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Abstract: Disc brakes are vital for automotive safety, and they work by transforming kinetic energy into heat via friction 

to slow or halt vehicles. Here, we review disc brake research, with regards to thermal performance, structural integrity, 

material selection, noise-vibration-harshness (NVH) behaviour, etc. They focus on thermal management methods, like 

ventilated disc designs and materials that help dissipate heat. A structural analysis, mainly finite element analysis (FEA), 

is presented to quantify stress distribution and fatigue due to braking loads. Conventional and advanced materials are 

examined, including their mechanical durability, thermal characteristics, and environmental sustainability — including 

grey cast iron, stainless steel, carbon ceramic composites and aluminium alloys. The study also addresses NVH aspects 

and reasons of squeal and judder besides discussing numerical methods for prediction and prevention of these 

annoyances. It provides final suggestions for combined simulations, green materials and the new designs to enhance 

overall capabilities of the disc brake. Future research directions underscore enhancements in performance, cost-effective 

innovative approaches, and environmental sustainability in next generation braking systems. 

 

I.INTRODUCTION 

 

Disc brake systems are essential components of modern automotive safety, as they are primarily responsible for the 

conversion of kinetic energy into thermal energy through friction to slow down or stop the vehicle. Just as vehicles have 

advanced in power, speed and efficiency, so has the complexity of their braking systems. Along with low-speed stop-

and-go urban driving, modern disc brakes are supposed to work in a high load, high-speed situation like emergency 

braking or downhill driving. 

 

Several interconnected factors, such as thermal characteristics, structure, material properties, and vibration and noise 

properties, play a role in indicating the operational performance of disc brakes (Rashid, 2014; García-León et al., 2019). 

The thermal loading during braking can result in critical impacts like fade, wear, and material degradation. Brake 

components are structural elements which must endure mechanical and thermal cycles repeatedly without failure or 

fatigue. Additionally, while consumer demands are rising there is also increased regulatory scrutiny on NVH issues that 

drives brake system design (Ghazaly & Nouby, 2013). 

 

Disc brake research is interdisciplinary, bridging mechanical engineering, material science, computational modelling and 

tribology. Advanced computational methods such as Finite Element Analysis (FEA) and Computational Fluid Dynamics 

(CFD) are now an essential part of the engineering discipline, enabling a developed understanding of complex 

thermomechanical phenomena and verification of novel design concepts (Udaya Kiran & Kumar, 2023). The cutting-

edge technology of the area lies in recent studies that offer high-quality materials and surface treatment that also provides 

durability and minimizes environmental impact. 

 

Even at this stage many challenges remain — in particular, optimizing trade-offs across cost, performance, weight, and 

sustainability. This review summarizes various methodologies and innovations for the analysis of disc brakes and 

identifies areas for future research efforts, including adaptive brake systems, new material implementation, and 

improvement in the modelling of transient thermal and structural responses. 

 

II.THERMAL ANALYSIS 

 

Thermal performance is one of the most important parameters in defining disc brake performance affecting the braking 

efficiency, wear rate and longevity of the components. It experiences significant temperature fluctuations where proper 

management is necessary to avoid performance and safety defects. 

 

 

 

2.1 Heat Production and Dispersal 
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Mechanism: 

When braking, friction at the pad-disc interface converts kinetic energy into thermal energy. In case of high-speed 

braking or emergency braking, the temperature at this surface can be more than 500°C (Talati & Jalalifar, 2009). This 

heat accumulation can lead to brake fade, pad degradation, or disc cracking unless dissipated efficiently. 

 

Ventilated Discs: 

Materials The specific design of the disc is of particular importance when managing thermal loads, with ventilated discs 

using internal vanes or radial channels to induce airflow and increase surface area for convective heat transfer. 

Koetniyom (2003) and Kang & Cho (2010) showed that enhancing the vane geometry (including curvature, spacing, and 

angle) can improve the airflow distribution through the perf brake and subsequently lower the peak temperatures 

experienced by the braking disc during continuous braking. 

 

For this, higher thermal conductivity materials such as grey cast iron, aluminum matrix composites and carbon-ceramic 

composites are preferred allowing efficient transfer of heat năngễn. Grey cast iron has always been the standard alloy 

used in engineering, attributed to a good trade-off between cost, machinability and thermal capacity (Alajmi, 2018). 

Aluminum alloys are much lighter but need elaborate cooling methods or surface coatings to avoid thermal distortions. 

