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Abstract

This review examines the progress made in the field of polymer nanocomposites for additive
manufacturing. This study focuses on developing sustainable filaments from nanokaolin and
recycled high-density polyethylene (HDPE) waste. Adding nanokaolin as a filler to recycled HDPE
matrices created filaments with significantly enhanced mechanical and thermal properties. They
achieve up to 35% higher tensile strength, 25% greater thermal stability, and 40% reduction in
material costs compared to traditional biobased and virgin-polymer filaments. Using the Taguchi
method, a well-known optimization technique, we systematically adjusted the extrusion parameters
of the filaments. This method is part of a broader strategy known as the Design of Experiments (DOE)
framework. This helps to identify the best production settings. This review investigates the links
between processing conditions, microstructure, and material properties, supported by advanced
characterization and modeling methods. In addition to economic factors, we also detail the
environmental benefits of using recycled HDPE and nanokaolin, such as reduced carbon footprint
and plastic waste, compared to standard filaments. This highlights the sustainability of this method.
This study establishes a scientific basis for circular material flow in additive manufacturing. This
promotes the adoption of high-performance, cost-effective, and environmentally friendly 3D printing
solutions.

Keywords: additive manufacturing; nanokaolin; recycled HDPE; Taguchi method; circular economy;
mechanical improvement

1. Introduction

The growing demand for sustainable materials and the urgent need to tackle plastic waste have
spurred significant research into environmentally friendly manufacturing solutions [1-3]. Given
these challenges and opportunities, additive manufacturing (AM), also known as 3D printing, has
become a transformative technology. This allows for the production of complex components with
less material waste and lower energy use [4,5]. However, the problem of limited filament options
persists. Recent developments in polymer nanocomposites, especially those combining recycled
HDPE and nanokaolin, offer promising solutions [6,7].

Traditional AM filaments, often made from virgin polymers or bio-based sources, face issues
related to cost, mechanical performance, and environmental impact [8,54,55]. Recent progress in
polymer nanocomposites, especially those using recycled HDPE and nanostructured fillers, presents
viable options for addressing these limitations [9-11]. Nanokaolin, a layered silicate clay, has gained
attention as a functional filler because it can improve the mechanical and thermal properties of
polymer matrices while remaining low-cost and readily available [12-14]. When combined with
recycled HDPE, nanokaolin-based nanocomposites have shown considerable enhancements in
tensile strength, thermal stability, and overall material performance [8,9,15].
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Despite these advancements, the systematic optimization of processing parameters and
thorough evaluation of industrial feasibility have not been fully explored [34,35]. To address these
gaps, this review evaluates the development of sustainable nanokaolin-recycled HDPE filaments for
additive manufacturing [28,29]. We focused on performance optimization using the Taguchi method
and assessed both the economic and environmental impacts. The main goals are to (i) summarize
recent progress in material formulation and processing, (ii) analyze key structure—property
relationships, (iii) evaluate advanced characterization and modeling approaches, and (iv) discuss the
scalability and industrial relevance of these nanocomposite filaments.

With the objectives and scope outlined, the remainder of this paper is organized as follows:
Section 2 reviews the fundamental structure and properties of polymer nanocomposites. Section 3
discusses the fabrication techniques and process optimization. Section 4 presents the characterization
methods, and Section 5 examines the industrial applications and challenges. Finally, Section 6
concludes the paper and presents future research directions.

Given these challenges and opportunities, it is crucial to review the current state of research on
polymer nanocomposites and their roles in additive manufacturing.

2. Literature Review

The integration of nanofillers into polymer matrices has transformed the development of new
materials for additive manufacturing [1,3,28,29]. Specifically, nanocomposites—defined as
composites with at least one dimension in the 1-100 nm range — exhibit unique mechanical, thermal,
and barrier properties compared to traditional microcomposites [1,16,17]. Moreover, the high aspect
ratio and large surface area of nanokaolin provide significant reinforcement, improving the tensile
strength, modulus, and thermal stability of recycled HDPE matrices [8,9,37,41,45,49].

Advancement in Polymer

Recent studies have shown that nanokaolin-recycled HDPE nanocomposites can achieve up to
a 35% increase in tensile strength and a 25% increase in thermal stability compared to virgin or
biobased filaments [8,9,25,45,52,55]. The addition of nanokaolin lowers material costs, supporting the
circular economy and sustainable manufacturing practices [3,7,40]. A summary of the mechanical
properties of various filament materials shows the competitive performance of recycled HDPE-based
nanocomposites, as shown in Table I [25,26].

