mechanical properties of polylactic acid

mechanical properties of polylactic acid (PLA) are critical to understanding its performance in
various applications, especially in packaging, biomedical devices, and 3D printing. PLA is a
biodegradable thermoplastic derived from renewable resources such as corn starch or sugarcane,
making it an environmentally friendly alternative to traditional petroleum-based plastics. Its
mechanical characteristics, including tensile strength, elasticity, impact resistance, and thermal
behavior, influence its suitability for different uses. This article delves into the fundamental
mechanical properties of PLA, examining factors that affect its performance, methods for
enhancement, and comparisons with other polymers. Understanding these properties is essential for
manufacturers, engineers, and researchers aiming to optimize PLA’s use in sustainable product
development.
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Overview of Polylactic Acid

Polylactic acid is a bio-based polyester known for its biodegradability and biocompatibility. It is
produced through the polymerization of lactic acid monomers obtained from renewable biomass. PLA
exhibits a unique combination of mechanical properties that make it attractive for various industrial
applications. Its mechanical behavior is strongly influenced by its molecular weight, crystallinity, and
processing conditions. Due to its relatively high stiffness and good strength, PLA serves as a
sustainable substitute for conventional plastics in packaging materials, disposable items, and medical
implants.

Tensile Properties of Polylactic Acid



Tensile Strength

The tensile strength of polylactic acid typically ranges from 50 to 70 MPa, depending on the grade
and processing parameters. This property measures the maximum stress PLA can endure before
failure under tension. PLA’s tensile strength is comparable to that of conventional polymers like
polystyrene, making it suitable for rigid containers and structural components. The crystalline regions
within PLA contribute significantly to its tensile strength, with higher crystallinity generally leading to
increased resistance to deformation.

Elongation at Break

Elongation at break indicates the ductility of PLA and is usually low, ranging between 2% and 10%.
This relatively brittle nature limits PLA’s application in scenarios requiring high flexibility. However,
the elongation can be improved through plasticization or blending with other polymers, enhancing its
ability to absorb energy under tensile stress.

Elasticity and Flexural Characteristics

Young's Modulus

Young's modulus, or the elastic modulus, of polylactic acid is typically between 2.7 and 16 GPa,
reflecting its stiffness. This modulus quantifies the material's resistance to elastic deformation under
stress. PLA's high modulus compared to other biodegradable polymers means it can maintain shape
integrity in applications requiring rigidity.

Flexural Strength and Modulus

PLA exhibits good flexural strength, generally in the range of 50 to 110 MPa, which is essential for
bending resistance in practical uses. The flexural modulus, which measures stiffness during bending,
aligns closely with the tensile modulus. These mechanical parameters highlight PLA’s capability to
withstand bending forces without permanent deformation, a valuable trait for packaging and
structural parts.

Impact Resistance and Toughness

Impact Strength

One of the notable mechanical limitations of polylactic acid is its relatively low impact resistance. The
material tends to be brittle and can fracture under sudden force or shock loading. Typical impact
strength values for PLA are lower than those of more ductile polymers, which restricts its use in
impact-critical applications unless modified.

Toughness Improvement

Efforts to improve PLA's toughness include blending with elastomers, copolymerization, and the



addition of impact modifiers. These methods can enhance energy absorption during impact,
increasing the material’s durability and expanding its application range where higher toughness is
required.

Thermal Effects on Mechanical Behavior

Glass Transition and Melting Temperatures

Polylactic acid has a glass transition temperature (Tg) around 55-65°C and a melting temperature
(Tm) between 150-180°C. Above the Tg, the polymer transitions from a rigid to a more rubbery state,
which significantly affects its mechanical properties. At temperatures near or above Tg, PLA’s stiffness
and strength decrease, leading to greater flexibility but lower load-bearing capacity.

Thermal Degradation and Stability

Thermal exposure can lead to PLA degradation, reducing molecular weight and mechanical
performance. Proper thermal processing is crucial to maintaining the integrity of PLA parts, as
overheating may cause brittleness and loss of mechanical strength. Stabilizers and controlled
processing conditions are often employed to mitigate thermal degradation.

