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Abstract Micro- and nano-scale cellulosic fillers
exhibit excellent dispersion and distribution within
a thermoplastic matrix during the process of melt
compounding or injection molding. In this study,
spray-dried cellulose nanofiber (SDCNF) powders
were manufactured using a pilot-scale rotating disk
atomizer spray dryer. Bleached Kraft pulp (BKP),
unbleached Kraft pulp (UKP), and old corrugated
cardboard pulp (OCC) fibrillated at a fines level of
90% were used as feedstock materials for spray-dry-
ing. BKP-, UKP-, and OCC- SDCNFs were com-
pounded with polypropylene using a twin screw
co-rotating extruder. Maleic anhydride grafted poly-
propylene (MAPP) was used as a coupling agent in
the composite formulations. The tensile, flexural,
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and impact properties of SDCNF-filled PP compos-
ites increased at 10 wt% SDCNF loading. The pres-
ence of SDCNFs in the PP matrix resulted in faster
crystallization and a 12% reduction in the degree of
crystallinity of the neat PP. The coefficient of ther-
mal expansion (CTE) of neat PP was reduced by up
to 31% attributable to the presence of the SDCNFs.
Application of the SDCNF-reinforced PP compos-
ites in 3D printing reduced the shrinkage rate of the
printed neat PP by 39%, and the printability of the PP
was significantly improved with the addition of the
SDCNFs.

Keywords 3D printing - Cellulose nanofibrils -
Spray-drying - Polypropylene

Introduction

The 3D printing process, also known as additive man-
ufacturing (AM) builds three-dimensional objects by
adding materials layer by layer based on a computer-
aided design (CAD) model. AM can streamline the
production process by eliminating the need for intri-
cate tooling or setups, resulting in time and money
savings (Gao et al. 2015). Different types of raw
materials including thermoplastics, metal powders,
sand, and cement require different AM techniques
to create parts (Thompson et al. 2016). For instance,
thermoplastics can be printed using fused filament
fabrication (FFF) or fused pellet modeling (FPM),
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commonly referred to as fused layer modeling (FLM),
which is operated using a melt extrusion-based
method (Vaes and Van Puyvelde 2021). FLM technol-
ogy utilizes both filament- and pellet-fed extruders
(Shaik et al. 2021). A filament-fed extruder is typi-
cally used for a small-scale and desktop 3D printing
(Shah et al. 2019). The disadvantage of filament fed
extruders is the limited variety of materials available
for 3D printing (Moreno Nieto et al. 2018). The qual-
ity of filament has a significant impact on the final 3D
printed parts, particularly in the case of wood-based
reinforced thermoplastic composites (Gardner and
Wang 2019). If the wood-based filler absorbs mois-
ture, the moisture penetrates the material and can be
trapped inside the filament. The trapped moisture can
turn into steam and expand during the extrusion pro-
cess, reducing the dimensional tolerances and form-
ing a non-circular filament which can negatively
affect the quality of the printed parts (Kuboki 2014;
Pickering and Stoof 2017). For pellet-fed extruders,
the pellets can be added to extruders without a pro-
cess step of pre-manufactured filaments, resulting in a
wider range of materials available for 3D printing and
are less expensive than filament fed extruders. Pel-
lets can also be melted and extruded at higher rates
with less nozzle clogging than filament fed extrud-
ers, making pellet-fed the extruders the standard for
large-scale extrusion-based 3D printing (Woern et al.
2018). The pellet-fed big area additive manufacturing
(BAAM) 3D printer was developed in 2015 by the
Oak Ridge National Lab and Cincinnati Machinery
(Love 2015).

Polypropylene (PP) is a widely used commod-
ity semicrystalline thermoplastic that finds applica-
tions in various industries such as the automotive,
packaging, medical devices, and consumer prod-
ucts attributable to its useful properties of low cost,
good processability, resistance to weathering, high
impact, and recyclability (Yang et al. 2013; Peltola
et al. 2014; Mazzanti et al. 2019). The benefits of PP
also contribute to increasing interest in applying PP
to FLM technology (Carneiro et al. 2015). However,
the high crystallinity and its relatively higher coeffi-
cient of thermal expansion (CTE) makes PP prone to
the shrinkage or warping of 3D printed parts during
crystallization (Savu et al. 2019; Lamm et al. 2020).
These material properties limit the applicability of PP
in FDM technology compared to other semicrystal-
line thermoplastics including polylactic acid (PLA)
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and acrylonitrile butadiene styrene (ABS) (Fitzharris
et al. 2018; Savu et al. 2019). Previous studies have
shown that blending PP with other thermoplastics
(e.g., polyethylene terephthalate, polyamide 6, poly-
lactic acid, polystyrene) can reduce shrinkage attrib-
utable to the increased amorphous regions of PP com-
posites (Chatham et al. 2019; Peng et al. 2019; Choe
et al. 2022; Chu et al. 2022). Incorporating inorganic
reinforcing fillers including glass, carbon, and talc
fibers into PP reduces the shrinkage of the printed
parts by increasing the crystallization temperature
and thermal conductivity (Spoerk et al. 2018a; Sodei-
fian et al. 2019; Austermann et al. 2023). Further-
more, smaller sized, spherical shaped fillers including
glass spheres and perlite also reduces the warpage
of PP attributable to a higher interfacial bonding
between the fillers and the matrix. In addition, micro/
nano fillers can reduce the degree of crystallinity of
PP (Spoerk et al. 2017a, 2018b).