 

Simulation Tools: 

FEA and CFD techniques are widely employed in simulation of transient heat propagation and steady-state temperature 

profiles. This here enables the engineers to evaluate thermal gradients and promote optimal design aspects, like fillet 

thickness, fin formation, and mounting (Seelam et al., 2021). Especially for real-life situations involving multiple 

braking on downhill slopes, transient analyses take on a greater importance 

 

2.2 Thermal Stress and Cracking 

Stress Development: 

Thermal stress is developed due to quick and non-uniform temperature changes in brake cooling and braking cycles. 

Initiation of fatigue cracks usually occur at stress concentrations found at pad contact zones, ventilation fins, and 

mounting holes (Mackin et al., 2002). As well as increasing the risk through exposure to cold water and sudden braking. 

 

FEA Applications: 

Applying these thermal boundary conditions to Structural FEA tools, leads to the prediction of stress concentrations and 

deformation patterns. Research by Belhocine & Nouby (2012) indicate that the development of design specifications 

such as chamfered edges, slots and variable thickness aid in dissipating stresses within the material, which leads to 

improved crack resistance. 

 

Material Selection: 

Its evenly distributed graphite flake structure not only promotes crack resistance but also aids in absorbing thermal 

energy. Carbon-ceramic composites and carbon-carbon materials provide thermal capability and negligible thermal 

expansion properties but only for performance or aerospace applications because of their high cost (Yano & Murata, 

2000; Tiwari et al., 2014). 

 

2.3 Fade and Wear 

Brake Fade: 

The coefficient of friction between pads and discs can plummet at elevated temperatures, leading to brake fade—an 

increase in stopping distance and diminished driver control. This is even worse while driving in racing, towing, or 

mountainous conditions. 

 

Wear Mechanisms: 

A high‐temperature exposure over time leads to the wear of the surface, pad glazing, and the microstructural changes of 

the brake disc material, collectively decreasing the braking performance, the brake disc functionality time (Cueva et al., 

2003). Grey cast iron discs have better wear resistance when alloyed with silicon or molybdate forming a thermal cycling 

resistant alloy. 

 

Mitigation Strategies: 

In addition, engineers use ceramic or metallic coatings that create thermal barriers and decrease wear to improve thermal 

endurance and reduce damage to the surface when exposed to friction. Lightening features like cross-drilled holes, 

slotted surfaces, and directional vane patterns maximize heat dissipation and minimize bulk. 
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 Air force cooling systems are often found in motorsports and heavy-duty automobiles which assist in thermal regulation 

(Belhocine & Bouchetara, 2012) 

 

III.STRUCTURAL ANALYSIS 

 

Conclusion The structural analysis is a prerequisite to assure the reliability and safety of disc brake systems under various 

working conditions. This allows the assessment of the response of brake components to mechanical loads and potential 

failure points, informing design improvements. 

 

Stress and Deformation: 

The foundation method used for simulating stress dispersion and mechanical deformation throughout braking processes 

is the process of the Finite Element Analysis (FEA). The high-stress regions such as disc hub, ventilation fins and pad 

contact areas can be identified using FEA. Research by Dakhil et al. (2015) and Udaya Kiran & Kumar (2023) 

demonstrates that FEA caters an early identification potential for mechanical vulnerabilities, especially under cyclic 

thermal loads. Through the consideration of cyclic stress accumulation, fatigue analysis (utilizing loading spectra derived 

from actual driving conditions) can be used to better anticipate the longevity of discs. 

 

Design Variants: 

Structural performance is quite different for various types of discs. Aerated discs have greater heat dissipation properties 

due to their increased surface area and airflow but are more likely to experience thermal gradients and the consequent 

stress concentrations (Koetniyom, 2003; Mackin et al., 2002). Solid discs, while more structurally stable for uniform 

loading, have a higher thermal saturation. Applying either approach is a function of use case; robustness over cost in 

urban vehicles, and high-efficiency but low-lasting energy density in sports and performance vehicles. 

 

IV.MATERIAL-STRUCTURE INTERACTION 

 

The performance of structures is also determined by the choice of materials. For instance, cast-iron resists static crack 

initiation but prone to thermal cycling fatigue (Belhocine & Bouchetara, 2012). On the other hand, carbon-ceramic 

composites (Yano & Murata, 2000) are characterized by well thermal stability and superior mechanical resistance, 

however their coat ability leads to a reduction in their flowability (Yano & Murata, 2000), which requires specialized 

structural design. 

 

Material Considerations 

From performance to safety, from cost-efficiency to environmental impact, the choice of materials in disc brake systems 

has a direct consequence. Contemporary brake design increasingly employs a mixture of legacy components and novel 

materials suited to performance requirements. 

