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Abstract 

The increasing demand for lightweight, corrosion-resistant, and high-performance gear systems has driven 

growing interest in polymer composite gears as alternatives to conventional metallic gears. In high-speed 

and high-load applications, gear materials are required to withstand cyclic stresses, frictional heating and 

long-term service without excessive wear or dimensional instability. This review aims to critically evaluate 

recent advances in high-performance polymer composites for gear applications with particular emphasis on 

Poly Aryl Ether Ketone (PAEK) based materials reinforced with Multi-walled Carbon Nanotubes 

(MWCNTs). 

The review synthesises published literature focusing on polymer matrices, pristine and functionalised 

MWCNT reinforcements, processing techniques and gear-relevant mechanical, thermal, and tribological 

performance parameters. The analysis shows that PAEK/MWCNT composites exhibit a favourable 

combination of high strength-to-weight ratio, enhanced thermal stability, improved wear resistance and 

superior load-carrying capability compared to unreinforced polymers. Functionalisation of MWCNTs plays 

a critical role in improving nanotube dispersion and interfacial bonding, leading to more consistent and 

reliable property enhancements. The influence of processing methods and testing approaches on gear 

performance and durability is also examined. 

Overall, the reviewed studies indicate that MWCNT-reinforced PAEK composites are strong candidates 

for advanced polymer gear applications. However, direct gear performance evaluations under realistic 

operating conditions remain limited. Future research should focus on systematic gear testing, long-term 
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durability assessment and optimisation of processing strategies to enable reliable industrial implementation 

of these materials. 

Key words: Polymer Gears; High Performance Polymer; Carbon Nanotube Reinforcement; 

Nanocomposites; Gear performance; 

1 Introduction  

The demand for lightweight, efficient and reliable gears for mechanical applications has increased rapidly 

in wide spread applications as automotive, aerospace mechanisms, precision instrumentation and industrial 

machinery. Modern mechanical gear systems are expected to operate at elevated speeds by maintaining low 

noise levels, less energy consumption and better resistance to severe operating environments i.e. chemically 

aggressive environments. Under such demanding conditions, mechanical systems with metal gears often 

face performance limitations, such as high density, susceptibility to corrosion, higher frictional losses and 

a more lubrication requirements, which collectively contribute to increased maintenance and operational 

expenditures [1–4]. 

In response to these challenges, polymer gears have become an attractive alternative option, providing 

significant benefits such as lighter weight, lower noise, design flexibility, resistant to corrosion and ease of 

manufacturing through injection moulding process. These benefits make polymer gears particularly more 

suitable for applications where weight reduction, noise mitigation and cost efficiency are the important 

criteria [5,6]. However, the adoption of polymer gears in maximum loading conditions and high-speed 

applications necessitates materials with superior mechanical strength, thermal stability and wear resistant 

properties. 

Within this context, high-performance polymers, including Poly Ether Ether Ketone (PEEK), Poly Ether 

Ketone (PEK), Poly Ether Ketone Ketone (PEKK) and the PAEK polymer family have shown potential for 

gears systems applications due to their properties such as mechanical strength, thermal stability, wear 

resistance and chemical durability [7,8]. Nevertheless, further improvements in load-carrying capacity, heat 

dissipation, and wear resistance are often required to meet industrial performance requirements. 

The performance of this polymer materials can be improved by incorporating nanofillers such as multi-

walled carbon nanotubes (MWCNTs) and functionalized MWCNTs. The different studies have shown that 
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the stiffness, load transfer, thermal conductivity and tribological performance can be improved by 

incorporating MWCNTs [9-11]. Functionalized MWCNTs improves uniform dispersion and stronger 

bonding with the polymer chains, leading to more consistent and reliable property enhancements. The more 

research studies available on polymer gears and on MWCNT-reinforced polymer nanocomposite materials. 

But, the studies on advanced PAEK/MWCNTs material developments and gear-specific performance 

requirements are remains limited. In particular, the relationship between material properties, processing 

methods and standard gear-testing methods is not properly addressed in the existing literature. This gap 

restricts the effective translation of advanced nanocomposite materials into practical industrial gear 

applications. This review addresses this gap by bringing together existing studies on high-performance 

polymer composites for gear applications, with particular focuses on PAEK-based polymer materials 

reinforced with pristine and functionalized MWCNTs nanomaterials. This article reviews material 

developments, reinforcement effects, manufacturing techniques, performance evaluation parameters and 

recognized gear-testing methodologies for polymer gears in well-structured manner. 