Interest in utilizing natural-based fillers as rein-
forcement in thermoplastics is increasing attributable
to severe environmental concerns (Ho et al. 2012).
According to a business data platform (Garside
2023), as of 2022, the global market volume of poly-
propylene was 79 million metric tons and is expected
to increase to 105 million metric tons by 2030. Since
PP is not a biodegradable material, using natural-
based fillers as reinforcing agents in PP can act as a
means to preserve the environment, proportional to
the amounts of natural-based fillers used. Previous
research has shown that the shrinkage rates of PP can
be reduced by adding natural-based fillers includ-
ing harakeke, hemp, and gypsum, and the reduc-
tion in warpage increases as filler contents increase
(Stoof and Pickering 2018). However, the issue of
filler agglomeration remains a challenge for achiev-
ing significant reductions in warpage during 3D
printing (Spoerk et al. 2019). Spray-dried cellulose
nanofibrils (CNFs), referred to as spray-dried CNF
(SDCNF) powder can be a potential alternative as a
reinforcing filler in thermoplastics. This is because of
their excellent dispersion and distribution in polymer
matrices attributable to their small-sized individual
particles (Peng et al. 2012a; Wang et al. 2016). The
rotary disk atomizer is one of the spray drying tech-
niques, and the primary drying principle involves
centrifugal force with a rotating atomizer. This spray
dryer is commonly used in various industries includ-
ing the pharmaceutical, chemical manufacturing, and
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food attributable to its scalability, high capacity, and
efficient drying capabilities (Huang et al. 2006; Woo
et al. 2007; Chegini et al. 2012). According to (Wang
et al. 2018b), a 10 wt% SDCNFs reduced the shrink-
age of isotactic polypropylene (iPP) by increasing
nucleation sites induced by the small and spherical
shapes of SDCNFs. In addition, the lower coefficient
thermal expansion (CTE) of SDCNFs compared to
the PP matrix also reduces the warpage of iPP. How-
ever, the warpage test was not evaluated by the 3D
printing in Wang’s research.

The hydroxyl rich surface of cellulose fibers is
incompatible with non-polar polymer matrices. This
incompatibility often leads to the clumping of the
fibers, resulting from hydrogen bonding among the
fibrils during thermoplastic compounding processes
(Kalia et al. 2014). Maleic anhydride-grafted poly-
propylene (MAPP) coupling agent is often used to
enhance interfacial bonding between cellulosic mate-
rials and the PP matrix. The maleic anhydride func-
tional group from MAPP and hydroxyl groups in
cellulose can be cross-linked either through esterifica-
tion or hydrogen bonding, and the PP tail of MAPP
becomes entangled with the molten PP matrix (de
Melo et al. 2009).

In this study, cellulose nanofibril (CNF) suspen-
sions were produced using a thermo-mechanical
refiner with bleached Kraft pulp (BKP), unbleached
Kraft pulp (UKP), and old corrugated cardboard pulp
(OCC) as feedstock materials. The CNF suspensions
were spray-dried using a rotary disk atomizer to pro-
duce SDCNFs, followed by the analysis of the mor-
phological properties and particle size distribution
of the resulting SDCNF powders. BKP-, UKP-, and
OCC- SDCNF powders were compounded with PP
using a twin-co rotating extruder, and a maleic anhy-
dride-grafted polypropylene (MAPP) coupling agent
was used in the compounding process. After analyz-
ing the mechanical and rheological properties, as well
as thermal analysis of injection molded SDCNF-rein-
forced PP composites, the filled PP composites were
applied to FLM using a pellet-fed 3D printer (Gigabot
X) to evaluate the effect of SDCNFs on the warpage
and printability behavior of PP. This study focused on
determining the effects of utilizing SDCNF powders
on the strength characteristics and thermal analysis
of a PP matrix, and evaluating how these changes
affect printability in 3D printing applications. Lab-
scale experiments often provide initial insights into

material behavior and printing feasibility before
moving forward to pilot or industrial-scale 3D print-
ing. For example, the University of Maine and Oak
Ridge National Laboratory produced a 3D printed
56 m?> modular house using a thermoplastic polymer
with added cellulosic reinforcing filler, named Bio-
Home3D (Robles Poblete et al. 2023; Saavedra-Rojas
et al. 2024).

Materials and methods
Cellulose nanofibrils

Bleached Kraft pulp (BKP), unbleached Kraft pulp
(UKP), and old corrugated cardboard pulp (OCC)
were used to produce cellulose nanofibril (CNF) sus-
pensions as feedstock materials for spray drying. A
3.0 wt% solid content of CNF suspensions was pro-
duced by the University of Maine Process Develop-
ment Center (Bilodeau and Paradis 2018). A thermo-
mechanical refiner was used to produce the CNF
suspensions, and these suspensions were defibrillated
to achieve a fines content of up to 90%. The fines con-
tent was measured by a MorFi Compact (TechPap,
Grenoble, France) indicates the percentage of fibers
in the CNF suspensions shorter than 200 pm in the
total fiber count from the refining process. For exam-
ple, 100% fines content of fines level indicates that all
fibers are less than 200 pm in length.

Spray drying

CNF suspensions were spray-dried using a pilot-scale
rotary disk atomizer. A 3.0 wt% of CNF suspension
was diluted to 1.0 wt% solid content prior to spray
drying. The drying conditions for all CNF suspen-
sions were set to an inlet temperature of 240 °C, a bag
house temperature of 118 °C, an air fan speed of 86%,
a heater capacity of 54%, a pump capacity of 50%,
and a disk spinning speed at 30,000 rpm. The out-
let temperature was maintained at 248 °‘C during the
spray drying process.

Composite manufacturing
A random copolymer polypropylene (Pro-fax 6525,

LyondellBasell, Rotterdam, The Netherlands) was
used as the polymer matrix. The coupling agent used
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was Maleic anhydride-modified homopolymer poly-
propylene (MAPP) (Polybond 3200, Lawrenceville,
GA, USA). 10 wt% SDCNF-filled PP composites
were compounded using a melt co-rotating twin-
screw extruder (C. W. Brabender Instruments, South
Hackensack, NJ, USA) (Table 1). The extruder was
set to a temperature of 180 °C for all 5 heating zones
and a speed of 100 rpm, and a two-nozzle die with a
nozzle diameter of 2.7 mm was used. The composite
extrudates were ground using a granulator (Hellweg
MDS 120/150, Hackensack, NJ, USA). A Model #50
“Minijector” injection molder, set at a ram pressure
of 2500 psi and a temperature of 200 °C, was used
to produce mechanical testing specimens according
to ASTM standards: D 638-10 for the tensile test,
D 790-10 for the flexural test, and D 256—10 for the
notched IZOD impact test, respectively.

