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[bookmark: _Toc93252350]Abstract

This report will analyse the coatings used within motorsport to control heat radiation/dispersion. The information will be recovered from analysing the top-flight motorsport categories, such as, Formula One (F1), World Rally Championship (WRC) and World Endurance Championship (WEC). The area where the highest temperatures occur in motorsport vehicles are surrounding the brakes and exhaust. Therefore, the report will focus on Zircotec’s Performance White ceramic exhaust coating. Each step of the coating application process will be evaluated. The coating performance will be analysed investigating the positives and negatives of the coating. The Zircotec coating will then be compared to other technologies, to assess whether it is the best option.
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[bookmark: _Toc93252352]Aims
The aim of this report is to analyse the performance of a material coating used within the motorsport industry. The report will assess the reason the coating is applied to the material and what benefits it gives over a non-coated component. It will also focus on the method of application, as the coating will only reach optimum performance if the coating process is perfect.
[bookmark: _Toc93252353]Objectives
· Research information on temperature management within motorsport, and what technologies are employed in various tier one motorsport championships
· Analyse stages of the application process:
· Masking Component
· Surface Preparation
· Bond Coat Application
· Ceramic Coat Application
· Identify any potential flaws in the process
· Evaluate the positives and negatives of the coating
· Compare the Zircotec process to other thermal management technologies
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[bookmark: _Toc93252355]Thermal management in Motorsport
The main areas of interest when it comes to controlling the dispersion/radiation of heat within a race car are the brakes and engine bay, specifically the exhaust/turbocharger. These areas are where the most heat is produced with temperatures of around 1000⁰C often produced in both the exhaust (Racecar Engineering, 2019) and brakes (Mercedes AMG F1, 2019). Due to the tight packaging of a motorsport vehicle, these high temperatures would inflict substantial damage on surrounding components if not managed correctly (McLaren, 2020). An example of the proximity between hot components and the bodywork in F1 cars can be seen in Figure 1.
[image: F1 Exhaust Racing Point RP19]
[bookmark: _Ref92899469]Figure 1 – Racing Point RP19 Packaging (Racecar Engineering, 2019)
The importance of reducing temperatures within an engine bay are amplified in a motorsport setting, where keeping the charge air as cool as possible is required to increase performance. Therefore, reducing the heat soak off the exhaust into the induction system is paramount from a performance viewpoint. The effect of the charge air temperature on performance can be seen in the report, “Effects of intake air temperature on combustion, performance and emission characteristics of a HCCI engine…”  where a decrease in charge temperature of 50⁰C resulted in a power increase of 7.8% (Can Cinara, 2014).
Fortunately, due to the advent of space travel, numerous heat management technologies/materials have been developed, with the surface of numerous NASA orbiters covered in rigid silica/alumina tiles, capable of withstanding temperatures of 1648⁰C (NASA, 2022). These original tiles were developed in the 1960’s by Lockheed Martin Corporation, before being updated to a more modern design in the 1990’s (Schmidt, 1995). The reason the update was made possible was due to the discovery of partially stabilised zirconia, which meant that instead of a brittle material, ceramic coatings could have hard-wearing properties as well as having the ability for more complex shapes to be produced (The American Ceramic Society, 2022). 
[bookmark: _Toc93252356]Zircotec
The motorsport industry often utilises technology/materials developed by NASA, such as with carbon fibre (Collantine, 2011). 	Hence, it was not surprising that companies were formed which specialised in applying zirconia ceramic coatings for motorsport use. In the UK, the leading company for this process is Zircotec, with almost every team on the F1 grid utilising their processes and technologies (Zircotec, 2022). The technology was first employed in motorsport by the Subaru WRC Team in 1994 coating the exhaust to reduce engine bay temperatures, an example of the type of exhaust and car can be seen in Figure 2.
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[bookmark: _Ref92921776]Figure 2 – Subaru Impreza 555 Group A Rally car exhaust and external picture (Esko Reiners Motorsport, 2022) (Pinterest, 2022)
