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Fused Filament Fabrication of Poly (Lactic Acid)
Reinforced with Silane-Treated Cellulose Fiber for 3D
Printing

Young-Rok SEO' - Birm-June KIM"'

ABSTRACT

Various polylactic acid (PLA) blends were reinforced with untreated or silane-treated micro-sized cellulose fiber (MCF),
successfully prepared as 3D printing filaments and then printed using a fused filament fabrication (FFF) 3D printer. In this
study, we focused on developing 3D-printed MCF/PLA composites through silane treatment of MCF and investigating the
effect of silane treatment on the various properties of FFF 3D-printed composites. Fourier transform infrared spectra confirmed
the increase in hydrophobic properties of silane-treated MCF by showing the new absorption peaks at 1,100 cm™, 1,030 cm ™,
and 815 cm™' representing C-NH,, Si-O-Si, and Si-CH, bonds, respectively. In scanning electron microscope images of
silane-treated MCF filled PLA composites, the improved interfacial adhesion between MCF and PLA matrix was observed.
The mechanical properties of the 3D-printed MCF/PLA composites with silane-treated MCF were improved compared to those
of the 3D-printed MCF/PLA composites with untreated MCF. In particular, the highest tensile and flexural modulus values
were observed for S-MCF10 (5,784.77 MPa) and S-MCF5 (2,441.67 MPa), respectively. The thermal stability of silane-treated
MCF was enhanced by delaying the initial thermal decomposition temperature compared to untreated MCF. The thermal
decomposition temperature difference at Tos was around 26°C. This study suggests that the effect of silane treatment on the
3D-printed MCF/PLA composites is effective and promising.
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1. INTRODUCTION

Three-dimensional (3D) printing technology, also
known as additive manufacturing, is being actively
researched in various fields such as construction, aero-
space, automobile, medical, and tissue engineering (Bae
and Kim, 2021; Dickson et al., 2020; Ngo et al., 2018;
Rahmatabadi et al., 2023a; Shin et al., 2018). Unlike the

conventional molding process requiring individual molds

to produce objects, 3D printing is regarded as a very
promising technology because 3D models can be opera-
ted using a computer control software to produce com-
plex and high-resolution objects without special tools
(Rahmatabadi ef al., 2023b; Xu et al., 2018). Among the
various 3D printing technologies, fused filament fabrica-
tion (FFF) creates a 3D shape by depositing individual
layers after melting an extruded thermoplastic polymer-

based filament using a heated nozzle (Bae et al., 2021;
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Chacon et al., 2017, Rahmatabadi et al., 2023b). The
common filaments used in FFF 3D printing are thermo-
plastic polymers such as polylactic acid (PLA), acrylo-
nitrile butadiene styrene, poly(e-caprolactone), and
polyhydroxyalkanoate (Vatani et al., 2015). Among the
thermoplastics, PLA is currently the most utilized mate-
rial in FFF 3D printing as a biodegradable polymer
typically derived from renewable resources (corn starch,
tapioca roots, sugar cane, sugar beet, etc.; Jamshidian et
al., 2010). PLA is very suitable to be used as a filament
for FFF 3D printing because it offers the advantages of
good stiffness, easy processing, and biocompatibility (Liu
and Zhang, 2011). However, the use of PLA as FFF 3D
printing filament has limitations due to disadvantages
such as low thermal stability, relatively high cost, and
low biodegradability (Wang et al., 2017). To overcome
these shortcomings, various approaches are being attem-
pted to study PLA-based biocomposites reinforced with
natural fibers (Lee et al., 2021).

Cellulose fiber is the most abundant natural resource
on earth. It offers the advantages of renewability, low
density, biodegradability, low energy consumption, and
low cost (Frone et al., 2011; Lu and Drzal, 2010).
Cellulose fibers are usually long fibers and can take a
variety of sizes and shapes. Among the cellulose fibers,
micro-sized cellulose fiber (MCF) shows improved pro-
perties in various applications including composites
(Moon et al., 2011). MCF also has a high aspect ratio
because its diameter is in the micrometer range, which
can provide improved mechanical properties to compo-
sites (Kim et al., 2019). However, MCF is hydrophilic
in nature; thus, it has a disadvantage of poor compati-
bility when applied as a filler to a hydrophobic polymer
matrix. Additionally, small-sized MCF fillers have much
higher surface activities than other bigger cellulose fiber
types, resulting in very strong aggregations between the
hydroxyl groups of MCFs (Lu et al., 2008). This property
indicates poor interfacial adhesion with the polymer

matrix, resulting in deteriorated mechanical and thermal

properties. Therefore, additional treatments are required
to apply the MCF as a filler to the PLA matrix.

Studies have been conducted to increase interfacial
compatibility by reducing the hydrophilic functional
groups of cellulose fibers. As typical chemical modifiers,
maleic anhydride (Lai et al., 2003), isocyanates (George
et al., 2001), acetic anhydrides (Pawar et al., 2013),
titanates (Bose and Mahanwar, 2006), and silanes (Jain
et al., 2022; Xie et al., 2010) have been used. In
particular, surface modification using a silane coupling
agent is induced on the surface of the original fiber
without damaging the cellulose fiber. Additionally, it has
been reported that the degree of substitution from hydro-
xyl group to silanol group can be controlled by adjust-
ing the content of the silane coupling agent (Xie et al.,
2010). Therefore, surface modification using silane treat-
ment on the MCF surface is proposed as an efficient
method to improve the interfacial compatibility between
MCF and PLA. However, little research has been done
on FFF 3D printing filaments using surface modification
by silane treatment.