The sequence of topics covered in this review is presented below: 

Section 2 presents Requirements and Limitations of Materials for Gear Applications; Section 3 outlines the 

significance of polymer composites; Sections 4 to 8 includes detail advancements in high-performance 

polymers, PAEK/MWCNT composites, and their mechanical, thermal, and tribological attributes, gear 

testing methods and performance parameters; and Section 9 provides concluding insights and future 

research directions. 

2 Requirements and Limitations of Materials for Gear Applications  

The gear operation of mechanical systems depends on the material’s ability to sustain mechanical loading 

conditions, thermal stability and tribological stresses encountered during operation. Therefore, selection of 

a material is important for ensuring durability, efficiency and stable performance in automotive, aerospace, 

and industrial applications. Gears must fulfill the multiple functional demands. However, both the 

traditional and polymers materials also possess inherent performance constraints. A clear understanding of 

the requirements such as material limitations and functional requirements is essential for the effective 

development and wider adoption of high-performance polymers and composite materials in gear 
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applications. 

2.1 Requirements for Gear Materials 

Mechanical properties: The high contact stresses endurance, repeated loading cycles and continuous tooth 

engagement without failure are the conditions required for gear materials for industrial applications. 

Therefore, adequate strength, stiffness and resistance to fatigue are the qualities required to maintain the 

dimensional stability and for efficient torque transmission [12]. Long-term operation can be affected by 

surface fatigue, permanent deformation or tooth breakage if the lacks of above material properties. 

Weight reduction: Weight reduction remains a major parameter in many of the industrial applications such 

as automotive and aerospace applications. The use of lightweight materials such as advanced polymer 

materials and polymer composite materials lowers inertial loads, energy efficiency and contributes to 

superior performance of mechanical system having gears [13,14]. These materials having high strength-to-

weight ratios property. Because of this property, these materials present viable alternatives to conventional 

metallic components. 

Corrosion and chemical resistance: Metallic gears are suffered by corrosion and material degradation in 

corrosive environment. In contrast, polymer composite gears exhibit superior resistance to corrosion and 

chemical environment, which improves durability, extends service life, and reduces maintenance 

requirements [1,3,4]. 

Noise and vibration damping: The reduced noise and vibration during gear operations can be achieved due 

to damping characteristics of polymer composite materials, which is particularly required in many 

applications that requires smooth and quiet operation [3,15]. 

Design and manufacturing flexibility: Polymers and polymer composites offer better design flexibility. 

Such capability makes manufacturing processes simple and supports the lightweight production. Also, gear 

designs as per applications that are well suited for large-scale manufacturing is possible due to design and 

manufacturing flexibility characteristics of polymer materials [10,16]. 

2.2 Limitations and Challenges of Gear Materials 

Wear and friction behaviour: Many polymers and its composites showed higher wear rates or friction 

coefficients compared to metals under certain operating conditions [17,18]. To long service operating 
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conditions especially at high speeds as well as loading conditions, better tribological behaviour is necessary. 

Thermal and dimensional stability: Gears frequently experience temperature rises due to frictional heating 

during operation. This rise in temperatures of gears can affect the dimensional stability and mechanical 

performance of these polymer gears [19]. This issue particularly observed in the polymers having low glass 

transition temperatures. High-performance polymers such as PEEK and PAEK partially address these issues 

at high operating temperature. But it will resolve by adding nanomaterials for enhancement of thermal 

properties of these materials [20]. 

Fatigue resistance and durability: Resistant to cyclic loading prevents the fatigue wear, crack initiation, and 

eventual failure. Present the ability of fatigue resistance compared to metallic gears remains a challenge for 

many polymer materials those are used for high operating conditions such as load and speeds [19,21]. 

Processing challenges: There is difficult to manufacturing of components with polymer composites with 

uniform filler dispersion, desired crystallinity, and minimal defects. These factors i.e. uniform dispersibility 

of fillers without defects and desired crystallinity, strongly influence gear wear resistance, surface finish, 

and mechanical strength and stability [16,22]. 

3 Significance of polymer composites for gear applications 

The limitations and challenges discussed in Section 2.2, particularly the weight reduction, low noise, 

improved corrosion resistance and material stability and strength under different operating conditions, have 

attracted towards the study of polymer materials for polymer and composite gears applications. Polymers 

and polymer composites having the advantages such as low density, desirable damping properties and 

compatibility with moulding-based manufacturing process, making the polymer and polymer composites 

are suitable for applications requiring low noise, geometric flexibility and high strength [23]. However, 

many conventional engineering polymers, including polyamides, polypropylene, epoxy and PMMA, 

showed issues related to high load or high temperature gear environments. These issues observed, due to 

limitations in strength, thermal endurance and wear behaviour. 

