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Abstract.

This study was motivated by the development of new additively manufactured bio-based materials with high performance.
Hemp yarn was used in continuous material extrusion additive manufacturing to produce novel hemp yarn-reinforced
biocomposites. The hemp yarn was compared to an original hemp/poly(lactic acid) hybrid yarn prepared by commingling
before printing as an improved impregnation method. In X-ray micro-computed tomography, the hybrid yarn-based
biocomposite exhibited a higher impregnation rate accompanied by a reduced void content, more aligned fibers, and a more
homogeneous distribution of the different constituents, resulting in significantly higher mechanical properties during
tensile loading with a more brittle behavior compared to the additively manufactured biocomposite based on pure hemp
yarn. In addition, superior mechanical performance was obtained while having lower fiber fraction with the use of hybrid
yarns, raising awareness about the importance of improving the impregnation of the plant fibers as well as the fiber volume
fraction. This original preparation method can provide bio-based materials with enhanced quality and performance, close
to those obtained with conventional manufacturing techniques, while making the most of additive manufacturing for

sustainable, lightweight, and high-end applications in health or aerospace.

Keywords: A. Polymer-matrix composites (PMCs), A. Natural fiber composites, B. Mechanical properties, D. X-ray micro-

computed tomography, E. Additive manufacturing

1. Introduction

Since the late 1980s, layer-by-layer additive manufacturing (AM), also known as “3D printing”, has been developing from
rapid prototyping to production of end-use products with benefits such as design freedom, faster fabrication line, and lower
cost for complex parts or small productions [1]. One of the most widespread AM techniques is material extrusion additive

manufacturing (MEAM), thanks to its ease of use and cost-effectiveness [2]. Polymer-based MEAM technologies



essentially include fused filament fabrication (FFF) and, since the last decade, FFF-derived technologies based on in-nozzle
impregnation that manufacture composites by combining a molten polymer with a continuous reinforcement through a
nozzle [3]. With the development of AM for technical and high-end applications, such as general industry, healthcare,
automotive, or aerospace, the specifications demand materials with high performances — including but not limited to the
mechanical properties — that are difficult to attain with current additively manufactured materials [4]. Moreover, AM of
composites is a way to functionalize and improve the performances of a polymer-based material [5,6]. First attempts were
accomplished with micro- and nano-filled composites by FFF [7,8]. Still, the performance only tends to get closer to the
requirements of high-end applications with the AM of continuous-reinforced composites whose mechanical properties can
be similar to those of conventional composites [9].

The main limitations of continuous-reinforced composites by AM concern the lack of materials availability and achievable
properties with new functionalities, which prevents the technology from being developed for a broader range of
applications [8,10,11]. Most of the commercial continuous-reinforced composite filaments are synthetic pre-impregnated
carbon, glass, basalt, and aramid fibers, which are those primarily studied in the literature [9,12—14]. More recently, with
the need to develop more environment-friendly materials, plant fibers-based materials have been developing in AM,
especially with bio-sourced matrices [15,16]. Their properties are already well-known in conventional composites and
present advantages compared to synthetic fibers-based composites, including high damping properties [17], acoustic
insulation [18], and other general advantages — namely low cost, low density, low hazard, and so on — in automotive and
civil engineering [19]. A plethora of plant fibers are used in AM, but mainly as short fibers, while long plant fibers are
more focused on flax yarns and, to a lesser extent, on yarns based on ramie, jute, or pineapple leaf fibers [20] that can be
adapted to large structural parts for high-end applications [21]. Despite the absence of studies on continuous hemp
reinforcements in AM, hemp fibers have mechanical properties similar to or just lower than those of flax fibers [22,23].
Hemp also presents economic and ecological advantages during its easy growth, such as little or no herbicide, fungicide,
pesticide, and fertilizer due to its vigorous nature compared to other plants [24,25]. Like flax, hemp cultivation improves
the quality of soil by carbon sequestration [26] and heavy metal extraction [27], making hemp an interesting candidate as
an alternative and environmentally friendly reinforcement for yarn-reinforced composites (YRC) by AM. However, hemp
fibers have a high variability [28,29], that explains the range of mechanical properties [29,30], which is accentuated by
technological barriers from the transformation process that cause its lower maturity [31] and lead the current efforts to
improve hemp fibers’ processability and properties compared to flax fibers [29,32].

Whatever the plant source, continuous reinforcements based on plant fibers in AM suffer from poor impregnation quality

because of the chemical composition and structure of natural fibers and their associated yarns, which are different from the



smooth and untwisted synthetic ones [3,23,33]. Yet, this impregnation is needed to develop optimal stress transfer from
the polymeric matrix to the fibers and obtain maximum mechanical properties for the composites [34]. The literature agrees
on the lack of pressure and the short process time that prevent the impregnation of the fibers by the highly viscous molten
polymer [10,35]. Several studies intend to improve the quality of the additively manufactured YRC by chemical
compatibilization treatments [36], by parametric optimization of the printing process [37,38], or by composite filament
preparation prior to printing thanks to a pre-impregnation [39,40]. None of these studies fully succeeded in impregnating
the plant fibers-based yarns in printed composites as void contents are reduced but still observed. In another way, recent
studies performed commingling before AM with the use of synthetic materials, namely commingled yarns based on
continuous E-glass fibers and polypropylene fibers [41] and ones based on continuous carbon fibers and polyamide 6 fibers
[42]. These studies demonstrate the viability of such commingling preparation upstream of AM to have a more intimate
mixing and to fully impregnate the fibers during AM, which develops maximum fiber/matrix interface. In the same way,
commingling can be a promising preparation technique of plant fibers-based yarns for AM. Still, the previous researches
[41,42] were performed with continuous synthetic fibers that are easier to impregnate as their surface is smoother than that
of plant fibers and as the yarns are untwisted [33]. Such preparation could be adapted from the plant hybrid yarns already
used in conventional composite manufacturing [43].

