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Abstract – Porsche has developed a technique for producing hard-wearing high-performance braking systems with characteristics like carbon ceramic systems at a fraction of the cost. The surface coating application process, characteristics, surface finish and mechanical properties have been investigated. Some key differences have been identified in the friction mechanisms which must be employed by the Porsche Surface Coated Braking system and traditional gray iron to organic pad solutions found on many road vehicles. The purpose of the coating applied is investigated and can be expressed as follows:  To provide a highly wear resistant and thermally stable surface for the friction material of the brake pad to interact with primarily through adhesive friction rather than abrasive friction. It is acknowledged that there are other benefits to the coating in this situation and these are discussed later.
 

1. INTRODUCTION 

	Automotive braking systems are required to withstand harsh environmental, mechanical, and thermal 
conditions. Vehicles are required to stand exposed to the elements often for extended periods without use. As well as this, discs are required to dissipate large amounts of energy very quickly and be perfectly reliable throughout their life. These components have been constructed of cast grey iron this tends to corrode when exposed to moisture as well as changing material properties under high temperatures which may be experienced under heavy repeated braking actions, this alongside degassing of brake pads and other factors which are highly case dependent such as brake fluid temperature sensitivity creates brake “fade” where the driver is required to exert more pedal pressure due to a reduced coefficient of friction between the pad and the disc. 
Porsche surface coated brakes (PSCB) are available on a range of Porsche vehicles, including large SUV’s and the track focused 911 range. Customers expect their braking system to perform consistently on and off track for this reason the manufacturer developed carbon ceramic materials, however these materials often do not act consistently when used in ordinary road applications due to the required heating up phases creating an often-unsettling lack of braking performance on initial application after a significant cooling period. Hence the company has developed a surface coating method in an attempt to attain the high performance of carbon ceramic braking solutions without the prohibitive cost or drawbacks for normal road users.


Figure 1-Dr Matthias Leber next to a new PSCB brake disc. Note white brake calipers used as publicity by the brand to display the reduced brake dust emissions. (Safe Braking, 2019)
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Figure 2-Porsche Cayenne Standard non coated iron brake discs (Pagid, 2017)

1.1 Conditions
	
In an emergency stopping situation the temperature of a brake disc is almost entirely dependant on the thermal capacity of the component (Belhocine, 2013). Considering that traditional brake pad and brake disc materials tend to decrease their coefficient of friction as the temperature increases beyond a certain point the more energy that is dissipated into the disc the worse it will perform. The advantage found here in the coated disc is that the surface is significantly less sensitive to temperature changes and is much more stable across the whole range that the disc is required to operate at. 
	Under heavy operation in a single stopping maneuver the entire kinetic energy of the vehicle must be converted into other forms in order to stop the vehicle. As  The energy required to be dissipated in total from a 70mph emergency stop can be considered to be 685.8 KJ. The front of a road vehicle generally can be considered to dissipate approximately 60% of the total energy hence each disc is required to rapidly convert 205.7KJ of energy and move it away from the wheel and tyre assembly to prevent overheating other components. A typical driver will be able to complete an emergency stop from 70mph in 6.8 seconds hence the effective power rating of each front brake disc must be 30.2KW. This is a high power requirement and the braking system can deal with the dissipation of energy in two ways, either the disc and pad assembly will absorb the heat increasing its temperature and changing its properties, pr the disc through a combination of conduction and forced convection dissipate the energy into the surroundings. 

1.2 Process

The manufacturing process used is high velocity oxygen fuel (HVOF) this is a thermal spraying process which can be used to create a variety of coatings (EP coatings, 2019). Porsche use HVOF to apply the tungsten carbide (WC) coating to the face of gray iron brake discs (EP -Coatings, 2019).
HVOF operates by combusting a fuel with pure oxygen and allowing the flaming gas to escape through a nozzle at which point the powdered form of the coating is added to the stream, the powder is vapourised as it is expelled at high velocity towards the component. When the coating has hardened some residual stresses remain where each particle may have solidified irregularly. These stresses tend to be compressive and improved the adhesion of the coating to the substrate (Cai, 2018). These stresses can arise from a multitude of sources including, differing thermal expansion characteristics of substrate and coating material causing stresses to be generated during cooling. Another source of residual stresses is the impact of the molten particles on the surface creating a peening effect, the effect of this is highly dependent on the velocity and particle size sued as well as how fully each particle is melted before impact (Varis et al, 2014).
	Due to the nature of spraying such as this the coating will not have any directionality to its properties. As the direction of all stresses that the component will be subjected to are known it may be possible to optimise the process for a directional performance increase.
There are a wide range of factors that may affect the quality, thickness, and adhesion of this method of applying a coating. Size of the sprayed WC particles is highly important as well as particle velocity and temperature. WC particle size is very important in controlling the porosity and microstructure of the coating (Ding, 2017). For most situations a smaller WC size produces better properties of the coating in terms of porosity and mechanical properties. However, some studies have shown that this can come at a cost of fracture toughness (Ding, 2017). In this application the wear characteristics are far more important than the fracture toughness hence a smaller WC size would be beneficial to the performance of the coating.