 

Traditional Materials: 

Grey Cast Iron: 

As the cheapest, most used material in traditional automotive permeate systems due to its natural conductance (heat) and 

vibration damping characteristics. Despite, it accounts heavy percentage to the vehicle weight, and it has a poor high 

temperature durability (Alajmi, 2018). 

Stainless Steel: 

Occasionally used for corrosion resistant applications, some high downforce designs, or lightweight applications, but 

lower thermal conductivity and higher cost limit widespread use. 

 

Advanced Materials: 

Carbon-Ceramic Composites (CCCs): 

Used in high-performance and luxury cars, CCCs provide excellent heat resistance, better weight, and low wear rates. 

They are suited for aggressive braking scenarios due to the performance stability at high temperatures (Rashid, 2014; 

García-León et al., 2019). 

 

Aluminium Alloys: 

Aluminium based discs would also require a thermal barrier or coating to prevent deformation or thermal fatigue due to 

their lower melting points (Tiwari et al., 2014) and are therefore not suited to fit into this category. 
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Coatings & Surface Treatments: 

These coatings introduced through thermal spray technologies, either ceramic-based or metal matrix coatings, increase 

surface hardness, reduce wear and minimize noise. Particularly, these coatings can help in decreasing heat generation 

due to friction during braking, hence improving service life of the disc (Cueva et al., 2003; Eriksson et al., 2002). 

 

Vibration and Noise (NVH) 

Noise, Vibration and Harshness (NVH) phenomena have not only great importance when it comes to comfort perception 

by the user, but they also can indicate deeper mechanical or structural concerns in braking systems. 

 

Squeal and Judder: 

Causes: 

Squeal is caused mainly by self-excited vibrations excited at the pad-disc interface due to dynamic instabilities. A 

common phenomenon that is often encountered during braking is the excitation of some frequency modes (Ghazaly & 

Nouby, 2013; Rashid, 2014). Meanwhile, judder is usually caused by uneven disc thickness, warped rotors, or a 

misalignment of one or more rotors, which results in fluctuations of the torque applied. 

 

Mitigation Strategies: 

Modal and harmonic analysis assists in recognizing the natural frequencies at which resonance may be seen. Counter 

silencing brake traction or modulation squeal can involve chamfering brake pads, as well as adding damping shims or 

slotting and drilling of discs in order to eliminate or disrupt harmonic feedback loops (Udaya Kiran & Kumar, 2023). 

 

Computational Modelling: 

The NVH behaviour is predicted accurately by using both complex eigenvalue analysis and transient dynamic 

simulations. These approaches have been validated via experimental dynamometer testing and in the real-world 

operations. García-León et al. It has been shown by Kwak et al. (2019) and Choi & Lee (2004) that NVH issues can be 

greatly minimized for everyday and performance brake system types when a combination of simulation results, material 

properties and pad geometry is taken into consideration. 

 

V.METHODOLOGIES 

 

Computational modelling and experimental validation plays an important role in analysis and optimization of disc brake 

systems. Such methods offer a holistic overview of performance across different operating conditions and inform cleaner, 

safer brake system designs. 

 

Computational Techniques: 

Finite Element Analysis (FEA) 

Finite Element Analysis (FEA) is widely adopted to study the thermal and structural response of disc brakes during 

braking. The simulation data reveal the temperature distribution, thermal stress, deformation, and fatigue of the material. 

Studies such as those done by Udaya Kiran & Kumar (2023) and Rahman et al. 2015) showed the ability of FEA for the 

simulation of disc performance and Talati & Jalalifar (2009) explored the analysis of heat conduction, stressing the 

physical importance of transient thermal simulations. Guided applications of FEA facilitate dynamic load results as 

advanced thermo-mechanical coupling is performed by tools such as ANSYS Mechanical (ANSYS Inc, 2021). 

CFD methods are applied to model airflow and heat transfer in ventilated brake rotors. This insight allows to identify 

and optimize the tubing geometry and flow paths to maximize the cooling performance (Koetniyom, 2003; Kang & Cho, 

2010). García-León et al. (2019) showcase the role of the simulations in efficient heat management in high-performance 

applications. 

 

Multi-Body Dynamics (MBD): 

MBD simulations simulate the interaction of pads and discs including compliance, contact forces, and rotation. Indeed, 

Choi & Lee (2004) and Floquet (2012) strongly demonstrated the ability to realistically predict brake behavior under 

complex driving conditions via solving uncoupled equation systems, but also referred to the limitation of adopting a 

substantially simplified axisymmetric model in ventilated disc analysis. 