To the authors’ knowledge, both long hemp fibers and commingled yarns based on plant/thermoplastic fibers have never
been attempted in continuous AM. A novel preparation method of yarns is then proposed in this study for the continuous
AM of YRC by commingling plant fibers and bio-sourced polymer fibers, namely hemp fibers and poly(lactic acid) (PLA)
fibers. Two original hemp yarn-reinforced biocomposites (HYRB) were manufactured (i) from hemp yarns and (ii) from
hemp/PLA commingled hybrid yarns for comparison of their printability, their induced structures and morphologies, and
their developed mechanical properties, regarding commingling prior to AM. Characterization techniques were carried out
on both HYRB materials via X-ray micro-computed tomography (X-pCT), digital 3D microscopy, and tensile tests to
evaluate the materials-process-structure-properties relationships. A chemical extraction method is also proposed to
precisely determine the fiber mass fractions in the HYRB materials with the aim of better assessing the mechanical behavior

related to the composite formulation.

2. Materials and methods
2.1. Preparation of the yarns
Low-twisted and untreated hemp yarns were provided by the Italian Company Linificio e Canapificio Nazionale. They

were produced from hackled and combed hemp fibers. Their textile — namely linear density and twist level — and



mechanical properties — namely tenacity and elongation at break — are given in Table 1 and were identified in previous
studies dedicated to the weaveability of these yarns to optimize composite properties made from these raw materials [44—

46]. These yarns are denoted as the “HO” yarns.

Table 1. Main properties of the HO hemp yarns.

Properties Values

Linear density 316 + 4 tex

Twist level 39+ 2tpm
Tenacity 9.31 + 1.42 cN/tex
Elongation at break 1.82 £ 0.08%

These HO pure-hemp yarns were also used to be mixed with PLA fibers to produce commingled yarns, namely hemp/PLA
hybrid yarns. This manufacturing process allows a good combination of natural and thermoplastic fibers at the microscale.
Previous studies of these hemp blends with PA12 or PA11, developed on a roving scale, have demonstrated the
weaveability of these commingled yarns and have focused on the mechanical properties of composite samples obtained by
thermocompression of these stacked reinforcements [47,48]. However, to the authors' knowledge, no studies have been
carried out on the use of these plant-based commingled yarns to produce composites by AM. In this study, with the aim of
improving the core mixing between hemp and thermoplastic fibers, the manufacturing process of these commingled yarns
was in two stages. First, an intimate blend between the hemp fibers and the PLA fibers was produced on a draw frame
(Gills). Three hemp slivers and three PLA slivers were introduced in this machine and were then drawn to obtain a single
hybrid sliver. A second pass on Gills was carried out to obtain a homogeneous hemp/PLA sliver. In a second step, this
sliver was drawn and wrapped with a 100 dtex PLA multifilament on a hollow spindle machine to obtain a hemp/PLA
commingled hybrid yarn. The main properties of these yarns are given in Table 2 and are denoted as “HybHP” yarns

hereafter.

Table 2. Mains properties of the HybHP hemp/PLA commingled yarns.

Properties Values
Linear density 557 + 16 tex
Twist level 200 tpm
Hemp volume fraction | 39%




At this stage, these raw materials for the AM, as HO yarns (Table 1) and HybHP yarns (Table 2), are used in a dry state,
with no prepreg stages, which renders flexible materials with no intermediate thermal pre-processing prior to AM, in
opposition to other studies [39]. This preparation of the yarns is thought to prevent any thermal degradation of the materials

while being energy-cost saving.

2.2. Preparation of the specimens
HYRB-based materials were printed using a Composer A4 printer from Anisoprint (Luxembourg). Its printhead consists
of two material extrusion elements. The first one is an FFF-based element that allows the printing of pure thermoplastic
materials through a nozzle of 0.4 mm in diameter (see left part in Figure 1). The second one is a Continuous Fiber
Coextrusion (CFC)-based element that coextrudes a thermoplastic filament and a composite filament, made of continuous
pre-impregnated fibers, and deposits a continuous-reinforced composite through a nozzle of 0.8 mm in diameter. In this
study, the composite filament is replaced by a yarn, while the thermoplastic filament remains to continuously coat the yarn,
both for the HO and HybHP yarns. The CFC-based element was modified to be adapted to the yarn-based materials’
specifications, with the yarn being pulled by the cooled YRC deposition rather than pushed by a feeding system prior to
the heating elements (in red in Figure 1). The CFC-based element is now renamed as the Continuous Yarn Coating (CYC)-

based element to be more accurate and better reflect the developed apparatus (see right part in Figure 1).

F 3

Yarn
Thermoplastic filament 4—— Thermoplastic filament

Printhead

FFF-based element —— CYC-based element

0.8 mm nozzle

Thermoplastic deposition , 4—i— YRC deposition

0.4 mm nozzle

Figure 1. Schematic representation of the multi-materials extrusion AM process based on FFF and CYC technologies.

Thermoplastic materials for the FFF and CYC-based elements were PLA filaments under the reference PLA EF 3D850 in
their native colors and were supplied by Nanovia (France). The physical properties of the PLA filaments are displayed in
Table 3, as provided by the supplier. The yarns for the CYC-based element were either the HO yarn or the HybHP yarn
described above. Each yarn was used independently to prepare HO and HybHP materials by AM, respectively. All filaments

and yarns were dried at 50 °C in a ventilated oven for 12 h before printing.



