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Abstract 
This proposal outlines a forward-looking research project aimed at advancing brake disc technology in the motorsport industry. The proposed study will investigate the thermal, material, and mechanical properties of three types of brake discs: traditional cast iron, carbon-ceramic, and carbon-carbon. The research is driven by the hypothesis that carbon composite materials, due to their superior thermal resistance and lower density, can significantly enhance the performance and safety of high-stress motorsport applications.  The project will employ finite element analysis (FEA) to simulate the behavior of these materials under extreme conditions, complemented by experimental testing to validate the simulations. Anticipated outcomes include the development of brake discs that are lighter, exhibit improved wear resistance, and offer better frictional performance. These advancements are expected to result in brake discs that can dissipate heat more effectively, reducing the risk of brake fade and ensuring consistent performance throughout a race.  The significance of this research lies in its potential to contribute to the evolution of brake disc materials, leading to safer and more efficient motorsport vehicles.

The ultimate aim is to encourage the exploration of new composite materials and manufacturing processes that could revolutionize the industry, making this research both timely and essential. The anticipated findings aim to inform future material selection and engineering design processes, thereby fostering innovation in brake disc technology. Support for this research is sought to further the understanding of material behaviors in extreme conditions, which is expected to have far-reaching implications for the development of safer, more reliable motorsport vehicles and potentially influence broader automotive safety standards.
1. INTRODUCTION

In the sense of automotive industry, the braking system is a crucial component in any vehicle systems used to decelerate or stop the vehicle’s motion. In motorsport, the braking system is even taken into more extreme boundaries where brake discs are subjected to extreme stress and temperature, different kinds of rotor materials have to be used in race vehicles compared to road-going vehicles (Maleque et al., 2010). Hence, the research of brake rotor materials plays a very significant role in motorsport engineering. The shift from iron to advanced composite materials like carbon-ceramic and carbon-carbon has revolutionized braking system in the high-performance motorsport industry (Li et al., 2020). Effective heat management is also essential in motorsport brakes to prevent fade and maintain constant performance throughout the races. The mechanical properties of brake discs must withstand the rigorous demands of motorsport, where high speeds and quick stops are routine. Reducing the weight of brake discs also contributes to overall vehicle performance, affecting acceleration, handling and fuel efficiency. In recent years, following regulation changes to environmental considerations, the research into new brake disc materials directly impacts the competitive edge of motorsport, with automotive manufacturers and teams constantly seeking the next breakthrough.

The scope of this research aims to compare and contrast the 3 types of brake discs most commonly known in the automotive and motorsport industry, which includes traditional metal-based cast iron brake disc, carbon-ceramic brake disc and carbon-carbon brake disc. Traditional metal-based cast iron brake discs are most commonly used in normal day to day automotive applications. Its application is spanned across most modern passenger vehicles with disc brakes and in entry level motorsport. In modern days, metal-based brake discs are made of 99% cast iron with nodular graphite. This combination suits the best in the balance of practicality, cost, environmental and performance basis. Carbon ceramic brake discs are mainly used in high performance road-going sports vehicles, such as modern-day supercars. It can be categorized in 2 main streams, CCB (Carbon Ceramic Brakes) and CCM (Ceramic Composite Material). Although the two are both also referred as being carbon ceramic brake discs and featured in different high-end supercars, they are 2 different types of brake discs with different technologies and should not be confused with one another. A CCB carbon-ceramic disc is made up by a core of ceramic material, then reinforced with carbon fiber and covered by an additional ceramic friction layer on both braking surfaces. A CCM carbon-ceramic disc is essentially a floating disc design made up of a core of ceramic material, reinforced by carbon fiber but are not treated with any additional layers of ceramic friction layer (CarbonCeramicBrakes, 2024).
In the sense of the research title, the performance aspect not only limited to peak braking friction performance measured in MU, but also looks at the longevity of the brake components. As longevity is also a very important factor in endurance and road racing applications.

In the history of carbon-ceramic brakes, CCM carbon ceramic brake rotor technology first started development in January 1997 by Brembo brakes, followed by the development of CCB technology by SGL Carbon in February 1997. In 2001, The Porsche 996 GT2 is the first ever road car to ever featured carbon-ceramic brakes.

The prospect of this research is through analyzing the thermal and material properties of the 3 different brake disc materials to propose innovative factors or solutions to contribute and aid future developments of material technologies of brake components.

