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This work demonstrates the application of pilot-scale surface functionalization of cellulose nanofibrils
(CNFs) by aqueous grafting-through polymerization and subsequent spray drying in 3D printed poly(lactic
acid) (PLA) composites. Grafted-CNF composites attain an ultimate tensile strength of 88 + 3 MPa and a
tensile modulus of elasticity of 7.8 + 1.3 GPa in the printing direction at 20 wt% reinforcement loading.
These increases, 42% and 139% over neat PLA, respectively, represent the strongest reported 3D printed
CNF/PLA composite to date in the literature. The mechanisms behind these improvements are investi-
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gated by comparisons to neat PLA and unmodified spray-dried CNF/PLA controls using melt rheology,
dynamic mechanical analysis, and assessment of the reinforcement dispersion. These experiments reveal
that improved network formation and shear-induced alignment of the grafted CNFs facilitate the remark-
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Introduction

Additive manufacturing (AM) technologies are increasingly
being adopted for industrial polymer processing because of
their ability to produce complex architectures and rapidly
implement design changes, revolutionizing research, develop-
ment, and manufacturing." These AM processes are moving
from the benchtop to the manufacturing floor via develop-
ments in tooling and printing techniques, which have enabled
large-scale additive manufacturing (LSAM).> This necessitates
new printable materials for rigorous structural applications.**
LSAM of thermoplastic materials through melt extrusion com-
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able tensile properties of the printed composites.

monly employs  poly(acrylonitrile-co-butadiene-co-styrene)
(ABS) or poly(ethylene terephthalate glycol) (PETg), often
reinforced with carbon or glass fibre, because of their robust
mechanical properties and ease of printing.>® Unfortunately,
the increasing utilization of petroleum-derived polymers such
as ABS and PETg in other applications has led to the buildup
of persistent plastic waste in landfills and the environment.”
This accumulation has become an increasing concern as
microplastics are found in diverse ecosystems ranging from
the deep ocean floor to national parks.®®

The biodegradable polyester poly(lactic acid) (PLA) in par-
ticular has been successfully deployed as an AM feedstock
because of its low processing temperature, commercial avail-
ability, and adequate strength and stiffness.'® For demanding
structural applications, though, reinforced thermoplastic com-
posites are required for the increased strength and stiffness
imparted by their embedded fibre network as exemplified by
carbon fibre reinforced ABS. Similarly, carbon fibre reinforce-
ment of PLA effectively produces mechanically robust but
brittle composites."" However, a bioderived reinforcement
could further mitigate the environmental impact of these
materials.”* Wood flour/PLA composites, akin to commercial
wood plastic composite materials, have been successfully
printed with high loadings of wood filler but have diminished
mechanical properties relative to neat PLA.">'* Regenerated
cellulose short fibre reinforcements can significantly improve
the mechanical properties given suitable compatibilization
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and annealing methods.”> On the other hand, continuous
natural-fibre reinforced PLA composites have shown remark-
able improvements in mechanical properties when processed
via AM. However, these systems require unique printing
systems that coextrude the spun fibre with the PLA matrix and,
so far, have not been implemented in commercial LSAM.'®"”

Nanoscale bio-based reinforcements such as cellulose
nanofibrils (CNFs) have the potential to surpass traditional
natural fibre reinforcements because their high surface area to
volume and aspect ratios allow for enhanced stress transfer
from the polymer matrix and network formation at low
loading levels.'® Early work with CNFs demonstrated their
ability to reinforce PLA at relatively low loading levels
(1-5 wt%) but relied heavily upon solvent mixing and casting
to achieve good dispersion.'®?° Like other bio-based reinforce-
ments, CNFs suffer from interfacial mismatch with polymer
matrices such as PLA, an issue often addressed by chemical
functionalization of the surface hydroxyls.”’* An additional
challenge to the implementation of CNFs as composite
reinforcements is the need to remove the large quantities of
water present in their production, which is an energy intensive
process and results in the irreversible aggregation of fibrils
degrading the benefits of their nanoscale properties.>®

Recently, Tekinalp et al. demonstrated the potential of
mechanically refined CNFs to reinforce 3D printed composites
by solvent casting freeze-dried CNFs into PLA, achieving an
ultimate tensile strength of around 80 MPa at 30 wt%
reinforcement loading, an approximately 45% increase over
neat PLA.*® This work showed that with proper dispersion
CNFs could produce strong composites amenable to 3D print-
ing; however, freeze drying and solvent casting are less com-
mercially viable methods for composite production. Other
approaches taken to facilitate 3D printing of CNFs in PLA
include: the grafting-from polymerization of r-lactide followed
by solvent casting (32% improvement in tensile strength),””
the solvent-based formulation of PLA Pickering emulsions
stabilized by poly(i-lactide) modified CNFs followed by melt
mixing (14% increase in tensile strength),*® and the addition
of polyethylene glycol to freeze-dried CNFs for compatibiliza-
tion and printability improvements (33% increase in filament
tensile strength).>®> These modification and formulation
schemes represent important steps towards the incorporation
of biobased CNFs into 3D printed PLA composites, but so far,
the mechanical improvements imparted by traditional
reinforcements have been elusive in CNF systems amenable to
industrial processing technologies that typically rely on melt
compounding dry reinforcements.

