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Abstract: This study investigates the potential of enhancing the mechanical properties of polylactic
acid (PLA) using cellulose nanocrystals (CNC). Recognized for their high specific strength and
stiffness, CNCs are considered to improve the performance of PLA in engineering plastic
applications. The synthesis involves a twin-screw extrusion process, which facilitates the uniform
dispersion of CNC within the PLA matrix. The mechanical properties, including tensile strength
and elongation at break, are comprehensively analyzed, highlighting the effects of CNC
concentrations on the performance of PLA composites. Notably, the addition of 1 wt% CNC
resulted in a 20% increase in strain at break compared to pure PLA, demonstrating enhanced
ductility. Additionally, the thermal resistance of the composite increased by 0.3% with the inclusion
of 5 wt% CNC. This study highlights the positive effect of CNC addition on the mechanical
properties of PLA composites, making them more suitable for specialized engineering uses.

Keywords: Polylactic acid; Cellulose nanocrystals; Mechanical properties; Biocomposites,
Engineering plastics

1. Introduction

Annually, 11 million metric tons of plastic are added to the staggering 200 million metric tons
circulating in our oceans [1]. From stray plastic bags and straws finding their way into gutters to
vast volumes of improperly managed plastic waste from booming economies, this is equivalent to
dumping the contents of a New York City garbage truck into the ocean every single minute of the
year. Such an immense accumulation of plastic significantly affects ocean ecosystems. In recent
years, biodegradable polymers have gained significant attention in research and industry applications
worldwide, with cellulose [2], [3], [4], [5], chitosan [6], [7], PVA [8], [9], [10], and polylactic acid
(PLA) particularly notable. Compared to conventional plastics, biodegradable plastics can
decompose up to 90% within three to six months in a composting environment, ultimately breaking
into water and carbon dioxide and returning to nature. These materials dramatically reduce the
environmental burden of plastic pollution. However, these polymers generally have lower
mechanical properties and thermal resistance, making their processing parameters more challenging
to control, and they are also more expensive than traditional plastics, limiting their application and
development.

Therefore, nanocellulose extracted from natural plants has been extensively studied to enhance the
mechanical and tribological properties of biodegradable polymers [11], [12]. Cellulose is the world's
most abundant renewable resource, with an annual production of 830 million metric tons through
photosynthesis [13]. This surge in research is driven by factors such as fossil fuel scarcity, rising
costs, the growing awareness of environmental protection, and the rise of the green energy sector
[14], [15], [16], [17], [18], [19]. As a biodegradable material, cellulose offers an eco-friendly
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alternative to synthetic materials, helping to reduce pollution and reliance on fossil fuels [20], [21].
In addition to its use in producing biofuels as a sustainable energy source and serving as an efficient
adsorbent in water treatment, cellulose finds applications in the biomedical field, including drug
delivery systems and tissue engineering scaffolds [22], [23], [24].

The application of PLA has also continued to evolve, starting in the early 1980s with the first
generation aimed at human organ repair materials, such as surgical sutures and scaffolds for tissue
engineering [25], [26], [27], [28], [29]. As environmental awareness increased, the second
generation of PLA began in the early 2000s and aimed to replace ordinary plastics in short-term-
use products and disposable packaging applications. This study hypothesizes that utilizing cellulose
nanocrystals (CNC), known for their superior specific strength and stiffness, can enhance the
mechanical properties of polylactic acid (PLA) to engineer plastic applications.

2. Material dan methods

Polylactic acid (PLA) is a thermoplastic aliphatic polyester derived from renewable resources, such
as corn starch. This study utilized extrusion-grade PLA polymer (Ingeo™ biopolymer 2003D from
NatureWorks LLC). Nanocrystalline celluloses (CNCs) are rod-like or whisker-shaped particles
obtained through the acid hydrolysis of sources like wheat flour, pea starch, and various forms of
cellulose. CNC powder, provided by CelluForce (product name: CelluForce NCC™), was
employed to enhance the PLA's mechanical properties and thermal stability.

The nanocrystalline cellulose (CNC)/polylactic acid (PLA) biocomposite material was synthesized
using twin-screw extrusion. Following extrusion, injection molding was employed to fabricate test
specimens following ASTM standards. The study evaluated the impact of extrusion temperature on
the thermal degradation nanofillers distribution of the CNC/PLA composite. The mechanical and
thermal properties of the composites, containing varying amounts of nanocrystalline cellulose (1,
3, 5 wt.%), were investigated. Surface morphology was observed using a Scanning Electron
Microscope (SEM). The mechanical properties were measured using a standard tensile testing
machine (QC-H51A2) following ASTM D 638 Type I specifications. Adhesive shear strength was
determined based on the ASTM D5868 standard. The thermal properties of the composite materials
were analyzed using Differential Scanning Calorimetry (DSC) and Thermal Gravimetric Analysis
(TGA) with a Perkin Elmer DSC6000 instrument. All the graphs in the figures were prepared by
using Origin Software.

