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Abstract

Nowadays, composite materials are widely used in different sectors owing to their improved
mechanical and functional properties compared to bulk materials and efficient manufacturing
processes. Nevertheless, the majority of these materials are still petroleum-based, which is
incompatible with the recent environmental awareness. As a result, in the current study, a fully
biomass-based composite material was produced employing poly(furfuryl alcohol) (PFA) as a bio-based
matrix coupled with cellulose powder as fillers and processing aid agent. The addition of cellulose
powder increased the viscosity of the uncured composite paste and conferred it a shear-thinning
thixotropic making it suitable for 3D printing using the liquid deposition modeling technique (LDM).
After curing, the combination of these raw materials yields a renewable and cost-effective composite
for additive manufacturing by the LDM technique with high interlayer and interfilament adhesion,

good mechanical performances and adequate shape fidelity.
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1 Introduction

Recently, Additive Manufacturing (AM) is getting more and more popular in many fields and for many
applications that require different materials. In AM by material extrusion one can notice the
dominance of thermoplastics which are for the most part petroleum-based. Under the upraising
environmental concerns, many research works have been conducted to find a substitute for the use of
thermoplastics and among the suggested materials one can notice cellulose and, more generally,
polysaccharides and lignocellulosic materials. The latter bio-based material is particularly interesting
for 3D printing as it is available, renewable, cost-effective, and lightweight. However, these advantages
come with a major limitation: cellulose cannot be melted hence is not compatible with AM by melt
extrusion. Therefore, researchers suggested several formulations using different forms of cellulose for
printing by cold extrusion in particular hydrogels of nano and micro fibrillated cellulose and cellulose
nanocrystals which were compatible with this AM technique (Abouzeid et al. 2018; Hakansson et al.
2016; Leppiniemi et al. 2017; Markstedt et al. 2015; Sultan et al. 2017). Nonetheless, the use of these
cellulose-based hydrogels, and in some cases suspensions and solutions (Pattinson et Hart 2017),
raised additional challenges and limitations to its printability such as an important shrinkage upon
drying due to a limited solid content in the formulation (Klar et al. 2019; Thibaut et al. 2019) or a

complicated and expensive freeze-drying process (Jiang, Oguzlu, et Jiang 2021; Markstedt et al. 2015).

On the other hand and from a more technical point of view, thermoplastics have limited thermal
stability making the use of the 3D printed parts limited to low-temperature environments
(Krajangsawasdi et al. 2021; Vinyas et al. 2019). Despite the existence of technical thermally stable
printable filaments such as PolyEther Ether Ketone (PEEK) and PolyEthylenlmine (PEl), they are still
expensive (up to 790 $/kg) and rather complicated to print (Berretta et al. 2017; Han et al. 2019; Niu
et al. 2021). To overcome these thermal performances limitation when using thermoplastics, several
articles have been published about formulations compatible with AM by extrusion of composites with
the use of thermosetting resin with better thermal and mechanical performances (Compton 2015;
Compton et al. 2018; Hmeidat et al. 2020; Hmeidat, Kemp, et Compton 2018; Lei et al. 2019; Malek et
al. 2017; Shang et al. 2017; Shi et al. 2017; Yang et al. 2017). Nonetheless, the majority of the suggested
composites are still fossil-based. To overcome these limitations the intention of the present work is to
develop a 3D printable material by AM by Liquid Deposition Modeling (LDM) using cellulose fibers as
bio-based and cost-effective filler along with a bio-based thermosetting resin which will play the role
of a binder. This mixture would yield a fully bio-based printable composite with a lower environmental
impact compared to the fossil-based thermosetting resins and more particularly the much-used epoxy

resin with 5 times less impact of the polymer production on climate change (Hong, Zhou, et Hong 2015;



La Rosa et al. 2013). However, an optimization step should be done to define the appropriate

proportions to obtain a printable ‘ink’ and optimal performance of the cured printed biocomposite.

In no uncertain terms, LDM is inseparable from rheology. One cannot begin LDM without first
guestioning the rheological properties of the formulation. Indeed, these properties determine the
range of structures that can be printed, the optimal printing parameters, and ultimately the quality of
the printed part. Despite this, the manner in which rheology ties in with these considerations has to
date not been specified well in the literature. Some work has been done to identify some of the
important rheological requirements of the ink formulation and suggested a range of values these

properties should take for a successful print (Feilden 2017).

However, up to this point, the term ‘printability’ or ‘printable’ has been used without defining exactly
what is printability, and what qualifies material as printable. In a general manner, printability is a
measure of how suitable a suspension’s properties are for AM by a certain technique, which in our
case is cold material extrusion. As much as this printability concept can seem to be almost innate,
especially for researchers that have been working on AM by material extrusion (called also direct ink
writing, liquid deposition modeling, or robocasting in the literature), up to now there is not a clear and
standardized method to define this emergent concept. However, in the literature, we can find few

attempts to define some criteria and figures of merit.