In this work, we aimed to overcome these previous limit-
ations by creating a dried CNF reinforcement through a scal-
able process that could be melt compounded into PLA, gener-
ating composites that could be used for a pellet-fed large
format 3D printer. We demonstrate how an aqueous surface
modification of CNFs via grafting-through polymerization can
enable 3D printed PLA composites with excellent tensile pro-
perties while employing commercially available spray drying
and melt extrusion techniques.®® This grafting-through
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approach, previously demonstrated to preserve some of the
fibrillar morphology of CNFs during spray drying,*" produced
printed composite parts with x-directional tensile strengths
outperforming the best CNF/PLA AM materials described in
the literature. The mechanism of this remarkable improve-
ment in strength was studied through melt rheology, fracture
surface analysis, dynamic mechanical analysis (DMA), and
polarized light microscopy (PLM) of composite slices to reveal
the alignment of fibres in the print direction for the highest
performing polymer-modified CNF composite.

Experimental methods
Materials and syntheses

Materials. The CNFs used in this study were obtained from
the Process Development Center at the University of Maine
and provided as a 3.3 wt% aqueous suspension. They were pro-
duced from northern bleached softwood kraft pulp using a
patented disk refining method to attain a fines content, the
percentage of total fibre length from fibres under 200 um, of
90%.*> The morphology and chemical composition of this
material have been extensively characterized in our previous
studies and the morphology consists of a hierarchical branch-
ing structure with fibrils spanning orders of magnitude in
width and length.**?* N-Isopropylacrylamide (NIPAM) 99%
pure and stabilized, methacrylamide (MAM) 98% extra pure,
and ammonium persulfate (APS) 98+% pure were purchased
from Thermo Fisher Chemicals. Certified ACS potassium per-
sulfate (KPS) and sodium hydroxide (NaOH) pellets were pur-
chased from Fisher Scientific. N,N,N',N'-
Tetramethylenediamine 98+% pure was purchased from TCI
America. All chemicals were used as received. Ingeo™
Biopolymer 4043D polylactide (PLA) pellets were purchased
from NatureWorks (Plymouth, MN, USA) and used for com-
pounding and 3D printing.

Reinforcement syntheses, processing, and characterization.
Production of methacrylated CNFs (MetCNFs) was performed
on a larger scale than previously reported to facilitate the
scaled-up production of polymer-grafted CNFs, yielding a
functionalization of 0.07 methacrylate groups per anhydroglu-
cose repeat unit.’* The syntheses of poly(N-isopropyl-
acrylamide) modified CNFs (PNIPAM-MetCNFs) and poly
(methacrylamide) modified CNFs (PMAM-MetCNFs) were also
carried out at a larger scale than previously reported.
Attenuated total reflectance Fourier transform infrared spec-
troscopy (ATR-FTIR) was used to analyse the surface modifi-
cation of the CNFs. Drying of the CNF suspensions was carried
out using a pilot-scale spray dryer (GEA-Niro, Columbia, MD,
USA) and particle size analysis was performed by optical and
scanning electron microscopy (SEM). See the ESI} for
additional details.

Composite processing

Melt compounding. Small-scale batch melt mixing was per-
formed on an Intelli-Torque Plasti-Corder half-size mixer (C.W.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Brabender Instruments, South Hackensack, NJ, USA). PLA
pellets and spray-dried reinforcements were kept overnight in
a vacuum oven at 50 °C before melt mixing to ensure low
moisture content. The two heating zones were set at 175 °C
with a mixing speed of 60 rpm. Neat PLA pellets were added
first and allowed to equilibrate to the mixer temperature for
approximately 2 minutes before the addition of the CNFs,
which were mixed for an additional 5 minutes, by which point
the torque had stabilized.

Pilot-scale melt mixing of the composite materials for 3D
printing was carried out using a 2SE 27 MAXX (Leistritz
Advanced Technologies Corp, Allendale, NJ, USA) twin-screw
extruder at Oak Ridge National Laboratory. PLA and reinforce-
ments were dried overnight at 60 °C before compounding. The
twelve temperature zones were set to 145 (feed zone), 150, 155,
160, 165, 170, 180, 190, 185, 185, 185, and 185 °C (die zone),
respectively, down the working range of the extruder. To
achieve the desired printing feedstock composition, PLA was
fed gravimetrically at 8 kg h™" and the reinforcements were
added via a side feeder at 2 kg h™". The screw speed was set at
126 rpm and a vacuum was pulled at the halfway point
between CNF addition and the outlet to remove residual moist-
ure. The extrudate was extruded as six individual strands,
cooled in a water bath, and pelletized after cooling to facilitate
3D printing.

Compression moulding. Compression moulding of compo-
sites was performed using a Qixing (Wuhan, People’s Republic
of China) Laboratory Mini Hot Press to produce samples for
tensile testing and dynamic mechanical analysis to compare to
the 3D printed samples. Test samples were produced in a two-
step process with an initial sheet of composite being pressed,
cut into strips, and placed on top of moulds before a final
press. Plates were heated to 175 °C, the composites were
allowed to equilibrate without pressure for 5 minutes, and a
press at 5 MPa for 5 minutes was used to mould the samples
in both pressing steps. Water cooling was used after each press
to quickly reduce the composites to room temperature. Tensile
testing samples were type V dog bones conforming to ASTM
D638-14 with a gauge length of 7.62 mm, width of 3.2 mm,
and thickness of approximately 3.2 mm. DMA samples were
55 mm x 3.6 mm X 13 mm coupons.