3D printing

A pellet fed extrusion-based 3D printer Gigabot X
(re:3D, Austin, TX, USA) was used in this research
having a nozzle arranged vertically along with a com-
pression screw with three heating zones. The heating
zones, numbered O, 1, and 2, are vertically aligned at the
top, middle, and bottom, respectively. For the printed
tall hexagon, the temperatures were set to 207 °C,
197 °C, and 187 °C for zones 0, 1, and 2, respectively.
The temperature decreases by 10 °C sequentially from
zone 0 to the next to prevent the burning of composite
pellets. Temperature settings for other printed objects
are detailed in Table 2. Simplify 3D software (Sim-
plify 3D, OH, USA) was used to control the 3D print-
ing process. Four different types of objects including a
tensile specimen (ASTM D638 Type 1), rectangular,
cylinder, and hexagon shapes were printed, and the
printing conditions for each type of object are detailed
in Table 2. Gorilla (Gorilla Glue Co., OH, USA) duct

support for the upper layers during the 3D printing
process. A higher printing temperature than that of the
melt temperature of the polymer was set to improve
the flowability of the molten polymer during printing.
Before printing objects, a purging system was utilized
to determine the optimal printing temperature. This sys-
tem operated the screw while the printing head was sta-
tionary. For the rectangular, tall hexagon, and cylinder,
a temperature of 207 °C was applied. However, for the
tensile specimens, a slightly higher temperature of 212
°C was needed. This adjustment is likely attributed to
the requirements for smaller-sized objects, which need
thinner and smaller deposited layer sizes compared to
the other printed objects.

Morphological properties and particle size
distribution of SDCNFs

Scanning electron microscopy (SEM) images of
SDCNF powders and fractured specimens after the
IZOD impact tests were analyzed using a Hitachi Tab-
letop Microscope SEM TM 3000 (Hitachi High-Tech-
nologies Corporation, Tokyo, Japan). The accelerating
voltage was set to 15 kV, and the magnification was
adjusted automatically.

Particle size distribution (PSD) of the powder sam-
ples was measured using a Mastersizer 2000 (Malvern
Instruments, Worcestershire, United Kingdom). 1 g of
each powder sample was measured after being placed
on the tray in the Scirocco 2000 attachment (Malvern
Instruments, Worcestershire, United Kingdom), with
the particle refractive index set at 1.53. In this study, the
average particle size of the sample is represented as the
surface area [D3,2] value, resulting from a Mastersizer
2000. This is also referred to as Sauter mean diameter,
as defined by Eq. (1) (Bellino et al. 2001; Linsinger
et al. 2019):

. 1
tape made of butyl rubber was used to improve adhe- d;, = —= - 6 1
: . Y. B specific area )]

sion between the first layer and the printer bed plate. A i g,
skirt was applied to the rectangular object to provide
Table 1 PP SDCNF Composite Fibrillation level PP (wt%) Filler (wt%) MAPP (wt%)
formulations (wt%)

Neat PP - 100 0 0

BKP SDCNF-PP 90% 85 10 5

UKP SDCNF-PP 90% 85 10 5

OCC SDCNF-PP 90% 85 10 5
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Table 2 3D Printing
parameters for the PP
SDCNF printed objects

3D printing
design model

specimen

Tensile Rectangular

Hexagon

Cylinder

X
Size Y
Z

Zone
0
Temperat Zone
ure 1
Zone
2
Printing speed
Outline/Perimeter
shells
Z-Axis
Skirt layers/Skirt
outlines

Outline direction

Internal infill
angle offsets
Interior fill
percentage

165 mm 170.87 mm 65.2 mm
19 mm 375.59 mm 65.2 mm 65.2 mm
2.1 mm 92.13 mm 60 mm 60 mm
212 °C 207 °C 207 °C 207 °C
202 °C 197 °C 197 °C 197 °C
192 °C 187 °C 187 °C 187 °C
6 mm/s 7 mm/s 7 mm/s 7 mm/s
2 1 1 1
2.6 mm 1.8 mm 2.5 mm 2 mm
- 2/2 - -
Outside-in Outside-in Outside-in Outside-in
0° 0° 0° 0°
0% 0% 0% 0%

d;; Mean diameter of class i, P;: Relative volume
probability of class i.

High Sensitivity (HS) Circularity and aspect ratios
of samples were measured using a Morphologi-
G3-ID morphologically directed Raman system (Mal-
vern Instruments, Worcestershire, United Kingdom).
A value closer to 1 in HS Circularity is an indicator
of a shape that is more circular. The aspect ratio value
(width over length) from the Morphologi-G3 is a
reciprocal form compared to its commonly accepted
interpretation (length over width). The two equations
below are the HS Circularity Eq. (2) and aspect ratio
Eq. (3) from the Morphologi-G3 analyzer (Ulusoy
and Kursun 2011).

HS Circularity = Lreaz 2)
Perimeter
. Width
A t Ratio =
spect Ratio Length (3)

Mechanical properties of PP composites

A universal testing machine (Instron 5966) with a
10 kN load cell was used to determine tensile and
flexural properties. The tensile strength and tensile
modulus of elasticity tests were conducted accord-
ing to ASTM D638-10 standard (Kwon et al. 2014),
and an extensometer was used to measure the elonga-
tion of the specimens. The crosshead speed was set
at 5 mm/min. Flexural strength and flexural modulus
of elasticity tests were performed according to ASTM
D790-10 (Appels et al. 2019). Displacement control
loading was set to a testing rate of 1.4 mm/min. The
applied span was 5.08 mm long for a length/depth
ratio of 16. A Ceast pendulum impact tester (Model
Resil 50B) was used to measure the Izod impact
strength according to ASTM D256-10 (Wang et al.
2018a), and a V-notch was produced on the impact
specimens using a Ceast notch cutting machine. Ten
impact specimens were tested for each formulation.

@ Springer
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Viscoelastic properties of PP composites

The complex viscosity of PP composites was meas-
ured using a TA DHR-3 rheometer (TA Instruments,
USA). All dynamic experiments were conducted at
207 C using an 8 mm parallel plate geometry. The
rheometer frequency varied from 0.1 to 100 rad/s.

Dynamic mechanical analysis (DMA) was per-
formed using a TA DMA 850 (TA Instruments,
USA), and the results were determined using TA
TRIOS software. The tests were carried out using a
50 mm three-point bending clamp with a frequency
of 1.0 Hz and strain of 0.01%. A temperature range of
-30 to 120 °C at a ramp rate of 30 ‘C/min was used for
the DMA testing. A flexural specimen (ASTM D790)
was used for the DMA test.

