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1.0. [bookmark: _Toc93522120]Introduction
Coatings for materials and components covers a broad spectrum that encapsulates coating a material with another material or liquid in order to enhance certain properties or characteristics such as durability, strength, and visual appearance. Material coating can be traced back as far as ancient civilisations such as the Egyptians who coated decorative items and jewellery in gold as a status symbol. The technology and research surrounding the material coatings topic has advanced through history so that it is now a crucial element of technology and manufacturing (Nazarpour, 2013).
With modern understanding of material coatings, it is possible to coat common manufacturing materials, such as steel, with the goal of enhancing certain properties. This knowledge is crucial in the automotive manufacturing industry as de-icing salts are a common sight in the UK and pose a huge corrosion risk to vehicles on the road. Components are also coated differently with other material properties in mind such as weldability and heat resistance and are achieved in different ways (John & Challinor, 2001).
The purpose of this report is to investigate and analyse some common coatings relating to the automotive sector. The report will cover the process of the material coating as well as the desired properties and therefore purpose of the coating. The report will analyse the coatings finish, appearance and analyse its use in the automotive sector. The report concludes with a discussion based on the effectiveness of the coatings such as cost, appearance, and whether the coating is a short- or long-term solution to the issue faced.









[bookmark: _Toc93522121]2.0. 	Component
a body in white (BiW) is the term used given to a vehicle when all of the chassis assemblies have been welded together, this term excludes moving parts such as doors, bonnet, boot, and doors. The body in white is the full chassis assembly at the beginning of the manufacturing process and already accounts for around 27% of the total curb weight of the vehicle. There are two main constructions of body in white, the more common in recent times is the monocoque structure where all body members are load bearing, the other system is a body on frame structure where the frame is the main load baring component (Pradeep, et al., 2017). 
[image: Body In White &amp; Closures - SACHA]
[bookmark: _Toc93521920]Figure 1 - Body in White example (Sacha Engineering, 2022)
The expectation of a body in white is that it must possess a number of specific properties such as high tensile strength, as well as high torsional, static, and dynamic stiffness. In addition to the aforementioned qualities the body in white must also provide a good quality of safety for the passengers in the event of an accident in a number of scenarios such as front, rear, side impacts, and rollover. The body in white should also protect the passengers from noise, vibration, and harshness (NVH) by absorbing, reflecting, or reducing any vibrations transmitted from outside of the vehicle (Pradeep, et al., 2017). 
In the early stage of automotive vehicle manufacture, at the beginning of the 20th century, vehicles were brushed with a varnish like substance that was then sanded smooth and reapplied and resmoothed, this finish was then varnished and polished to produce the shiny, eye-catching, appearance required. This method with primitive with little to no research or information available at the time to analyse the effectiveness of this varnish like coating. The method of application was also slow and laborious, manufacturers such as Ford used methods of brushing, dipping, and even pouring the coating in order to fully coat the body in white. This method took a long time to completely dry and cure meaning that the full time for assembly of the vehicle could take up to 40 days. Once technology advanced, between the 1920s and 40s, automotive manufactures adopted the spray method and “stoving enamels” that were based on alkyd resins, this method meant that vehicle production was reduced to less than a week and also offered a higher quality finish that required less smoothing (Akafuah, et al., 2016).
As technology has advanced coatings have been developed that meet specific requirements such as corrosion resistance, weldability, heat insulation, and chipping although firstly the coatings must be analysed on their ability to meet manufacturing feasibility criteria. Below are the criteria that any coating used must meet:
a) Aesthetic characteristics
b) Corrosion protection
c) Mass production
d) Cost and environmental requirements 
e) Appearance and durability
If a coating does not meet these criteria, then it would be deemed to be unpractical to put into practice.