In this study, PLA was filled with MCF because
MCF is an abundant, sustainable, renewable, and bio-
degradable micrometer-sized reinforcing natural filler,
which is expected to be well suitable for FFF 3D
printing processes that deposit extruded layers through a
very small diameter nozzle. However, MCF fillers
without additional treat-ment have relatively low compa-
tibility with the PLA matrix, resulting in aggregations.
The aggregated MCF fillers can lead to not only nozzle
clogging but also poor dispersions of MCF in the PLA
matrix. To address these issues, silane treatment was
introduced prior to melt compounding to reduce the
number of hydroxyl groups on the MCF surface.
Afterwards, various MCF/PLA blends were commingled
to manufacture filaments for FFF 3D printing and then
composite specimens were fabricated using a FFF 3D
printer. The aim of this study is to investigate the effects

of silane coupling agent on the optical, morphological,
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mechanical, and thermal properties of the 3D-printed
MCF/PLA composites.

2. MATERIALS and METHODS

2.1. Materials

PLA (Ingeo™ Biopolymer 4032D) with a melting
temperature of 155C-170C, melt flow index of 7 g/10
min (210T/2.16 kg), and density of 1.24 g/cm’® was
purchased from NatureWorks LLC (Blair, NE, USA).
MCF (Fibra-Cel® BH-40) in the form of a fine powder
with wet density of 216 g/L, average fiber length of 65
pm, and ash content of less than 0.3% was provided by
Celite (Santa Barbara, CA, USA). 3-aminopropyltrietho-
xysilane (APTES, XIAMETERTM OFS-6011), was ob-
tained from Dow Corning (Midland, MI, USA). As rea-
gents used for the silane treatment, ethanol with a purity
of 99.5% and glacial acetic acid with a purity of 99.7%
were purchased from Daejung Chemicals & Metals
(Siheung, Korea). All reagents were used without addi-

tional purification.

2.2. Methods

2.2.1. Silane treatment of micro-sized cellulose
fiber
Before silane treatment, the MCF powder was dried

A APTES
[

¢

Ethanol (8)

Water (2) 4
(==

APTES addition Hydrolysis

Silanol group
formation

—

at 80C for 24 h. For the silane treatment, the ratio of
ethanol and distilled water was 8:2, and, the APTES
concentration was set to 3 wt.% (based on the weight of
MCF). For APTES hydrolysis and stabilization of the
silanol groups formed in the solution, the solution pH
was adjusted from 4.0 to 4.5 using appropriate addition
of glacial acetic acid. APTES was hydrolyzed by stirring
in the solution for 1 h at room temperature. Then, the
MCF powder was added into the solution and the silane
treatment of MCF was conducted by stirring for 2 h at
room temperature. The silane-treated MCF immersed in
the solution was washed at least three times using
ethanol and distilled water. The silane-treated MCF was
vacuum-filtered and then the filtered silane-treated MCF
was dried at 80T for 24 h to remove the remaining
moisture. The overall procedure for the silane treatment
of MCF is shown in Fig. 1.

2.2.2. Melt compounding of micro-sized
cellulose fiber/polylactic acid composites
PLA was dried at 55C for 48 h before compounding.
PLA and the untreated or silane-treated MCF were
melt-compounded using a BA-19 co-rotating twin screw
extruder (Bautek, Pocheon, Korea) with a length-to-
diameter ratio of 40 and eight temperature zones. The
barrel temperature zones were set to 180C, 185C, 19
0T, 185C, 180T, 175C, 170TC, and 120TC, and the

==t

Silane treated MCF

Surface reaction

Fig. 1. Schematic of the overall procedure for the surface treatment of MCF by APTES coupling agent. APTES:
3-aminopropyltriethoxy silane, MCF: micro-sized cellulose fiber.
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extruder rotation speed was 65-70 rpm. The formulation
ratios for the various MCF/PLA blends are shown in
Table 1. The extruded blends were pelletized using a
BA-PLT pelletizer (Bautek) after air cooling.

2.2.3. Filament fabrication for 3D printing

The filaments for 3D printing applications were
prepared using a single screw extruder (Doldam, Gumi,
Korea) with previously extruded pellets. The extrusion
temperatures were set to 200C and 210C. The extruded
filaments had the diameters of 1.65-1.85 mm after

cooling in a water bath.

2.2.4. Specimen preparation by 3D printing

The WEG3D X1 FFF 3D printer (Hepzhibah,
Incheon, Korea) with a nozzle diameter of 0.6 mm was
used. Slicing of the 3D models for the FFF 3D printing
was conducted using an Ultimaker Cura software, which
was converted into g-code files. The g-code files were
loaded by the WEG3D 3D printer software and then
3D-printed to prepare the specimens for the impact, ten-
sile, and flexural tests. The temperatures of the nozzle
and heating plate were set to 210C and 60T, respec-
tively. The infill density, infill printing speed, printing
angle (i.e., raster angle), and layer height of the
3D-printed specimens were set to 100%, 40 mmy/s, 0°,

Table 1. Formulation ratios of various MCF/PLA
blends

Silane-treated

Specimen PrA M MCF
(wWt.%)
PLA 100 - -
MCF5 95 5 -
S-MCF5 95 - 5
MCF10 90 10 -
S-MCF10 90 - 10

MCF: micro-sized cellulose fiber, PLA: polylactic acid.

and 0.2 mm, respectively. The overall procedure for the
3D-printed specimen preparation by FFF 3D printing is

shown in Fig. 2.

2.2.5. Optical and morphological properties

Fourier transform infrared (FTIR) spectroscopy was
used to analyze the changes in chemical composition of
MCF surface by silane treatment. The Frontier FTIR
spectrometer (PerkinElmer, Waltham, MA, USA) was
performed with a scanning wavelength from 4,000-400
em' (32 scans).

The morphologies of the 3D-printed MCF/PLA
composites were characterized using a JSM-7401F (Jeol,
Tokyo, Japan) field emission scanning electron micros-
cope (FE-SEM). After the Izod impact test, the fractured
surface of the specimen was observed. The fractured
surface was platinum-coated, and then analyzed at an

acceleration voltage of 10 kV.

