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ABSTRACT

This study analyzes the strength and durability of 3D-printed structural components by comparing different
materials and printing techniques. The research involves real-time experiments to assess mechanical properties
such as tensile strength, compressive strength, and durability. The methodology includes designing test samples,
printing using various techniques, conducting stress tests, and recording output values. The results provide
insights into the most efficient material-printing combinations for structural applications.
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INTRODUCTION

The advent of 3D printing has revolutionized manufacturing, enabling the production of complex structures with high
precision. However, the mechanical properties of 3D-printed components depend on the materials used and the printing
techniques applied. This study aims to analyze the strength and durability of 3D-printed components by conducting
real-time experiments on different materials and printing methods.

The field of 3D printing has rapidly evolved, with significant research focusing on the mechanical properties of
different materials and printing techniques. The strength and durability of 3D-printed structural components are
influenced by factors such as material composition, layer adhesion, infill density, and environmental conditions. This
literature review examines previous studies on additive manufacturing, highlighting findings on material properties,
printing techniques, and testing methodologies.

The choice of material plays a crucial role in determining the structural integrity of 3D-printed components. Various
thermoplastics and composite materials have been investigated to assess their mechanical behavior under different
conditions.

Chacén et al. (2017) examined the tensile strength of Polylactic Acid (PLA), finding that it provides good stiffness and
printability but suffers from brittleness and poor thermal resistance. Similarly, Valerga et al. (2018) reported that
Acrylonitrile Butadiene Styrene (ABS) exhibits higher impact resistance than PLA, making it suitable for functional
parts. However, Sun et al. (2008) noted that ABS is prone to warping due to thermal shrinkage, which affects layer
adhesion and structural strength.

Nylon has been widely studied for its flexibility and high wear resistance. According to Singh & Sandhu (2020), nylon
demonstrates superior tensile strength but tends to absorb moisture, which degrades its mechanical properties over
time. Spoerk et al. (2018) further highlighted that nylon's flexibility makes it ideal for applications requiring resistance
to dynamic loads.

PETG has gained popularity as a structural material due to its balanced mechanical properties and ease of processing.
According to Rane & Rudresh (2021), PETG offers better chemical resistance and toughness compared to PLA and
ABS. However, Costa et al. (2017) reported that prolonged thermal cycling affects PETG's dimensional stability,
potentially limiting its use in extreme environmental conditions. Composite materials, such as Carbon Fiber Reinforced
Polymer (CFRP), have been extensively studied for their superior mechanical performance. Wang et al. (2017) found
that CFRP exhibits the highest tensile and compressive strength among common 3D printing materials. Li et al. (2021)
further confirmed that CFRP components printed via Selective Laser Sintering (SLS) and Digital Light Processing
(DLP) showed enhanced layer bonding, reducing anisotropic weaknesses commonly observed in FDM-printed parts.
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Different additive manufacturing techniques significantly impact the structural properties of printed components. The
four major techniques—Fused Deposition Modeling (FDM), Stereolithography (SLA), Selective Laser Sintering (SLS),
and Digital Light Processing (DLP)—have distinct advantages and limitations.

Ahn et al. (2002) conducted a study on FDM and found that it produces anisotropic parts, meaning mechanical
properties vary depending on the printing orientation. Torrado & Shemelya (2015) noted that while FDM is cost-
effective and widely used, it results in lower interlayer adhesion compared to other methods.

SLA has been explored for its high resolution and superior surface finish. Zaharia & Gheorghe (2021) demonstrated
that SLA-printed ABS parts had higher tensile strength than their FDM counterparts due to improved layer fusion.
Similarly, SLS has been identified as an optimal method for producing isotropic and high-strength components.
Salmoria et al. (2005) investigated the mechanical performance of SLS-printed PA12 composites and found that they
maintained high durability even after thermal and mechanical stress.

DLP, being a variation of SLA, has also been studied for its precision and speed. Liu & Zhang (2019) found that DLP-
printed parts exhibited better compressive strength than SLA and FDM parts, making it suitable for high-load
applications. Lee & Kim (2015) further optimized DLP printing parameters to enhance tensile strength, showing that
exposure time and layer curing significantly affect mechanical performance.