Zircotec has since been used in a myriad of applications, in F1 as previously mentioned, as well as working with OEMs (Original Equipment Manufacturers) such as Koenigsegg, Lamborghini and Ariel (Zircotec, 2022). The company was also an official partner of the Bloodhound project using multiple types of their ceramic coatings including their composite coatings for the bodywork (Bloodhound, 2010). 
[bookmark: _Toc93252357]Application Process
[bookmark: _Toc93252358]Masking Off Item
The first step of the process is to place the components in a high temperature oven to cook off any oil/grease/solvent that may be present on the surface (FullBoost, 2018). The next step is to mask off the areas where the coating will not be applied such as mounting lugs and internal surfaces. The areas must be masked off as the coating is 200 to 300 microns thick, so it could impact hole diameters by narrowing them slightly, therefore restricting flow within an exhaust. It would also be unwise to coat the inside of an exhaust manifold for a turbocharged car due to the risk of the coating detaching and entering the turbocharger, which could potentially result in catastrophic failure (Zircotec, 2022). An example of a component being masked off ready for surface preparation can be seen in Figure 3.
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[bookmark: _Ref93079058]Figure 3 – Masking Component for Surface Preparation (Zircotec, 2012)
[bookmark: _Toc93252359]Surface Preparation (Grit Blasting)
The surface of the component must be prepared, by grit blasting to activate the surface, which is to create a rough abrasive texture that the bond coating can key into and adhere to. This process will occur within a grit blasting cabinet to contain the spent grit, this can be seen in Figure 4. The grit blast media used will vary with the velocity, particle shape, size and hardness all affecting the surface finish of the substrate.
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[bookmark: _Ref93057989]Figure 4 – Surface Preparation (Grit Blasting) Within a Cabinet (Zircotec, 2012)
Examples of the various media types that can be used can be seen below, for grit blasting Inconel either Aluminium Oxide or Silicone Carbide would be used (Matthew Busse, 2020).
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Table 1 – Various types of Grit Blast Media (Grainger KnowHow, 2018)
 In this example Inconel is used as the substrate material as this is the material of choice for performance exhausts. This is due to its exceptional properties when exposed to high heat where the material forms a protective passivating oxide layer on its surface to protect it from damage; the material also maintains its strength whilst subject to heat as well as being able to withstand high pressures, which makes it suitable for exhaust pipes (Ulbrich, 2021).  Once the grit blasting has occurred the component can no longer be touched by bare hands as the oil on human skin would affect the bonding process of the bond coat to the substrate.
[bookmark: _Toc93252360]Bond Coating (Wire Arc Spraying)
The part is then masked off again (seen in Figure 5) before bond coating is applied to the activated substrate via a wire arc spray process (Terence Graham, 2008). 
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[bookmark: _Ref93057671]Figure 5 – Masking Component for Bond Coating (Zircotec, 2012)
The bond coating applied varies based on the substrate material, as seen in Figure 6, for this application the material would be Nickel based alloy.
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[bookmark: _Ref92982372]Figure 6 – Zircotec Bond Coating Materials (Zircotec, 2022) 
The coating is applied at a thickness of 20 – 30 microns using a wire arc flame spray application. The purpose of the coating is to give the ceramic material a perfect surface to bond to. The spraying process used can be seen in Figure 7, the process works by the coating material getting heated up and atomised as it leaves the nozzle. The particles are then transported via forced air onto the substrate. The material particles then impact the substrate and flatten keying into the abrasive activated surface of the substrate. The particles then rapidly solidify. This process is repeated until the whole of the substrate is covered in a coating of the bond material.
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[bookmark: _Ref92984183]Figure 7 – Thermal Spraying Process (Gonzalez, 2016)
[bookmark: _Toc93252361]Ceramic Coating (Plasma Spraying)
The ceramic coat, which in this process is a proprietary blend containing predominantly zirconia ceramic (Terence Graham, 2008), is applied via a nitrogen plasma spraying technique. This process has much higher temperatures than the 3000⁰C used to apply the bond coat, reaching temperatures of well over 10,000⁰C; this results in the coating welding itself to the surface. A diagram of the process can be seen in Figure 8.
[image: Diagram