3D printing of composites. Extrusion-based 3D printing
studies were performed using a pellet fed Tradesman Series™
P3-44 system (JuggerBot 3D, Youngstown, OH, USA) equipped
with a 4 mm nozzle. Triangular prisms composed of three 127
x 141 x 6 mm faces were printed with a 6 mm wide, 1.5 mm
tall bead profile. An appropriate screw rpm for each material
was determined that would achieve this bead profile, generally
between 9 and 10 rpm. Band heater temperatures were
adjusted throughout the print to keep the temperature
measured in the melt at approximately 165 °C. The bed temp-
erature and chamber temperature were kept constant at 65 °C
and 40 °C, respectively. The feed rate of the material was
850 mm min~' for all prints except for neat PLA, which
required 600 mm min~" to avoid the delamination of beads
from the underlying layer during the print. Type V tensile bars

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and DMA bars were machined to the same dimensions as com-
pression-moulded samples using a computer numerical
control (CNC) milling machine. First, the faces of the triangu-
lar prisms were milled smooth on both sides. Second, the
tensile and DMA bars were milled from the flat sides of the tri-
angle to give samples from both the x and z directions to
explore anisotropy in the printed composites.

Composite characterization

Tensile testing. Tensile testing of the composite samples (n
> 5) was conducted on a Model 5966 universal testing
machine (Instron, Norwood, MA, USA) equipped with a 10 kN
Model 2580 load cell, Model 2716-015 mechanical grips, and a
Model 2630-121 clip-on extensometer. Testing was performed
at a crosshead speed of 1 mm min~" following ASTM D638-14
after applying a pre-load to the sample. All tensile samples
were conditioned at 23 °C and 50% relative humidity, for at
least 40 hours before testing in accordance with ASTM D618-
21. The strain measurements of x-directional tensile bars and
compression-moulded samples were conducted as noted above
with extensometer removal at 0.007 mm mm™". Z-Directional
tensile samples failed earlier, so the extensometer was
removed at 0.003 mm mm™" and Young’s modulus was evalu-
ated from start to 0.003 mm mm~'. Tensile properties are
reported as an average plus or minus a 95% confidence inter-
val. The statistical treatment of the experimental data is dis-
cussed in more depth in the ESL7

Rheological testing. Rheological behaviours of a sample of
compression-moulded and printed composite samples and the
neat PLA control were studied using a TA Instruments (New
Castle, DE, USA) Discovery Hybrid Rheometer (DHR-3).
Oscillatory shear tests were conducted in the linear viscoelastic
region of the samples using an 8 mm parallel plate geometry,
testing 5 frequencies per decade between 0.1 and 100 rad s~
Samples for tests were prepared by compression moulding fol-
lowing the same procedure above. The rheological experiments
were performed at 200 °C under a nitrogen atmosphere to
prevent oxidative degradation of the samples.

Differential scanning calorimetry. Differential scanning
calorimetry (DSC) measurements were conducted using a DSC
2500 instrument (TA Instruments, New Castle, DE, USA) on
both the compression-moulded and printed samples.
Approximately 10 mg of composite was weighed out into a TA
Instruments Tzero pan and sealed hermetically. Samples
were subjected to a heat-cool-heat cycle with the following
steps: a first heating cycle from 20 °C to 200 °C at 5 °C min™",
an isothermal hold at 200 °C for 5 min, a cooling cycle from
200 °C to 20 °C at 5 °C min™!, an additional isothermal hold
at 20 °C for 5 min, and a second heating cycle from 20 °C to
200 °C.

The percent crystallinity (Xc) of the tensile bars and
extruded pellets was calculated using eqn (1) with the enthalpy
of melting (AH,,) and the enthalpy of cold crystallization
(AH,.) obtained from the first heating cycle. The enthalpy of
melting for an infinite PLA crystal (AH,,) was taken from litera-
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ture as 93 J g " and the mass percent of filler (m;) was calcu-
lated based upon the melt mixing loadings.*

(AHm — AH,)

Xo =
7 (1 — mf)AHx

x 100 (1)

Dynamic mechanical analysis. DMA testing of the
pression-moulded and printed samples was conducted on a TA
Instruments (New Castle, DE, USA) Discovery DMA 850
equipped with an AC3 cooling unit. Measurements were con-
ducted using a dual-cantilever setup with a testing length of
35 mm. Samples were equilibrated at 20 °C for 2 minutes
before testing. Temperature sweeps were performed in the
linear viscoelastic region with a strain of 0.01% and a fre-
quency of 1 Hz from 20 °C to 120 °C with a temperature ramp
of 3 °C min™.