In 2017, a figure of merit was suggested by (Feilden, 2017) which is only based on the rheological
properties of the paste formulations, thus allowing a rapid selection of a promising formulation for AM
by material extrusion. This figure of merit was developed based on the rheological properties required,

experimental work, and the state of art, for a successful printing, such as:

e  Maximizing G’ to minimize the elastic deformation during printing, hence shape maintenance.

e Minimizing the flow index n, the consistency coefficient Kand the yield stress T,, to reduce the
force required to bend the extruded filament, to deposit it gently without deforming the
printed layers.

e Nonetheless, T, should not drop from a minimum value in order to resist the surface forces
and gravity.

e  Minimizing the yield shear rate y, to reduce the paste compressibility during extrusion for an

instant break of extrusion, when needed.



Accordingly, a paste-specific figure of merit (D) was suggested and a minimum value of 20 was found

to be required for a successful robocasting (eq 1).

In the most recent work (Duty et al. 2018), a more general viscoelastic model was proposed based on
the rheological and thermophysical properties of the ink and the processing parameters. This model
establishes a methodical approach to characterize printability by providing different equations serving
printing criteria for a series of conditions that must be satisfied in order to successfully print a part.
These equations depend not only on the material properties but also on the used hardware and time-
depending printing parameters. In the literature, we also come across other attempts to define the
concept of printability for AM by material extrusion, but they focus more on assessing the printing
quality, with no clear definition of a figure of merit for the ink itself (Gillispie et al. 2020; Naghieh et
Chen 2021).

In the present work, the figure of merit (®), coupled with maximization of paste stiffness G’, were
considered as criteria to optimize the ink formulation as this approach is paste-based without
compassing printing parameters. Later, the effect of a few printing parameters on the flexural

properties of the cured and printed material will be assessed.



2 Materials and methods

2.1 Materials and paste formulation

The paste formulation is prepared based on the use of a fully bio-based thermosetting furanic resin
which is the poly(furfuryl alcohol) (PFA) and cellulose powder as a filler and rheology modifier. In the
present work, the used furanic resin is a commercial product kindly supplied by Transfuran Chemicals
along a latent catalyst enabling the crosslinking at high temperatures. The PFA resin contains less than
1% of free furfuryl alcohol monomers and 7.5% water. The viscosity is 3.8 £0.3 Pa's as experimentally
determined. The used catalyst is an aqueous solution of (2-hydroxyethyl) ammonium nitrate.

As for the fillers, the cellulose powder is a commercial product by CFF and was kindly supplied by
Rossow Industry. The mainly used cellulose is the finest powder in this product line, known under the
trade name Technocel® FM8. According to the supplier’s datasheet, this cellulose has a powdery
aspect, with over 99.5% purity, and 80% whiteness. The high purity of the product was further
confirmed with a FTIR, NMR and Xray spectrum which revealed a pure type | cellulose with over 77%
crystallinity index measured using the peak height method (Segal et al. 1959). Moreover, the particle
size was reported to be between 6-12 um which was further checked with granulometry analysis
revealing that 50% of the particle have a size under 9 um. Furthermore, as is visible in the SEM image
(Figure 1), these cellulose particles are rod-shaped with a limited form factor. The specific density of

cellulose powder is 1.5 g/cm3.

Figure 1: SEM image of the used cellulose powder

The slurries or ‘pastes’ were prepared by first adding the catalyst to the resin and manually mixing the
two fluids. The mixture was then poured into a planetary mixer (KitchenAid 5KSM3311X) at room
temperature and the cellulose powder was gradually added for 5 min while mixing at 120 rpm. The
slurry was further blended for 15 minutes at 180 rpm and then 5 min at 200 rpm. The resulted paste

is then manually loaded in syringes with precaution to avoid creating any air bubbles and voids. These



cartridges are sealed and then placed in a refrigerator at 4-5°C before further processing to prevent

any crosslinking of the polymer during the storage.

In this study, different formulations were tested with different cellulose fractions and water content.
As a first step, preliminary formulations were tested using different fiber morphology, different solvent
content, and different resin/cellulose ratios. In the light of these preliminary tests we noticed that the
total solvent content in the formulation should not exceed 20% (32% of the polymeric matrix) to avoid
any cracking and defect in the composite upon crosslinking. On the other hand, the cellulose weight
fraction cannot exceed a maximum of 30%, which leads to a powdery crumbly aspect of the mixture.
Moreover, it was found that less than 10 wt% of cellulose powder yields a diluted suspension with a
law bulk yield stress which is needed in the formulation so that the ink maintains the shape of the die
after extrusion, which is very important for 3D printing. Finally, the use of fine cellulose particles is
privileged to avoid any extrusion defects and to make possible the use of small nozzles without
clogging. These conclusions leave us with a better-targeted formulation composition. For further
optimization of the paste, 6 formulations were prepared with cellulose weight fractions ranging from
16 to 29 wt% and with no extra added solvent to the PFA oligomers. The formulations presented in
this work contain 16, 19, 22, 25, 28, and 29 wt% of cellulose powder referred to using the following

code PFA-CellX-B where X is the cellulose content in the formulation.