Description automatically generated]
[bookmark: _Ref92993407]Figure 8 – Plasma Spray Process (Science Learning Hub, 2014)
The plasma spraying process used is the spraying technique which operates at the highest temperature, this can be seen in Figure 9. The particle velocity is also significantly faster which results in the coating being more adhesive to the bond coat due to the particles impacting the bond coat surface with greater energy.
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[bookmark: _Ref93055030]Figure 9 – Comparison of Thermal Spraying Techniques (AZO Materials, 2001)
One of the issues with thermal coatings, which in this case is a benefit, not a deficit, is the porosity of the coating. Porosity is the percentage of voids and inclusions within the surface of the coating, this can be seen in Figure 10. The patent for Zircotec’s ceramic coating states that a minimum of 5% porosity is required with 15% porosity being preferential as this aids in the slowing of the heat transfer through the material (Aspinall, 2018). 
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[bookmark: _Ref92995113]Figure 10 – Schematic of Porosity in Thermal Sprayed Coating (Thermalspray USA, 2020)

[bookmark: _Toc93252362]Discussions
[bookmark: _Toc93252363]Performance of Zircotec Performance White Ceramic Coating
[bookmark: _Toc93252364]Positives
The performance of the Zircotec coating at reducing surface temperature is phenomenal, offering a 33% reduction in surface temperature. This is achieved due to the coating’s low thermal conductivity of 1.4W/m⁰K. This is a significant reduction in conductivity compared to the substrate material of Inconel which has a thermal conductivity of 6.5W/m⁰K. 
This is demonstrated by an uncoated exhaust manifold having a surface temperature of over 700⁰C whilst a coated exhaust had a temperature of 400⁰C, this can be seen in Figure 11.
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[bookmark: _Ref93053591] Figure 11 – Comparison of Coated and Uncoated Exhaust Pipes (Zircotec, 2012)
The effects of this result are that this reduction in surface temperature can reduce engine bay temperatures by up to 50⁰C (Zircotec, 2022). As previously mentioned, a reduction in engine bay temperatures of that magnitude can have a drastic effect on performance, increasing it by up to 8%. The findings of reduced surface temperature with the ceramic coated exhaust pipe are further supported by the report, “Experimental Analysis of Exhaust Manifold with Ceramic Coating for Reduction of Heat Dissipation”, the results of the paper can be seen below in Figure 12.
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[bookmark: _Ref93225413]Figure 12 – Effects of Ceramic Coating an Exhaust Manifold (J. Saravanan, 2017)
The coating can withstand temperatures of 1400⁰C which makes it applicable for multiple racing series, including turbocharged vehicles, with even the turbocharger housings being coated as seen in Figure 13. 
[image: See the source image]
[bookmark: _Ref93065293]Figure 13 – Turbocharger Housing Coated in Zircotec (Zircotec, 2022)
The other added benefit of the coating is that when the engine is switched off, the coating on the exhaust dissipates heat faster than a non-coated example resulting in it being safer to perform maintenance in the engine bay sooner (Zircotec, 2022) (TurboDynamics, 2022). The surface is also very durable with a surface finish of 30-40Ra and a surface hardness of 11 on the Ridgeway’s surface hardness scale (Modified Mohs Scale (Ridgway, 1933)) this ensures it is long lasting. This is supported by Zircotec’s three-year warranty, which covers the coating for any flaws within that period (Zircotec, 2022).
A further positive of the coating is its low mass, which makes it suitable for motorsport applications, with it weighing as little as 0.8kg/m^2 depending on the substrate material. This low weight combined with its low thickness/profile, offers a much more compact method of thermally insulating heat sources, compared to other technologies. As well as its low weight and thermal properties the coating also protects against corrosion (Zircotec, 2022). Therefore, the substrate material will last longer than uncoated specimens. Corrosion on exhaust manifolds is extremely prevalent so to be able to stop that corrosion from occurring means the components will last longer and will therefore save money in the long-run as these components would not have to be replaced.
[bookmark: _Toc93252365]Negatives
The main negatives of the Zircotec Performance White coating are the cost and the tendency for it to get dirty easily. This is due to the coatings slightly absorbent property, meaning it stains easily if touched with oily hands, this can be seen in Figure 9 and Figure 10.
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[bookmark: _Ref93009769]Figure 14 – Subaru WRC Backboxes coated in Zircotec  (Subaru WRC Spares, 2022)
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[bookmark: _Ref93009779]Figure 15 – Crash Damaged Motorcycle Exhaust (Youtube, 2011)
 Indeed, the appearance of the component is only cosmetic and is therefore irrelevant in a motorsport setting. However, Zircotec have also produced a range of coloured ceramic coatings, seen in Figure 16, which solve this problem whilst still offering the same reduction in surface temperature, albeit with a reduced maximum temperature of 900⁰C. 
[image: A screenshot of a video game

Description automatically generated]
[bookmark: _Ref93065452]Figure 16 – Zircotec Performance Colours Coatings (Zircotec, 2022)
The other issue mentioned was the cost of the process compared to other means of reducing the surface temperature of an exhaust manifold. It is significantly more expensive, with an exhaust manifold costing as much as £1,100 (Merlin Motorsport, 2022), whilst an exhaust wrap which would offer similar performance gains could cost as little as £90 (Demon Tweeks, 2022). The cost of the coating will be analysed extensively in the next section of the report.