Table 3. Physical properties of PLA EF 3D580 filament as supplied by Nanovia.

Properties Values
Diameter 1.75 mm
Density 1.24 g/lcm?®
Glass temperature 55-60 °C
Melt Flow Rate 7-9 g/10 min
Young’s modulus 3540 MPa
Ultimate tensile strength 58 MPa
Elongation at maximum strength | 2.6%

Izod impact 1.18 kJ/m?

Specimens for microstructural and mechanical characterizations were prepared by machining them into printed plates to
ensure homogeneity in the induced microstructures and representativeness of the specimens regarding scale effect and
mechanical properties [49]. Plate geometry and dimensions are detailed in Figure 2(a) as designed for slicing of the STL
file. The stacking sequence of the biocomposites was set in Aura slicer software from Anisoprint. It consisted of a first
layer of PLA of 0.1 mm in height to allow adhesion of the part on the build plate, followed by five layers of 0.4 mm in
height each. These five layers consisted of three HYRB layers as fiber-reinforced plies between two PLA layers for
cohesion and surface quality improvement (see Figure 2(b)). Other printing parameters were also set in Aura software (see
Table 4) to generate a GCODE file readable by the Composer A4 printer. After printing the two HYRB-based plates, one
with the HO yarn, and the other with the HybHP yarn, five specimens were cut from each plate with a TS 55 FEBQ rotative

steel plate saw from Festool (Germany) along the x-axis to manufacture 0°-oriented specimens (see Figure 2(a)).
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Figure 2. HYRB-based printed plate design for machining a set of five specimens with (a) plate geometry and

dimensions expressed in millimeters and (b) stacking sequence of the biocomposite. Orange lines represent the

deposition orientation along the length of the plate. Dashed lines represent the machining paths after plate printing.

Table 4. General printing parameters and associated values for the continuous AM of HYRB-based plates.

Parameters Values
FFF printing speed 40 mm/s
CYC printing speed 15 mm/s
FFF extruder temperature 230 °C
CYC extruder temperature 230 °C
Build plate temperature 60 °C
Envelope temperature 32°C
FFF raster width 0.40 mm
CYC raster width 0.80 mm
Infill orientation (x-axis) 0°

Fill density 100%
Number of perimeter contours 0




2.3. Characterization and extraction
Microstructures in the middle and at the end of HO and HybHP specimens were observed thanks to a Desk-Tom 150 X-
uCT from RX Solutions (France) to assess the print quality of the HYRB-based specimens in the gauge section and at the
specimen’s end where the trajectory performed a 180°-turn, denoted as a “U-turn”. The X-ray source was set to 60 kV in
voltage and 166 pA in current intensity, and X-rays were detected with a 1920 x 1536 pixels scintillation detector. 1440
radiographic images were captured at 1.6 images/s with a voxel size of 10.0 um to acquire the entire width and height of
the effective cross-sectional area of the specimens. The same was applied to partial specimens obtained from smaller cut
samples to acquire microstructure with a higher resolution of 4.4 um in voxel size regarding the impregnation quality of
the yarns by the PLA matrix in both HYRB-based specimens. Based on these 2D images, 3D volume reconstructions were
carried out on X-Act software from RX Solutions, and VGL files were generated. 4.0 x 2.6 x 2.2 mm? (XYZ) volumes
were selected on 3D images with a voxel size of 4.4 pm to frame 3 x 3 rasters over a 4.0 mm deposition length (see brown
dotted frame in Figure 3) for in-HYRB porosity rate measurements using the porosity analyzer module of VGStudio MAX
software from Volume Graphics (Germany). 4.0 x 0.7 x 0.3 mm? (XY Z) volumes were also selected on 3D images with a
voxel size of 4.4 ym inside one yarn for in-yarn porosity rate measurements (see red dotted frame in Figure 3). For both
kinds of porosity rates and both HYRB-based specimens, three different sampling zones were measured in porosity rate
for statistical analysis. One should note that porosity measurements were not performed on the flexible yarns in input of
continuous AM as tensile, torsion, and flexion strains at low stress can easily and locally affect the void size, which would
make difficult the comparison in porosity rate between input materials and printed materials for the study. However, for

the commercial PLA filaments, no porosity was observed by X-uCT analysis.

In-yarn porosity rate

In-HYRB porosity rate
5 I}— In-HYRB fiber mass fraction

Ii— Global fiber mass fraction

Figure 3. Schematic representation of the composition of the HYRB-based printed plates as seen through a cut
orthogonal to the deposition direction. PLA matrix, hemp fibers, and voids are respectively shown in yellow, green, and
white colors. Dotted lines represent examples of sampling for porosity rate measurements as determined by the X-uCT

method and dashed lines for fiber mass fraction determination by the chemical extraction method.



As the densities between PLA and hemp are close, and the maximum resolution is of greater magnitude order than the
hemp/PLA interfaces, the distinction between PLA and hemp was not achievable with the X-uCT method.
Thermogravimetric analysis (TGA) is another common method to determine the mass fractions for the different
constituents of a composite, but cellulose and PLA thermally degrade at the same temperature range around 300 to 360 °C
[50]. Consequently, determining the mass fraction is strenuous in TGA with plant fibers/PLA composites, including
hemp/PLA composites [51]. Instead, most studies on continuous additively manufactured YRC determined the fiber
volume fraction thanks to process-related data or image analysis [3,34,52-55]. On the one hand, process input data allow
the determination of a global fiber volume fraction, while the distribution of the fibers can be heterogeneous, either with
the stacking sequence or with the fiber impoverishment in the U-turn zone [56]. On the other hand, determining the fiber
volume fraction thanks to 2D images can be non-representative of a volume.