Size exclusion chromatography. Size exclusion chromato-
graphy (SEC) was performed on an Agilent 1260 Infinity chro-
matograph (Santa Clara, CA, USA) with three Phenogel
(Phenomenex, Torrance, CA, USA) columns of increasing pore
size from 50 to 10° to 10° A to study how the molecular weight
of the PLA changed for each sample after printing or mould-
ing. Samples were dissolved in tetrahydrofuran (THF) at
approximately 4 mg mL " and filtered through a 0.22 um PTFE
filter before injection. The flow rate of the instrument was
1 mL min~', the column was held at 35 °C, and the refractive
index detector was kept at 35 °C. Polystyrene standards were
used for calibration.

Fracture surface analysis. Fracture surface analysis was per-
formed on the compression-moulded and printed samples
using a Zeiss (Oberkochen, Germany) NVision 40 FIB/SEM.
The samples were mounted on graphite tape attached to SEM
stubs and then sputter-coated with a 6 nm film of gold/palla-
dium alloy (Au/Pd 60/40%) by using a Cressington 108 auto
sputter coater (Watford, United Kingdom). Imaging was done
at an acceleration voltage of 3 kV to avoid melting the PLA
using a working distance of approximately 4.5 mm.

Cross-sectional analysis. Optical microscopy was performed
on microtomed sections of the printed and compression-
moulded composites to assess the degree of fibre dispersion
and alignment. Tensile bars were sliced to 20 pm and placed
onto glass slides using a poly(vinyl alcohol) (PVA) adhesive
before being imaged on an Olympus (Tokyo, Japan)
BX41 microscope outfitted with a Zeiss (Oberkochen,
Germany) ERc 5s camera. Images were taken at 20x
magnification.

Polarized light microscopy. The microtomed composite
samples used for cross-sectional analysis were imaged using a
Nikon Eclipse E400 polarizing light microscope (Tokyo, Japan)
in transmission mode coupled with a Diagnostic Instruments
Spot Insight QE Microscope Camera (Model 4.2). Images were
taken at 10x magnification with low illumination between
crossed polarizers. Dark and bright fields were induced by
positioning the samples at 0, 45, and 90 degrees to the linear
polarizer.

com-
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The order parameter (S) of the composites was determined
following the procedure of Chowdhury et al. although in this
work the intensity of polarized light transmitted was obtained
by calculating the mean pixel intensity of the unaltered images
in the Image] software.>®

Results and discussion
Modified fibril synthesis and characterization

Pilot-scale production of the polymer modifications shown in
Fig. 1a was conducted to yield sufficient reinforcement for
pilot-scale spray drying and pellet fed extrusion-based 3D
printing.

The amount of polymer grafted was measured by ATR-FTIR
spectroscopy (Fig. S1t) and quantified using previously pub-
lished calibration curves.*® The PNIPAM-MetCNFs were calcu-
lated to be 29% + 18% PNIPAM by mass while the
PMAM-MetCNFs were calculated to be 10% + 3% PMAM by
mass. These polymer modification values are somewhat
reduced compared to our previously reported smaller, bench-
scale modification results,® indicating that modifications to
the reaction procedures in order to run at a larger scale can
affect the total polymer modification. This behaviour indicates
that future optimization at the pilot scale is needed to fully
control the degree of polymer modification. The materials
were purified by subsequent water washes until any unat-
tached homopolymer or residual monomer was removed. The
samples were then dried using a pilot-scale spray dryer to
produce a melt-processable powder. SEM images of the spray-
dried powder prior to melt compounding in Fig. 2 suggest that
the polymer-modified CNF particles are larger than the spray-
dried unmodified CNF (SD CNF) controls. The apparently
larger particles in the SEM images are consistent with less
densely packed fibril clusters for the modified materials,
which may be due to reduced fibril aggregation. Powder size
analysis (Table S1f) supports these observations as the
polymer-modified CNFs have larger average particle sizes. We
believe this is a result of the reduced density (i.e., reduced
aggregation) enabling the materials to occupy more volume.

Rheological characterization of composite materials

A reinforcement loading level of 20 wt% yielded the highest
mechanical properties for a composition sweep using a small-
scale batch melt mixer (see additional discussion in ESI
Table S2 and Fig. S2 and S3t). Thus, the reinforcements were
compounded into PLA at 20 wt% during pilot-scale melt
mixing using a twin-screw extruder to produce pellets for 3D
printing on the pellet fed printer. The rheological characteriz-
ation of these composites revealed that adding the reinforce-
ment changed the complex viscosity behaviour as a function of
angular frequency (Fig. 3a). The PLA and the SD CNF/PLA com-
posite exhibited similar plateau viscosities at lower frequen-
cies, indicating a lack of reinforcement network formation
when using SD CNFs. The polymer-modified CNF reinforced
composites exhibited shear-thinning behaviour across the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Reaction scheme showing the grafting-through polymerization of a reactive methacrylate handle on the cellobiose repeat unit of CNFs

with N-isopropyl acrylamide (NIPAM) and methacrylamide (MAM). (b) Scheme of processing steps to produce extruded PLA pellets reinforced with
polymer-modified CNFs for compression moulding and additive manufacturing tests. (c) Schematic demonstrating fibrillar alignment induced by
shear during 3D printing of PLA composite test samples. The two directions that tensile and DMA bars were milled from the samples are denoted by

the dotted dog-bone shapes.

