direction. However, obtaining isotropic me-
chanical properties is also desired in some applications. Therefore, we
also evaluated the effect of the printing raster angle on the tensile
properties of neat PLA and heat-treated L30fib-MA composite, which is
the condition with the best tensile properties. The results for TS and
Young’s modulus are summarised in Fig. 13. Neat PLA is not consider-
ably affected by the printing orientation; however, the best tensile
strength is obtained when the printing direction is parallel to the loading
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Fig. 12. Tensile properties of PLA/lyocell composites developed in this work
compared to other 3D printed PLA-based composites. Results of tensile tests of
samples printed using 100% infill with raster angles of +45/—45° or 0°. Only
the best results obtained in each reference are shown. Literature — PLA com-
posites using the following fibres: hemp, microcrystalline cellulose, nano-
fibrillated cellulose, flax, wood, basalt fibre, bamboo, lyocell, harakeke, curaua,
carbon fibre, heneken [9,10,16,52-55,80,81-87]. Commercial — neat PLA or
composites using the following fibres: bamboo, short carbon fibre, and wood
[88-95]. g, = Strain at break. The error bars indicate one standard deviation.

direction, which is commonly reported [73]. Considering the alignment
of fibres during printing, anisotropy is expected in the case of L30fib-MA
composite. Indeed, the composite has the highest tensile properties
when the loading direction is parallel to the printing direction. At a 90°
angle, the tensile strength is comparable to PLA, but the composite has a
higher Young’s modulus. If the sample is produced with alternating
layers printed at 0° and 90°, the TS is also comparable to PLA, but a
much higher Young’s modulus is obtained, an increase of 65% in com-
parison with neat PLA. Only a few works addressed the effect of printing

12

orientation on the mechanical properties of fibre-reinforced PLA, but in
most cases, a considerable drop in tensile strength is seen in composites
printed with a raster angle of 90°, generally lower than neat PLA.

3.1.2. Thermo-mechanical stability

Dynamic mechanical analysis (DMA) is generally used to assess the
thermo-mechanical stability of polymers and composites by obtaining
their viscoelastic properties at different temperatures, which can be
represented by the storage modulus, loss modulus, and damping factor
(known as tand) [96]. The storage modulus (E’) and tand curves for the
different formulations with 30 mass% of fibre, neat PLA, and PLA-MA
are illustrated in Fig. 14. The curves for the heat-treated composites
are also shown in the same Figure. A summary of properties obtained
from the curves shown in Fig. 14 is given in Table 8.

The E’ is related to the elastic energy stored by the material during
the loading and unloading cycles, and it is usually improved by the
addition of reinforcing fibres [4,9,16]. The damping factor, tans, is the
ratio between loss modulus and storage modulus and the temperature of
its maximum value indicates the glassy-to-rubbery transition, which can
be considered as the glass transition temperature (Tg). Lower values of
the tand peak also indicate a less pronounced glassy-to-rubbery transi-
tion and a predominance of elastic behaviour. Fig. 14a shows a steep
drop in the E’ at around 60 °C for all the formulations, which is related
to the glassy-to-rubbery transition. However, there is an evident in-
crease in the E’ for the composites in comparison with neat PLA. At
higher temperatures, the absolute E’ values are quite low, but the dif-
ference between the composites and neat PLA is more pronounced (up to
60x higher than neat PLA). This means that the fibres are preventing the
mobility of PLA molecules in the rubbery region, which is also confirmed
by the considerable decrease in the tand peaks (Fig. 14c). The modifi-
cation with MA was detrimental to the thermo-mechanical stability of
PLA, which is evidenced by a decrease in the T, temperature and lower
E’ values at higher temperatures. Although less pronounced, the com-
posites with MA were also affected. As previously mentioned, this effect
is attributed to the decrease in the molecular mass of PLA during the
compounding with MA.