Factors Influencing Mechanical Properties

The mechanical properties of polylactic acid depend on various intrinsic and extrinsic factors. These
include:

e Crystallinity: Higher crystallinity increases strength and stiffness but reduces ductility.

¢ Molecular Weight: Greater molecular weight generally improves tensile strength and
toughness.

* Processing Techniques: Methods such as injection molding, extrusion, and 3D printing impact
the internal structure and mechanical behavior.

e Environmental Conditions: Exposure to moisture, UV radiation, and temperature fluctuations
can alter mechanical properties over time.

Enhancement Techniques for Mechanical Performance

Blending and Copolymerization

Blending PLA with other biodegradable polymers or elastomers can tailor its mechanical attributes to
specific needs. Copolymerization introduces variations in the polymer chain that improve flexibility



and impact resistance while maintaining biodegradability.

Plasticization

Plasticizers are added to PLA to enhance its ductility and elongation at break. This modification
decreases the glass transition temperature, allowing for improved flexibility without severely
compromising strength.

Reinforcement with Fillers

Incorporating fillers such as natural fibers, nanoparticles, or glass fibers into PLA composites can
significantly boost mechanical strength, stiffness, and thermal stability. These reinforcements are
widely used to expand PLA’s applicability in engineering fields.

Comparison with Other Biodegradable Polymers

When compared to other biodegradable polymers like polyhydroxyalkanoates (PHA), polybutylene
succinate (PBS), and starch-based plastics, PLA generally exhibits superior tensile strength and
stiffness but lower impact resistance and elongation. Its mechanical profile makes it ideal for
applications requiring rigidity and moderate strength, whereas other biopolymers may be favored for
flexibility or toughness. Selecting the appropriate biodegradable polymer depends on the specific
mechanical requirements and environmental conditions of the intended application.

Frequently Asked Questions

What are the key mechanical properties of polylactic acid
(PLA)?

Polylactic acid (PLA) exhibits good tensile strength, moderate flexibility, and relatively high stiffness. It
typically has a tensile strength ranging from 50 to 70 MPa, a Young's modulus between 2.7 to 16 GPa,
and an elongation at break of about 2-10%, depending on its crystallinity and processing.

How does the crystallinity of PLA affect its mechanical
properties?

Higher crystallinity in PLA generally leads to increased stiffness, tensile strength, and heat resistance,
but decreases its elongation at break, making it more brittle. Amorphous PLA tends to be more
flexible but has lower mechanical strength.

What is the impact of temperature on the mechanical
properties of PLA?

PLA's mechanical properties degrade significantly near and above its glass transition temperature
(~60°C). At elevated temperatures, PLA becomes softer and less rigid, reducing tensile strength and



stiffness, which limits its use in high-temperature applications.

How do additives influence the mechanical properties of PLA?

Additives such as plasticizers, fillers, and nucleating agents can improve PLA's mechanical properties.
Plasticizers enhance flexibility and elongation, fillers like fibers increase strength and stiffness, and
nucleating agents promote crystallinity, improving thermal and mechanical performance.

How does the molecular weight of PLA affect its mechanical
behavior?

Higher molecular weight PLA generally exhibits better mechanical properties, including increased
tensile strength and toughness, due to enhanced chain entanglement. Lower molecular weight PLA
tends to be weaker and more brittle.

Can PLA be reinforced to improve its mechanical properties?

Yes, PLA can be reinforced with materials like natural fibers, glass fibers, or carbon fibers, which
significantly enhance its tensile strength, stiffness, and impact resistance, making it suitable for more
demanding applications.

How does the processing method affect the mechanical
properties of PLA?

Processing methods such as injection molding, extrusion, and 3D printing influence PLA's mechanical
properties by affecting its crystallinity, molecular orientation, and residual stresses. Optimized
processing can improve strength, stiffness, and reduce brittleness.

What is the typical Young's modulus range for PLA?