3. Results and discussion
3.1 Mechanical and thermal properties

Figure 1 displays the results of the tensile tests, including yield strength, tensile strength, Young's
modulus, and elongation at break. This study recorded the yield strength, Young's modulus (E),
and elongation at break for pure PLA as 61.3 MPa, 3.2 GPa, and 3.82%, respectively. Research by
M. Jonoobi et al. on PLA composites with CNC, pure PLA's mechanical properties after blending
were 58.9 + 0.5 MPa, 2.9 = 0.6 GPa, and 3.4 £ 0.4% [30]. Tensile results by D. Bondeson and
K. Oksman indicated that pure PLA had a yield strength of 62.8 = 1.0 MPa, Young's modulus of
2.65 £ 0.08 GPa, and an elongation at break of 19.5 £ 9.7% [31]. These variations in yield strength
were not due to experimental error but were attributed to the influence of processing parameters
during blending, as the polymer molecular weight typically decreased slightly after screw shear
action, thereby affecting mechanical properties.
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Figure 1 Stress-strain curves of the composite material (a) Pure PLA, (b) 1 wt% CNC/PLA, (c) 3
wt% CNC/PLA, (d) 5 wt% CNC/PLA

Additionally, experimental results indicated that yield strength (0y) and elongation at break slightly
decreased as the CNC content increased. In contrast, Young's modulus (E) and tensile strength (07)
increased, suggesting that the composite became more rigid and brittle. E. Fortunati et al. observed
that reduced elongation at break when adding cellulose to polymers is a common trend in

thermoplastic composites due to the interactions between the additive and the PLA matrix [32].

Moreover, the experiments demonstrated that the yield strength did not increase with higher CNC
content because of the aggregation of CNC, which created porosity and defects among PLA
molecules. CNC underwent aggregation twice: firstly, commercial CNCs are typically prepared
using spray drying, causing aggregation into approximately 10-20 um particles due to hydrogen
bonding. Y. Strong hydrogen bonding among CNCs promoted re-aggregation during the spray
drying process, as evidenced by the rough surface texture of CNC samples obtained, which was
caused by CNC aggregation [33]. Secondly, aggregation occurred again during twin-screw
blending, that pointed out that although CNCs improved the mechanical properties of PLA, poor
dispersion within PLA during melt blending led to further aggregation [15]. Hypothesized that even
with modified CNCs at high concentrations, uneven dispersion could be attributed to insufficient
shearing or short residence time in the twin-screw mixer; even changing the screw configuration

before blending to promote uniform dispersion achieved limited success [34].

Compared to the maximum tensile strengths of phenolics and nylon, the experiment found that the
tensile strength of PLA gradually decreased with increasing CNC content. According to American
Gear Manufactures Association (AGMA) standards for the minimum tensile strength of plastic gears
at 10,000 MPa, PLA's maximum tensile strength was only 9427 psi, which is 20.9% lower than the

recommended minimum, as shown in Figure 2.
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Figure 2. Comparison of tensile strength between commercially available engineering materials
and pure PLA and PLA/CNC composites

3.2 Tensile fracture surface analysis

Figure 3 depicts the tensile fracture surfaces of pure PLA and PLA composites with 1, 3, and 5
wt.% CNC, analyzed through SEM to demonstrate the influence of CNC on fracture behavior and
its compatibility with the polymer matrix. As shown in Figure 4.10(a), pure PLA, being a rigid
material, exhibited a typical brittle fracture morphology with extensive fracture planes, indicating
that the fracture surface of pure PLA did not show significant plastic deformation, which is
associated with its low energy absorption capacity [35], [36], [37]. This crack formation was due to
the deformation of the PLA matrix, and it highlights the enhancement of toughness attributed to
increased resistance to deformation, leading to higher energy absorption. It is important to note
that the interactions between the filler and the matrix (such as adhesion between the substrate and
the filler, filler size, and concentration) can either enhance or deteriorate mechanical properties

[36].