2.2.6. Mechanical properties

Izod impact strength tests were performed using a
DTI-602B digital impact tester (Dackyung Technology,
Incheon, Korea) according to ASTM D256. Tensile and
flexural strength tests were conducted using a HSOSK
universal testing machine (Hounsfield Test Equipment,
Redhill, UK) according to ASTM D638 and D790,
respectively. The test crosshead speed was set at 10
mm/min. At least five samples were used to get average

value for each test.

2.2.7. Thermal properties

Thermogravimetric analysis (TGA) was carried out
using a TGA/differential scanning calorimetry (DSC 1)
TG analyzer (Mettler-Toledo LLC, Columbus, OH, USA)
to investigate the thermal decomposition temperature of
the MCF/PLA composites. All measurements were
performed in a nitrogen gas from 30T to 600T at a
heating rate of 10C/min. The weights of the samples

were approximately 5 mg.
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MCF/PLA
composites
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Melt compounding by twin-screw extruder

Water cooling
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(b) Tensile specimens
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Fig. 2. Schematic of the overall procedure for the 3D-printed specimen preparation by FFF 3D printing. PLA:
polylactic acid, MCF: micro-sized cellulose fiber, FFF: fused filament fabrication.

DSC analysis was conducted using a DSC Q10
differential scanning calorimeter (TA Instruments, New
Castle, DE, USA) to investigate the thermal behavior of
the MCF/PLA composites.
performed from 30T to 250TC at a heating rate of 10T

/min. After holding for 1 min, the measurement was

All measurements were

subsequently swept back under nitrogen flow at a
cooling rate of — 10T /min. The weights of the samples
were approximately 8 mg. The values of glass transition
temperature (Tg), melting temperature (Ty,), cold crystal-
lization temperature (T.), melting enthalpy (AHy), and
cold crystallization enthalpy (AH.) were determined
using DSC analysis. The crystallinity (X.) of the MCF/
PLA composites was calculated by the following Equa-
tion (1).

AH, — AH..,

w X AH

X, %100 (%)

M

Where AHp
site; AH. is the cold crystallization enthalpy of the

is the melting enthalpy of the compo-

composite; AHpye is the theoretical enthalpy of PLA
(93.1 J/g); w is the mass fraction of PLA in the com-

posite (Liu et al., 1997).

3. RESULTS and DISCUSSION

3.1. Optical and morphological properties

The FTIR spectra of the untreated and silane-treated
MCFs are shown in Fig. 3. The absorption peaks of the
typical cellulose were observed from the FTIR spectra
of the untreated MCF. The stretching vibrations at 3,600
-3,000 cm' indicate hydrogen bonds (-OH), and the
stretching vibrations at 2,890 and 1,370 cm ' indicate C-
H bonds (Frone et al., 2011; Kim et al., 2019). The
bending vibration at 1,050 cm’! indicates C-H bonds,
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Fig. 3. FTIR spectra of untreated MCF and silane-

treated MCF. MCF: micro-sized cellulose fiber,
FTIR: Fourier transform infrared.

and the stretching vibration from the glycosidic bridges
at 1,160 cm' indicates C-O-C bonds (Frone et al.,
2011; Mahendiran et al., 2022; Pang and Ismail, 2013).
On the other hand, new absorption peaks were observed
from the FTIR spectra of the silane-treated MCF in
comparison with that of the untreated MCF. The absorp-

tion peak at 1,100 cm™' represents the stretching vibra-

tion of C-NH, bond (Demjén et al., 1999; Mathialagan
and Ismail, 2012; Pang and Ismail, 2013). Also, the

absorption peak at 1,030 cm’'

is assigned to Si-O-Si
bonds, and the absorption peak of Si—-CH, is observed at
815 cm', which is the characteristic peak of siloxane
(Frone et al., 2011; Kim et al., 2012). The chemical
changes obtained from the FTIR spectra are attributed to
the chemical reaction between the hydroxyl groups of
MCF and silanol by the silane treatment. A schematic
showing the conversion of MCF surface from the hydro-
philic to hydrophobic by the silane coupling reaction is
shown in Fig. 4. Through silanization, hydrolysis of
silane, condensation between silanols, and bond forma-
tion between siloxane and MCF fibers were sequentially
achieved (Kim et al., 2012).

The scanning electron micrographs (100 x magnifica-
tion) of various 3D-printed MCF/PLA composites are
shown in Fig. 5. Fig. 5(a) shows the fractured surface
of neat PLA, which exhibits a smooth surface. Good
adhesions between the 3D printing layers were observed.

Fig. 5(b) shows an image of the MCF/PLA composite

o/\CHs OH
| Hydrolysis ! P
HN A~ — Si—O<_CH: + H:.0 — > HN-~_—Si—OH + HO" "CH;
| Acetic acid, pH =4 |
HC O OH
N £
3-Aminopropyl-triethoxysilane Silanol
NHZ NH2 NHZ
l
HO-Si-0-Si-0-Si-OH
| | | Condensation OH OH OH
O O o ¢ -
'
H20

APTES treated MCF

Micro-sized cellulose fiber

Fig. 4. Schematic of the MCF surface chemically modified by silane treatment. MCF: micro-sized cellulose

fiber, APTES: 3-aminopropyltriethoxy silane.
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Fig. 5. SEM images of the impact-fractured surfaces of various 3D-printed MCF/PLA composites (100 x). (a)
PLA, (b) MCF5, (c¢) S-MCFS5, (d) MCF10, (e) S-MCF10. SEM: scanning electron microscope, MCEF:

micro-sized cellulose fiber, PLA: polylactic acid.

with 5 wt.% untreated MCF. Some voids represent pull-
out traces of MCF fillers. Scanning electron microscope
(SEM) image of the MCF/PLA composite with 5 wt.%
silane-treated MCF is observed in Fig. 5(c), showing
similar surface features as untreated MCF filled com-
posite due to the low filler content. Fig. 5(d) shows an
image of the MCF/PLA composite with 10 wt.%
untreated MCF. In Fig. 5(d), a rougher surface and
larger pull-out traces are observed, which indicate not
only poor interfacial adhesion between MCF and PLA
matrix, but also the effect of aggregated MCF fibers.
Fig. 5(e) shows an image of the MCF/PLA composite
with 10 wt.% silane-treated MCF. Compared to Fig.
5(d), a less rough surface is observed because the

hydrophilic functional groups on the MCF surfaces were

reduced by the silane treatment of MCF.