Thermal analysis of PP composites

Differential scanning calorimetry (DSC) tests were
conducted using a TA DSC 2500 (TA Instruments,
USA), following a sequential heat-cool-heat method.
Data analyses were performed using TA TRIOS
software. A sample weighing between 5 and 10 mg
was sealed in an aluminum pan and subjected to
heating from room temperature to 180 “C at a heat-
ing rate of 10 ‘C/min. This process was conducted
under a nitrogen atmosphere, with a flow rate of 50
mL/min. The 1st heating scan in the DSC was used
to erase the thermal history of the polymer, and the
samples were then cooled to -30 “C at a cooling rate
of 5 ‘C/min. The 2nd heating scan was performed
up to 180 C at a heating rate of 10 °C/min, and the
degree of crystallinity was calculated from the melt-
ing enthalpy of the 2nd heating cycle using Eq. (4)
as follows.

AHmo x 100% 4)

% Xtal =
AHm

*AHm: the measured melting enthalpy, AHm °:
the reference value for the heat of melting. For poly-
propylene, this reference value is 207 J/g (Sahin and
Yayla 2005; Aljnaid and Banat 2021).

The coefficient of thermal expansion (CTE) was
performed using a TMA Q400 (TA Instruments,

USA), and the results were determined using TA
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Universal Analysis software. The thermomechani-
cal analysis (TMA) samples were cut from the
flexural specimens (6.5 mm in length, 4.5 mm in
width, and 3.2 mm in thickness). The CTE was
measured along the direction of flow in the injec-
tion molded samples. The set temperature range
was -30 C to 120 C at a ramp ratio of 5 ‘C/min.
The CTE of samples was calculated at a temperate
range between 25 to 100 C. Equation (5) used to
calculate the CTE is as shown below (James et al.
2001).

a=AL/L,AT ®)

* AL is the change in length of the specimen
caused by temperature change, L, is the length of
the specimen at room temperature, AT is the change
in temperature. Three samples were tested to deter-
mine average CTE values.

Measurement of shrinkage and printability of 3D
printed parts

The shrinkage of the 3D oriented parts was deter-
mined using a tensile specimen Type 1 and a rec-
tangular object. The distances between both curved
sides of the printed parts and print bed were meas-
ured using Image-J software (Image-J 1.53e, Mont-
gomery, MD, USA) to evaluate the shrinkage rates.
The quality of the printed parts was assessed using
the printed tall hexagon and cylinder objects.

Statistical analysis

This study utilized JMP Pro 17 (SAS Institute Inc.,
Cary, NC, USA) for the statistical analysis of poly-
propylene (PP) composites. The analysis was per-
formed using a one-way ANOVA, followed by the
Tukey—Kramer (Honestly Significant Difference)
HSD test. The Tukey—Kramer results were presented
through a connecting letter report, which identified
significantly different groups. The presence of various
alphabetical markers on the tables and graphs indi-
cates that each different letter represents a significant
difference among groups. Statistical analysis was con-
ducted only if the p-value was less than 0.05.
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Results and discussion

Morphological properties and particle size
distribution of SDCNFs

Figure 1 shows the SEM images of the 90% fines level
of BKP-, UKP- and OCC-SDCNFs. SDCNF powders
produced from all feedstock materials were observed
as fine powders without fiber clumps. The UKP-SDC-
NFs contained a higher amount of fibrous material
than those of the BKP SDCNFs, and a larger portion
of fibrous material was observed in the OCC SDC-
NFs compared to the UKP SDCNFs. BKP-SDCNFs
contained the smallest aspect ratio and highest HS
Circularity, followed by the UKP-SDCNFs and OCC-
SDCNFs, respectively (Fig. 2). However, the aspect
ratio and HS circularity among the BKP-, UKP-, and

low 1000 900 Fines leve] | X100
resolutionjii i) BKP. R

Medium | X500, <", ‘g

resolution

High  Ix2000«

, 90% Fines level ; *2000
resolution® %

JBKP+ *

OCC-SDCNFs exhibited a similar trend, with circu-
lar-shaped powders and low aspect ratio fibrils. These
findings are consistent with the results obtained from
the SEM images. It can be noted that BKP SDCNFs
had the smallest particle size with the narrowest par-
ticle size distribution among the feedstock materials
(Fig. 3). In general, the BKP pulp contains a higher
cellulose content than that of the UKP and OCC
pulps resulting from the bleaching treatment on the
BKP pulp, resulting in higher refining efficiency (Fei-
joo et al. 2008). In contrast, the refining efficiency is
lower in the UKP and OCC pulps because of higher
lignin content in the pulps. Lignin can act as a role
of cement between the fibers leading to less separa-
tion of the fiber bundles during the refining process
(Yook et al. 2020; Copenhaver et al. 2021). During
the spray drying process, the bulk liquid, referred to

leval X100

90%;Fines level
OCC '

90% Finesflevel 2900 = 90% Fines level

Fig. 1 SEM micrographs (upper: low resolution, middle: medium resolution, bottom: high resolution) of 90% fines level of BKP-,

UKP-, OCC-SDCNFs
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Fig. 2 Aspect ratio (a) and (a) (b)
. . 60 80
HS circularity (b) of 90% BKP SDCNFs BKP SDCNFs
fines level of BKP-, UKP-, UKP SDCNFs UKP SDCNFs
OCC-SDCNFs —0CC SDCNFs —OCC SDCNFs
60
40
3 B
o [
£ Ea0
2 2
S S
20
20
[} o

0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1

as "ligaments," is emitted from the rotating atomizer
and subsequently broken down into fine droplets. The
droplets are exposed to hot air in the drying chamber,
causing the water to evaporate. Following the evapo-
ration of water, the remaining cellulose fibrils within
the droplets begin to agglomerate, resulting in the
formation of particles (Peng et al. 2012b). The less
fiber bundles in the BKP-CNF slurry are inserted into
the droplets during spray drying, producing smaller
particle sizes. Furthermore, the higher repulsive
force of the BKP fibrils (20 mV) compared to that
of the OCC fibrils (—8.2 mV) determined from zeta
potential analysis can cause them to become distant,

0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1

Aspect ratio HS circularity

resulting in a smaller number of fibrils being inserted
into a droplet during spray-drying, forming smaller
individual particles (Cellard et al. 2007; Kelly et al.
2021; Hwang et al. 2023c). In comparison, the OCC
SDCNFs exhibited a wider particle size distribution
and a higher aspect ratio. This is likely attributed to
the inherent properties of the OCC pulp, which tends
to become stiff or rigid as a result of the repeated
pulping and drying operations in the refining process
(Sangtarashani et al. 2020; Lin et al. 2020a). The stiff
OCC fibers might form fewer circular shapes, result-
ing in retaining a larger portion of their fibrous struc-
ture (Hwang et al. 2023c).