[bookmark: _Toc93522122]3.0. 	Coatings
Modern body in whites in the automotive sector now have five main stages of coating to get from the raw material to the show room quality finish that is required. Firstly, the pre-treatment prepares the raw surface by removing any excess metal and machine oil that may have been deposited during the assembly. Secondly, the body in white undergoes electrodeposition which forms a barrier to protect against corrosion and oxidisation. Thirdly, a poly vinyl chloride (PVC) coat is applied that further defends against corrosion but also limits water ingress, minimalizes chipping, and aids in the reduction of vibrational noise. Fourthly, the primer is applied which has anti-chipping qualities and promotes a smooth surface for the top coat. Finally, the top coat is applied which consists of a base coat and clear coat, these final layers deliver the visual appearance that is required whilst also offering weather resistance (Akafuah, et al., 2016).
[bookmark: _Toc93522123]3.1.	Pre-Treatment
The pre-treatment of the body in white is comprised of several stages in preparation for zinc phosphating. The body in white is usually supported on a multi-axis arm that is able to fully submerge and rotate through the solutions. Figure 2 shows the bathing process that the body in white passes through before moving to the next stage.
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[bookmark: _Toc93521921]Figure 2 - Pre-treatment bath diagram (Kumar, 2020)
The first process is to submerge the body in white in a hot water bath which removes any swarf and oil that can be left behind from the machining stage, this bath uses water at around 50C with a pH level of 6-9 which straddles the neutral line at pH7. This initial process is purely used for cleaning and does not coat the body in white but can aid in the removal of any residues that may interfere with coating further down the line.
The second stage of the pre-treatment consists of potentially a two-stage process of a spray stage, known as knock off degrease (KOD) and a liquid dip stage, the high power spray is intended to literally “knock off” the majority of all remaining machine oil and swarf leaving the relatively lower load for the dip stage to remove. The degreasing solution is made of alkaline salts, surfactants, and can contain chemicals such as caustic soda, trisodium phosphate, and sodium carbonate. This solution is intended to leave the surface of the body in white clean and prepared for the third stage (Akafuah, et al., 2016).
The surface conditioning stage of the pre-treatment consists of a liquid dip bath with a solution of titanium orthophosphate which has a pH value of between eight and ten. This solution creates nucleation sites which enhance the bonding capability of the phosphate stage. This stage conditions the surface in preparation for the final pre-treatment stage and is often referred to as activation (Akafuah, et al., 2016).  
A phosphate solution is used for the final liquid dip stage of the pre-treatment. Phosphating is the most popular pre-treatment for finishing ferrous and non-ferrous metals. Intended initially as a method of corrosion resistance, the process also has many benefits such as wear resistance and adhesion (Narayanan, 2005).
[bookmark: _Toc93522124]3.2. 	Electrodeposition
The electrodeposition phase of the body in white was first used in the 1960s, by 1970 10% of all vehicles were electrocoated this number then reached 90% of all cars by 1990. The solution that is used will vary from manufacturer to manufacturer although as an average the solution will coat the vehicle body with 90% zinc and 10% iron, this thickness has varied from its first conception at 25m to 20m used today, trials have been conducted through the decades and saw this thickness reach 35m in the late 80s. in addition to the metallic additives the solution is also made up from resin, binder, solvent, and a paste containing pigments. The pigments ensure that the desired final colour can be reached (Streiberger & Dössel, 2008). 
There have been differing methods of electrodeposition, anodic and cathodic, these methods have both been extensively used in the automotive industry with the anodic method being favoured for interior uses. The anodic method works by positively charging the metal structure whilst negatively charging the solution. This method is primarily used on the interior areas of the vehicle due to small amounts of metal ions migrating into the finished solution coating which limits the anti-corrosion properties, although does promote excellent colour and gloss control. Alternatively, the cathodic electrodeposition method involves negatively charging the metal structure and positively charging the solution. This method reduces the iron content that can migrate into the finished coating thus promoting the desired properties of anti-corrosion (Akafuah, et al., 2016).
[image: Coatings 06 00024 g005 1024]
[bookmark: _Toc93521922]Figure 3 - Electrodeposition process (Akafuah, et al., 2016)
The process, shown in figure 3, involves spraying the vehicle body in deionised water before being submerged into the electrodeposition tank, the chemical make up of the tank consists of 80-90% deionised water and the remainder being the aforementioned solution. As the vehicle body is submerged the solution begins to bond to the nucleation areas created during the activation stage of the process, this is carefully monitored by altering the voltage, as the coating thickens the coating becomes more insulating thus slowing the process. Once the vehicle body has passed through several rinse tanks of deionised water to remove any solution that is not bonded to the body it is then placed in an oven to cure the solution this process takes around 10 minutes at approximately 160C. the baking process helps enhance the chip resistance and application to the vehicles body. As surface roughness greatly influences the brilliance of the topcoat a sanding and smoothing process is completed to remove any imperfections and defects that may affect the outcome and application of the following layers (Akafuah, et al., 2016).