The scanning electron micrographs (1,000 X magnifi-
cation) of various 3D-printed MCF/PLA composites are
shown in Fig. 6. Fig. 6(a) shows the fractured surface
of neat PLA, and a smooth surface is observed because
no fillers are present. Fig. 6(b) and (d) show the images
of MCF/PLA composites with untreated MCF. The
images showed interfacial gaps (designated as dashed
circles) between cellulose fibers and polymer due to the
incompatibility between hydrophilic MCF and hydro-
phobic PLA. This incompatibility is expected to degrade
the mechanical and thermal properties of MCF/PLA
composites. Fig. 6(c) and (e) show the images of the
MCF/PLA composites with silane-treated MCFs, which

indicate improved interfacial adhesions between MCF
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Fig. 6. SEM images of the impact-fractured surfaces of various 3D-printed MCF/PLA composites (x 1,000).
(a) PLA, (b) MCFS5, (c) S-MCFS5, (d) MCF10, (e) S-MCF10. MCF: micro-sized cellulose fiber, SEM: scanning

electron microscope, PLA: polylactic acid.

and PLA matrix in contrast to those shown in Fig. 6(b)
and (d). The silane-treated MCFs are also shown to be
well trapped in the PLA matrix. Thus, better stress
transfer could be expected. The SEM images show that
the hydrophilic hydroxyl groups of MCF were subs-
tituted by hydrophobic functional groups resulted from
the silane coupling reaction, which consequently led to
improved interfacial adhesions between silane-treated
MCF and hydrophobic PLA (Huda et al., 2008).

3.2. Mechanical properties

Mechanical properties are one of the important fac-

tors to evaluate the performance of 3D-printed objects.

The impact strength of the various 3D-printed MCF/
PLA composites is shown in Fig. 7. The impact strength
of the 3D-printed MCF/PLA composites was reduced by
the incorporation of untreated MCF due to the poor
interfacial adhesion between hydrophilic MCF and
hydrophobic PLA matrix. Further, the stress caused by
the external impact was concentrated in the gaps
between MCF and PLA (Koohestani et al., 2017). In
addition, the presence of fibers aggregated by the
hydroxyl groups of the untreated MCF and the mobility
of the restricted PLA resulted in quasi-brittle fracture
behavior (Zulkifli et al., 2015). On the other hand, the
impact strengths of S-MCF5 and S-MCF10 specimens
(648.87 and 604.29 J/m?) exhibited improved results
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Fig. 7. Impact strength of various 3D-printed MCF/
PLA composites. PLA: polylactic acid, MCF: micro-
sized cellulose fiber.

compared to those of MCF5 and MCF10 (610.37 and
592.13 J/m?). From the abovementioned FTIR spectra
and SEM images, improved interfacial interaction bet-
ween MCF and PLA matrix was achieved by the silane
treatment, which enabled stress transfer and improved
impact strength (Gwon et al., 2010). However, the
3D-printed specimens had lower impact strength than
conventionally molded samples due to the gaps between
layers. No remarkable improvement in strength values
was observed compared to neat PLA.

The tensile properties of the various 3D-printed MCF/
PLA composites are shown in Fig. 8. For tensile strength,
all the 3D-printed MCF/PLA composites exhibited redu-

70

60 -

49:57
501 =
40

301
20 1
101

Tensile Strength (MPa)

0 T T T y —
PLA MCF5 S-MCF5 MCF10 S-MCF10

ced features compared to neat PLA. From the above-
mentioned SEM images, bigger voids were particularly
observed in the 3D-printed MCF/PLA composites with
10 wt.% untreated MCF due to the poor interfacial
adhesion between MCF and PLA matrix, which easily
broke during the tensile test (Chun et al., 2012). But,
among the 3D-printed MCF/PLA composites, S-MCF5
and S-MCF10 specimens (35.06 and 31.62 MPa) with
silane-treated MCF exhibited improved tensile strength
compared to MCF5 and MCF10 (29.85 and 23.68 MPa)
with untreated MCF because the hydroxyl groups on the
MCF surface were replaced with hydrophobic functional
groups by the silane treatment, thereby increasing the
hydrophobicity. Thus, they demonstrated improved inter-
facial compatibility with the PLA matrix (Liu et al.,
1997). As shown in Fig. 8, the whole 3D-printed MCF/
PLA composites demonstrated an increased tensile mo-
dulus compared to neat PLA. According to the study by
Agrawal et al., surface treatment using chemical reac-
tions affects the mechanical properties of natural fibers,
especially stiffness improvement by fiber reinforcement
in composites (Agrawal et al., 2000). The tensile modu-
lus of the 3D-printed MCF/PLA composites was impro-
ved by the presence of MCF, and the effect of silane-
treated MCF was more pronounced. Thus, S-MCF10 de-
monstrated the highest tensile modulus value (5,869.05
MPa).