Fig. 3 Particle size distri- 8
bution of 90% fines level BKP SDCNFs
of BKP-, UKP-, OCC- UKP SDCNFs
SDCNFs 6 ——0CC SDCNFs
x
Q4
S
2
o
)
0 !
1 4 16 64 256 1024 4096
Particle size, pm
BKP SDCNFs UKP SDCNFs OCC SDCNFs
D [3, 2] 14.92 19.14 21.70
d (0.1) 712 9.00 9.30
d (0.5) 21.22 27.37 36.02
d (0.9) 59.97 85.96 192.94
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The particle size and morphological properties
of spray-dried cellulose nanomaterials can vary
based on the feedstock and drying conditions,
and also, depending on the spray drying tech-
nique utilized. In general, there are three differ-
ent spray drying techniques: the rotary disk atom-
izer, the two-fluid nozzle, and ultrasonic-assisted
spray drying. Smaller-sized droplets can be pro-
duced in order from the ultrasonic-assisted spray
dryer, two-fluid nozzle, and rotary disk atomizer,
producing a size range of droplets from nano- to
micrometers. The nanometer spray-dried cellu-
lose nanomaterials dried by an ultrasonic-assisted
spray dryer can be applied in many industries,
including solvent casting and -electrospinning,
attributable to their excellent dissolution and
distribution in liquid states (Sanders et al. 2023;
Hwang et al. 2023a; Dai et al. 2024; Qosim et al.
2024). However, it should be noted that the pow-
der productivity rates might be much lower in the
ultrasonic-assisted spray dryer compared to other
spray drying techniques attributable to its drying
technique. The rotary disk atomizer enables mass
production of powders, and this method is easier
to scale up to pilot-scale, which leads to the utili-
zation of this spray dryer in 3D printing.

Mechanical properties of PP composites

Table 3 shows the mechanical properties of 10 wt%
SDCNF-filled PP composites, demonstrating that the
addition of SDCNFs led to improvements in all the
mechanical properties of the neat PP. After adding
10 wt% SDCNFs, the tensile strength, tensile modu-
lus of elasticity, flexural strength, and flexural modu-
lus of elasticity of neat PP increased by up to 29%,
66%, 15%, and 27%, respectively. The mechanical
properties of the filled PP composites are increased
by improving the interfacial bonding between natu-
ral filler and PP matrix using the MAPP coupling
agent. Larger surface areas with a greater amount of
hydroxyl groups on the SDCNF surfaces can bond
with PP chains through hydrogen bonding and esteri-
fication, resulting from the use of MAPP (Keener
et al. 2004; Li et al. 2007; Chun et al. 2015). In addi-
tion, the excellent dispersion and distribution of fill-
ers in the PP matrix occurred during the extrusion
and injection processes attributable to the small size
of the SDCNFs, increased the mechanical proper-
ties of neat PP (Soccalingame et al. 2015; Peng et al.
2016; Hwang et al. 2023a, 2024). It appears that the
narrower particle size distribution with a larger sur-
face area of BKP- and UKP-SDCNFs than that of

Table 3 Tensile strength and tensile modulus of elasticity, flexural strength and flexural modulus of elasticity, and impact strength of

PP composites

Mechanical properties Neat PP BKP SDCNF-PP  UKP SDCNF-PP  OCC SDCNF-PP
Tensile strength (MPa) Average 25.84 33.28 33.21 31.48
Standard deviation  1.02 0.47 0.36 0.48
Group* C A A B
Tensile modulus of elasticity (GPa) Average 1.22 1.96 2.02 1.72
Standard deviation ~ 0.12 0.09 0.05 0.06
Group* C A A B
Flexural strength (MPa) Average 47.83 54.58 54.72 54.96
Standard deviation  1.11 1.29 0.68 1.10
Group* B A A A
Flexural modulus of elasticity (GPa)  Average 1.35 1.71 1.71 1.72
Standard deviation  0.08 0.10 0.03 0.05
Group* B A A A
Impact strength (J/m) Average 34.40 37.88 37.25 31.70
Standard deviation  6.66 3.17 3.26 3.23
Group* AB A A B

*Statistical significance
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OCC-SDCNFs leads to a further improvement in
the interfacial bonding between the filler and matrix
induced by MAPP, resulting in a larger increase in
the tensile properties (Dittanet and Pearson 2012;
Seydibeyoglu et al. 2023; Hwang et al. 2024). The
lower increase in tensile properties of OCC-SDCNF
filled PP composite might be attributable to the
higher portion of filler agglomeration attributable to
the larger particles’ sizes. In general, a higher aspect
ratio of individual particles can increase the tensile
properties of PP composites; however, there was no
difference in aspect ratio values among the differ-
ent feedstocks in this study. Statistical analysis of
the tensile strength and tensile modulus of elastic-
ity supports the results, as determined by statisti-
cal significance testing and letter differences from
ANOVA and Tukey HSD tests. Neat PP is catego-
rized as group C, while the BKP- and UKP-SDCNF
filled PP composites are in group A, and the OCC-
SDCNF filled PP composite is in group B. Group C,
represented by neat PP, shifted to groups A and B
after the addition of SDCNFs. Moreover, group B,
of the OCC-SDCNF filled PP composite, exhibits
lower tensile properties compared to group A, of the
BKP- and UKP-SDCNF filled PP composites. The
flexural properties of OCC-SDCNF filled PP com-
posite was similar to BKP- and UKP-SDCNF filled
PP composites, and this is likely attributable to the
intrinsic stiffness characteristics of OCC fibers from
repeated pulping and drying processes in the refin-
ing process (Hwang et al. 2023c, 2024). The statis-
tical analysis of the flexural strength and flexural
modulus of elasticity was observed with neat PP in
group B, and all SDCNF-filled PP composites were
categorized as group A. It is worth mentioning that
the impact strength of the neat PP increased after add-
ing SDCNFs, except OCC-SDCNFs. A larger parti-
cle size with a high aspect ratio of filler can decrease
the impact strength of filled composites attributable
to the stress concentration resulting from the larger
size of the filler, providing crack initiation within the
polymer matrix (Hwang et al. 2024). Furthermore,
the addition of the coupling agent in the composites
restricts polymer mobility and minimizes fiber pull-
outs from the matrix, resulting in a further reduction
in the impact strength of the filled composites (Feld-
mann et al. 2016; Thomason and Rudeiros-Fernandez
2018; Hwang et al. 2023b). In the statistical analysis
of the impact strength, the neat PP is categorized as
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group AB, and the BKP- and UKP-SDCNEF filled PP
composites are in group A, while the OCC-SDCNF
filled PP composite is in group B. This shows that the
impact strength of neat PP increased after the addi-
tion of BKP- and UKP-SDCNFs, while it decreased
with the addition of OCC-SDCNFs. It is believed that
the smaller-sized SDCNF particles could effectively
hinder crack initiation in the PP matrix, leading to
higher impact resistance of the PP composites. The
impact strength of PP slightly decreased after adding
OCC-SDCNFs, and this might be attributable to their
larger particle size compared to the BKP- and UKP-
SDCNFs. It was confirmed in previous research that
the impact strength of the PP composites filled with
10 wt% 100-mesh screened wood flour containing an
average particle size of 38 um, was 16 J/m (Hwang
et al. 2024). This value is half of that observed for the
OCC-SDCNFs filled PP composite, and the average
particle size of the OCC-SDCNFs is 21 um.