These challenges have increased the interest in high-performance polymers, such as PEEK, PEK, PEKK 

and particularly PAEK family having has mechanical strength, excellent thermal and dimensional stability 

during mechanical loading operations [24]. The superior wear resistance and chemical stability 
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characteristics of these polymers make them strong candidates for gear applications where frictional 

heating, cyclic stresses and environmental exposure can cause problems to lower-grade polymers having 

minimum strength and thermal instability. Because of these performance characteristics such polymers are 

increasingly used in demanding automotive, aerospace and industrial applications where gears are used. 

The performance of these high-performance polymers enhanced by reinforcing different nanofillers such 

as MWCNTs, graphene etc.  Many of the existing studies have showed that the enhances stiffness, tensile 

properties, thermal conductivity and tribological behaviour improves by incorporating MWCNTs into 

polymer matrices [25,26]. The main finding from the exiting literature is that the functionalized MWCNTs, 

such as carboxylate or amine functionalized nanotubes exhibits superior dispersion and stronger interfacial 

interactions with high performance matrix polymer materials. Because of this, the polymer composites 

reinforced with functionalized MWCNTs are effective load transfer and superior wear resistance [27,28]. 

These enhancements directly overcome the limitations of main polymer gears, such as excessive wear, less 

stiffness and dimensional instability under repeated cyclic operating conditions. 

With the help of above-mentioned literature studies indicates that PAEK-based nanocomposites reinforced 

with pristine and/or functionalized MWCNTs represent one of the best alternative materials for high-load, 

high-temperature gear applications. Their ability of low weight with high strength, improved thermal 

stability and less wear are the best suit for operational requirements of advanced gear systems. The 

explanation of materials in detail, including their mechanical, thermal and tribological characteristics relate 

to the performance requirements of polymer gears is presented in further sections. 

4 Studies on high performance PAEK polymers for gear applications 

The shift from conventional polymers to high-performance polymer mechanical systems has become 

essential for overcoming the operational challenges faced by modern gear mechanisms. While the 

performance of general engineering polymers such as polyamides, polyoxymethylene (POM), 

polypropylene (PP) and epoxy used for gear applications, their performance is comparatively limited under 

high loads, high temperatures and continuous meshing cycles. This has resulted growing interest in high-

performance polymers, particularly in the PAEK polymer family. This polymer family includes PEEK, 

PEK, and PEKK polymer materials. These materials exhibit superior performance because of their 
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exceptional strength, thermal stability, wear and chemical resistance. All of these properties are important 

for demanding gear industrial applications. 

4.1 Importance of high-performance polymers for gear systems 

High-performance polymers provide exceptional mechanical and thermal properties compared to other 

engineering polymer materials. The high-performance materials such as PEEK, PEK, and PEKK showed 

higher tensile strength, improved modulus and better resistance to creep and fatigue properties which is 

very important for gear teeth subjected to fluctuating loads, impact stresses, and frictional heating during 

meshing and continues running operation [29]. Their semi-crystalline morphological nature of these 

polymers exhibits excellent dimensional stability, allowing gears to maintain tooth profile and load 

distribution throughout the gears at high operating conditions such as high loads and speeds [19,29]. 

Moreover, their elevated glass transition and melting temperatures, these high-performance polymers 

outperform at high-temperature operating environments where general polymers may soften, deform or 

undergo excessive wear. Their resistance to chemicals, lubricants and thermal degradation further extends 

their life in corrosive and humid conditions, makes the high-performance polymers suitable for advanced 

gear applications. 

4.2 PAEK as the Leading Candidate for Gear Applications 

Among high-performance polymers, PAEK polymer has superior mechanical, thermal, and tribological 

characteristics. PAEK polymer has a rigid aromatic backbone chain with alternating ether and ketone 

linkages, which provides high stiffness, better high-temperature stability and improved resistance to thermal 

degradation [30,31]. These attributes make PAEK polymer material is very suitable for gear systems that 

must endure continuous meshing, high contact stresses and heating due to friction. 

