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[bookmark: _Toc93336658]Introduction 
This report will investigate all aspects of a coating on a specific component. The use of surface coatings in motorsport is prolific, in areas such as exhaust systems, engine blocks, and even battery components in electric vehicles to mitigate effects of thermal and chemical damage.

[bookmark: _Toc93336659]Aims
· Analyse a coatings purpose on a specific component .
· Review processes required to apply the coating to the chosen component and any issues that may arise from said processes.
· Evaluate performance of coating, including cost effectiveness. 


[bookmark: _Toc93336660]Coating process
The component selected for analysis was a die-cast aluminium engine block coated with Ultraseal PC504/66, which is a methacrylate-based coating with very good chemical and thermal resistance. 
 The most common process of applying this coating to components is through vacuum pressure impregnation. This is a relatively simple process where the component is placed into a pressure vessel, the vessel is then filled with the coating and a vacuum is drawn to allow the coating to fill any voids and porosity in the component, the pressure is increased to above normal atmospheric pressure to force the coating fully into these voids, finally the component is spun in a centrifuge to disperse any residual material and then cured in hot water tank to polymerise the coating into a homogenous material.
[bookmark: _Toc93336661]Casting porosity 
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Figure 2 - Example of casting porosity
‘Porosity refers to a hole or void in an otherwise solid cast metal part. Pores can range in size from microscopic (micropores) to larger voids measurable in cubic millimetres or larger. Pores are not always circular in cross-section but can also take the form of irregular linear cracks.’ (Williams, 2019)
‘Today, high quality aluminium castings are usually produced using permanent metallic moulds in gravity or pressure die-casting. Compared with sand casting, permanent moulds permit the high-volume production of more uniform castings, with closer dimensional tolerances, superior surface finish and improved mechanical properties at a relatively low cost – for example for automotive parts such as engine blocks, carburettor bodies, transmission cases, and valve bodies.’ (C. Mitterer, 2000)
Porosity is the most common casting defect and can be caused by trapped air or gasses either on the surface or inside of the casting. The molten metal can often contain a large amount of dissolved gas and as the material cools, gas bubbles can form causing porosity. In some cases, if the molten metal is poured to quickly into the mould, turbulence can incorporate gases into the casting.
There are three main types of porosity:
· Blind porosity -  where the void begins at the surface of the material and ends somewhere within the body, but not going all the way through the material. 
· Through porosity – where the void creates a channel through the entire casting, causing potential leaks.
· Fully enclosed porosity – where the void exists within the material and is not exposed to the outside at all.
[bookmark: _Toc93336662][image: ]Vacuum pressure impregnationFigure 3 - Vacuum pressure impregnation process example


This is the process often used to eliminate blind and through porosity in the cast component. 
‘Vacuum impregnation has for many years been utilized by industry to improve part quality. Automotive and defence applications abound. Once a part or casting is impregnated, the treatment is permanent, with no degradation over time. Navy submarine periscopes have been regularly sealed, as well as exotic drills used on the moon. Typically processed parts include air compressor components, hydraulic pumps and valves, aerospace housings, fuel 503 supply systems, filtration equipment, and the like. In addition, porous substrates are routinely impregnated before plating or painting to guarantee a premium final finish. Since the procedure does not normally involve toxic chemicals, burdensome regulations do not enter the metal-finishing equation. Vacuum impregnation is a solid finishing tool that over the years has helped ensure consistent product quality.’ (D'Alfonzo, 2002)
There are four basic impregnation methods used, these include:
· Dry vacuum pressure – This method starts by the component being placed into an empty autoclave and a vacuum being drawn to approximately 1 bar (14 psi). The liquid coating is then introduced into the autoclave. After the pressure equalises, positive air pressure is applied, at around 7 bar (100 psi), to force the coating deep into any voids. The cycle is complete when the coating is fully evacuated from the chamber, where the component can then be removed, washed, and cured. Curing is usually done in a heated water bath. Total processing time may be about 45 minutes, depending on the curing time.

· Internal impregnation – This method is suited for larger components where the part can become the pressure vessel. All access ports are closed off and the coating is forced in at pressure, (with no vacuum being pulled). After a period of time, the pressure is removed, and excess coating is removed by rinsing. The component is then cured. This process may take 30 minutes depending on curing time and complexity of part.

· Wet vacuum – Anaerobic resins usually require this method, but it is not just restricted to their use. (‘Anaerobic adhesives are one-part adhesives, which are stable at room temperature for an extended period of time and only polymerize when oxygen is excluded after assembly of a part with the adhesive.’) (P. Klemarczyk, 2010). The part is lowered into an autoclave, the chamber is filled with impregnant, a vacuum is drawn to at least 1 bar (14 psi), where all the air in the parts porosity is removed and the coating can fill the voids. No positive air pressure is applied, just atmospheric pressure. Finally, the part can be rinsed and cured. Total processing time can range from 30 to 45 minutes without curing. Coating curing time can vary, anaerobic resins cure at room temperature in three hours but this can reduce to around 30 minutes if the part is placed into a heated water bath at approximately 50 degrees Celsius. 