2. Literature Review
Upon reviewing existing research journals and papers, we can already preliminarily identify the strengths and weaknesses of three types of brake rotors. The first one being the traditional ductile iron brake discs that are used in modern day generic automotive application. According to Riter, 2021, gray iron brake disc gained its name from the graphite content, modern day metal brake disc are made out of 99% cast iron with nodular graphite. It had gained its popularity in the automotive industry since the 1960s since the beginning of switching from drum brakes to disc brakes. The reason for it to still remain its popularity and wide use even till modern days is because of its balance in terms of performance, durability and cost effectiveness which the industry has still yet to find a replacement that offers the same blend in cost versus performance. Iron brake disc offers excellent thermal conductivities, mechanical strength and decent wear resistant under normal or even higher loads, making it a versatile option. In terms of manufacturing process, the raw materials used can be easily manipulated into specific shapes. Furthermore, small amounts of other materials can also be added into metal brake discs in the casting process to offer specific characteristics, such as higher temperature-resilient sport discs.

Carbon ceramic disc technology is a derivative from the original Carbon-carbon (CC) technology that was used only in motorsports or aviation industry. It combines the lightness and high rate of heat-dissipation from Carbon-carbon (CC) disc, but added the element of ceramic matrix allowing the discs to generate friction for daily driving temperatures. Because of the special bond between carbon and ceramic, it also makes it less abrasive to brake pads and are less expensive to produce compared to carbon-carbon brake discs. Although vehicle manufacturers nowadays use different marketing terms to leverage their products, such as making up special names to their brake disc technologies, the 2 main streams of carbon-ceramic composite brake rotor technologies are CCM and CCB. The CCM technology is originated from Brembo in January 1997 and the CCB technology comes from SGL Carbon in February of the same year (CarbonCeramicBrakes, 2024). The difference among the 2 lies on the CCB featuring an additional ceramic friction layer whereas the CCM doesn’t (Redisc, 2023). As an overall performance statement, CCM tend to loose friction performance faster than that of CCB, however the advantage being its disc lifetime is easier to calculate due to a linear curve of performance attenuation.
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(figure 1. CCM disc wear, data from ReDisc, 2023)

In contrast, the overall lifetime of CCB is actually longer, however the nature of the CCB brakes makes it very hard to predict and track performance loss over time.
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(figure 2. CCB disc wear, data from ReDisc, 2023)

Carbon-carbon disc technology is the original formula designed for aviation use in commercial aircrafts and very niche motorsport series, like LeMans endurance series, indycar and Formula 1. The main purpose for the use of Carbon-carbon brakes is the advantage of low weight, thermal shock resistance, low thermal expansion rate and the ability to withstand extreme high temperatures. The manufacturing process is significantly more complicated and time-consuming compared to manufacturing carbon-ceramic discs. Carbon fiber fabric are first laid up in a generic shape of a disc, it then needs to go through a series of processes, including heating in an inert gas chamber, with the goal of creating a pure carbon structure. These processes are very time-consuming (taking weeks to process at high temperatures) and labor intensive, as well as consuming large amounts of energy. Thus, the end product often is very expensive (Redisc, 2023).

Studies conducted by Sheridan et al, 1988 shown the use of Finite Element Analysis (FEA) method for thermal and structural modelling of brake discs. The researchers have demonstrated four different modelling approaches for the thermal analysis of disc brakes, ranging from a simple lumped-parameter zero-dimensional model to a complex 3-dimensional transient model. The research also gave a statement that the accuracy of the any thermal model is directly dependent on how the boundary conditions for energy input and output are set, as well as the accuracy to which the material specific heat and thermal conductivity are known. Experimental results from the paper also shows that 90% of the heat dissipation of the brake rotor is transferred to air through convection.

According to Pachauri et al., 2021, finite element analysis approach is becoming an easier approach to simulate the performance of a brake disc. The thermal behavior depends on the existence of heat flux and cooling air flow. Based on the paper, the researchers investigated the temperature distribution and structural effect of Carbon ceramic matrix material and cast Iron brake discs using ANSYS 11 finite element analysis program.