[bookmark: _Toc93522125]3.3.	Poly Vinyl Chloride
The final layer that is applied before the paint coats is an underbody coating (UBC) consisting of poly vinyl chloride and urethane. This coating layer is applied to the door exterior and interior, bonnet, boot, dash, wheel wells, and around all metal joints inside and out. The sealant is applied either manually or via the use of robotic arms, the reason for its application is that the sealant forms a protective layer against air and water ingress in all of the areas that can harbour moisture causing oxidisation. The sealant layer applied to the underside of the vehicle also aids in noise reduction observed in the passenger compartment, this is achieved by the vibration absorption properties of the sealant reducing the level of noise that is transmitted from the engine and driveline assembly (Akafuah, et al., 2016).
[image: Coatings 06 00024 g006]
[bookmark: _Toc93521923]Figure 4 - PVC Coating area and layering
The figure above shows the area of the lower door, which is subjected to the poly vinyl chloride coating, these areas are more susceptible to stone chips that flick off the front wheels and passing cars. It can be seen from the figure that this layer is also substantially thicker that the other protective coatings, this is due to the anti-corrosive, moisture sealing and vibration absorbing properties. 


[bookmark: _Toc93522126]3.4.	Primer
The primer coat is applied before the topcoat, it can be applied in multiple formats such as water-borne, solvent-borne, or in powder form. In early conceptions, up to 1990, the primer coat was primarily used to improve weather resistance, appearance, and chipping resistance, since then much development has taken place to enhance the mentioned properties whilst also being environmentally conscious by reducing the amount of volatile organic compounds (VOC). Where the PVC coat has not been applied the chipping resistance of the primer is of the utmost importance as any chips that may expose the bare metal structure beneath will lead to corrosion. Colour appropriate primers are used during this stage as the primer forms the final layer before the paint is applied, the right colour primer can enhance the brilliance of the paints colour and depth, moreover if the paint is chipped down to this level, then the appearance of the defect will be less obvious.
During the development of primers, they were tested for surface hardness and elasticity, as well as their adhesion properties when applied to the electrodeposition coat and the topcoat. The surface hardness investigation is included as a crucial element of the primer coat is to remove defects in the surface of the body, this could be a machining mark or an area of coat that may be thicker, due to the imperfections being sanded out the surface hardness investigation is a direct reflection of this action. The elasticity investigation reflects on the coating’s ability in chipping resistance. The investigation that analyses the adhesion ability of the primer is crucial as if the primer has poor adhesion, then a delamination of the topcoat may occur resulting in peeling or flaky paint. There is also an additional analysis carried out on the primer looking into weather resistance, this includes being subjected to ultraviolet (UV) light and adverse weather conditions to investigate the chemical reactivity of the primer, a bad result in this investigation may lead to decolouring, water ingress, or powdering of the surface which will lead to poor appearance, corrosion, and poor adhesion respectively (Moon, et al., 2012). 