Besides the influence of the fibres improving the thermo-mechanical
stability of PLA, the presence of crystalline regions also decreases the
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Temperature (°C)
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this temperature was enough to increase the crystallinity of PLA to

around 30%. The post-printing heat treatment had a significant influ-

ence on the thermo-mechanical behaviour of the composites. The heat-
treated composite samples had an improvement in E’ of a few orders of
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Fig. 14. Storage modulus and Tand curves of as-printed composites with 30 mass% of fibre and neat PLA (a, c) and the heat-treated composites (b,d).

temperatures. The heat treatment of the composite samples for DMA was

mobility of PLA molecules, resulting in higher storage modulus at higher
conducted with the tensile test samples at 105 °C, which is close to the
onset temperature for cold crystallisation. As shown in Tables 4 and 5,
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magnitude above approximately 60 °C (Fig. 14b). Table 7 shows that,
even at 60 °C, the modified formulations (L30-MA, L30Fib, and L30Fib-
MA) have E’ at 60 °C higher than neat PLA at 25 °C. At 80 °C, the heat-
treated L30Fib sample has an E’ 200 times higher than neat PLA at the
same temperature, and the L30Fib-MA sample has an E’ 1100 times
higher than the PLA-MA sample. The effect of heat treatment is also
observed in the sharp decrease in the max tand values (Fig. 14d) and
increase in the tand peak temperatures (see Table 7), which indicates a
predominance of elastic behaviour instead of rubbery behaviour.

Changes in the interfacial bonding between fibre and matrix can also
be verified by DMA. The effectiveness coefficient (C) is calculated using
the storage modulus of neat polymer (matrix) and composite in the
glassy and rubbery regions according to Eq. (6) [97]. The adhesion
factor (A) is calculated with the maximum values of tand of the neat
polymer and composite using Eq. (7) [98].

£ .
o E(compostte) ©
T E
+H(neat PLA)
1 tand,
A= % 7
(1 —Ly) tang, )

Where C is the effectiveness coefficient, E:g is the storage modulus in the

glassy region (25 °C), E, is the storage modulus in the rubbery region
(80 °C), L¢is the mass fraction of fibres, tand. is the maximum tand of the
composite, and tand, is the maximum tand of neat PLA (or PLA-MA).
With the increase in the interfacial adhesion between fibre and ma-
trix, there is a reduction in the molecular mobility around the fibres.
Therefore, lower values of adhesion factor and effectiveness coefficient
generally indicate better fibre/matrix interfacial bonding [4,44,97,98].
Table 8 summarises the effectiveness coefficient and adhesion factor of
the formulations with 30 mass% of lyocell fibres. The values used to
calculate both parameters are also included in Table 8. For the formu-
lations using MA, the values of PLA-MA were used and for the formu-
lations based on PLA only, the PLA condition was used. It is evident that
the modifications used in this study, both the addition of MA and
fibrillation of fibres, improved the interface and compatibility between
fibre and matrix. The L30Fib sample, for example, presented lower
values of A and C than the composite with unmodified fibres (L30),
which demonstrates that the increased roughness of the fibres and the
mechanical anchoring of the fibres by the nanofibrils improved the
adhesion between the lyocell fibres and the matrix. Although the sam-
ples modified with MA had lower E’ at 80 °C than the unmodified
counterparts, the lower values of A and C show that the modification

Table 7
Summary of DMA results obtained for 3D printed PLA and composites with 30
mass% of lyocell fibre.

Condition E* at E* at E’* 80°C Max. Max. tand
25°Cin 60 °Cin in MPa tand temperature in
MPa MPa °C
As-printed
PLA 3214 96.62 7.680 2.233 61.0
PLA-MA 3053 16.23 1.293 2.607 58.1
L30 4289 729.0 52.58 1.133 62.8
L30-MA 4645 785.6 50.90 1.161 63.0
L30Fib 4954 1291 72.71 1.032 63.9
L30Fib- 5099 907.7 63.13 1.137 62.8
MA
Heat-treated
L30 4451 2643 1134 0.157 66.8
L30-MA 5209 3276 1322 0.160 67.2
L30Fib 5409 4102 1541 0.160 69.2
L30Fib- 5347 3461 1424 0.164 67.0
MA

" E’ = Storage modulus.
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Table 8
Storage modulus E’ at 25 °C and 80 °C, effectiveness coefficient (C), max. tand
and adhesion factor (A) for the PLA composites with 30 mass% of lyocell fibres.