It was, compared to the 1 wt% CNC content, the fracture surfaces for 3 wt.% and 5 wt.% CNC
was more irregular and relatively rougher [31], indicating a lack of tough tearing and revealing more
voids. This phenomenon suggests that CNC content exceeding 1 wt.% led to severe aggregation,
resulting in phase separation between the PLA matrix and CNC. The tensile results from Table 4.3
corroborate this, where the elongation at break increased from 3.82% to 4.41% at 1 wt.% CNC

content but drastically decreased as the content rose to 5 wt.%, confirming severe aggregation at 3
wt.% and 5 wt.% CNC.
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Figure 3. Tensile fracture surfaces (a) Pure PLA, (b) 1 wt% CNC/PLA, (c) 3 wt% CNC/PLA, (d)
5 wt% CNC/PLA

3.3 Thermal behavior of CNC/PLA composite: TGA and DSC

Thermogravimetric Analysis (TGA) demonstrated the effects of twin-screw blending on PLA's
degradation temperature and the impact of incorporating 1, 3, and 5 wt% CNC. The onset and
maximum degradation temperatures were observed, as shown in Figure 4a. The onset degradation
temperature for pure PLA was 266°C, which decreased to 255°C for PLA with 5 wt% CNC. This
result indicated that the PLA/CNC composites did not undergo significant thermal degradation
post-twin-screw blending. Moreover, the onset degradation temperature did not improve with
increased CNC content, suggesting poor interfacial adhesion between CNC and the PLA matrix
due to CNC aggregation [17].

Differential Scanning Calorimetry (DSC) analysis explored the effects of adding CNC on PLA's
crystallization and melting behaviors, with results listed in Table 1. Tg represents the glass transition
temperature; Tc is the crystallization temperature during cooling; Tm denotes the melting point;
AHm represents the melting enthalpy (J/g), calculated by integrating the area under the Tm peak;
AHc represents the crystallization enthalpy during cooling (J/g), calculated by integrating the area
under the Tc peak.

Table 1. Summary of DSC data for pure PLA and PLA/CNC composites

Sample T, T, AH, T AH,, X,
PLA 59.55 117.58 31.54 149.42 28.78 33.6
1 wt.%CNC 59.62 116.74 29.99 149.65 28.49 32.33
3 wt.%CNC 59.30 118.74 31.02 149.72 30.24 34.13
5 wt.%CNC 59.76 119.06 27.12 149.87 26.81 30.47
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Experimental data showed that Tg was unaffected by the incorporation of CNC into PLA and did
not change with increasing content, indicating incompatibility between CNC and PLA, with
relatively few and large CNCs insufficient to alter the polymer mobility at the glass transition
temperature. The adding PEG-graft-CNC increased the crystallinity Xc (%), as CNC served as a
nucleating agent promoting crystallization in PLA, provided there was good compatibility and
dispersion of CNC within the matrix [16]. A change in Tg was noted due to the addition of PEG-
graft-CNC, where PEG's molecular chains, being softer than PLA, facilitated more effortless
movement upon heating, thus reducing the overall thermal resistance. In this experiment, an
increase in CNC content slightly reduced Xc, likely due to poor dispersion and local aggregation of
CNC within the PLA matrix, which inhibited heterogeneous nucleation [18].

Additionally, figure 4b shows the presence of dual melting peaks in the PLA/ CNC nanocomposites,
attributable to two types of crystalline structures. The lower temperature endothermic peak was
due to the melting of PLA crystals. In contrast, the higher temperature peak may have been caused
by the reorganization of CNC and the surrounding crystallizable amorphous polymer chains, leading
to secondary crystal melting.
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Figure 4. (a) TGA curves (b) DSC thermal analysis for pure PLA and PLA with 1, 3, 5 wt.% CNC
4. Conclusion

The introduction of CNC did not increase the tensile strength of PLA, underscoring the importance
of evenly dispersing fillers during the manufacturing process. For PLA/CNC composites to be
utilized in the plastic gear industry, addressing the aggregation issue is crucial because their tensile
strength is 20.9% lower than the minimum of 10,000 psi (68.94 MPa) recommended by AGMA.
The thermal property analysis of the composites showed that secondary aggregation of CNC did
not lead to effective crystallization to strengthen the PLA matrix. Additionally, the measured glass
transition temperature (T,) exhibited minimal change, indicating poor interfacial adhesion between
CNC and PLA, which led to defects that reduced tensile strength. However, the overall material
strengthened, evidenced by an increase in Young's modulus to 3.4 GPa for PLA/5wt% CNC and
improved elongation at break for PLA/1wt% CNC.

Future efforts should focus on optimizing the dispersion technique to prevent CNC aggregation,
potentially exploring alternative mixing methods or surface modification of CNC. Addressing these
issues could lead to substantial improvements in the tensile strength and overall performance of
PLA/CNC composites. The refinement of these composites remains promising for developing
more sustainable and mechanically robust bioplastics.
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