The primer is applied in coats that are between 20-40m, the thinnest layers are applied by hand to the interior of the vehicle whilst the thicker layers are applied to the outside of the vehicle. In some areas of the vehicle such as the boot or engine bay primer is the final coat, for this reason an appropriate colour matching primer is applied. The final stage for this coat is a 30 minute cure in a 140C oven. For water-borne primers this final cure is longer due to the higher specific heat value and longer drying times and includes a pre-heating stage in order to reach the optimum application temperature (Poth, 2008).
[bookmark: _Toc93522127]3.5. 	Topcoat
The final stage of vehicle body coating is to apply the topcoat, the topcoat is comprised of two layers, the basecoat and the clearcoat. The basecoat consists of the vehicles final colour pigment and doesn’t contain any properties that are intended to offer protection to the vehicles metal skin. The clearcoat however, offers protection against environmental effects, corrosion, UV light, whilst also enhancing the brilliance and depth of the colour pigment and promote a smooth unblemished finish.
The process of application differs by manufacturer although, the majority of manufacturers use a water-borne or solvent-borne manual application. Firstly, the basecoat is applied, which in the case of wet-on-wet application, is followed by the clearcoat after a short “flash off” before curing in an oven. If the manufacturer is not using a wet-on-wet method, then the basecoat is cured prior to the clearcoat application. Irrespective of method each process has a cure time of between 30-40 minutes at 125C (Pfaff, 2021).
This final application takes place in a spray booth which is equipped with full climate control. The climate control can monitor and adjust temperature, humidity, air flow direction and force, and cleanliness. The spray booth is also fitted with screening equipment that can filter paint out of the air as well as any VOC particles that are released when using solvent-borne coatings. The force and direction of the air flow is a key factor in the spray booth as this can affect the overall outcome of the finish and quality of the basecoat and clearcoat.
[bookmark: _Toc93522128]3.5.1.	Basecoat
As stated, the basecoat only promotes the final colour of the vehicle and doesn’t offer any properties to enhance the protection of the metal body. Extensive research into automotive basecoat colours, however, now means that there are approximately 40,000 different colours with 1000 new varieties being added every year on average (Streiberger & Dössel, 2008).
There are three different types of basecoats, these are solvent-borne medium solids (MS), solvent-borne high solids (HS), and water-borne. Medium solid basecoats contain between 15 and 20% solids and have a spray viscosity of 100m at 1000rpm, high solid basecoats were developed in response to the U.S. Environmental Protection Agency requesting that the solid levels should be increased, and organic solvents be reduced to minimise VOC emissions. The leading manufacturer preference has been water-borne basecoats by U.S. vehicle manufacturers since around 2000 (Pfaff, 2021).
[bookmark: _Toc93522129]3.5.2.	Clearcoat
The final coat to be applied to the vehicles body in the manufacturing stage is the clearcoat, this coat has many properties that protect the vehicle from external factors. The clearcoat protects the vehicle body against environmental etch, scratches, and harmful UV light waves, the clearcoat also enhances the brilliance of the basecoat whilst also providing a base for which repairs, and maintenance can be carried out.
Environmental etch is observed when water droplets, bird droppings, tree sap, or other chemicals leave a non-removable mark on the surface, these blemishes are caused by localised loss of coating, pitting, or scratching of the clearcoat.
The UV protectant that is embedded within the clearcoat during the manufacturing stage contains hindered amine light stabiliser (HALS) chemicals which aid in the reduction of harmful UV radiation within the 290-400nm wavelength range (Gerlock, et al., 2001). 