It can be noted that the comparison of the mechan-
ical performance between 5 wt% and 10 wt% SDCNF
filler-filled PP composites was performed in our
previous research. This research indicated that the
mechanical performance of the 10 wt% SDCNF-filled
PP composites was higher compared to those with 5
wt% addition. This is likely attributable to increased
rates of hydrogen bonding or esterification reactions
between the fiber surface and PP chains, induced by
MAPP, as the filler content increased. Exceeding 10
wt% might have a negative effect over the benefits,
attributable both to the filler agglomeration within
the PP matrix, and also, to an increase in the manu-
facturing cost of the polymer composites. Further
discussion regarding the relationship between the
morphological and size distribution of SDCNFs and
mechanical properties of SDCNF-filled PP compos-
ites is presented in detail in our previous research
(Hwang et al. 2023a, b, c, 2024).

Rheological and viscoelastic properties of PP
composites

Non-Newtonian fluid behavior was observed as shear
thinning (pseudoplastic) for all samples (Fig. 4a), the
complex viscosity (n*) decreased as the shear rate
increased (Marcovich et al. 2004). The complex vis-
cosity of PP increased with the addition of SDCNFs
and MAPP. This is likely attributable to the restricted
movement of PP chains resulting from intermolecular
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interactions between the filler and matrix (Seo et al.
2022). According to Hwang et al. 2024, the com-
plex viscosity of 10 wt% UKP-SDCNF filled PP
was higher by up to 3 times than that of 10 wt% WF
addition at 0.1 rad/s. This is likely attributable to
the well-distributed and dispersed the smaller-sized
SDCNEF particles within the PP matrix, and a larger
surface area of SDCNFs, forming stronger interac-
tions between the filler and matrix, compared to WF
addition (Hanemann 2008; Spoerk et al. 2019).

The storage modulus reflects the elastic behavior
of the composite which is related to the stiffness of
the polymer composite (Kord et al. 2017). Figure 4b
shows a relation between temperature and stor-
age modulus (E’) of the PP composites. The storage
modulus of the PP composites decreased as the tem-
perature increased, attributable to the softening of
the PP composites (Karaduman et al. 2014). It was
confirmed that the peak storage modulus of neat PP
increased with the addition of reinforcing materials.
This is likely attributable to the fact that the restricted
mobility of PP chains induced by fillers leads to an

increase in stress transfer between the polymer matrix
and the filler at the interface, resulting in an improve-
ment in the stiffness of the composite (Romanzini
et al. 2013; Karaduman et al. 2014).

The loss modulus reflects the viscous behavior
of the composite, and this can be measured by the
energy dissipated as heat by the material during a
deformation process (Rezaei et al. 2009). Figure 4c
shows the loss modulus (E”) of PP composites as a
function of temperature. The loss modulus peaks
of filled PP composites at f-transition associated
with the glassy-rubbery transition were found to be
broader compared to the neat PP. This is likely attrib-
uted to the inhibition of the relaxation process within
the composites because of a higher number of chain
segments with the addition of fillers (Mastowski
et al. 2018). Conversely, a faster relaxation process
occurred in neat PP by a lower number of chain seg-
ments, allowing them to quickly return to their origi-
nal shapes when the external forces are removed. In
addition, the loss modulus curves of the filled PP
composite were higher compared to the neat PP. The
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Fig. 4 Complex viscosity (a), storage modulus (b), loss modulus (c), and tan delta (d) of PP composites
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reinforcing fillers provide the constraint to the mobi-
lization of the amorphous region of the PP matrix. In
other words, the strong formation of chemical bonds
between natural filler and PP matrix induced by the
MAPP causes the restraint to the molecular motion of
polymer near the surface of the fillers. This can cre-
ate high internal friction at the interface between filler
and matrix when external forces are applied, result-
ing in the high dissipation of energy from the sample
(Rajini et al. 2013; Mastowski et al. 2018). The height
of the loss modulus above the phase transition region
decreases for all samples because of the increased
mobility of the polymer chains at high temperatures.
It is shown that the BKP- and UKP-SDCNF filled PP
composites exhibited a higher and broader peak com-
pared to the OCC-SDCNF filled PP composite. This
can be attributed to the further inhibition of the relax-
ation process and restraint of the molecular motion at
the interfaces resulting from a larger surface area of
BKP- and UKP-SDCNFs (Ornaghi et al. 2010).
Figure 4d shows the tan delta (§) as a function
of temperature, and this result was consistent with
the loss modulus result (Jayanarayanan et al. 2008;
Ornaghi et al. 2010; Rajini et al. 2013). The tan delta
curves exhibit two characteristic peaks in the vicinity
of 10 °C and 100 C corresponding to the glass tran-
sition temperature (7,) and a-relaxation, respectively
(Lee et al. 2009). Below T, the molecular chain seg-
ments are frozen attributable to insufficient thermal
energy to cause the transition. Above T,, the rota-
tional motion and molecular segments of the chains
become free to move and rotate (Jyoti et al. 2016).
The shoulder presented on the graph at about 100
°C (o-relaxation) is associated with the crystalline
regions of PP chains (Lee et al. 2009). The glass tran-
sition temperature (7,) of neat PP and filled PP com-
posites were measured in the loss modulus and tan
delta peaks, and the values are presented in Table 4. It
can be anticipated that the addition of filler and cou-
pling agent into polymer matrix can restrict the move-
ment of polymer chains, increasing their 7, (Hidalgo-
Salazar and Salinas 2019). In this study, however, the
difference of 7, between neat PP and filled PP com-
posites was difficult to find a clear tendency. Previous
researchers found that an excessive content of MAPP
and the moisture absorption in the wood-based filler
can act as plasticizer or lubricant in the polymer
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Table 4 Glass transition temperature of PP composites
obtained from the loss modulus and tan delta