The previous studies have shown that PAEK maintains excellent structural integrity even under severe 

loading and thermal conditions. It outperforming than many other high-performance polymers in terms of 

fatigue strength, chemical resistance and long-term durability [32]. The gears manufactured with PAEK 

based nanocomposite materials, also exhibit lower wear rates compared with unreinforced PAEK polymers, 

making them ideal material for power-dense, high-precision gear systems in the different areas such as 

aerospace, automotive transmissions and advanced industrial machinery [23,33]. 
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4.3 Enhancing PAEK Performance Through Reinforcements 

Although PAEK already exhibits excellent mechanical, thermal and tribological properties, additional 

improvements are often required to satisfy the demanding performance requirements of advanced gear 

applications. As a result, the research has therefore focused on reinforcement of micro and nano scale fillers, 

solid lubricants and high-performance nanomaterials in to PAEK polymer material. The relevant studies 

are discussed below. 

Ceramic fillers and solid lubricants: Fillers such as hexagonal boron nitride (hBN), mica, graphite and silica 

have been incorporated into PAEK. These studies showed better hardness, reduce friction and improve 

wear resistance Also, mica-filled PAEK composites exhibit increased tensile modulus and improved 

frictional performance, while hBN additions contribute to superior tribological performance under high 

pressure sliding conditions [7,33,34]. Similarly, graphite and thermo graphite showed effectively reduced 

wear and improve the lubrication characteristics of PAEK composites, especially under dry sliding 

conditions [33,34,35]. 

Nanofillers such as MWCNTs: The incorporation of MWCNTs has become one of the most effective 

reinforcement methodologies for PAEK polymer material. MWCNTs provides significant improvements 

in stiffness, tensile strength and thermal conductivity due to their exceptional mechanical properties and 

high aspect ratio. The existing studies on PAEK/MWCNT and PAEK/functionalized-MWCNT 

nanocomposites have reported the significant enhancements in mechanical properties, dynamic mechanical 

stability in different systems and resistant to thermal degradation [36]. Functionalized MWCNTs, makes 

superior interfacial bonding with the PAEK matrix, resulting in more effective load transfer and reduced 

agglomeration of fillers than unmodified MWCNTs [20,26,33]. These improvements in these polymer 

materials are helpful for minimize the gear failure modes such as wear, thermal softening and deformation 

under loading conditions. 

Hybrid reinforcement systems: Hybrid composite polymer materials including MWCNTs with fillers such 

as boron carbide (B₄C) showed synergistic improvements in mechanical strength, thermal stability, fatigue 

resistance and even radiation resistance [37,38]. Because of these improved properties of materials, such 

hybrid reinforced PAEK-based polymer materials useful for different environments, including aerospace 
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and nuclear sectors, where gears must maintain the required performance over long service period [39]. 

4.4 Relevance to Gear Applications 

The existing studies indicates that PAEK-based polymer composites come out one of the best materials for 

advanced gear applications. The ability to withstand the high load-bearing capacity, thermal stability, 

resistance to moisture and chemicals and excellent wear resistant performance meets the required operating 

conditions of gears such as cyclic stress, frictional heating and long-duration service [40]. When reinforced 

with optimized fillers, mainly functionalized MWCNTs, PAEK polymer composite materials exhibit 

additional performance gains that translate into higher mechanical durability, lower wear rates and more 

consistent gear operation under demanding conditions. [41,42]. 

Thus, PAEKs is a advantageous material that overcome the limitations of conventional polymers and 

provides a strategy for developing advanced lightweight, high-performance gears are capable of operating 

in industrial and automotive environments as per requirements. 

5. Enhancing PAEKs with MWCNTs  

The reinforcement of MWCNTs into PAEK matrix material is one of the best methods to produce an 

engineering high-performance polymer composite for gear applications in industry. PAEK polymers has 

exceptional mechanical strength, thermal stability and chemical resistance. But, the operational conditions 

requirements of gears, such as repeated cyclic loading, frictional heating and wear during sliding contact, 

required further improvement in material properties. These required high mechanical, thermal and 

tribological can be achieved by reinforcing nanomaterials in to PAEK polymer.  MWCNTs nanomaterials 

having remarkable tensile strength, high modulus and superior thermal conductivity, provides 

improvements in stiffness, durability, heat dissipation and wear resistance when incorporated into PAEK 

polymer material [43,44]. 

The high aspect ratio of MWCNTs provides efficient stress transfer, while the nanotube network improves 

thermal conduction, reducing temperature buildup during meshing. These combined effects of MWCNT-

reinforced PAEK composites become a highly promising material for lightweight, durable and reliable 

industrial applications such as gear systems [45,46]. The reinforcement process and performance 

improvements are summarized conceptually in Fig.1. It illustrates the relationships between MWCNT 
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functionalization, dispersion quality, matrix bonding and enhancements in mechanical, thermal, and 

tribological behaviour. 