To relate the actual composite formulation in the specimens’ effective section with the measured mechanical properties, a
solvent extraction method is proposed to determine the fiber mass fractions (i) for the whole specimens and (ii) for the
HYRB-only sections (see respectively gray dashed frame and blue dashed frame in Figure 3). For this purpose, and for
both HO and HybHP specimens, about 1.5 g were cut in the gauge section, dried in a ventilated oven at 40 °C for 12 h, and
precisely weighted on an AE240 analytical balance from Mettler Toledo (Switzerland) with a precision of + 0.01 mg before
separating PLA layers from the HYRB layers. PLA and HYRB samples were then separately weighted with the same
AE?240 analytical balance. Each HYRB sample was then soaked for 48 h in 20 mL of analytical grade trichloromethane
(99.8% CHCIs) from VWR International (USA) at room temperature for solubilization of PLA before being filtrated by
vacuum filtration through a Buchner funnel and rinsed with 25 mL of CHCIs three times. Soaking, filtration, and rinsing
steps were repeated a second time before drying in a ventilated oven at 40 °C for 24 h. Dried fibers were finally weighted
on the AE240 analytical balance for each prepared sample. The chemical extraction procedure was repeated three times on
both HO and HybHP specimens for statistical analysis.

The mechanical properties were measured on an Instron 3366 universal testing machine from Instron (USA) equipped with
a 10 kN load cell and a video extensometer. Tensile tests were performed at a 2 mm/min crosshead speed at ambient
conditions, namely 22 °C in temperature and 47% in humidity rate. The video extensometer recorded the strains of the
specimens between two dark markers 50 mm apart and centered in the middle of the 140 mm gauge length (see Figure 4).
All specimens were measured three times in thickness and width with an electronic caliper of + 0.01 mm precision to
calculate the cross-sectional area of each specimen. At least five specimens were tested for each configuration of HYRB-

based material for statistical analysis. Dixon tests were conducted to verify the absence of abnormal values.
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Figure 4. Tensile specimen design from ASTM D3039 with adapted dimensions, expressed in millimeters.

After testing, the facies of rupture were observed under a VHX-7000 4K digital 3D microscope from Keyence (Japan)
equipped with a VHX-7100 fully integrated head and a VHX-E20 objective of x20 to x100 magnification range. All
observations were recorded on 2880 x 2160 pixels images with x80 magnification under reflected light. Several images

were combined into one image to acquire a full-length fracture.

3. Results and discussion
3.1. Print quality

X-uCT analyses were first performed on the specimens’ ends to observe the morphology of the HYRB layers at the U-
turns. Figure 5 depicts representative U-turns in the HYRB layer of HO and HybHP specimens. The denser the material is,
the brighter it appears on tomographies, with fibers being the brightest, voids being the darkest, and polymer having an
intermediate gray. Because of an ironing effect [56] and because the yarn is rather pultruded than extruded (see 2.2.
Preparation of the specimens), yarns tend to retract in the U-turn and do not deposit over the whole trajectory length,
reducing the dimensional accuracy. The more pressure the nozzle applies on the fibers, the more pronounced the effect.
When comparing the retraction of the yarns on an average of twenty U-turns for both HYRB-based specimens, the missing
length of yarns is 4.5 £ 0.5 mm from the HO specimens’ edge and 3.9 = 0.3 mm for HybHP specimens (see yellow dashed
lines in Figure 5). The difference is slight but still statistically significant (p-value = 0.0003), with a tendency for HybHP
specimens to be more consistent in the U-turn depositions and to have a lower retraction. This means that the pressure
applied by the nozzle is reduced and more homogeneous with HybHP yarns. This can be attributed to the addition of PLA
fibers in the core of HybHP yarns, regarding HO yarns, which constitutes a viscous medium that facilitates the deformation
of the yarn. In the HybHP specimens, PLA is added in the HYRB layers through the thermoplastic filament and the HybHP
yarn that already contains it (see CYC-based element in Figure 1), which leads to an increased amount of PLA in the
composite compared to the HO specimens. This is also observed in the retraction zone. As hemp yarns leave an absence of
materials after retraction, only PLA and voids are left. In the case of HO specimens (see Figure 5(a)), the retraction zone

essentially consists of voids with PLA not reaching the entire width of the edge. On the opposite, HybHP specimens present
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fuller retraction zones thanks to the presence of more PLA that can eventually flow out of the edge when the nozzle chases
away the molten polymer (see Figure 5(b)). Last but not least, a change in trajectory could lead to poor impregnation with
the formation of voids [57], which is observed in some buckles of the yarns in HO specimens with the presence of larger
voids (see Figure 5(a)), but not with HybHP specimens (see Figure 5(b)). Consequently, while both specimens present

retraction, dimensional accuracy is best achieved with the HybHP specimens due to less retraction and fuller ends.

(b)

Figure 5. Tomographies of (a) HO and (b) HybHP specimens at the U-turn as seen through an X-pCT cut in the plane of a

HYRB layer. Yellow dashed lines represent the end of the specimens.