2.2 3D printing by cold material extrusion

The main used machine for additive manufacturing is a commercial 3D printer Artillery sidewinder
(China). The printing platform moves on the Y-axis whereas the printing head moves in x and z axes.
This printer is designed for fused filament printing and was upgraded with an LDM extruder. The paste
formulation is fed to the extruder using a pressure syringe and then the paste is driven by the
Archimedes screw to be later extruded through a nozzle with a diameter ranging from 0.5 to 2 mm.
The used slicer was Simplify 3D with which is possible to program several printing parameters, such as;
(i) the layer height which is the thickness of the layer deposited by the nozzle tip, (ii) the road/raster
width which is the width of the material bead used for rasters, and (iii) raster angle which refers to the
angle of the raster pattern with respect to the X-axis on the bottom part layer. These parameters are

illustrated in Figure 2.

Besides developing and optimizing the rheology and the printability of the paste and calibrating the
extrusion flow for a continuous and homogeneous flow, the printing parameters have a major effect
on the printing quality and the final material’s mechanical performances. Therefore, the effect of road

parameters and layer height on mechanical performance was studied.
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Figure 2: Simulation of printed cube done with Simplify3D with a highlight of different printing

parameters.

2.3 Characterizations

Rheology

To assess the rheological behavior of the pastes and the resin, a parallel plate of 25 mm in diameter
was used on an MCR 301 rheometer (Anton Paar, Austria). The gap between the plate and the platform
was set to 1 mm and the temperature was fixed at 25°C. Before any rheological measurements, the
fluids were sheared at a shear rate of 100 1/s for 200 seconds, followed by a rest of 200 seconds to
remove any previous shear history. The samples were covered during the tests to avoid any solvent
evaporation.

To perform the flow curve experiments, the shear rate was increased from 0.1 to 100 1/s or 1000 1/s
depending on the paste nature during which the viscosity was recorded.

To assess the thixotropic behavior of the pastes, the shear rate was fixed at 100 1/s for 60 s before a
sudden drop to 0.1 1/s. The rheological behavior in terms of viscosity trends as well as stress response
was evaluated as a function of time.

Oscillatory tests were also conducted to evaluate the viscoelastic properties of the prepared pastes.
To do so, amplitude sweep tests were performed at the frequency of 1 Hz and strain ranging from
0.001 to 100%. The evolution of the storage modulus (G’) and loss modulus (G”), as a function of strain,

or stress was analyzed.

To check the reproducibility of the rheological measurements, especially when using concentrated

slurry the tests were duplicated at least 3 times.



Morphology

The morphology of the composite surface and cross-section were investigated by scanning electron
microscopy (SEM). The specimens were gold coated and examined using a QuantaFEG250 instrument.
The accelerating voltage was fixed at 2.50 kV and the magnitude between 60 and 2000. The shape
fidelity of 3D printed objects was evaluated by comparing the 3D digital model to 3D scans of 3D printed and
cured samples. 3D scans were recorded using an in house developed scanner composed by a laser profiler
(Keyence, LJ-V7080) mounted on a 6 axis robot (Staubli, TX2 60). Scans were performed with a lateral definition
of 50 um and scan speed and sampling frequency of 50 mm/s and 1 kHz, respectively, in order to obtain base
square (50x50 um) pixels. Scans were processed using the Keyence LJ-X Observer software to extract relevant

sample dimensions

Mechanical characterization

The printed specimens are cured at 90°C overnight followed by a step of post-curing for 3 hours at
130°C. Before any mechanical testing, the composites were conditioned at 23°C and 50% relative
humidity for at least 16 h. The mechanical properties were tested with an Instron Universal testing
machine (Instron, USA), and the data were analyzed with the help of the Blue Hill software. The flexural
properties were measured according to ISO 178 at a crosshead speed of 2 mm/min and 64 mm support
span and using specimens with dimensions of 10 mm x 40 mm x 80 mm. The obtained data were the

average of 10 to 15 measurements.



3 Results and discussion

3.1 Formulation optimization

The ‘ink’ formulation is a very important step towards successful additive manufacturing by material
extrusion. A simple suspension containing cellulose particles as the solid phase and PFA oligomers as
the liquid phase is aimed to be prepared. The ink suspension will thus contain 3 main components,
cellulose particles as fillers, PFA oligomers as the binder, and water as resin diluents. As mentioned
before, preliminary tests, enable the identification of the optimization area by identifying 6
formulations that are placed on the ternary diagram in Figure 3. The formulations are considered to
be printable, when are continuously extrudable through a 1 mm nozzle and able to maintain their
shape after the deposition of at least 4 layers, the poorly printable formulations are those printable
but with frequent nozzle clogging otherwise the formulation is considered to be not printable. In the
next section, the ink formulation will be further optimized by assessing printability which is carried out

through the characterization of the different formulations according to a rheological approach.