[bookmark: _Toc93252366]Comparison to other Technologies
The main alternatives to Zircotec ceramic coatings are:
· Paint
· Exhaust wrap
· Exhaust Blankets/Thermal Guards
The Zircotec coating will be compared to each of these technologies to assess the benefits and negatives of each technology.
[bookmark: _Toc93252367]Paint
The cheapest method of protecting high temperature components from corrosion is by applying a high temperature paint such as VHT (Very High Temperature) Flameproof coating (VHT, 2019). This paint can withstand temperatures of up to 1093⁰C so can endure the temperatures present in an engine bay. Of course, this method has no thermal conducting properties so the temperature of the exhaust would not be any different to an uncoated one, unlike with the Zircotec ceramic coating. However, a two-step paint process could be used within an engine bay. First, spraying the heat source with VHT flameproof paint to prevent corrosion and then coating any components which would be affected by heat with a reflective paint to reflect the infrared heat rays. An example of this type of paint is AkzoNobel Sikkens Intertherm 50 thermal paint. The paint is an aluminium pigmented, thin-film silicone coating capable of withstanding temperatures of up to 540⁰C. It is utilised by McLaren Formula One, as can be seen in Figure 17. The paint uses aluminium as it has a very-low emissivity, resulting in it reflecting a large amount of the infrared heat rays, it is also very lightweight with a coat being only 25 microns thick.
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[bookmark: _Ref93238934]Figure 17 – AkzoNobel Intertherm 50 reflective paint (bottom left) used on McLaren MCL35 (AkzoNobel, 2022)
Overall, the two-step paint process would protect against corrosion and offer some thermal insulation for key components within the engine bay, but the overall performance wouldn’t compare to the Zircotec ceramic coating. The cost of implementing this process would cost around £200 with VHT paint costing around £10 a can (Demon Tweeks, 2022) and the Intertherm 50 paint costing £170 (Rawlins, 2022), this is significantly cheaper than the ceramic coating process.
[bookmark: _Toc93252368]Exhaust Wrap
Exhaust wrapping is one of the most popular budget modifications when customising a car. There is a massive range of exhaust wrap available with costs varying substantially from as little as £7 up to £65 per roll (Demon Tweeks, 2022) (Merlin Motorsport, 2022). The wrap produced by heatshield products, seen in Figure 18,  is made from basalt and fibreglass, with a maximum continuous temperature of 650⁰C with peaks of 1093⁰C. 
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[bookmark: _Ref93245060]Figure 18 – Heatshield Products Lava Exhaust Wrap (Heatshield Products, 2022)
The wraps claim to reduce engine bay temperatures by up to 50% which is a significant temperature reduction, resulting in a higher power gain than the Zircotec coating. The downside of the exhaust wrap method is that unless they are sealed after wrapping by spraying them in a VHT paint, they can accelerate corrosion due to moisture getting trapped in the fabric (Motorbike Secure, 2022). Another negative is that there is the potential for the exhaust pipe to suffer from chloride stress corrosion cracking, this is because the materials used in manufacturing exhaust wraps can contain chlorides. The chlorides get released when the exhaust gets hot and then rapidly attack the material severely weakening it (CorrosionPedia, 2020). 
[bookmark: _Toc93252369]Exhaust Blankets/Thermal Guards
Exhaust blankets and thermal guards offer the highest level of thermal insulation available, with highly reflective materials such as gold and silver, as well as ultra-lightweight aerospace insulators such as aerogel being utilised in their manufacture. Aerogel heat shields have been utilised in F1, specifically Thermablok’s Aerogel Pyrogel High Temperature due to it having the highest thermal performance, mm for mm, of any material known to exist on earth, with a thermal conductivity of 0.01W/m⁰K (ThermaBlok, 2018). NASA Scientist Dr Peter Tsou was quoted as saying,
“You could take a two or three bedroom house and insulate it with Aerogel and you could heat the house with a candle. But eventually the house would become too hot”
Gold reflective shields are used for the same reason as the reflective paint, being used in a reflective use rather than direct insulation of the heat source. The benefit of the gold is that it has a higher melting point so it can withstand higher temperatures within an engine bay, an example of a gold thermal guard is the Design Engineering Heat Shroud seen in Figure 19.
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[bookmark: _Ref93248561]Figure 19 – Design Engineering Heat Shroud GOLD (Design Engineering, 2022)

 Zircotec produce an advanced exhaust blanket/thermal guard using the ceramic coating called Zircoflex Shield, seen in Figure 20. This is the ultimate heat source insulator available with the technology being used in multiple race series such as F1 and WEC. 
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[bookmark: _Ref93248951]Figure 20 – Zircoflex Shield (Zircotec, 2022)
However due to this technology featuring aspects of all the previous technologies it is assumed that it is the most expensive. It can only be assumed since Zircotec does not disclose the price, each component must be individually quoted by the company.