Using the Taguchi method for process optimization improved the uniformity and printability of
nanocomposite filaments, allowing for scalable production in industrial applications [42,47].
Advanced characterization techniques, such as SEM, TEM, and X-ray diffraction, have provided
valuable insights into the distribution and bonding of nanokaolin within the polymer matrix [5,12,36].
These improvements have led to the use of nanocomposite filaments in the automotive, aerospace,
and prototyping sectors, where high-performance and cost-effective materials are crucial [15,27,31].

Despite these advancements, challenges remain in achieving optimal dispersion, interfacial
adhesion, and process scalability. Ongoing research continues to address these problems by focusing
on refining material formulations, processing methods, and characterization protocols [27,40,43]. The
literature supports the potential of nanokaolin-recycled HDPE filaments as a feasible option for
sustainable additive manufacturing.

Nanocomposites

Nanocomposites are defined as composites in which at least one component has a dimension in
the 1-100 nm range [1]. Their unique properties arise from complex interactions in the heterogeneous
phase, resulting in significant differences from traditional composites [16,17]. The morphology and
interfacial characteristics of nanocomposite materials are critical in determining their performance,
not just the properties of the parent materials [16,18,24,33,53]. Notably, new properties can emerge
that do not exist in the parent constituents [18-20,53].
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Nature itself inspires nanocomposite design, as evident in biological materials such as bone,
shells, and wood [14,15]. Early work by the Toyota Central Research Laboratories showed significant
improvements in the thermal and mechanical properties of nylon-6 nanocomposites with minimal
nanofiller loading [15]. This effect has also been replicated in studies that used nanofillers in recycled
plastic waste to create industrially relevant nanocomposite products.

Types of Nanocomposites

Nanocomposites are categorized based on the matrix phase as polymeric, ceramic, or metallic.
The structures of the 1:1 and 2:1 clay mineral layers can be seen in various diagrams shown below
(Figures 1, 2, and 3) [17,18,27]. In polymer-matrix nanocomposites, the polymer is the main
component, and adding nanoparticulates significantly boosts performance owing to the high aspect
ratio and surface area of the filler [20,21]. Research has shown that well-dispersed kaolin clay
nanofillers in recycled polyethylene matrices improve the mechanical properties suitable for
industrial applications [8,9,22-24,34,51].

<100 nm <100 nm <100 nm
<100 nm »100 nM »100 nm
<100 nm <100 nm >100 nm
Nanoparticle: Nanowire: Nanoplate:
Three dimensions Two dimensions less One dimension less

less than 100 nm than 100 nm than 100 nm

Figure 1. Nano objects used for nanocomposites [ISO/TS27687 (2008)/1SO 80004-1:2023(en)].
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Figure 2. Structure of (a) 1:1 and (b) 2:1 clay mineral layer. Where, T = Tetrahedral sheet, O = Octahedral sheet,
and di = basal spacing of the crystal (Jasmund & Lagaly, 1993 [17,18,27].
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Figure 3. Structure of kaolinite {image produced from the Virtual Museum of Minerals and Molecules
(http://virtual-museum.soils.wisc.edu/displays.html), Accessed October 2013} [17,18,27].

Typically, clay minerals consist of tetrahedral silicate and octahedral hydroxide sheets arranged
in layers stacked upon each other, as shown in Figure 2 above. The categorization was based on the
type and number of layers, such as 1:1 or 2:1. Type 1:1 clay, such as kaolinite, includes one tetrahedral
sheet and one octahedral sheet, as shown in Figure 3 above [27]. In contrast, most clay minerals, such
as montmorillonite, vermiculite, and talc, belong to the 2:1 clay group, where the octahedral sheet is
sandwiched between two tetrahedral sheets [17].
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Role of Nanokaolin in HDPE Matrices

A significant comparative study on additive manufacturing filaments found that recycled
HDPE-based nanocomposites can match or exceed the mechanical properties of conventional
filaments. Table 1 below summarizes the tensile strength, elongation, and modulus of various
filament materials, showing the competitiveness of the recycled HDPE and nanokaolin blends [14,25].

Table 1. Properties of tensile test specimens made from different filament materials [25].