(Lim et al., 2008) examined the mechanical properties of Carbon-carbon composite brake disc and studies its automotive use. The structural analysis performed included creating a Finite Element (FEA) model in a commercial MSC/MARC software to analyze stress distribution in the mechanical joints of the brake disc, which are the weakest part in a Carbon-carbon brake disc. Torsional test was also performed by clamping the Carbon-carbon brake disc into a torque testing machine with a rotational speed of 0.5 degree/min. Cracks around 5 joint holes were found after the test. Tsai-Wu failure criterion was being used in the research for evaluating the failure of the sample composites. The criterion considers both the distortion energy and dilatation energy in order to predict failure. It can be applied in both compressive and tensile failure strengths. (Solidworks, 2021)
3. Methodology
The goal of this paper is to investigate and evaluate the thermal & material and mechanical properties of the 3 proposed types of brake discs, which includes traditional cast iron, carbon-ceramic and carbon-carbon brake discs. The scope of this research should be limited to using FEA model to model the 3 different brake discs in ANSYS in order to look at the thermal properties.  

The 3 brake discs samples that will be used are a set of Hitco Ex-LMP1 Carbon-carbon brake discs/pads supplied by S1 Innovative company limited from Hong Kong. A set of carbon ceramic brake discs that will be loaned out by Aston Martin for research purposes. Aston Martin has agreed in principle that we can put their name on my research, special gratitude to Mr. Andrew Killen for contacting Aston Martin to request this. And at last, some traditional metal-based Brembo brake discs will also be available from Mr. Killen.
The proposed methodology for evaluating the thermal properties is to develop a FEA model to model the heat and thermal stress in brake discs. The software planned be used is ANSYS Mechanical.

An extra experimental testing is also planned in order to validate the simulation/estimation done by ANSYS software. Discussions were made with aid of Mr. Andrew Killen to use school equipment to heat up the brake disc samples and monitor them using thermal imaging camera. Using thermography to observe the rate of cooling, we will be able to estimate the cooling coefficient and that will allow the estimation/calculation of the energy loss using Planck’s equation. 
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Where E = energy; h = Planck’s constant; v = frequency; c = speed of light and λ is the wavelength.

The integral part of Planck’s equation is one part gives the Energy and the other gives the peak wavelength. The energy will change with time as the temperature changes.

The planned methodology for evaluating mechanical properties is to carry the FEA model created to perform compression and tensile testing simulation to the sample brake discs model. The strengths of the samples can be evaluated and put into failure index such as the Tsai-Wu criterion. In addition, using school equipment, in particular torsional testing machine, torsional tests can be performed to the three sample brake discs. It can be done to measure the different brake discs’ torsional and compressive strength. The results can then be cross-referenced and evaluated with the simulation from the Finite Element model. Structural analysis can also be done to determine the durability and reliability of brake discs under load conditions. Using GRANTA software, we can also apply multi-criteria decision methods to identify materials with optimal mechanical properties.
4. Results
The anticipation of this research aims to provide a brief overview of the 3 brake disc material samples. Although the scale of this research is limited by the facilities and samples that we have, by combining previous researches, we could be able to join the results. 

Examining previous researches, we could anticipate that the overall maximum temperature allowable in a gray cast iron brake disc is around 700 °C whereas in a carbon ceramic matrix brake disc is around 900 °C (Pachauri et al., 2021). Although the studies from Pachauri et al., 2021 didn’t include Carbon-carbon brake discs into the comparison, we can safely assume that Carbon-carbon brake disc should yield an even higher operating temperature. In terms of cooling coefficient of the sample brake discs, the minimum weight of the brake disc plays a very significant role in the rate of cooling. From the same research paper, the researchers concluded that the maximum operating temperature of Carbon-ceramic brake disc is 900 °C, but the rate of heat loss is also higher when compared to the cast iron brake disc which is heavier in weight. The results indicated that cast iron brake disc to be the most suitable to provide moderate cooling at low temperatures for day-to-day driving in normal automotive applications, whereas the higher cooling rate of carbon-ceramics are suitable for use in race cars where high temperatures are made. From the conclusion of the research, we can assume the Carbon-carbon brake disc sample in our research will yield an even higher-operating temperature and provide higher cooling rate than that of the carbon-ceramic sample.

In terms of mechanical properties evaluation, we could refer to the research journal of Lim et al., 2008. The data format for mechanical properties of each brake disc sample should be be listed in a table format shown as following:

[image: image4.png]Table 1

Mechanical properties of the C/C composites

0° 10° 20° 30° Average
Ex (GPa) 55.2 44.6 50.5 52.4 50.7
Xt (MPa) 104.5 77.3 81.0 54.4 79.3
Xc (MPa) 263.6
Ey (GPa) 363 833 748 489 60.8
Y; (MPa) 283 276 31.1 39.4 316
G2 (GPa) 18.1 220 16.6 213 19.5
S12 (MPa) 879 85.2 772 80.7 82.8




(figure 3. Data sample of mechanical properties for each material sample, from Lim et al., 2008). 