7000

s725.10 578477

5869.05

5634.70
5446.49 20 N

(=2

(=3

o

o
)

5000 4

4000 A

Tensile Modulus (MPa)

3000 T T T =
PLA MCF5 S-MCF5 MCF10 S-MCF10

Fig. 8. Tensile properties of various 3D-printed MCF/PLA composites. PLA: polylactic acid, MCF: micro-sized

cellulose fiber.
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The flexural properties of the various 3D-printed
MCF/PLA composites are shown in Fig. 9. All the
3D-printed MCF/PLA composites exhibited a reduced
flexural strength compared to neat PLA. This result is
similar to that of the tensile strength reduced by the
incorporation of MCF fillers. S-MCF5 and S-MCF10
specimens (58.12 and 50.90 MPa) with silane-treated
MCF demonstrated improved flexural strength values
compared to MCF5 and MCF10 (54.46 and 46.49 MPa)
with untreated MCF. It is associated with the interfacial
adhesion, which was improved by the silane treatment,
exerted an improvement effect on the flexural strength
(Ifuku and Yano, 2015). As shown in Fig. 9, MCF5
specimen (2,212.14 MPa) demonstrated increased flexural
modulus compared to neat PLA (2,176.30 MPa). S-MCF5
(2,441.67 MPa) also exhibited more improved flexural
modulus than neat PLA and MCF5. This result is simi-
lar to the improvement of tensile modulus by the incor-
poration of MCF mentioned above. It is considered that
the movement of polymer chain was suppressed by the
incorporation of MCF, thereby increasing the rigidity of
the 3D-printed MCF/PLA composites. We also believe
that the enhancement of interfacial adhesion by silane
treatment has an effect on the increase in flexural
modulus (Huda et al., 2008). However, in contrast to the
tensile modulus results, both MCF10 and S-MCFI10
specimens (1,975.73 and 2,145.15 MPa) with increased

90

-3
o
2

71120
701 [T

60 54.46

o
o
1

40 -

w
o
2

Flexural Strength (MPa)

N
o

T T T =
PLA MCF5 S-MCF5 MCF10 S-MCF10

MCF content demonstrated lower flexural modulus than
neat PLA (2,176.30 MPa). These are probably attributed
to the poor deposition between the 3D printing layers
caused by the bigger voids for MCF10 and the more
voids for S-MCF10, as shown in the abovementioned
SEM images. Among the MCF/PLA composites, MCF10
specimen exhibited the lowest flexural modulus, sugge-
sting that this result was caused by the aggregation of
cellulose fibers. On the other hand, S-MCF10 specimen
showed improved flexural modulus compared to MCF10
due to the silane treatment effect.

From the mechanical property results, MCF/PLA
composites with silane-treated MCF showed better
properties than those with untreated MCF. This result
indicates that surface modification effects by the silane
coupling agent could be adequately achieved in 3D-
printed MCF/PLA composites.

3.3. Thermal properties

The TG and derivative TG (DTG) curves of the
untreated and silane-treated MCFs are shown in Fig. 10,
respectively. The total TGA results are listed in Table 2.
Tos and Tsp refer to the temperatures at which the
remaining masses of the composites were 95% and 50%,
respectively. The peaks of stage one in the DTG curves

shown in Fig. 10 were due to the thermal decomposition

3500

2800 2441.67

217630 221214 iy

2145.15

1975.73

2100

1400 4

700 -

Flexural Modulus (MPa)

0 T T T Y
PLA MCF5 S-MCF5 MCF10 S-MCF10

Fig. 9. Flexural properties of various 3D-printed MCF/PLA composites. PLA: polylactic acid, MCF: micro-sized

cellulose fiber.
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Fig. 10. TG and DTG curves of untreated and
silane-treated MCFs. MCF: micro-sized cellulose
fiber, TG: thermogravimetric, DTG: derivative TG.

of cellulose, and the measured peak maximum tempera-
tures are indicated as Ty The Tos values of the un-
treated and silane-treated MCFs were measured as
217.77C and 243.27C, respectively, and demonstrated
an initial thermal decomposition temperature difference
of approximately 26C. The thermal stability of the
silane-treated MCF was improved in comparison with
that of the untreated MCF until a weight loss of around
40%. This result demonstrated an improved thermal
stability from the beginning to the middle after the start
of the thermal decomposition. Delaying early thermal
decomposition in the material is very important. The
thermal decomposition at this stage is due to the decom-
position of cellulose, which is the result of dehydration

reaction among or within the molecules. The hydroxyl

Table 2. TGA results of various MCF/PLA compo-

sites
TGA data
Specimen
Tos (C) Ts (C) Tyax (C)

MCF 217.77 350.60 355.24
Silane-treated MCF ~ 243.27 348.87 351.01
PLA 318.45 358.84 363.73
MCF5 320.45 355.41 359.37
S-MCF5 323.99 360.57 364.34
MCF10 317.01 354.72 358.02
S-MCF10 321.02 357.47 360.76

TGA: thermogravimetric analysis, MCF: micro-sized cellu-
lose fiber, PLA: polylactic acid.

groups in cellulose are stable as leaving groups, but heat
protonates the hydroxyl groups in natural fibers, conver-
ting them into higher leaving groups. Therefore, hydro-
xyl groups are released, increasing the possibility of
thermal decomposition. However, silane-treated cellulose
has been considered to have improved thermal stability
due to the relatively small number of hydroxyl groups
because hydroxyl groups on the surface of cellulose are
replaced with other functional groups through silane
coupling reactions (Lu et al., 2008; Moon et al., 2011).

The TG and DTG curves of the various MCF/PLA
composites are shown in Fig. 11. The total TGA results
are listed in Table 2 as well. The peaks of stage one in
the DTG curves observed in Fig. 11 were due to the
thermal decomposition of PLA and cellulose, and the
Tmax values of neat PLA and MCF did not exhibit a
large difference and were shown as one peak. The MCF/
PLA composites with silane-treated MCF exhibited an
improved thermal stability compared to the MCF/PLA
composites with untreated MCF. As a result, the TG and
DTG curves shifted to the right, and the Tos, Tsy, and
Tmax values accordingly increased. This result indicates
that the interfacial molecular chain between MCF and

PLA matrix was tightly connected by the silane treat-
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Fig. 11. TG and DTG curves of various MCF/PLA

composites. PLA: polylactic acid, MCF: micro-sized

cellulose fiber, TG: thermogravimetric, DTG: deriva-
tive TG.

ment and that higher energy was required to interfere
with the chemical and physical interactions, thereby
improving the heat resistance (Qian and Sheng, 2017).
Comparisons of the TGA data of the MCF and neat
PLA listed in Table 2 reveal that the thermal stability of
PLA was better. Thus, the thermal stability of the MCF/
PLA composites with MCF is expected to decrease
compared to that of neat PLA. However, S-MCF5
specimen exhibited the improvement of thermal stability
compared to neat PLA. As a result, the TG and DTG
curves shifted to the right and the Tos, Tso, and Tpuax
values increased. This is probably due to the enhanced
interfacial interactions between the surface-modified
MCF and PLA matrix, and consequently provided the
improved thermal stability to the MCF/PLA composites.