PNIPAM

Fig. 2 SEM images of the pilot-scale spray-dried CNF (SD CNF), PMAM-MetCNF, and PNIPAM-MetCNF samples. Scale bars represent 12 ym.

entire range of frequencies, deviating from this Newtonian
plateau behaviour at the low frequency region.

These changes in viscoelastic behaviour coupled with the
increases in complex viscosity for the polymer-modified samples,
almost three orders of magnitude higher at the lowest frequen-
cies, indicate reinforcement network formation in the polymer-
modified CNF composites.”’>° Considering the relationship
between the complex viscosity and dynamic moduli, network for-
mation is further supported by the analysis of dynamic moduli in

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 3b, where all the polymer-modified CNF reinforced compo-
sites showed the behaviour of a viscoelastic solid (G’ > G") over all
frequencies. The neat PLA and the SD CNF/PLA composite both
exhibited the behaviour of a viscoelastic liquid (G” > G') at all fre-
quencies, supporting the conclusion that the aggregated SD CNFs
do not form an interacting network, even at 20 wt% loading.
These data demonstrate that our polymer modification scheme
produces a material that is better able to reinforce a PLA matrix
than unmodified CNFs on a pilot scale.
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20 wt% reinforcement loading.

3D printing and composite testing

Target extrusion temperatures for 3D printing were determined
by assessing the thermal characteristics of the pellets by DSC
(Table S3 and Fig. S4-S61). A targeted melt temperature of
165 °C was chosen as all samples exhibited peak melting
temperatures below this value and it represented a good
balance between the printability and thermal stability of PLA.
SEC analysis verified that the PLA matrix did not degrade after

Fig. 4
3D printed SD CNF control triangle prism.
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(@) The complex viscosity and (b) the storage (G') and loss (G") moduli as a function of angular frequency at 200 °C of the extruded pellets at

any of the processing steps, although a slight shift to lower
molecular weights for the PNIPAM-MetCNF containing compo-
sites was observed (Fig. S7t). Printing parameters were opti-
mized to produce a 6 mm wide bead and single walled triangu-
lar prisms were printed via a pellet-fed 3D printing process.
Due to the higher viscosity of the modified CNFs, higher
torques of the printer were required to yield the target bead
width with these samples. Pictures of the print at different
stages are shown in Fig. 4, with images of all completed prints

|

(a) Image from steady state printing showing a lack of deformation in the preceding layer under a newly extruded bead. (b) Final image of a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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shown in Fig. S8.1 The samples were then milled to flatten the
surface and cut into x-directional (parallel to the bead printing
direction) and z-directional (perpendicular to the bead)
samples for DMA and tensile testing as depicted in Fig. 1c.
This testing scheme allowed for a simple assessment of the
mechanical anisotropy in the printed samples while limiting
the amount of material required to obtain sufficient replicates.

The tensile testing results in Fig. 5 and Table S41 show the
pilot-scale composites of the two polymer-modified CNFs and
the SD CNFs compared to a neat PLA print for the different
print directions (X direction and Z direction) and the isotropic
compression-moulded samples (compression) made using the
extruded pellets. The compression-moulded data provide
insights into the interactions of the various reinforcements and
the PLA matrix without additional variables introduced by 3D
printing such as void inclusion, shear induced alignment, or
interlayer adhesion. The addition of SD CNFs slightly decreased
the tensile strength of the isotropic compression composite,
from 63.2 + 0.7 MPa for neat PLA to 58.2 + 0.7 MPa with 20 wt%
SD CNFs, while increasing the tensile modulus of elasticity from
3.6 + 0.2 GPa to 4.0 + 0.1 GPa. The lack of improvement is likely
the result of the aggregated SD CNF particles retaining their
morphology after melt mixing. These aggregates decrease the
ultimate tensile strength of the composite by acting as stress
concentration points while increasing the tensile modulus by
virtue of being a stiffer material, a behaviour often observed in
particulate filled composite systems.*®
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The polymer-modified CNFs better reinforced the isotropic
compression-moulded composites, exhibiting higher tensile
strengths and tensile moduli at the same loading level as SD
CNFs. PNIPAM-MetCNFs achieved an ultimate tensile strength
of 72.4 + 3.4 MPa and a tensile modulus of 5.6 + 0.4 GPa while
the PMAM-MetCNF composite reached 63.1 + 0.9 MPa and 4.4
+ 0.5 GPa, respectively. These increases in strength are statisti-
cally significant at a confidence level of 95%, as discussed in
the ESI (Table S5t). However, only the increase in modulus
observed in the PNIPAM-MetCNF compression-moulded
sample was significant compared to the SD-CNF control
sample (Table S671). This is most likely the result of improved
dispersion in the matrix with qualitative evidence of this seen
in the fracture surface images of the compression-moulded
samples in Fig. S9.7 The spray-dried CNF aggregates are left
largely intact after mixing, while the polymer-modified
samples, especially the PNIPAM-MetCNF composites, are more
homogeneous. The viscoelastic characterization of the compo-
sites in Fig. 3 further corroborates this analysis of the under-
lying particle dispersion and helps explain the tensile behavior
shown in Fig. 5 and Fig. S10.1 The PNIPAM-MetCNFs and, to a
lesser extent, the PMAM-MetCNFs exist as dispersed networks
of fibrils and fibers that more effectively reinforce the compo-
sites than the SD CNFs, which act as isolated aggregates inside
the PLA matrix. This improved dispersion and tensile pro-
perties can be attributed to the previously observed lower dis-
persive component of surface energy of the PNIPAM-MetCNFs
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(a) Tensile strength and (b) tensile modulus of elasticity of 3D printed samples milled along the bead direction (x direction) and across the