The finite element model should be created for each brake disc material sample and the average mechanical properties (e.g figure 1) should then be inputted into the finite element model to create a realistic simulation. An experimental failure load can then be applied to the model, the output result should provide us maximum tensile and compression stress. The stress percentage can then be calculated by dividing the maximum stress to the maximum strength. The results for stress percentage should look like the following table:
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Stress percentage of single-lap joint # 1

Item Value
Tension (%) ax/Xr x 100 368.3
/Yy x 100 980.6
Compression (%) ay/Xc x 100 173.0
ay|Yc x 100 725
712/S12 x 100 300.9

FL

48.2




(figure 4. Data sample of Tensile and Compression stress percentage, from Lim et al., 2008).
From previous studies, it can be observed that the additive of the carbon element contributes to higher mechanical rigidity and strength due to elemental properties of carbon atom. It is predicted that the results from our research should yield a compatible conclusion.

5. Evaluation
From the papers I have looked at, preliminary findings share compatible initial thoughts or data on the different materials. Carbon-carbon brake discs have long been used in high level forms of motorsport series of Prototype and Formula racing series. Thermal limit and structural toughness are the major factors that sets apart brake discs of different materials. Wear resistance is a major research factor that most researchers are looking into, and the wear rate is directly affected by the thermal dissipation and material strength factors. New components are actively being developed in the meantime for further enhancements.

Ultimately, the goal of this research is to provide the insight for a new brake disc compound and to push the boundaries of motorsport engineering. In a technological advancement point of view, this research very much proves its significance in the motorsport and automotive industry. We anticipate outcomes that is not only lighter in weight, but with enhanced thermal properties, improved wear resistance thus offers better frictional performance. In terms of enhanced thermal capabilities, it ensures the brake discs can dissipate the intense heat generated during races, which is crucial for preventing brake fade and maximizing performance during the whole length of a race. Advancements in wear resistance is closely link to the mechanical properties of the brake discs, it will extend the lifespan of brake discs under rigorous conditions of motorsport and reduce the chances of failure, improving the reliability and safety of racing. 

To reflect on the previous points mentioned, the goal for this research topic is to provide a clear understanding of the different properties between the 3 different types of brake discs and to contribute to the advancement of brake disc technology. Firstly, in terms of material properties, the preliminary findings of the research on this field have shed light on the advantages of using carbon composites over traditional metal-based material brake discs. Carbon composite brake discs have demonstrated superior thermal resistance and lower density, which is essential for high-stress environment of motorsport. The advancement in carbon-ceramic materials in particular provides the advantages of better heat-dissipation over metal-based brake discs, which is crucial in maintaining peak braking performances. Lastly, from observing the mechanical resilience of carbon-carbon brake discs, and their ability to withstand prolonged levels of wear and tear promises for a better lifespan for brake discs, which is also important when durability comes into play in motorsport.

This research sets a basis for future research directions. There’s a need for continuing investigation into newer composite materials and manufacturing process that could further improve the performance and sustainability of brake discs.
5.1. Limitations/Weaknesses

Due to scarcity and financial constraints, it is not possible to get hold of different brake discs of the same material. For instance, CCM and CCB brake discs are both considered Carbon-ceramic brake discs, but the sample provided by Aston Martin is CCB; the Carbon-carbon brake disc sample provided is manufactured by Hitco for endurance racing, it might not be able to represent the application of Carbon-carbon brakes in a Formula 1 car as they have different material additives in their manufacturing process. As a result, each brake disc sample arguably might not fully represent their own category of brake disc material. Many factors, other than material in a brake disc could play a role in thermal and mechanical properties, such as the diameter of the disc surface area, thickness and whether the disc is of a solid or floating design. That’s why parts of this research also look at previous researches for data comparison and to get a clearer picture of the final results. Ultimately, the goal of the research is to strive for material evolution in a technological advancement standpoint, encouraging the discovering and mixing of different material elements to provide brake discs that have enhanced thermal capabilities, lower failure rate and lighter in weight.
5.2. Timestamp
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(Proposed Timetable in Gantt Chart for Research plan)
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