[bookmark: _Toc93252370]Conclusions
To conclude, the Zircotec ceramic coating used to reduce the surface temperature of heat sources such as exhaust pipes/manifolds, resulting in lower engine bay temperatures, is the best option overall compared to other technologies available. This is because it offers the best corrosion protection of any of the other options whilst also offering exceptional thermal insulation properties. Despite cheaper options such as exhaust wrap offering increased thermal insulation, they don’t protect against corrosion. The cost is comparable to other insulation methods that may be slightly cheaper such as exhaust wrap as that could potentially require re-wrapping after a year of use; whilst the Zircotec Performance White coating would still be covered by warranty for any defects and wouldn’t require any service due to it being a fit and forget coating (Zircotec, 2022). 
It is also the best option for motorsport due to it being the most compact and lightweight method of insulation. The Performance White coating could also be combined with other technologies to reduce temperatures in the engine bay resulting in reduced charge temperatures. This is seen in F1 where the exhaust is coated in Zircotec Performance White, before having the Zircoflex shield applied to it, and then having a form of reflective technology on the underside of the bodywork. This allows for tighter packaging and sleeker bodywork around the engine/exhaust.
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Technical specifications for plasma sprayed
ThermoHold® Performance White™ exhaust coating

Substrate Steel — including mild & stainless, | Aluminium and alloys including Titanium
cast iron and Inconel high magnesium alloys

Bond coat Nickel based alloy Aluminium Titanium

Thickness of bond Min 30um Max 50um

Ceramic material Proprietary mix of zirconia based ceramics.

Ceramic thickness 200-250um depending on customer requirements and substrate geometry

Total coating thickness | No more than 300um unless specified

Coating mass 0.8-1.0 kg/m 0.75-0.9 kg/m’ 08095 kg/m

Ave. coating density 5200 kg/m* 3900 kg/m’ 4300 kg/m”®

Bond coat density ~7000 kg/m’ ~2400 kg/m® ~4100 kg/m’

Ceramic density ~4500 kg/m*

Surface texture Rough to the touch Approximately 30-40 Ra

Colour White to pale cream

Emissivity ~02

Reflectivity ~80%
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Experimental Analysis of Exhaust Manifold with Ceramic Coating for Reduction of Heat Dissipation

Saravanan, J; Valarmathi, T N; Nathc, Rajdeep; Kumar, Prasanth.
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thermocouple. The surface temperature obtained for both outer and inner coated and uncoated cast iron
exhaust manifold at various load conditions have been compared and presented in Figure 6. It is
observed that the use of coated surface reduces the temperature developed when compared to the use
of uncoated surface. It is observed that the use of coated surface reduces the temperature developed
when compared to the use of uncoated surface. From the temperature study it is asserted that the
Zirconia coated exhaust manifold arrest the temperature when compared to uncoated exhaust manifold.
So this results show that heat dissipation is decreased in the coated exhaust manifold.
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Figure 6. Comparison of (a) outer and (b) inner surface temperature

3.6 Effect of emission of NOx and CO
‘The comparison of nitrogen oxide emission from the waste exhaust gases for both coated and uncoated
cast iron exhaust manifold is presented in Figure 7(a). From Figure it is observed that the emission of
NOX is less in coated manifold specimen. The comparison of carbon monoxide emission from the
waste exhaust gases for both coated and uncoated cast iron exhaust manifold is presented in Figure
7(b). From Figure it is observed that the emission of CO is less in coated manifold specimen.
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help them withstand temperatures of up to 540°C.
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Thanks for visiting!

We want to make your site visit
more convenient in the future.
Please help us out by answering
a few questions.

9

“We heavily rely on the International Intertherm 50 as our general heat-resistant, reflective coating,” notes
Principal Composites Engineer, Steve Foster.

AkzoNobel Senior Product Manager, lan Fletcher, explains how the product works: “Intertherm 50 is an aluminum
pigmented, thin-film silicone coating. Its silver shade comes from the aluminum. It reflects heat due to the way in which

the aluminum pigment aligns with the surface of the coating.
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