Looking at the surrounding of the U-turns towards the specimens’ core, yarns in the HO specimens are more visible and
can be easily distinguished from one another, while those in HybHP are well distributed in the PLA matrix and are harder
to differentiate from one yarn to another (see Figure 5). This difference is explained by two main reasons: changes in void
morphology and diffusion of the fibers in the transverse direction due to lateral forces [58]. Firstly, for void morphology,
HO specimens present numerous voids with a high shape factor as the porosities are essentially longitudinal and oriented
along the fibers in the deposition direction and inside the yarns (Figure 5(a)), which is attributed to a poor impregnation
rate with inner dry fibers. On the contrary, HybHP specimens present fewer voids with a low shape factor as the porosities
are more spherical (Figure 5(b)), which is attributed to a higher impregnation rate. The presence of round voids in the
HybHP specimens can originate from the air entrapment that was between the hemp and PLA fibers in the HybHP yarns
before printing. This means that commingling can reduce the void content between the plant fibers, but greater pressure is
required to remove the residual air because of the more twisted and less deformable architecture compared to synthetic

commingled yarns [33,41,42]. Secondly, fibers in the HybHP specimens (see Figure 5(b)) are well-distributed in the
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transverse direction compared to fibers in HO specimens (see Figure 5(a)) as the yarns in the HO specimens are surrounded
by polymer portions, while those in HybHP are side by side. This is explained by the pressure applied by the nozzle on the
fibers and by the transverse flow of the polymer [58] that pushed the fibers away from the center of the raster during
deposition. This enhanced transverse displacement of the deposited HybHP yarns can emanate from the lower hemp content
in the HybHP yarns that offers less resistance to the polymer flow, by the greater PLA content that exerts more flow, and/or
by a lubrication-like effect from the PLA matrix that reduces the friction between hemp fibers and then facilitates the
displacement due to the improved impregnation quality.

X-uCT analyses were then performed on the mechanically untested gauge sections of the HYRB-based specimens to
observe their morphology in the effective sections that can undergo mechanical stress. Figure 6 illustrates different and
representative views of HO and HybHP gauge sections. Like U-turns, HO specimens mostly present longitudinal voids
along the fibers (see Figure 6(a)), while HybHP specimens present fewer longitudinal voids in favor of rounder voids (see
Figure 6(b)) because of the initial presence of PLA fibers in the HybHP yarns. Regardless of the void morphology,
individual HO yarns are less visible in the gauge section compared to the ones in the U-turns (see Figure 5(a)), meaning
that, when getting away from the ends, the printing conditions, as well as the nature of the hemp fibers, are favorable to a
spreading of the fibers in the transverse direction with respect to the deposition direction. Hemp fibers in HO specimens
are then distributed more homogeneously over the whole width of the specimen at a level comparable to the HybHP
specimens (see Figure 6(a) and Figure 6(b)). However, fibers in HO and HybHP specimens describe different morphologies
regarding orientation with HybHP fibers mostly aligned in the deposition direction, i.e. unidirectionally oriented at 0°,
whereas HO fibers are oriented at various angles from 0° up to + 20° compared to the deposition direction. Although the
HybHP yarn is more twisted than the HO one (see Table 1 and Table 2), HybHP yarn is more easily oriented in the
deposition direction, which can also explain the ease of the HybHP fibers to diffuse in the transverse direction from the U-
turn. This enhanced mobility of the fibers with HybHP yarn to accept the strain applied by the deposition can originate

from the lubrication-like effect of PLA on the fiber friction, as discussed previously.
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Figure 6. Tomographies in the gauge section of (a,c,e) HO and (b,d,f) HybHP specimens, as seen (a,b) through an X-uCT
cut in the plane of a HYRB layer, and (c,d,e,f) through an X-pCT, cut orthogonal to the deposition direction on (c,d) the
whole cross-sectional area and (e,f) a zoomed area of the HYRB layers. Examples of the three kinds of voids are
highlighted in (e,f) zoomed areas, namely inter-raster voids (in triangles), voids at the yarn/matrix interface (in ovals),

and in-yarn voids (in rectangles).

Figure 6(c) and Figure 6(d) show examples of cross-sectional areas of HO and HybHP specimens. This view is

representative of the whole PLA and HYRB layers and their stacking sequence morphology. From bottom to top layers,
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the inter-raster and inter-layer porosities are tighter and could come from a cumulative excess of materials due to too low
layer height setting when the limit of compressibility of the twisted yarn is reached [37]. However, as seen in Figure 6(a)
and Figure 6(b), both specimens present untwisted or low-twisted yarns and a tendency to accept the compression with a
transverse diffusion of the fiber. A measurement of the dimensions for both HYRB-based specimens indicates a thickness
of around 2.8 to 3.0 mm instead of the designed 2.1 mm, which would rather suggest a compression of the springs below
the build plate that damps the stress applied on the yarns by the nozzle. This damping is reduced with the succession of
layers as more and more dimensional deviation is cumulated, which is similar to a decrease in layer height setting that
justifies the increase of pressure applied on the latter layers and, therefore, the reduced void content [37]. Following this
compression, the last PLA layer that was initially designed in the sequence (see Figure 2b) for both HYRB-based specimens
cannot be deposited as the pressure in the molten polymer was inferior to the pressure exerted between the nozzle and the
last HYRB layer due to the accumulation of excess material.

The cut in the plane orthogonal to the deposition direction allows the observation of the inner composite raster morphology.
Because of the ironing effect, the pultruded yarns tend to be placed at the upper side of the raster [56], but the disposition
of the fibers is rather slantwise than horizontal for both HYRB-based specimens (see Figure 6(c) and Figure 6(d)). This
gradual shift of the fibers in the transverse direction (y-axis) with the height (z-axis) arises from the neighboring deposition
that causes a transverse displacement at the upper side of the previously deposited raster. Another explanation is that the
over-pressure leads the raster to flow outside of its trajectory up to the lower side of the subsequent raster trajectory, which
in turn would lead the next raster to be deposited on the upper side of its own trajectory and to flow the excess on the lower
side of the next one. Whatever the case, this phenomenon can accentuate the transverse diffusion of the fibers and
homogenize the distribution of the fibers in a same layer, exerting additional displacement that can locally untwist the
yarns or at least disperse the fibers to facilitate the impregnation compared to highly twisted yarns [33,39].