 

Figure 1. Conceptual diagram illustrating reinforcement mechanisms of MWCNTs in PAEK composites 

for gear applications. 

6. MWCNT-Reinforced PAEK Nanocomposites 

6.1 The Role of MWCNTs in Polymer Composites 

MWCNTs bring notable improvements to polymer composites by increasing their load-carrying capacity, 

stiffness, and thermal stability. Because of very high tensile strength and modulus, MWCNTs material 

enhance the rigidity of the entire polymer composite material and improves resistance to fatigue and 

deformation. The good thermal conductivity of MWCNTs also helps in minimizing heat from the gear tooth 

contact region, which reduces softening of gear teeth or thermal degradation of teeth and ensures stable 

performance during continuous gear meshing operations. Many polymer materials such as epoxy, 

polyamide and phenolic resins, have showed significant rise in mechanical strength, impact resistance and 
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dynamic mechanical properties after reinforcement of MWCNTs [10,11,47–51]. These reinforcing 

mechanisms are equally applicable to PAEK matrices, making MWCNTs highly suitable for the 

development of gears for advanced and high-performance applications where load and speeds etc are the 

key factors [52]. 

6.2 The Critical Need for Functionalization 

To achieve effective reinforcement from MWCNTs into PAEK matrix polymer material, uniform 

nanotubes dispersion and strong interfacial bonding between the polymer matrix and the nanotubes are the 

major factors in this process. Pristine nanotubes have a tendency to cluster together and show poor chemical 

affinity with PAEK polymer chains, which reduce their reinforcing efficiency and strengths of composite 

material. The above-mentioned issues are overcome by surface functionalization of these MWCNTs 

material. Hence it improves the compatibility, dispersion and interfacial interaction with the polymer 

matrix. There are different functionalization processes these are discussed below; 

Carboxyl-functionalised MWCNTs (–COOH) are known to disperse more evenly within the polymer and 

enable hydrogen bonding, which improves the tensile strength and thermal stability [53–55]. Amine-

functionalised MWCNTs (–NH₂) can form covalent bonds with polymer chains, resulting in notable 

improvements in dynamic mechanical behaviour and fatigue resistance than carboxylic functionalization 

[56–58]. In addition, non-covalent functionalisation has been shown to enhance polymer–nanotube 

compatibility without damaging the intrinsic structure of the nanotubes, as reported for CNT/PEEK systems 

[8]. Overall, nanotube functionalisation plays a crucial role for producing PAEK/ MWCNTs -based 

composites with high strength and durability. 

6.3 Processing Techniques for MWCNT/PAEK Nanocomposites 

The method employed for processing MWCNT/PAEK nanocomposite preparation plays a major role in 

deciding their final structure and performance. Because MWCNTs naturally tend to agglomerates due to 

strong van der Waals forces, achieving their uniform distribution in the highly viscous PAEK melt is 

remains difficult. Therefore, an effective processing methodologies should provide sufficient shear to break 

up nanotube clusters, taking care of even dispersion throughout the polymer matrix and making strong 

interfacial interaction between the nanotubes and the PAEK chains. 
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The melt-processing methods, such as twin-screw extrusion and melt blending are generally used to 

disperse MWCNTs within PAEK matrix polymer material. To break the nanotube agglomerates, improving 

polymer wetting and strengthening the interaction at the polymer–nanotube interface, the strong shear 

forces generated during these processes [59,60]. Melt blending also gives a well-controlled thermal and 

mechanical environment, which maintain the structural integrity of the nanotubes with its uniform 

microstructure. In many studies, MWCNTs have been observed to act as nucleating agents, leading to 

increased crystallinity of PAEK. This increase in crystallinity improves the stiffness, better thermal 

resistance and dimensional stability, which are important characteristics for gear assisted mechanical 

systems [36]. 

After the melt compounding method, injection moulding process is widely used to shape the nanocomposite 

into required test samples or actual components. The shear forces applied during mould filling help to 

improve nanotube dispersion, while controlled cooling process reduces porosity and makes a more uniform 

internal structure. For polymer gear applications, injection moulding process is more advantageous. 

Because it produces more accurate tooth profiles, close dimensional control and uniform microstructural 

quality.  All of these parameters play an important role in improving wear behaviour and long-term 

mechanical reliability. [61]. 

Compression moulding and hot pressing are also used to densify the nanocomposite, minimise voids and 

improve overall material compactness. The controlled application of heat and pressure during these 

methods can promote partial alignment of nanotubes, hence, it enhances stiffness and thermal conductivity. 