Condition E’at E’80°C Effectiveness Max. Adhesion
25°Cin in MPa coefficient (C) tand factor (A)
MPa

As-printed

PLA 3214 7.680 1 2.233 0

PLA-MA 3053 1.293 1 2.607 0

L30 4289 52.58 0.256 1.133 -0.276

L30-MA 4645 50.90 0.039 1.161 -0.364

L30Fib 4954 72.71 0.213 1.032 -0.340

L30Fib- 5099 63.13 0.034 1.137 -0.377

MA

with MA successfully improved the fibre/matrix adhesion. The lowest
values of A and C were obtained by the sample modified with MA and
reinforced with the fibrillated fibres (L30Fib-MA), which was also the
condition that presented the best tensile properties. These results
demonstrate that the combined modification of the fibre and matrix
effectively improved the interfacial bonding between the lyocell fibres
and PLA. Considering that the fibres in the composites are very short
(approximately 125 um), this improvement was fundamental to
achieving the interesting mechanical properties reported in this work.

4. Conclusions

The use of renewable resources for the production of materials is
paramount to improving the sustainability of additive manufacturing
processes. However, mechanical performance is often sacrificed by the
use of materials with lower environmental impact. In this work, 3D
printable composites reinforced with short lyocell fibres with remark-
able mechanical properties were developed. The use of fibre fibrillation
and matrix modification were fundamental in improving the load
transfer between fibre and matrix, which was proved by mechanical
testing and dynamic mechanical analysis.

By modifying PLA with MA, it was possible to increase the com-
posites’ tensile strength and Young’s modulus with the addition of
lyocell fibres. The composite with 30 mass% of fibres showed an
improvement of 23% in tensile strength and 79% in Young’s modulus in
comparison with the modified PLA. Although the addition of MA and
DCP may have caused a reduction in the PLA’s molecular mass, the
resulting decrease of viscosity during compounding and possible graft-
ing of MA into PLA improved the fibre/matrix adhesion and, conse-
quently, the mechanical properties of the composites.

The lyocell fibres were also submitted to a fibrillation process.
Nanofibrils between 100 and 300 nm and increased surface roughness
were observed on the modified fibres. These features resulted in better
anchoring of the fibres into the matrix comparable to the rooting of
plants in the soil. The best tensile properties results were obtained by
using the fibrillated lyocell fibres in combination with PLA modified
with MA; an improvement of 31.2% in tensile strength and 27.5% in
Young’s modulus in comparison with the formulation with unmodified
fibre and PLA.

The use of post-printing heat treatment was also beneficial in
enhancing the mechanical properties of all the composite formulations.
It is hypothesised that this effect was attributed to the increase in PLA’s
crystallinity and better fibre/matrix interface. The best properties were
achieved by the formulation with 30 mass% of fibrillated fibres in the
PLA-MA matrix. After heat treatment, this sample showed a tensile
strength of 85 MPa and Young’s modulus of 7.18 GPa while maintaining
a strain at break of 3.19%. The increase in the crystallinity of PLA also
resulted in a considerable improvement in the thermo-mechanical sta-
bility of the composites with 30 mass% of fibres, considerably increasing
the storage modulus at higher temperatures; at 80 °C, the E’ was 200
times higher in comparison with neat PLA and 1100 times higher than
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PLA modified with MA.

There are many technical advantages of using 3D printing methods
to process cellulose fibre-reinforced composites. Through the develop-
ment of this work, we have shown that with a proper interface between
fibre and matrix and with fibre alignment induced by 3D printing, very
promising mechanical properties can be achieved, even if very short
fibres are used. With freedom of design enabled by 3D printing and the
selective deposition of a composite with aligned fibres, objects with
variable stiffness and functionally graded properties can be realised.
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