PFA

Solvent CELLULOSE

® Printable ¢ Poorly printable B Not printable

Figure 3: Ternary diagram of the different identified formulations.

Effect of cellulose concentration on the rheological behavior and the printability of the suspensions

In the absence of a clear definition of printability with material extrusion, if we rely on the different
criteria leading to a successful printing in the recent literature (Beach et al. 2021; Chu, Li, et Kwan 2021;

Duty et al. 2018; Fahmy, Becker, et Jekle 2020; Gillispie et al. 2020; Montoya et al. 2021; Naghieh et



Chen 2021; Panda et al. 2017; Panda, Unluer, et Tan 2018, 2019; Rieger et al. 2021; Zhang et al. 2019),

we can define 3 main rheological properties:

e Shear-thinning behavior to facilitate the extrusion of the ink through different nozzles
e Optimized yield stress and stiffness of the ink formulation to ensure maximum shape fidelity
and minimum structure slumping without affecting the extrudability

e Thixotropic behavior for a good viscosity recovery upon extrusion to avoid layer slump

These properties will be assessed in the next 3 subsections.

Shear-thinning behavior

To assess the slurries' flow under different shear rates, rotational rheological measurements were
performed. Figure 4-A shows that the neat PFA resin (red curve) has a Newtonian flow where the
viscosity is independent of the applied shear rate, whilst the addition of cellulose powder led to a
shear-thinning flow. This shear-thinning behavior is more or less marked for each formulation. Thus,
in order to quantify the shear-thinning degree, a fitting of the apparent viscosity versus shear rate
curves with the power-law (eq 2) was done. To do so, a log-log plot of the apparent viscosity vs. shear
rate was used to compute the values of n and K by linear regression over the linear portions. The values
of n and K of different formulations are given in Figure 4-B. One can notice a clear interdependency
between the cellulose fraction in the different suspensions and their consistency index K which
increases from barely 155 Pa-s” when adding only 16 wt% of cellulose to over 2.5 10% Pa-s" with 28 wt%

cellulose.

u=Kyl™m eq 2

On the other hand, the thinning exponent n decreases with increasing filler fraction, dropping from
0.65 for the formulation containing 16 wt% cellulose, to 0.1-0.3 when exceeding 19 wt% of cellulose.
Over a certain filler fraction, no clear correlation can be concluded between the shear-thinning ability
and the content of the filler. This can be explained by the fact that by adding only 16 wt% of particle,
the network is not strong enough to resist shearing forces and could easily be broken and flow, thus
leading to a negligible dependence between the viscosity and the shear stress. However, when
reaching a critical fraction of the fillers, the network starts to be stronger and the inter-particle
interactions become dominant, thus making the structure flow more dependent on the shear stress
applied. After this critical point, the shear-thinning mechanism does not change, thus making the

thinning exponent insensitive to the filler content. The values of n are in agreement with those of other

10



printable mixtures of viscoelastic materials (Feilden et al. 2016; Li, Liu, et Lin 2016; M’Barki et al. 2017;
Thibaut et al. 2019).
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Figure 4: Rotational rheology of different slurries. (A) Flow curves and (B) values of the consistency

index K and thinning exponent n.

Oscillatory rheology tests

In order to assess the viscoelastic properties of the different formulations, an amplitude sweep was
performed. Figure 5 shows the storage and loss moduli (G’ and G", respectively) of different slurries.
As one can notice, in the Linear ViscoElastic Region (LVER), the G’ value is more or less stable, which
defines the stiffness of the formulation (G’ LVER) which is, as discussed before, crucial to printability
assessment. Then, as stress increases, the storage modulus drops until below the loss modulus. The
crossover point, associated with the breakdown of the particle network within the slurry, can serve as
an approximation of the yield stress t,. The stiffness expressed by the G’ (LVER) and the yield stress
values of the tested slurries are plotted in Figure 6-A. One can notice that with the addition of cellulose

particles, there is an important increase of several orders of magnitude in the stiffness and yield stress.

Therefore, to select the most printable formulations, the merit figure (eq 1) suggested by (Feilden,
2017) was used. It was recommended that the value of @ be superior to 20, based on the analysis of
different printable formulations in the literature that were declared printable by material extrusion. A
plot of stiffness (G’ LVER) against the yield stress (ty) of each formulation is presented in Figure 6-B.

The first criterion to classify printable and unprintable formulations is the absolute value of @, the line

11



delimiting the value ®= 20 is highlighted, but all the tested formulations were above this minimum

value and the highest value is that of the formulation PFA-Cell28-B.

The second criterion is the minimum yield stress necessary to bear the gravitational forces for a certain
build height. This criterion was already suggested in the literature, based on the yield stress required
to withstand both forces of gravity and surface tension (M’Barki, Bocquet, et Stevenson 2017). The
printability criterion (= ) suggested by the authors is given by eq 3, where T, is the paste’s yield stress,
p the density of the paste, Y, the surface tension, h the height of the part, g gravitational acceleration,

and R the radius of curvature of the smallest printed feature.