The Young's modulus of PLA typically ranges from 2.7 GPa to 16 GPa, depending on factors like
crystallinity, molecular weight, and processing conditions.

How does moisture absorption affect the mechanical
properties of PLA?

PLA can absorb moisture, which can plasticize the polymer, reducing its tensile strength and stiffness
while increasing its elongation at break. Prolonged exposure to moisture may also lead to hydrolytic
degradation, further weakening the material.

Is PLA suitable for load-bearing applications based on its
mechanical properties?

PLA has good mechanical strength but is relatively brittle and sensitive to temperature and moisture,
limiting its use in high-load or long-term load-bearing applications without reinforcement or
modification.



Additional Resources

1. Mechanical Behavior of Polylactic Acid: Fundamentals and Applications

This book delves into the intrinsic mechanical properties of polylactic acid (PLA), exploring its tensile
strength, elasticity, and fracture behavior. It covers both experimental methods and theoretical
models to understand PLA's performance under various conditions. The text also discusses PLA's
suitability for biomedical and packaging applications, emphasizing how its mechanical traits influence
functionality.

2. Polylactic Acid Composites: Enhancing Mechanical Properties

Focusing on composite materials, this book examines how reinforcing PLA with fibers, nanoparticles,
or other fillers can improve its mechanical performance. It provides detailed analyses of composite
fabrication techniques and the resulting changes in stiffness, toughness, and durability. Case studies
illustrate practical applications in automotive, aerospace, and consumer goods industries.

3. Thermomechanical Properties of Biodegradable Polymers: Polylactic Acid Focus

This text investigates the relationship between temperature and mechanical behavior in PLA and
other biodegradable polymers. It explains how thermal transitions such as glass transition and
melting affect PLA's strength and flexibility. The book is ideal for researchers looking to optimize PLA
for applications requiring specific thermal and mechanical performance.

4. Degradation and Mechanical Performance of Polylactic Acid in Environmental Conditions

Addressing the aging and degradation processes of PLA, this book explores how environmental factors
like moisture, UV exposure, and temperature impact its mechanical properties. It provides insights
into the mechanisms of hydrolytic and photo degradation and their effects on PLA's structural
integrity. Strategies for improving durability while maintaining biodegradability are also discussed.

5. Processing Techniques and Mechanical Properties of Polylactic Acid

This comprehensive guide covers various processing methods such as extrusion, injection molding,
and 3D printing and their influence on PLA's mechanical characteristics. It highlights how processing
parameters affect crystallinity, molecular orientation, and ultimately, mechanical strength and
toughness. The book is a valuable resource for engineers and manufacturers working with PLA.

6. Polylactic Acid in Biomedical Applications: Mechanical Considerations

Focusing on medical uses, this book examines the mechanical requirements of PLA-based implants,
scaffolds, and devices. It discusses how mechanical properties like modulus, fatigue resistance, and
degradation rates must be tailored for compatibility with biological tissues. The text also includes
case studies on PLA's use in orthopedic and tissue engineering applications.

7. Nanostructured Polylactic Acid: Mechanical Properties and Innovations

This book explores the incorporation of nanomaterials into PLA to enhance its mechanical properties
at the nanoscale. It covers advances in nanofillers, such as carbon nanotubes and nanoclays, and
their effects on strength, toughness, and thermal stability. The innovative approaches described offer
pathways to develop high-performance PLA materials for advanced applications.

8. Polylactic Acid: Mechanical Properties Under Dynamic and Impact Loading

Investigating PLA's response to dynamic stresses, this book studies its behavior under impact, cyclic
loading, and other non-static conditions. It provides experimental data and modeling approaches to
predict PLA's performance in real-world applications involving shocks and vibrations. The book is
essential for designing PLA components in automotive and protective equipment.



9. Structure-Property Relationships in Polylactic Acid

This work provides a detailed examination of how PLA's molecular structure, crystallinity, and
morphology influence its mechanical properties. It integrates chemical, physical, and mechanical
perspectives to offer a holistic understanding of PLA performance. The insights gained are valuable
for tailoring material properties through molecular design and processing control.
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