interlayer direction (z direction) with compression-moulded isotropic samples of the pellets used for 3D printing. Values are averages, with error

bars indicating 95% confidence intervals.
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(17.6 mJ m~>) as compared to the SD CNFs (49.0 mJ m~?) and
PMAM-MetCNFs (34.8 mJ] m™2).*" Increased crystallinity
nucleated by the reinforcements was considered as a potential
factor in the tensile results, but DSC analysis showed that the
degree of crystallinity in each material was very low regardless
of processing conditions (Table S3 and Fig. S4-S67). These
tensile results match well with the trends of the small-scale
batch melt mixing data seen in Fig. S2,} confirming that the
small scale screening can be used to direct reinforcement
loading levels.

The most striking result of the 3D printing tests were the
dramatic changes in the mechanical properties of the
materials compared to the isotropic compression-moulded
samples. The PNIPAM-MetCNF composite exhibited a remark-
able increase in tensile strength and tensile stiffness in the x
direction of the print, achieving an ultimate tensile strength of
87.9 + 2.8 MPa and a tensile stiffness of 7.8 + 1.3 GPa, a 42%
and 129% increase, respectively, compared to neat PLA. In com-
parison, the PMAM-MetCNF sample remained unchanged while
the SD CNF/PLA decreased in strength to 52.2 + 1.8 MPa with no
significant change in tensile stiffness. This PNIPAM-MetCNF
composite exhibits the highest x-directional tensile strength
observed to date in the literature for CNF reinforced PLA pro-
duced by 3D printing. The work also benefits from not requiring
the use of solvent casting to preserve the reinforcement architec-
ture and employing industrially scalable drying and compound-
ing technologies. The hypothesized mechanism of this increase
in tensile strength was the alignment of these modified fibrils
during extrusion, which is attributable to the shear imparted by
the walls of the print nozzle, a phenomenon known to improve
mechanical properties dramatically in PLA composites.*'*>
With this increase in tensile strength, the PNIPAM-MetCNF/PLA
composite could potentially replace previously demonstrated
wood flour/PLA composites used for LSAM to create durable
goods such as concrete formwork,*® culvert diffusers,** and
houses,* while either using less composite material or yielding
stronger final products.

As seen in Fig. 5, the z-directional strength of all reinforced
composites was lower than that of the PLA control, which had
relatively isotropic mechanical properties. The
PNIPAM-MetCNF sample exhibited the lowest z-directional
strength with an ultimate tensile strength of 30.9 + 2.7 MPa in
comparison with the 47.4 + 2.1 MPa and 44.5 + 2.5 MPa
measured for the PMAM-MetCNF and SD CNF composites,
respectively. The mechanical properties of extrusion-based 3D
printed parts are well known to be anisotropic, with different
print geometries and processing conditions resulting in a
range of values at different orientations.*®™*° This behaviour is
multifaceted, but one cause is poor adhesion between printed
layers. The poor adhesion can be caused by a combination of
poor physical contact and reduced polymer entanglement
between beads. This latter phenomenon results from slower
chain diffusion across the interface of the hot extruded layer
and the cooler preceding layer and is well studied in the field
of thermoplastic adhesion.’®*' Bhandari et al. found that in
carbon fibre reinforced PLA, the higher viscosity of the compo-
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site led to lower interlayer adhesion than in the neat, printed
PLA. This could be alleviated by annealing the parts above the
Ty, and it was concluded that a higher melt viscosity during
printing led to poor interlayer diffusion.”> This conclusion
supports our results where the lowest interfacial adhesion was
observed for the highest  viscosity composite
(PNIPAM-MEetCNF). Those previous reports also suggest that in
future studies annealing of the PNIPAM-MetCNF composite
could possibly improve this interlayer adhesion, leading to
improved z-directional strength and elongation at break.

Analysis of printed composite morphology

The 3D printing of thermoplastic composites can produce
unique morphological features including different types of
voids and filler alignment that can dramatically impact
measured mechanical properties relative to traditional manu-
facturing methods.>*™>*> The composite morphologies were
characterized by SEM and optical microscopy to further
explain the differences observed among the samples.
Significant void formation was observed in both the
PMAM-MetCNF and SD CNF composites in both the x- and
z-direction fracture surfaces (Fig. 6 and Fig. S11 and S127). The
inter-bead voids observed in the z-direction fracture surfaces of
the PMAM-MetCNF and SD CNF samples would decrease the
interlayer strength and explains why the SD CNF composite
had a lower interlayer strength than the neat PLA despite
having similar melt viscosity. The intra-bead voids seen in the
x-direction fracture surfaces would similarly decrease strength
in the print direction by decreasing the effective cross-sec-
tional area and acting as stress concentration sites during
deformation. Inter-bead voids are thought to form during 3D
printing of filled composites attributable to reduced diffusion
of polymer chains across the interface®® while intra-bead voids
are thought to form because of the die swell of the bead as it
exits the nozzle and the differential cooling of the surface rela-
tive to the bulk.>® Different coefficients of thermal expansion
between the components and poor interfacial interactions can
cause the filler and the matrix to separate.””