Samples Glass transition temperature (7,)

Loss modulus (E”) Tan delta (5)
Neat PP 10.74°C 16.63 C
BKP SDCNF-PP 8.65°C 13.43°C
UKP SDCNE-PP 8.52°C 15.79°C
OCC SDCNF-PP 7.42°C 12.68 °C

composites, increasing the free volume of polymers.
This overdose of MAPP and the absorbed moisture
in the filler could reduce the glass transition tempera-
tures (Marcovich et al. 1998; Kint et al. 2005; Tajvidi
et al. 2006; Wang et al. 2018b). However, the MAPP
and wood moisture in this study was not high enough
to provide negative impact on the overall perfor-
mance of the filled PP composites. Other researchers
have also found that adding reinforcing fillers, such as
nano clay and micrometer-scale date palm fibers, to
neat PP composites does not significantly change the
glass transition temperature of PP composites (Mod-
esti et al. 2006; Shaikh et al. 2023).

Crystallinity and crystallization temperature of PP
composites

Figure 5 shows the DSC graph of 10 wt% SDCNF-
filled PP composites. Generally, by incorporating
nucleating agents, the crystallization temperature and
the degree of crystallinity can be increased, as they
promote the growth of crystals within the polymers.
In addition, fillers with smaller sizes and larger spe-
cific surface area are more effective in enhancing
nucleation activity and in accelerating the crystal-
lization temperature. Cellulose fibers and MAPP are
known for being effective nucleating agents (Amash
and Zugenmaier 1998; Qiu et al. 2003; Lin et al.
2020b). Table 5 shows the crystallization temperature
of the PP composites, indicating that the addition of
SDCNFs led to an overall increase of 9 °C in the crys-
tallization temperature of neat PP. It is worth nothing
that in this study, the addition of SDCNFs resulted in
a decrease of up to 12% in the crystallinity degree of
neat PP. The incorporation of spherical shaped micron
or nano-sized fillers into the polymer matrix can lead
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Fig. 5 DSC curves of PP 3 lizati
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Table 5 Crystallization temperature and crystallinity degree
of PP composites

Samples Crystallization tempera- Crys-

ture, C tallin-

ity, %
Neat PP 118 55
BKP SDCNF-PP 126 49
UKP SDCNF-PP 126 50
OCC SDCNF-PP 127 49

to a reduction in the crystallinity degree of polymer
composites (Fig. S1). The small sized fillers tend to
narrow the gaps between themselves, retarding crystal
growth within the confined spaces between the fillers
(Fornes and Paul 2003; Gardner and Wang 2019).
Moreover, neighboring crystals might impede crystal
growth along the fiber axis if a high density of nucle-
ation is generated on each filler surface. During the
polymer crystallization process, the highly ordered
lamellae transition into spherulites starting from a
primary nucleus. The presence of nanofillers induces
the formation of a greater number of nuclei, result-
ing in a smaller sized spherulites with their increased
amount. The spherulite growth remains uninterrupted
until it encounters an adjacent spherulite, and the
presence of neighboring spherulites inhibits further
growth (Lorenzo and Miiller 2008).

Temperature, °C

Coefficient of thermal expansion (CTE) of PP
composites

Figure 6 shows the thermal expansion of neat PP and
filled PP composites as a function of temperature, and
the CTE values were calculated based on the thermal
expansion curves (Table 6). Overall, the CTE values
of the PP was reduced by up to 31% after adding 10
wt% SDCNFs at temperature ranging from 25 to 100
°C. This is likely attributable to the restriction of the
thermal expansion resulting from a strong interfa-
cial bonding between the fillers and polymer matrix
induced by MAPP. In addition, the CTE values can
be lowered by the intrinsically lower CTE of fillers
compared to the polymer matrix (Yang et al. 2005;
Shaikh et al. 2023). In the statistical analysis, the neat
PP in group A shifted to groups AB and B after add-
ing SDCNFs to the PP composites. The same letter
was presented in both the UKP- and OCC-SDCNF
filled PP composites as group B, and the BKP-SDC-
NFs filled PP composite was categorized as group
AB, as shown in Table 6. The CTE values of filled
PP composites were the lowest after adding BKP-
SDCNFs into neat PP, compared to UKP- and OCC-
SDCNF addition. The difference in CTE values might
be depended on the filler size. The average particle
size of BKP-, UKP-, and OCC-SDCNFs was 14.95,
19.14, and 21.7 pm, respectively. This trend was also
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Fig. 6 Thermal expansion 100
of PP composites
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Table 6 Coefficient of thermal expansion (CTE) values of PP
composites ranged between 25 to 100 'C

Samples 2510 100 °C
Average CTE Standard Group”
(um/m-C) deviation
PP 169.25 21.43 A
BKP SDCNF-PP 143.15 10.82 AB
UKP SDCNF-PP 122.50 13.00 B
OCC SDCNF-PP 117.07 13.06 B

*Statistical significance

reported by Kim et al. 2007 that the CTE values of
rice husk flour (RHF)-reinforced PP composite was
lower than WF addition, and the particles size of
RHF and WF were ranging from 860 to 270 pm and
110 pm, respectively.