· Wet vacuum pressure – This method is the same as wet vacuum above, but positive air pressure, at around 7 bar (100 psi), is applied after the coating is applied. This is the most complex method as more equipment is required; up to four rinse tanks, a hot water cure tank, and depending on the coating used, a refrigerator to store the coating.
The method used to apply Ultraseal PC504/66 is dry vacuum pressure impregnation.
[bookmark: _Toc93336663]Coating properties
Ultraseal PC504/66 is used extensively my most major automotive OEMs, and also in the aerospace industry. It is approved by US military specification MIL-I-17563C, meaning it can withstand the testing process required. The testing process is as follows:
1. Pressure Test - Test ring is pressure tested for leakage at 50 lbs./in2 to verify leak paths are present. 
2. Impregnation - The test ring is impregnated with an approved impregnation process, as discussed below in the “Impregnation Process: MIL-STD-276A” section. 
3. Pressure Test - After impregnation, the test ring is tested for leakage at 50 lbs./in2 . If there is no leakage, then the part is sealed. MIL-I-17563C acknowledges that not all test specimens will pass the leak test after impregnation. 
4. Environmental Conditioning Test - The test ring is tested as specified on the table from figure 4. This is done to evaluate the sealant’s resistance to fluids, gases, temperatures, and time. 
5. Pressure Test - The test ring is tested again after impregnation. The ring must exhibit zero leakage.
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Description automatically generated]From figure 4, it is clear that this coating is perfectly adequate to coat a cast engine block, as engine block surface temperatures often don’t exceed 110 degrees Celsius as shown in figure 5. The thermal resistance is extremely good as is the chemical resistance. Figure 4 - MIL-I-17563C environmental conditioning testing specifications
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Figure 5 - typical engine block surface temperatures. (Parviz Merati, 2011)
This coating also has very little shrinkage during polymerisation which allows for excellent void filling capacity. (ultraseal-impregnation, n.d.)




[bookmark: _Toc93336664]Potential process errors
‘Many operators or engineers assume that if they can seal a powder metal test ring, then the impregnation process is effective. They assume that if they can seal the large porosity in a powder metal test ring, then they can seal porosity of any size. This is not the case. This misconception can be explained by comparing the properties of a powder metal test ring to an engine block.’ (Martin, 2019). As shown in figure 6.

‘Most impregnation vessels can impregnate sealant into a test ring that is 15%-25% porous and leaks 10,000 cc/min. A test ring can be impregnated at atmospheric pressure because of the large porosity. Keeping it in requires a passive wash and cure so the sealant does not emulsify out from the leak paths. Conversely, the engine block requires pressure in the impregnation vessel to penetrate the porosity. This is because the engine block porosity is smaller when compared to the powder metal test ring. Unlike the test ring, the sealant will never wash from the engine block porosity due to the small size of the porosity. However, the sealant must still be removed from small, machined features in the block which requires an aggressive wash and cure[image: Table

Description automatically generated].’ (Martin, 2019)Figure 6 - Comparing the properties of a powder metal test ring and an engine block

Operators must properly understand that just because the coating is effective on one part, it will be just as effective on another part. This is not the case, and if not fully understood, could lead to undesirable results of the coating through processing error and mis-selection of the appropriate coating. 
[bookmark: _Toc93336665]Effects of coating process
With any other coating, surface finish would be extremely important to maintain an even coating thickness and have dimensional control. For the component selected in this report, the purpose of the coating is to eliminate substrate porosity and thus improve surface finish, no surface preparation is required before applying this coating other than cleaning.
The material being coated must be thoroughly cleaned before processing, because any foreign inclusion has the possibility to compromise the coatings’ ability to withstand thermal and chemical degradation and may lead to premature corrosion of the component. This could cause a catastrophic failure in an engine block as if the water jacket beings to leak into the combustion cylinder, engine performance will reduce drastically, and the block will most likely have to be binned as the coating process is a permanent fix and cannot be removed to then re-seal the voids in the substrate. I would also assume, for an aluminium engine block, the oxidation layer would be removed by metallurgic cleaning, as the coating will prevent corrosion so there is no need for the oxide layer on the substrate, and with no oxide layer, the emissivity coefficient of aluminium is very low which is good for mitigation of thermal degradation. A heavily oxidised aluminium block would have an emissivity coefficient of between 0.2-0.3, whereas a highly polished block with no oxidation layer may have a coefficient as low as 0.04. This is clearly an advantage for an engine block as to emit as much thermal radiation as possible and not over heat the block, which could cause loss of performance, and potentially compromise the coatings properties. 
The recommended surface roughness for sealing surfaces on an aluminium engine block, to sufficiency seal with gaskets, is between 50 and 60 Ra (micro-inch). (Fel-Pro, 2021)
 ‘This surface treatment is carried out to obtained optimum adhesive strength between substrate and coating with a roughness profile of 13 μm or between 10.616 and 15.555 μm’ (D.Rajput, 2018)
[image: ]50 Ra in micro inches equates to 1.25 μm, which is significantly lower than the optimum surface roughness for good coating adhesion, so the coating adhesion would be compromised on all of the sealing surfaces of the block, but this may not be an issue as being sealed off, corrosion is less likely to occur anyway, so the importance of the coating is diminished compared to the majority of surface area of the block.
Figure 7 - Surface roughness example in RMS (Micro-inches)