Such improvements are particularly useful for gears manufacturing process, exposed to local heating and 

repeated contact stresses. As a result, better load sharing capability and heat dissipation can significantly 

extend service life of gear [38,43]. 

The processing conditions such as temperature, shear rate and residence time are the key factors to obtain 

the optimum properties of composite materials.  These factors directly affect nanotube integrity, dispersion 

and interfacial bonding. Excessively high shear can damage or shorten nanotubes, whereas insufficient 

shear results in poor dispersion and agglomeration. Similarly, inadequate temperature control can cause the 

polymer degradation or incomplete mixing. Therefore, achieving well-balanced processing conditions is 
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very important for producing MWCNT/PAEK nanocomposites with the mechanical, thermal and 

tribological performance required for high-performance gear applications [62]. 

6.4 Resulting Mechanical, Thermal, and Tribological Properties 

The addition of MWCNTs to PAEK matrices made improvements in the overall performance of the 

composite material by modifying its deformation behaviour, heat transfer capability and friction and wear 

performance. These improvements are mainly observed because of stronger interfacial bonding, efficient 

load transfer from the polymer to the nanotubes, restricted movement of polymer chains, enhanced 

crystallinity and the formation of protective transfer films during sliding conditions. Collectively, these 

effects help to effectively reduce common failure problems found in polymer gears such as progressive 

wear, thermal softening, tooth distortion and cracking due to fatigue [63,64]. 

Mechanical Performance Enhancements: The incorporation of MWCNTs showed increase in tensile 

strength, elastic modulus, micro-hardness and fatigue resistance of PAEK composites. These improvements 

are observed mainly due to the high aspect ratio and stiffness of the nanotubes, which allow effective load 

transfer when they are uniformly dispersed in the matrix. Strong interfacial bonding, especially in 

composites with functionalized MWCNTs, promotes more uniform stress distribution and delays the of 

crack formation. Moreover, the nanotubes restrict the crack propagation by acting as physical barriers, 

thereby improving fracture resistance and better durability under repeated loading conditions. These 

enhancements in mechanical performance are important for gear teeth, which are continuously experiences 

bending stresses and high contact forces during operation [8]. 

Thermal Performance Enhancements: MWCNTs possess very good thermal conductivity. Hence, their 

addition in to PAEK considerably improves heat dissipation within the composite material. Better heat 

transfer helps lowers build-up temperature at the gear tooth contact region, thereby reducing softening due 

to frictional temperature and thermo-mechanical damage. PAEK/MWCNT composites also exhibits higher 

thermal decomposition temperatures and better stability during repeated heating and cooling cycles. In 

addition, nanotubes often act as nucleating agents, leading to increased crystallinity in the polymer matrix. 

This increases thermal stability and it helps to maintain dimensional integrity at high operating temperatures 

[19,20,32,33]. 
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Tribological Performance Enhancements: Under sliding or rolling during operation, PAEK/MWCNTs 

composite material showed a noticeable reduction in friction coefficient and wear rate than the unreinforced 

PAEK polymer. These improvements arise due to several contributing mechanisms. These are discussed 

below. 

During sliding operation, the presence of MWCNTs promotes the formation of a thin and stable transfer 

film on the contact surface, it reduces direct contact between surface asperities. Also, the rigid nanotube 

network improves the load-carrying ability of the composite by increasing local hardness, therefore reduces 

surface deformation and micro-cutting or cracking. Also, stronger interfacial bonding between the polymer 

matrix and nanotubes reduces polymer chain pull-out, it helps in reducing debris formation and adhesive 

wear. Finally, the enhanced thermal conductivity provided by MWCNTs minimizes frictional heat build-

up at the contact surface, reducing the temperature-driven wear mechanisms. 

These tribological benefits are particularly important for polymer gears, which often operate under dry, 

lubricated or marginal lubrication conditions, where control of friction and wear parameters are important 

for reliable performance [19,21,31]. These improvements are summarized in Table1. 

Table 1. Summary of property enhancements in MWCNT-reinforced PAEK nanocomposites. 

 

Also, Table 2 summarizes key published studies on PAEK/MWCNT nanocomposites, highlighting the 

influence of nanotube functionalization and processing methods on property enhancements and their 

relevance to gear applications 

Property 

Category 

 

Observed Improvements 

Representative 

References 

Mechanical Increase in tensile strength, modulus, micro-hardness, fatigue 

resistance, and dynamic mechanical stability. 

[20,26,60,65] 

Thermal Increase in thermal conductivity, higher decomposition temperature, 

and enhanced thermal stability under cyclic loading. 