A zoom on the in-plane cut orthogonal to the deposition direction gives a more precise view of the hemp/PLA/void
architecture and more details on the hemp/PLA interface (see Figure 6(e) and Figure 6(f)). For both HYRB-based
specimens, voids are in three different locations with specific morphologies. The first voids are large hypotrochoid-like
porosities of the same magnitude order as the raster size and are located between these rasters. Those voids are already
well-known in the literature. Previous studies detailed their irregularities and their formation with the printing strategy and
evaluated their mechanical impact [49,59]. The second voids are medium-sized voids surrounding the yarns at the
yarn/matrix interface. Those porosities ranging from 50 um to 125 pum in width are contingent on the coating defect of the
yarn by the molten polymer. Their occurrence can derive from a lack of pressure during coating [38], an air transfer from

the yarn towards its surface after coating, or a displacement differential between fibers and matrix [60] during the
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successive depositions with the transverse diffusion that causes hemp/PLA debonding. Those voids are few and equally
observed in both HYRB-based specimens, showing a good coating quality for both specimens. The third voids are related
to the impregnation quality, the lack of which forms air gaps between the hemp fibers. Unlike the previous yarn/matrix
interfacial porosities, in-yarn porosities are not of the same content between HO and HybHP specimens. HO specimens
show poor impregnation of the fibers with the presence of voids between most of the individual fibers (see Figure 6(g)). In
contrast, fewer and smaller in-yarn voids are observed with HybHP specimens (see Figure 6(f)), meaning an improved
impregnation rate with HybHP specimens compared to HO ones. A reduction of these latter voids for the HybHP specimens
lets predict a better stress transfer from the PLA matrix to the hemp fibers with a more developed fiber/matrix interface
thanks to a greater impregnation rate. However, the range of gray levels on tomographies is sufficiently large to distinguish
voids from matter, namely fiber and matrix, but not enough to segregate the elementary fibers from the matrix. This implies
that comparison of the formulation composition between the two HYRB materials requires extraction of the fibers from

the matrix to fully assess the composition with the aim of better predicting the mechanical properties.

3.2. Composition
Porosity rates were obtained from X-uCT analyses for both HYRB-based specimens, and solvent extraction was performed
to determine fiber mass contents. The extracted fibers were supple again, and the absence of PLA residue was checked on
digital 3D microscopy. Table 5 summarizes those results according to the different sampling zones as described in Figure
3. It appears the fiber mass fraction is lower for HybHP specimens compared to HO ones, regardless of the contents in the
HYRB layers than in the whole specimen, which is consistent with the addition of PLA fibers in the commingling process
of hemp fibers that acted as a primary dilution of the hemp content in the yarns. On the opposite, this decrease in fiber
content is accompanied by a drastic decrease in porosity rate inside the yarns by a factor of around 3 from HO to HybHP
specimens. To a lesser extent, the porosity rate is decreased by a factor of around 2 from HO to HybHP specimens. This
results in a different distribution of the kind of voids between the two HYRB-based specimens, where porosities are rather
located inside the yarns for HO specimens and quite well-balanced between inter-raster voids and inter-fiber voids for
HybHP specimens. This porosity distribution imbalance and impoverishment in PLA around the hemp fibers for HO
specimens are expected to be detrimental to the mechanical reinforcement of the HYRB-based materials regarding low

stress transfer and premature crack initiation due to local stress concentration.
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Table 5. Summary of HO and HybHP composition in fiber and void contents, with associated standard deviations, as

determined by extraction and X-pCT methods in different sampling zones.

Global fiber mass fraction iy 38.3+£0.4% 27.9+0.1%
In-HYRB fiber mass fraction iy 47.7+0.8% 33.3+£0.1%
In-HYRB porosity rate 3 25.7£0.4% 141+£0.1%
In-yarn porosity rate 3 36.2+£0.3% 13.0+0.3%

The compositions determined in Table 5 are expressed in volume for porosity rates and in mass for fiber contents. When
studying composite materials, the ratio of the fibers is usually expressed in volume, in apparent or effective fractions. In
addition, as porosity rates can range from single to double, the comparison of the fiber part in the HYRB layers between
the two HYRB-based specimens is harsh to assess in mass when considering the global architecture that includes massless
voids. Converting mass fractions into volume fractions is then required. Using void volume fractions and fiber mass
fractions in Table 5, with PLA density being 1.24 g/cm? (see Table 3) and elementary hemp fiber density being 1.393 g/cm?®
[61], volume fractions in hemp fibers, in PLA, and in void are determined using equations (7) and (8) (see Supplementary

data). The compositions in volume of HYRB layers for both HYRB-based specimens are reported in Table 6.

Table 6. Volume fractions in hemp fibers, in PLA matrix, and in void for HO and HybHP specimens in the HYRB layers

as determined by calculation from densities, extraction, and X-uCT methods.

HO HybHP
Hemp volume fraction 33.3% 26.4%
PLA volume fraction 41.0% 59.5%
Void volume fraction 25.7% 14.1%

Due to the higher void content in HO specimens, the relative difference in hemp fraction between HO and HybHP specimens
is 21% in volume (see Table 6), while it was 30% in mass (see Table 5). One should note that HYRB layers in both
specimens are preceded by PLA layers in their manufacturing that count for 25% of the volume of the whole specimen and
would then dilute the hemp volume fraction and their reinforcement action during mechanical testing. From the literature
[10,20], most of the continuous-reinforced composites by AM stand below 30% in fiber volume fraction in the YRC layers,
which indicates that hemp volume fraction in HYRB layers of HypHP specimens stands at the upper limit and, for HO

specimens, just above this limit. Since lower hemp volume fraction and lower void volume fraction tend to be respectively
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detrimental and beneficial regarding the mechanical properties, an antagonistic effect is expected when using HybHP yarns

compared to HO ones.