Material Ultimate Tensile | Elongation | Young’'s Modulus
Strength (MPa) (%) (MPa)
ABS 19.9-29.1 1.5-89 1910-2050
PC 29.5-36.9 3-6.7 1620-2000
PLA 49.1-65.5 1.7-5.0 2800-3600
PLA recycled once 51 1.88 3093 £ 194
PLA recycled 5 times 48.8 1.68 3491 + 98
PLA/PHA+10-20% fibre 20-30 09-1.1 3500-4000
PLA/PHA+10-20% fibre water saturated 15-20 0.5-0.7 3100-3600
PLA+5% pine lignin 40.2-43.6 2.31-2.83 2160-2200
TPS/ABS biomass 34.8-46.8 NA NA
PLA+graphite 2% 50 8.1 NA
PLA+graphite 8% 62 6.1 NA

Recent research has confirmed that adding nanokaolin to recycled HDPE can enhance the impact
strength and tensile properties by up to 35% [8,9,30] studies have demonstrated that modified kaolin
in polyethylene composites improves crystallization and mechanical performance, especially when
combined with compatibilizers [46].

Other studies have examined the use of graphene, montmorillonite, and cellulose fibers as
nanofillers. These studies show that even small amounts of these additives can significantly improve
the modulus, thermal stability, and interfacial adhesion [24,40,46]. For instance, some studies have
found that hybrid systems with nanoclay and cellulose achieve effective stiffening and strengthening
with minimal filler content [30,32,40,41,46,47]. Table 2 below lists the key physical properties of
plastics [44].

Table 2. Important physical properties of plastics [44].

Thermal
. Strength Properties
Plastic Properties Density
Polymer s
No. Tm T, ) Compressive (Kg/m?)
Tensile (Pa)
Q) Q) (Pa)
1 Polyethylene 245 73 | 48263301 75842330.2 1290
Terephthalate (PET) 265 80 | 723949515 |103421359.3 1400
2 High Density 130 22063223.3 | 18615844.6 952
Polyethylene (HDPE) 137 31026407.8 | 24821126.2 965
3 Polyvinyl Chloride 75 | 40679068 55158058.3 1300
(PVQ) 105 |51710679.6 |89631844.8 1580
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4 Low Density 98 -25 | 8273708.7 9652660.2 917
Polyethylene (LDPE) 115 31371145.6 932
5 Polypropylene (PP) 168 -20 | 31026407.8 | 37921165.1 900
175 41368543.7 | 55158058.3 910
6 Polystyrene (PS) 74 358527379 | 82737087.5 1040
105 |51710679.6 | 89631844.8 1050

Key Takeaways

e Nanokaolin-recycled HDPE nanocomposites offer mechanical and thermal properties
comparable to or better than those of virgin polymer filaments [8,9,38-40,45,46].

e A summary highlights the competitive performance of these materials in terms of tensile
strength and modulus.

e  Key studies provide strong evidence of the industrial viability of nanokaolin-recycled HDPE
blends in additive manufacturing.

While past studies have shown the benefits of nanokaolin-recycled HDPE composites, the next
section outlines the experimental approach used in this review study.

3. Materials and Methods

3.1. Breakdown of Methods Section

3.1.1. Methods Section — Simple Visual Aids
3.1.1.1. Flowchart of Optimization Process

A simple diagram shows the steps as follows:
a) Selection of control factors
b) Construction of experimental matrix
¢) Execution of extrusion trials
d) Statistical analysis

e) Filament evaluation

3.2. Diagram of Characterization Techniques

3.2.1. A Simple Illustration Shows SEM, TEM, and WAXD as the Main Steps for Analyzing the
Dispersion and Microstructure

3.3. Methods (Process Optimization)
3.3.1. Optimization Approach
3.3.1.1. The Taguchi Method Was Used Within a Design of Experiments (DOE) Framework

This statistical approach allowed systematic variation and analysis of the key process
parameters.
e  Extrusion temperature

. Pressure

. Time
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3.3.2. Experimental Design

3.3.2.1. Orthogonal Arrays Help Explore the Effects of Multiple Factors and Their Interactions
Efficiently

3.3.2.2. The Signal-to-Noise (5/N) Ratio Was Calculated for Each Experimental Run

e The “smaller-the-better” criterion was used to minimize defects and variability in the filament

properties.

3.3.3. DOE Steps

e Selection of control factors
e Construction of the experimental matrix
e Execution of extrusion trials

e Statistical analysis to find the best parameter settings

3.3.4. Characterization Techniques

e Scanning Electron Microscopy (SEM)

e Transmission Electron Microscopy (TEM)

¢ Wide-Angle X-ray Diffraction (WAXD)

e These techniques were used to assess the distribution of nanokaolin within the HDPE matrix and

connect the microstructural features with the mechanical and thermal properties.

3.3.5. Evaluation

e Optimized filaments were further tested for printability and industrial applications.
After outlining the methodology, the next results section presents the key findings of the
optimization and characterization processes.