The heating-run curves of the various MCF/PLA
composites obtained by the DSC analysis are shown in
Fig. 12. The total DSC characteristics of the MCF/PLA
composites are listed in Table 3. The T, values of the
MCF/PLA composites did not show any difference in
the presence of MCF and appeared almost similar. Glass
transition of polymers has been known to depend on
various factors such as the molecular weight of the
polymers, interaction among molecules, and crosslink
density among the molecules (Krishnamachari et al.,
2009). Therefore, T, can be varied by the presence of
a filler, however, because of the PLA, which occupy a
high fraction of at least 90 wt.%, T, values of the
MCF/PLA composites are considered to be similar to
that of neat PLA (Frone et al., 2013). T, values of the
MCF/PLA composites were measured to be similar
regardless of the presence of untreated or silane-treated
MCF, which was considered to be similar to abovemen-
tioned T, X values of the MCF/PLA composites
increased compared to that of neat PLA because MCF
acted as a heterogeneous nucleating agent in the PLA
matrix to promote nucleation (Suksut and Deeprasertkul,
2011). X, slightly increased as the MCF content in the
PLA matrix increased. It probably seems to be due to

the increase in the nucleation sites of MCFs, which

Shifted to right /|

Heat Flow Endo Up (W/g)

4 60 80 100 120 140 160 180 200
Temperature (°C)

Fig. 12. DSC heating-run curves of various MCF/

PLA composites. PLA: polylactic acid, MCF: micro-

sized cellulose fiber, DSC: differential scanning

calorimetry.
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DSC data
Specimen
T, (C) Ty (CT) T (C) AHy (Vg) AHe. (lg) X. (%)
PLA 58.57 173.19 108.87 29.20 20.04 9.84
MCF5 58.20 172.80 112.76 29.65 14.92 16.65
S-MCF5 58.76 173.34 112.75 28.93 17.44 12.99
MCF10 58.01 173.31 112.62 28.89 14.27 17.44
S-MCF10 58.95 173.00 113.68 27.85 16.78 13.21

DSC: differential scanning calorimetry, MCF: micro-sized cellulose fiber, PLA: polylactic acid.

served as nucleating agents, with increasing MCF con-
tent. However, X, of the MCF/PLA composites with
silane-treated MCF was lower than that of the MCF/
PLA composites with untreated MCF because of the
stronger adhesion between MCF and PLA matrix by the
silane treatment, which means that the movement of the
PLA chains close to the silane-treated MCF could be
limited and thus disrupted the crystallization process
(Frone et al., 2013). T, of the MCF/PLA composites
was higher than that of neat PLA because of the
presence of MCF. X, of the MCF/PLA composites was
improved by the presence of MCF, which was expected
to promote nucleation by acting as a heterogeneous
nucleating agent. Therefore, T.. was also expected to
decrease due to the effect of the accelerated crystalliza-
tion. However, T increased due to the presence of
untreated or silane-treated MCFs in the MCF/PLA com-
posites, which could have reduced the mobility of the
molecular chains and thus did not accelerate the forma-
tion of crystallization but consequently improved X
(Gwon et al., 2010).

4. CONCLUSIONS

In this study, MCF was surface modified using a
silane coupling agent (i.e., APTES) and then, MCF/PLA

composites were reinforced with untreated or silane-

treated MCFs, successfully fabricated as filaments for
FFF 3D printing and printed using a FFF 3D printer.
After that, effects of silane treatment on the optical,
morphological, mechanical, and thermal properties of
FFF 3D-printed composites were analyzed. The obser-
ved key conclusive results are as follows:

The silane treatment of MCF was verified by the
FTIR spectra, which demonstrated that the hydrophobic
characteristics increased through a condensation reaction
between hydrolyzed silane and the hydroxyl groups of
MCF. The increase in hydrophobic properties of silane-
treated MCF was confirmed by FTIR spectra of the new
absorption peaks at 1,100 em', 1,030 cm’!, and 815 cm’!
representing C-NH,, Si-O-Si, and Si-CH, bonds, respec-
tively. According to the SEM images, improved inter-
facial adhesions between silane-treated MCF and the
PLA matrix were observed. Also, reduced voids were
observed from the fractured surface of the S-MCF
specimens. The impact, tensile and flexural strengths of
the 3D-printed MCF/PLA composites with silane-treated
MCF were improved compared to those of the 3D-
printed MCF/PLA composites with untreated MCF. The
highest values of tensile and flexural moduli were obser-
ved at S-MCF10 (5,784.77 MPa) and S-MCF5 (2,441.67
MPa), respectively. The TGA result of the silane-treated
MCF showed the better thermal stability by delaying the

initial thermal decomposition temperature compared to
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the untreated MCF. The thermal decomposition tempera-
ture difference at Tos was around 26C. In DSC results,
the presence of untreated MCF in MCF/PLA composites
led to increased X. by acting as a heterogeneous nu-
cleating agent. However, the presence of silane-treated
MCF in the MCF/PLA composites led to stronger inter-
actions between MCF and PLA matrix, which rather

limited the crystallization process.

CONFLICT of INTEREST

No potential conflict of interest relevant to this article

was reported.