3.3. Mechanical properties
Tensile properties are analyzed based on the comparison of stress-strain curves for both HYRB-based specimens regarding
Young’s modulus, ultimate tensile strength (UTS), and elongation at break. Representative stress-strain curves are

displayed in Figure 7 and depict the tensile behavior of HO and HybHP specimens.
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Figure 7. Representative tensile stress-strain curves for HO and HybHP specimens, and corresponding mean values of
Young’s modulus in the first stage (E1), Young’s modulus in the second stage (E»), ultimate tensile strength (om), and

elongation at break (er), with associated standard deviations.

Both specimens consist of a first linear stage rapidly followed by a transitional non-linear stage and a second linear one.
The end of the first stage is called the yield stress and is reached around 18 MPa for both specimens. This yield occurs
around 0.1% in strain for HybHP specimens and 0.2% for HO specimens, where stiffness suffers from a 46% loss in
Young’s modulus for HybHP and 40% for HO specimens once in the second linear stage, which is consistent with the

mechanical behavior of YRC in the literature [62].
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Despite its lower fiber volume fraction (see Table 6), HybHP specimens show higher mechanical properties than the HO
ones with an increase of 59% on the first modulus, 44% on the second modulus, and 13% on the UTS (see Figure 7). This
can be explained by the more developed hemp fiber/PLA interface for the HybHP biocomposite that allows more efficient
stress transfer from the matrix to the fibers, as well as by an increased fibers alignment in the tensile direction, leading all
the fibers to contribute to the mechanical behavior. Indeed, it has been shown (see 3.1. section) that HybHP fibers are
mostly aligned in the deposition direction, i.e. unidirectionally oriented at 0° while those of HO material are oriented at
various angles from 0° up to £+ 20° (see Figure 6(a) and Figure 6(b)). However, the composition is not the same between
the two materials (see Table 6) and a decrease in fiber volume fraction and void volume fraction when using HybHP yarns
would cause both a decrease and an increase in the mechanical properties. To consider the mechanical properties without
the voids, the use of a scaling coefficient K = 1/(1 — @,,;) can return an effective Young’s modulus such as the effective
Young’s modulus in the first stage is 17.73 GPa for HybHP specimens and 12.92 GPa for HO ones. This means that the
use of HybHP still allows an increase of 37% in stiffness while the fiber volume fraction is 21% lower, showing the interest
in first ensuring a good impregnation and alignment of the fibers before increasing their volume fraction in the composite.
The stiffness of HybHP specimens is then close to the stiffness of elementary hemp fiber, which is between 13 to 23 GPa,
and around 19.1 GPa at a similar 50% humidity rate (see 2.3. Characterization and extraction) [63].

Data in the literature indicate mechanical properties well below those of HybHP specimens when comparing additively
manufactured composites filled with 5 to 10% in short hemp fibers whose Young’s modulus and UTS were respectively
around 0.9 to 2.8 GPa and 28 to 37 MPa [64-66]. With YRC obtained by continuous AM, Young’s modulus ranges from
5 to 23 GPa and UTS from 50 to 250 MPa [20]. This locates the HybHP mechanical properties just below the highest
obtained properties with flax fibers [33], knowing that removing the adhesion PLA layer that takes 25% of the specimen
could even get the mechanical properties closer to this upper limit. If considering similar hybrid hemp fibers but with
conventional composites, mechanical properties of HybHP specimens are superior as Young’s modulus and UTS can
respectively reach 1.2 GPa and 64 MPa with hemp/PA11 hybrid yarns-based bidirectional composites at 52% in fiber mass
fraction [67] and 6.6 GPa and 59 MPa with hemp/PLA hybrid yarns-based bidirectional composites at 45% in fiber mass
fraction [68]. HybHP mechanical properties are even similar to those from unidirectional composites based on long hemp
fibers and epoxy thermoset polymer that reach 10.5 GPa in Young’s modulus and 167 MPa in UTS with 32% in mass
fraction [69] or 12.7 GPa and 106 MPa at 30% in volume fraction [70]. One should note that Lu et al. [69] attained 16% in
void volume fraction with epoxy resin, which is similar to the 14% in HybHP specimens (see Table 6), even though PLA

thermoplastic polymer is more viscous and would make it difficult to perform impregnation compared to epoxy resin.
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A closer look at the transitional non-linear stage reveals differences between HO and HybHP specimens (see Figure 7). On
one hand, HO’s non-linear stage starts at 0.2% in strain and continues up to 0.6% in a staggered and mild transition. On the
other hand, HybHP’s non-linear stage shows a clear and prompt transition at 0.1%. This non-linear stage is not fully
understood since it originates from several phenomena, mainly due to fiber/matrix debonding and fiber/fiber unbundling,
and partially due to the non-linear behavior of the elementary fibers, namely re-orientation of cellulose micro-fibrils and
crystallization of their amorphous phase [33,62,71,72]. In the case of HO specimens, the lack of impregnation leaves a
fiber/matrix interface limited to the surrounding of the yarns, through the coating interface, for the benefit of fiber/fiber
interactions inside the yarns. This implies a gradient of stress transfer from the matrix to the surrounding fibers and then to
the fibers inside, whose debonding at the non-linear stage happens on an extensive range of strain due to a stick-slip
mechanism from fiber/fiber interactions [62]. On the contrary, HybHP specimens are mostly subjected to matrix/fiber
interactions due to the high impregnation rate, whose debonding occurs sharply with little stick-slip mechanism because
of fewer fiber/fiber interactions compared to HO specimens. These different observations are in agreement with the
literature where the larger range of strain in HO’s non-linear stage is representative of additively manufactured YRC
[33,71]. In contrast, a sharper transition was mainly observed with conventional composites whose impregnation was
achieved like in HybHP specimens [70].