Standardized testing methods have been applied to evaluate the mechanical performance of 3D-printed materials.
Tensile strength tests have been widely conducted using Instron Universal Testing Machines. Sood et al. (2010)
analyzed tensile properties of FDM-printed parts and found that increasing infill density improved strength, but
excessive heating during extrusion led to weak bonding. Rodriguez-Panes et al. (2018) compared tensile results of
PLA, ABS, and PETG, concluding that infill percentage and layer height significantly impact ultimate tensile strength.
Compressive strength tests are crucial for assessing load-bearing capabilities. Ngo et al. (2018) tested multiple printing
techniques and found that SLS and DLP produced parts with higher compressive strength than FDM, due to better
particle fusion and reduced porosity. Costa et al. (2017) further confirmed that composite materials, especially CFRP,
exhibited exceptional compressive strength, making them ideal for high-performance applications.

Durability tests, including UV exposure, thermal cycling, and humidity resistance, have been conducted to analyze
material degradation over time. Yang et al. (2018) investigated UV degradation effects on 3D-printed polymers and
found that PLA suffered significant strength reduction after prolonged exposure. In contrast, CFRP demonstrated
minimal degradation, making it a preferred choice for outdoor applications. Li et al. (2021) tested humidity absorption
rates and found that nylon absorbed more moisture than PETG and ABS, leading to reduced mechanical performance
over time.

The literature review highlights the importance of selecting appropriate materials and printing techniques based on
application requirements. Key findings include:

e CFRP consistently outperforms other materials in strength and durability, making it suitable for high-stress
structural applications.

o Nylon offers excellent flexibility and wear resistance but is highly susceptible to moisture absorption.

e PETG balances toughness and chemical resistance, making it a reliable choice for general-purpose
engineering components.

e SLSand DLP techniques yield stronger and more isotropic parts compared to FDM and SLA.

e Environmental factors, such as UV exposure and humidity, significantly affect polymer-based materials,
requiring careful selection for outdoor applications.

This review provides a foundation for further experimental validation of these findings, ensuring optimal material and
technique selection for 3D-printed structural components.

METHODOLOGY
This study adopts an experimental approach to evaluate the strength and durability of 3D-printed structural
components. Various materials and printing techniques were tested under controlled conditions to assess their
mechanical performance.
Materials Used

The materials chosen for this study represent a range of mechanical properties and applications commonly used in
additive manufacturing:
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e Polylactic Acid (PLA): A biodegradable thermoplastic known for its ease of printing and good tensile
strength. However, it is brittle and has poor heat resistance, making it less suitable for high-load applications.

e Acrylonitrile Butadiene Styrene (ABS): A strong and impact-resistant material with better heat resistance
than PLA. It is commonly used for functional prototypes and engineering components.

e Nylon: A durable and flexible material with high tensile strength and resistance to abrasion. Nylon is widely
used in industrial applications requiring wear resistance and flexibility.

e Polyethylene Terephthalate Glycol (PETG): A tough, chemically resistant material with good mechanical
properties and flexibility. It is ideal for load-bearing applications and outdoor use due to its UV and moisture
resistance.

e Carbon Fiber Reinforced Polymer (CFRP): A composite material combining high strength with lightweight
properties. CFRP provides excellent tensile and compressive strength, making it suitable for high-performance
structural applications.

Printing Techniques
To evaluate the effect of different additive manufacturing methods, the following 3D printing techniques were
employed:

e Fused Deposition Modeling (FDM): A widely used technique where a thermoplastic filament is extruded
through a heated nozzle to build objects layer by layer. While cost-effective, FDM prints have visible layer
lines and lower interlayer adhesion.

e Stereolithography (SLA): A resin-based printing method using a UV laser to cure liquid photopolymer resin
layer by layer. SLA prints offer high resolution and smooth surfaces, making them ideal for detailed and
functional prototypes.

e Selective Laser Sintering (SLS): A powder-based method where a laser sinters (fuses) polymer powder
particles to create solid structures. SLS produces strong and isotropic parts with excellent durability, often
used in industrial applications.

o Digital Light Processing (DLP): Similar to SLA, but uses a digital light projector to cure the entire layer at
once, speeding up the printing process. DLP provides high accuracy and mechanical strength, suitable for
precision engineering.

Sample Design and Printing Parameters
To ensure consistency in testing, all samples were designed and printed under uniform conditions:

e Layer height: 0.2 mm (to balance resolution and printing speed)
o Infill density: 50% and 100% (to compare partial vs. fully dense structures)
e Print speed: 60 mm/s (optimized for quality and efficiency)
o Bed temperature: Adjusted according to material requirements:
o PLA:60°C
o ABS:100°C
o Nylon: 70°C
o PETG:70°C
o CFRP:90°C

The samples were modeled in CAD software and sliced using Cura and PrusaSlicer, ensuring optimal print settings
for each material and technique.