Warpage reduction rates of 3D printed parts

The warpage reduction rates of neat PP and SDCNF-
filled PP composites are listed in Table 7, the 3D
printed tensile specimen Type 1 and rectangular
objects (Figs. 7 and 8). For determining the shrinkage

(] 30 60 90 120
Temperature, °C

reduction rate of printed parts, the average distance
at which both ends of the tensile specimen and rec-
tangular objects are from the level print bed was
measured. The calculated average distances of neat
PP were used as a reference, and the reduction rate
of printed SDCNF-filled composites was expressed
as a percentage relative to this reference value. The
maximum shrinkage reduction rates of SDCNF-
filled PP composites for all feedstocks were 39.4%
and 42.0% in the tensile specimen and rectangular
printed parts, respectively, compared to the neat PP.
The biggest drawback of the use of PP in 3D printing
is the warpage attributable to the higher crystallinity
degree and CTE compared to the other thermoplas-
tics including PLA and ABS (Savu et al. 2019). The
circular shape with the small size of SDCNFs low-
ered the crystallinity and CTE of neat PP, reducing
the warpage of printed parts (Boschetto and Bottini
2014; Spoerk et al. 2017a; Fitzharris et al. 2018). In
addition, Nakashima et al. 1973, reported that the
shrinkage in the parallel direction was larger than that
in the perpendicular direction. The polymer chains
can orient during the flow of the polymer melt, and
this causes a difference in the amount of shrinkage
in the parallel and perpendicular flow directions. The

Table 7 Shrinkage

. Shrinkage reduction rates, %
reduction rates of SDCNF

BKP SDCNF-PP UKP SDCNF-PP OCC SDCNF-PP

filled PP composites

Tensile specimen Type I
compared to the neat PP

Rectangular

31.2% 37.1% 39.4%
25.2% 42.0% 37.8%
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Fig. 7 3D printed tensile . 3D printed Neat PP i 3D printed BKP SDCNF-PP B
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34
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Fig. 8 3D printed rectangular of neat PP and SDCNF filled PP composites

SDCNF might effectively reduce the amount of poly-
mer chain orientation.

The printed tensile specimens were also used to
evaluate the dimensional difference of printed parts
after 3D printing. The printed tensile specimen of
SDCNF-filled PP composites for all feedstocks exhib-
ited a narrower width and shorter length by 5% and
2%, respectively, compared to the neat 3D printed
PP (Fig. 7). The low viscosity of PP at higher shear
rates leads to the deposition of a thicker layer on the
bed plate during 3D printing (Graupner and Miissig
2017). The low viscosity allows the PP to flow more
easily, resulting in a higher volume flow rate during
the printing process (Fligier et al. 2023). The thick
top layer meets the print nozzle, then the molten PP
is dragged by the nozzle head, spreading onto the
underlying layers (Fig. S2). The addition of SDCNFs
into neat PP significantly increases the complex vis-
cosity of composites, resulting in thinner layers being
deposited on the plate during printing. This thinner
layer prevents contact between the print nozzle and
deposited layers during printing. Das et al. 2021 also

reported that excessively low viscosity of molten
polymer results in poor resolution of the deposited
layers, adversely affecting the shape and dimensional
accuracy of the final part.

Printability test of 3D printed parts

Figures 9 and 10 show the 3D printed hexagon and
cylinder, respectively, and the two types of objects
were used to evaluate the printability test of neat PP
and SDCNF-filled PP composites. The printability
of neat PP was much lower than that of the filled PP
composites and resulted in printing failures after 3D
printing for the neat PP. The longer period of molten
state of PP on the bad plate might not support the
subsequent layers with observed collapsing attribut-
able to the creep phenomenon (Das et al. 2021). As
illustrated in Fig. S3, the warpage of printed neat PP
can occur during the initial stage of printing, result-
ing in the deposition of uneven subsequent layers
on the bed plate. A gap distance between the print
nozzle and the layers can be provided by the uneven
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3D printed Neat PP

Fig. 9 3D printed hexagon of neat PP and SDCNF filled PP composites and their printability

deposited layer. Over time, this distance continues to
increase attributable to the creep phenomenon caused
by the molten upper layers. Because of the progres-
sive increase in the gap between the print nozzle and
successive layers, the formation of serpentine layers
can be deposited on upper layers during printing.
In contrast, the distance between the nozzle and the
layer was consistent during 3D printing after adding
SDCNF powders and MAPP into the neat PP. This
is likely attributed to the faster crystallization of PP
composites induced by the nucleating agents includ-
ing SDCNFs and MAPP during the cooling process.
The early onset of crystallization prior to the deposi-
tion of the strands reduces the molten state time of
neat PP (Spoerk et al. 2017b). In addition, the low-
ered CTE of neat PP by the SDCNF addition can
lead to an improvement in the dimensional stability
of printed parts at high temperatures, resulting in an
increase of printability of printed part (Shaikh et al.
2023). Lastly, the addition of filler increases the
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stiffness of the polymer composite, thereby enhanc-
ing its resistance to deformation during the print-
ing process. This improved stiffness contributes to
the dimensional accuracy of the printed parts (Win-
ter et al. 2022). It can be noted that the printability
of BKP-SDCNF filled PP composite was relatively
lower than UKP- and OCC-SDCNF filled PP com-
posites, and this is likely attributed to the relatively
higher CTE of BKP-SDCNF filled PP composite.

Conclusions

The use of inorganic reinforcing fillers raises envi-
ronmental concerns, and they can potentially be
replaced by natural-based materials. Small sized
spray-dried cellulose nanofibril (SDCNF) powders
can be promising candidates as a reinforcing mate-
rial attributable to their sustainability, excellent
distribution and dispersion into polymer matrices.
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Fig. 10 3D printed cylinder of neat PP and SDCNF filled PP composites and their printability

Furthermore, the small size and spherical shape
of SDCNFs, along with their large surface area,
enhance interfacial bonding with the PP matrix,
which is induced by MAPP. In this work, the
effect of spray dried-CNF powders on the material
properties of a PP matrix were determined when
applied in 3D printing. It was confirmed that SDC-
NFs contained individual particles less than 20 pm
with a spherical shape. The addition of 10 wt%
of SDCNFs into neat PP, along with the coupling
agent (MAPP), led to a significant enhancement
in mechanical properties. The complex viscosity
and storage modulus of neat PP increased attribut-
able to the improved interfacial bonding between
SDCNFs and the PP matrix induced by MAPP.
Furthermore, the addition of SDCNFs into neat PP
resulted in a reduction in crystallinity degree by
12% and an increase of 9 ‘C in the crystallization
temperature of neat PP. Moreover, the CTE values
of SDCNF-filled PP composites decreased by up to
31% because of the intrinsic lower CTE of SDC-
NFs than that of neat PP. These results improved

warpage reduction rate and printability of neat PP.
In this study, a lab-scale pellet type 3D printer was
used to assess the potential usage of SDCNFs in
3D printing applications. Future work will expand
this lab-scale 3D printing work to pilot-scale with
changes in printer nozzle size and printing speed.
The microstructure characterization of deposited
layers after 3D printing cellulosic materials-filled
PP composites, and their effect on the mechanical
properties of the printed objects, will be explored
in future work.
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