 

Experimental Approaches: 

Dynamometer Testing: 

By using this approach, real-world brake applications and environments can be replicated in a lab setting, allowing for 

the assessment of friction, evolution of temperature, and wear rates (Seelam et al., 2021; Ghazaly & Nouby, 2013). 

Additionally, it supports simulation model validation and design parameters optimization. 
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Infrared Thermography: 

Infrared thermography is commonly employed for monitoring surface temperature distributions throughout braking 

cycles, enabling real-time thermal analysis to provide insights into the formation of hot spots and cooling performance 

(Yildiz & Duzgun, 2010; Tiwari et al., 2014). It offers empirical thermal profiles that work in tandem with CFD and 

FEA. 

For strains and accelerations, strain gauges and accelerometers are employed: 

These own fastened to the disc or caliper and measure recalculation and vibrations, along with capturing dynamic stress 

responses throughout braking. Research by Belhocine & Nouby (2012) and Eriksson et al. (2002) emphasizes the 

importance of these tools for the identification of problems such as thermal cracking and uneven wear. 

 

VI.DISCUSSION 

 

Disc brake systems exemplify our multidisciplinary thrust, integrating thermal management, structural mechanics, 

materials science, and NVH (Noise, Vibration, and Harshness) engineering. These results reveal that brake performance 

depends significantly on heat generation and dissipation characteristics. In particular, ventilated discs demonstrate a 

much higher thermal performance than solid discs, while careful consideration must be given to the design of ventilation 

geometry to prevent ISSCC-initiated cracking due to the thermal stress concentrations induced. 

 

Structural simulations with Finite Element Analysis (FEA) can identify high-stress zones and predict fatigue life. These 

simulations provide valuable insights when altering disc geometries (e.g., slot and/or vane addition or thickness profiles 

modifications) in order to optimize performance. Selecting the type of materials is still a major factor to obtain desired 

mechanical and thermal properties. Common materials like grey cast iron remain common because of their properties 

and cost efficiencies. But advanced materials, including carbon-ceramic composites, have grown to hold more reverence 

as the industry moves toward lightweight and high-performance options. 

 

This is also true in the domain of brake development, where NVH characteristics continue to be a key development 

focus. It's well-studied that brake squeal and judder are not just annoyances, but key indicators of deeper design issues, 

most often related to material consistency or modal interactivity. Modal analysis and complex eigenvalue methods have 

been employed to determine the factors contributing to these problems, thereby enabling their resolution. 

 

While advances have been made, there is still leeway with How modern braking systems are integrated with real-time 

feedback systems, eco-friendly materials, and adaptive braking technologies. Cost-effective solutions that do not 

compromise performance are also still needed, especially for mass-market vehicles. 

 

VII.CONCLUSION 

 

Disc brake is a universal vehicle component which is vital towards overall vehicle safety and needs an intricate balance 

of thermal performance, structural integrity, material efficiency, and NVH optimization in the overall design process. In 

this review, we have summarized the main findings of the computational and experimental efforts to improve product 

design, highlighting how highly developed advanced tools such as FEA and CFD have transformed brake design, granting 

engineers the ability to reconstruct field conditions with a high fidelity. 

 

A continuing focus is thermal management, especially in high-speed, high-load applications. Reliable materials like 

grey cast iron remain in use; meanwhile, carbon-ceramic composites seen in many high-performance vehicles are an 

innovative alternative with plenty to recommend. The structural analysis concludes that stress concentration, especially 

during thermal cycling, is the key factor that affects the life of the brake discs. State-of-the-art NVH is increasingly 

solved through advanced modeling and/or specific damping materials or geometrical alterations. 

With your data being up to date until October 2023, the future of brake system advancements will be marked by 

breakthroughs in simulation technologies, materials, and experiment validation. 

 

VIII.RECOMMENDATIONS 

 

1. Considering this review, we propose the following recommendations for research and industry practices moving 

forward: 

2. Advanced Material Innovation: Further investigate carbon-based and ceramic composites that provide excellent 

thermal and structural properties, and evaluate the economics and recyclability. 

3. Integrated Simulation Models: Create multi-physics models that incorporate thermal, structural, and acoustic 

simulations to more accurately predict real-world performance. 
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4. Use generative design and AI-driven optimization methods for everything from the shapes and structure of the vanes 

to the structure of the discs, and to the interactions between the pads and discs. 

5. Noise Mitigation Techniques: This includes expanding the use of modal and harmonic analysis to detect NVH issues 

at earlier design stages. 

6. Sustainable Practices: Research environmentally friendly materials and manufacturing processes to minimize the 

ecological impact of brake production. 

7. Field Validation: Validate model results with real-world testing on dynamometer or on-road. 
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