ACKNOWLEDGMENT

This work was supported by Basic Science Research
Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Science and
ICT (NRF-2022R1F1A1076532) and ‘R&D Program for
Forest Science Technology (Project No. 2023473E10-
2325-EE02)’ provided by Korea Forest Service (Korea

Forestry Promotion Institute).

REFERENCES

Agrawal, R., Saxena, N.S., Sharma, K.B., Thomas, S.,
Sreekala, M.S. 2000. Activation energy and crystal-
lization kinetics of untreated and treated oil palm
fibre reinforced phenol formaldehyde composites.
Materials Science and Engineering: A 277(1-2): 77-
82.

Bae, S., Seo, Y., Kim, B., Lee, M. 2021. Effects of
wood flour and MA-EPDM on the properties of
fused deposition modeling 3D-printed poly lactic
acid composites. BioResources 16(4): 7122-7138.

Bae, S.U., Kim, B.J. 2021. Effects of cellulose nanocry-
stal and inorganic nanofillers on the morphological

and mechanical properties of digital light processing

Birm-June KIM

(DLP) 3D-printed photopolymer composites. Applied
Sciences 11(15): 6835.

Bose, S., Mahanwar, P.A. 2006. Effect of titanate cou-
pling agent on the mechanical, thermal, dielectric,
rheological, and morphological properties of filled
nylon 6. Journal of Applied Polymer Science 99(1):
266-272.

Chacoén, J.M., Caminero, M.A., Garcia-Plaza, E., Nuiiez,
P.J. 2017. Additive manufacturing of PLA structures
using fused deposition modelling: Effect of process
parameters on mechanical properties and their opti-
mal selection. Materials & Design 124: 143-157.

Chun, K.S., Husseinsyah, S., Osman, H. 2012. Mechani-
cal and thermal properties of coconut shell powder
filled polylactic acid biocomposites: Effects of the
filler content and silane coupling agent. Journal of
Polymer Research 19(5): 9859.

Demjén, Z., Pukanszky, B., Nagy, J. Jr. 1999. Possible
coupling reactions of functional silanes and poly-
propylene. Polymer 40(7): 1763-1773.

Dickson, A.N., Abourayana, H.M., Dowling, D.P. 2020.
3D printing of fibre-reinforced thermoplastic com-
posites using fused filament fabrication: A review.
Polymer 12(10): 2188.

Frone, A.N., Berlioz, S., Chailan, J.F., Panaitescu, D.M.
2013. Morphology and thermal properties of PLA-
cellulose nanofibers composites. Carbohydrate Poly-
mers 91(1): 377-384.

Frone, A.N., Berlioz, S., Chailan, J.F., Panaitescu, D.M.,
Donescu, D. 2011. Cellulose fiber-reinforced poly-
lactic acid. Polymer Composites 32(6): 976-985.

George, J., Sreekala, M.S., Thomas, S. 2001. A review
on interface modification and characterization of
natural fiber reinforced plastic composites. Polymer
Engineering & Science 41(9): 1471-1485.

Gwon, J.G., Lee, S.Y., Chun, S.J., Doh, G.H., Kim, J.H.
2010. Effects of chemical treatments of hybrid
fillers on the physical and thermal properties of
wood plastic composites. Composites Part A: Appli-

- 218 -



J. Korean Wood Sci. Technol. 2024, 52(3): 205-220

ed Science and Manufacturing 41(10): 1491-1497.

Huda, M.S., Drzal, L.T., Mohanty, A.K., Misra, M.
2008. Effect of fiber surface-treatments on the pro-
perties of laminated biocomposites from poly(lactic
acid) (PLA) and kenaf fibers. Composites Science
and Technology 68(2): 424-432.

Ifuku, S., Yano, H. 2015. Effect of a silane coupling
agent on the mechanical properties of a microfibril-
lated cellulose composite. International Journal of
Biological Macromolecules 74: 428-432.

Jain, B., Mallya, R., Nayak, S.Y., Heckadka, S.S.,
Prabhu, S., Mahesha, G.T., Sancheti, G. 2022.
Influence of alkali and silane treatment on the
physico-mechanical properties of Grewia serrulata
fibres. Journal of the Korean Wood Science and
Technology 50(5): 325-337.

Jamshidian, M., Tehrany, E.A., Imran, M., Jacquot, M.,
Desobry, S. 2010. Poly-lactic acid: Production,
applications, nanocomposites, and release studies.
Comprehensive Reviews in Food Science and Food
Safety 9(5): 552-571.

Kim, B.J,, Yao, F., Han, G., Wu, Q. 2012. Performance
of bamboo plastic composites with hybrid bamboo
and precipitated calcium carbonate fillers. Polymer
Composites 33(1): 68-78.

Kim, S.H., Kim, E.S., Choi, K., Cho, J.K., Sun, H., Yoo,
J.W,, Park, LK., Lee, Y., Choi, H.R., Kim, T., Suhr,
J., Yun, J.H., Choi, H.J., Nam, J.D. 2019. Rheolo-
gical and mechanical properties of polypropylene
composites containing microfibrillated cellulose
(MFC) with improved compatibility through surface
silylation. Cellulose 26(2): 1085-1097.

Koohestani, B., Ganetri, 1., Yilmaz, E. 2017. Effects of
silane modified minerals on mechanical, microstruc-
tural, thermal, and rheological properties of wood
plastic composites. Composites Part B: Engineering
111: 103-111.

Krishnamachari, P., Zhang, J., Lou, J., Yan, J., Uitenham,
L. 2009. Biodegradable poly(lactic acid)/clay nano-

composites by melt intercalation: A study of mor-
phological, thermal, and mechanical properties. In-
ternational Journal of Polymer Analysis and Charac-
terization 14(4): 336-350.