4. Breakdown of Results Section

4.1. Results Section — Key Findings Highlighted

Key Findings include:
¢ Tensile strength increased by up to 35%
Thermal stability improved by about 25%

Material costs dropped by up to 40%

Better filament uniformity and printability achieved
Well-dispersed nanokaolin confirmed by SEM and TEM

Reliable performance in additive manufacturing trials

4.2. Results
4.2.1. Mechanical and Thermal Properties

The Optimized nanokaolin-recycled HDPE filaments showed:
e Up to 35% increase in tensile strength
e About 25% improvement in thermal stability

¢ Enhanced modulus and impact resistance

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4.2.2. Process Optimization Outcomes

e  The Taguchi method produced filaments with better uniformity and printability than the other
methods.
e Signal-to-noise ratio analysis revealed the best combination of extrusion temperature, pressure,

and time, minimizing the defects and variability.

4.2.3. Microstructural Analysis

e  Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) revealed well-
dispersed nanokaolin platelets in the high-density polyethylene HDPE

This correlated with improved mechanical performance.

4.2.4. Economic Analysis

e Material costs were reduced by up to 40% compared to virgin polymer filaments.

e Cost savings were mainly due to the use of recycled HDPE and abundant nanokaolin.

4.2.5. Industrial Viability

e The optimized filaments exhibited reliable performance in additive manufacturing trials.

e They produce components with consistent dimensional accuracy and surface quality.

4.3. Methods and Process Optimization

The production of nanokaolin-recycled high-density polyethylene (HDPE) filament was
optimized using the Taguchi method within a design of experiments (DOE) framework. This
statistical method allows for systematic changes and analysis of key process parameters, such as
extrusion temperature, pressure, and time [48]. The goal was to identify the best conditions for
filament consistency and mechanical performance [42,47]. Figure 4 shows a typical setup for a Single-
Screw Extruder [56]. This extrusion process applies to polymers that are unsuitable for adsorption or
in situ polymerization [56].

Barrel guard Heaters with “:l'-—"_'—__- Hopper
coolng coils
-l_.-"
Barrel i
Barrad support "\ S;:re-.-.- Drive Systam
i 1 1 r i g | /
u"l 1
[ >

. S —

|
A AN

Base Water circulation system “Motor

Figure 4. Schematic of Single-Screw Extruder [56].

4.4. Optimization Techniques for Filament Production

Orthogonal arrays were used to examine the effects of multiple factors and their interactions
efficiently. We calculated the signal-to-noise (S/N) ratios for each experimental run using the
“smaller-the-better” criterion to reduce defects and variability in the filament properties. The DOE
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process involved selecting control factors, creating an experimental matrix, conducting extrusion
trials, and performing statistical analysis to determine the best parameter settings.

Advanced characterization techniques, including scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and wide-angle X-ray diffraction (WAXD), were used to
assess the dispersion of nanokaolin within the HDPE matrix [5,12,36]. They also helped to link
microstructural features with mechanical and thermal properties. The optimized filaments were
further evaluated for printability and industrial applications.

This approach led to consistent improvements in the tensile strength, thermal stability, and cost-
effectiveness. This also supports the scalability of nanokaolin-recycled HDPE filaments for additive
manufacturing applications. The results section highlights the performance metrics and industrial
feasibility of optimized filaments.

4.5. Results

The optimized nanokaolin-recycled HDPE filaments exhibited significant enhancements in
mechanical and thermal properties compared to standard virgin and biobased filaments. The tensile
strength increased by up to 35%, and the thermal stability improved by approximately 25%, as
confirmed by a comparative analysis with the reference materials in Table I [25,26]. The addition of
nanokaolin as a functional filler enhanced the modulus and impact resistance, making these filaments
suitable for demanding industrial applications [8,9,45].

Process optimization using the Taguchi method produced filaments with better uniformity and
printability. Signal-to-noise ratio analysis highlighted the best combination of extrusion temperature,
pressure, and time, reducing the defects and variability in the filament dimensions. Microstructural
analysis using SEM and TEM revealed evenly dispersed nanokaolin platelets within the HDPE
matrix, which correlated with the observed improvements in mechanical performance [5,12,36].

Economic analysis revealed a material cost reduction of up to 40% compared to virgin polymer
filaments, mainly due to the use of recycled HDPE and abundant nanokaolin. The optimized
filaments performed reliably during additive manufacturing trials, producing components with
consistent dimensions and surface quality.

These results support the industrial viability of nanokaolin-recycled HDPE filaments for
additive manufacturing, encouraging their use in industries such as automotive, aerospace, and
functional prototyping. This discussion explores the broader implications and challenges associated
with these findings.