[bookmark: _Toc93522130]4.0. 	Analysis
The analysis of vehicle body coatings can be assessed in different ways, for example, the durability of the coating and the aesthetic appearance. Limitations do however exist in the paint properties, processing, and the cost of developing an improved finish (Khanna, 2008). Due to this, manufacturers define their colour and appearance standards as in-line or better than their competitors and customer expectations. When analysing the exterior finish, the quality of the colour coatings can be judged on the colour matching capability when comparing to trim panels that may be a different material, such as bumpers (Wicks, et al., 2001). 
[bookmark: _Toc93522131]4.1. 	Coating Quality
There are three main criteria for analysing coating quality, these are durability, appearance, and protection against harsh environmental conditions. A method of durability would be to inspect multiple vehicles that were manufactured over a range of time and compare them to a vehicle that has just been coated. Appearance can be broken down into three further sub-categories of analysis which cover colour, surface finish, and gloss. A harsh environment is defined by external factors affecting the coating such as UV light, temperature (above 80C or below -20C), scratching, chipping, and corrosion caused by salt applied to the roads. (Gómez, et al., 2016)
Under further analysis, the components of the paints or coatings, consisting of pigments, resins, and solvents make up the fluidity of the coatings. Pigments give the colour and brilliance of the final visual appearance and add thickness to the total coating although do not contain properties to enhance the body-in-white protection. The resins ensure that the coating creates a film with the addition of hardening agents. Additives in the paint such as solvents anti-settling agents ensure that the paint is stable and easy to use and apply. The factors creating appearance quality are aesthetics, this is determined by the spray coating and involving colour and brightness and influenced by the presence or absence of metallic flakes; surface finish (smoothness), which is related to film unevenness with wavelengths in the range of 1–5 mm; shine, which is relevant to unevenness with a wavelength of 0.01–0.1mm; and colour and flopping performance or the ability of the film to show colour changing properties depending on the angle viewed (Akafuah, et al., 2016).
[bookmark: _Toc93522132]4.2.	Gloss and Surface Finish
Surface roughness impurities in the coating surface formed during spraying is mainly related to atomization performance and liquid properties. The better the atomization of a paint material, i.e., producing smaller Sauter mean diameters of the droplets, the less impurities are formed in the coating surface when spraying. The more a paint wets a surface and with less viscosity, the more the amplitude of surface roughness is decreased; lower viscosities facilitate more film levelling and sagging promoting a high-quality coating surface. During curing of the coatings, any impurities in the film transfers to the surface when the flow speed of the wet film decreases below the film shrinkage speed. When the flow speed of the wet film falls below the shrinkage speed, minute unevenness and non-uniform distribution of the pigment transfers to the surface and deteriorates the gloss. The suppression of shrinkage in a complete layered system can however be achieved by using optimised solvents, additional hardening agents, and by increasing the coating thickness to enable adequate flow.
[bookmark: _Toc93522133]4.3.	Colour
The key factor in colour analysis is the consistency of the colour, as stated this can refer to the colour matching ability across substrate materials or generally across the vehicle body, this ensures a high-quality finish and customer satisfaction. It is also an important factor that the colour has longevity so that it will maintain the original factory hue through the lifetime of the vehicle.
Colour tone is influenced by the orientation and concentration of metallic or mica pigments in the paint. The orientation of the pigment is affected by the atomisation of the sprayer, the viscosity of the paint after application, dust or air-borne debris in the spray booth and the speed of impact that the paint is applied, whilst the concentration of the pigment is affected by the transfer efficiency of the paint and pigments onto the substrate. In order to achieve a high-quality colour hue, the metallic or mica pigments must be orientated parallel to the substrate surface. The pigments behave like fine flakes within a wet film, this makes controlling the pigments difficult, if the pigments are not aligned with their largest surface parallel to the surface, then the colour will appear dull or darker. Several additives are used within the paint to ensure pigment orientation and concentration, generally the additives increase the viscosity of the paint after it has been applied preventing movement on the surface. A key factor in correcting the orientation of the pigments is the impact speed of the droplet, the speed is affected by the viscosity and droplet size.  If the droplets are too small, the concentration of pigments within them is also small, and a low transfer efficiency will ensue. When the transfer efficiency is high, the concentration of pigment flakes in the coating will be high, as will the level of brightness.
[image: Coatings 06 00024 g009]
[bookmark: _Toc93521924]Figure 5 - Lustrous pigment density in paint particles (Akafuah, et al., 2016)
Figure 5 above shows the curve of lustrousness against paint particle size, the relationship between particle size and their lustrousness is proportional at a lower scale as the paint droplet either doesn’t contain any lustrous pigment or very little. The scale reaches peak lustrousness around the 45m point, after this the scales then reduces in lustrousness as the paint particle size increases, this is due to the larger scale of the pigment being difficult to orientate or multiple pigment particles being present in the paint particle.
[bookmark: _Toc93522134]4.4.	Corrosion Protection
Vehicle coatings are subjected to a wide degree of environmental harshness and conditions through the vehicle’s life. The coatings degradation is dependent on external factors such as the harshness and duration of environmental conditions, UV light exposure and intensity, and humidity, these factors are highly dependent on where the vehicle is used throughout its life. These conditions are simulated in controlled laboratory conditions where the vehicle body or sample is subjected to varying degrees of adverse weather and climate, in addition to this the vehicle body or sample is subjected to corrosive gasses and microorganisms although, this stage is only usually conducted for special applications (Schulz, et al., 2000). 