- _ 1
=7 pgh+ysR-1 eq3

By neglecting the effect of the surface tension and considering only the effect of gravitational forces,
this criterion (eq 3) can be simplified and the yield stress can be expressed in terms of the building
height according to eq 4. If we consider a minimum build height of h= 10 mm the yield stress value

should be above 146 Pa. The upper limit of the yield stress can be determined by the extruder force.

Respecting these criteria, the formulations with the highest printability potential are those containing
over 25 wt% of cellulose (highlighted in green in Figure 6-B). Furthermore, by applying printability
criteria (J. E. Smay et al. 2002), which consist of maximizing the stiffness of the suspension for better-

spanning structures (eq 7), the formulations containing 28 wt% and 29 wt% are more advantaged.
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Shear recovery behavior

During 3D printing with material extrusion, the inks experience shear forces and undergo physical
changes, especially for complex fluids. The thixotropic rheological component of the different
suspensions should be examined because it has crucial importance in the extrusion-deposition process.
Indeed, ideally, the viscosity of the developed ink should decrease at high shear rates to facilitate the
extrusion process (shear-thinning) and increase immediately after a total recovery at the outlet of the
nozzle (Kraut et al. 2017; Lille et al. 2018). To investigate the thixotropy of formulations, a 5-step
experiment was applied to model the high shear deposition process by alternating high shear rates
and low shear rates at 60 s intervals. An estimation of the shear rate in the nozzle was first realized
using the Rabinowitsch—-Mooney equation, according to which a shear rate (Y) through a circular orifice

of radius (R) for shear-thinning materials can be expressed according to eq 5 (Dealy et Wissbrun 2012).

4Q ,3n+1
V=—Q - ) eq5

mR3  4n

Where Q is the volume flow rate and n the flow behavior index of the shear-thinning material. To
determine the maximum shear rate which could be reached in our work, we can consider the
formulation PFA-Cell28-B (n=0.16) printed using a nozzle with a minimum diameter of 0.5 mm (10
times larger than the largest particle of the powder) with a flow rate of 4.5 mm3/min (corresponding

to a printing speed of 1800 mm/min). In these conditions, the shear rate would be 848 1/s.

Unfortunately, shearing such complex suspensions at this value of rate on the rotational rheometer
was not possible because of edge fracture phenomenon. This kind of sample instability is characterized
by a deformation of the sample's surface at the free edges between the upper and lower part of the
geometry. This rheological characterization limitation is caused by a deformation of the surface and a
secondary flow propagating radially as a function of both time and applied deformation which
increases measuring errors at high shear rates (Hemingway, Kusumaatmaja, et Fielding 2017; Meyer
et Crawford 2018). For a relevant thixotropic characterization, the formulations were sheared at 100

1/sand 0.1 1/s rates.

The results of the thixotropic shear recovery behavior are illustrated in Figure 7-A. All formulations’
viscosity decreased significantly at a high shear rate and recovered more or less rapidly at a low shear
rate until reaching stabilized values at the end of the shearing interval. When adding from 16 to 22
wt% of cellulose powder one can notice a drop in viscosity of 2 orders of magnitude reaching up to 3

orders of magnitude when adding more than 25 wt% of particles. When shifting to a low shear rate

14



after 60 s of high rate shearing, the viscosity starts to build up again. In the viscosity build-up phase, a
difference between the formulations occurs. The formulation containing the least cellulose builds up
more quickly than those containing over 19 wt% cellulose, which can be explained by the difficulty of
the highly filled structures to build up again after an important decrease in viscosity and breakage of
the particles network. This might also be related to an increase in the temperature of the suspension
due to particles friction, which decreases the resin viscosity. To quantify the overall recovery of the
viscosity, a recovery percentage R(%) is calculated according to eq 6 where ni» is the average viscosity

during the last 10 s of step 3 and nsn the average of the viscosity during the last 10 s of step 5.

. - 100
R(%) = Qfin * =77 eqé6

Nin

Figure 7-B shows the recovery percentage of the inks within 60 s after the removal of the high shear
rate (100 1/s) as a function of cellulose powder content. The recovery percentage is dependent on the
cellulose weight fraction, which is inversely proportional. This tendency might be due to a permanent
disruption of the more entangled network. The viscosity recovery is between 65 and 100%, which is an
acceptable value, but for an optimized shape fidelity, this value should be maximized for a total

recovery of the structure during layer deposit.
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as a function of cellulose weight fraction in different slurries.

3.2 3D printing quality and limitations

Printing with LDM, as highlighted before, can be very restrictive and limiting as for the printable forms,
the infill level, the maximum height, and the resolution. Therefore, the printability of the spanning
structure with a low infill was inspected using the optimized paste formulation (PFA-Cell28-B).