Figure 1 shows an unused PSCB disc, the mirror like finish is due to the final step in the process during which the surface created is smoothed by a proprietary laser finishing technique (Leber, 2017). 	

1.3 Adhesion

	When a coating is used in any application the adhesion between the substrate and the coating material is highly important for both the reliability and longevity of the part. There are challenges when applying a WC coating to a gray iron component. Adhesion and surface finish are both challenges which until recently have prevented companies from using the coating to improve performance. This has been due to prohibitive costs involved in attaining the necessary surface finish on the gray iron substrate for the coating to adhere sufficiently strongly to withstand the high thermal and mechanical stresses involved in automotive braking situations. Porsche with Bosch developed the use of laser treatment to prepare the cast gray iron disc for a galvanizing process after which the WC coating is applied. The intermediary galvanizing process is necessary due to the difference in thermal expansion characteristics of the coating and the substrate (Leber, 2017). One important note is that when Leber says “Galvanising” he may or may not intend the addition of a pure zinc layer as the melting point of zinc is exceedingly low (420 Celsius) considering the application can often see temperatures significantly over 800 Degrees Celsius for short periods of time. Although a total dirth of information surrounding the intermediary layer material and thickness exists. The cost of a disc is also prohibitively high for the author to purchase one to investigate in a practical manner. Hence it is assumed that the intermediary layer is either pure zinc or an alloy of the material, further work is required to identify the exact material used here.
	There are two main mechanisms by which the coating and pad will interact to stop the vehicle. Adhesive friction acts by creating a thin layer of particulate material which bonds with the surface of the brake disc to create friction between the components 

1.4 Corrosion Resistance

	The intermediary galvanization step coats the entire part in zinc creating a barrier between the gray iron and the outside world. The Zinc also acts to sacrificially oxidize preventing the iron form reacting with the oxygen thereby preventing the component from rusting (Galvanizers Association, 2022). 
	Vehicles which often stand for significant periods in the outdoors or in damp environments regularly experience excessive brake disc wear as an oxide layer is generated and then forcibly removed. The increased surface roughness can also cause excessive brake pad wear causing further cost to the consumer. Excessive wear can be generated by inconsistent contact between the disc and the pad creating significant shear stress and pressure peaks at focus points which contribute to dig into and degrade the material.
	 

1.5 Particulate emissions

	Brake discs account for 70% of the emissions due to the braking system of a road vehicle (Grigoratos, 2021). This is due to the mechanisms by which brake pads and discs interact and cause friction and wear. The pad wears through adhesive friction where an initial layer of pad material forms a layer which adheres to the brake disc creating a minimal amount of wear at each application of the brakes (Sicat, 2017). 
	Abrasive friction is the majority contributor the conversion of the vehicles Ke to heat in traditional gray iron and semi metallic or organic pad combinations (Markel, 2016). It is also the primary source of wear in traditional braking systems. Adherent friction causes significantly less wear to brake discs and is likely the primary mechanism by which the PSCB surface pad combination improves wear characteristics. The need for Porsche to develop different pad formulations in order to maximize the effectiveness of the improved brake disc surface arises from the increased hardness and shift of friction mechanism. 
	The release of such particulates is dangerous and, in some cities, causes significant health issues for the populations. A reduction in the quantity released is on important area where governments are beginning to regulate. The reduction in wear rate achieved by PSCB reduces the volume of material released. This is another significant benefit of the coating; the environmental and health benefits should be carefully observed as there is a dirth of data concerning the effect of tungsten carbide dust on human health.

1.6 Material Properties

	Tungsten carbide is composed of tungsten and carbon atoms. The carbon atoms act to harden the tungsten when they are introduced between the tungsten atoms effectively locking them into place. This rigid structure creates an incredibly hard material which is highly resilient to wear and very thermally stable. Tungsten exists in most conditions in a close packed hexagonal structure and as such is already a hard metal relative to cast iron.
	Tungsten carbide has an extremely dense grain structure this means that the material is extremely hard (2300 on the Vickers A scale). This combined with high resistance to wear makes it an ideal material I high friction situations. As well as this as table 1 shows that its significantly more thermally stable than the iron used in traditional brake discs. The difference in thermal expansion could cause difficulties in applying the coating directly as the substrate would expand nearly twice as much as the coating creating significant stresses between the two.
	Gray iron is a range of materials which contain between 2.5 and 4% carbon as well as 1 to 3% silicon by by weight. One specific form is cast gray iron FG15, this is often used by manufacturers for creating brake discs and is likely the specific form used for an “ordinary” brake disc as well as being the majority material in the PSCB discs. Gray iron contains graphite which assists in its machinability and its wear characteristics as graphite is an excellent lubricant. A considerable portion of brake dust is coloured black this colouration comes from the presence of graphite in the disc material.