[20,22,65] 

Tribological Reduction in friction coefficient and wear rate; improved surface 

durability; formation of protective transfer films. 

[28, 33,65,66] 
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Table 2. Summary of key studies on PAEK/MWCNT nanocomposites relevant to gear applications. 

Base 

Polymer 

MWCNT Type / 

Functionalization 

Processing 

Method 

Key Property 

Improvements 

Potential Gear 

Relevance 

References 

PAEK Pristine 

MWCNT 

Melt blending 

+ compression 

moulding 

Increased tensile 

strength, modulus, 

and thermal stability 

Improved load-

bearing capacity 

for polymer gears 

[20] 

PAEK COOH-

functionalized 

MWCNT 

Twin-screw 

extrusion + 

injection 

moulding 

Enhanced 

dispersion, 

improved fatigue 

resistance, reduced 

wear rate 

High-speed gears 

with improved 

durability 

[32] 

PAEK 
NH₂-

functionalised 

MWCNT 
 

Melt mixing + 

hot pressing 

Strong interfacial 

bonding, higher 

dynamic 

mechanical stability 

Gears under cyclic 

loading and 

vibration 

[56–58] 

PAEK Pristine + 

functionalised 

MWCNT 

Melt 

compounding 

Improved thermal 

conductivity, 

reduced friction 

coefficient 

Reduced thermal 

softening in gear 

meshing zone 

[26,33] 

PAEK MWCNT + B₄C 

(hybrid system) 

Melt blending 

+ compression 

moulding 

Synergistic 

improvement in 

stiffness, wear 

resistance, and 

thermal stability 

Heavy-duty gears 

for high-

temperature 

environments 

[37,38] 

 

6.5 Structural and Thermal Stability of PAEK/MWCNT Composites 

PAEK/MWCNT composites showed very good structural and thermal stability under demanding service 

conditions. These characteristics makes it suitable for advanced engineering applications. The high aspect 

ratio and stiffness of MWCNTs created an interconnected nanoscale network within the polymer matrix 

material, which effectively restricts the movement of polymer chains within their structure. This restriction 

increases crystallinity and reduces thermal deformation. Therefore, it improves dimensional stability, creep 

resistance and stress relaxation behaviour at high temperatures. These properties are important for polymer 
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gears to maintain accurate tooth geometry and load-carrying ability during cyclic loading and frictional 

heating operating conditions. 

Hybrid composite made of MWCNTs with ceramic micro-fillers, such as boron carbide (B₄C), have been 

reported to exhibit additional remarkable benefits. These beneficial properties are improved thermal 

resistance, higher modulus, better oxidative stability and in some cases enhanced radiation tolerance. As a 

result, the application range of these materials can be extended to demanding different areas such as 

aerospace, nuclear technology and industrial operations with considerable speed, load and temperature 

[32,38]. In addition, the nanotube network improves thermal conductivity, allowing more efficiently 

removal of heat generation at the gear meshing zone. This reduces local temperature rise and helps to 

prevent progressive wear, softening and material degradation in polymer components. 

Despite these developments, studies that directly evaluate the performance of PAEK/MWCNT composites 

at the gear level are still limited. Most of the existing studies are on bulk mechanical, thermal or tribological 

properties rather than parameters that directly control the gear behaviour [38]. Important aspects are contact 

fatigue life, tooth deformation under dynamic loading, resistance to scuffing and pitting and temperature 

rise at the gear meshing have not yet been examined in sufficient detail for these nanocomposite materials. 

Furthermore, long-term tribo-mechanical studies that closely simulate real operating conditions. These 

conditions include varying torque, high rotational speeds, different lubrication regimes and repeated 

thermal cycling, these are relatively limited [67,68]. 

addressing this research gap is important to translate the promising material-level advantages of 

PAEK/MWCNT composites into reliable, high-performance gear components. Future investigations should 

therefore focus on gear-level testing, including advanced wear and fatigue modelling to fully validate and 

utilise the applicability of MWCNT-reinforced PAEKs in demanding mechanical applications. 

7 Testing methods of gear performance 

A thorough assessment of gear behaviour is necessary to determine whether PAEK/MWCNT composites 

are suitable for the use for practical operations. Standard mechanical, thermal and tribological testing 

methods are commonly used to assess the performance of it under controlled loads and rotational speeds. 

Wear and friction tests using pin-on-disc experimentation, block-on-ring and specialised gear test rigs are 
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used for experimentation of mass loss, wear rate, changes in surface roughness and friction behaviour. 