Moreover, the maximum printing height was also evaluated using the current printing process.
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Spanning structure and infill

To assess the printability of a spanned structure, we can simply consider the minimum G’ required as
already suggested in one of the first works dealing with the concept of printability (James E. Smay,
Cesarano, et Lewis 2002). The minimum G’, given by eq 7, was determined by setting a maximum

spanning rod deflection to be 0.05XD, where D is the rod’s diameter.

Gmin=14-p-g-D-s* eq 7

Where p is the density of the fresh paste, g is the gravitational constant, and (s=d/D) is the normalized
span distance between rods. Therefore, the normalized maximum span distance(s) can be calculated
for a known value of G’ by rearranging eq 7 (eq 8) with (s=d/D). For printing the paste with a storage
modulus of 0.2 MPa, the density of 1.46 g/cm?, and nozzle diameter of 0.72 mm, the maximum span
distance with a deflection inferior to 5% is ~1.45 mm. Nevertheless, it is possible to print span distance
up to 10 mm if deflection is accepted until 25%. As one can see in Figure 8-A, the freshly printed
filament was only slightly deflected between the edges of the support when reaching a span distance

of 10 mm.

" 14-p-g
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Figure 8: Visual assessment of the spanning structure quality (A) printed filament on plastic support
with triangular-shaped hollow part (B) circular spanning structure with different infill percentages
and (C) Printed tower of spanned structure with 40% infill with no supporting shell with height

ranging from 25 mm to 60 mm.

Furthermore, to assess the performance of the spanned structure, a two-layer circular grid was printed
with different infill levels ranging from 10% to 80% which corresponds to a span distance ranging from
<0.1 mm to 6 mm. In line with the theoretically calculated span distance, the best-spanned structure
with the best quality was obtained when the span distance was inferior to 2 mm which corresponds in
our case to 40% rectilinear infill. Moreover, to investigate the effect of the extrusion flow on the quality
of the spanned structure, the extrusion flow was decreased by 10% in order to possibly enhance the

spanned structure. As one can see in Figure 8-B, this caused either a break of the extruded filament
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because of the under-extrusion or a very thin deposited filament that does not correspond to the
nozzle diameter. Therefore, when printing spanned structure, it is preferred to not exceed a spanning
distance with a deflection percentage that does not exceed a maximum of 5% of the nozzle’s diameter
which can be estimated using eq 8. It is important to highlight that this distance is proper to every

printing parameter, and printed paste.

By the same token, the printability of these spanning structures was evaluated on 3D objects by
stacking multiple layers and assessing the shape fidelity and the overall stability of the printed part. To
do so, towers with a base of 20 mm? and height ranging from 25 mm to 60 mm were printed with 40%
infill and with no surrounding contour. As one can notice in Figure 8-C when reaching a height of 25
mm the printed structure was neat and stable with no noticeable defects. When reaching 50 mm the
structure was still dimensionally stable and the span structure was also neat as we can see on the top
view. But we can notice that the tower is slightly tilted because of the stress exerted on the freshly
printed part during the transfer to the oven. When reaching 60 mm, the structure collapsed during the
travel as well, nevertheless, the tower was not stable and was continuously moving during the printing

because of the force applied by the moving nozzle which created many printing defects.

As explained in the introductory section, the maximum height, which can be supported by the fresh
paste without collapsing under its weight, can be estimated using eq 9. The maximum height (Hmax) is
estimated to be around 55 mm when printing with the optimized ink. These results are in agreement

with the observations done previously.

When the form factor of the printed part exceeds 2, destabilization can take place because of the
printing forces and also the displacement at the end of the printing process. When curing ex-situ, is
preferred to not exceed a form factor of 2 and to let the object dry in the open air at room temperature

to increase its stiffness before displacing it.

Complex structures and printing limitations

Printing by LDM technique presents different challenges than printing thermoplastics by fused filament
fabrication. These challenges are mostly related to the latent solidification when printing thermosets
as in our case. Indeed, deposing an N™ layer on top of a soggy N-1 layer can cause many issues and

limits the possible printing forms and features. For instance, bridging and overhangs can be particularly
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challenging with the current rheological performances of the paste which is commonly reported by
other authors when printing thermoset-based inks where we can rarely see any printed complex
structures. However, the printability of more complex parts as shown in Figure 9-A was possible and
successful such as the ring with a low overhang angle, a thin-walled vase (2 shells) with detailed
textures. Nevertheless, several printing defects can be detected. Indeed, a distinct mark of z-seam
when the nozzle starts a new layer can be observed in Figure 9-A. This defect is not particular to the
printed paste and is a classic issue that can be faced when printing thermoplastics as well, but this
issue can be widened when the sticky filament sticks to the nozzle tip when changing positions,
especially at higher acceleration values. This same phenomenon affected also the quality of corners
when printing rectangular objects where the corner gets round which is a common challenge when
printing with the DIW technique (Feilden 2017; Thibaut et al. 2019). Furthermore, the air bubbles
embedded during the mixing and the loading in the cartridge caused the filament (road) to break as

one can notice in Figure 9-A.