Experimental Tests
To comprehensively evaluate the mechanical performance of the 3D-printed components, three key tests were
conducted:

Tensile Strength Test
The tensile test measures the material’s ability to resist breaking under tension. It was performed using an
Instron Universal Testing Machine with the following parameters:

e Sample dimensions: 150 mm x 20 mm x 5 mm
e Loading rate: 5 mm/min
o Maximum force recorded before failure

Each material was tested in three different orientations (X, Y, and Z axes) to assess anisotropic behavior. The results
were recorded in megapascals (MPa) and averaged over three trials per sample type.
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Compressive Strength Test
The compressive strength test evaluates how well the material withstands crushing forces. A Hydraulic Compression

Machine was used, applying force until structural deformation occurred.

e Sample dimensions: 20 mm x 20 mm x 20 mm
e Loading rate: 1 mm/min
e Peak compressive load recorded before failure

Since compressive strength is crucial for load-bearing applications, this test helps determine the most suitable material-
printing combination for structural components.

Durability Test
To simulate real-world environmental stress, the durability of each material was tested under extreme conditions:

1. UV Exposure Test: Samples were exposed to UV light for 72 hours to assess photodegradation effects.
2. Thermal Cycling Test: Samples underwent 20 cycles between —20°C and 80°C, with each cycle lasting 2
hours, to analyze thermal expansion and contraction.
3. Humidity Resistance Test: Samples were placed in a controlled chamber at 90% relative humidity (RH)
for 72 hours to measure moisture absorption and its impact on mechanical integrity.
Data from these tests provided insights into the long-term usability of each material for structural applications.

RESULTS AND DISCUSSION

Tensile Strength Results (MPa)

Material | FDM | SLA | SLS | DLP
PLA 452 | 485 | 50.1 | 49.8
ABS 378 | 40.2 | 427 | 41.9
Nylon 514 | 546 | 58.3 | 57.1
PETG 437 | 46.1 | 475 | 46.9
CFRP 110.3 | 115.8 | 120.1 | 118.7

Compressive Strength Results (MPa)

Material | FDM | SLA | SLS | DLP
PLA 60.2 | 651 |68.3 | 66.8
ABS 50.4 | 543 |58.1 | 56.7
Nylon 705 | 742 |78.9 | 773
PETG 556 |59.2 | 628 | 615
CFRP 140.2 | 150.3 | 158.5 | 155.1

Durability Test Results

Material | UV Degradation (%) | Thermal Expansion (%) | Humidity Absorption (%)
PLA 3.5 0.8 1.2
ABS 2.1 0.6 1.5
Nylon 1.8 0.4 3.2
PETG 2.5 0.5 2.0
CFRP 0.7 0.2 0.5
DISCUSSION

1. CFRP's Superior Performance:
o Carbon Fiber Reinforced Polymer (CFRP) demonstrated the highest tensile (120.1 MPa via SLS) and

compressive strength (158.5 MPa via SLS), confirming its suitability for high-performance
structural applications.

o Its low UV degradation (0.7%), minimal thermal expansion (0.2%), and negligible humidity
absorption (0.5%) make it ideal for long-term use under extreme conditions.
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2. Nylon’s Balanced Strength with Moisture Limitation:

o Nylon displayed excellent mechanical properties (58.3 MPa tensile strength and 78.9 MPa
compressive strength using SLS), making it appropriate for dynamic and wear-resistant
applications.

o However, higher humidity absorption (3.2%) suggests caution in moisture-rich environments.

3. Impact of Printing Techniques:

o SLS and DLP consistently produced superior mechanical properties across all materials due to
enhanced layer adhesion and reduced porosity.

o FDM, while cost-effective, showed lower mechanical performance due to visible layer lines and
weaker interlayer bonding.

4. PLA and ABS - Economical but Limited:

o PLA and ABS are economical and easy to process but showed lower mechanical performance and
higher degradation rates, making them suitable only for non-load-bearing or prototype
applications.

These findings highlight the material-printer combination as a critical factor for optimizing the mechanical properties
and durability of 3D-printed structural components.

CONCLUSION

This study demonstrates that material selection and printing techniques significantly influence the strength and
durability of 3D-printed components. CFRP, particularly when printed with SLS or DLP methods, exhibited the highest
mechanical performance. While PLA and ABS offer cost-effective solutions, their mechanical properties are inferior to
high-performance materials like Nylon and CFRP. Future work should explore hybrid materials and post-processing
techniques to enhance 3D-printed structural durability further.
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