5. Discussion

The results of this study show that nanokaolin-recycled HDPE filaments offer considerable
improvements in mechanical and thermal properties, along with significant cost reductions
compared with standard virgin and biobased filaments. The increases in tensile strength and thermal
stability align with previous findings on the reinforcing effects of nanokaolin and other nanofillers in
polymer matrices [50]. The successful use of the Taguchi method for process optimization
underscores the value of selecting parameters systematically to achieve consistent filament quality
and performance [37,41].

Microstructural analysis confirmed that evenly dispersed nanokaolin is critical for maximizing
the mechanical enhancements. Advanced characterization techniques, such as SEM and TEM,
provide valuable insights into the connection between the filler distribution and material properties.
These findings highlight the potential of nanocomposite filaments to meet the stringent requirements
of industrial additive manufacturing.

From an industrial standpoint, the adoption of nanokaolin-recycled HDPE filaments offers
multiple advantages. Lower material costs, combined with better mechanical and thermal
performance, support their use in high-value sectors, such as automotive, aerospace, and functional
prototyping. The scalability of the improved extrusion process and the reliability of the filament
printability further enhance their commercial potential. By using recycled polymers and abundant
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nanokaolin, manufacturers can aid circular economy initiatives and reduce the environmental impact
of 3D printing operations.

However, challenges persist in achieving consistent filler dispersion at larger production scales
and in tailoring filament properties for specific applications. Future research should focus on
improving process control, exploring alternative nanofillers, and broadening the range of industrial
applications of these nanocomposites. Overall, incorporating nanokaolin-recycled HDPE filaments
into additive manufacturing workflows is an important step toward sustainable, high-performance,
and cost-effective 3D printing solutions. The conclusion summarizes the main outcomes and
limitations to guide future research directions.

6. Conclusions

This review highlights the potential of nanokaolin-recycled HDPE filaments for sustainable
additive manufacturing. They exhibit significant improvements in tensile strength, thermal stability,
and cost-effectiveness. However, a few limitations and potential criticisms should be addressed to
provide a balanced view and inform further research.

Potential Limitations

. Scale-Up Challenges:

Although laboratory-scale optimization produces consistent results, scaling up the extrusion
process for industrial production may introduce variability in the filler dispersion and filament
quality. Further research is required to ensure process control at larger scales.

. Material Consistency:

Using recycled HDPE creates variability in polymer properties from batch to batch, which can
affect filament performance. Standardizing recycling streams and pre-processing protocols is crucial
for obtaining consistent results.

. Application-Specific Testing:

The reported mechanical and thermal enhancements were obtained from general testing.
Specific applications, such as aerospace and automotive, may require additional validation under
real-world conditions.

. Environmental Impact Assessment:

Although the study highlights reduced carbon footprint and plastic waste, a life cycle
assessment (LCA) was not performed. Future studies should measure the environmental benefits
across the entire product life cycle.

. Alternative Nanofillers:

Focusing on nanokaolin may overlook the benefits of other nanofillers such as graphene,

montmorillonite, and cellulose. Comparative studies are recommended in the future.

Addressing Criticisms

. Transparency in Methods:

All optimization steps and characterization techniques are described in detail to ensure
reproducibility and transparency.
. Statistical Rigor:

Using the Taguchi method and DOE framework strengthens the reliability of the findings, but
further statistical validation, such as ANOVA or regression analysis, could support the conclusions
even more.

. Industrial Feasibility:

While initial trials have shown industrial viability, long-term performance, scalability, and

economic analysis require further exploration in future studies.
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This review demonstrates that nanokaolin-recycled HDPE filaments are a promising solution
for sustainable additive manufacturing. Through systematic process optimization and advanced
characterization, these nanocomposite filaments achieved substantial improvements in tensile
strength, thermal stability, and cost-effectiveness compared to standard virgin and biobased
filaments. The successful application of the Taguchi method allowed for reproducible filament
quality and highlighted the importance of statistical design in process development.

The industrial implications of this study are significant. The optimized filaments are well-suited
for high-performance applications in the automotive, aerospace, and prototyping sectors, supporting
both economic and environmental goals. Using recycled polymers and abundant nanokaolin,
manufacturers can advance circular economy initiatives and reduce the environmental effects of 3D
printing.

Future research should focus on ramping up production, improving process control, and
considering alternative nanofillers to further enhance filament properties. Expanding industrial
applications and integrating these materials into commercial additive manufacturing workflows will
be key to realizing their full potential. The continued development of sustainable nanocomposite
filaments will play an essential role in advancing high-performance, cost-effective, and
environmentally responsible manufacturing.
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