Moreover, to assess the shape fidelity, cured printed objects were scanned to compare their
dimensions to those of the digital design simulation generated by the slicer. As shown in Figure 9-B,
the scan of a cube with 40% infill and without any supporting shell showed less than 7% height
inaccuracy compared to the slicer simulation which is due to the combined effect of the post-curing
shrinkage of the thermosetting resin and the slight effect of the weight of the layers. On the other
hand, the first layer of the cube has a side 3.7% smaller than the designed model which is most likely
due to the post-curing shrinkage of the resin. However, the top layer is 12.4% smaller than the
designed dimension which is believed to be due to both the free shrinkage of the thermosetting resin
and especially the printing forces applied on the unsupported cube edges which caused the ‘drugging’
of the filament and hence reduction of the layer’s dimensions. Furthermore, the scan of a well-
supported printed ring with 100% infill and shell outlines, given in Figure 9-C, showed an approximately
3% shrinkage compared to the simulated dimensions of the inner diameter, the outer diameter, and
the height (respectively 2.92%, 3.20%, and 3.03%) which is believed to be due to the overall shrinkage

of the thermosetting resin.
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Figure 9: A selection of printed objects with a zoom on the possible defects (A), real scans, and
simulation of a top view and lateral view of an unsupported printed cube (B) and a top view and 3D

view of a filled printed ring (C).

3.3 Effect of 3D printing parameters on mechanical performances

The influence of the main extrusion settings on the mechanical performances and the morphology of
the fractured sample was assessed. To do so, different flexural bars were printed by varying the layer
height, and the raster angle while keeping the rest of the parameters fixed such as the nozzle size and
the printing speed. The layer height, ranged from 0.36 to 0.65 mm, meaning that the layer height
values vary from 50% to 90% of the nozzle diameter (H%). The raster angle was varied between 0° and

90° compared to the x axis of the printer.

Layer height effect

In the literature, the effect of layer height is not clearly understood and contradictory results can be
found on whether the layer height has an effect on mechanical performances and which
proportionality is there between these values. Many studies were conducted with different printing
techniques and parameters and some authors found that an increase in layer height increases the

mechanical properties and some others found the contrary. Moreover, it was stated that the layer
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height can have a different effect on flexural and tensile performances (Vaezi et Chua 2011) and might
change by changing the printing parameters such as raster angle, the building orientation, or even the
flow rate (Chacén et al. 2017). These different results are caused by the absence of a common
methodology to assess printed parts strength when modifying printing parameters (Kuznetsov,

Tavitov, et Urzhumtcev 2019).

In the case of our study, as one can notice in Figure 10-A/B, the variation of the ultimate bending
strength and flexural modulus in the range of layer thickness H% = {50, 65, 80, 90} % were negligible.
Nevertheless, one can notice a slight increase in the flexural performance when decreasing the layer
height which might be due to a better binding of layers due to filament squeezing. This slight increase
of the flexural strength can also be due to a more oval filament (less circular) as we can see in the SEM
images in Figure 10-C which limits the ‘triangular’ inter filament porosity. The difference in the porosity
cannot be quantified because of a high intrinsic porosity generated by the water evaporation during
the curing process and the presence of air bubbles embedded in the fresh paste. The layer height is
directly related to the number of printed layers for a given object and hence to the printing time which
should be minimized. Therefore, from a mechanical point of view, the effect of layer height can be
neglected and a larger layer can be preferred for the printing of this material. Moreover, when
decreasing the printing layer height the squeezing of the layer against each other can increase the
printing force on the already-printed fresh object which might cause the deformation of the object
especially when printing objects with a high form factor. However, one should keep in mind that a
decrease in layer height is recommended to print objects with overhangs in order to increase the

section of the filament supported by the previous layer (Thibaut et al. 2019).
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Figure 10: Effect of layer height on the mechanical performances of printed bars. (A) Evolution of
flexural modulus as a function of layer height. (B) Evolution of the ultimate flexural strength as a
function of the layer height and (C) SEM images of a fracture surface of bending specimens with a
layer height of 0.65 mm (top) and 0.36 mm (below) printed with a road width of 0.72 mm and 100%

extrusion flow and with 45° infill raster angle.

Raster angle effect

Raster angle is one of the most important parameters of 3D printing which makes the printed object
highly anisotropic. Most of the work in the literature agreed that a raster angle of 90° (in the load
direction) provided the best mechanical performance as the printed filaments are in the direction of
the load. Moreover, when printing composites with high-aspect-ratio fillers, the anisotropy of the
material is even magnified. To assess the anisotropy of the printed composites in the present work,

the flexural performances of bars printed with a raster angle of 90° and 0° are compared.
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It is worth highlighting that in bars printed with a raster angle of 0°, the load is perpendicular to the
oriented filaments and parallel to the inter-filamentary interface. As one can observe in Figure 11-A,
the flexural modulus along the printing direction is slightly higher than the modulus measured on
samples with raster printed at 0°, which can probably be due to the effect of the shear-induced
cellulose particles or to an imperfect inter-filamentary adhesion in the bars printed at angles 0°.
However, in terms of flexural ultimate strength (Figure 11-B), no significate difference can be detected
between the bars printed in both directions except for a higher dispersion in the values of the strength
obtained when the load is in along the printing direction. The ultimate strength in the printing direction

could reach 50 MPa with an average of 41 MPa.