These parameters are particularly important for polymer gears that operate under dry or lubrication 

conditions [28,33,34]. 

Infrared (IR) thermography is widely used to measure the temperature at the gear teeth contact surface. This 

technique provides information about the material’s ability to dissipate friction-generated heat during 

operation [37,38]. Dimensional stability and accuracy of the gear tooth profile are assessed by using the 

three-dimensional profilometry and coordinate measuring systems to make sure that the required geometry 

for proper meshing is retained. Fatigue and durability tests simulate repeated loading cycles, enabling 

evaluation of crack initiation, crack growth behaviour and long-term resistance to mechanical stress. 

Together, these testing methods provide a detailed understanding of the mechanical reliability, thermal 

stability and tribological performance of PAEK/MWCNT gears under operating conditions. 

8 Performance Parameters and Their Relationship to Material Properties 

The performance results obtained from the testing methods discussed in Section 8, including wear 

behaviour, coefficient of friction, temperature increase, deformation, and fatigue life, are closely governed 

by the improvements introduced through MWCNT reinforcement in the material. Clearly relating these test 

results to the underlying material properties helps in better understanding how enhancements at the 

nanoscale are reflected in the overall performance of gear systems. 

Wear rate and surface durability: The marked decrease in wear rate noted during tribological tests can be 

directly related to the increase in stiffness, micro-hardness, and stronger interfacial bonding reported for 

MWCNT-reinforced PAEK materials (Section 6.4). These improvements are mainly due to effective stress 

transfer between the matrix and the nanotubes and a reduction in surface deformation during sliding. Similar 

behaviour has been reported in earlier studies on CNT-filled polymer systems, where lower wear and 

improved long-term durability were consistently observed [28,33,34]. 

Coefficient of friction: The reduced friction coefficients recorded during sliding tests are mainly due to the 

formation of stable lubricating transfer layers and the enhanced load-carrying capacity provided by 

nanotube reinforcement. Earlier studies have also shown that CNT-based composites display lower friction 

because they promote the formation of uniform tribo-films and reduce adhesive contact between the mating 
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surfaces [33,34]. 

Surface temperature rise: The surface temperature was recorded using a non-contact measurement 

technique. Better heat dissipation helps in reducing thermal softening and postpones the initiation of wear 

mechanisms driven by high temperature. This behaviour is consistent with earlier studies that reports on 

CNT-reinforced PAEK systems, where improved thermal stability has shown to play a key role in 

controlling temperature-related wear effects [33,68–70]. 

Tooth deformation and fatigue behaviour: Mechanical testing showed that PAEK/MWCNT gears 

experience lower tooth deformation and exhibit better fatigue life. These improvements are directly linked 

to the higher elastic modulus, increased crystallinity and restricted polymer chain movement introduced by 

the addition of nanotubes. Similar findings have been reported in previous studies on CNT-reinforced 

polymer composites, where improved resistance to cyclic loading and enhanced fatigue performances are 

observed. [20,26,28]. 

Noise and vibration characteristics: The increase in structural stiffness with reduced variations in friction 

produces lower vibration and noise during gear operation. This behaviour aligns well with earlier studies 

that have reported improvements in dynamic mechanical properties and damping characteristics due to the 

incorporation of CNTs in polymer systems [71–73]. 

9 Conclusion  

This review has presented latest developments in polymer composite materials for gear applications, 

focuses on high-performance PAEK-based systems reinforced with MWCNTs nanomaterial. The 

discussion showed that PAEK polymers provides excellent mechanical strength, thermal stability, wear 

resistance and chemical durability, which are required properties for gears, which operates under cyclic 

loading condition and frictional heating environment. The incorporation of MWCNTs and particularly 

functionalized MWCNTs, further improves load transfer, wear behaviour, thermal conductivity and fatigue 

resistance. 

The review highlights that processing methods play an important role in achieving these improvements, as 

uniform nanotube dispersion and strong interfacial bonding are necessary for consistent performance. 

Although substantial progress has been made in improving bulk material properties, direct evaluation of 
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gear-level behaviour remains limited. Key parameters such as contact fatigue, tooth deformation, meshing 

temperature and long-term durability under realistic operating conditions including different loads, speeds 

and temperatures etc. still need further investigation. 

Overall, MWCNT-reinforced PAEK composites emerge as strong candidates for advanced gear 

applications due to their remarkable mechanical and thermal performance. Future research should focus on 

systematic gear-level testing and durability assessment to ensure their reliable application in practical 

engineering systems. 
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