Following the second linear stage, HO and HybHP specimens undergo different mechanical behaviors about damage
mechanisms (see Figure 7). While HybHP specimens show brittle behavior with abrupt rupture at the end of the linear
stage at 1.4% in strain, HO specimens present a quasi-ductile behavior with a plastic deformation from the end of the linear
stage at 1.4% to the rupture at 2.2% in strain. This limit of 1.4% in strain, where the mechanical behaviors differ between
the two HYRB-based materials, corresponds to the failure of the PLA matrix after which damage on yarns occurs with
yarn unwinding, fiber/fiber sliding, fiber breakage, and fiber pull-out for HO specimens (see Figure 8). This damage
behavior is consistent with previous studies in the literature when twisted dried yarns are not impregnated, leading to weak
fiber/matrix interactions [33,38]. On the other side, HybHP specimens endure a neater rupture with cracks propagating in
the transverse direction that reflects a good adhesion between the PLA matrix and the hemp fibers as PLA cracking pursues

through the hemp fibers without or with few fiber pull-outs and without sliding at fiber/fiber interface (see Figure 9).
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Figure 9. Digital 3D micrographies of HybHP specimens after fracture as seen from (a) top view and (b) bottom view.

4. Conclusions and perspectives
Hemp yarns were used for the first time in AM to produce HYRB materials. A new preparation method based on

plant/polymer fibers commingling was proposed to improve the yarn impregnation after printing. The addition of PLA
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fibers to the hemp fibers tended to dilute the hemp content in the end material formulation. Still, several advantages were
observed thanks to the presence of PLA between the hemp fibers, namely reduced void content, more aligned fibers, more
homogeneous distribution of the fibers, matrix, and voids, and better dimensional accuracy. Those differences in
composition and morphology led to an increase in stress transfer from the matrix to the fibers with the use of hybrid yarns
and then to a more brittle behavior with a stiffer and more resistant biocomposite compared to the one that was produced
with pure hemp yarns. As a result, the decrease in hemp fiber content with the commingling was not detrimental to the
quality and performance of the biocomposite materials; quite the contrary. Consequently, improving the impregnation of
the yarns is of major importance and should be studied at the same level as the increase in fiber content. Although the
nature and structure of the twisted plant-based yarns could lead to a lack of impregnation by the viscous molten
thermoplastic, this improved impregnation method allowed the development of the mechanical performance to the level of
that of conventionally manufactured composites based on plant-based reinforcements. One should note that this
commingling/AM method can be transposed to other yarns based on plant fibers to produce and expand the range of
available biocomposites, meeting high customization, high performance, and eco-design requirements.

In this study, pure hemp yarns were coextruded with a PLA filament, and so were hybrid yarns for comparison. This
complementary addition of PLA and the tensile force applied on the yarn led to a certain inhomogeneity at the raster scale
as the hemp fibers tend to be located at the upper side of the deposition, while a more dispersed morphology of the fibers
would improve the stress transfer from the matrix to the reinforcements. Future studies should focus on the sole use of
hybrid yarns without the complement use of a thermoplastic filament to increase the fiber content in the biocomposite and
to improve the material's homogeneity. Improving the impregnation, the fiber content, and the fiber distribution is thought
to be a new gap in the manufacturing of high-performance biocomposites by AM for the development of such technology

for sustainable, lightweight, and high-end applications.
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Appendix A. Supplementary data
Without considering the void in a first step, and knowing respectively the fiber mass fraction ¢,, » and the fiber volume
fraction ¢, ¢ in function of the fiber mass m, polymer mass mp, fiber volume Vi and polymer volume Vp, equations (1)

and (2) read:

(pm,F - mp + mp (1)
Vi
Pvr = VF + VP (2)
The ratio of fiber fractions can then be expressed as:
m Ve +V,
Pm,F e F P 3)

Pv,F Ve mp+mp
Knowing the relation between the density p, the mass m, and the volume V as p = m/V, all volume terms can be replaced
in equation (3) as:

DPm,F = pp X mg/pr +mp/pp )

Pv,F mp +mp

With pg the density of the elementary fiber and p, the density of the polymer. By using equation (1) and knowing that

mp

everything that is not fiber is polymer in mass such as polymer mass fraction is ¢,,, p = =1 — @, all mass terms

mr+mp

can be replaced, and equation (4) can be written as:

1-—
Pm,F = pp X Pm,F + ( ‘pm,F) (5)
Pv,F PF Pp
Fiber volume fraction is then expressed with the densities and the fiber mass fraction as:
Pp
Pvr = 6
"F T pp + pp/ O — Pr ©

When considering in the second step the voids in the fiber/polymer/void system, with void volume fraction @, being

determined by X-uCT analyses, fiber volume fraction in HYRB layers @, - is established as:

__Pr X (1 - ‘Dv,v)
Pp t Pr/PmF — PF

U]

v,F

And everything that is not fiber or void in this fiber/polymer/void system is polymer, such as polymer volume fraction in

HYRB layers is:

d)v,P =1- d)v,F - (DU,V (8)
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