On SEM images of the fractured cross-section in Figure 11-C, no significant difference can be detected
between the two specimens except for a slightly more important pore size which seems to be
propagated across the surface which might be a sign of a poor layer adhesion in the core of the
specimen. However, when zooming on the edge of both specimens, the inter-layer adhesion seems to
be adequate with no signs of delamination. The water evaporation during curing is therefore the main
responsible for the cracks embedded between the layers which might be the reason behind the slight

decrease in stiffness.
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Figure 11: Effect of raster angle on the flexural modulus (A) and the ultimate strength (B), and (C)
SEM images of a fracture surface of bending specimens with a raster angle of 0° (top) and 90°

(bottom).

The equality in the strength of both types of specimens suggests also that there is no effect of particles
alignment along the raster direction. Usually, the alignment of the particles is proportional to the shear
rate (y) applied on the extrudate which also depends on the nozzle size (R) and type, and the extrusion
rate as suggested by Rabinowitsch—Mooney in equation (eq 10) where Q is the volume flow rate and
n is the thinning exponent of the shear-thinning material. A filament was extruded using a large nozzle
of 1 mm and a more restrictive nozzle with 0.5 mm diameter with a low and high extrusion rotation

speed of respectively 25 and 275 rpm (which is directly correlated with extrusion flow rate).
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4Q ,3n+1

V= G eq 10

When extruding with the large nozzle, Figure 12-A shows the presence of pores in the core of the
filament, whereas nearly no pores are observed in the first 150-200 um below the filament surface.
This pores distribution was associated with an effective vapor degassing close to the filament surface
and vapor segregation in the filament core. Particles seem to be randomly oriented with no clear
orientation in the extrusion direction as we can see on the surface of the filament in the zoomed image
on the cross-section where one can notice that some of the cellulose fibers are parallel to the surface
of the fractured region and some of them are even broken transversally which can explain the isotropy
of the resulting material. No difference was noticed when increasing the extrusion flow rate except for

a slight decrease in the porosity but this difference is marginal.

Whilst for the filament extruded with a 0.5 mm nozzle, the first change one can notice is the decrease
in the porosity of the filament, which is due to the decrease in the thickness of the filament which
facilitates the water evaporation and degassing during the curing phase. In terms of particles
alignment, no effect could be noticed as one can see in Figure 12-B, when further increasing the shear
rate, the surface of the filament displays the same roughness with no visible alignment, as confirmed
by the zoomed observation on the cross-section. This non-alignment of cellulose particles is not
surprising as the aspect ratio of the used particle is limited. However, in the case of the addition of a

larger fraction of longer fiber, the anisotropy of the printed object should be taken into consideration.
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Figure 12: SEM images of an extruded filament through (A) 1 mm nozzle and (B) 0.5 mm nozzle with

two different levels of extrusion flow rate.
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4 Conclusions

In this work, a new fully bio-based composite material for 3D printing by extrusion was
developed. The material formulation was optimized based on the use of a bio-based
poly(furfuryl alcohol) thermosetting resin which played the role of a binder and cellulose
powder which was used as a rheology modifier to tune the rheological properties of the slurry.
To optimize the printability of the slurry, 6 different formulations were prepared with varied
cellulose content and the rheological behavior was characterized to assess their eventual
printability. The rheological study revealed that:

e The shear-thinning behavior of all the slurries is maximized with the addition of at least 25 wt%
fillers.

e The yield stress and stiffness increased with the increase of fillers content, to reach respectively
1.46 kPa and 270 kPa when adding 29 wt% of cellulose powder.

e The slurries containing cellulose powder exhibited a thixotropic behavior, but the viscosity
recovery decreased when increasing the cellulose content and it was limited to 60% when adding
28 wt% of fillers, against 98% when adding only 16% of cellulosic particles.

According to these rheology features, the ink formulation containing at least 25 wt% of cellulose and

less than 6.6 wt% of solvent (imported by the resin and the catalyst) has the highest potential for 3D

printing by material extrusion.

Furthermore, the effect of layer height, and raster angle, on mechanical performances were
addressed. It was found that these parameters have no significant effect on the mechanical properties
of the tested specimens. However, it is recommended to limit the layer thickness. On the other hand,
the inter-layer and inter-filamentary adhesion were shown to be optimum which discarded the
delamination issues. In general, the printed specimens exhibited a flexural modulus ranging from 3 to

3.5 GPa and ultimate strength between 40 and 50 MPa.

Finally, the printing quality of the developed material was demonstrated to be adequate for the

fabrication of simple and relatively more complex objects.
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