Interestingly, the PNIPAM-MetCNF printed samples had
few voids in comparison, which is likely attributable to the
lower dispersive component of the surface energy (17.6 mJ
m~> for PNIPAM-MetCNFs versus 49.0 mJ m~> for SD CNFs)
leading to better interfacial interactions with the matrix and
improved fibril dispersion.*’ The spherical SD CNF particles,
in contrast, debonded from the PLA matrix (Fig. 6), which is
likely attributable to the poor interfacial adhesion between the
reinforcement and matrix as noted in our previous study.*’
The magnitude of these morphological effects will be depen-
dent upon a combination of the composite viscoelastic pro-
perties and the specific print conditions chosen, posing the
opportunity for future studies to optimize print parameters.
The lack of voids in the printed sample and improvements in
dispersion help explain the increased tensile strength seen in
the x-directional PNIPAM-MetCNF composite but do not fully
account for the increase over the compression-moulded
control, which also contained limited voids and good fibril dis-
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Fig. 6 SEM images of x- and z-directional fracture surfaces for printed composite samples. All images are at 500X magnification with scale bars of
20 pm. Red arrows point to apparent voids in the composite matrix.
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(a) Representative polarized light microscopy images of microtomed composite samples oriented at 0° and 45° relative to the linear polari-

zer. Scale bars represent 200 pm and the 0° images were taken with the print direction of the 3D printed parts going left to right in the images. (b)
Order parameter calculated for the 3D printed composites in the print direction. Values are averages with error bars indicating one standard devi-
ation. i signifies that with a calculated order parameter of —0.02 + 0.01 the SD CNF showed essentially no order, with the negative value most likely
being due to the small differences between the imaged areas upon rotation of the sample stage.

persion (Fig. S9t). The orientation and dispersion of reinforce-
ment fibrils were explored by imaging microtomed sections of
the composites with traditional and polarized light
microscopy. The images in Fig. 7a and Fig. S13 and S14f
reveal how the population of fibrils and particles, those visible
by optical microscopy, are dispersed inside both the printed
composites and the compression-moulded controls. First, the
PNIPAM-MetCNFs are more dispersed than either the
PMAM-MetCNFs or the SD CNFs. Both the printed (Fig. S13
and S14 leftf) and the compression-moulded samples
(Fig. S13 and S14 rightt) have elements that appear more indi-
vidualized and fibrillated. The PMAM-MetCNFs appear more
dispersed than the SD CNF samples as evidenced by more
diffuse appearances and a less clear contrast between the
matrix and reinforcement. This qualitative evaluation is sup-
ported by the higher complex viscosities in the rheological
characterization (Fig. 3b) and may account for their higher
tensile strength and tensile stiffness.

Polarized light microscopy (PLM) images taken of micro-
tomed composites were used to quantify the alignment of
CNFs in the samples following the work of Chowdhury et al.
on oriented CNC films.?® The birefringence of crystalline cell-
ulose domains and their alignment in cellulose fibrils allows
for CNF orientation to be quantified in a similar way to that of
CNCs.*® Fig. 7a shows representative images of the 3D printed
SD CNF and PNIPAM-MetCNF composites, with large aggre-
gates in the SD CNF sample visible, which is attributable to
the crystalline domains of cellulose in the fibers being ran-
domly distributed in the particles.

120 | RSC Appl. Polym., 2025, 3, 11-124

No intensity change is seen in the SD CNF sample when
rotated relative to the polarizers, indicating no long-range
order. In contrast, the PNIPAM-MetCNF composite images
show a clear increase in intensity when oriented at 45°, indi-
cating that a population of fibrils in the sample are oriented.
The changes in intensity of the transmitted light between 0°
and 45° film orientations were used to calculate an order para-
meter (S) between 0 and 1, with 0 representing an isotropic
orientation of the cellulose crystalline domains and 1 repre-
senting a fully ordered orientation.

Fig. 7b compares the 3D printed composite materials and
shows essentially no ordering in the SD CNF composite or the
PMAM-MetCNF composite but a modest amount of ordering in
the PNIPAM-MetCNF composite with an order parameter of 0.2.
The compression-moulded control samples of all composites
showed essentially no ordering (Table S71), demonstrating that
the better dispersion of the PNIPAM-MetCNFs in the PLA matrix
was unique in allowing orientation of the fibrils with the shear
induced by the 3D printing process. This analysis looked at the
alignment of fibrils in only a small cross section of the printed
bead, but the results support the conclusion that the improve-
ments in mechanical properties for the printed PNIPAM-MetCNF
composite are likely because of this alignment.