1.7 Performance

	There are two main mechanisms by which brake discs and pads interact in order to slow a vehicle, adhesive and abrasive friction (Cai, 2018). When a cast iron brake disc and a typical organic brake pad interact, these mechanisms generate wear as well. The PSCB surface finish is significantly smoother than that of a typical iron disc and as such the amount of abrasive friction that would occur with an ordinary brake pad is significantly reduced. This is in part due to the extremely dense grain structure of WC making it difficult for the pad to interface with the disc. A different type of pad was required to match and, in some cases, exceed ordinary discs (Leber, 2017). 
	Gray iron discs tend to wear unevenly creating a waving effect on the surface. This reduces braking performance by reducing the surface area in contact and therefore the rate at which heat can be conducted away from the pad. Figure 3 shows a worn gray iron brake disc which has only been subjected to ordinary road use. The concentric rings that can be seen can be felt as the waviness described, and the pitting seen on the contact surface is due to repeated corrosion and use. Without proper measuring equipment their depth is impossible to measure. The pitting has significant depth, and the waviness can be seen visually as well as felt. The PSCB brakes will not suffer from the excessive pitting as corrosion due both the galvanised layers protection and the high corrosion resistance of the WC coating.
	Figure 3 shows worn traditional grey iron rotor with a ridge around the circumference the depth of this ridge is 0.8mm+-0.2. This part is ready to be removed from the vehicle and changed. Taking this measurement to be a typical wear depth at which a consumer will likely change. To exceed the service life by the claimed 30% the surface coating on the PSCB components must wear by thickness at a rate 10.4 times less than a standard grey iron rotor. Experimental testing to confirm this ha either not been published or not been conducted. 
	A quick visual comparison between Figure 1 and figure 2 reveals a distinct difference in the surface finishing techniques vary significantly. Figure 2 shows a standard iron disc which was likely finished in an industrial lathe to a reasonable surface roughness, but some concentric rings can be seen still whereas the PSCB component shown in figure 1 shows no such machining marks.
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Figure 3-Inconsistent wear and waviness as well as pitting created by rusting
	 
	Tungsten carbide has much higher thermal conductivity than gray iron, this may contribute to the performance of the disc in two ways. First as the WC is in direct contact with the brake pad the increased conductivity will assist in moving the heat away from the contact surfaces and improve the rate at which the system can dissipate the vehicles kinetic energy to the outside world. Further experimental testing is needed to understand if there is a real impact due to this. Second the increased surface thermal conductivity will transfer the energy more quickly to the internal fins where most of the heat dissipation happens due to the increased airflow over this area. Again, further research is needed to identify the significance of this.
	The advantage that the coated disc provides is twofold here, a more thermally stable pad material can be used to interface with the disc as well as the surface of the disc itself being less influenced by temperature changes. Tis produces a more consistent performance through the stopping maneuver. When applied to a racing or track experience situation where repeated heavy braking maneuvers are conducted and the disc will be constantly at elevated temperature the benefit is significantly more noticeable.

	
2. Microstructure of coating and coating substrate interface

	Without access to the component only limited observations can be made about the general effects and properties of HVOF sprayed WC coatings on gray iron substrates. As discussed earlier there are a few important variables when considering HVOF applied coatings including Particle size, velocity, temperature. Figure 4 shows the microstructure between a WC-Co coating and a ductile cast iron substrate.  Without detailed images of the specific component 
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Figure 4-WC-Co coating applied to a  ductile cast iron substrate. (Ksiazek, 2021)
Table 1: Material Properties (at 23 degrees Celsius)

	
	Tungsten Carbide
	Gray Iron
	Zinc

	Hardness (Vickers A)
	2300
	246
	30

	Coeff Thermal Exp (1/k)
	4.6*10^-6
	10.8*10^-6
	26*10^-6

	Thermal Conduc (W/mk)
	90
	57
	113

	Elastic Modulus (GPa)
	670
	138
	96.5

	Density (g/cm^3)
	15.25
	6.9-7.35
	7.13

	SHC (J/gK)
	0.28
	0.5
	0.38






3. CONCLUSIONS

	The primary purpose of the coating can be summarized as follows: To provide a highly wear resistant and thermally stable surface for the friction material of the brake pad to interact with primarily through adhesive friction rather than abrasive friction. 
	There are other benefits to the applied coatings, including increased corrosion resistance and a possible increase in fatigue lifetime. Although the second benefit may or may not be relevant due to the wear life of the part being significantly shorter than the fatigue life.
	The cost to benefit analysis of the component is complex as at least in part the benefit is subjective driver feel. The manufacturer quoted improvement in wear is 30% longer lifetime of the component however the increased cost when compared with traditional gray iron components is not favorable. The cost of a PSCB disc is $1347 when compared to an equivalent cast iron component costing $165. The financial case certainly appears less than advantageous when framed in this manner. However, when drawing comparisons between PSCB and PCCB (Porsche carbon ceramic Brakes) the cost to a different type of user becomes a 50% saving (suncoastparts, 2022). 
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