[bookmark: _Toc93522135]5.0. 	Conclusion
It is clear that since the beginning of the 20th century there has been a massive leap forward in the automotive body coating field, these progressions have made sophisticated and efficient solutions to the protection and appearance of vehicle bodies which is constantly evolving further.
Coating compositions are an ensemble of various materials and chemicals which offer properties that enhance the protection of the substrate material whilst also working harmoniously together to form a layering of defence against external factors such as harsh environmental conditions and physical damage.
The foremost driving factor in a vehicles final coating appearance is the customer expectations, to which manufacturers have driven development in topcoat composition that offers both exceptional aesthetic appearance and the defensive properties.
Technology developments in this field have meant that methods of application have been enhanced and continue to advance whether it is the liquid dipping process being optimised or topcoat application being carried out by robotic arms to ensure coating smoothness.














6.0.	References
Akafuah, N. K. et al., 2016. Evolution of the Automotive Body Coating Process—A Review, Lexington: University of Kentucky.
Gerlock, J. L., Kucherov, A. V. & Smith, C. A., 2001. Determination of active HALS in automotive paint systems II: HALS distribution in weathered clearcoat/basecoat paint systems. Polymer Degradation and Stability, 73(2), pp. 201-210.
Gómez, O. et al., 2016. Visual and instrumental assessments of color differences in automotive coatings. Colour - Research and Application, 41(4), pp. 384-391.
John, V. & Challinor, D. C., 2001. Precoated Steels for the Automotive Industry. [Online] 
Available at: https://www.azom.com/article.aspx?ArticleID=521
[Accessed 12 1 2022].
Khanna, A., 2008. High Performance Organic Coatings. 1 ed. Cambridge: Woodhead Publishing ltd.
Kumar, R., 2020. Under Body Car Coating on Body-In-White for Improve Properties of Body By Using Advance Coating Technology Process, s.l.: skill-lync.
Moon, J.-I.et al., 2012. Synthesis of elastomeric polyester and physical properties of polyester coating for automotive pre-primed system. Progress in Organic Coatings, 75(1-2), pp. 65-71.
Narayanan, D. T. S., 2005. Surface pretretament by phosphate conversion coatings - A review. Reviews in Advanced Materials Science, 9(1), pp. 130-177.
Nazarpour, S., 2013. Thin Films and Coatings in Biology. 1 ed. Dordrecht: Springer.
Pfaff, G., 2021. Special Effect Pigments, s.l.: Physical Science Reviews.
Poth, U., 2008. Automotive Coatings Formulation. 1 ed. Hannover: Vincentz Network.
Pradeep, S. A., Iyer, R. K., Kazan, H. & Pilla, S., 2017. 30 - Automotive Applications of Plastics: Past, Present, and Future. In: M. Kutz, ed. Applied Plastics Engineering Handbook (Second Edition). s.l.:Elsevier Inc, pp. 651-673.
Sacha Engineering, 2022. BODY IN WHITE & CLOSURES. [Online] 
Available at: https://sacha.engineering/competencies/body-in-white-and-closures/
[Accessed 14 1 2022].
Schulz, U., Trubiroha, P. & Baumgart, H., 2000. The effects of acid rain on the appearance of automotive paint systems studied outdoors and in a new artificial weathering test. Progress in Organic Coatings, 40(1-4), pp. 151-165.
Streiberger, H.-J. & Dössel, K.-F., 2008. Automotive Paints and Coatings. 2 ed. s.l.:Wiley-VCH.
Wicks, Z., Jones, F. & Pappas, P., 2001. Colour and Appearance III. JCT, Journal of Coatings Technology, 73(919), pp. 83-88.





11

image3.png
I A e
| STty o | Pk P S syt
b Cal Rte=raany





image4.png
From Phosphate To Oven for Bake

I

DI E-Coat
Misting Misting
Sprays Sprays

v Permeate

De-ionized water Rinsing

Paint Solids "

Temperature Control Unit Ultra filtration Unit
(Bath temperature kept at 90°F)




image5.png
urethane or PVC between
layers

(Coating on E-coat)





image6.png
Area ratio of lustrous pigment (%)

40

20

10

N

20 40 60 80
Paint particle diameter (um)

(@)

100

9 20 )

B A

' Lustrous
A G .0 4 “pigment

oe 2 L7 o\

o o
9' ’.} 3 3 |_Paint
o o Q article
i 9y % |0
‘00 ' .,





image1.png
Prifysgol Cymru
¥ Drindod Dew Sant

J University of Wales
Trinity Saint David




image2.png