Dynamic mechanical analysis of composite anisotropy

A DMA study was conducted to explore the effects of the
reinforcements on the viscoelastic properties of the compo-
sites and understand how the directionality affects their behav-
iour after printing. Samples were milled from the 3D printed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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parts in both the x- and z-directions and pellets were com-
pression-moulded to create isotropic controls. The data in
Fig. 8a and b compare the viscoelastic response of the four
printed samples in the x-direction with noticeable changes in
both the glassy region and the rubbery regions of the curves.
The increases in dynamic moduli starting at around 90 °C in
these data are attributed to cold crystallization of the PLA
matrix as seen in the DSC traces (Fig. S61). The
PNIPAM-MetCNF sample shows the largest deviation from the
PLA with a 67% increase in the glassy storage moduli (G') and
an almost three-orders of magnitude increase in the rubbery
storage moduli. Similarly, the rubbery plateau loss moduli (G")
values were almost two orders of magnitude higher for the
PNIPAM-MetCNF samples than for the PLA. The dynamic
moduli values for the other composites increased as well, with
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PNIPAM-MetCNF and SD CNF composites. These results
follow the trend observed in the tensile moduli (Fig. 5b) and
can be understood as resulting from improved reinforcement
of the composites by the fibrils, brought about by their
superior dispersion as seen in Fig. 7. The increase in both
storage and loss moduli, representing energy stored elastically
and dissipated viscously, respectively, may seem counter-intui-
tive for a stiffer reinforced composite but results from more
total energy being required to deform the stiffer system to a set
strain value. This is a phenomenon observed widely in the
reinforced thermoplastic composite literature,>*>%:°

These trends in relative dynamic moduli (Fig. S14, S15, and
Table S8f) remain consistent within each testing direction,
showing that the PNIPAM-MetCNFs reinforce the composite
more effectively than the PMAM-MetCNFs, which similarly are
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Fig. 8 and Fig. S167 reveal that the PNIPAM-MetCNF composite
stores a higher ratio of energy elastically than the SD CNF compo-
sites regardless of orientation. The PNIPAM-MetCNF composite
is the only sample to exhibit significant anisotropy in the DMA
analyses, with the x-directional rubbery plateau storage moduli
(245 + 23 MPa) being about double that of the isotropic sample
(121 + 6 MPa), which is about triple that of the z-directional
samples (40 + 2 MPa). This anisotropy is consistent across both
the loss moduli and tané and is unique to this material.
Dynamic mechanical anisotropy has been seen in the literature
for 3D printed samples and been attributed to a variety of causes:
polymer chain alignment, void orientation, and fibre alignment,
in the case of fibre reinforced composites.®’"** While all of these
factors could play a role in the observed anisotropy of the
PNIPAM-MetCNF composite, the alignment observed in the PLM
data most likely contributes heavily to the directionality in the
viscoelastic properties measured.

The appearance of fibril alignment in this printed sample
is consistent with work exploring the alignhment of cellulose
nanocrystal (CNC) composites during printing. Calabrese et al.
demonstrated that extensional and shear flows affected the
alignment of CNCs in printing inks and found that a high
Péclet number, a ratio of deformation rate to the particle
diffusion coefficient, predisposed the system to alignment.®*
The diffusion coefficient of CNFs is known to be orders of
magnitude lower than that of CNCs due to their higher aspect
ratios and size, which yields a relatively higher Péclet number
that should increase their susceptibility to fibril alignment
during shear.®® While fibril alignment was demonstrated
experimentally in our work, the degree of alignment through-
out the bead was not modelled as multiple parameters such as
residence time under shear, matrix viscosity, nozzle geometry,
and CNF aspect ratio all cooperatively dictate the degree of
alighment.®® Aspect ratio is challenging to define for a hier-
archical material such as the mechanically refined CNFs used
here. Also, these data demonstrate alignment of a portion of
the CNF population but whether the fibrils not visible by
optical microscopy are also aligned with the print direction is
unknown. For these reasons, possible additional processing
optimization could increase the levels of alignment in similar
systems and further improve mechanical properties.

Conclusions

In this work we have demonstrated the pilot-scale production,
compounding, and 3D printing of PLA reinforced with
polymer-modified CNFs. Our PNIPAM-modified CNF
reinforced composite achieved the highest reported tensile
strength to date for 3D printed CNF reinforced PLA. The utiliz-
ation of industrially scalable grafting-through polymerization
and spray-drying, twin-screw extrusion, and extrusion-based
3D printing lowers the barriers of entry into industrial adop-
tion. The results of this work highlight the importance of pre-
serving the fibrillar architecture during each processing step to
ensure adequate fibrillation of the reinforcements in the com-
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posite matrix. Alignment of the fibrils, demonstrated here to
dramatically improve tensile properties, is reliant upon ade-
quate dispersion and was not observed in the more aggregated
reinforcements. Future work in this area could seek to achieve
comparable mechanical properties with a lower loading level
of modified fibrils by optimizing interfacial interactions
between the polymer-grafted CNFs and the PLA, modifying
drying conditions to produce more fibrillated reinforcements,
and optimizing printing conditions to promote alignment and
interlayer adhesion. The results presented here further high-
light how the codependent properties of CNF dispersion, inter-
facial compatibility, and composite processing can facilitate
high-strength 3D printed composites.
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