Due to the improved surface finish, this coating could also contribute to increases fatigue resistance due to lower amount of surface irregularities, which is important for an engine block, due to the constant vibration experienced by the operation of the rotating elements in the engine. 







[bookmark: _Toc93336666]Conclusions 
The only source that showed unit cost of Ultraseal PC504/66 was an international import website, so the documented cost $4.74 per unit as of June 2016 (seair, 2016), may not be accurate as of todays economic climate and consequently the cost-effectiveness of the process cannot be confidently commented on. It is unlikely the product has increased significantly in price though, as most major automotive OEMs and aerospace companies are still using this product and process.
It is unclear how much liquid is required to fully coat a typical engine block but based off the huge commercial success of the product, the cost of coating is clearly significantly less than any other method of mitigating the impact of porosity with cast components such as engine blocks. 
Along with the assumed cost-effectiveness, this coating performs exceptionally well and is utilised in top tier motorsport series’ such as Formula 1, for an array of cast components. 
‘Formula One cars lining up for this weekend's Monaco Grand Prix have been secretly treated to Ultraseal's industry-leading vacuum pressure impregnation and sealant processes. Ultraseal, headquartered in the UK, uses vacuum impregnation equipment to help top F1 teams prevent problems with casting porosity in their vehicles' components.’ (PRweb, 2013)
The findings in this report can give confidence that this coating process is very well established and is an excellent solution to the problems casting porosity causes. 
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Impregnant Specimen Material Median Time
Class Type Specification
11223 Al Water 14days | 212°F (100°C) (Boiling)

Al ol MILH17672 | 14days | 210+ 5°F (99 +/28°0)

Al Hydrocarbon fluid___| T75-735 Tadays | 734+/-36F 23+/2°0

Al Carbon Removal PCin 30min__|734+/36F 3520

Al Lubricating oil MILL7808 | 48hours | 255 +/-5°F (121 +/-28°0(1)

Al Turbine fuel MILT5624 | 48hours |734+/-36% (3+/2°0)

Al Ethylene glycol MILE9500  |14days | C11-300+/-5F (149 +/28°C) ()

C12:397 +/-5°F (197 +/28°0 (2)

11223 Al Hydraulic fluid MILFA7111__|14days | 210+ 5°F (99 +/28°0)

Al Fuel ASTMDO10 | 48hours | 734 +/-36%F (23 +/-2°C)

Al Diester grease MILG23827 |48hours |734+/-36%F 23+/-2°Q)

Al 18 percent sulfuric acid | 0-5-809 2hours | 734+/-36F 3+/2°Q)

Al Stoddard solvent P-D-680 48hours | 734+/-36%F (3+/2°Q)

Al Ethyl alcohol MILE463 |48hours |734+/-36%F 3+/2°Q)
11223 Al Thermal resistance | - Tadays | 300+/-5F (149 +/-2°C) )

Al Thermal resistance | - Tadays | 500 +/- 5°F (260 +/-2°C) 2)
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Engine block surface temperatures

(°0)
Front Back Right Left Top Bottom
Mean 90.1 99.4 107.3 105.7 100.3 99.0
Std dev 1.6 1.6 7.7 4.5 0.2 0.4
Max 92.1 100.5 127.7 17.5 100.6 99.4
Min 86.1 94.4 98.8 99.9 100.1 98.2
Range 6.0 6.1 289 17.7 0.5 1.2




image6.png
Property Powder Metal  Engine Blod]

Test Ring
‘Materal ‘95% ron powdered
" 300 seres castalloy

Porosiy Type Bind, Enclosed,

Through o
Relative Porosity 525 -
nital Leak Fate 10000 ccmin <100 c/min
PassLeak Rate | Visual fewbubbles. Sccmin
Effecive Surface
Areasubjectto | >3squareinches | >1,000squareinches
Test
‘Machined Features
(sind taps,
Passages Mounts ° %0
)
WallThickness Comsistent@ 25| Varlable 0125105075

inches inches

s 12 ounces BB grams) | 701bs B2 kg)





image7.png




image1.jpg
Prifysgol Cymru

Y Drindod Dewi Sant
University of Wales
Trinity Saint David