Lai, S.M., Yeh, F.C., Wang, Y., Chan, H.C., Shen, H.F.
2003. Comparative study of maleated polyolefins as
compatibilizers for polyethylene/wood flour compo-
sites. Journal of Applied Polymer Science 87(3):
487-496.

Lee, C.H., Padzil, FN.BM., Lee, S.H., Ainun, ZM.A.,
Abdullah, L.C. 2021. Potential for natural fiber
reinforcement in PLA polymer filaments for fused
deposition modeling (FDM) additive manufacturing:
A review. Polymers 13(9): 1407.

Liu, H., Zhang, J. 2011. Research progress in toughen-
ing modification of poly(lactic acid). Journal of
Polymer Science Part B: Polymer Physics 49(15):
1051-1083.

Liu, X., Dever, M., Fair, N., Benson, R.S. 1997. Ther-
mal and mechanical properties of poly(lactic acid)
and poly(ethylene/butylene succinate) blends. Journal
of Environmental Polymer Degradation 5(4): 225-
235.

Lu, J., Askeland, P., Drzal, L.T. 2008. Surface modifi-
cation of microfibrillated cellulose for epoxy com-
posite applications. Polymer 49(5): 1285-1296.

Lu, J., Drzal, L.T. 2010. Microfibrillated cellulose/cellu-
lose acetate composites: Effect of surface treatment.
Journal of Polymer Science Part B: Polymer Physics
48(2): 153-161.

Mahendiran, B., Muthusamy, S., Janani, G., Mandal,
B.B., Rajendran, S., Krishnakumar, G.S. 2022. Sur-
face modification of decellularized natural cellulose
scaffolds with organosilanes for bone tissue regene-
ration. ACS Biomaterials Science & Engineering
8(5): 2000-2015.

Mathialagan, M., Ismail, H. 2012. Optimization and
effect of 3-aminopropyltriethoxysilane content on

the properties of bentonite-filled ethylene propylene

- 219 -



Young-Rok SEO - Birm-June KIM

diene monomer composites. Polymer Composites
33(11): 1993-2000.

Moon, R.J., Martini, A., Nairn, J., Simonsen, J.,
Youngblood, J. 2011. Cellulose nanomaterials
review: Structure, properties and nanocomposites.
Chemical Society Reviews 40(7): 3941-3994.

Ngo, T.D., Kashani, A., Imbalzano, G., Nguyen, K.T.Q.,
Hui, D. 2018. Additive manufacturing (3D printing):
A review of materials, methods, applications and
challenges. Composites Part B: Engineering 143:
172-196.

Pang, A.L., Ismail, H. 2013. Tensile properties, water
uptake, and thermal properties of polypropylene/
waste pulverized tire/kenaf (PP/WPT/KNF) compo-
sites. BioResources 8(1): 806-817.

Pawar, PM.A., Koutaniemi, S., Tenkanen, M.,
Mellerowicz, E.J. 2013. Acetylation of woody lig-
nocellulose: Significance and regulation. Frontiers
in Plant Science 4: 118.

Qian, S.P.,, Sheng, K. 2017. PLA toughened by bamboo
cellulose nanowhiskers: Role of silane compatibili-
zation on the PLA bionanocomposite properties.
Composites Science and Technology 148: 59-69.

Rahmatabadi, D., Aberoumand, M., Soltanmohammadi,
K., Soleyman, E., Ghasemi, I., Baniassadi, M.,
Abrinia, K., Bodaghi, M., Baghani, M. 2023a.
Toughening PVC with biocompatible PCL softeners
for supreme mechanical properties, morphology,
shape memory effects, and FFF printability. Macro-
molecular Materials and Engineering 308(10):
2300114.

Rahmatabadi, D., Soltanmohammadi, K., Pahlavani, M.,
Aberoumand, M., Soleyman, E., Ghasemi, I,
Baniassadi, M., Abrinia, K., Bodaghi, M., Baghani,
M. 2023b. Shape memory performance assessment
of FDM 3D printed PLA-TPU composites by

Box-Behnken response surface methodology. The
International Journal of Advanced Manufacturing
Technology 127(1/2): 935-950.

Shin, Y.J., Yun, H.J., Lee, E.J., Chung, W.Y. 2018. A
study on the development of bamboo/PLA bio-
composites for 3D printer filament. Journal of the
Korean Wood Science and Technology 46(1): 107-
113.

Suksut, B., Deeprasertkul, C. 2011. Effect of nucleating
agents on physical properties of poly(lactic acid)
and its blend with natural rubber. Journal of
Polymers and the Environment 19(1): 288-296.

Vatani, M., Lu, Y., Engeberg, E.D., Choi, J.W. 2015.
Combined 3D printing technologies and material for
fabrication of tactile sensors. International Journal
of Precision Engineering and Manufacturing 16(7):
1375-1383.

Wang, Z., Xu, J., Lu, Y., Hu, L., Fan, Y., Ma, J., Zhou,
X. 2017. Preparation of 3D printable micro/nano-
cellulose-polylactic acid (MNC/PLA) composite wire
rods with high MNC constitution. Industrial Crops
and Products 109: 889-896.

Xie, Y., Hill, C.A.S., Xiao, Z., Militz, H., Mai, C. 2010.
Silane coupling agents used for natural fiber/poly-
mer composites: A review. Composites Part A:
Applied Science and Manufacturing 41(7): 806-819.

Xu, W.,, Pranovich, A., Uppstu, P., Wang, X., Kronlund,
D., Hemming, J., Oblom, H., Moritz, N., Preis, M.,
Sandler, N., Willfor, S., Xu, C. 2018. Novel biore-
newable composite of wood polysaccharide and
polylactic acid for three dimensional printing. Car-
bohydrate Polymers 187: 51-58.

Zulkifli, N.I., Samat, N., Anuar, H., Zainuddin, N. 2015.
Mechanical properties and failure modes of recycled
polypropylene/microcrystalline cellulose composites.
Materials & Design 69: 114-123.

- 220 -



